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Thin transparent TiO2 films, prepared using four different titania precursors (Titanium(IV)
isopropoxide, Titanium(IV) butoxide, Titanium(IV) (triethanolaminato) and Diisopropoxytitanium
bis(acetylacetonate) have been synthesized by the sol–gel method, keeping the titanium molar ratio
constant to all solutions. The films were deposited on conductive glasses using a spin coating device
to ensure the films’ uniformity and their reproducibility. The structural properties of the TiO2 films
were investigated with scanning electron microscopy (surface and cross section of the films) and
porosimetry analysis. The experimental results indicate that the thickness of all the films fabricated
with the titanium precursors tested was between 1.5–2 �m. Additionally, these films were used to
fabricate dye-sensitized solar cells (DSSCs) to determine if there are any variations to their perfor-
mance. The results indicated an overall efficiency of 2.94% to the conversion of the solar light to
electrical energy measured for cells with photoanodes fabricated with films made from Titanium(IV)
butoxide which is 11% higher than that obtained for the widely used Titanium(IV) isopropoxide.
Differences to the overall performance were correlated to the structural properties of TiO2 films and
electrical resistances of different interfaces inside the solar cells.

Keywords: TiO2 Photoanode, Titanium Precursors, Sol–Gel Method, Quasi-Solid State
Electrolyte.

1. INTRODUCTION
Over the past decades extensive research has been focused
on the development of dye-sensitized solar cells (DSSCs)
as a cost effective and environmentally friendly alterna-
tive to the conventional amorphous silicon solar cells.1

Although a variety of wide band gap metal oxides has been
tested over the years as photoelectrodes for DSSCs,2–5

nanocrystalline TiO2 is the one preferred for the fabrica-
tion of highly efficient DSSCs.6

The photoanode plays an important role in elec-
tron transport and dye adsorption and as a result in
the performance of the solar cell, thus, efforts have
been made to optimize the photoanode’s structural and
morphological characteristics.7–9 Various one-dimensional
TiO2 photoanode nanostructures have been synthesized
and examined, such as nanowires,10�11 nanotubes,12�13

nanorods,14�15 nanoflowers,16 nanoleaves17 etc. These
nanostructures improve the charge collection as the photo-
injected electrons are provided with a direct path and they

∗Author to whom correspondence should be addressed.

are easily transferred, while in the case of a photoanode
with nanoparticles there are numerous defects were elec-
trons can be trapped. However, there are several drawbacks
when fabricating a photoanode with one-dimensional
TiO2. The lower surface area results in poor dye loading
which eventually affects the short circuit current density
and minimizes the overall cell efficiency.
The morphology of the TiO2 nanoparticles can be

affected by the synthesis method applied for the fabri-
cation of the photoanode and the structure of the tita-
nium precursor used. In this work, we investigated four
different TiO2 precursors for optically transparent pho-
toelectrodes synthesized via sol–gel method. Beside the
use of Titanium(IV) isopropoxide, which is the most
commonly used TiO2 precursor, we also examined Tita-
nium(IV) butoxide, Titanium(IV) (triethanolaminato) and
Diisopropoxytitanium bis(acetylacetonate). The hydrolysis
rate minimizes as the isopropoxide groups are substituted
by butoxy groups and reduces even more as they are par-
tially replaced by the acetylacetonate groups.18�19 The pho-
toanodes were used to manufacture DSSCs to establish if
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there is any effect on their overall energy conversion effi-
ciency and they were also characterized structurally and
electrochemically.

2. EXPERIMENTAL DETAILS
2.1. Materials
Commercially available lithium iodide, iodine, 1-methyl-
3-propylimidazolium iodide, tert-butyl pyridine, guanidine
thiocyanate, chloroplatinic acid hexahydrate (H2PtCl6�,
poly(propylene glycol)bis(2-aminopropyl)ether, 3-iso-
cyanatopropyltriethoxysilane and all solvents were
purchased from Sigma-Aldrich and used as received.
All Titanium precursors, Titanium(IV) isopropoxide
(TTIP, 97%), Titanium(IV) butoxide (TTBU, 97%),
Titanium(IV) (triethanolaminato) isopropoxide, 80 wt%
solution in 2-propanol (TTAI) and Diisopropoxytitanium
bis(acetylacetonate) solution (Ti(AcAc)), were also pur-
chased from Sigma-Aldrich (Scheme 1). 3-Cis-diisothio-
cyanato-bis(2,2′-bipyridyl-4,4′-dicarboxylato) ruthenium(II)
bis(tetrabutylammonium), N719 was purchased from Sola-
ronix S.A, Switzerland. SnO2:F transparent conductive
electrodes (FTO, TEC8) 8 Ohm/square were purchased
from Pilkington NSG Group. Titanium precursors, Tri-
ton X-100 (polyethylene glycol p-tert-octylphenyl ether)
surfactant (99.8%, Fisher Scientific), glacial acetic acid
(AcOH, Aldrich) were used to make four different TiO2

sols.

Titanium(IV) isopropoxide

Titanium(IV) butoxide

Titanium(IV) (triethanolaminato)-isopropoxide

Diisopropoxytitanium bis(acetylacetonate)

Scheme 1. Molecular structures of the TiO2 precursors used.

2.2. Preparation of TiO2 Photoelectrodes
The photoelectrodes were fabricated via sol–gel method
using solutions with four different TiO2 precursors main-
taining the same molar ratio.20�21 Briefly, 0.72 g of Tri-
ton X-100 was mixed with 4 ml of ethanol, followed by
addition of 0.4 ml of glacial acetic acid and 1.08 mmoles
of titanium precursor under vigorous stirring. After a few
minutes stirring, the solutions were deposited on the FTO
glasses with a spin coating device (Spin150, APT Automa-
tion) at 1200 rpm for 10 s. The films were heated up to
500 �C for 30 minutes using 20 �C/min heating ramp rate.
The procedure was repeated several times until a satisfac-
tory film thickness was obtained.

2.3. Fabrication and Characterization of Quasi-Solid
State Dye-Sensitized Solar Cell

2.3.1. Dye Sensitization of TiO2 Films
The TiO2 films prepared by the previously described pro-
cedure on FTO glass substrates were immersed into a
0.4 mM (ethanol/acetonitrile 50:50 v/v) solution of N-719
dye and were left there overnight to complete the photoan-
ode sensitization. The glasses were removed from the dye
solution and were rinsed with acetonitrile to remove the
excessive amount of dye and dried in order to remove any
acetonitrile or humidity that could be present in the pores
of the films.

2.3.2. Quasi-Solid Electrolyte Preparation
For the fabrication of the solar cells a quasi-solid
state electrolyte was used. This was chosen as a
promising technique to DSSC technology as it com-
bines the high ionic conductivity of liquids while it
reduces the risk of leaks and minimizes sealing prob-
lems in the cells. For the gel electrolyte applied to
the DSSCs, we used a hybrid organic–inorganic material
which was prepared according to a procedure described
in previous publications.22�23 Briefly, poly(propylene
glycol)bis(2-aminopropyl ether) of molecular weight 230
and 3-isocyanatopropyltriethoxysilane (ICS; molar ratio
ICS/diamine = 2) react in a vessel (acylation reaction),
producing urea connecting groups between the polymer
units and the inorganic part. The gel electrolyte was syn-
thesized by the following procedure: 0.7 g of the func-
tionalized alkoxide precursor were dissolved in 1.6 g of
sulfolane and 0.8 g of 3-methoxypropionitrile under vigor-
ous stirring. Then, 0.368 g AcOH were added followed by
0.12 g LiI, 0.12 g 1-methyl-3-propylimidazolium iodide
and 0.06 g I2. To complete the electrolyte solution, 0.204 g
of tert-butyl pyridine and 0.036 g of guanidine thiocyanate
were added to the above mixture. After six hours stirring,
one drop of the obtained sol was placed on the top of
the titania electrode with adsorbed dye molecules and a
slightly platinized FTO counter electrode was pushed by
hand on the top. The platinized FTO glass was made by
casting a few drops of H2PtCl6 solution (5 mg/1 ml of
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Table I. Structural properties of powders obtained from the TiO2 solu-
tions employing all four precursors.

TiO2 Porosity SBET Pore diameter Pore volume Pore width
precursor (%) (m2/g) (nm) (cm3/g) (nm)

TTIP 27.14 64.04 4.40 0.098 6.14
TTBU 26.51 60.46 4.45 0.095 6.31
TTAI 26.97 60.33 4.75 0.097 6.48
Ti(AcAc) 27.94 76.08 3.93 0.102 5.40

ethanol) followed by heating at 500 �C for 10 minutes. The
two electrodes tightly stuck together by Si–O–Si bonds
developed by the presence of the hybrid material.

2.4. Characterization Techniques
The nitrogen sorption/desorption isotherms of all sam-
ples were measured with a Micromeritics Tristar 3000 and
the surface area, porosity, and pore size distribution were
derived by differentiating them according to BET method.
All samples were degassed for 2 h at 100 �C before N2

adsorption analysis. The powders that were used to obtain
these values resulted from the titanium solutions. Firstly,
the solutions were heated for several hours to 70 �C in
order to slowly evaporate the solvent. This resulted to the
jellification of the titanium solutions which were after-
wards sintered at 500 �C and the obtained agglomerations
where grinded to form the powders.
The phase composition of the samples was determined

by X-ray diffraction using a Bruker D8 advance diffrac-
tometer, with Ni-filtered CuK� radiation (�= 1�5406 Å).
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Fig. 1. Sorption–desorption isotherms for powders obtained from the TiO2 solutions employing (a) TTIP, (b) TTBU, (c) TTAI and (d) Ti(AcAc).

XRD patterns were obtained from random powder samples
in a 2� range of 2� to 70� at a scanning rate of 2�/min.
Random powder mounts of the samples were prepared by
gently pressing the powder into the cavity holder.
For the J–V curves, the samples were illuminated with

Xe light using a Solar Light Co. solar simulator (model
16S-300) equipped with AM 0 and AM 1.5 direct Air
Mass filters to simulate solar radiation at the surface of the
earth. The light intensity was kept constant at 1000 W/m2

measured with a Newport power meter (Model 843-R).
Finally, the J–V curves were recorded by connecting the
cells to a Keithley Source Meter (model 2601A) which was
controlled by Keithley computer software (LabTracer).
The cell active area was constant to 0.3 cm2 using appro-
priate mask while back reflectors were not used in the
measurements. For each case, we made two devices which
were tested under the same conditions in order to avoid
any misleading estimation of their efficiency. Cell perfor-
mance parameters, including short-circuit current density
(JSC�, open circuit voltage (VOC�, maximum power (Pmax�,
fill factor (FF) and overall cell conversion efficiency, were
measured and calculated from each J–V characteristic
curve.
Electrochemical impedance spectroscopy measurements

(EIS) were carried out under illumination using the same
Xe light source that was used for the J–V curves.
EIS measurements were performed without the use of a
mask with Metrohm Autolab 3 · v potentiostat galvanos-
tat (Model PGSTAT 128N) through a frequency range of
100 kHz–0.01 Hz using a perturbation of ±10 mV over
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Fig. 2. Pore size distribution for powders obtained from the TiO2 solu-
tions employing all four precursors.

the open circuit potential. Experimental data are presented
by scattering symbols while lines represent the fitted plots
obtained using Nova 1.10 software.

3. RESULTS AND DISCUSSION
3.1. Structural Properties of TiO2 Films
The structural properties of the powders scratched from as
prepared films using different titanium oxide precursors,
were analyzed with N2 sorption–desorption. The particle
surface area and pore structure of all measured samples
are summarized in Table I while the results are presented
in Figures 1(a)–(d) and Figure 2.

Fig. 3. SEM images of (a) TTIP, (b) TTBU, (c) TTAI and (d) Ti(AcAc).

As it seems in Figure 1 the hysteresis loop appears at
low relative pressure (0�4<P /P0 < 0�8) which is attributed
to smaller mesoporosity of the material. The sample’s
Brunauer, Emmett and Teller (BET) specific surface area
was high while the Barrett, Joyner and Halenda (BJH)
pore volume (Fig. 2) was relatively low at 0.09–0.1 cm3/g.
Moreover, all the samples obtained from the different TiO2

precursors had a small mean pore diameter, with the pow-
der resulted from Ti(AcAc) precursor appear the smallest
pore diameter among all.
The particle’s size was verified through the SEM images

of the surface of the films which are presented in Figure 3.
The films employing TTIP and TTBU had similar parti-
cle size (9–13 nm) while Ti(AcAc) had the smallest par-
ticle size (6–9 nm). It is obvious that all films prepared
from the four different titanium precursors are consisted of
TiO2 particles of very small in size. In addition, based on
SEM cross section images, the films were thin and their
thickness was approximately between 1.5–2 �m. Figure 4
shows the cross section of the film prepared from TTBU
precursor as an example.
XRD patterns of the powders prepared from different

precursors are shown in Figure 5. The diffraction peak at
around 25� represents the anatase form of TiO2 while the
peak’s intensity observed which is higher for the case of
TTBU suggests a larger amount of TiO2. The grain size
for anatase TiO2 particles has been calculated from XRD
patterns using Scherrer’s equation: D = 0�9 �/(s cos��,
where � is the wavelength of the X-ray and s is the full
width (radians) at half maximum (FWHM) of the signal.

J. Surf. Interfac. Mater. 2, 252–260, 2014 255
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Glass

FTO

TiO2

Fig. 4. Cross section of the film employing TTBU.

The crystallite size for TiO2 prepared from TTIP, TTBU,
TTAI, Ti(AcAc) precursors is calculated as 9.5, 12.7, 14.8,
7.3 respectively which is in good accordance to the SEM
images. Moreover, the peak at around 27� corresponds to
the rutile form of TiO2. The fact that this peak isn’t dis-
tinctive for the case of TTAI and Ti(AcAc) might be an
explanation why the cells employing those photoanodes
performed poorly compared with the cells with TTBU
and TTIP as it can be seen to the solar cell performance
section.
Figure 6 shows the absorption spectra of the different

TiO2 films. Beside the spectrum corresponding to the film
employing TTAI, all the other spectra exhibit interference
fringes. Since the TiO2 molar ratio was kept constant for
all starting solutions, the quantity of titanium was the same

Fig. 5. XRD for powders obtained from the TiO2 solutions employing (a) TTIP, (b) TTBU, (c) TTAI and (d) Ti(AcAc).

for all films. Thus, the fact that fringes occur to thicker
films, indicates that films which resulted from the solu-
tions containing TTIP, TTBU and Ti(AcAc) were more
porous (or less dense). However, the TTAI films weren’t
uniform throughout the surface which led to poor dye
adsorption. Additionally, from the steep part of the spectra
at the absorbance threshold wavelength the energy band
gap of the TiO2 was calculated to be 3.4 eV which is in
accordance to the values obtained for mesoporous films
reported in literature.24

3.2. Solar Cells Performance
Figure 7 presents the current density–voltage (J–V � char-
acteristic curves of quasi solid-state dye sensitized solar
cells for all the TiO2 precursors tested. All J–V measure-
ments were carried out using a mask with an aperture
area of 0.3 cm2. The electrical parameters measured and
calculated for all cells are summarized in Table II. The
cells’ open circuit voltage was relatively constant while
differences were detected on the short circuit current den-
sity measured. The obtained Jsc values were sufficiently
high, given the fact that the photoanodes’ thickness was
relatively small and the fact that the cells had high trans-
parency.
It was interesting to note that cells manufactured with

photoanodes which resulted from the use of TTBU,
showed higher short circuit current density compared with
the ones employing the commonly used TTIP. Specifically,
the obtained Jsc value for the TTBU was almost 9% higher
than the one recorded for the TTIP, which resulted in an

256 J. Surf. Interfac. Mater. 2, 252–260, 2014
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Fig. 6. UV-Vis absorption spectra of TiO2 films obtained using different
precursors.

11.2% increase of the cell’s overall efficiency. The pho-
toanodes of the cells prepared with TTAI weren’t properly
sensitized which justifies the resulting low Jsc value.

The dark current suppression was also examined to per-
ceive the extent of the back electron transfer. Figure 8
shows that dark current density in the cells made with
the different titanium precursors. The onset of the dark
current for the DSSCs fabricated with TTIP, TTBU and
Ti(AcAc) occurred at lower voltage compared with TTAI
cells, despite the poor dye adsorption of the photoanodes
with this alkoxide.

3.3. Electrochemical Impedance Spectroscopy (EIS)
Figures 9(a)–(b) show the Nyquist and Bode plots obtained
from cells with the different titanium precursors. The
first semicircle corresponds to the Pt/electrolyte inter-
face, Rpt. The charge transfer resistance at the counter
electrode (Rpt� is represented as a semicircle in the
impedance spectra and a peak in the Bode phase angle
plot. The resistance element related to the response in
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Fig. 7. Photocurrent–voltage curves of DSSCs with photoanodes
obtained using different TiO2 precursors.

Table II. Solar cells parameters for DSSCs with TiO2 photoelectrodes
obtained using different precursors.

TiO2 precursor Jsc (mA/cm2) Voc (Volts) FF n (%)

TTIP 6.1 0.692 0.62 2.61
TTBU 6.7 0.693 0.64 2.94
TTAI 1.1 0.694 0.59 0.46
Ti(AcAc) 4.8 0.673 0.65 2.07

the intermediate frequency represents the charge trans-
port at the TiO2/dye/electrolyte interface (Rtr� and shows
diode like behavior. The semicircle at the low frequency is
attributed to the diffusion in the electrolyte (Rdif� and the
intercept of the horizontal axis stands for the resistance of
the sheet resistance of the FTO substrate and the contact
resistance of the FTO/TiO2 (Rh�.
The total series resistance of the cell can be calculated

using Eq. (1).
RS = Rh+Rpt+Rdif (1)

The equivalent circuits which were used to fit the experi-
mental data are presented in Figure 10. For electrodes hav-
ing a rough surface the capacitance element in Figure 10(a)
is replaced by a constant phase element (CPE, Q) which
depends on the parameters Yo and N . It is possible to con-
vert a CPE element, which is in parallel with a resistance,
to a pseudo capacitance using Eq. (2).

Cpseudo = Y
1/N
O ·R�1/N−1� (2)

The fitted parameters are presented in Table III. The
cells whose photoanodes resulted from TTBU had the
highest short circuit current density which can be attributed
to the fact that they had the smallest total series resistance
Rs. As indicated above (Fig. 7), cells with TTIP outper-
formed the ones with Ti(AcAc), however the total series
resistance of the former was higher than the latter. Never-
theless, this inconsistency can be ascribed to the fact that
the value of Rh of the cells with Ti(AcAc) was nearly
half compared with the one corresponding to the cells with
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Fig. 8. Dark current–voltage characteristic curves of dye-sensitized
solar cells with different TiO2 precursors.
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Fig. 9. (a) Impedance spectra and (b) Bode phase plots of dye-
sensitized solar cells with different titanium precursors measured at open
circuit voltage at 1 sun illumination.

TTIP. Since all the cells were manufactured using the same
type of conductive substrate this difference is due to the
contact resistance of the FTO/TiO2. The use of Ti(AcAc)
leads to the formation of smaller nanoparticles that are
tightly binded on the FTO glasses which results in a small
Rh value.

(a)

(b)

Fig. 10. DSSCs equivalent circuits (a) R(RC)(RC)(RC) and
(b) R(RQ)(RQ)(RQ) used to fit the experimental data from the EIS
measurements.

Table III. Fitted parameters derived from electrochemical impedance
spectroscopy.

Rh Rpt Cpt∗10−4 Rtr Ctr ∗10−3 Rdif Cdif ∗10−2

Precursor (	) (	) (F) �	� (F) �	) (F)

TTIP 19�50 2.01 0.237 9�10 3.34 3�43 9.32
TTBU 8�07 1.43 0.371 6�56 3.57 3�99 5.35
TTAI 14�40 3.46 0.646 53�20 0.40 34�00 0.39
Ti(AcAc) 10�10 1.73 0.512 8�92 5.14 6�70 3.87

From the peak at the Bode phase plots (Fig. 9(b)) the
electron lifetime can be calculated using Eq. (3). The
results are summarized in Table IV25–27


 = 1
2 ·� · f (3)

Ti(AcAc) had the highest electron lifetime, followed by
TTIP and TTBU. These results are not in accordance to the
Jsc values obtained from J–V curves. However, the small
size of TiO2 particles obtained for films prepared from
Ti(AcAc) precursor could prevent the electrons recombi-
nation due to better contact of the particles.
The electron lifetime can also be calculated by the open

circuit voltage decay (OCVD) technique (Fig. 11(a)) by
using Eq. (4)


n =−kB ·T
e

·
(
dVOC

dt

)−1

(4)

where �kB ·T �/e = 25�6 mV where kB · T is the thermal
energy and e is the elementary charge. For this procedure
cells are illuminated until they reach a steady open cir-
cuit voltage, then the light is interrupted and the charge
on the electrodes is allowed to decay in the dark. In this
measurement we only included cells with TTIP, TTBU
and Ti(AcAc) to compare and determine any differences
between them, while the cell with TTAI was excluded as
we anticipated a poor representation mainly due to the
poor sensitization of the anode.28 It was observed that the
OCVD response of the DSSC consisted of TiO2 made
of TTBU was much slower than that made of TTIP or
Ti(AcAc). Electron lifetime (
n� was proposed to quan-
tify the extent of electron recombination with the redox
electrolyte and has been proven to be effective. Electron
lifetime was calculated according to Eq. (4). Figure 11(b)
compares the results of the dependence of electron lifetime
on the open circuit voltage for DSSCs made of different
titanium precursors. It is obvious than in the case of TTBU

Table IV. Electron lifetime derived from the bode phase plots.

Precursor f (Hz) 
n ∗10−2 (s)

TTIP 5�57 2.86
TTBU 7�64 2.09
TTAI 14�24 1.12
Ti(AcAc) 4�04 3.94
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Fig. 11. (a) Open circuit voltage-decay measurement of DSSCs with
electrodes obtained with different TiO2 precursors to illumination excita-
tion (AM 1.5G solar light (100 mWcm−2��. (b) Electron lifetime curves
in relation to the open circuit voltage for electrodes obtained with differ-
ent TiO2 precursors.

electron lifetime was longer than those obtained for the
other two precursors. This suggests that electrons injected
from excited dye molecules can survive longer without
undergoing losses.

4. CONCLUSIONS
TiO2 photoanodes were prepared by four different TiO2

precursors using the sol–gel method. The photoanodes’
structural properties were tested, as well as the electrical
characteristics of the DSSCs assembled employing these
electrodes. The photoanodes had almost the same film
thickness however, results showed that the cells with TTIP
and TTBU performed better than the ones with the TTAI
and Ti(AcAc). Particularly, the photoanode which resulted
from TTAI wasn’t sufficiently sensitized and TTAI along
with Ti(AcAc) didn’t exhibit any diffraction peaks corre-
sponding to the rutile form of TiO2 instead of TTIP and
TTBU that did. Cells with the TTBU electrode provided
the highest electrical parameters and a conversion effi-
ciency of 2.94% which is 11.2% higher that the efficiency
of the cell with the widely preferred TTIP, which is also
more expensive. The enhanced short circuit current den-

sity can be attributed to the fact that the cells with TTBU
had smaller internal resistances corresponding to the dif-
ferent interfaces of the cell leading to a smaller total series
resistance.
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