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Porous films formed by cylindrical geometrically anisotropic fragments of TiO2 have been
produced by electrochemical anodization of titanium. The specific surface area and pore vol
ume of the samples were determined by the BET method. It is shown that the samples have
a bimodal poresize distribution with maxima depending on the anodization voltage: by in
crease in voltage the inner diameter of the cylindrical pores grows, which leads to a decrease in
the specific surface area. Dye sensitized solar cells were assembled on the basis of the obtained
materials to study the effect of certain characteristics on the efficiency of solar energy conver
sion. The electrical transport properties of the films were studied by impedance spectroscopy.
Key words: specific surface area, titanium dioxide nanotubes, efficiency of solar cells,
electron transport properties.

tions between them. In particular, nonintensive chemi
cal binding leads to a decrease in the efficiency of electron
transport. Therefore, when porous films formed by the
cylindrical geometrically anisotropic TiO2 fragments are
used, a preferential electron transport along their walls
can be expected in DSSC. This reduces the time of trans
fer from the generation centers of charge carriers to the
current collectors, and, if optimized, will achieve a reduc
tion in the number of defects.14 One of the most common
methods for the fabrication of such materials is the electro
chemical anodization of titanium in the fluorinecontaining
electrolyte.15 The film properties, for example, the specif
ic surface area, can be influenced during the synthesis by
various factor, among which, are the anodization voltage,
temperature, pH, ratio of electrolyte components, etc.
Attempts to achieve an increase in the specific surface area
of tubular TiO2 nanostructures by varying the conditions of
synthesis are described in many publications. In particular,
the specific surface area can be increased16 to 116 m2 g–1
by treating the nanostructures with titanium chloride at
a temperature >100 °С. Similar results were obtained by
other authors.17—20 At present, the maximum efficiency,
equal to 11.2%, has been achieved21 in DSSC by using 25 nm
TiO2 nanoparticles. In respect to the efficiency of solar
cells, tubular nanostructures of titanium dioxide are infe
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Dyesensitized solar cells (DSSC) based on oxide semi
conductors are intensively studied as a promising alterna
tive to silicon solar cells due to their commercial availabil
ity and ease of manufacture.1—3 One of the key compo
nents of the DSSC is a semiconductor photoelectrode with
adsorbed dye. It is known that the amount of light ab
sorbed by a photovoltaic cell directly depends on the con
centration of the dye. It can be assumed that an increase
in the specific surface area of the oxide layer would allow
more dye molecules to be adsorbed and lead to an increase
in the sunlight absorption and an increase in the number
of charge carriers in the semiconductor.
At present, nanostructured TiO2 is the most widely
used photoelectrode in DSSC.4—6 It is possible to obtain
zero, one and twodimensional nanostructures of titani
um dioxide using different synthetic approaches.7—13 Po
rous films formed by tubular formations of TiO2 have
a number of advantages. The films formed by TiO2 nano
particles are interesting for the possibility of threedimen
sional electron transport. The peculiarities of agglomera
tion of titanium dioxide nanoparticles during annealing
significantly influences the possibilities of electron transi
* Dedicated to Academician of the Russian Academy of Sciences
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Titanium foil with a thickness of 60 μm was subjected to
chemical polishing in the solution composed of H2SO4 (60%),
HF (25%), C3H5(OH)3 (15%), for 10 min according to pub
lished procedure.25 Before an anodization the sample was acti
vated ultrasonically in a 2 М HCl solution, and then in acetone
to remove impurities.
Ethylene glycol containing 0.5 wt.% of NH4F and 3 wt.% of
H2O was used as electrolyte. Anodic oxidation of titanium was
carried out in the electrochemical cell in potentiostatic mode at
temperature of 5—7 °С. Platinum foil served as a cathode. The
distance between cathode and anode was 3 cm. Anodization
voltage was varied in the range of 20—70 V.
The synthesis of porous titania films consisted of three stag
es. During the first anodization for 2 h, a film containing hydrol
ysis byproducts was formed on the surface of the titanium foil.
This film was removed from the foil surface by sonication in
a 1 M HCl solution. During the reanodization for 24 h, cylin
drical geometrically anisotropic fragments of TiO2 were formed,
which were then sonicated to remove reaction byproducts. TiO2
was crystallized for 6 h in a muffle oven at a temperature of
773 K. A third anodization step was used to separate the porous
film from the titanium foil.26 The process was carried out at an
electrolyte temperature of 343 K and a voltage of 60 V. The end
of the process was determined visually from the moment at which
the film was completely separated from the foil.
The surface of samples was studied by scanning electron
microscopy using MIRA 3LMU (Tescan, Czech Republic) micro
scope. Acceleration voltage was 30 kV. To carry out the exper
iment, the separated films of titanium dioxide were fixed to conduc
tive carbon tape to avoid accumulation of charge on the surface.
Specific surface area, pore size distribution, and the pore
volume vs. their diameter were measured by the method of low
temperature nitrogen sorption using a measuring complex
SorbiMS (Meta, Russia). The samples were annealed at 100 °С
for 2 h in the preparation block SorbiPrep. The poresize distri
bution was calculated from the results of lowtemperature nitro
gen sorption by the BJH model using a AUTOSORB1C/QMS
sorbometer (Quantachrome, USA).

The molecules of Ruthenium dye N719 (ditetrabutylam
monium cisbis(isothiocyanato) bis(2,2´bipyridyl4,4´dicarb
oxylato) ruthenium(II), Sigma—Aldrich) were adsorbed on the
semiconductor film from ethanol solution with a dye concentra
tion of 10–4 mol L–1 for 18 h. The concentration of dye on the
surface of TiO2 was determined by a change of optical density of
dye solution before and after adsorption. Commercially avail
able Iodolyte H30 (Solaronix, Switzeland) was used as an elec
trolyte in photovoltaic cells. Polymer film Meltonix with a thick
ness of 25 μm (also from Solaronix) was used as a separator.
The study of the samples with high resolution transmission
electron microscopy was performed using a JEM2100F micro
scope (JEOL, Japan), equipped with a corrector of spherical
aberrations and spectrometer of energydispersive spectral anal
ysis. The accelerating voltage was 200 kV. Prior to the test, the
sample was dispersed by sonication in ethanol and deposited as
a thin layer onto the coated copper grid.
Photoluminescence of the films was measured using an au
tomated spectroscopickinetic setup with registration in the
photon counting regime at the boiling point of liquid nitrogen
(90 K). Nitrogen laser AIL3 (λgen = 337 nm, Е = 30 μJ, τpulse =
= 10 ns) was used as an excitation source. Before measurements,
the sample was placed in an optical cryostat, which was previ
ously evacuated to a residual pressure of P = 5•10–4 mbar.
Raman spectrum was registered using a HORIBA Jobin Yvon
spectrometer, equipped with laser of 532 nm wavelength.
Currentvoltage characteristics of photovoltaic cells were
measured under illumination with a Xenon lamp with power of
100 mW cm–2 (AirMass AM1.5) using a measurement complex
CT50AAA (PET Photo Emission Tech. Inc., USA). The elec
tron transport properties of titanium dioxide films were investi
gated by measuring the photocurrent and impedance of an
electrochemical cell by electrochemical impedance spectroscopy
under standard simulated solar radiation from an AM1.5 lamp
with power of 100 mW cm–2 using Z500PRO (Elins, Russia)
spectrometer. The amplitude of applied sinusoidal signal was
20 mV, the frequency was varied from 1 MHz to 100 mHz.
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rior to nanoparticles.22 One of the reasons is that the spe
cific surface area of films from nanoparticles is signifi
cantly higher than that of other TiO2 nanostructures films.
Therefore, in recent years, the work has been actively
carried out to create the composite materials based on
nanoparticles and mesoporous titanium dioxide films syn
thesized by electrochemical anodization.23 On the one
hand, the use of such structures increases the specific sur
face area, and on the other hand, the injected electrons
can follow a onedimensional way to the current collec
tors. In the majority of studies,24 the synthesis of films by
electrochemical anodization was carried out at an anod
ization voltage of 40—50 V. In this work, we have tried to
find out whether the films obtained at an anodization volt
age of 20 V have a higher specific surface area than films
obtained with higher anodization voltage. In addition, the
results for investigation of the electron transport proper
ties of solar photovoltaics are presented.
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Results and Discussion
Electrochemical anodization of titanium foil with care
ful control of external conditions made it possible to ob
tain nanostructured porous TiO2 films. The microphoto
graphy of the surface of the films separated from titanium
foil (Fig. 1) exhibits good formed films from densely
packed cylindrical geometrically anisotropic titanium di
oxide fragments located perpendicular to the plane of the
foil. The porous structure of the film and the dimensions
of the individual channels, which are of 130 nm, are clearly
visible. The surface of TiO2. films contains only small
number of defects, and the films themselves have a clearly
marked channel along the entire length.
The results of the study of the films by the method of
high resolution transmission electron microscopy are pre
sented in Fig. 2.
Before thermal treatment, TiO2 has an amorphous
structure. Crystallization occurs during thermal annealing
of the sample starting at a temperature of 553 K. At 773 K,
the amorphous phase transfers into the crystalline phase
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with the anatase structure. With further annealing up to
1273 K, the anatase structure is completely rearranged to
the rutile phase.27
The photoluminescence and Raman spectra of TiO2
film obtained at an anodization voltage of 50 V and sub
jected to thermal annealing at a temperature of 773 K are
presented in Fig. 3.
When the samples are excited in the UV region of the
spectrum, a broad luminescence band with maxima at
510 and 540 nm is observed in the wavelength range of
400—800 nm (see Fig. 3, a). By lowering the substrate
temperature to 90 K, the luminescence intensity is in
creased. Registered photoluminescence spectrum agrees
with the published earlier spectrum and is characteristic of
the anatase structure.28
The nature of this luminescence is associated with de
fects located in the nearsurface region of crystallites.27
Using the approximation by Gaussian functions, the lu
minescence spectra were divided into components as it is
shown in Fig. 3, a. The results of the approximation show
that the observed luminescence spectra contain three bands
with maxima at 510, 540, and 600 nm. The registered

500 nm
Fig. 1. Microimage of titania film surface, obtained by electro
chemical anodization.
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Fig. 2. High resolution microimage of titania films at different
magnification.
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Fig. 3. Luminescence (a) and Raman (b) spectra of titanium
dioxide films; the numbers on the curves are the energy of the
glow (eV).

Russ. Chem. Bull., Int. Ed., Vol. 66, No. 4, April, 2017

ит
о

Ре
по
з

ГУ

Table 1. Characteristics* of the films formed by cylindrical geometrically anisotropic fragments of TiO2 obtained at
various anodization voltages
Voltage/V

20
30
40
50
60
70

617

According to the IUPAC classification of porous sys
tems,32 the samples have meso and macroporous struc
ture. However, as the anodization voltage increases, the
number of mesopores decreases. The presence of pores
with diameters <40 nm is associated, obviously, with the
voids formed between the anisotropic fragments of titanium
dioxide during their packing, which is clearly seen in the
pictures recorded by transmission electron microscopy.
The effect of anodization duration on the pore length
of titanium dioxide films was studied using the sam
ples synthesized at an anodization voltage of 50 V.
The duration of the second anodization step varied from 1
to 30 h.
As it can be seen from Fig. 5, the pore length increases
linearly with time for 24 h from the start of anodization to
reach a value of ∼36 мm and die away thereafter. The
growth of pores is terminated when an equilibrium is
attained between the rate of dissolution of the oxide in the
mouth of the pores and the rate of movement of the barrier
layer inside the metal.
The samples obtained at the anodization voltage of 20,
50, and 70 V were selected to study the effect of the specif
ic surface area of the films on the efficiency of solar cells.
The cells were assembled using these samples and the
currentvoltage characteristics of the cells were measured
(Fig. 6).
It is evident that in a cell based on the film obtained at
the anodization voltage of 20 V and having the largest
specific surface area, the current density is higher than for
the films synthesized at voltages of 50 and 70 V. It is
known that the value of the cell open circuit voltage is
determined by the nature of the used materials, and the
current density is determined by the number of dye mole
cules adsorbed.
The surface concentration of the dye on the TiO2 film
was estimated from the change in the optical density of
the alcoholic solution of the dye measured before and after
adsorption. As it is clear from Fig. 7, the optical density of
the solution decreases with increasing sorption duration
that indicates the introduction of the dye molecules into
the pores of the films. For the film synthesized at the
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spectra correlate well with the literature data. 29 The lumi
nescence of the anatase structure of nanocrystalline tita
nium dioxide is associated with three possible defect states:
selftrapped excitons STE, Ti3+/F, and F+.29
Raman spectrum of the same TiO2 film is represented
in Fig. 3, b. The features are also characteristic of anatase
structure. It is known 30 that anatase exhibit five active
Raman modes: A1g + B1g (2) 514 cm–1; B1g (1) 397 cm–1;
Eg (1) 144 cm–1; Eg (2) 197 cm–1; Eg (3) 639 cm–1. These
modes correspond to irreducible representations of sym
metry groups A1g, 2B1g, and 3Eg.
Similar data were obtained for both photoluminescence
and Raman spectroscopy for films synthesized at anodiza
tion voltage of 20 and 70 V. Thus, the results of measuring
the photoluminescence and Raman spectra indicate that
under the conditions selected for the synthesis of porous
TiO2 films, the phase composition of geometrically aniso
tropic fragments corresponds to the anatase structure.
The specific surface area of semiconductor films is one
of the critical characteristics for DSSC. The surface con
centration of the adsorbed dye and, ultimately, the num
ber of electrons photoinjected into the conduction band of
the semiconductor depend on this parameter. The influ
ence of the voltage and duration of anodization on the
surface properties of TiO2 films was studied to determine
the optimum conditions for the production of porous films.
The results of measurements of the specific surface area of
the samples, calculated by the Brunauer—Emmett—Tell
er equation (BET), are presented in Table 1.
The number of pores per surface unit was estimated by
statistical processing of microimages recorded by scan
ning electron microscopy. It follows from the obtained
data that as the anodization voltage increases, the internal
diameter and the length of the pores increase. The surface
concentration decreases due to increasing internal pore
diameter, which leads to a drop in the specific surface area
and pore volume. These results correlate well with the
literature data.31 Calculation of the poresize distribution
is performed based on the isotherm of nitrogen adsorption
and desorption using on the Barrett—Joyner—Halenda
(BJH) model (Fig. 4).
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L/μm

dav/nm

Specific surface area,
SBET/m2 g–1

Concentration
of pores•10–9/number cm–2

Total pore
volume, Vp/cm3 g–1

17.1
22.0
27.0
36.0
37.0
40.0

55
70
90
110
140
150

71
68
65
63
61
59

25.0
22.0
11.0
6.0
2.5
0.5

0.200
0.155
0.128
0.112
0.106
0.102

* L and dav are the length and diameter of pores, respectively.

Russ. Chem. Bull., Int. Ed., Vol. 66, No. 4, April, 2017

dV/dVtot (%)

a

50

50

40

40

30

30

20

20

10

10

10

20

30

40

50

60 d/nm

dV/dVtot (%)

10

40

40

30

30

20

20

10

10

30

40

50

60

70

80

90

100 d/nm

e

dV/dVtot (%)

40

50

60

ри
й

50

20

30

dV/dVtot (%)

c

50

10

20

b

ГУ

dV/dVtot (%)

Serikov et al.

70

80

90

100 d/nm

d

Ка
р

618

10 20 30 40 50 60 70 80 90 100

dV/dVtot (%)

d/nm

f

80

50
40

ит
о

60

30

40

20

20

10

Ре
по
з

10 20 30 40 50 60 70 80 90 100 110 120 d/nm

10 20 30 40 50 60 70 80 90 100 110 120 d/nm

Fig. 4. Poresize distribution of TiO2 at different anodization voltages: 20 (a), 30 (b), 40 (c), 50 (d), 60 (e), and 70 V (f); Vtot is the total
pore volume.
L/μm

anodization voltage of 20 V, the highest sorption capacity
is observed. This is confirmed by the data of the BET
specific surface area measurements. The optimum dura
tion of sorption was 18 h, since its further increase did not
lead to a decrease in the optical density of the solution.
The surface concentration of dye molecules adsorbed
by porous TiO2 films (C) was determined according to
equation:

40
30
20
10

C = (NAC0V/S)(1 – D2/D1),

5

10

15

20

25

30

τ/h

Fig. 5. Dependence of pore length (L) on the duration of second
anodization step (τ).

where NA is the Avogadro constant; C0 is the initial dye
concentration in the ethanol (1•10–4 mol L–1); V is the
solution volume; S is the surface area of the adsorbent;
D1 and D2 are the solution optical densities before and
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Fig. 7. Dependence of optical density (D) of dye N719 on the
duration of sorption (t) for the films obtained at anodization
voltage of 20 (1), 50 (2), and 70 V (3).

after adsorption, respectively. The results of the calcula
tion are presented below.

which depend on the quality of the interlayer contacts,
and the resistance Rsh reflects possible channels of the
current leakage. In an ideal solar cell Rp → 0, and Rsh → ∞.
One of the most widely used methods for the investiga
tion of the electrical transport properties of solar cells,
which depend primarily on the oxide semiconductor
photoelectrode, is the measurement of the electrical im
pedance.34 The impedance parametric plots in the Nyquist
coordinates for the DSSC based on TiO2 films obtained at
voltages of 20, 50, and 70 V are presented in Fig. 8. The
results of impedance measurements were analyzed accord
ing to the diffusionrecombination model under the as
sumption of the equivalence of the chains considered and
illustrated in Fig. 7.35 Experimental data were processed
with the help of the software package EISanalyzer.36
According to the technique described earlier37 based
on the recorded impedance spectra for the photocells,
a number of parameters were calculated. Among these:
the effective diffusion coefficient of the electrons Deff, the
effective recombination rate of the electron keff, the effec
tive lifetime of the electron τeff, the electron transport re
sistance in the titania film Rw, and the charge transfer
resistance associated with recombination of the electrons
Rk. The results are presented in Table 3.
It is known,38 that in the case when the resulting im
pedance experimental arc of parametric plot is a part of

C•10–16/mol cm–2

Anodization
voltage/V
20
50
70
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25.1
19.7
12.0
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Fig. 6. Currentvoltage characteristics of solar cells on the basis
of films obtained at anodization voltage of 20 (1), 50 (2), and
70 V (3).
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Thus, it is demonstrated that the larger the specific
surface area of the films is, the more dye molecules can be
sorbed into its pores. This leads, in turn, to an increase in
the number of electrons injected into the semiconductor
by the action of solar radiation and an increase in the cell
current. The main parameters of the photovoltaic elements
were determined on the basis of obtained experimental
dependencies (Table 2). The parameters were calculated
using the program package IVMeasurement in accor
dance with known methods.33 The presented values of the
solar cells efficiency are not higher than the data in the
literature, but they can reliably reveal all the necessary
dependencies.
It is clear from the data in Table 2 that the cell based
on the TiO2 film obtained by anodization at 20 V has the
highest efficiency. The resistance Rp increases with the
anodization voltage. For a real solar cell, this value is
composed of seriesconnected resistances, the values of

Table 2. Electrophysical parameters* of solar cells
Voltage/V

of anodization
20
50
70

open circuit
0.65
0.64
0.64

Short circuit
current/mA cm–2

Fill factor, FF

4.37
3.82
2.64

0.55
0.52
0.44

Rp

Rsh

Efficiency (%)

1684
1813
2118

1.65
1.47
1.08

Ohm
139
144
241

* Rp and Rsh are the resistances of the cell, included in chain in series and parallel, respectively.
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increases and the number of injected electrons increases,
which undoubtedly increases the recombination rate. The
obtained results are in good agreement with the well
known model.35
Thus, titanium dioxide films consisting of perpendicu
larly arranged tubular formations were obtained by the
electrochemical anodization of titanium foil. Electron
microscopic examination indicated that with increasing
anodization voltage, the internal diameter and the length
of the pores increase. Mathematical interpretation of the
results of experiments on lowtemperature nitrogen ad
sorption based on the BET and BJH models suggests that
the films obtained at the anodization voltage of 20 V have
the highest specific surface area. This fact is confirmed by
electron microscopic studies. It is shown that the pore
size distribution is bimodal with maxima that also depend
on the anodization voltage. The dye sensitized solar pho
tocells are assembled on the basis of the obtained films,
and their photovoltaic and electro transport properties are
studied. It is found that the best parameters are obtained
for the cell based on the porous TiO2 film prepared at the
anodization voltage of 20 V.
At the same time, the efficiencies of the investigated
solar cells, despite the onedimensional transport of elec
trons in them, remain low in comparison with the cells
based on TiO2 nanoparticles, since the specific surface
area of nanoparticles is much higher. In this respect, to
achieve higher efficiency for DSSC, it is desirable to cre
ate new composite materials based on nanoparticles, nan
otubes, and TiO2 nanorods. In such structures, the film
would show higher specific surface area due to the use of
nanoparticles. This in turn would result in higher con
centrations of photoinjected electrons migrating along
onedimensional nanostructures and rapidly reaching the
removable electrodes.
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Fig. 8. Model of processes in a solar cell (a) and impedance
parametric plots in the Nyquist coordinates for the DSSC, ob
tained at 20 (1), 50 (2), and 70 V (3); Rs is the series resistance,
taking into account the resistance of the interface FTO/TiO2;
Rw (Rwire) is the resistance to electron transport in the film of
titanium dioxide; Rk is the charge transfer resistance associated
with the recombination of an electron that arises at interface
between electrolyte (El) and titania film; Ck is the capacitance at
the semiconductor/electrolyte interface; Cpt is the interfacial ca
pacitance at the interface of counter electrode/electrolyte; FTO
is the fluorine doped tin oxide; Rpt is the charge transfer resis
tance at the interface of counter electrode/electrolyte; Zd is the
total resistance to redox processes diffusion in the electrolyte.

Ре
по
з

a regular circle, the values of Rk are much larger than the
values of Rw. Experimental data provide evidence that with
an increase in the anodization voltage, the values of Rw
increase insignificantly, while Rk and τeff are at mini
mum in the cell with the largest surface area. This can
be explained as due to the fact that as the surface area
of the films increases, the TiO2/electrolyte interface
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with transmission electron microscopic study. The inves
tigation of materials was performed using the equipment
acquired under the Development Program of M. V. Lo
monosov Moscow State University.
This study was financially supported by the Russian
Science Foundation (Project No. 140300072) and Com

Table 3. Electro transport parameters* of the solar cell obtained at different voltages
Anodization
voltage/V

20
50
70

Deff•104
/cm2 s–1

keff

2.4
9.4
9.6

83
73
60

τeff

s–1
0.012
0.013
0.016

Rk

Rw

Con/Ohm cm s–1

L/cm

Ohm
180
112
121

10.0
11.2
12.8

11.3
29.4
29.0

0.00171
0.00360
0.00400

* keff is the effective recombination rate, Rk is charge transfer resistance associated with the
recombination of an electron, Con = RkLkeff, L is the thickness of TiO2 semiconductor.
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