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ABSTRACT: Benzo[1,2-b:6,5-b′]dithiophene (BDT) entity
with rigid skeleton is introduced into the conjugated spacer of
organic dyes, with triphenylamine as the electron donor and 2-
cyanoacrylic acid as the acceptor, have been prepared for dye-
sensitized solar cells. Inserting an aromatic entity between
BDT and the anchor extends the absorption wavelength of the
dyes and improves the dark current suppression efficiency, and
consequently leads to better cell performance. Addition of
chenodeoxycholic acid coadsorbent alleviates dye aggregation
and results in better cell efficiency. The dye inserted with 4H-
cyclopenta[2,1-b:3,4-b′]dithiophene entity achieves the best
efficiency (9.11%) when I−/I3

− was used as the electrolyte.
When Co(phen)3

2+/3+ was used as the electrolyte, the efficiency further boosts to 9.88%.
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1. INTRODUCTION

Solar power as an alternative of fossil fuels and nuclear energy
for human energy demand is deemed promising because of its
unlimited supply and environmental friendliness. As an
emerging photovoltaic technology, dye-sensitized solar cells
(DSSCs) have attracted widespread interest after O’Regan and
Graẗzel’s1 seminal work because they own advantages of low
cost, facile fabrication, and high efficiency.2−5 Currently, DSSCs
have performance approaching that of amorphous silicon solar
cell. In addition, DSSCs compete favorably with other solar cell
technologies under dim or diffuse light condition, and are
particularly promising for indoor applications,6,7 such as
powering portable electronics. There are three prototype
sensitizers, ruthenium pyridine complexes, porphyrin dyes,
and metal-free dyes; the best efficiencies of the pertinent
DSSCs based on single sensitizer have reached 11.5,8 13.0,9 and
13.0%,10 respectively. The efficiency even reached 14.3% for a
cell using two metal-free dyes.11 We have persistent interest in
sensitizers, as they are critical to the cell performance, and high
performance should be important for future commercialization.
Among metal-free sensitizers with D−π−A (D = electron
donor; π = π-conjugated spacer; A = acceptor) configuration,
those with a fused aromatic spacer12 are interesting because the
rigid spacer has a smaller reorganization energy, which favors
electronic communication of the donor with the acceptor. Very
recently, we developed a series of metal-free dyes having a
rigidified conjugated segment comprising fused electron-
deficient and electron-rich aromatics, including dithieno-

[3′,2′:3,4;2″,3″:5,6]-benzo[1,2-c][1,2,5]oxadiazole,13 dithieno-
[3,2- f :2′ ,3′-h]quinoxaline,13 ,14 and dithieno[3,2-b]-
pyrrolobenzo-triazole.15,16 DSSCs based on these sensitizers
exhibit good conversion efficiencies, as the dyes possess strong
and broad absorption. Benzo[1,2-b:6,5-b′]dithiophene (BDT),
composed of fused bithienyl entity and phenyl entity, is the
common structural motif of the aforementioned rigidified
segments. In view of complicated synthetic procedures of the
aforementioned rigidified segments, we decided to replace
these segments with BDT, as several metal-free dyes with a
fused aromatic spacer exhibit good potential for high-perform-
ance DSSCs.12

Benzo[1,2-b:4,5-b′]dithiophene, an isomer of BDT unit, is
among the most popular donor units for semiconducting
polymers with good photovoltaic properties because its rigid
and planar structure is beneficial to easier π−π stacking as well
as hole mobility.17−21 Benzo[1,2-b:4,5-b′]dithiophene unit was
also used in the sensitizers of DSSCs.22 Another BDT isomer,
benzo[1,2-b:4,3-b′]-dithiophene, was also reported for DSSC
application.23 To our knowledge, benzo[1,2-b:6,5-b′]-
dithiophene (BDT), has not been incorporated in the spacer
of sensitizers so far. Different highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels between benzo[1,2-b:6,5-b′]dithiophene (Fig-
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ure S1; HOMO: −5.59 eV; LUMO: −0.94 eV) and benzo[1,2-
b:4,3-b′]dithiophene (Figure S1; HOMO: −5.38 eV; LUMO:
−0.89 eV) entities may lead to different electronic effect when
used as the conjugated bridge. We therefore set up to
synthesize new sensitizers containing benzo[1,2-b:6,5-b′]-
dithiophene (BDT) in the spacer. We were aware that
benzo[1,2-b:6,5-b′]dithiophene with two alkoxy substituents
at the phenyl ring can be prepared in good yield.24 Compared
with a bithiophene entity, the two thiophene rings in BDT unit
reside in the same plane, which can better benefit electronic
communication of their peripheral π-segments. Moreover,
incorporation of the alkoxy substituents in BDT may help
the dyes with solubility enhancement in common organic
solvents,25,26 and dark current suppression as well.27,28 There
are some reports on sensitizers with coplanar bithiophene rings,
such as 4,4-disubstituted 4H-cyclopenta[2,1-b:3,4-b′]-
dithiophene,29,30 3,3′-disubstituted silylene-2,2′-bithio-
phene,31−33 dithieno[3,2-b;2′,3′-d]thiophene,34 naphtho[2,1-

b:3,4-b′]dithiophene,35 and dithieno[3,2-b:2′,3′-d]pyrrole.36
Many of these sensitizers exhibit good cell performance.
Herein, we report the new dyes and high-performance DSSCs
using the new BDT-based dyes as sensitizers.

2. RESULTS AND DISCUSSION

2.1. Preparation of BDT Sensitizers. 4,5-Bis(hexyloxy)-
benzo[1,2-b:6,5-b′]dithiophene (abbreviated as BDT(Ohex)2)
was prepared following the method of Reynolds et al.,24 with
the incorporation of hexyloxy chains for better solubility of the
dyes in organic solvents. Figure 1 shows the structures of new
BDT(Ohex)2-based sensitizers (LBS1−4), and Scheme 1
illustrates their synthetic routes. Conversion of BDT(Ohex)2
to stannyl derivative, followed by palladium-catalyzed Stille
coupling with arylamine, led to the incorporation of the
arylamine donor. The intermediate 2 could be formylated
directly or via reaction with Stille coupling with appropriate

Figure 1. Molecular structures of BDT(Ohex)2 dyes (LBS1−4).

Scheme 1. Synthetic Routes of the LBS Dyesa

a(i) Lithium diisopropylamide (LDA), SnBu3Cl, −78 °C, 18 h; (ii) bis(triphenylphosphine)palladium(II) dichloride (Pd(PPh3)2Cl2),
dimethylformamide (DMF), 60 °C, 18 h; (iii) LDA, DMF, −78 °C, 18 h; (iv) cyanoacetic acid, ammonium acetate (NH4OAc), acetic acid
(AcOH), 120 °C; (v) N-bromosuccinimide, CH2Cl2, 18 h; (vi) bis(pinacolato)diboron, potassium acetate (KOAc), PdCl2(dppf) (where dppf = 1,1′-
bis(diphenylphosphino)ferrocene), 1,4-dioxane, 120 °C, 20 h; (vii) tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4), 2M K2CO3, toluene,
120 °C, 20 h.
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aromatic segment (thienyl ring for LBS2 and 4H-cyclopenta-
[2,1-b:3,4-b′]dithiophene for LBS3) containing formyl group.
Finally, Knoevenagel condensation of the formyl intermediates
(LBS1al−3al) with cyanoacetic acid afforded LBS1−3. On the
other hand, LBS4 was obtained from palladium-catalyzed Stille
coupling of dibrominated BDT(Ohex)2 with stannylated
arylamine, followed by palladium-catalyzed Suzuki coupling
with dithieno[3′,2′:3,4;2″,3″:5,6]-benzo[1,2-d][1,2,3]triazole
segment containing formyl group and Knoevenagel condensa-
tion.
2.2. Photophysical and Electrochemical Character-

istics. UV−vis absorption spectra of LBS sensitizers dissolved
in tetrahydrofuran (THF) (0.1 mM, 10−3 mmol in 10 mL of
THF) and adsorbed on the TiO2 film (4 μm) are presented in
Figure 2a,b, respectively. Table 1 compiles the corresponding
photophysical data. The absorption maximum (λabs

THF) of the
intramolecular charge transfer (ICT) transition in these dyes
ranges from 416 to 497 nm, with the molar extinction
coefficient (ε) in the range of 13 200−50 900 M−1 cm−1. The
λabs

THF value increases as the conjugation length increases:
LBS1 < LBS2 < LBS4 < LBS3. The significantly lower ε value
of LBS4 compared with others may be attributed to the
electron accumulation of its LUMO at the nitrogen atoms on
the benzotriazole entity (vide infra); this phenomenon results
in smaller orbital overlap between the HOMO and LUMO.
The LBS dye has a longer wavelength absorption onset on
TiO2 film than in the solution, indicating the presence of
significant J-aggregation of the dyes except LBS1.37 Dye
aggregation was also checked with the LBS dyes on TiO2 film
with addition of chenodeoxycholic acid (CDCA),38 as shown in

Figure S2. There is nearly no shift of the absorption for the
LBS1 with the addition of CDCA up to 30 mM (0.1−0.3 mmol
in 10 mL of the dye solution). In contrast, other dyes with
longer π-spacer exhibit blue shift of the absorption when
CDCA was added. There is more sluggish spectral response for
LBS4, implying its more serious dye aggregation. It is
interesting to note that LBS1 has a larger λabs (476 nm; Figure
S3) in CH2Cl2 than its benzo[1,2-b:4,3-b′]-dithiophene
congener (Figure S4), G55 (459 nm),23 even though the
arylamine of the latter has two electron-donating hexyloxy
substituents. The carboxylic acid of dye G55 may have a higher
degree of deprotonation in CH2Cl2, which leads to
hypsochromic shift of the spectra.39,40 There is only weak
emission for all LBS dyes in the solution.
The cyclic voltammograms of the LBS sensitizers (1 mM,

10−2 mmol in 10 mL of THF) are shown in Figure S5, and
Table 1 compiles the corresponding data. One quasi-reversible
one-electron oxidation wave at 1.28−1.34 V more positive than
normal hydrogen electrode (NHE) is ascribed to the electron
removal at the arylamine donor. The potentials of LBS2−4 are
slightly lower than that of LBS1 due to additional thiophene
rings in the conjugated spacer. The more positive oxidation
potential of the arylamine than the iodide/triiodide redox
couple (0.4 V vs NHE)41 indicates an energetically favorable
dye regeneration. The excited state potential (E0−0*) of the dye
was calculated from the difference between the first oxidation
potential (EOX) and the zero−zero excitation energy (E0−0),
with the latter obtained from the intersection of the normalized
UV−vis absorption and photoluminescence spectra (Figure
S6). The E0−0* values (−1.06 to −1.15 V vs NHE) indicate

Figure 2. Absorption spectra of LBS dyes (a) dissolved in THF (0.1 mM, 10−3 mmol in 10 mL of THF) and (b) adsorbed on TiO2 film (4 μm).

Table 1. Photophysical and Electrochemical Data of the LBS Dyesa

dye λabs
THF (nm) (ε × 10−4 M−1 cm−1) λem (nm) λ0−0 (nm)

E0−0
(eV)b

λabs
film

(nm)c
λonset

film

(nm)c
HOMO/LUMO

(eV) EOX (V)
d

E0−0*
(V)e

LBS1 435 (3.38) 551 498 2.49 425 575 5.74/3.25 1.34 −1.15
LBS2 456 (3.35) 563 511 2.42 457 617 5.70/3.28 1.30 −1.12
LBS3 497 (5.09) 574 528 2.35 477 650 5.69/3.34 1.29 −1.06
LBS4 470 (1.32) 551 511 2.42 459 623 5.68/3.26 1.28 −1.14

aBased on THF solution at 298 K. bCalculated via Eg
opt = 1240/λ0−0, where λ0−0 is read from the cross point of absorption and emission spectra.

cBased on 4 μm thick TiO2 film.
dAdjusted to be vs to normal hydrogen electrode (NHE) using ferrocene/ferrocenium as an internal reference.

eCalculated via E0−0* = EOX − E0−0 (vs NHE).
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energetically favorable electron injection from the excited dye
into the conduction band of TiO2 (conduction band edge: −0.5
V vs NHE).42

2.3. Density Functional Theory (DFT) Calculations.
Density functional theory (DFT) and time-dependent DFT
calculations were performed (see details in the Supporting
Information) for a better insight into the molecular structures
of the dyes versus the performance of DSSCs; the correlated
data are summarized in Table S1. Figures 3 and S7 show the
selected frontier orbitals. The π-electron in the highest
occupied molecular orbital (HOMO) of LBS dyes largely
distributes at triphenylamine donor and slightly extended to the
BDT core. In comparison, the π-electron of the lowest
unoccupied molecular orbital (LUMO) mainly resides at
cyanoacrylic acid (Ac) and extends to the neighboring
heteroaromatic rings. The contribution of the BDT core to
the LUMO in LBS2−4 is significantly smaller compared with
LBS1. In the case of LBS4, the electron in its LUMO (Figure
3) is partially accumulated at the benzotriazole entity, resulting
in the unfavorable electron-trapping and photophysical proper-
ties (vide supra).
In Table S1, the lowest energy transition, S0 → S1, for all

LBS dyes is nearly 100% of HOMO → LUMO, and therefore
has prominent charge-transfer character. The successful intra-
molecular charge transfer is also supported via the dihedral

angle diagram of LBS dyes (Figure S8). At the ground state, the
dihedral angle between BDT and the arylamine ranges from 18
to 25°, and that between BDT and thiophene ring ranges from
4 to 7°. The more intense electronic absorption in LBS3 than
others is supported by its larger computed oscillation strength
( f) and significant orbital overlap between the HOMO and
LUMO. Moreover, Mulliken charges variation during electronic
transition (Table S1) for all LBS dyes were estimated via
dividing the dye molecules into several segments: the donor
group (TPA), BDT (BDT(Ohex)2), the acceptor group
(cyanoacrylic acid, Ac), and the heteroaromatic entity (Het)
connected to Ac. Figure S9 shows the Mulliken charges
variations between the two excited states (S1 and S2) and the
ground state (S0). For the S0 → S1 transition, the BDT entity
has a significant negative charge when it is directly connected to
the acceptor (LBS1). In comparison, the charge is negligible
when a thienyl ring is used as the Het (LBS2), and positive
when Het is 4H-cyclopenta[2,1-b:3,4-b′]dithiophene (LBS3)
or dithieno-[3′,2′:3,4;2″,3″:5,6]benzo[1,2-d][1,2,3]triazole
(LBS4). For the S0 → S2 transition, the BDT entity acts as
the second electron donor. We also carried out computation on
G55′ (Figure S4), derived from G55 (Figure S4)23 with 4,5-
bis(hexyloxy)benzo[1,2-b:6,5-b′]dithiophene replaced by 4,5-
bis(metoxy)benzo[1,2-b:6,5-b′]dithiophene and omission of
the alkoxy chain at the donor. Compared with LBS1, we

Figure 3. Selected frontier molecular orbitals of the LBS dyes.

Figure 4. (a) Current density−voltage curves and (b) incident photon-to-current conversion efficiency spectra for the DSSCs with the LBS dyes,
measured in an I−/I3

− electrolyte under a simulated AM 1.5G illumination, dark condition, or monochromatic incident light illumination.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b15181
ACS Appl. Mater. Interfaces 2017, 9, 43739−43746

43742

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15181/suppl_file/am7b15181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15181/suppl_file/am7b15181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15181/suppl_file/am7b15181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15181/suppl_file/am7b15181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15181/suppl_file/am7b15181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15181/suppl_file/am7b15181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15181/suppl_file/am7b15181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15181/suppl_file/am7b15181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15181/suppl_file/am7b15181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15181/suppl_file/am7b15181_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b15181


found no significant difference in the dihedral angles between
different segments (Figure S8) and the energy of the S0 → S1
transition (Table S1).
2.4. Photovoltaic Performance of DSSCs Based on LBS

Sensitizers. The DSSCs of LBS dyes were obtained under a
simulated AM 1.5G (100 mW cm−2) illumination in an iodide-
based (I−/I3

−) electrolyte. Figure 4a,b shows the current
density−voltage (J−V) curves and incident photon-to-current
conversion efficiency (IPCE) spectra (400−800 nm), respec-
tively, and Table 2 compiles the related cell performance data.
The dye having a conjugated entity, thienyl ring (LBS2,
8.01%), 4H-cyclopenta[2,1-b:3,4-b′]dithiophene (LBS3,
8.38%) or dithieno[3′,2′:3,4;2″,3″:5,6]-benzo[1,2-d][1,2,3]-
triazole (LBS4, 7.30%), between the anchor and BDT has
higher JSC, VOC, and thus η than LBS1 (5.57%). The decreasing
order of the JSC value, LBS3 > LBS2 > LBS4 > LBS1, is in
agreement with the absorption spectra of the dyes on TiO2

(Figure 2b). Although the ε value of LBS4 is the least, the high
JSC value of LBS4 can be attributed to its high dye loading
(Table 2) and wide absorption range on the TiO2 film. The
VOC values also decrease in the same order, which is in opposite
trend of dark currents (vide infra); the possible influence of
conduction band edge shift of TiO2 and dye aggregation on
VOC cannot be ruled out, however. The best device perform-
ance of LBS3 certainly is benefited from the best light
absorption and sufficient dark current suppression (vide infra)

due to the presence of 4H-cyclopenta[2,1-b:3,4-b′]dithiophene.
In the case of LBS4, which has a longer λabs

THF than LBS2, the
electron-trapping in the triazole entity and more severe dye
aggregation may lead to the lower JSC and VOC values than for
LBS2. The benzo[1,2-b:4,3-b′]-dithiophene congener (G55;
Figure S4) was reported to have an efficiency (η) of 5.6%, VOC

of 810 mV, JSC of 9.4 mA cm−2, and fill factor (FF) of 0.74.23 In
comparison with G55, LBS1 has the same cell conversion
efficiency (5.6%), but lower VOC and higher JSC values. Possibly,
the two additional alkoxy chains at the donor of the former help
with suppressing dark current,43,44 whereas the latter has better
light harvesting (vide supra).
Chenodeoxycholic acid (CDCA) is commonly used as the

coadsorbent to break the dye aggregation and/or suppress the
dark current.45 DSSCs with CDCA and LBS dyes were thus
investigated and denoted as LBS1C, LBS2C, LBS3C, and
LBS4C. Figure 4 shows the J−V curves and IPCE spectra, and
Table 2 summarizes the corresponding performance data of the
DSSCs. In spite of lower dye-loading, DSSCs containing
CDCA still provide higher JSC and VOC values than those of the
cells without CDCA. It suggested that CDCA helps with
antiaggregation of LBS dyes. Moreover, better dark current
suppression is achieved via applying CDCA, as evidenced from
the dark current density−voltage curves shown in the lower
part of Figure 4a: the cells with CDCA shows obviously lower
dark currents. With the addition of CDCA, the cell efficiencies

Table 2. Photovoltaic Parameters for the DSSCs with Various LBS Dyes, Measured at AM 1.5G Based on Five Cells in the I−/
I3
− Electrolytea

dye η (%) VOC (mV) JSC (mA cm−2) FF DL × 10 −7 (mol cm−2) Rrec (Ω) τe (ms)

without CDCA LBS1 5.57 ± 0.15 721.00 ± 7.75 11.16 ± 0.04 0.69 ± 0.00 1.43 195.39 15.31
LBS2 8.01 ± 0.07 739.17 ± 2.04 15.83 ± 0.14 0.68 ± 0.00 1.12 239.17 20.11
LBS3 8.38 ± 0.04 743.75 ± 2.50 16.46 ± 0.08 0.68 ± 0.00 1.28 339.10 26.43
LBS4 7.30 ± 0.13 728.00 ± 2.74 15.04 ± 0.27 0.67 ± 0.00 2.63 203.84 15.31

with 10 mM CDCA LBS1C 6.21 ± 0.04 739.96 ± 4.09 11.81 ± 0.04 0.71 ± 0.00 0.80 240.84 20.11
LBS2C 8.84 ± 0.02 750.00 ± 0.00 17.08 ± 0.03 0.69 ± 0.00 0.40 363.51 26.43
LBS3C 9.11 ± 0.00 762.50 ± 2.89 17.36 ± 0.02 0.69 ± 0.00 0.70 355.61 26.43
LBS4C 8.44 ± 0.07 738.00 ± 2.74 17.17 ± 0.23 0.67 ± 0.01 0.88 238.00 20.11

aThe cell having CDCA as the coadsorbent for LBS dyes were denoted as LBS1C, LBS2C, LBS3C, and LBS4C. DL means the dye loading amount
on the TiO2 film for DSSC. The 10 mM of CDCA indicates 0.1 mmol of CDCA added into 10 mL of the dye solution.

Figure 5. Electrochemical impedance spectra for the DSSCs with the LBS dyes: (a) Nyquist and (b) Bode plots, measured in an I−/I3
− electrolyte

under dark with an applied bias of −0.70 V.
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for LBS2C, LBS3C, and LBS4C reach 8.84, 9.11, and 8.44%,
respectively, which are much higher than the efficiency of
LBS1C (6.21%) and competitive with that of the N719-based
standard cell (8.44%; Figure S10).
For the cells without and with CDCA, the absorption edges

of the IPCE spectra for all of the LBS dyes follow the same
order with their absorption spectra, LBS3 > LBS2 ≈ LBS4 >
LBS1. The IPCE values for all of the LBS dyes are increased
upon the addition of CDCA, which further substantiates the
successful alleviation of dye aggregation by CDCA. Besides, the
cell with CDCA shows a minor blue shift compared with the
cells without CDCA; this phenomenon is in good agreement
with their absorption spectra based on the TiO2 thin film (vide
supra).
2.5. Electrochemical Impedance Spectra (EIS) Anal-

ysis. The EIS of DSSCs using an iodide-based electrolyte were
recorded under dark condition by applying a voltage of −0.70
V, and used to evaluate the dark current suppression ability of
the LBS dyes. Accordingly, the charge recombination resistance
(Rrec) and electron recombination lifetime (τe

dark) at the
photoanode/electrolyte interface were calculated via the
pertinent Nyquist (Figure 5a) and Bode (Figure 5b) plots, as
shown in Table 2.46 The values of Rrec and τe

dark decrease in the
order of LBS3 (339.10 Ω, 26.43 ms) > LBS2 (239.17 Ω, 20.11
ms) > LBS4 (203.84 Ω, 15.31 ms) > LBS1 (195.39 Ω, 15.31
ms). Insertion of an aromatic entity between BDT and the
anchor obviously benefits dark current suppression. It is notable
that the VOC values, dark currents, Rrec, and τe

dark, though
obtained from different measurement techniques, are in line
with one another. With added CDCA, the values of Rrec and
τe

dark decrease in the order of LBS2 (363.51 Ω, 26.43 ms) ≈
LBS3 (355.61 Ω, 26.43 ms) > LBS1 (240.84 Ω, 20.11 ms) ≈
LBS4 (238.00 Ω, 20.11 ms). Although increased Rrec and τe

dark

values implies that CDCA may help with suppressing the dark
current, the significantly increased IPCE values (vide supra)
suggest that alleviation of dye aggregation may play a more
important role. This is especially true for LBS4, which has a
significant drop in dye-loading amount and improved JSC value
after adding CDCA.

2.6. LBS-Based DSSCs Using Cobalt-Based Electrolyte.
In contrast with I−/I3

−, cobalt redox mediator has negligible
absorption in the visible-light region. Moreover, its higher
redox potential has a high potential for higher photovoltage,
and therefore better cell performance.47−49 Cobalt-based redox
mediator, Co(phen)3

2+/3+ (phen = 1,10-phenanthroline), was
thus tested for LBS2 and LBS3 with CDCA (see details in the
Supporting Information). For the cell of LBS3, the VOC value
(839.30 mV) was raised by ∼77 mV, and thus the conversion
efficiency was boosted to 9.88%. The J−V curves and IPCE
spectra (400−800 nm) are shown in Figure 6a,b, respectively,
and the performance data of the cells are summarized in the
inset table of Figure 6a. Although LBS2-based cell also has a
higher VOC value of 839.30 mV (65 mV increment), the
conversion efficiency drops to 4.47% due to a significant drop
in JSC value. The lower JSC values may be stemmed from the
mass transport limit of the cobalt electrolyte and severe charge
recombination with the Co3+ redox mediator.50 Accordingly, it
may be deduced that LBS2 possesses sufficient suppression for
I3
− recombination and thus gives its iodide-based cell good JSC

and FF values. However, LBS2 is insufficient to retard Co3+

recombination, which is much more serious than that for I3
−,

leading to poor JSC and FF values.

3. CONCLUSIONS

New dipolar sensitizers incorporating 4,5-bis(hexyloxy)benzo-
[1,2-b:6,5-b′]dithiophene entity (BDT(Ohex)2) in the π-bridge
between arylamine donor and 2-cyanoacrylic acid acceptor have
been prepared and used for DSSCs. Upon further incorporation
of a heteroaromatic segment between BDT(Ohex)2 and the
acceptor, the light harvesting of the dyes increases. Con-
sequently, the conversion efficiencies of the DSSCs using I−/I3

−

redox mediator reached 7.3−8.4% without CDCA and 8.4−
9.1% with CDCA coadsorbent, respectively. The efficiency of
the best cell was further boosted to 9.88% using Co(phen)3

2+/3+

redox mediator.

Figure 6. (a) Photocurrent density−voltage curves and (b) incident photon-to-current conversion efficiency spectra of the DSSCs with LBS2C and
LBS3C dyes, measured in a Co2+/Co3+ electrolyte under a simulated AM 1.5G illumination. The cobalt-based electrolyte contains 0.35 M
[Co(phen)3](TFSI)2, 0.05 M [Co(phen)3](TFSI)3, 0.8 M TBP, and 0.1 M lithium perchlorate (LiClO4) in acetonitrile (phen = 1,10-
phenanthroline; TFSI = bis(trifluoromethane)sulfonimide).
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