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We report the preparation of nanoporous TiO2 electrode modified with an insulating material—BaCO3

and used as electrode for quasi solid state dye sensitized solar cells (DSSCs), with a benzothiadiazole-
based dye (BTDR2) as sensitizer and PEDOT:PSS coated FTO as counter electrode. We found that the
BaCO3 modification significantly increases the dye adsorption, resulting from the fact that the surface
of BaCO3 is more basic than TiO2. The performance of the DSSCs with and without BaCO3 modified
TiO2 electrodes were analyzed by cyclic voltammograms, optical absorption spectra, current–voltage
ye sensitized solar cells (DSSCs)
enzothiadiazole-based dye
aCO3 modified TiO2 electrode
olymer gel electrolyte
lectron lifetime

characteristics in dark and under illumination and electrochemical impedance spectra. The photovoltaic
performance has been significantly improved for the BaCO3 modified electrode as compared to bare TiO2

electrode having the same other components in the DSSCs. The value of the overall power conversion
efficiency (�) improves from 2.42% to 4.38% under illumination intensity, when BaCO3 modified electrode
is used instead of bare TiO2 electrode. The improvement in � has been attributed to the increased dye
adsorption, reduction in recombination rate and enhancement in the electron lifetime when the modified

TiO2 electrode is used.

. Introduction

The dye sensitized solar cells (DSSCs) based on nanoporous TiO2
lms have been intensively studied as prospective alternatives of
he conventional solar cells, largely because of their simple fab-
ication process, high power conversion efficiency (PCE) and low
ost materials [1–6]. A DSSC is mainly composed of a dye adsorbed
anocrystalline film deposited on transparent conducting oxide
ubstrate, a counter electrode and an electrolyte. The performance
f DSSCs is mainly affected by the constituent’s properties, i.e. sen-
itizers [7–11], anodic materials [12–19], electrolytes [20–22] and
odification of anodic materials especially TiO2 [23–26]. TiO2 has
een most frequently used as a photoanodic material in DSSCs due
o its chemical stability and moderate charge transport capabil-
ty. However, the electrons injected into TiO2 layer are some times
ble to return to sensitizer or electrolyte, due to electron recom-
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bination phenomena and cause a reduction in PCE. It has been
reported that the surface modification of TiO2 with oxides [27–32],
or organic molecules [33] could separate the injected electrons and
redox couples and thereby suppressing the charge recombination
reaction.

The photosensitizers play a crucial role for the DSSCs getting
higher PCE (�). Up to now, DSSCs based on Ru-complex photosen-
sitizer have exhibited the highest � and long term stability [34].
Since the cost of these dyes is very high, interest on metal free dyes
as an alternative to these noble metal complexes has increased in
recent years, due to many advantages, such as diversity of molecu-
lar structure, high molar extinction coefficient, simple synthesis as
well as low cost [35–42]. Generally, organic dyes for efficient DSSCs
are required to possess broad and intense spectral absorption in the
visible region and proper match of its excited state redox potential
with energy of the conduction band edge of nanocrystalline semi-
conductor. The major factors for low PCE of DSSCs based on metal
free organic dyes are the formation of dye aggregation on the semi-
conductor surface and recombination of conduction band electrons

with triiodide in the electrolyte [43].

Despite of high PCEs for the DSSCs with liquid electrolytes, prob-
lems are mainly caused by liquid electrolytes such as leakage and
volatilization of liquid, possible desorption and photodegradation
of the attached dyes. Moreover the corrosion of the counter elec-
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http://www.elsevier.com/locate/jpowsour
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mailto:mikroyan@chemistry.upatras.gr
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rode, have brought difficulties in device fabrication and limited
he long term performance and potential use of these DSSCs [44].
o prevent or reduce electrolyte leakage of other type electrolytes,
.e. polymer/redox couple blends [45], polymer gel [46,47] and solid
tate or quasi solid state materials [48,49] have been introduced to
eplace the organic liquid electrolytes. Among them, polymer gel
uasi solid state electrolytes have excellent properties such as easy
abrication, low cost and good stability so that they have obtained
rowing interest from the point of practical applications.

In this paper we report on the fabrication and characterization of
uasi solid state DSSCs based on BaCO3 modified nanoporous TiO2
lectrodes, metal free benzothiadiazole-based (BTDR2) dye as pho-
osensitizer and PEDOT:PSS as counter electrode. The results show
hat BaCO3 modification on the surface of TiO2 forms an energy
arrier against the electron transfer from TiO2 to I3−, resulting in
n increase in the Jsc and Voc due to the increased electron lifetime.

. Experimental details

.1. Preparation of dye sensitized photoelectrodes

Scheme 1 outlines the synthesis of the benzothiadiazole-based
ye BTDR2. This dye is a linear molecule with two terminal
yanoacrylic acid anchoring moieties. A thiophene ring, which acts
s �-conjugated segment, connects each side of the benzothiadi-
zole central unit with the terminal cyanoacrylic acid moieties.
TDR2 has been fully characterized by FT-IR and 1H NMR spec-
roscopy. The detailed synthesis and characterization of BTDR2 has
een described in our previous communication [50].

Fluorine doped tin oxide (FTO) glass plates were cleaned in
etergent solution and then rinsed with de-ionized water and ace-
one. Then the plates were immersed in 40 mM TiCl4 (aqueous) at
0 ◦C for 30 min and washed with de-ionized water and acetone. A
ransparent nanocrystalline layer was prepared on FTO glass plates
y using the doctor blade printing employing a viscous paste of
25 TiO2 (degusaa) in ethanol, which was then dried for 3 h at
oom temperature. The TiO2 electrode was sintered at 450 ◦C for
0 min. The modification of BaCO3 on TiO2 surface was performed
y following steps. First the sintered TiO2 thin film was dipped on
aqueous solution of saturated Ba(OH)2 for 1 min, then washed

horoughly with de-ionized water followed by sintering at 500 ◦C
or 30 min in air. The sensitization of BaCO3 modified TiO2 and bare
iO2 electrodes were performed by overnight immersion in DMF
olution containing 5 × 10−4 M of BTDR2. UV–visible absorption
pectra of dye loaded films were measured by UV–visible spec-
rophotometer. The amount of dye adsorbed on the electrodes was
stimated by measuring the absorption of dye solution after des-
rption using 0.1 M NaOH aqueous solution.

.2. Fabrication of dye sensitized solar cells and their
haracterization

The FTO plates for counter electrodes were cleaned according to
he method as described earlier for the preparation of photoelec-
rodes. The counter electrode was made by developing a thin film
f PEDOT:PSS through spin coating, on the FTO glass substrate and
hen dried at 70 ◦C in air. After the sensitization, a quasi solid state
olymer electrolyte consisting of: LiI (0.1 g), I2 (0.019 g), propylene
arbonate (5 mL), P25 TiO2 (0.0383 g), PEO (0.2648 g), and 4-
ert-butylpyridine (0.044 mL) into acetonitrile (5 mL) solvent, was

pread over the dye sensitized photoelectrode by spin coating to
orm the hole transporting layer. The DSSCs were made by clamping
he photoelectrode consisting of polymer electrolyte with counter
lectrode. We have fabricated the following quasi solid state
SSCs: FTO/TiO2–BTDR2/polymer electrolyte/PEDOT:PSS coated
Fig. 1. FTIR spectra for BaCO3 modified and unmodified TiO2 films.

FTO (device A) and FTO/BaTiO3 modified TiO2 –BTDR2/polymer
electrolyte/PEDOT:PSS coated FTO (device B).

The current–voltage (J–V) characteristics in dark and under illu-
mination were obtained by a Keithley electrometer with built in
power supply. A 100 W halogen lamp was used as light source and
the intensity of the light is approximately 100 mw cm−2 measured
with the lux meter equipped with silicon detector. The electro-
chemical impedance spectra (EIS) measurements were carried out
by applying bias of the open circuit voltage (Voc) and recorded over a
frequency range of 1 mHz to 105 Hz with ac amplitude of 10 mV. The
above measurements were recorded with an Autolab Potentiostat
PGSTAT-30 equipped with frequency response analyzer (FRA).

3. Results and discussions

3.1. Characterization of electrodes

When a TiO2 film is dipped into the aqueous solution of Ba(OH)2,
the barium solution penetrates the porous TiO2 film and barium
ions are adsorbed onto the surfaces of TiO2. After exposure to air,
Ba(OH)2 reacts with carbon dioxide to yield the BaCO3, resulting in
the formation of a layer BaTiO3 on the TiO2 surface:

Ba(OH)2 + CO2 → BaCo3 + H2O

Sintering at 450 ◦C does not lead to the decomposition of BaCO3,
since the thermodynamic equilibrium temperature necessary for
the direct decomposition of BaCO3 in air is more than 800 ◦C
[51]. We have recorded the FTIR spectra of both BaCO3 modi-
fied and unmodified TiO2 films to confirm the formation of BaCO3
as shown in Fig. 1. The board peak at 1633 cm−1 in bare TiO2
film can be attributed to bending mode of the O-H groups of the
adsorbed water. However, the two peaks observed at 1473 cm−1

and 1347 cm−1 in modified TiO2 film strongly support the forma-
tion of carbonate [52]. The sharp peak at 1473 cm−1 is attributable
to the asymmetric O–C–O stretch vibration and the broad peak at
1347 cm−1 to the symmetric stretch vibration. These two peaks
indicate the formation of coordination bonds between CO3

2− moi-
ety and Ti(IV).

Fig. 2 shows the UV–visible spectra of BTDR2 dye loaded unmod-
ified and BaCO3 modified TiO2 films. In comparison to the spectrum
in THF solution, the absorption spectrum in TiO2 film was broader
which is due to an interaction between the dye and TiO2 [53] indi-
cating that the BTDR2 molecules are assembled on the TiO2 film in a
monolayer state with very little aggregation due to its dimensional
structure. It can be seen from the Fig. 2 that with the BaCO3 mod-

ification the maximum absorbing peak at 470 nm blue shifted by
15 nm and was further broadened. It also reveals that the mod-
ification of BaCO3 apparently increases the amount of adsorbed
dye molecules. We have measured the absorption spectra of the
dye desorbed from the TiO2 surfaces into 0.05 M NaOH solution



G.D. Sharma et al. / Journal of Power Sources 195 (2010) 3011–3016 3013

enzot

t
t
a
h
b
t
t
o

3

D
T
(
fi
a
i
t
a
e
t
r
V

d
o
m
(
c
o
t
i
s
T
p

F
m

Scheme 1. Synthesis of the b

o estimate the surface concentration of dye. The surface concen-
ration of dye increased to 8.50 × 10−8 from 4.5 × 10−8 mol cm−2

fter the surface modification of TiO2. This can be attributed to the
igher basicity of TiO2 surface upon BaCO3 modification. The car-
oxyl groups in BTDR2 dye molecule are more easily adsorbed to
he surface of the basic coating layer [31,54]. The better dye adsorp-
ion on the surface having more basic nature favors the attachment
f the dye with carboxyl groups [28].

.2. Current–voltage characteristics

Fig. 3(a) shows the J–V characteristics of the quasi solid state
SSCs under illumination intensity of 100 mW cm−2. The bare
iO2 electrode showed a Voc = 0.65 V, Jsc = 7.72 mA cm−2, fill factor
FF) = 0.45 and PCE (�) = 2.42%. On the other hand, the BaCO3 modi-
ed TiO2 electrode showed Voc = 0.72 V, Jsc = 11.5 mA cm−2, FF = 0.53
nd � = 4.38%. The BaCO3 modified electrode enhances the PCE. The
ncrease in Voc might be due to the movement of the TiO2 conduc-
ion band to negative direction, which is related to the formation of
barrier layer at the TiO2 surface. Moreover, in the BaCO3 modified
lectrode the suppression of charge carrier recombination between
he photoinjected electrons of TiO2 and the triiodide ions of the
edox electrolyte takes place, resulting in an improvement in the
oc of the DSSC.

The improvement in photocurrent can be attributed to the
ecrease in the electron loss at the electron transfer in the interface
f TiO2 electrode/electrolyte. The improvement in photocurrent
ay also correspond to the increase in the amount of dye adsorbed

Fig. 2). The increased dye adsorption by the BaCO3 modified TiO2 as
ompared to the bare TiO2 film, indicates an increased surface area
f the modified TiO2 film. This increased surface area provides addi-
ional adsorption sites for the dye, which contributes to the increase

n Jsc. The increase in the Jsc may also arise from the enhanced light
cattering by the modified TiO2 film relative to that by the bare
iO2 film, because the former apparently has larger and clustered
articles than the latter.

ig. 2. Optical absorption spectra of BTDR2 in solution and loaded with TiO2 and
odified TiO2.
hiadiazole-based dye BTDR2.

The effect of BaCO3 modification is further confirmed by the J–V
characteristics in dark as shown in Fig. 3(b). The origin of dark cur-
rent in DSSC is due to the porous nature of TiO2 structure, which
provides pathways for liquid redox electrolyte (i.e. I3− species) to
penetrate through the porous film and contact the FTO surface. Dur-
ing the penetration, electron recombination takes place and results
in a loss of photocurrent. It can be seen from this figure that the dark
current corresponding to DSSC with modified TiO2 decreases, rel-
ative to the DSSC with bare TiO2. It is also observed that the BaCO3
modification shifts the onset potential towards higher potential
(from 0.38 V to 0.60 V). The observed decrease in dark current is a
result of the suppression of I3− reduction at the dye sensitized TiO2
electrode. This favors reduction of back electron transfer and con-
sequently increases the Voc. One explanation of the decrease in the
dark current in the DSSC with BaCO3 modified TiO2 film electrode
relates to the increased energy barrier at TiO2 electrolyte inter-
face enable by the BaCO3 deposition. BaCO3 can form a barrier at
the TiO2 electrode interface, owing to the fact that its conduction
band edge shifts more negative than that of TiO2. This energy bar-
rier reduces the back electron transfer from the conduction band
of TiO2 to I3− in the electrolyte, which in turn increases the Voc.

Since the amount of the photogenerated electrons is directly
proportional to the incident illumination intensity, the variation of
short circuit photocurrent (Jsc) with the illumination intensity (Pin)
can be used to get information about the amount of photogenerated
electrons contributing to the photocurrent and also electron trans-
fer kinetics. Fig. 4(a) shows that Jsc of the DSSCs with bare TiO2 and
modified TiO2 were direct proportional with Pin. This indicates that
the current density for both DSSC’s was limited by the Pin, rather
than electron transfer processes such as mass transport of I3− or
electron transfer at counter electrode [55]. The slope for the mod-
ified TiO2 (i.e. 0.112) is 30% higher than that for bare TiO2 (0.086)
electrode, which indicates that 30% more electrons are collected
from the same amount of photogenerated electrons at FTO sur-
face. This confirms that the use of modified TiO2 electrode in DSSCs
facilitates the electron transfer at the porous TiO2/FTO interface,
resulting in an increase in collection efficiency.

Open circuit voltage decay (OCVD) technique has been
employed as a powerful tool to study the electron lifetime in DSSC’s
and also provide some quantitative information on the electron
recombination rates in DSSCs [28,55–57]. In order to conduct the
OCVD measurement, the device is illuminated with white light and
a steady state voltage was obtained and then the decay of voltage
was monitored after interrupting the illumination. The decay of the
photovoltage reflects the decrease of the electron concentration at
the FTO surface, which is mainly caused by the charge recombi-
nation. Fig. 4(b) shows the OCV decay curves of DSSCs with and
without modified TiO2 electrodes. It can be seen from these curves
that the OCVD response of the DSSC with modified TiO2 is much
slower than that bare TiO2 electrode. From the OCVD measure-
ment, the electron lifetime (�n) is determined by the reciprocal of
the derivatives (dVoc/dt)−1 of the decay curves normalized by the

thermal voltage (kT/q), using the following expression:

�n = kT

q

(
dVoc

dt

)−1
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Fig. 3. Current–voltage characteristics of the DSSCs with TiO2 and BaCO3 modified electrodes (a) under illumination intensity 100 mW cm−2 (a) in dark.

ecay c

t
f
i
T
T
e

3

(
i
T
t
m
l
o
a
[

I

w
y
t
i
s

2
dye, the large energetic difference creates a driving force, which
facilitates charge transfer from the LUMO of the dye molecules to
the conduction band of TiO2 [59], resulting in an increase in Jsc and
consequently the IPCE.
Fig. 4. (a) Variation of Jsc with Pin (b) open circuit voltage d

The value of �n for the DSSC with modified TiO2 film is longer
han that for bare TiO2 film suggesting that the electron injected
rom the excited dye can survive for a longer time and hence facil-
tate electron transport without undergoing losses at FTO surface.
herefore, OCVD measurements demonstrate that the modified
iO2 film, are able to reduce the photoelectron recombination rate
ffectively due to the longer electron lifetime.

.3. Incident photon to conversion efficiency (IPCE)

Fig. 5 shows the incident photon to current conversion efficiency
IPCE) of quasi solid state DSSCs based on bare TiO2 and BaCO3 mod-
fied TiO2 electrodes, as a function of the illumination wavelength.
he DSSC with TiO2 electrode shows values in the range 32–38% in
he wavelength region of 440–532 nm, while the DSSC based BaCO3

odified TiO2 electrode shows values of 50–56% in same wave-
ength region. Since the IPCE is defined as the ratio of the number
f electrons in the external circuit produced by an incident photon
t a given wavelength and can be expressed by following expression
58].

PCE (�) = LHE (�)�inj�c
here LHE (�) is the light harvesting efficiency, �inj is the quantum
ield of the chare injection and �c is the collection efficiency of
he photoinjected electrons at the back contact. The factor, LHE (�)
s mainly related to the adsorbed dye molecules cm−2. Since the
urface concentration of dye adsorbed by the BaCO3 modified TiO2
urves for DSSC’s with TiO2 and BaCO3 modified electrodes.

electrode is higher than that for bare TiO2 electrode, the increased
value of LHE may be one of the reasons for the enhancement in the
IPCE.

Since the factor �inj is related to the energetic discrepancy
between the conduction band of TiO and the LUMO level of the
Fig. 5. IPCE action spectra of quasi solid state DSSCs with bare TiO2 and BaCO3

modified TiO2 electrodes.
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Fig. 6. Cyclic voltammograms of (a) TiO2 e

The �c is a critical factor for the enhanced PCE after the
aCO3 modification. Since the charge recombination in the elec-
rode/electrolyte interface cause a loss of electron collection along
he TiO2 layer, the modification of BaCO3 forms a thin barrier layer
hat delays the recombination reaction. The thin layer of BaCO3 in

odified TiO2 blocks the back flow in the back reaction (triiodides
f redox electrolyte and cations of dye), which contribute to the
ncrease in Voc of the DSSCs.

.4. Interfacial reaction obtained from the cyclic voltammetry
nd electrochemical impedance spectra

The cyclic voltammetry is a useful method for detecting inter-
acial electron flow in the TiO2 electrolyte. Fig. 6 shows the cyclic
oltammograms curves of the bare and BaCO3 modified TiO2 elec-
rode in lithium percolate in acetonitrile solution as electrolyte.
oth voltammograms show hysteretic shape characteristics which
uggest that electron charging/discharge occurs in the anodic TiO2
lm electrolyte interface, indicating capacitive currents in the elec-
rolyte. From Fig. 6, it can be seen that a gradual onset of the
apacitive current forward scan due to the injection of the sur-
ace trap state electrons below the bulk conduction band edge [33].
owever, a much lower capacitance is found for the BaCO3 modi-
ed electrode compared to the bare TiO2 electrode, implying that
he number of deep trap state electrons existing in the surface of
iO2 [60], decreases upon the modification with BaCO3. As it can be
een from Fig. 6, the onset potentials are around −0.9 V and −1.2 V
vs NHE) for the TiO2 and the modified TiO2 electrodes, respec-
ively. This demonstrates that BaCO3 modification forms an energy
arrier, which plays the role of blocking layer that suppresses back

lectron flow to the electrolyte, improving the PCE of the DSSC.
n addition, the BaCO3 modification appears to passivate the sur-
ace state or trap sites on the surface of the anodic TiO2 electrode
61]. This is because the current in the positive potential, origi-
ates from the charge transfer through the trap surface states in the

Fig. 7. EIS spectra (a) Nyquist plots (b) Bode plots for DS
de and (b) BaCO3 modified TiO2 electrode.

band gap of TiO2. At this point, the Ti3+ states leaving the surface
region participate in electron transfer that influences the electron
lifetime of the photoinduced electrons in the interfacial electron
transfer.

Electrochemical impedance spectroscopy has been widely used
to investigate the kinetics and energetics of transport and recom-
bination in DSSCs [62–66]. Fig. 7 shows the electrochemical
impedance spectra of DSSCs with and without BaCO3 modified
TiO2 measured at 0.7 V. The Nyquist Plots (Fig. 7(a)) consists of two
semicircles. The semicircle in high frequency region is assigned to
the impedance related to charge transport at PEDOT:PSS counter
electrode, while the larger semicircle in low frequency region
represents the electron transfer at the TiO2/electrolyte interface
and ion diffusion of redox species, in the electrolyte. Fitting the
low frequency semicircle with the equivalent circuit as shown in
Fig. 7, gives charge transfer resistance (Rct) and chemical capaci-
tance (C�) [67,68]. It is found that the DSSC with BaCO3 modified
TiO2 exhibits higher value of Rct (255 �) and lower value for C�

(98 �F) than that of bare TiO2 DSSC with 96 � for Rct and 110 �F
for C�.

We have estimated the values of electron life time (�n) from
the product of Rct and C� and the values are 9 ms and 25 ms for
DSSC employing bare TiO2 and BaCO3 modified TiO2 electrodes,
respectively. The Bode plots of EIS Spectra (mid frequency range)
are shown in Fig. 7(b). The frequency peak related to the BaCO3
modified TiO2 electrode shifted towards the lower frequency side
relative to bare TiO2 electrode. The electron lifetime have been esti-
mated from the expression �n = 1/2�fmax, where fmax is the peak
frequency and found to be 10 ms and 23 ms for DSSCs with modified
TiO2 and bare TiO2 respectively. These values are in good agreement

estimated from the Nyquist plots of EIS spectra. The increase in �n

indicates that using BaCO3 modified TiO2 electrode, decreases the
interfacial recombination rate for electrons with triiodide ions. This
may be one of the reasons for the improvement in the PCE of the
DSSCs with BaCO3 modified TiO2 electrode.

SCs based on TiO2 and BaCO3 modified electrodes.
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. Conclusions

In conclusion, we have prepared the BaCO3 modified TiO2
lectrode and applied it for the fabrication of quasi solid state
ye sensitized solar cell (DSSC) using a benzothiadiazole-based
ye (BTDR2) as sensitizer and PEDOT:PSS coated FTO as counter
lectrode. The performance of the DSSC with modified TiO2 was
nvestigated systematically employing J–V characteristics in dark
nd under illumination, incident photon to current efficiency (IPCE)
nd electrochemical impedance spectra measurements. It was
ound that the PCE significantly improves as compared to bare
iO2 electrode. This improvement in PCE is due to the increase
ye adsorption, formation of an energy barrier against the electron
ransfer from TiO2 to electrolyte and increased electron density to
xternal circuit due to the longer electron lifetime as compared to
are TiO2 electrode.
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