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Abstract—Nanocrystalline TiO, films of different morphology have been fabricated usingyarious experinien-
tal approaches. Photoluminescent properties of films at 90 K have been studied. The effect of heat treatment
on low-temperature properties caused by the anatase—rutile phase transition has bgenidémonstrated. It has
been shown that the luminescence of rutile films is longer, for both TiO, nanoparti€les andgianotubes. Pho-
tovoltaic cells of the DSSC type have been assembled on the basis of the obtainedsnaneostructures. Impedance
spectroscopy has demonstrated that the resistance to electron transport in films @f TiO3 nanotubes is higher
and the recombination rate is lower than in films of nanoparticles.
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Titanium dioxide (TiO,) belongs to the class oft
wide-gap semiconductors widely used in photocataly-
sis, medicine, ecology, and dye-sensitized solarells
(DSSC) [1—4]. In DSSCs, TiO, is a matrix onto which
dye molecules are adsorbed. Therefore, the largeénits
specific surface area, the higher the cell gfficiency [5,
6]. An important role for the operatiomofiphotocells is
played by the rate of electron transpest th¥eugh the
oxide semiconductor to the curénthcollector. Using
various synthetic approaches, itlisgpossible to obtain
nanostructures in the fosm of naneparticles (NPs) [7,
8], nanotubes (NTs) [9], haneseds [10], and nanow-
ires [11]. The structufes mest frequently used in
DSSCs are TiO, NBs. Forexample, in films made of
TiO, NPs, thfee<dimensional electron transport can
occur, and the conta¢ts between them, formed during
heat treatmentyfaffect the possibility of electron trans-
fer from one NPyto another. Contacts that have not
formed due to uneven heating of the sample lead to a
decrease in the efficiency of this process. One-dimen-
sional nanostructures, such as NTs, can have a num-
ber of advantages over NPs. In this case, the electron
transport is possible only in one direction, namely,
along the walls. This can lead to a decrease in the travel
time of electrons from the centers of charge generation
to the collector electrodes. Due to the more regular
structure of NTs, it is possible to significantly reduce
the number of surface defects that impede the electron
transport [12]. The presence of defects in nanostruc-

tures/can create additional electronic levels localized
in the band gap of a semiconductor, which affect its
optical and electrical properties and, consequently,
the efficiency of solar energy conversion into electrical
energy [13—15]. One of the efficient and sensitive
methods for assessing the defect content of the TiO,
structure is photoluminescence spectroscopy [16—19].
It should be noted that most studies are associated
with titanium dioxide NPs with an anatase or rutile
structure [20]. The luminescent properties of TiO,
NTs obtained by electrochemical anodization and the
effect of the dioxide structure on their photovoltaic
properties have been insufficiently studied [21]; there-
fore, their detailed study is the purpose of this work.

EXPERIMENTAL
Fabrication of Films of TiO, NPs

To prepare a TiO, NP film on the surface of FTO
supports (fluorine-doped tin oxide) (8 Q/cm?, Sigma
Aldrich), commercially available Degussa P-25 pow-
der (Sigma Aldrich) was used. In the course of synthe-
sis, the powder was triturated in a porcelain mortar
with small amounts of deionized water and acetone
taken in the 10 : 1 ratio (v/v). For optical measure-
ments, this paste was applied to the surface of non-
luminescing quartz; for DSSC assembling, the paste
was applied to glasses with an FTO conducting layer
by the doctor blade method, depending on the studies
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Fig. 1. X-ray powder diffraction patterns of TiO, samples:
(a) TiO, NPs (773 K), (b) TiO, NPs (1273 K), (c) TiO,
NTs (773 K), and (d) TiO, NTs (1273 K).

performed. The resulting films were annealed in an
SNOL high-temperature furnace (PL 20/12.5, Rus-
sia) at 773 and 1273 K for 2 h.

Synthesis of TiO, NTs

TiO, NTs were synthesized by three-stage electro=
chemical anodizing of a titanium foil (VT1-0, 99.7%)
preliminarily subjected to chemical polishing. C,H,O,
containing 0.5 wt % NH,F and 3 wt % H,O was used
as an electrolyte. The anodic oxidation tempeératiire
was 5—7°C. Platinum foil served as the cathode. The
anodizing voltage was 50 V. The film obtained at the
first stage of anodizing during 2 h was,remeyed from
the titanium foil in an ultrasonic bath in‘a, l,M hydro-
chloric acid solution to exclude hydzeélysis products on
the NT surface. The second gtageflasted 24 h, during
which an array of nanotubes/was formed. At the third
stage of anodization, the films formed by titania NTs
were separated from the titaniem foil [22]. Then, the
resulting films were annealedat 773 and 1273 K for 2 h.

SEM images ofathe“surface of the samples were
obtained on alliéscan MIRA 3LMU scanning electron
microscope. Theyoltage on the accelerating electrode
was 20 keV. The morphology was studied in secondary
electron mode.

The phase composition of the samples was deter-
mined using X-ray diffraction patterns obtained on a
STOE STADI-P automatic powder diffractometer
(CukK,, radiation, A = 1.54056 A). The diffraction
patterns were recorded in the 20 range of 5°—80° with
a 5-s exposure and a 0.02° step. X-ray diffraction pat-
terns were analyzed using the PDF-2 powder database
and the standard WinXPow software package. The
spectral and kinetic characteristics of the films were
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determined on an automated setup operating in the
photon counting mode at the temperature of liquid
nitrogen. Excitation was carried out with an AIL-3
nitrogen laser (Ay., = 337 nm, £ =30 uJ, 7, = 10 ns).
Before measurements, the sample was placed in an
optical cryostat, which was preliminarily evacuated to
a residual pressure of p = 5 X 10—4 mbar.

DSSC Assembling

The DSSC was assembled according to the proce-
dure described in [23]. Films formed by titania NPs
and NTs were immersed in an alcohol solution of
N719 ruthenium dye (di-tetrabutylammenium cis-
bis(isothiocyanato)bis(2,2'-bipyridyl-444:-dicarboxyl-
ato)ruthenium(II), Sigma Aldrich)fer 24 hiPlatinum
counter electrodes were electrochemieally deposited
from H,PtCls. The electrodes wete sealed using a
Solaronix Meltonix sealant.zS6laronix iodolyte H30
was used as the electrolyte. The,efirrent—voltage char-
acteristics and cell efficien¢y were determined on a Pet
CT50AAA cell testér withaa light power of 100 mW/cm?
(Air Mass 1.5).¢Electrochemical impedance spectra
were recorded ondan Elins Z-500PRO setup (Russia).
The amplitudeésef the applied signal was 20 mV, the
frequency was varied from 1 MHz to 100 mHz.

RESULTS AND DISCUSSION

Figure 1 shows the X-ray powder diffraction pat-
terns'of TiO, NP and NT films heat treated at 773 and
1273 K.

Strong diffraction peaks appearing at 25.28°,
37.81°,47.99°, 53.95°, 55°,62.9°, 68.7°, 70.3°, and 75°
are indexed with Miller indices (101), (004), (200),
(105), (211), (204), (116), (220) and (215), respec-
tively, which corresponds to the anatase modification
(JCPDS, no. 21-1272, anatase).

For TiO, NP and NT films heat treated at 1273 K,
the major reflections refer to the tetragonal modifica-
tion of rutile (27.4°, 36.1°, 41.3°, 54.4°, 56.53°, 62.9°,
and 69.9°) and are indexed with Miller indices (110),
(101), (200), (111), (210), (211), (002), (310) and
(301), respectively (JCPDS, no. 21-1276, rutile).

The surface morphology of the titania NP and NT
films heat treated at 773 and 1273 K, is shown in Fig. 2.
Figures 2a and 2b demonstrate that the TiO, NP films
have a pronounced granular structure. At the same
magnification, it is noticeable that the film annealed
at 1273 K consists of larger particles than the film
annealed at 773 K. This, apparently, can be due to the
fact that, under the influence of high temperature,
some of the particles are sintered together, forming
larger agglomerates. Figure 2¢ shows an SEM image of
a film formed by TiO, NTs. It can be seen that NTs are
tightly packed, and their ends are open. An increase in
the annealing temperature to 1273 K also leads to a sig-
nificant change in the structure (Fig. 2d): although the
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Fig. 2. SEM images of (a) TiO, NPs (773 @ i0, NPs (1273 K), (c) TiO, NTs (773 K), and (d) TiO, NTs (1273 K).
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where R is theameasured diffuse reflectance coeffi-
cient. The band 'gap was determined as the point of
intersection of linear sections of the plot of

\JF (hv)? x10 versus the photon energy Av. In particu-
lar, for TiO, NPs and NTs annealed at 773 K, the band
gap was 3.20 and 3.22 eV, respectively.

For the films heat treated at 1273 K, the band gap
was 3.02 eV for NPs and 3.01 eV for NTs.

The luminescence spectra and kinetics for TiO,
NPs and NTs annealed at 773 K are shown in Figs. 4a
and 4b.
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No luminescence is observed for both samples at
room temperature. When the films are cooled to 90 K,
a broad luminescence band is observed in the wave-
length range 400—700 nm, with maxima at 510 and
540 nm for TiO, NPs and NTs, respectively. Compar-
ison of the luminescence spectra shows that the lumi-
nescence intensity of NTs in the 600—700 nm range is
higher than that of NPs. Using approximation by
Gaussian functions, deconvolution of the lumines-
cence spectra can be performed, which is shown in
Fig. 5.

The results of the approximation show that the
recorded luminescence spectra are formed by three
bands with maxima at 510, 540, and 600 nm. In this
case, the intensity and area of the bands for NPs and
NTs are different (Table 1).

The data obtained indicate that titania NPs and
NTs are characterized by three luminescence centers
located at different depths in the band gap; the struc-
ture of the energy levels of defects for NPs and NTs is
identical, but their concentration is different. For all

No.1 2021



120

observed luminescence centers, the luminescence decay
kinetics was measured. Figure 3b shows these data for
NPs and NTs measured at a wavelength of 540 nm.
Kinetic curves are generally non-exponential. The life-

3.8
3.6
34
3.2
3.0
2.8
2.6
24
2.2
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times of the excited states calculated from the exponen-

NT_773 K tial part of the decay curves are given in Table 2.
B —— NP 773 K in L. . .

NT_ 73K The lifetimes of excited states of luminescence
i - centers are different for both NPs and NTs; their val-
. —NP_1273K ues are significantly lower in the case of TiO, NTs.

Figure 5 shows the luminescence spectra and lumi-
nescence decay kinetics of NP and NT films
annealed at 1273 K. For both samples, a lumines-
cence spectrum characteristic of the rutile modifica-
tion is observed, with a maximum at 850 nm (Fig. 6a). It
should be noted that the luminescence intensity for
NPs is much higher than for NTs.

2.0 ! . ! ! Figure 6b also shows the luminesgence decay
350 375 400 425 450 Kinetics of NPs and NTs. The excitation avelength
A, nm was 850 nm. The lifetimes of,excited were 7.5

Fig. 3. Absorption spectra of nanostructured TiO, films.
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Fig. 5. Deconvolution of luminescence spectra of (a) TiO, NPs and (b) TiO, NTs annealed at 773 and 90 K.
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Fig. 6. Spectral and kinetic properties of TiO, films annealed at 1273 K.

It can be seen from the presented data that the
characteristics of cells based on anatase NP and NT
films are higher than those for films of a rutile struc-
ture, which is in good agreement with the data pre-
sented in the literature for other types of TiO, nano-
structures. For cells based on anatase, the voltage is
slightly higher than for assemblies based on rutile. As a
rule, the voltage in such solar cells is determined by the
position of the quasi-Fermi level. From the imped-
ance spectra (Fig. 8), the key electrical transport prop-

Table 1. Intensities and areas of bands obtained by Gauss
approximation of luminescence spectra of TiO, NP and NT
films

Parameter NP NT
510mm

S, % 5.2 6.7

1, rel. units 65 736
340 nm

S, % .7 23.5

1, rel. units 250 980
600 nm

S, % 221 69.8

1, rel. units 46 1023

Table 2. Luminescence duration of TiO, NP and NT films
at different wavelengths at 773 K

Luminescence duration of films, ns
Sample luminescence wavelength, nm
510 540 600
NP 6.2 3.0 6.7
NT 2.5 0.8 6.3
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erties of TiO, films werge* caleulated; the results are
given in Table 4.

From the presénted data; it can be seen that the
impedance spectrum consists of several circles. Using
the technique described in [24, 25], from the central
arc of the impedance spectra, we calculated the effec-
tive electromydiffusion coefficient D.;, the effective
recongbinationirate k., the effective electron lifetime
Tap the resistance to electron transport in the titania
filmpR,,, @and the charge transfer resistance R, related to
electron recombination.

Data in Table 4 indicate that the resistance to elec-
tron transport in TiO, (R,,) for NT films is higher than
for NP films. In this case, the recombination rate (k.g)
in NT-based films is lower than k. of the cells based
on NPs of the same TiO, modification. This is proba-
bly due to the technology of manufacturing NT-based
DSSCs. A paste based on TiO, NPs and an aqueous
solution of TiCl, (30 mmol/L) is used for grafting an
NT-based film to a substrate with a conductive FTO
coating. An additional resistance to electron transport
in the cell arises at the NT—NP interface. The recom-
bination resistance value (Table 4) indicates a high
recombination rate observed in cells based on rutile
NTs and NPs; this is supported by the low effective
lifetime of an electron for cells based on NTs and NPs.
The R, value is also significantly influenced by the
specific surface area of the material. With the same
phase of the materials used for manufacturing DSSCs
(anatase or rutile), the R, value is higher for films with
a high specific surface area. On the basis of the for-
mula k. = 2Nk, (N, is the electron density at defect

energy levels (cm™), k, is the recombination rate con-
stant (cm?/s) of electrons from TiO, defect levels into
the electrolyte [25]), it can be concluded that the con-
centration of defects through which recombination
processes occur in rutile NP and NT films is higher
than in anatase.
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Table 3. Key parameters of DSSCs

Sample Voltage, V Photocurrent, A/cm? Filling factor Efficiency, %
NP 773K 0.69 0.014 0.62 4.10
NP_1273 K 0.68 0.003 0.60 1.32
NT 773 K 0.65 0.010 0.56 3.80
NT 1273 K 0.60 0.005 0.38 1.36
Table 4. Electrical transport parameters of solar cells

Sample D, cm?/s kg, 57 Tefs S R, Q R,Q
TiO, NP 773 K 9.9 x 103 14.0 0.07 22.0 26
TiO, NP 1273 K 4.7 x 107 57.0 0.02 175.0 26
TiO, NT 773 K 5.5 %1073 3.6 0.27 17.5 36
TiO, NT 1273 K 2.9 x 1073 25.3 0.04 38.0 40

NP 773 K CONCEUSIONS

0.015

0.012 - NT 773K

0.009

I, A/cm?

NT_1273 K

0.006 -
NP_1273 K
0.003
0 01 02 03 04 05 06 07

U, mV

Fig. 7. Current—voltage characteristics of solar cells based
on TiO, films.
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Fig. 8. Impedance spectra of solar cells.
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Nanocrystalline\titania films consisting of TiO,
NPs and NTs have beéen fabricated; their photolumi-
nescent ‘properties, have been studied at 90 K. The
effect of heag treatment on spectral properties due to a
changé mithestructure type from anatase to rutile has
beentdemonstrated. It has been shown that the lumi-
neseence, of anatase NP and NT films occurs from
defeet levels of different energies. In the anatase mod-
ification, the luminescence duration of NP films was
3mms, and that from NT films was 0.8 ms. It has been
found that the luminescence of rutile films is longer,
both for TiO, NPs and NTs. When assembling
DSSCs, cells based on anatase films had a higher effi-
ciency than cells with rutile films. It has been found
that the recombination rate in films based on NTs is
lower, but the resistance to electron transport is higher
than in films based on NPs. It has been shown that the
concentration of defects through which the recombi-
nation processes occur in rutile NP and NT films is
higher than in anatase.
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