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Abstract—TiO, films with a 1D nanotube structure were obtained by electrochemical anodic oxidation of
titanium foil. Electrochemical reductive activation of the TiO,-nanotube-based electrodes was carried out
using the method of cyclic voltammetry. The activated electrodes showed significantly higher current density
and quantum efficiency of the photoelectrochemical water splitting as compared to native TiO, nanotubes.
Electrochemical treatment of the electrodes by the cyclic voltammetry leads to increase in the photocurrent
density by a factor of 4 to 14, depending both on the used wavelength and applied potential. The analysis of
electrochemical impedance spectra showed that the increase in the photoelectrochemical process perfor-
mance is due to increase in the charge transfer rate at the semiconductor/electrolyte interface, as well as
improved electronic conductivity of the oxide layer, which contributes to better charge carrier separation and
decrease in their recombination rate.
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INTRODUCTION

Photocatalytic properties of TiO,-based systems
stipulated their wide application in the development of
processes of organic pollutant degradation, produc-
tion of environmentally-friendly fuels, water photo-
splitting, as well as anodes of solar cells and sensors
[1-8].

TiO,-nanotubes obtained by electrochemical
anodizing of titanium foil is an effective structure for
the photocatalytic water splitting. Large surface area
and unidimensional architecture of the TiO,-nano-
tubes oriented vertically with respect to substrate is
favorable for the creation of the electrode/electrolyte
developed surface and accelerating of the transfer of
photogenerated charge carrier. Nonetheless, there
exist two principal drawbacks preventing their applica-
tion as an effective photoanode for the water decom-
position: low activity in the visible part of solar spec-
trum, because of large gap (3.2 eV for the anatase) and
high recombination rate of electron—hole pairs [4].
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It is known that reduced TiO, (TiO, _ ,) contains
Ti** and oxygen vacancies that create localized states
in the gap. The introducing of vacant states Ti** or
oxygen improved the absorbability and electron con-
ductivity and as a consequence of this increased the
photocatalytic activity of the nanostructured-TiO,-
based electrodes [8].

To prepare O,-deficienced titanium dioxide nano-
structures, different titanium dioxide reduction meth-
ods are used. They include: high-temperature hydra-
tion, reduction by metals (Al, Zn, Mg) [9], solvo- and
ionothermal methods [10, 11], plasma treatment [12],
and laser treatment [13]. However, these methods
require rather severe conditions or expensive equip-
ment. On this reason, the electrochemical reduction at
the hydrogen evolution potentials is an alternative for
the preparation of titanium dioxide possessing the cor-
responding localized states. The electrochemical dop-
ing with Ti** used to be carried out in potentiostatic
condition at different cathodic potentials, the process
duration being varied [5, 14].

Cyclic voltammetry finds wide application in the
studying of the electrochemical reaction kinetics and
mechanism, in the studies of semiconductors, super-
capacitors, solar cells, and fuel cells [15—18].
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In this work, we suggested a new approach to the
using of the cyclic voltammetry as a method of
improving the activity of nanostructured anodic TiO,
films in the photoelectrochemical water decomposi-
tion. We present comparative results of our studies in
the photoelectrochemical and electrical characteris-
tics of TiO,-anodes activated by cyclic voltammetry in
different electrolytes.

EXPERIMENTAL

Titanium foil (99.9%, 80 um thick) was subjected
successively to ultrasonic cleaning in acetone, alcohol,
and deionized water. The cleaned foil was polished
chemically by a mixture of reagent grade acids
HF : HNO; : H,O (1 : 1: 4 v/v), washed by distilled
water, and once again cleaned ultrasonically in deion-
ized water, to fully remove possible residues of the acid
mixture. The TiO,-nanotube films were obtained by
anodizing at the voltage of 50 V for 3 h in the ethylene
glycol electrolyte containing 0.3 wt % NH,F (ultra-
high purity grade), 98 vol % ethylene glycol (reagent
grade), 2 vol % deionized water (resistivity 18.2 MQ).
The electrochemical anodization was performed at
standard conditions. Upon the anodizing, the
obtained films were dried in air. Then the films were
baked in a muffle furnace at a temperature of 450°C
for 3 h at a heating rate of 3°C min~!, to convert amor-
phous TiO, to the anatase phase.

The electrochemical reductive doping was carried
out using the cyclic voltammetry method in 1 M KOH
or 0.5 M Na,SO, aqueous solutions. The process was
carried out in a three-electrode cell, using the
obtained TiO,-nanotubes-films as a working elec-
trode and platinum helix as auxiliary one. The poten-
tial was cycled over the potential range from —1.5 to
2V vs. Ag/AgCl (sat.) (E° = 0.197 V) reference elec-
trode at a potential scanning rate of 100 mV s~! during
30 cycles.

The structure—morphology characteristics of the
titanium dioxide films were obtained by analyzing
their images taken by a Hitachi S5500c FEG
(FESEM) scanning electron microscope. X-ray dif-
fraction patterns of the samples were taken at a sweep-
ing rate of 1 deg min~! using a DRON-3 diffractome-
ter (Burevestnik, Russia) with monochromatic CukK,-
radiation. In all measurements, the viewing angle was
0.02°.

A FRA BIOLOGIC VSP-300 potentiostat/galva-
nostat (Bio-LogicSAS, Clarix, France) was used in
the evaluating of the samples’ photoelectrocatalytic
activity and electrochemical properties. The experi-
ments were carried out on a cooled reactor using a
tree-electrode scheme of connection. A Nafion 212
cation-exchange membrane separated the cathodic
and anodic compartments. The anolyte was 1 M KOH
solution; the catholyte, 0.5 M H,SO, solution. The
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anode and cathode were the titanium foil with the syn-
thesized nanotubes (the visible surface area, 2 cm?)
and the platinum helix, respectively. The reference
electrode was Ag/AgCl (sat.). To avoid the effect of
the dissolved oxygen, prior to each experiment both
chambers of the reactor were bubbled-through with
argon for 30 min. The photocurrent was measured
upon UV-A illumination (A = 400 nm, 90 mW cm~2)
and visible light (A = 450 nm, 50 mW cm~2). The elec-
trochemical impedance was measured at the potential
of 0.2 V (vs. Ag/AgCl-electrode) over the frequency
range from 100 kHz to 10 mHz with the amplitude of
50 mV.

The amount of evolved hydrogen was estimated
volumetrically. The experiments were carried out at
the potential of 0.2 V (Ag/AgCl) for 4 h; the evolved
hydrogen volume was measured every 30 min.

RESULTS AND DISCUSSION

The TiO, layer prepared by the anodic oxidation is
a closely packed highly ordered array of vertically ori-
ented nanotubes (Fig. 1a). The layer thickness deter-
mined from the microphotograph is ca. 15 um; the
tube average inner diameter, ca. 100 nm; the tube wall
thickness, 10 nm. In Fig. 1b we give X-ray diffraction
patterns of the backed nanotubes-layer after the elec-
trochemical activation; it evidenced the titanium diox-
ide being in the anatase form (JCPDS, 21-1272). The
basic peaks of the X-ray diffraction spectrum for the
anatase showed no changes; this points that upon the
electroreduction the TiO,-nanotubes-films keep their
initial phase and crystal structure.

The electrochemical behavior of the water-split-
ting-photocatalysts was studied prior to and after the
activation process by the potential linear sweeping from
—1.0 to 1.5 V at the potential scanning rate 10 mVs~!. In
Fig. 2a we show current—potential curves taken in
dark (curves 4 and 5) and upon UV-A-illumination
(curves I—3) prior to and after the electrochemical
doping. The background current of activated elec-
trodes is approximately 8 times as high as that of the
initial sample (8 and 1 LA cm™2, respectively, at E =
0.2 V (Ag/AgCl)); nonetheless, they are negligibly
small and increased only at potentials exceeding 1.0 V
(Ag/AgCl).

Upon the anodic potential shift, electrons trapped
in the surface states (Ti—OH) are extracted via assess-
able states of the conduction band into the external
circuit; holes move toward the surface and react with
the electrolyte solution and thus contribute to the
photocurrent. The maximal photocurrent density (the
saturation photocurrent) can be reached at the poten-
tial when all surface states have been exhausted. Fur-
ther positive potential shift has practically no effect on
the electron—hole pair recombination rate in the pho-
toanode exhaustion zone [19]. Upon the UV-A-irradi-
ation of the electrochemically activated electrodes, the
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Fig. 1. FESEM-image of the obtained nanotubular TiO,-film (a). X-ray diffraction patterns of electrochemically activated TiO,-

nanotubes-film (b).

(a)
E,Vvs. RHE
0 0.5 1.0 1.5 2.0 2.5
T T T T II
8 /
//
3
6+ P
‘TE Phes
:C) i Ve -’ 2.——
= - _.-"
.y Ve - °
T2 ,.-"
. = 4
"// .-Z-—'j(..
0 Ifzm{ ............ -u:—g
—1.0 —0.5 0 0.5 1.0 1.5

E, Vvs. Ag/AgCl-electrode

Q

(b)
E,Vvs. RHE
0 0.5 1.0 1.5 2.0 2.5
T T T T T 1
1.4+ |
1.2+ I
31
1.0 |
0.8 /
!
0.6 - /
0.4} !
-, 2
0.2+ S e e e - —— _—_’_ : ———————
A e - 1 e
O I A s e .I.._._._.-I--—-’ |
—1.0 -0.5 0 0.5 1.0 1.5

FE, Vvs. Ag/AgCl-electrode

Fig. 2. Current—potential curves for titanium dioxide nanofilms: non-activated (/), activated in 1 M KOH (2) and 0.5 M Na,SO4 (3)
upon illumination with light with the wavelength A: 400 (a), 450 nm (b).

oxidation photocurrent increased drastically; at that, a
much higher anodic potential is required for the
reaching of the saturation current, that is, the surface
states’ full exhaustion. In particular, no saturation cur-
rent has been observed at potentials more positive than
2 V (RHE) for the electrode activated in Na,SO,,
which points to the high surface state concentration.
The photocurrent density increased by a factor of 6—7
as compared with the initial sample at the LED wave-
length of 400 nm; by a factor of 4—5, at A = 450 nm.
For convenience in the analysis of the studied elec-
trodes’ photoactivity, the photocurrent densities are
summarized in Table 1.
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We calculated the quantum efficiency (1) of the
photochemical water splitting from the linear curves
by the following formula [20]:

[p (Vrgv - |Vmeas - I/ocp|)

x100%,
B

(1

n:

where /, is the photocurrent density, mA cm~; Vrgv is
the reversible potential of the standard state for the
water splitting reaction, £ = 1.25V; V., is the applied
potential, V; ¥V, is the open-circuit potential, V; P, is

the light beam specific power, mW cm2.
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Table 1. The current density upon illumination at the potential
E=0.2V for electrodes prior to and after activation

Electrode i, mA cm™> i, mA cm™2
at 400 nm at 450 nm
Non-activated 0.313 0.032
Cyclic voltammetry, 1.770 0.130
1 M KOH
Cyclic voltammetry, 2.250 0.170
0.5 M Na,SO,

In Figs. 3a, 3b we give the obtained values of 1| as a
function of the applied potential.

The maximal quantum efficiency (1,,,,) of the acti-
vated electrodes is more than 2—4 times higher than
that of the initial TiO,-nanotubes; however, upon the
UV-A-irradiation treatment, the potential of 1,,,, has
been shifted to the more positive values. When using a
LED with A = 450 nm for the electrodes activated in
Na,S0,, the n,,,, value was reached at a potential of
—0.63 V, which is by 200 mV more negative than in the
case of the initial electrode or that activated in KOH.
The increase in the quantum efficiency of the acti-
vated electrodes can be connected with the increase in
the number of surface states and oxygen vacancies
involved in the electron trapping and their transmit-
ting into external circuit. On the other hand, the excess
oxygen vacancies can serve as recombination centers
for the photogenerated charge carriers [21].

To further study the nanostructured TiO,-elec-

trode activity in the water photoelectrochemical split-
ting, we measured the amount of hydrogen evolved in
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the reaction. To assure the reliance and confidence of
the obtained results, we repeated the measurements
3 times for each electrode. It is to be noted that the
amount of evolved H, was determined only upon illu-
minating from a LED with the wavelength of 400 nm
because the data concerning the hydrogen evolution at
A =450 nm could not be correctly interpreted because
of large inaccuracy caused by the adopted photoreac-
tor configuration. In Fig. 4 we present kinetics of
hydrogen evolution in the reaction of the water photo-
chemical splitting at the TiO,-anodes.

The process of the TiO,-nanotubes’ electrochemi-
cal doping accelerated the hydrogen evolution as com-
pared with the initial sample. For example, in the
water electrolysis with non-activated TiO, the hydro-
gen evolution rate was 0.22 umol min~—! H,, while
upon the CV-activation the H, evolution rate
increased by a factor of 5.4—6.8 and came to 1.2 and

1.5 umol min~! for the electrodes processed in 1 M
KOH and 0.5 M Na,SO, respectively.

The electrochemical impedance spectroscopy is
widely used in the studying of the electrical properties
of semiconductors, as well as the mechanism and
kinetics of processes occurring at the electrode/elec-
trolyte interface. In Fig. 5 we show experimental elec-
trochemical-impedance-spectroscopy data as Nyquist
diagrams for the electrodes prior to and after the elec-
trochemical doping. The latter show frequency depen-
dence of the impedance in the coordinates of the
impedance imaginary and real components. We ana-
lyzed the obtained impedance spectra by using the
equivalent circuit presented schematically in the Insert
to Fig. 5.
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Fig. 3. Quantum efficiency of electrodes: non-activated (/), activated in 1 M KOH (2) and 0.5 M Na,SOy (3), upon illumination

with light with the wavelength A: 400 nm (a), 450 nm (b).
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The obtained impedance spectra were analyzed
using this equivalent circuit model. The semicircles at
moderate frequencies in the Nyquist diagrams contain
information on the charge transfer processes at the
electrode/electrolyte interface. At that, the semicircle
diameters projected onto the impedance real-part axis
correspond to the charge-transfer resistance [22]. The
cyclic-voltammetry activation leads to a significant
lowering of the charge transfer resistance, which man-
ifested itself in a decrease of the semicircle diameter.
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Fig. 4. Hydrogen evolution kinetics during water decom-
position for electrodes: non-activated (/), activated in 1 M
KOH (2) and 0.5 M Na,SOy4 (3), upon illumination with
LED-light with the wavelength 400 nm.
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Table 2. The equivalent circuit parameters for the Nyquist
diagram

Electrode R1,Q| R2,Q R3,Q
UV-A (A =400 nm)
Non-activated 1.39 7112 6496
Cyclic voltammetry, 1.74 1.3 274.6
1 M KOH
Cyclic voltammetry, 1.36 19.8 165.9
0.5 M Na,SO,
Visible light (A = 450 nm)

Non-activated 1.51 70224 119288
Cyclic voltammetry, 1.84 1.9 12636
1 M KOH
Cyclic voltammetry, 2.02 105.9 4913
0.5 M Na,SO,

In Table 2 we give values of the equivalent circuit
parameters obtained upon the best convergency with
the model.

Upon the irradiation with the light with wavelength
400 nm the full charge transfer resistance Ry, for the
electrochemically activated electrodes came to 185.7—
275.9 Q, while for the initial sample this quantity
exceeded 13 kQ. At A = 450 nm, Ry, is 189.5, 5 and
12.6 kQ for the non-activated and reduced in 1 M
KOH and 0.5 M Na,SO, electrodes, respectively. The
resistance lowering upon the electrochemical doping
is reached because of the increase in the oxide-layer
volume capacitance. This leads to larger charge den-
sity at the oxide/solution interface, hence, to the cor-
responding increase in the electrical double layer
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Fig. 5. Nyquist diagram obtained for electrodes: non-activated (/), activated in 1 M KOH (2) and 0.5 M Na,SOy (3), upon illu-
mination with light with the wavelength A: 400 nm (a), 450 nm (b).
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capacitance and decrease in the charge transfer resis-
tance [16, 19, 23]. In addition, for the electrochemi-
cally reduced samples, an increase of the surface
states’ density is possible. The surface states is an
important path for the electron transfer, which favored
the charge separation and increase in the samples’
photoactivity [19].

CONCLUSIONS

Nanostructured anodic TiO, films were activated
by the cyclic voltammetry method. The electrochem-
ical reductive doping increased the photoelectrocata-
Iytical activity of the electrodes upon UV-A-irradia-
tion (A = 400 nm) and visible light (A = 450 nm) illu-
mination. At the electrodes activated by the cyclic-
voltammetry method, the photocurrent density
increased by a factor of 4 to 7 upon the visible light
illumination; 5—14, upon the UV-A-irradiation
(depending on the applied potential) as compared
with non-treated sample. The electrochemical activa-
tion is shown to increase drastically the hydrogen evo-
lution rate when the UV-A-irradiation has been used.

It was shown by the electrochemical impedance
spectroscopy method that TiO,-nanotubes’ electro-
chemical hydration resulted in a drastic decrease of the
charge transfer resistance at the electrode/electrolyte
interface and increase in the oxide layer electrical con-
ductivity. This favors the charge-carrier separation,
decrease in the electron-hole pair recombination rate
and, therefore, increase in the anode photoactivity. It
was shown that the cyclic voltammetry could be used
as an effective method for the improvement of photo-
electrochemical characteristics of the water splitting
process.
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