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A B S T R A C T

Co-sensitization of dyes on hybrid TiO2- MWCNTs photoanode is an effective approach to enhance the
performance of a dye-sensitized solar cell (DSSC). In this work, N719 sensitizer is co-sensitized with N3.
The co-sensitized device showed enhanced VOC and JSC in comparison to single-dye sensitized devices.
Upon optimization, the device made of the 0.1Mm N3+ 0.4 mM N719 yielded JSC = 12.5 mA cm�2,
Voc = 0.73 V, FF = 0.45 and h = 4.1 %.This performance is superior to that of either of the individual DSSCs
sensitized with N3 (3.69%) and N719 (3.51 %) under the same conditions of fabrication. The efficiency of
DSSCs was further improved to 4.46% by the incorporation of MWCNTs in TiO2. The hybrid TiO2/MWCNTs
photoanodes with different concentrations of CNTs (0.04. 0.08, 0.12, 0.16 wt. %) were prepared using
mixing technique. The optimized molar ratio of N3/N719 was used for the sensitization of hybrid
photonodes. Density functional theory (DFT) was used to compute the band gaps of TiO2 and CNT-TiO2

clusters.
ã2015 Published by Elsevier Ltd.
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1. Introduction

Energy is the driving force for development, economic growth,
automation, and modernization. Energy usage and demand are
increasing globally and researchers have taken this seriously to
fulfill future energy demands [1,2]. At present global energy
sources are mainly dependent on fossil fuels and the use of fossil
fuel is the main reason for global increases of CO2 amount [3].
According to global carbon emissions sources [4], carbon dioxide
emissions from coal, oil, natural gas, cement, and gas flaring were
43%, 33%, 18%, 5.3%, and 0.6%, respectively in 2012. Emissions of
greenhouse gases grew 2.2% per year between 2000 and 2010,
compared with 1.3% per year from 1970 to 2000 [5]. The world is
not capable of absorbing large amounts of CO2 at the rate it is
produced by fossil fuels. As a result, increasing the volume of CO2 in
the environment has increased global warming and further climate
change. Global warming and climate changes are challenging all
over the world. The use of renewable energy provides benefits that
reduce emissions of air pollutants as well as greenhouse gases .
Therefore, alternative sources of energy are needed so that
mankind can survive on the earth without depending on fossil
* Corresponding author.
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fuels. Solar energy is one of the renewable energy sources that will
contribute to the security of future energy supplies [6,7]. Solar
radiation from the sun is approximately 3 � 1024 J per year, which is
ten times the current energy demands [8]. Light from the sun can
be harvested by dye-sensitized solar cells (DSSCs). DSSCs have
attracted considerable attention due to an ideal compromise
between efficiency and cost-performance [9–11].The major
component of the DSSCs is a dye. Its function is to absorb
incoming sunlight and produce excitons. It is chemically bonded to
the porous surface of the semiconductor.

However, the traditional dyes generally used in DSSCs suff ; ;er
from narrow absorption spectra and/or low absorption intensity
and therefore low efficiency of DSSCs [10]. To achieve higher cell
efficiency, a certain sensitizer is needed so as to absorb incident
light as much as possible., Currently, there is no single organic
sensitizer which provides strong absorption in a wide range of
wavelengths (400-900 nm) [12]. Therefore, the co - sensitization
strategy is applied to the organic dyes with complementary
absorption spectra to obtain a broader and a more intense
absorption band, thus increasing the performance of the DSSC [13–
15]. Many co-sensitization systems have been proposed and
demonstrated improved photovoltaic performance, such as
ruthenium complex co-sensitized with an organic dye [16–18],
porphyrin [19–21] or phtalocyanine [22–24] co-sensitized with an
organic dye, and organic dye co-sensitized with another organic
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Fig. 1. TEM images of a 0.16 % sample (a) Pure TiO2 b) Dispersion of MWCNTs in TiO2

and c) Dispersion of single MWCNT in TiO2.
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dye [25,26]. Another major cause of low efficiency of DSSCs is the
recombination of injected electrons with the electrolyte (dark
current) [27]. The incorporation of CNTs in TiO2 films may improve
the electron transport in DSSCs [28–30], owing to the creation of
complex interpenetrating networks and favorable electrical
conductivity [31,32]. It is supposed that one-dimensional carbon
nanostructures allow the photocurrent to flow more efficiently in
DSSCs by increasing orientation orders.

In this work both approaches (co-sensitization and hybrid
anode) were used simultaneously to improve the efficiency of
DSSCs. Here, we also employed DFT to find the band gaps. It is an
effective tool as compared to other high level quantum approaches
because the computed orbitals are suitable for the typical MO-
theoretical analyses and interpretations [33].

2. Computer simulation

All the DFT calculations were executed using Amsterdam
Density Functional (ADF) program (2013.01). BAND mode was used
to simulate the anatase TiO2 clusters. The tetragonal anatase
crystal structure was selected with single layer (001) surface slab
[34]. Then, we created 4 �1 super cell from this slab. All atoms
were mapped within the unit cell.TiO2 and CNTdoped TiO2 models
were simulated by considering hybrid at Becke parameter, Lee-
Yang-Parr (BYLP) level and triple-z polarization basis function. In
all the calculations, the relativistic effects were taken into account
by the zero order regular approximation (ZORA) Hamiltonian in its
scalar approximation [35].

3. Experimentation

Seven different samples of N3,N719 and N3 + N719 i.e. 0.5 mM
N3, 0.4 mM N3 + 0.1 mM N719, 0.3 mM N3 + 0.2 mM N719, 0.25 mM
N3 + 0.25 mM N719, 0.2 mM N3 + 0.3 mM N719, 0.1 mM
N3 + 0.4 mM N719 and 0.5 mM N719 were prepared in methanol.
DSSCs (TiO2 based) were first fabricated (in open atmosphere)
using these co-sensitization systems and then characterized to find
the best system. The best co-sensitization system was then
employed in hybrid TiO2-MWCNTs based DSSCs to further improve
the efficiency/performance.

3.1. Preparation of composite anodes

A suspension of ethanol and MWCNTs was prepared by
dissolving 30 mg of MWCNTs (OD 10-20 mm, purity > 95%, Ash
<1.5%) in 25 ml ethanol. It was then sonicated for 4hr to attain a
good dispersion of MWNTs in ethanol. An exact quantity of
dispersed MWCNTs was mixed with known amount of anatase
TiO2 paste (T/SP 14451, Solaronix) to obtain a composite paste. Five
different samples of TiO2-MWCNTs were prepared by varying the
composition of MWCNTs i.e. 0, 0.04. 0.08, 0.12, 0.16 wt. %. The TiO2-
MWCNTs paste was then tape casted on FTO glass substrate (2 mm,
7 V/seq, Solaronix). The coated glass substrate was annealed at
450 �C for 30 min. Other photoanodes were prepared following the
same procedure. The thickness of each photoanode was found by
using cross sectional images obtained from SEM (JEOL, 6610LV).
The average thickness of each film was 22 mm.

3.2. Fabrication of DSSCs

TiO2 and TiO2-MWCNTs electrodes were soaked in the dye
solutions for 24 h. After sensitization, the samples were washed
with ethanol to eliminate unanchored dye. Then, DSSCs were
fabricated employing the sensitized anode (TiO2, MWCNTs-TiO2),
platinum deposited counter electrode (Plasticol T, Solaronix),
60 mm sealing spacer (Meltonix 1170, Solaronix) and I�/I3� redox
couple electrolyte prepared in methoxypropionitrile with a 50 mM
redox concentration (Iodolyte Z-50, Solaronix). The active surface
area of the solar cell was 0.35 cm2.

3.3. Characterization of DSSCs

The UV-vis spectra of dye solutions in methanol and adsorbed
on TiO2 and MWCNTs-TiO2 films at glass substrates were recorded
with JASCO-670 UV/VIS spectrophotometer. Keithley 2400 Source
Meter was used to measure the I�V characteristics of the DSSCs
using IV-5 solar simulator (Sr #83, PV Measurement, Inc) at
AM1.5G (100 mWcm�2). The silicon solar cell was used as a
reference for calibration. The impedance spectroscopy (EIS) was
measured in dark conditions of illumination via Bio-Logic SAS
(VMP3, s/n:0373), with an AC signal of 10 mV in amplitude, in the
frequency range between 10 Hz and 1 MHz.

4. Results and Discussion

4.1. Morphological properties of composite anode

The dispersion of MWCNTs in TiO2 was observed by TEM (JEOL,
JEM-2100F) analysis. TiO2-MWCNT sample having 0.16% CNT was



Table 1
Simulated electronic structure properties of TiO2 and CNT doped TiO2.

System ECB (eV) VB (eV) Band gap (eV)

TiO2 �4.10 �7.20 3.10
CNT-TiO2 �4.40 �6.45 2.01
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selected for TEM analysis, because it was difficult to obtain TEM
images of dispersed MWCNTs in TiO2 from low concentration
samples. Fig. 1(b) shows that the CNTs are well dispersed in TiO2,
although a few tangles can be observed due to the length of the
MWCNTs. The interface connection between MWCNTs and TiO2

can clearly be observed, indicating that TiO2 possesses good
affinity with MWCNTs. The inner core is hardly visible, because the
surface of MWCNT is well decorated with TiO2 nanoparticles as
shown in Fig. 1(c).
Fig. 2. Simulated structures of TiO2 (a) and carbon doped TiO2.

Fig. 3. (a). UV-vis spectra of a) pure dyes in solvent b) Dyes anchored to TiO2 film and c) dye anchored to MWCNTs-TiO2 hybrid composite film.



Fig. 4. Current � voltage characteristics of DSSCs fabricated using a) TiO2 and b)
MWCNTs-TiO2.
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4.2. Electrochemical properties

The HOMOs, LUMOs and band gap energies of photosensitizers
play an important role in providing the thermodynamic driving
force for the electron injection to the conduction band of TiO2. For
efficient charge transfer, the LUMOs of dyes must be more negative
than the conduction band of the semiconductor while HOMO
levels must be more positive than the redox potential of
electrolyte. The simulated structures of TiO2 and CNT-TiO2 are
shown in Fig. 2. The simulated conduction band, valence band and
band gap of TiO2 and CNT-TiO2 are shown in Table 1. These
tabulated values are in good agreement with the experimental
values [36]. The computed results show that doping of MWCNTs on
Table 2
Photovolatic properties of DSSCs.

DSSCs jsc (mA/cm2) Voc

TiO2/0.5 mM N719 11.312 739
TiO2/0.5 mM N3 11.970 741
TiO2/0.4 mM N719 + 0.1 mM N3 12.500 727
TiO2/0.3mM N719 + 0.2 mM N3 13.700 742
TiO2/0.25mM N719 + 0.25mM N3 12.219 750
TiO2/0.20 mM N719 + 0.30 mM N3 12.731 760
TiO2/0.1 mM N719 + 0.4 mM N3 12.801 744
0.04%CNTS-TiO2/0.4 mM N719 + 0.1 mM N3 15.331 741
0.08%CNTS-TiO2/0.4 mM N719 + 0.1 mM N3 15.059 734
0.12%CNTS-TiO2/0.4 mM N719 + 0.1 mM N3 14.700 731
TiO2 significantly reduces the band gap of TiO2 cluster. This is
because the CNTs possess the lower value of the ECB (�0 EV vs.
NHE) than that of TiO2 (�0.5 eV vs. NHE) [29]. The charge
equilibrium between CNTs and TiO2 would cause a shift of
apparent Fermi level to more positive potential i.e.downward
potential. The downward positive shift due to MWCNTs can cause a
significant driving force to expedite the charge transport from the
dye to the photoanode.

4.3. Optical properties

UV-Vis spectra of N719, N3 and N719 + N3 are shown in Fig. 3(a).
N3 and N719 share similar absorption spectra as well as molecular
structures. The broad visible peaks at 528, 526 and 382, 384 nm in
N719 and N3 respectively, are assigned to metal-to-ligand charge
transfer (MLCT) origin. The bands in the UV at 314,312 nm are
assigned as intra ligand (p-p*) charge-transfer transitions. High
absorption is observed for overall wavelengths in the absorption
spectrum of 0.1 mM N3 + 0.4 mM N719 due to the synergistic effect
of the two dyes.But less pronounced enhancement in the
absorption peak hight indicates lower probability of hydrogen
bond formation between the two dyes. However, the absorption
spectrum of 0.1 mM N3 + 0.4 mM N719 shifts to lower energy
values when anchored to TiO2, shown in Fig. 3(b). It is due to the
binding of the carboxylate groups (from both dyes) to the TiO2

surface in which Ti 4+acts as proton. The interaction between the
carboxylate groups and the surface Ti4+ions may lead to increased
delocalization of the p* orbital. The energy of the p* level is
decreased by this delocalization, which explains the red shift for
the absorption spectrum. Moreover, the absorption spectrum of
TiO2/N3 + N719 is more intense and broader as compared to
individual dyes anchored to TiO2. It means that the proposed co-
sensitized thin films can absorb more photons than the individual
sensitized TiO2 films. Similarly, the co-sensitized based MWCNTs-
TiO2 thin films show high absorption as compared to TiO2 co-
sensitized film, shown in Fig. 3(c). This is because the CNTs may
exhibit photosensitizing properties, thus extending photovoltaic
properties into the visible spectrum [37]. However, the further
increase in CNTs contents from an optimum level (0.04%) decreases
the absorption of co-sensitized films (0.08% and 0.12%) due to
diminution in film transparency.

4.4. Photovoltaic performance

Fig. 4(a) shows the current-voltage (I-V) characteristics of the
TiO2 based DSSCs, sensitized/co-sensitized by N719,N3 and
N3 + N719. While Fig. 4(b) shows the (I-V) characteristics of the
hybrid photoanode MWCNTs-TiO2 based DSSCs, co-sensitized by
0.1 mM N3 + 0.4 mM N719. The photovoltaic parameters of DSSCs,
i.e. Jsc, Voc, series resistance (Rs), Shunt resistance (Rsh) and FF are
shown in Table 2. Under a standard AM 1.5G simulated sunlight
irradiation, the N719 sensitized DSSC gave a Jsc of 11.31 mA�cm�2, a
(mV) FF(%) h (%) Rs(V) Rsh(V)

 42.00 3.51 217 549
 41.77 3.69 208 889
 45.30 4.10 204 453
 39.70 4.00 178 817
 41.65 3.81 208 1203
 40.50 3.90 196 1330
 38.30 3.65 192 595
 39.25 4.46 158 1260
 38.10 4.21 158 1080
 38.25 4.12 161 1040
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Voc of 739 mV, and a FF of 41.98%, resulted in an efficiency of 3.51%.
Moreover, the N3 sensitized DSSC yielded a Jsc of 12 mA�cm�2, a Voc

of 741 mV, a FF of 42%, and a efficiency of 3.7%. Encouragingly,
compared with the devices sensitized by N3 or N719 alone, the co-
sensitized (N3 + N719) DSSC exhibited a significantly improved
efficiency of 4.10%. The improvement in the efficiency is mainly due
to the enhancement of the JSC values (14.2 mA�cm�2), which are
highly related to the range and the intensity of the absorption
spectrum. The overall efficiency of DSSCs was further improved to
4.46% by the incorporation of MWCNTs in TiO2. Insertion of
MWCNTs in TiO2 network significantly enhances the efficiency of
DSSC. This is because the incorporation of MWCNTs: a) increases
the surface area of hybrid anode and thus more dye loading, b)
enhances light harvesting efficiency and thus more photo current
and henec more efficiency and c) improve the electron injection
efficiency of the electrons due to increase positive potential (as
described above in sec-4.2). The little decline in Voc at increasing
CNTs contents could be attributed to the downshift of the potential
band edge of the TiO2. As FF depends on both Rs (should be low)
and Rsh (should be high), the FF values are low for these DSSCs
(Table 2) which is supported by the measured high Rs and low Rsh
values (Table 2). The low shunt resistance causes power losses in
solar cells by providing an alternate pathway for the light-
generated current, which lowers FF. Rsh should be of the order of
103V for a highly efficient solar cell [37]. The high series resistance
(Rs) is mainly due to large thickness of platinum counter electrode
or electrolyte layer [38,39]. While low shunt resistance (Rsh) can be
attributed to an inefficient fabrication process of DSSCs [40].

However an increase in MWCNTs concentration from an
optimum level (0.04%) negatively affects the performance of
DSSCs owing to decrease in film transparency. Another possibility
of low efficiency at a high MWCNTs concentration could be
attributed to the formation of CNT agglomerates inside the TiO2

matrix acting as trapping sites that obstruct the fast charge
collection at the electrodes. Therefore, the poor charge collection at
the photoanode and light losses due to CNT direct absorption,
diminish the efficiency of DSSCs at high CNTs contents.

4.5. Electrochemical impedance spectroscopy (EIS) analysis

EIS analysis is performed to further elucidate the photovoltaic
properties. Fig. 5 shows the Nyquist plot of DSSCs which were
assembled with N719,N3, 0.1 mM N3 + 0.4 mM N719 and hybrid
CNTs-TiO2 co-sensitized. Generally, a normal impedance spectra of
DSSCs is represented by three arcs (semicircles). The first
semicircle represents the inter face resistance of electrons at
counter electrode/electrolyte (R1), second signifies the interface
Fig. 5. EIS investigation of TiO2 and TiO2-MWCNTs based DSSCs.
resistance at the photoanode / electrolyte (R2), and the third
indicates the diffusion process of I�/I3� redox couple in electrolyte
(Zw) [41,42]. Only second arc comes out in the Nyquist plot in the
Fig 5. It is probable that the other two arcs corresponding to R1 and
Zw are overshadowed by large semicircle reprenting R2 [43,44].
The R2 is related to the charge recombination rate, e.g., a smaller R2

indicates a faster charge recombination. It can be clearly seen in
Fig. 5 that the radius of the semicircle for 0.1 mM N3+0.4 mM
N719 based DSSC is greater than the based on the single dye and
therefore possess high electron life time. The longer electron
lifetime for DSSC based on cosensitization may be either due to a
higher surface coverage of dye on the TiO2 surface after
cosensitization that block the approach of I�3 to the free TiO2

surface and decrease the recombination of injected electron with
I�3 ions, or due to the less aggregation of individual dyes in
cosensitized conditions that improves the electron injections.
Reduction in charge recombination and electron life time were
further improved by the incorporation of MWCNTs in TiO2. The R2

value for TiO2/0.1Mm N3+ 0.4 mM N719 is smaller than that of
0.04% MWCNTs-TiO2/0.1Mm N3+ 0.4 mM N719 DSSC, proposing
charge recombination is greatly reduced owing by incorporation of
CNTs. However, the CNTs concentration greater than 0.04 wt.% will
lead to the smaller values of R3 due to a shorter electron lifetime of
electrons [30].

5. Conclusion

The mixed solution of N719 and N3 in methanol was used for
the co-sensitization of the photoanodes of DSSCs. The absorption
spectrum of the co-sensitized TiO2 films becomes more intense
and broader than the absorption spectra of the individual N719 and
N3 dyes. The results indicate that the power conversion efficiency
of DSSC based on 0.4N719 + 0.1N3 is 17% and 11% higher than based
on the individual dyes N719 and N3 respectively. Moreover, the cell
efficiency of the DSSC with a molar ratio of N3/N719 = 0.1/0.4 was
further improved to 4.46% by the incorporation of MWCNTs in TiO2.

Optimum concentration (0.04%) of CNTs in photoanode does not aff
; ;ect the transparency of TiO2 layer, while significantly increases
the PCE of DSSC. Thus, we established a fast and highly eff ; ;ective
technique to enhance the light conversion efficiency of DSSCs.
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