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Abstract

‘We reported on the preparation of a thin BaTiO3-coated layer (~2.27 nm) on the surface of TiO, and its further application in the dye-sensitized
solar cells (DSCs). The as-prepared BaTiO3;—TiO, films were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM) and transmission electron microscope (TEM). The performances of the DSCs with and without BaTiO;
coating were analyzed by cyclic voltammograms (CVs), electrochemical impedance spectroscopy (EIS), and current—voltage measurements. It
was found that the BaTiO;-TiO, films with about 12 wm thickness increased the dye adsorption, resulting in increased Ji.. In the meantime, the
BaTiO; modification on the TiO, surface is beneficial to the formation of an energy barrier against the electron transfer from TiO, to I3, providing
the increase of V,,. due to the increased electron density in the TiO, that is caused by the increased electron lifetime.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Dye-sensitized solar cells (DSCs) based on nanoporous TiO2
films have attracted great attention in the area of using clean
solar energy [1]. Generally, DSCs consist of thin films of porous
TiO, photoanode sensitized by dyes and platinum cathode with
propylene carbonate containing I3~ /I" as an electron donor and
electrolyte [2]. The porous TiO, electrode with large surface
areas provides sufficient anchoring sites for the sensitizers to
attain effective light harvesting and electron injection, resulting
in the improvement of the power conversion efficiency [3,4].
However, the nanoporous TiO; is not perfect yet due to the close
proximity of electrons and holes throughout the porous film and
the absence of a substantial potential barrier at the semiconduc-
tor/electrolyte interface [5], indicating that the interfacial charge
recombination still remains one of the major energy-wasting
pathways [6]. It has been reported that the surface modifications
of TiO, with oxides [7-9], metal hydroxides [10], SrTiO3 [11],
CaCOs [12] or organic molecules [13] could physically sepa-
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rate the injected electrons and the redox couple, and thereby
suppressing the charge recombination reactions. Herein, we
reported on the fabrication and characterization of DSCs based
BaTiO3-modified nanoporous TiO; electrodes. The results show
that BaTiO3 modification on the surface of TiO; is beneficial to
the formation of an energy barrier against the electron trans-
fer from TiO; to I3, resulting in increased Jg. and V. due to
the increased electron density in the TiO; that is caused by the
increased electron lifetime.

2. Experimental
2.1. Preparation of dye-sensitized photoanode

The TiO; nanoporous matrix of about 12 um thickness
was fabricated on transparent conducting glass (F-doped
Sn0,, 15 Q2/square, Nippon Sheet Glass Co., Japan) using a
screen printing method, followed by calcinations at 450°C
for 30 min [14]. The modification of BaTiO3 on the TiO;
surface was prepared with the following steps. First, the cal-
cinated TiO, thin film was dipped in the aqueous solution
of saturated Ba(NOs3), for 30s. Second, after being washed
thoroughly with water, the wet glass with the Ba®* saturated
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TiO, film was sintered in air at 550°C for 30 min. Sen-
sitization of the BaTiOsz-modified TiO, electrode was done
by overnight immersion in dry ethanol solution containing
0.3 mM of the N3 dye [cis-bis(thiocyanato)bis(2,2’-bipyridyl-
4.,4'-dicarboxylic acid)ruthenium(IT)] [15].

2.2. Characterization of the modified films

The phase structure of the as-prepared films was character-
ized by using X-ray diffraction (XRD) of Rigaku D/max-2500
X-ray diffractometer with graphite monochromatized Cu Ko
(A=1.5405 A) radiation. The percentage of BaTiO3 and the
thickness of the coated layer were analyzed by Kratos Axis Ultra
DLD multi- X-ray photoelectron spectroscopy (XPS). Field
emission scanning electron microscopy (FE-SEM) images were
taken using a JEOL JSM-6700F microscope. Transmission elec-
tron microscope (TEM) and high-resolution TEM (HRTEM)
analyses were carried out by a Philips Tecnai F20 microscope
operating at an accelerating voltage of 200kV [16]. UV-vis
absorption spectra of dye-loaded films were measured by Jasco
V-550 UV-vis spectrophotometer with an integrating sphere
accessory. The amount of dye adsorbed on the electrodes was
estimated by measuring the light absorption in dye solution after
desorption using a 0.1 M NaOH aqueous solution.

2.3. Photoelectrochemical measurements
The solar cell performance was measured in a sandwich-type

configuration using Pt-coated conductive glass as a counter elec-
trode. The composition of the electrolyte solution was dimethyl
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propyl imidazolium iodide (0.6 M), lithium iodide (0.1 M),
iodine (0.05 M), and fert-butylpryidine (0.5 M) in acetonitrile.
The area of the dye-adsorbed TiO; electrode was 0.16 cm?.
A 500 W xenon lamp in combination with a band-pass filter
(400-800 nm) to remove ultraviolet and infrared radiation was
served as the light source. Further calibration was carried out
by a USB4000 plug-and-play miniature fiber optic spectrometer
(Ocean company, USA) to give an AM 1.5 simulated sunlight so
as to reduce the mismatch between the simulated and true solar
spectra to less than 2%.

The applied potential and cell current were measured using
a Keithley model 2400 digital source meter (Keithley, USA)
[17]. The cell was operated in the short-circuit mode. The inci-
dent photon-to-current conversion efficiency (IPCE) values were
determined in the range of 400-750 nm with light intensity mea-
surement of a USB4000 instrument (Ocean Company).

The electrochemical performance was investigated by means
of aPARSTAT 2273 instrument. The electrochemical impedance
measurements were carried out applying bias of the open-circuit
voltage, Vi, namely, under the conditions of no electric current.
The amplitude of the ac signal used was 10 mV, and the fre-
quency ranged between 100 kHz and 100 mHz. The impedance
spectra were characterized using Zsimpwin software. Cyclic
voltammograms (CVs) were obtained at a scan rate of 0.3 V/s
using a platinum wire and Ag/AgNO3 as the counter and the
reference electrode, respectively. Ag/AgNO3 was calibrated by
measuring the redox potential of ferrocene dissolved in ace-
tonitrile/AcOH (7/1, v/v). The redox potential referenced to
calibrated Ag/AgNO3 was converted to the NHE (normal hydro-
gen electrode). Dry acetonitrile/AcOH (7/1, v/v) containing
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Fig. 1. XRD patterns (a and b) and high-resolution XPS spectra (c and d) of a TiO; film (dotted line) and after BaTiO3 coating (solid line).
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Fig. 2. Cut-through FE-SEM images of TiO; films without (a) and with (b) BaTiO3 coating and TEM images for the particles of pure TiO; (c) and BaTiO3-coated

TiO; (d). The inset of (d) shows the coating of BaTiO3 is about 2 nm.

0.1 M tetrabutylammonium perchlorate was used as the support-
ing electrolyte. To avoid oxygen, the solution was bubbled with
nitrogen for 30 min before the experiments.

3. Results and discussion

Fig. 1a and b shows the XRD patterns of the TiO films with
and without BaTiO3 modification. The XRD in Fig. 1a confirms
the presence of BaTiO3 on the coated TiO» film without any BaO
or other phases. As can be seen from Fig. 1b, the diffraction peak
of crystal plane (10 1) of pure TiO; shifts about 0.1° to a higher
26 angle, which was induced by an epitaxial growth between
the parallel plans in the square facet of the rutile tetragonal unit
cell and the cubic unit cell of BaTiO3 [18]. The unit parameters
of perovskite BaTiOj3 closely resemble with those of rutile with
the mismatch of 5%, agreeing with the lattice matching rule
of epitaxial growth [19]. Thus, the appearance of (110) peak
for BaTiO3 at 26 =31.5° indicates that BaTiO3 grows with the
parallelism of the {1 10} planes of rutile.

Fig. 1c and d shows XPS measurements for the TiO, films
with and without BaTiO3z modification. Peaks located at 456.4
and 462.2 eV in Fig. 1c account for titanium 2p3/2 and 2p1/2,
while peaks at 777.7 and 793.2¢V in Fig. 1d can be assigned
to barium 3d5/2 and 3d3/2, in agreement with the binding
energies in BaTiOs reported in the literature [20]. XPS quan-
tification shows 19.5% atomic concentration of Ba 3d. Given
this molar ratio, the average thickness of BaTiO3 coating layer
could be estimated to be 2.27 nm. For the thickness calculation,
we assumed that a homogeneous layer was deposited on the top
of TiO,. Therefore, it can be inferred from the results of XRD
and XPS that a thin BaTiO3 monolayer was formed on the TiO»
surface.

Fig. 2a and b displays the FE-SEM images of the cross-
section for the uncoated and BaTiO3-coated TiO, films. The
thickness of TiO; film in Fig. 2a is about 12 pm. Upon coating
with BaTiOg3, the film thickness retains, but the particle assem-
bly changes from the compact structure to the less dense porous
structure (Fig. 2b). The necking growth of BaTiO3 overlayer on
the TiO, surface inhibited the aggregation of the particles during
the sintering process. Fig. 2c and d shows the TEM images for the
particles removed from the corresponding films. From Fig. 2c,
it can be seen that the average particle sizes of the TiO, spheres
are about 25-30 nm. The TEM image in Fig. 2d clearly demon-
strates that alayer of ~2 nm thickness attributed to BaTiO3 (inset
in Fig. 2d) is epitaxially coated onto the surface of TiO; parti-
cles, verifying the above results of XRD and XPS. This coating
thickness is comparable to the literature values obtained in a
similar way for the conformal overlayer of Al,O3 (~2-2.5nm)
[21] and NbyOs (~2.7 nm) [22].

Fig. 3a presents the UV—vis absorption spectra of the dye-
loaded TiO, films with and without BaTiO3 overlayer. Since the
strong TiO, band-gap absorption with onset at ~380 nm, which
hides the interfacial charge transfer (CT) band induced by com-
plexes from N3 dye and Ti**, shows little difference between
the TiO, film and the modified system, we did not give the data
below 400 nm. It can be seen that with BaTiO3 coating, the maxi-
mum absorption peak at ~530 nm blue shifts by ~10 nm, and the
maximum absorbance is enhanced. The surface concentration of
the dye increased to 7.33 x 1073 from 6.56 x 1078 mol cm 2.
The higher dye concentration of N3 could be understandable
by the higher basicity of TiO; upon BaTiO3 modification. The
isoelectric point of BaTiOj3 is ~8 [23], higher than that of TiO»
(~5) [9], indicating that the surface of the BaTiO3 coating is
more basic than that of TiO,. The carboxyl groups in the N3
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Fig. 3. Absorption spectra (a) and IPCE action spectra (b) for the dye-sensitized TiO, (dotted line) and BaTiO3-coated TiO2 (solid line) films.

dye molecules are more easily adsorbed to the surface of the
basic coating layers [7,12,24]. It is noted that a few groups have
studied the interesting effects of the acid- or base-pretreatment
on the sensitized nanocrystalline TiO» thin films [7,8,12,24-28].
Wang et al. [26] observed that surface treatment of nanocrys-
talline TiO, films with hydrochloric acid increased the adsorbed
amount of dyes as well as the short-circuit photocurrent of the
corresponding solar cell. Gritzel’s group reported that the dye
attachment is most effective with barrier coating with high points
of zero charge (basic coating) [7]. The better dye adsorption
on the surface of the basic covering layer favors attachment of
the dyes with carboxyl groups [8]. Similar behaviors have been
also found for TiO; electrodes modified by CaCO3, BaCO3
and MgO [12,24,27]. Qu and Meyer showed that both acid-
and base-pretreated samples could increase the dye surface cov-
erage through two different binding ways [28]. High surface
proton concentrations favor a “carboxylic acid” type linkage,
while low proton concentrations favor “carboxylate” type bind-
ing modes. Thus, the pH-dependent interfacial property between
the sensitizer and the semiconductor is relatively complicated.

Fig. 3b shows the action spectra of monochromatic incident
photo-to-current conversion efficiencies (IPCEs) for the sand-
wiched DSCs. The BaTiO3-coated TiO; electrode shows higher
photoelectrical response than that of the bare TiO, electrode
throughout the visible spectrum, with its maximum of 80% at
550 nm. Thus, the photon-to-current conversion efficiency was
improved upon the BaTiO3 surface modification, resulting in
increased Jyc.

Fig. 4a shows the cyclic voltammograms of the two DSCs
in tetrabutylammonium perchlorate acetonitrile solution. From
Fig. 4a, it can be seen a gradual onset of the capacitive current
in the forward scan due to the injection of the surface-trap-state
electrons below the bulk conduction band edge [13]. However,
the much lower capacitance is found for the BaTiO3 modified
system compared to that of the uncoated electrode. This implies
that the number of deep trap-state electrons existing in the sur-
face of TiO, [29] is decreased upon the modification of BaTiOs.
For the reverse scans, the current approached zero at the more
positive potentials, indicating that the injected negative charge
is completely recovered.
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Fig. 4. (a) Cyclic voltammograms of TiO, electrode without (solid line) and with BaTiO3 coating (dotted line) in tetrabutylammonium perchlorate acetonitrile

solution. (b) Energy levels for the interfaces of mesoscopic TiO, and BaTiO3-TiO; in tetrabutylammonium perchlorate.
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Fig. 5. Current density vs voltage (J-V) characteristics of dye-sensitized solar
cells without (dotted line) and with BaTiO3 coating (solid line) at 100 mW/cm?
(AM 1.5 simulated solar illumination) and in the dark.

Since the current /(V) is proportional to the differential capac-
ity (C) in a linear sweep (constant scan rate, dV/dt=v), the
energetic distribution of the acceptor state at the surface of
porous photoanode can be deduced from the cyclic voltammo-
grams via the following equation [13]

1
d(Q) = ~I(V)dV ey

where Q is the total injected charge, I(V) is the current, V is
the potential applied on the electrode, and v represents the con-
stant scanning rate in the cyclic voltammetry measurements. The
integration of Eq. (1) will give Q, the total number of surface
states as plotted vs a function of the electrode potential (Fig. 4b).
The onset is around —0.23 V (vs NHE) for the TiO; electrode,
whereas in the case of the BaTiO3-modified TiO; electrode, it
moves to —0.59 V (vs NHE), implying that an energy barrier is
most possibly formed at the electrode—electrolyte interface with
the BaTiO3 coating. This energy barrier could suppress the back
electron-transfer process and provide a higher photo to current
conversion efficiency.

Fig. 5 shows the current—voltage curves for DSCs with and
without the BaTiO3 coating layer. Table 1 summarizes the [-V
characteristics and the conversion efficiency of the two DSCs.
We can conclude that the BaTiO3 coating results in an increase
of all cell parameters. The open-circuit voltage (V,), the short-

Table 1
Photovoltaic output parameters of dye-sensitized solar cells without (Device A)
and with (Device B) BaTiO3-coated TiO, layers (100 mW/cm?, global AM 1.5)

Device Joe (mA cm™2) Voc (mV) bid n (%)
A 15.12 716 0.502 5.46
B 16.29 766 0.612 7.52

Voc is defined as the voltage at which the photocurrent becomes zero, Jy is
defined as the photocurrent at zero voltage, the fill factor (ff) is calculated from
the equation ff= (Jmax X Vmax)/(Jsc X Voc), and the power conversion efficiency
(n) is calculated from the equation =100 (Jmax X Vimax)/Pin, Where Pjj, is the
power of the incident light.
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Fig. 6. Electrochemical impedance spectra of two DSCs with (ll) and without
BaTiO3 coating (A) measured with an external potential of —0.72 V in the dark.
The inset shows the equivalent circuit, [C] (R1Q1)] (R202), used for fitting the
impedance spectra.

circuit current (Jy.), and the fill factor (ff) were increased from
716 to 766 mV, 15.12 to 16.29 mA/cm?, and 0.5 to 0.61, respec-
tively. As a result, the cell efficiency () was significantly
improved from 5.46% to 7.52%. The improvement of all cell
parameters should be owing to the suppression of the interfacial
recombination, which results from the energetic barrier formed
by the BaTiO3 coating on the TiO, surface.

Fig. 6 shows typical electrochemical impedance spectra of
DSCs with and without BaTiO3; modification measured in the
dark at an identical forward bias of —0.72 V. The Nyquist plots
consist of two semicircles. The semicircle in the high-frequency
region is assigned to the impedance related to charge trans-
port at the Pt counter electrode, while the semicircle in the
low-frequency region represents the electron transfer at the
TiOs/electrolyte interface. In the later case, an accumulation and
recombination of electrons and the redox species are expected.
Fitting the low-frequency semicircle subsequently gives charge-
transfer resistance (Rrec) and chemical capacitance (Cy,) [30].
Comparing the results modeled by using Z-view software, it can
be seen that the BaTiO3z-coated cell exhibits higher values for
Ryec resistance (353.4 ©2) and lower values for the C,, capacitance
(501.38 wF cm™~2) than that of the uncoated cell with 58.9 2 for
Riec and 786.25 wF cm 2 for C - The similar behavior has been
observed in the improved device performance by the treatment
of the TiO; surface with proton exchange where Ry increased
from 37.9 to 166.4 2 [31]. Furthermore, the response time rep-
resenting the electron lifetime (7;) was determined according
t0 7; = Ryec Cy,, yielding 28.27 ms for the BaTiO3 modified cell.
In comparison, the 7, for the unmodified cell is 7.41 ms. These
results suggest that the BaTiO3 overlayer enhances the electron
lifetime, thus contributing to the suppression of electron leakage
and the increase of the V..

4. Conclusions

We have demonstrated a simple sintering route to grow a
BaTiO3 coating layer (~2.27 nm) on the TiO; surface. UV-vis
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absorption spectra showed that the as-prepared BaTiO3-TiO,
film can adsorb more dyes. Under the same experimental con-
ditions, the overall photovoltaic device efficiency for the cell
made from BaTiO3-coated TiO, electrode reached 7.52%, with
a27% enhancement compared to that of the uncoated TiO, elec-
trode. The improvement of all cell parameters (Jsc, Voc, ff> 1) by
the BaTiO3 modification is owing to the formation of an energy
barrier against the electron transfer from TiO; to I3~ and the
increased electron density in the TiO; caused by the increased
electron lifetime.
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