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Abstract

Mesoporous TiO2 films with spherical architectures and promising performance in dye-sensitized solar cells
(DSSCs) were prepared. The morphology of the films was investigated by scanning electron microscopy. Trans-
mission electron microscopy analysis of the spheres disclosed the elongated shape of sub-20 nm primary par-
ticles, while BET analysis revealed their high surface area of 135 m2/g. Anatase presence was observed in
the films based on X-ray diffractometry, selected-area electron diffraction analysis and Raman spectroscopy
analyses. Increased light scattering of the spheres in visible region was observed by UV-VIS-NIR spectroscopy.
Photovoltaic performance of the operating N719-sensitized cells was tested using electrochemical impedance
spectroscopy and current density-voltage (J-V) curves under simulated AM1.5 spectrum. The 0.25 cm2 cells ex-
hibited photo-to-electric power efficiency of 4.9%, which is among noteworthy values for DSSCs with similar
photoanodic structures.
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I. Introduction

Dye-sensitized solar cells (DSSCs) have emerged as
cost-effective alternative to the conventional p-n junc-
tion photovoltaic devices, ever since their discovery by
Grätzel and O’Regan [1]. Experimentally confirmed ad-
vantages of DSSCs over p-n junction cells include sim-
ple fabrication process, functionality over wide range of
temperatures, relative insensitivity of the conversion ef-
ficiency towards the angle of incident light, low weight
and flexibility [2]. The main component of these cells
is the photoactive anode, typically made of porous TiO2
film, covered with the monolayer of light harvesting dye
[3]. Several types of dyes have been used over the years,
including Ru(II)- [4], Os(II)- and Fe(II)-polypyridyl
complexes [5,6], d10-Cu(I) complexes [7], porphyrins
[8] and organosilicon compounds [9]. On the other
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hand, numerous TiO2 porous anodic structures have
been proposed, such as uniform monolith films [10,11]
or complexed architectures consisting of nanospheres
[12], nanotubes [13], nanorods [14] or nanowires [15].
The idea behind the utilization of complexed architec-
tures is to promote the light scattering within the sen-
sitized film, and consequently increase the operating
parameters of DSSCs, i.e. open-circuit voltage (VOC)
and/or short-circuit current density (JSC). Such struc-
tures, apart from hierarchical (micro, meso) porosity
which allows unobstructed distribution of dye and elec-
trolyte, should also possess high surface area, which en-
ables higher uptake of the light-harvesting component.

This paper, as a continuation of our work in the field
of dye-sensitized solar cells, focuses on the photovoltaic
performance of three-dimensional spherical photoanode
prepared using modification of our previously reported
fabrication procedure [11]. The primary nanosized par-
ticles of the proposed structure are essentially the same
as previously presented, however, the processing route,
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leading to the fabrication of films and the morphol-
ogy of the films, are completely different. The spheres
were synthesized using hydrothermally-assisted sol-gel
method, then mixed with the appropriate organic func-
tional agents to form doctor blade paste and processed
into films to serve as the photoanodic support for N719-
dye in the operating cell. We present thorough electro-
chemical characterization of the proposed device in or-
der to explain the charge transfer processes and deter-
mine the photovoltaic parameters of merit, and com-
pare the obtained data with literature values for uniform
structure consisting of the same core material [11] and
similar three-dimensional structures.

II. Experimental procedure

2.1. Synthesis of microspheres and film preparation

Sub-micronic micelles consisting of nanoanatase par-
ticles were synthesized using method from our previous
study [11]. The objective of this study was to preserve
the obtained hierarchical structure throughout the pro-
cessing of the hydrothermally-synthesized micelles into
photoanodic films. Titanium(IV)-isopropoxide (TTIP,
Alfa Aesar, 97% min.) was dissolved in isopropanol (i-
PA, VWR), and then non-ionic surfactant Triton X100
(TX100, J.T. Baker) was dropwise added to the solution
to form viscous precursor solution, with respect to the
molar ratio of TTIP : TX100 : i-PA = 1 : 1 : 40. Then,
the capping agent EDTA-Na2 (Aldrich Chemistry), us-
ing molar ratio of TTIP : EDTA-Na2 = 4 : 1, was added
at a slow pace into the stirring mixture with the trans-
fer pipette. Afterwards, the peptization process was pro-
moted and completed by heating the reaction mixture
for 3 h at 80 °C. The formed precipitate was dissolved in
20 ml of distilled H2O, and transferred into the stainless
steel autoclave for hydrothermal treatment (Carl Roth,
Model II, high-pressure autoclave) at 200 °C for 18 h,
under autogeneous pressure.

Doctor blade paste was prepared by the addition of
α-terpineol (95% min., Alfa Aesar) and ethyl-cellulose
(viscosity 4 cP, Aldrich Chemistry), into the product
of hydrothermal synthesis, followed by the weak ul-
trasound homogenization at 7 W for 3 min (Bandelin
Sonoplus 2070HD). The optimized composition of the
doctor blade paste was as follows: ethanol rinsed and
centrifuged product of hydrothermal synthesis (approx.
1.6 g), α-terpineol (2.25 ml, Alfa Aesar), ethyl-cellulose
(0.25 g, Aldrich Chemistry).

The films were deposited onto fluorine-doped tin ox-
ide substrates (FTO, MTI Crystal, 6–8Ω/sq) with the
green sheet thickness of ∼50 µm. FTO transparent con-
ductive substrates were chosen due to their stability at
the calcination temperature which was afterwards ap-
plied for the complete degradation of organic paste com-
ponents. The films were cured at room temperature for
15 min and then dried and calcined on the hot plate
(IKA® C-MAG), with the concluding step at 500 °C
for 10 min. During the calcination, the films gradually

developed milky white colour. Cooled films were im-
mersed in a 50 mM aqueous solution of TiCl4 (Aldrich
Chemistry), and thermally treated at 80 °C for 45 min,
followed by another drying and calcination treatment.
The TiCl4 treatment was performed in order to increase
photocurrent density of the operating cell, as previously
reported in the literature [16].

2.2. DSSC assembly

The TiCl4-treated films were then cooled to 70 °C
and immersed in 0.5 mM solution of cis-bis (isothi-
ocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)-ruthe-
nium(II)bis-tetrabutylammonium (Solaronix, N719)
ethanol solution for 24 h. The counter-electrode was
prepared by doctor blade deposition of Pt paste (Plati-
sol T/SP, Solaronix) onto FTO glass (MTI Crystal,
12–14Ω/sq) and calcined at 450 °C for 15 min in the
tube furnace (heating rate 5 °C/min). The dye-covered
electrode and Pt counter electrode were assembled
into a sandwich-type cell and sealed with the binder
clips. Finally, the assembled cell was filled with the
electrolyte containing the I– /I3 – redox system (Iodolyte
50, Solaronix).

2.3. Characterization of TiO2 films and DSSCs

The morphology of as prepared films was char-
acterized using scanning electron microscopy (SEM,
VEGA3 TESCAN), field-emission scanning electron
microscopy (FESEM, MIRA3 TESCAN) and transmis-
sion electron microscopy (TEM, JEM-2100 JEOL). The
crystallographic structure of the films was investigated
on Rigaku RINT 2000 diffractometer with parafocal
Bragg-Brentano geometry, using CuKα radiation (λ =
1.54178 Å). Raman spectroscopy of the TiCl4-treated
film was performed on Raman 2000 Cromex, equipped
with CCD camera and 532 nm Ar laser as the excitation
source (power 10 mW). The nitrogen adsorption on the
scratched films sample was performed at −196 °C and
relative pressure interval between 0.05 and 0.98 in auto-
matic adsorption apparatus (Sorptomatic 1990 Thermo
Finningen). Before measurements, samples were de-
gassed at 200 °C under vacuum for the time long enough
to observe the absence of significant changes in vacuum
stability (4 h < t < 10 h). The adsorbed amount of nitro-
gen was measured by volume at standard temperature
and pressure. The specific surface area S BET was cal-
culated by the BET (Brunauer-Emmett-Teller) method
[17–19] from nitrogen adsorption-desorption isotherms,
using data up to p/p0 = 0.3, and the pore size distri-
bution have been computed from desorption branch of
the isotherms [19]. The diffuse reflectance and transmit-
tance spectra of the films were recorded using a UV-
2600 Shimadzu spectrophotometer with the integrated
sphere (medium step measurements).

Both current-voltage (J-V) and electrochemical
impedance spectroscopy (EIS) measurements were
performed using a Gamry Reference 600 potentio-
stat. Current-voltage characteristics were acquired at a
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sweep rate of 100 mV/s in a voltage range of 0–1.0 V.
EIS curves were recorded at a voltage of 0.75 V under
illumination (open circuit voltage) and in the dark by ap-
plying AC amplitude of 10 mV RMS over a frequency
range from 200 kHz to 40 mHz with 20 points per
decade. For the illumination purposes we have used an
Osram 120 V/300 W ELH halogen lamp at 100 mW/cm,
calibrated with Volcraft PL-110SM photometer to simu-
late AM1.5 spectrum. Complex nonlinear least-squares
(CNLS) fitting of an appropriate equivalent circuit to the
EIS data was performed by Gamry Echem Analyst soft-
ware, version 6.25. All equivalent circuit parameters are
normalized with respect to the geometric surface area of
the working and counter electrode (0.25 cm2).

III. Results and discussion

3.1. Microstructure of TiO2 films

The morphology of as prepared TiO2 films was
comprehensively investigated and the related images
and data are presented in Fig. 1. Low magnification
SEM images of the film surface before and after the
TiCl4-treatment (Figs 1a. and 1b.) reveal uniform struc-
ture composed of sub-micronic spheres, well intercon-
nected into continuous porous network including nano-
sized surface cracks (<300 nm in width). No significant
changes of the films morphology after the treatment
were observed, which is in accordance with the litera-
ture findings [16]. Additionally, spheres’ size distribu-
tion histogram, based on the size analysis performed
on the morphology image using precise software tools

(SemAfore 5.21) was shown in inset of Fig. 1b. The ob-
tained histogram shows the dominating spheres diam-
eter values in the range of 0.6–1.2µm. The thickness
of the TiCl4-treated film was also determined by SEM
analysis of the film’s cross-section and it was found to
be ∼3 µm (Fig. 1c).

The spheres were closely observed using FE-SEM
technique and the recorded image presented in Fig. 2a
unveils the shape and dimensions of hydrothermally-
grown and further calcined primary particles. The nano-
sized particles are elongated, up to 20 nm in length and
less than 10 nm in width, and the uniformity of their
shape and dimensions was additionally confirmed by
TEM analysis, performed on the scratched film sam-
ple (Fig 2b). The particle shape derives from the mu-
tual cooperation between the capping agent EDTA-Na2
and surfactant Triton X100, during the autoclaving un-
der autogeneous pressure (∼10 bar). The presence of
EDTA-Na2 affects the growth of particles, governing
their elongated shape, while Triton X100 directs the for-
mation of soft spherical structure [11].

Several studies have been conducted to elucidate the
potential benefits of similar three-dimensional assem-
blies and their dimensions to the performance in DSSCs
as the scattering layer [20–22] or the main photoan-
odic layer [23–25]. Lv et al. [20] have shown that
even the partially covering scattering layer consisting
of non-dispersive solid spheres, sized in the range of
0.6–2µm, enhances the diffuse reflectance of the pho-
toanode, leading to the increase of photo-to-current ef-
ficiency from 4.3 to 5.2%. Yu et al. [21] have es-

Figure 1. SEM images of: a) the TiO2 morphology prior to the TiCl4 treatment, b) TiCl4-treated TiO2 film (inset – spheres size
distribution) and c) cross-section of the TiCl4-treated TiO2 film
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Figure 2. High magnification FE-SEM image of the sub-micronic spheres (a) and primary “rice-like” particles observed by
TEM (b)

tablished a dependence between the sphere size and
light scattering effects in their systematic study. They
showed that 450 nm monodispersed spheres have the
best photo-to-current efficiency through the highest in-
crease of reflectance and photocurrent density, com-
pared to 260, 350, 560 or 800 nm spheres. Kim et al.

[23] have demonstrated that the photoanode consisting
of approx. 250 nm uniform spheres has better photo-
voltaic performance than the uniform photoanode of the
same thickness (10 µm), fabricated from the commer-
cially available titania pastes. Finally, Liao et al. [24]
have shown that even 5 µm hierarchical spheres or ap-
prox. 200–400 nm ellipsoidal spheres can perform better
as single layer in DSSCs, than randomly oriented 30 nm
nanoparticles in uniform layer. Clearly, no strong rule
concerning the spheres size and their dispersivity to-
wards the photovoltaic performance can be established.
The photovoltaic performance is synthesis-related, and
other properties, such as primary particles size, crys-
tallographic structure, internal/external porosity, surface
area etc., should also be taken into consideration. Our
experimental procedure resulted with the non-dispersive
and visibly porous spheres (Fig. 2b), with the diameter
distribution, (Fig. 1b) that might show promising pho-
tovoltaic performance (due to the enhanced scattering
effects) and known advantages of fine primary particles,
<20 nm (Fig. 2b).

3.2. Structural characterization of TiO2 films

Structural characterization of as prepared films was
performed using several techniques. By means of XRD
analysis (Fig. 3a), it was confirmed that the films cal-
cined at 500 °C consist of the pure anatase phase,
with wide diffraction peaks situated at 25.3, 38.0, 48.0,
54.1, 55.0 and 62.8°, corresponding to the following
anatase crystallographic planes: (101), (004), (200),
(105), (211) and (204), respectively.

The positions and intensities of the peaks are in
strong agreement with the anatase JCPDS card No. 21-
1272. No other phases were detected, meaning that the
chosen calcination temperature and duration of 10 min
were insufficient to induce the formation of rutile [26].
The average crystallite size of 11.4 nm was calculated
for all reflections of the refined spectrum using Pow-
der Cell 2.4 software (refined cell parameters: a =

3.7909 Å, c = 9.4856 Å). From the perspective of ap-
plication in DSSCs, photoanodes composing of anatase
possess superior behaviour in comparison to photoan-
odes with other TiO2 phases [27]. Alternatively, the
confirmation of anatase presence was obtained by the
means of SAED technique. The corresponding pattern,
recorded on the scratched film sample, is shown in Fig.
3b. The pattern was analysed with the appropriate soft-
ware (Gatan Digital Micrograph 1.70.16) to calculate

Figure 3. XRD pattern of the film calcined at 500 °C for 10 minutes (a) and SAED pattern of the scratched film sample (b)
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Figure 4. Raman spectrum of the surface modified TiO2 film

d-spacing values, which completely match the JCPDS
card No. 21-1272.

Furthermore, Raman spectroscopy analysis after the
modification treatment with TiCl4 (i.e. chemical bath
deposition) was performed to investigate the crystallo-
graphic nature of the formed surface features. The cor-
responding spectrum is presented in Fig. 4. Based on the
factor group analysis, anatase possesses six Raman ac-
tive modes (A1g + 2 B1g + 3 Eg). As shown in Fig. 4, six
features are noticeable on the recorded spectrum, and
their Raman shift positions are in fair agreement with
previously reported data for the anatase crystallographic
phase [28].

3.3. BET analysis

In general, good operational properties of DSSCs
(short-circuit current density, JSC and photo-to-current
efficiency, η) derive from the optimal porosity of pho-
toanodic TiO2 film, which allows effective distribution
of the dye and electrolyte. Furthermore, high specific
surface area of TiO2 particles enables high adsorption
of the light-harvesting sensitizer. In a systematic study,
Barbe et al. [10] have shown that the optimal porosity of
TiO2 films for application in DSSCs is about 70%, while

the decrease of average pore size below ∼10 nm leads
to the non-linear electrolyte diffusion and consequently
low photovoltaic response, especially under high illumi-
nation.

To determine type of porosity, pore size distribution
and the specific surface area, the scratched film sample
was subjected to nitrogen adsorption/desorption in au-
tomatic adsorption apparatus. Taking into account that
the internal porosity and the specific surface area are
typically merely affected by the TiCl4-treatment, the
measurements were performed only on the non-treated
films [16,29]. The sample is characterized with isotherm
type IVa, with hysteresis loop of the H1 type (Fig. 5a).
Type IVa isotherm is encountered when adsorption oc-
curs on the low porosity material or on the material
with predominantly mesoporous pore diameters. The
mesoporosity is characterized by the capillary conden-
sation step in the isotherm between relative pressures
of 0.5 and 0.8. The sharp steps in the isotherm suggest
that capillary condensation occurs in a narrow range of
mesopores. On the other hand, hysteresis loop of the H1
type indicates a narrow pore size distribution of uniform
pores.

Pore size distribution curve is presented in Fig.
5b, with sharp peaks at ∼12.7 and ∼14.8 nm, rising
from wide background for smaller pores diameter. This
means that the mesoporosity within the spheres might
not be fully optimal, due to the presence of pores smaller
than 10 nm, which typically suffer additional shrink-
age after the TiCl4 treatment, due to the more pro-
nounced necks between the primary particles [29]. Fi-
nally, the calculated specific surface area of 135 m2/g
is an outstanding feature of the as-synthesized material,
nearly 2.5 times larger than for widely utilized commer-
cial powders (such as Degussa P-25) typically used in
DSSCs [30].

3.4. Optical properties of TiO2 films

The role of TiO2 in DSSCs is reduced to the mechan-
ical support of light-harvesting molecules (and elec-
tronic conduction), because TiO2 alone does not con-
tribute to the utilization of light, owing to its poor

Figure 5. N2 adsorption-desorption isotherm of TiO2 film (a) and pore-size distribution curve for TiO2 film (b)
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Figure 6. Diffuse reflectance spectrum of prepared TiO2 film (a), determination of bandgap for TiO2 film (b) and
transmittance spectrum of TiO2 film (c)

absorption capability (2–3% of Sunlight). However,
three-dimensional features with sub-micronic dimen-
sions might promote scattering of the incident light in
the cell and enhance the light-harvesting capability of
TiO2 electrodes, without sacrificing the accessible sur-
face for dye loading [12].

Diffuse reflectance spectrum presented in Fig. 6a
shows intense visible light (385–785 nm) scattering in-
side the TiO2, leading to potentially high photogen-
eration of electrons. Such behaviour is a direct con-
sequence of the sphere size distribution (Fig. 1c).
The recorded spectrum was further transformed using
Kubelka-Munk manipulation [31] and Tauc lineariza-
tion [32] to calculate the indirect bandgap of 3.33 eV
(Fig. 6b), which is in fair correspondence to litera-
ture value for anatase crystallographic phase of 3.2 eV
[33]. Additionally, transmittance percentage in the vis-
ible portion of the spectrum is in the range of 63–71%
(Fig. 6c).

3.5. DSSCs performance

The current-voltage characteristics of the operating
DSSC with anatase mesoporous spheres as photoan-
odic material under illumination and dark conditions
are shown in Fig. 7. The photovoltaic parameters of
merit, extracted from the curves, are presented in Ta-
ble 1. The obtained value of 0.75 V for the open-circuit
voltage (VOC) is slightly higher than 0.7 V which is typ-

Figure 7. Current density-voltage characteristics of
fabricated DSSCs under 100 mW/cm2 of simulated

AM1.5 illumination and under dark conditions

ical for anatase-based DSSCs. However, we must em-
phasize that there are proposed cells in literature with
similar spherical structures and substantially lower VOC ,
as presented in Table 1. Also, the cell exhibits high fill-
ing factor (FF) of 0.66, which derives from the low
thickness of the electrolyte (absence of the spacer be-
tween the electrodes), good quality of Pt counter elec-
trode film and the usage of printed silver grids. Despite
the presence of the fine pores inside the spheres, and
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Table 1. Photovoltaic parameters obtained from current density-voltage curves presented in Fig. 7 together with the referent
parameters from other studies

TiO2 electrode VOC [V] JS C [mA/cm2] FF η [%]
This study 0.75 9.98 0.66 4.9

Uniform TiO2 [11] 0.72 11.336 0.616 5.04
Porous spheres [34] 0.6 15.6 0.53 5.0
P25 + spheres [35] ≤0.606 ≤14.9 ≤0.625 ≤4.82

Hollow spheres [36] 0.732 8.00 0.65 3.79
Hollow spheres [37] 0.64 4.32 0.455 1.26
Microspheres [38] 0.61 5.26 0.67 2.14

Figure 8. Impedance spectra of the investigated DSSC
recorded at VOC conditions, in the dark and under

100 mW/cm2 illumination, presented using: a) Nyquist plots
and b) Bode plots (inset shows a small semicircle

observed at high frequencies

Figure 9. Equivalent circuit used in the CNLS fitting
procedure

conceivably low electrolyte diffusion, the cell nearly
reached the current-voltage density (JSC) threshold of
10.0 mA/cm2. Finally, the overall efficiency value of
4.9% is comparable to literature data for similar three-
dimensional ordered architectures of porous spheres
[34–38], but is still smaller in comparison to the uni-
form monolith structure [10,11].

3.6. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) mea-
surements were performed in order to inspect charge
transfer/transport processes occurring at interfaces
within the device, which are closely related to the DSSC
performance and the values of photovoltaic parameters,
presented above. Figure 8 shows experimental and sim-
ulated Nyquist (a) and Bode plots (b) taken at 0.75 V
in the dark and under illumination (VOC). For both con-
ditions the impedance spectra exhibit three partly over-
lapped semicircles in the Nyquist plot, i.e. three charac-
teristic peaks in the Bode phase plot, which are assigned
to the following phenomena: the dielectric behaviour
of the TiO2 film (105–104 Hz, inset in Fig. 8a) and the
charge transfer at the counter electrode/electrolyte (104–
102 Hz) and TiO2/dye/electrolyte (102–10−1 Hz) inter-
faces [11]. The spectra were fitted using a simplified
3CPE model (Fig. 8c) that consists of the equivalent se-
ries resistance Rs and three R||CPE circuits connected
in series: R f ||CPE f , Rce||CPEce and Rct ||CPEint, where
R f represent the TiO2 film resistance, Rct and Rce are
charge transfer resistances at the working and counter
electrode interface, respectively, and CPEs are corre-
sponding constant phase elements. Parameters extracted
from the fitting procedure are given in Table 2. It can be
seen that Rct is halved upon illuminating the cell. Taking
into account that Rct reflects the resistance to the elec-
tron recombination at the TiO2 electrode, which mainly
proceeds through the reduction of triiodide ions by TiO2
conduction band electrons, the observed improvement
in the reaction kinetics can be correlated with the in-
crease in the local concentration of I3 – originating from
the regeneration of the photo-excited dye and the ac-

Table 2. Parameters extracted from the CNLS fitting procedure

Condition
Rs R f Y f

α f
Rce Yce

αce
Rct Yint

αint[Ω cm2] [Ω cm2] [mS sα/cm2] [Ω cm2] [mS sα/cm2] [Ω cm2] [mS sα/cm2]
Dark 2.00 0.109 0.148 1.00 3.48 2.34 0.690 10.8 2.42 0.932
Light 2.00 0.142 0.137 0.995 4.25 2.46 0.698 5.09 3.06 0.940
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Table 3. Electron lifetimes and corresponding frequencies,
obtained by EIS

Condition
fmax τel

[Hz] [ms]
Dark 7.945 20.0
Light 16.05 9.92

companying oxidation of I– to I3 – [39]. Based on the
characteristic frequency corresponding to the Rct ||CPEint

semicircle maximum, fmax, we calculated the average
lifetime of the conduction band electrons in the TiO2
film, τel, using the equation τel = 1/(2·π· fmax). In accor-
dance with the observed Rct trend, the τel value is found
to decrease from 20 ms in the dark to 9.9 ms under light
(Table 3). In general, the values of electron lifetime are
system dependent and in our case related to the absence
of spacer and passivating “recombinations preventing”
layer [40] in the cell configuration. Nevertheless, the ob-
tained values of the electron lifetime under illumination
are comparable to literature data for the spacer-sealed
cells with uniform monolith structure [11,41], high sur-
face area 3D nanoarchitecture [42], or biotemplated hi-
erarchically structured photoelectrodes [43]. Further-
more, we have compared the fitted parameters with the
obtained data for uniform monolith photoanode DSSCs
from our previous study [11]. We have disclosed corre-
lation between the increase of VOC (0.72→ 0.75 V) and
the value of resistance to the electron recombination at
the TiO2 electrode, Rct (17.2 → 20.36Ω cm2), confirm-
ing that the discrete voltage change might derive from
increased recombination resistance and reduced recom-
bination rate [44].

IV. Conclusions

We have prepared photoanodic TiO2 films containing
mesoporous spheres and investigated their application
in dye-sensitized solar cells (DSSCs). The films exhib-
ited uniform structure composed of sub-micronic spher-
ical architectures, predominantly 0.6–1.2µm in size.
Systematic microscopy analysis has shown that spheres
consisted of sub-20 nm elongated “rice-like” particles.
The XRD and SAED of scratched film sample revealed
the presence of desirable anatase crystallographic phase,
indirectly confirmed by the optical band-gap calcula-
tions (3.33 eV). The surface formation of anatase af-
ter the TiCl4 treatment was disclosed by the means
of Raman spectroscopy. The N2 adsorption/desorption
measurement revealed mesoporosity with non-uniform
distribution curve and 135 m2/g specific surface area.
The films were used to fabricate square DSSCs with
the area of 0.25 cm2. The proposed anodic architectures
offer higher recombination resistance compared to the
uniform monolith structures, leading to the slightly in-
creased value of VOC of the operating device. Further-
more, the obtained solar-to-electric power conversion
efficiency of 4.9%, under 100 mW/cm2 of simulated
AM1.5 illumination is comparable to literature data for
similar structures.
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