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ABSTRACT: We have designed and synthesized a new
thiocyante-free ruthenium complex containing 2,6-bis(1-
methylbenzimidazol-2-yl)pyridine, coded as SPS-G3, and it
has been used as an efficient photosensitizer for dye-sensitized
solar cells (DSSCs). Upon sensitization of SPS-G3 on
nanocrystalline TiO2 film, the DSSC test cell yielded a large
short-circuit photocurrent (16.15 mA cm−2), an open circuit
voltage of 0.52 V, and a fill factor (FF) of 0.72, resulting in an
overall power conversion efficiency (PCE) of 6.04% under
simulated AM 1.5 solar irradiation (100 mW cm−2). DSSCs
were prepared by adding various concentrations of multiwall carbon nanotubes (MWCNTs) (up to 0.5 wt %) into the TiO2
nanoparticles. Optimization of MWCNT concentration (0.3 wt %) lead to PCE values as high as 7.76%, while the test cells
employing pure TiO2 photoanode obtained an efficiency of 6.04%. The results indicate that the PCE of MWCNTs/TiO2
composite DSSCs are dependent on the quantity of MWCNTs loading on the photoanodes. A small amount (0.3 wt %) clearly
enhances the PCE of DSSC, while the excessive MWCNT loading lowers the photovoltaic performance of the DSSC. The
increase in the PCE has been attributed to the decrease in charge-transport resistance, charge-transport time, and electron
lifetime, which are estimated from electrochemical impedance spectra.
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■ INTRODUCTION

Dye-sensitized solar cells (DSSCs) based on nanocrystalline
TiO2 have attracted increasing interest, because of their low
cost of manufacturing and high power conversion efficiency
(PCE), and they are considered to be promising candidates for
next-generation solar cells.1 A typical DSSC consist of a
photoanode prepared from mesoporous TiO2 particle adsorbed
with a sensitizer, iodide/tri-iodide (I−/I3

−) redox couple as an
electrolyte, and a platinum (Pt) counter electrode. Sensitizers
play a critical role in the photovoltaic performance of DSSCs,
which are required to have anchoring group for efficient
electronic communication with TiO2. Suitable matching of the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels of the
sensitizer with the conduction band edge of TiO2 and redox
potential of electrolyte, broad absorption of sensitizer in solar
spectra, and high molecular extinction coefficient are also

essential.2−8 Less-expensive metal-free organic dyes have
achieved significant progress in recent years, in terms of PCE
and stability,9−13 but DSSCs based on ruthenium(II)-
polypyridine complexes still have record-high PCE values
(>11%).2 Among various organic/inorganic sensitizers, Ru-
(H2dcbpy)2(NCS)2 and [Ru(Htctpy)(NCS)3](TBA)3 hold the
credit as benchmark sensitizers; these are widely known as N3
and black dye, respectively. Recently, a certified record
efficiency of 11.4% has been reported using a simple
coadsorbent in a black-dye-based test cell.14 To further improve
the photovoltaic parameters, our group and other research
groups have developed a series of tripyridine ruthenium dyes.
Most of the ruthenium photosensitizers contain the thiocyanate
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(SCN) ligand, which make sensitizers unstable, which triggered
investigations to replace thiocyanate with other effective
chelating chromophores in the ruthenium dyes.15−18 Although,
initially, the DSSCs based on the thiocyanate-free ruthenium-
based dyes showed limited successes,19−22 PCE values of 10.1%
and 9.54% has been achieved with a new sensitizer by
incorporating 2,4-difluorophenyl pyridinato ancillary ligands23

and pyridyl pyrazolate ancillaries.24 In search of new sensitizers,
van Koten,19,25 Berlinguette,26 and the Gratzel group27−29 have
independently investigated varieties of ruthenium(II)-based
polypyridine complexes with tridentate cyclometalating chelate
as sensitizers for DSSCs.30 As a part of our research program, in
the development of thiocyanate-free ruthenium complex
dyes,15,31−33 we have reported a PCE of 7.96%, using a
thiocyanate-free ruthenium(II) dye as a sensitizer for the
DSSCs.34

Herein, we report the synthesis and characterization of a new
thiocyanate-free ruthenium complex, SPS-G3, which contains
2,6-bis (1-methylbenzimidazol-2-yl)pyridine and has been used
as a sensitizer for DSSCs. We have achieved an overall PCE of
6.04% with TiO2 photoanode and enhanced up to 7.72% with
the same electrolyte and counter electrode, when MWCNT/
TiO2 nanocomposite film was used as a photoanode.

■ EXPERIMENTAL SECTION
Synthesis of Thiocyanate-Free Sensitizers SPS-G3. In a typical

experiment, [Ru(triethoxycarbonylterpy)Cl3] (290 mg, 0.4419 mmol),
2,6-bis(1-methylbenzimidazol-2-yl)pyridine (150 mg, 0.4419 mmol),
and 4-ethyl morpholine (0.141 mL, 1.104 mmol) were dissolved in
EtOH (30 mL).35,36 The mixture was refluxed for 4 h under constant
stirring. After the removal of solvent, the residue was extracted with
CH2Cl2 (3 mL), washed with water and concentrated to dryness. The
crude product was further purified by silica gel column chromatog-
raphy (hexane/ethyl acetate = 1:1). After then, the resulting solid was
dissolved in a mixture of acetone (50 mL) and 1.5 M NaOH solution
(6.2 mL). The reaction mixture was heated to 60 °C for 6 h under N2
atmosphere. The solvent was removed, and the resulting residue was
dissolved in H2O solution (10 mL). This solution was titrated with 2
N HCl to pH value of 3 to afford a black precipitate. The precipitate
filtered to obtain solid as pure complex.

1H NMR. (CDCl3 + CD3OD, 300 MHz, δ) 9.48−9.46 (m, 2H),
9.03−9.01 (m, 6H), 7.86−7.80 (m, 6H), 7.62−7.58 (m, 3H), 7.51−
7.50 (m, 1H), 7.39−7.36 (m, 3H), 7.07−7.03 (m, 2H), 3.36 (s, 6H);
IR (KBr, cm−1) 3398, 3085, 2923, 2852, 1708, 1603, 1475, 1418, 1355,
1234, 1161, 1019, 746.
Fabrication of Dye-Sensitized Solar Cells. A double-layer TiO2

photoelectrode with a 14-μm-thick transparent nanoporous layer of
TiO2 particles ∼20 nm in size and a 4-μm-thick scattering layer (area:
0.25 cm2) was prepared by screen printing on the precleaned fluorine-
doped indium oxide (FTO) glass substrate and then sintered at 450
°C for 30 min as reported earlier.37−40 MWCNTs (purity >95%,
diameter = 20 nm) were purchased from Sigma−Aldrich. The
MWCNT−TiO2 composite films were prepared as follows, and the
MWCNTs were functionalized with COOH groups, as described in
the literature.56

Commercially available titanium(IV) tetra-isopropoxide (TTIP)
(>98%) was obtained from Aldrich. The MWCNT−TiO2 composite
paste was prepared as follows. The TiO2 paste was first prepared by
using a mixture of TTIP and P25 TiO2 at a molar ratio of 0.08/1 in
ethanol. The acid-treated MWCNTs in different quantities were
subjected to ultrasonication, along with the TiO2 paste, for 30 min and
stirred for 2 h. The composite paste was coated on an FTO substrate
using the doctor blade technique and then dried at room temperature,
followed by sintering at 450 °C for 20 min.
A scattering layer (4 μm) was then applied over the MWCNT−

TiO2 composite layer. The electrodes were impregnated with a 0.1 M
aqueous solution of titanium tetrachloride solution to block the FTO

glass electrode from coming into direct contact with the electrolyte,
thus preventing the recombination, and were again sintered at 450 °C
for 20 min. For the dye sensitization, the prepared photoanodes were
dipped into the dye solution (3 × 10−4 M concentration in
acetonitrile/tert-butyl alcohol (1/1) with deoxycholic acid (DCA)
(20 mM)) for 12 h. The TiO2 film, which was coated with a sensitizer,
was separated by a Surlyn spacer (40 μm thick) from a platinum-
coated conducting glass. The polymer frame was sealed by heating.
The device fabrication was completed by inserting the electrolyte
consisting of a solution of 0.6 M dimethylpropyl-imidazolium iodide
(DMPII), 0.05 M I2, 0.1 M LiI, and 0.5 M tert-butylpyridine (TBP) in
acetonitrile.

The current−voltage (J−V) of DSSCs was measured illuminating
the device through a xenon source (AM 1.5G simulated, 100 mW
cm−2) and the computer-controlled Keithley source meter. The
effective area of the devices was 0.25 cm2. The incipent photon-to-
current efficiency (IPCE) for the DSSC was recorded on a Model
CEP-2000 system (Bunkoh-Keiki Co., Ltd.).

A potentiostat/galvanostat (PGSTAT 30, Autolab, Eco-Chemie)
was employed to measure the electrochemical impedance spectra
(EIS) of the DSSCs in darkness as well as under illumination (100
mW cm−2) in the frequency range from 10 mHz to 100 kHz. The DC
and AC biases applied to the DSSC are near the equivalent to the
open-circuit voltage of the DSSC and 10 mV, respectively. The
impedance spectra were analyzed by an equivalent circuit, using Z-view
software.

■ RESULTS AND DISCUSSION
Chemical structure of SPS-G3 is shown in Scheme 1. The
synthesis of the new sensitizer in one-pot reaction was carried

out as mentioned in the Experimental Section. UV−visible
absorption spectra of SPS-G3 in DMF solution and on TiO2
film are shown in Figure 1. Among two absorption bands
observed, below 350 nm is attributed to intraligand π−π*
transitions of [2,2′:6′,2″-terpyridine]-4,4′,4″-tricarboxylic acid
and ancillary ligand, and an absorption band having a peak at
∼498 nm is attributed to metal-to-ligand charge transfer
(MLCT) transition. When SPS-G3 is anchored onto the
surface of the TiO2 film, the absorption peak corresponding to
MLCT is significantly red-shifted (absorption peak at 517 nm)
and broadened, which clearly reveals that the dyed TiO2 film is
able to absorb the visible light from 350 to 700 nm effectively.
The optical band gap of the SPS-G3 estimated from the onset
of its absorption spectra adsorbed onto TiO2 film is ∼1.86 eV,
which is slightly lower than that estimated from the cyclic
voltammetry.
It is well-known that the 2,6-bis(1-methylbenzimidazol-2′-

yl)pyridine acts as a hybrid ligand, having both strong σ-donor
(benzimidazole unit) and π-acceptor (pyridine ring) properties.
Thus, by appropriate choice of the substituents on the

Scheme 1. Chemical Structure of SPS-G3.
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imidazole nitrogen, it is possible to tune the LUMO and
HOMO levels in a more predictable manner. The carboxyl
groups of the terpyridine ligand provide the grafting onto the
oxide surface ensuring an intimate electron coupling between
the sensitizer and semiconductor. This type of electron
interaction is required to facilitate the rapid electron transfer
from the excited state of sensitizer to the TiO2 conduction
band.
We have estimated the HOMO and LUMO energy levels

from the cyclic voltammetry. The reduction potential
corresponds to the LUMO energy level (−1.03 V vs NHE)
of SPS-G3 is more negative than the conduction band of TiO2
(−0.5 V vs NHE)41−43 indicates driving force is sufficient for
the electron injection from the LUMO level of SPS-G3 into the
conduction band of TiO2. The ground-state potential
corresponds to the HOMO level of SPS-G3 and is ∼0.87 eV
vs NHE, which is more positive than the redox potential of the
I−/I3

− couple (0.5 V vs NHE)44−47 in electrolyte for efficient
dye regeneration. The electrochemical band gap estimated from
the difference in HOMO and LUMO energy levels, is ∼1.90
eV.
The photocurrent density−voltage (J−V) curve and the

IPCE plot of the DSSC sensitized with SPS-G3 are shown in
Figure 2 and the photovoltaic parameters are summarized in
Table 1. In this table, we have also included the photovoltaic
parameters for the DSSC sensitized with N719 dye, for
comparison. The DSSC sensitized with SPS-G3 showed Jsc =
16.15 mA/cm2, Voc = 0.52 V, and fill factor (FF = 0.72),
resulting in an overall PCE of 6.04%. The maximum IPCE of
the DSSC was ∼82% at a wavelength of 524 nm. This
wavelength corresponds to the maximum absorption peak of
the SPS-G3 adsorbed on the TiO2 surface. The PCE is low,
compared to the other Ru(II)-based dyes, which is attributed to
the low absorption in the wavelength range 350−425 nm and
competitive absorption of photons in this region by the redox
couple.
Generally, in DSSCs, the photogenerated electrons injected

from the excited state of the dye into the conduction band of
mesoporous TiO2 electrode, encounter many grain boundaries
while passing through the TiO2 nanoparticle network and,
hence, enhances the probability of recombination which is
responsible for the decreasing the photocurrent and PCE.
Therefore, it is necessary to prevent these recombination
processes to increase the PCE of DSSCs. One promising
solution to prevent back recombination processes at TiO2/dye/

electrolyte interface is to use the one-dimensional (1D)
nanostructure photoanode by replacing the nanoparticle film,
which provides a direct pathway for the collection of electrons
injected in the conduction band of TiO2 in the device.48−50

Another approach involves the incorporation of highly
conductive materials such as carbon nanotubes and graphite
in the TiO2 photoanode. The presence of these conductive
materials in the TiO2 network is expected to improve the
charge transport properties, thereby improving the PCE of the
DSSCs. Many research groups have reported that incorporation
of these conductive materials in the TiO2 matrix enhances the
electron transport and the collection efficiency.51,52 MWCNTs
have excellent mechanical properties, electrical conductivity,
and thermal conductivity, and these properties make them a
potential advanced nanocomposite material with improved
functions, including large surface area, stable structure, and
good conductivity.53 The unique characteristics of MWCNTs,
such as their electron-accepting capability54 and electron
storage capability, also makes them ideal for sequestering
photogenerated electrons.50,55−63 It is believed that perform-
ance of the DSSCs can be improved when MWCNTs are
incorporated into the photoanode oxide. Recent reports
demonstrated that the use of MWCNTs in the TiO2-based
photoanode has improved the performance of DSSCs.64

Figure 1. Absorption spectra of (a) SPS-G3 dye in DMF solution and
(b) SPS-G3 adsorbed onto TiO2 film. Figure 2. Current−voltage (J−V) curve under AM 1.5G simulated

solar light at a light intensity of 100 mW cm−2 with a metal mask of
0.25 cm2 with TiO2 photoanode. The insert the IPCE spectra of the
DSSC sensitized with SPS-G3 is also shown.

Table 1. Photovoltaic Parameters of the DSSCs Sensitized
with SPS-G3 Dye Employing Pristine TiO2 and MWCNT
(0.3 wt %)−TiO2 Photoanodes

photoanode

short-circuit
density, Jsc
(mA/cm2)

open circuit
voltage, Voc

(V)

fill
factor,
FF

power
conversion

efficiency, PCE
(%)

SPS-G3
TiO2 16.15 0.52 0.72 6.05
MWCNTs
(0.3 wt %)−
TiO2

18.24 0.56 0.76 7.76

N719
TiO2 14.74 0.61 0.72 6.47
MWCNTs
(0.3 wt %)−
TiO2

16.38 0.63 0.76 7.84
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We have characterized the MWCNT−TiO2 composite by
employing the Raman spectra. Figure 3 shows the Raman

spectra of MWCNT and MWCNT−TiO2 composite. In
contrast with the Raman spectra of MWCNTs, the
MWCNT−TiO2 nanocomposite shows five peaks with the
Raman peak of 388 cm−1, 526 cm−1 and 632 cm−1 associated
with TiO2

59,65,66 and other two peaks at 1354 cm−1 (D-band)
and 1588 cm−1 (G band) of the MWCNT peak.67 As shown in
the figure, the D-band and G-band peaks corresponding to the
MWCNT of MWCNT/TiO2 composite show blue shifts, by 8
cm−1 and 4 cm−1, respectively, relative to that of pristine
MWCNT at ∼1346 cm−1 and 1584 cm−1. These blue shifts can
be attributed to the strain effects of the TiO2/MWCNTs
interfaces, which may influence the vibrational frequencies.68

Moreover, these Raman spectral changes of MWCNTs, are due
to the adherence of TiO2 nanoparticles to the MWCNTs.
We have incorporated MWCNTs into the TiO2 matrix and

used it as photoanode for the DSSC using the SPS-G3 dye.
The concentration of MWCNTs has been varied in TiO2
matrix and found that the optimized concentration is 0.3 wt %.
Beyond this concentration, the PCE of the device starts to
decrease, which implies that the incorporation of small amount
of the MWCNTs into the TiO2 is sufficient to enhance the
photovoltaic response. We have also measured the dye loading
using the absorption spectra of desorbed dye from the
photoanodes and found that beyond this concentration
(0.3%) of MWCNTs the dye loading reduces (the optimum
dye loading for pristine TiO2 and 0.3 wt % MWCNTs TiO2 is
2.05 × 10−7 mol cm−2 and 2.56 × 10−7 mol cm−2, respectively,
after that dye loading starts decreasing), resulting in lesser
electrons injected from dye into the MWCNT−TiO2
composite electrode.4,69,70

Therefore, we have investigated the detailed characterization
of DSSC based on MWCNT−TiO2 photoanode only. The
current−voltage characteristics and IPCE spectra of the DSSC
based on MWCNT (0.3 wt %)−TiO2 composite films are
shown in Figure 4 and the photovoltaic parameters are
compiled in Table 1. It was found that the photovoltaic
performance strongly affected by the incorporation of
MWCNTs in the TiO2 matrix. Compared to the DSSC with
TiO2 photoanode, the device with the incorporation of
MWCNTs (0.3 wt %) into TiO2 paste exhibits higher
photovoltaic parameters i.e., Jsc, Voc and FF, leading to over
all PCE of 7.76%. The value of Voc increases from 0.52 V to
0.56 V with an increase of MWCNT from 0 to 0.3 wt %. The
photovoltaic parameters for the DSSC sensitized with N719

dye and MWCNT−TiO2 photoanode are also included in
Table 1. Similar tends of increase in PCE have been observed
for this device also. The addition of a small amount of
MWCNTs into the TiO2 can reduce the charge recombination
rate and charge transport resistance, as discussed in the EIS
data. The existence of MWCNTs in TiO2 increased the FF of
DSSC from 0.72 to 0.76, which is attributed to the increase in
the conductivity of TiO2 photoanode. This result was
supported by the EIS analysis described later. The IPCE values
at each wavelength are also higher for the DSSC based on
MWCNT−TiO2 photoanode, which is consistent with Jsc, since
Jsc is directly proportional to IPCE. The IPCE can be expressed
as

λ λ η η=IPCE( ) LHE( ) inj cc

where LHE(λ) is the light harvesting efficiency of the dye-
sensitized photoanode at wavelength (λ) and is dependent on
the absorption profile of the dye and dye loading by the
photoanode, ηinj is the efficiency for the electron injection from
the LUMO level of sensitizer into the conduction band of TiO2,
and ηcc is the electron collection efficiency. Dye adsorption
capability is dependent on the surface area of the photoanode.
We have recorded the absorption spectra of the SPS-G3
adsorbed onto both pristine TiO2 film and MWCNT−TiO2
film and found that the molar extinction coefficient is almost
the same, which indicates that there is no noticeable difference
in the amount of dye adsorbed molecules in the pristine TiO2
vs MWCNT−TiO2 photoanode. The amount of dye adsorbed
at the surface of the pristine TiO2 photoanode and MWCNT−
TiO2 photoanode is estimated to be 4.57 × 10−6 mol/cm2 and
4.62 × 10−6 mol/cm2, respectively. Since the dye loading for
the MWCNT−TiO2 photoanode is slightly higher than that for
pristine TiO2, the increased value of Jsc and IPCE in the
MWCNT−TiO2-based DSSC therefore is not only a result
from an increased amount of dye adsorbed onto the
MWCNT−TiO2: there are other factors also responsible for
the increase in these parameters. Another possible reason for
the enhancement in the Jsc and PCE may be other factors, i.e.,
ηinj and ηcc. ηinj is related to the energy difference between the

Figure 3. Comparison of Raman spectra of MWCNTs and MWCNT
(0.3 wt %)−TiO2 nanocomposite.

Figure 4. Current−voltage (J−V) curve under AM 1.5G simulated
solar light at a light intensity of 100 mW cm−2 with a metal mask of
0.25 cm2 for DSSC with MWCNT−TiO2 photoanode and in the
insert the IPCE spectra of the DSSC sensitized with SPS-G3 is also
shown.
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LUMO energy level of the sensitizer and the conduction band
edge of metal oxide, i.e., TiO2 (ΔEinj) used in photoanode.71

The larger value of ΔEinj can generate the stronger driving force
to facilitate the electron injection from the LUMO of the
sensitizer into the conduction band of TiO2.

49 Since the
conduction band edge of the MWCNT (∼0 eV vs NHE) is
much lower than that of TiO2 (−0.5 V vs NHE), but the
potential of MWCNTs is higher than that of TiO2, the charge
equilibrium between two materials in the MWCNT−TiO2
composite would cause a shift of apparent Fermi level to a
more-positive potential (i.e., downward shift).72,73 Therefore,
after the charge equilibrium, the conduction band edge of the
MWCNT−TiO2 composite will also shift to more-positive
values, compared to that of pristine TiO2. This will increase the
value of ΔEinj and leads to enhancement of the charge injection
efficiency. In the MWCNT/TiO2 composite film, electron
injected into the TiO2 may easily migrate to the MWCNTs,
because of the withdrawing nature of MWCNTs56,74,75 The
charge collection efficiency may also be increased for
MWCNTs/TiO2 photoanode with the help of the highly
conductive 1D carbon nanotubes.
The Voc of a DSSC is theoretically the difference between the

Fermi level (EF) of the oxide semiconductor employed in the
photoanode under illumination and the Nernst potential of I−/
I3
− redox couple. As mentioned above, EF shifted downward
after the inclusion of MWCNTs and which caused a loss in Voc.
However, the Voc has been improved for the DSSCs with a
MWCNT/TiO2 photoanode. Therefore, the improved electron
injection and suppressed charge recombination compensate for
the loss in photovoltage, leading to an increase in Voc.
The electrochemical impedance spectra (EIS) has been

employed to explain the exact cause for the improvement in Jsc
and PCE for MWCNTs/TiO2-based DSSC, compared to that
observed for pristine TiO2-based DSSC. The EIS values of
DSSCs under illumination (100 mW/cm2) at a voltage
equivalent to the Voc based on pristine TiO2 and MWCNT−
TiO2 photoanode are shown in Figure 5. The Nyquist plots
(Figure 5a) of the EIS spectra exhibit three semicircles, which
represents to the electrochemical reaction at the Pt/electrolyte
interface in the high-frequency region, to the charge transfer at
the TiO2/dye interface in the middle-frequency region, and to
the Warburg diffusion process of I−/I3

− in the electrolyte in the
low-frequency region.76 The overall series resistance (Rs) is the
resistance measured when electrons are transported through
the device in the high-frequency range exceeding 105 Hz. The
Nyquist plots (Figure 5a) showed that the Rs value decreased
from 18.5 Ω to 11.6 Ω as MWCNTs were incorporated into
the TiO2, which increased the conductivity of the TiO2 film,
resulting in a decrease in the Rs of the DSSC. The semicircle in
the middle-frequency region is assigned to charge transport at
TiO2/dye/electrolyte interface. Compared with that of TiO2-
based DSSC, the value of the charge-transport resistance (Rtran)
at the TiO2/dye/electrolyte interface of MWCNT−TiO2-based
DSSC significantly decreases from 31 Ω to 22 Ω. It is due to
the fact that the 1D MWCNTs favor the photoinjected electron
transfer faster, thus lowering the charge recombination.77−79

As shown in Bode phase plots of EIS (Figure 5b), the
characteristics peaks in the frequency region (1−102 Hz)
showed that the characteristic frequency peak shifted to a lower
frequency for MWCNT/TiO2-based DSSCs, compared to
pristine TiO2-based DSSC. The characteristic frequency peak is
related to the inverse of the recombination lifetime or electron
lifetime in the TiO2 film.80,81 The electron lifetime estimated

from the characteristic frequency peak was 18.8 and 26.5 ms for
TiO2 and MWCNT/TiO2-based DSSCs, respectively. This
implies that the collection and transport of electrons were faster
with the incorporation of MWCNTs into TiO2 matrix, thereby
reducing the electron recombination and extending the electron
lifetime in TiO2 film.
The Nyquist plots of the DSSCs based on TiO2 and

MWCNT−TiO2 photoanodes measured in darkness at an
applied voltage equivalent to the Voc are shown in Figure 6. The
values of the charge recombination resistance (Rrec) estimated

Figure 5. Electrochemical impedance spectroscopy (EIS) spectra: (a)
Nyquist plots and (b) Bode phase plots for DSSCs sensitized with
SPS-G3 employing pristine TiO2 and MWCNT (0.3 wt %)−TiO2
photoanodes, under illumination (100 mW/cm2) at a bias voltage
equivalent to the open-circuit voltage (Voc).

Figure 6. Nyquist plots of EIS of DSSCs sensitized with SPS-G3,
employing pristine TiO2 and MWCNT (0.3 wt %)−TiO2 photo-
anodes in darkness at a voltage equivalent to the open circuit voltage
(Voc).
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from the real impedance component of the intermediate
frequency semicircle were ∼42 Ω and 53 Ω for the TiO2/dye/
electrolyte interface and the MWCNT−TiO2/dye/electrolyte
interface, respectively. The high charge recombination resist-
ance at the MWCNT−TiO2/dye/electrolyte interface in
darkness means that the charge recombination between
injected electrons and the electron acceptors in the electrolyte
is low. From the Nyquist plots of the DSSCs in darkness and
under illumination, it is found that a decrease in Rtran and an
increase in Rrec was observed after the incorporation of
MWCNTs in the MWCNT−TiO2 composite. A smaller
value of Rrec, in theory, means faster recombination between
electrons in TiO2 and electron acceptors in electrolyte and,
thus, a shorter electron lifetime.82

In order to understand the increase in Jsc and Voc for the
MWCNT−TiO2 photoanode, compared to the pristine TiO2
photoanode, we have also measured the J−V characteristics of
the both DSSCs in darkness; this experiment is shown in Figure
7. It can be seen from Figure 7 that the value of the darkness

current for the DSSC with a MWCNT−TiO2 photoanode is
smaller than that for pristine TiO2. Moreover, the onset
potential also shifts toward higher potential for the MWCNT−
TiO2 photoanode, compared to the pristine TiO2 photoanode.
This indicates that, with the incorporation of MWCNTs into
TiO2, the conduction band edge shifts in the downward
direction (more positive), relative to pristine TiO2. The
darkness current in the DSSCs is a measure of recombination
between injected electrons and I3

− in the electrolyte at the
photoanode/dye/electrolyte interface. A smaller darkness
current is critical for high values of both Voc and Jsc in
DSSCs.83 When the MWCNT−TiO2-based DSSC is compared
to the pristine TiO2, the former exhibits a smaller darkness
current, which indicates that recombination of the photo-
injected electrons with I3

− has been suppressed significantly,
which favors the increase in Voc. The enhancement in Voc is
generally associated with the negative shift (upward) of the
conduction band of TiO2 or suppression of electron
recombination with I3

−. As the conduction band edge of the
MWCNT−TiO2 shifts upward, compared to TiO2, the loss in
Voc is compensated by the suppression of electron recombina-
tion, resulting in an enhancement in Voc. The suppression of in
the back electron recombination also results in the charge
collection efficiency; thereby, the value of Jsc has been
increased.

We have also estimated the electron transport time (τd) from
the EIS data in darkness and under illumination, using the
following expression:

τ
τ

=
R
R

d

n

tran

rec

The electron transport time is a measure of the average time
taken for the collection of injected electrons; a faster electron
transport time is associated with a higher photocurrent, since it
indicates that the electrons hop across the TiO2 network and
are collected at the photoanode at a faster rate.84 The decrease
in Rtran and increase in Rrec as the MWCNTs was incorporated
into the TiO2, which indicates that the electron transport time
has been decreased for the DSSC based on the MWCNT−
TiO2 photoanode. This means the electrons are reaching the
FTO substrate faster in this improved device, compared to
TiO2-based DSSCs, as the electron transport rate is enhanced.
The effective diffusion coefficient (Deff) of an electron in the
photoanode of a DSSC can be estimated from the following
expression:85

τ
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⎝⎜

⎞
⎠⎟
⎛
⎝⎜

⎞
⎠⎟D

R
R

L
eff

rec

tran

2
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where L is the thickness of the TiO2 film. The value of Deff for
DSSC, based on MWCNT−TiO2 (14 nm) was larger than that
for pristine TiO2 (10.65 nm). The higher Deff value for the
MWCNT−TiO2-based DSSC could be explained by more
injected electrons and faster induced transport of the electrons
toward the FTO substrate.
The improvement in the PCE is due to the decrease in

charge transport resistance at the TiO2/dye/electrolyte inter-
face; the decreased charge recombination of photoinjected
electrons and efficient charge transport of electrons by
MWCNTs enhances the transport of electrons from the TiO2
film to the FTO substrate.

■ CONCLUSION

In summary, we prepared a new ruthenium-based thiocyanate-
free photosensitizer containing 2,6-bis(1-methylbenzimidazol-
2-yl)pyridine and coded as SPS-G3 and successfully used it for
dye-sensitized solar cells (DSSCs) with an overall power
conversion efficiency (PCE) of 6.04% under simulated air mass
(AM) 1.5 sunlight. We have incorporated multiwalled carbon
nanotubes (MWCNTs) into the TiO2 and used it as a
photoanode to improve the photovoltaic performance of
DSSC. Different concentrations of MWCNTs in TiO2 on the
device performance have been investigated, and the optimum
concentration was determined to be 0.3 wt %. The PCE has
been increased up to 7.76% when a MWCNT−TiO2
photoanode is used instead of TiO2. The increase in PCE is
due to the improved electron charge transport and reduction in
the charge recombination with MWCNTs as efficient electron
acceptors in electrolyte.
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