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ABSTRACT: A new heteroleptic ruthenium complex, coded CYC-B12,
incorporating an antenna ligand composed of sequential connections of
a thienothiophene conjugated bridge and carbazole hole-transport
moiety was prepared. This new sensitizer exhibits a lower energy MLCT
band centered at 555 nm with a high molar absorption coefficient of
2.24 x 10* M~ em ™. The device sensitized by CYC-B12 in conjunc-
tion with a volatile electrolyte shows a high photovoltaic efficiency of
9.4% under an illumination of standard global AM 1.5G sunlight. With a
low-volatile electrolyte, the cell based on this new sensitizer shows not
only a good conversion efficiency of 8.2% but also excellent durability
(>96%) under light soaking at 60 °C in a simulated sunlight for 1000 h.
The difference in the electron recombination kinetics caused by various
liquid electrolytes or aging process is also investigated by employing the

transient photoelectrical measurements.

1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) have been developed as
one of the promising photovoltaic technologies in virtue of their
low manufacture cost, tunable absorption range, impressive
photon-to-current conversion efliciency ,as well as semitranspar-
ency and flexibility." In DSSC, the dye molecule (sensitizer) self-
assembled onto the surface of wide-band gap semiconductor,
TiO,, plays a vital role in the light-harvesting, charge separation,
and overall photon-to-current conversion efficiency of the de-
vices. Under illumination, ultraswift electron injection from
photoexcited sensitizers into the conduction band of the semi-
conductor occurs and the hole in the dye is regenerated
sequentially by electron donation from the redox electrolyte.
Numerous efforts focused on optimizing the molecular struc-
tures of the sensitizers and modulating the composition of
electrolytes have been made to enhance the photovoltaic per-
formance and improve the durability of the devices.” ¢ Among
numerous dyes designed for DSSCs, the ruthenium-based sensi-
tizers incorporating thiophene derivatives have been proven to
be excellent candidates to realize highly efficient and robust
devices.” *' In addition, another new branch of heteroleptic
ruthenium sensitizers endowed with the ancillary ligand consisting
of a conjugated bridge and a hole-transporting terminal have been
developed toward enriching the light-capturing ability to match
the solar radiation and retarding the charge recombination between
the dye-sensitized n-type semiconductor and electrolyte.”>”>°
Here we report a new ruthenium sensitizer, coded CYC-B12
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(Figure 1), featuring carbazoles as the molecular terminals of
the ancillary ligand. Apart from characterizing its intrinsic
optoelectronic properties, we test CYC-B12 in combination
with various liquid electrolytes and examine the interfacial
electron recombination dynamics between the injected elec-
trons at TiO, and triiodide ions with transient photoelectrical
measurements.

2. EXPERIMENTAL SECTION

2.1. Materials and Characterization. All reagents were
obtained from the commercial sources and used as received
unless specified. Solvents were dried over sodium or CaH, before
use. The structures of CYC-B12 dye and its intermediates were
identified with "H NMR spectra. The structure of CYC-B12 dye
was further confirmed by FAB-MS and elemental analysis. 'H
NMR spectra were recorded with a Bruker 300 MHz or DRX-
500 NMR spectrometer in CDCl; or DMSO-d4. FAB-MS
spectra were obtained using JMS-700 HRMS. Elemental analyses
were carried out with a Heraeus CHN—O-S Rapid-F002 analysis
system. UV/vis spectra were measured using a Cary 300 Bio
spectrometer. Electrochemical study of the metal complexes in
solution was performed in a single-compartment, three-electrode
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Figure 1. Molecular structure of CYC-B12.

cell with a platinum disk working electrode and a Pt wire counter
electrode. The reference electrode was Ag/Ag"” and the support-
ing electrolyte was 0.1 M tetrabutylammonium hexafluoropho-
sphate (TBAPF¢) in DMF. The square-wave voltammograms
(potential step increment: 10 mV; frequency: 25 Hz) were
recorded using a potentiostat/galvanostat (PGSTAT 30, Auto-
lab, Eco-Chemie, The Netherlands) and ferrocene was used as a
calibration standard.

2.2. Synthesis of 3,6-Bis-t-butyl-9-(2-thieno[3,2-b]thienyl)
carbazole (3). The starting materials, 2-bromo-thieno[3,2-b]-
thiophene (1), and 3,6-bis-t-butyl carbazole (2) were prepared
according to the procedures reported in literature.””** A total of
3.36 g (12.0 mmol) of 3,6-bis-t-butyl carbazole, 1.85 g (10.0 mmol)
of Cu-bronze, and 1.80 g (13.1 mmol) of K,CO; were added into
the solution that consisted of 2.20 g (10.0 mmol) of 2-bromo-
thieno[3,2-b]thiophene dissolved in 100 mL of nitrobenzene.
After the mixture was refluxed under argon for 36 h, the nitro-
benzene was removed by distillation under vacuum. The reaction
was terminated by suspending the residue in the mixture of
300 mL of CHCl;, 100 mL of H,O, and 150 mL of saturated
NH,OH aqueous solution. The organic layer was extracted
with CHCl; after the mixture was stirred continuously for 2 h.
Then the collected organic layer was washed further with
excess water and saturated NaCl aqueous solution, respectively,
and then dried over Na,SO,. After rotary evaporation of the
solvent, the crude product was purified by chromatography
on silica gel eluted with hexane/ethyl acetate (10:1) to afford
2.59 g (61.7% yield) of the pure product. 'H NMR (300 MHz,
0/ppm in CDCly): 8.10 (dd, 2H), 7.50 (d, 1H), 7.47 (d, 1H),
7.46 (s, 1H), 7.43 (d, 2H), 7.39 (d, 1H), 7.32 (d, 1H), 1.45
(s, 18H).

2.3. Synthesis of 3,6-Bis-t-butyl-9-(8-trimethylstannyl-2-
thieno[3,2-b]thienyl) carbazole (4). A total of 2.93 mL of n-
BuLi (2.5 M in hexane) was added into the solution of 3,6-bis-t-
butyl-9-(2-thieno[3,2-b]thienyl) carbazole (2.5 g, 6.12 mmol)
dissolved in 80 mL of anhydrous THF at —78 °C. The mixture
was stirred for 2 h, and then 1.58 g of trimethyltin chloride in
anhydrous THF was added. The mixture was stirred overnight at
room temperature. The reaction was terminated by adding
saturated NaCl aqueous solution and the product was extracted
with CH,Cl,. Collected the organic layer, removed the solvent to

afford 3.47 g (98% yield) of crude product of 3,6-bis-t-butyl-9-(8-
trimethylstannyl-2-thieno[3,2-b]thienyl) carbazole. This crude
product was used without further purification.

2.4. Synthesis of Ligand-12 (5). This ancillary ligand was
prepared by Stille coupling of 3,6-bis-t-butyl-9-(8-trimethylstannyl-
2-thieno[3,2-b]thienyl) carbazole and 4,4'-dibromo-2,2'-bipyri-
dine. 3.47 g of 3,6-bis-t-butyl-9-(8-trimethylstannyl- 2-thieno-
[3,2-b] thienyl) carbazole; 0.87 g of 4,4'-dibromo-2,2-bipyridine
were dissolved in 85 mL of anhydrous DMF, and then 0.38 g of
Pd(PPh;), was added as a catalyst. The mixture was refluxed
under argon for 48 h. After cooling to room temperature, S wt %
NH,Cl(,q) was added to terminate the reaction and the product
was extracted with CHCIl;. The organic layer was washed with
saturated NaHCOj;(,q), distilled water and saturated NaCl,q),
respectively. The crude product was purified with Soxhlet using
hexane as a solvent to remove nonreacted reagent 3,6-bis-t-butyl-
9-(8- trimethylstannyl-2-thieno[ 3,2-b]thienyl) carbazole and then
using CHCI, to extract the product Ligand-12 (82.7% yield). '"H
NMR (300 MHz, 8 /ppm in CDCL): 6 8.77 (d, 4H), 8.12 (s, 4H),
7.93 (s, 2H), 7.60 (d, 2H), 7.51 (d, 8H), 7.43 (s, 2H), 147 (s,
36H).MS: m/z986.35 ([M]"); LREAB-MS found: m/z 987.6 (m)
([M+H]"). HREAB-MS found: 9863540 ([M]").

2.5. Synthesis of CYC-B12 (TBA(Ru[(4-carboxylic acid-4'-
carboxylate- 2,2'-bipyridine) (Ligand-12) (NCS),]) (6). CYC-
B12 was synthesized using the one-pot synthetic procedure” as
reported previously and then purified further on Sephadex LH-
20 using methanol as an eluent: 0.31 g (0.51 mmol) of [RuCL,(p-
cymene)],, 1.00 g (1.01 mmol) of Ligand-12 (5), 0.25 g (1.01
mmol) of dcbpy(4,4'-dicarboxylic acid-2,2’-bipyridine), and ex-
cess NH,NCS were used in the reaction. The crude product was
dissolved in the mixture of methanol and tetra-butyl ammonium
hydroxide (TBAOH) aqueous solution (40 wt % in H,O) and
then purified on a Sephadex LH-20 column using methanol as an
eluent. The main band was collected and the pH value of the
collected solution was lowered to ca. 5.8 by adding dilute HNO;.
The collected precipitate was washed with water and dried under
vacuum. After purification, 0.62 g (0.37 mmol, 36.3% yield) of CYC-
B12 was obtained. MS: m/z 1689.5 ([M]*) LRFAB-MS found: m/z
1449.6 (m) ([M+H—N(C4Ho),]"); 13916 (s) ([M+H—N-
(C4H),NCS]*). HRFAB-MS found: 14482581 ([M+H—N-
(C4Ho)4)"). Elemental analysis: caled. for CgpH;o;NoO,4RuSs:
3H,0: C, 63.35; H, 6.18; N, 7.23; S, 11.03%. Found: C, 63.43; H,
5.78; N, 7.38; S, 11.43%. "H NMR (500 MHz, &/ppm in DMSO-dj,
JHz):9.36 (d, ] = 5.4 Hz, 1H); 9.30 (d, ] = 5.8 Hz, 1H); 9.23 (s, 1H);
9.11 (s, 1H); 9.08 (s, 1H); 8.96 (s, 1H); 8.71 (s, 1H); 8.51 (s, IH);
8.33 (s, 2H); 8.27 (m, 4H); 8.00 (s, 1H); 7.91 (d, ] = 5.8 Hz, 1H);
7.89 (s, 1H); 7.63 (d, ] = 5.8 Hz, 1H); 7.57 (m, 4H); 7.50 (m, 6H);
3.16 (m, 8H); 1.56 (m, 8H); 1.43 (s, 18H); 1.40 (s, 18H); 1.30 (m,
8H); 0.93 (t, ] = 7.3 Hz,12H).

2.6. Device Fabrication. A mesoscopic TiO, film composed
of a 7 um thick transparent layer of 20 nm sized TiO, anatase
nanoparticles onto which a second S m thick scattering layer of
400 nm sized TiO, was superimposed. The detailed methods for
TiO, film preparation, device fabrication, and the characteristic
photocurrent—voltage measurements can be found in the earlier
report.”’ The double layer films were heated to 520 °C, sintered
for 30 min, cooled to 80 °C, and then immersed into the dye
solution (300 #M) containing a 10% DMSO in acetonitrile and
tert-butyl alcohol (volume ratio: 1:1) mixture, respectively, with
75 uM DINHOP?® as a coadsorbent for 16 h. In device D, the
electrolyte code Z960 (1.0 M 1,3-dimethylimidazolium iodide
(DMII), S0 mM Lil, 30 mM I,, 0.5 M tert-butylpyridine, and
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Scheme 1. Preparation of Ancillary Ligand-lZ (5)
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0.1 M guanidinium thiocyanate (GNCS) in the mixed solvent of
acetonitrile and valeronitrile (v/v, 85/15)) was used.

2.7. Dye Loading Experiment. Two transparent TiO, films
with 8 um thickness were immersed in each of the dye solution;
0.3 mM CYC-B12 and Z907Na, prepared in acetonitrile and fert-
butyl alcohol (volume ratio: 1:1) with 10% DMSO as a solvent.
After dipping into these dye solutions for 15 h, the sensitized
films were rinsed with acetronitrile for several minutes. Then the
dye was desorbed from the TiO, surface by immersing the films
in a solution of tetra-butyl ammonium hydroxide (TBAOH) in
dimethylformamide (DMF) with concentration of 0.1 g/mL.
The number of dye molecules absorbed on the TiO, surface was
determined by acquiring an absorption spectrum of the dye
solution using a UV/vis spectrometer.

2.8. Transient Photoelectrical Measurements. In the tran-
sient photoelectrical decay experiments, different steady-state
light levels were provided by a homemade white light-emitting
diode array tuning the driving voltage. A red light-emitting diode
array controlled with a fast solid-state switch was used to generate
a perturbation pulse of S0 ms duration. The pulsed red- and
steady-state white-light were both shed on the working electrode
side of the test cell. The intensity of the red light pulse was
carefully controlled by the driving potential of the red diode array
to keep the modulated photovoltage below 10 mV. In transient
photovoltage decay measurement, the cell was maintained at
open circuit voltage under the white light and the transient
photovoltage decay following the red light pulse was monitored.
Normally, the decay follows closely a monoexponential form,
thus the recombination rate constant can be extracted from the
slope of the semilogarithmic plot.

2.9. Device Stability Test. The cell was covered with a
50 um thick polyester film acting as a UV cutoff filter for
the accelerated testing. The test was performed under the
visible light illumination (1 sun; 100 mW/cm?) at 60 °C, and
the photovoltaic performance during the test was recorded.
The physicochemical measurements were conducted at room
temperature after the cell was equilibrated and cooled down
to room temperature.

3. RESULTS AND DISCUSSION

The ancillary ligand in CYC-B12 was constructed for the first
time by using the Ullmann N-arylation to link the conjugate
2-bromo-thieno[3,2-b]thiophene and 3,6-bis-t-butyl carbazole
units. Stille coupling was employed to subsequently connect
the antennas to the bipyridine ligand. The synthetic procedure
for the ancillary ligand is shown in Scheme 1. The CYC-B12
complex was synthesized using the typical one-pot synthetic
procedure.” The detailed synthetic procedure and the identifica-
tion of the molecular structure are described in the Experimental
Section. Since CYC-B12 was isolated in the monoprotonated
form containing one tetra-butyl ammonium (TBA) cation, two
possible configurations of CYC-B12 (CYC-B12 (a): the TBA
cation is located nearby the carboxyl pyridine trans to NCS
group; CYC-B12 (b): the TBA cation is placed around another
carboxyl pyridine trans to the antennas) may coexist in the
product. Therefore, the molecular orbitals of CYC-B12 in DMF
for both configurations were investigated by using the density
functional theory (DFT) calculation with Gaussian 09 program>"
adopting the Becke, three-parameter, Lee—Yang—Parr (B3LYP)
function. The DGauss Double-Zeta Valence Polarized (DGDZVP)
basis set**® in combination with the Conductor-like Polarizable
Continuum Model (C-PCM)***> were also used to account for the
solvation effect to optimize the geometry of CYC-B12 in DMF. For
calculation convenience, the butyl groups in CYC-B12 were
replaced by methyl groups. The graphical representation of the
calculated frontier orbitals is shown in Figure 2. The LUMO
(lowest unoccupied molecular orbital) is mainly localized on the
tetra-butyl ammonium 4-carboxylic acid-4’-carboxylate anchoring
ligand, LUMO+1 is contributed from the mixed orbitals of
anchoring and antenna-ancillary ligand and LUMO+2 is domi-
nated by the ancillary ligand. On the other hand, the HOMO
(highest occupied molecular orbital), HOMO-1 and HOMO-2 are
all contributed primarily from the Ru-NCS mixed orbitals. Com-
paring the two configurations, CYC-B12 (a) and CYC-B12 (b),
the DFT calculation suggests that the TBA cation has a significant
influence on the localization of LUMO and LUMO+1 but no
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Figure 2. Isodensity surface plots of the frontier orbitals (LUMO+2,
LUMO+1, LUMO, HOMO, HOMO-1 and HOMO-2) of CYC-B12
(a) and CYC-B12 (b); isodensity value = 0.03.

apparent impact on the HOMOs and LUMO+2. However more
detailed theoretical studies, combined with experimental data are
needed to assign the docking site of TBA in a heteroleptic
ruthenium complex.

The electronic absorption spectrum of CYC-B12 measured in
DMF is displayed in Figure 3. CYC-B12 exhibits intense
absorption bands centered at 393 and 555 nm, respectively.
The band at 393 nm is assigned to the overlap of m—*
transitions of the ancillary ligand and one of the MLCT bands
for CYC-B12. Another peak with 4., at 555 nm and molar
absorption coefficient (¢) of 2.24 x 10* M~ em ™' is attributed
to the characteristic MLCT transition which is effective in charge
generation by visible light in the devices sensitized by CYC-B12.
Comparin§ the absorption profile of CYC-B12 with that of
CYC-B13* bearing ethylenedioxy-thiophene (EDOT) as
7r-bridge in the ancillary ligand, we find that the lower-energy
MLCT band of CYC-B12 slightly red-shifted and the corre-
sponding ¢ value increased. These results indicate that the
thieno[3,2-b]thiophene is a superior spacer in reinforcing the
light-harvesting ability of ruthenium dyes. To gain more insights
into these absorption bands of CYC-B12 and to investigate the
position of TBA cation, the time-dependent density functional
theory (TD-DFT) calculation of the singlet—singlet electronic
transition for CYC-B12 (a) and CYC-B12 (b) were performed
based on the corresponding optimized geometry calculated at the
B3LYP/DGDZVP level, and the calculated absorption spectra
are also presented in Figure 3. The experimental and TD-DFT
calculated absorption spectra of CYC-B12 in DMF show a good
match based on the excitation energy. The calculated absorption
profile of CYC-B12 (a) and CYC-B12 (b) are both close to the
experimental result. Given the broad features of CYC-B12
absoption band it is difficult to attribute a specific TBA docking
site. Therefore TBA cation may be either on the pyridine trans to
NCS group (CYC-B12 (a)) or pyridine trans to pyridine (CYC-
B12 (b)) when CYC-B12 is dissolved in DMF. The location of
cation in monoprotonated heteroleptic ruthenium sensitizers
may be different at various solvent environment. For clarifying
the docking site of TBA in CYC-B12, the TD-DFT calculations
with different solvents and TiO, cluster is now in progress.
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Figure 3. Comparison between experimental and theoretical absorp-
tion spectra of CYC-B12 in DMF. The calculated spectra of CYC-B12
(a) and CYC-B12 (b) were obtained by Gaussian convolution with ¢ =
0.15 eV.

On the other hand, to know how the excited state transitions
related to the electron transfer in CYC-B12 dissolved in DMF,
the major orbital contributions of the transitions with energy
lower than 2.48 eV were analyzed since they play an important
role in converting low-energy photons into electricity when used
in DSSCs. The excitation energies, oscillator strengths and their
corresponding transition assignments of both CYC-B12 (a) and
CYC-B12 (b) are listed in Table 1. The TD-DFT calculation
data reveal that the experimental absorption band centered at
555 nm is mainly contributed from the 547.2 and 541.1 nm
excitations with the high oscillator strength of 0.1582 and 0.1301,
respectively for CYC-B12 (a). The calculated vertical transition
data for CYC-B12 (b) are close to those for CYC-B12 (a). The
MLCT band is majorly from 551.7 and 550.5 nm excitations with
the oscillator strength of 0.1554 and 0.0548, respectively. In these
transitions, the Ru-NCS mixed orbitals (such as HOMO-1 and
HOMO-2) and the 7* orbitals of anchoring ligand (LUMO and
LUMO+1) are predominantly involved (the electron localiza-
tion on these orbitals are shown in Figure 2). Both transition
bands are regarded as metal-to-ligand charge transfer transitions
which are known as the most important/high efficient first step
to convert photon into electricity in DSSC. The high molar
absorption coefficient for the band center at S35 nm (which is an
effective MLCT transition) suggests that CYC-B12 is a good
sensitizer to be applied in DSSCs.

The energy levels of the ground and excited states for CYC-
B12 were estimated by square-wave voltammetry in combination
with the optical transition energy, E, ¢, determined from the
absorption onset. These values are important to understand
whether there is enough driving force to inject electrons into the
TiO, conduction band and to regenerate the neutral dye by
electron donation from the redox electrolyte present in the cell.
The oxidation potential of CYC-B12 is 0.98 V versus NHE
(—5.48 eV versus vacuum), which is ca. 0.58 V more positive
than the redox potential of the iodide/triiodide couple used in
the liquid electrolyte. The optical transition energy, Eq_,, for
CYC-B12 is 1.58 eV and by neglecting the entropy changes
during excitation, the excited-state redox potential, $°(S*/S*) is
—0.60 V versus NHE (—3.90 eV versus vacuum), which is more
negative than the potential (ca. —0.50 V versus NHE) of the
TiO, (anatase) conduction band edge. These results clearly show
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Table 1. Properties of Ground-State Vertical Excitation with the Energy Lower 2.48 eV and Oscillator Strengths (f) Larger

than 0.01

transition energy/nm oscillator strength (f)

transition assignment (H=HOMO); L = LUMO)

CYC-B12 (a)

644.7 00167 H—L (85%), H—L+1 (11%).

6134 0.0700 H—L+1 (78%), H—L (12%), H-1—L+1 (4%).

547.2 0.1582 H-1—L+1 (48%), H-2—L+1 (31%), H-1—L (15%).

541.1 0.1301 H-2—L (70%), H-2—L+1 (21%), H-1—L+1 (5%).

518.5 0.0189 H-2—L+1 (39%), H-2—L (20%), H-1—L+1 (14%), H-1—L (9%), H—L+1 (6%), H —L+2 (5%), H—L+3 (2%).
CYC-B12 (b)

6264 00719 H—L (88%), H-2—L (5%).

604.9 0.0455 H—L+1 (79%), H-2—L+1 (7%), H—L (4%), H-1—L+1 (3%), H-2—L (2%).

5517 0.1554 H-1—L+1 (47%), H-2—L+1 (22%), H-1—L (13%), H-2—L (12%), H—L (2%).

550.5 00548 H-2—L (73%), H-2—L+1 (15%), H-1—L (4%), H—L (2%).

520.2 0.0708 H-2—L+1 (47%), H-1—L+1 (17%), H—L+1 (13%), H-1—L (11%), H—L+2 (4%).

15 Table 2. Detailed Photovoltaic Parameters of CYC-B12 and
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Figure 4. (a) Photocurrent density—voltage characteristic curves under
full sunlight (AM 1.5G, 100 mW cm2) of devices A and B sensitized
with CYC-B12 or Z907Na in combination with the low-volatile
electrolyte, Z946. (b) The corresponding incident photon-to-current
action spectra of devices sensitized with CYC-B12 or Z907Na.
(Thickness of TiO, film thickness is 3 um; cell active area tested with
a mask: 0.158 cm?.)

that the energy levels of the ground and excited states for CYC-
B12 match well the energetic requirements of a dye for efficient
charge generation in DSSCs.?

In DSSC devices, thicker TiO, films have higher surface
area and thus enhancing the light-harvesting efficiency of dye-
sensitized TiO, films, increasing the short-circuit photocurrent
density (J,.). However, the open-circuit photovoltage (V)
decreases with increasing the film thickness, due to higher surface
area increases also the undesired dark current (due to an increase
of surface trap states). Hence, initially the 3 4m thin TiO, films
were used to fabricate DSSCs, taking the advantage of the high

20047

7907Na-Sensitized Devices under AM 1.5G Simulated Sun-
light (100 mW/ cm?) Ilumination

TiO, thickness Jse
dye (um) electrolyte (mA/ ecm®) Voo (V) FE 7 (%)
CYC-B12 3 7946 11.8 0.733 071 62
Z907Na 3 7946 9.5 0.763 0.74 53
CYC-B12 7+S 7946 16.3 0.705 0.70 82
Z907Na 745 7946 14.8 0.763 0.70 7.9
CYC-B12 745 7960 17.9 0.703 0.74 94

optical cross section of CYC-B12 compared to Z907Na*®
sensitizer. These cells employed an electrolyte (Z946), contain-
ing 1.0 M 1,3-dimethylimidazolium iodide (DMII), 0.15 M L,
0.5 M N-butyl benzimidazole (NBB) and 0.1 M guanidinium
thiocyanate (GNCS) as solutes, 3-methoxypropionitrile as the
solvent. The characteristic J—V curves of the devices sensitized
with CYC-B12 or Z907Na are displayed in Figure 4a. Encoura-
gingly, even with such thin titania film and low-volatile electro-
Iyte, device (device A) based on CYC-B12 in the presence of
DINHOP™ as a coadsorbent (4:1 molar ratio in the dye
solution) provides a J,. of 11.8 mA/ cm? a V,. of 0.733 V and
a FF (fill factor) of 0.71, yielding an overall power conversion
efficiency (PCE) of 6.2% under illumination with standard AM
1.5G simulated sunlight (100 mW/ cm?). Under the same
conditions, the PCE of Z907Na sensitized cell (device B) is
only 5.3%. The detailed photovoltaic parameters of devices are
summarized in Table 2. The major difference in the photovoltaic
performance between these two cells is the J;, which was further
verified from the corresponding incident-photon to current
conversion efficiency (IPCE) spectra illustrated in Figure 4b.
The results reveal the potential of CYC-B12 to be employed in
the all-solid-state, plastic and transparent dye sensitized solar
cells where thinner TiO, films are required.

A device (device C) based on CYC-B12 employed a double-
layered TiO, film (7 + S) um and the low-volatile electrolyte,
7946, was also fabricated and its J—V characteristic curve is
displayed in Figure Sa. The photovoltaic parameters are ], =16.3
mA/cm?, Ve =0.705 V and FF = 0.70, as summarized in Table 2,
yielding the PCE of 8.2%. The corresponding IPCE spectrum is
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Figure S. (a) Photocurrent density—voltage characteristic curves of
device C and D sensitized with CYC-B12 conjunction with Z946 and
7960, respectively and measured under AM 1.5G simulated sunlight
illumination (100 mW/cm?) and in dark. (b) The corresponding
incident photon-to-current action spectra of devices. (Thickness of
TiO, film: (7 + 5 um); cell active area tested with a mask: 0.158 cm?.)

shown in Figure Sb which exhibits a plateau of over 70% from 450
to 670 nm, with the maximum of 81% at 570 nm. On the other
hand the efliciency for Z907Na sensitized device fabricated with
the same procedures is 7.9%.>> The detailed photovoltaic para-
meters are listed in Table 2. Apparently the efficiency of CYC-
B12 containing devices is higher than the devices with Z907Na
dye. The higher J,. for CYC-B12 based device (compared to that
sensitized with Z907Na) is mainly due to the higher light
absorption capacity of CYC-B12. As expected, the J;. for thick
film device (device C) is also higher than that for the thin film
device (device A). However, CYC-B12 yields a 58 mV lower V.
than Z907Na indicating a faster interfacial electron recapture by
triiodide with the former compared to the latter device. This
might be caused by the lower CYC-B12 loading and therefore
more naked TiO, surface might be exposed to the electrolyte. To
prove this supposition, the dye loading of both CYC-B12 and
Z907Na on 8 um thick transparent TiO, film was measured. It
was found that the amount of CYC-B12 dye (2.31 x 10 % mol)
on the surface of TiO, is almost two times lower than that of
Z907Na dye (4.18 x 10 * mol), which accounts for the lower
Vi value of device sensitized by CYC-B12.

The composition of the electrolyte exerts a strong effect on the
performance of CYC-B12 sensitized devices. The J—V curve for
device D used a standard volatile electrolyte coded Z960
(the composition of Z960 electrolyte can be found in the
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Figure 6. Transient photoelectrical measurements of device C and D
based on CYC-B12 in conjunction with Z946 and Z960 electrolyte,
respectively. (a) Chemical capacitance of devices as a function of V.. (b)
Recombination lifetime of devices as a function of photoinduced charge

density.
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Figure 7. Evolution of the photovoltaic parameters (J, Vo, FF, and 77)
for the device C sensitized with CYC-B12 in combination with a low-
volatile liquid electrolyte (Z946) during the visible light-soaking (1 sun;
100 mW/cm?) at 60 °C.

Experimental Section) is also displayed in Figure Sa. Device D
provides a J,. of 17.9 mA/cm?, a V. of 0.703 V and a FF of 0.74,
yielding a high conversion efficiency of 9.4%. The corresponding
IPCE spectrum presented in Figure Sb shows a plateau of over
80% from 460 to 620 nm with the maximum of 88% at 560 nm.
The difference in J,. for device C and D can be rationalized in
terms of the physical diffusion of iodide/triiodide in the
electrolyte.”*” In general, a faster transportation of iodide/
triiodide can be achieved in a higher volatile electrolyte. Z960
electrolyte (for device D) has lower viscosity and lower concen-
tration of triiodide compared to Z946 electrolyte (for device C).
Electrolyte with low viscosity and triiodide concentration bene-
fits the dye regeneration and the charge carrier collection
eﬂiciency.”’38 It is also known that the V. of a DSSC is
determined intrinsically by the potential difference between the
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quasi-Fermi level of the semiconductor (TiO,) and the redox
potential of the hole-conductor (or electrolyte). Nevertheless,
the V,. will be affected by a shift of TiO, conduction band edge39
as well as the degree of electron recombination.***' To scrutinize
the difference in the electron recombination dynamics between
injected electrons in CYC-B12 sensitized TiO, and triiodide, the
transient photoelectrical measurements*** were performed.
The chemical capacitance of device C and D as a function of
V. showed in Figure 6a reveals in the same distribution of the
surface trap states when different liquid electrolytes are used. In
spite of this, the recombination lifetime of device D is remarkably
longer than that of device C at high photoinduced charge density
although at low charge density the difference is small (see
Figure 6b). These results reveal that the well-modulated Lil
and tert-butylpyridine concentration in Z960 electrolyte can
effectively facilitate the electron injection and retard the charge
recombination***® and are responsible for the higher efficiency
of device D. Furthermore, we can compare the photovoltaic
performances of device C and device D with the corresponding
devices sensitized by CYC-B13.*® The higher J. achieved by
CYC-B12 based device is attributed to the increase in the light-
harvesting ability.

In addition to the photon-to-current conversion efficiency,
the stability of photovoltaic device is also a critical factor for
the practical application. To demonstrate the durability of the
device sensitized by CYC-B12, device C was subjected to the
accelerated aging test performed under the illumination with the
visible light (1 sun; 100 mW/cm?) at 60 °C. As displayed in
Figure 7, the photovoltaic parameters J, Vo, FF, and 7 of the
device C slightly changed to 16.8 mA/ cm?, 0.676 V, 0.70, and
7.9%, respectively and the 7 retained 96% of its initial value after
1000 h of light soaking and thermal stressing. The preliminary
results reveal that CYC-B12 can sustain excellent stability under
prolonged light soaking at elevated temperatures. The thie-
nothiophene-linked carbazole antennas on CYC-B12 not only
can effectively prevent the desorption of the self-assembled dye
molecules, induced by water during the accelerated aging pro-
cess, but also can maintain the light-harvesting ability of the
corresponding DSSC device. Furthermore, by comparing the
stability of the devices sensitized by CYC-B13*° and CYC-B12, it
seems that having EDOT or thieno[3,2-b]thiophene as 7-bridge
in the ancillary ligand show little influence on the device stability.
To diagnose the changes of the photovoltaic parameters for the

20049

device during the long-term light-soaking and thermal stressing
test, the transient photovoltage measurements were performed
on the device C before and after aging. Figure 8a displays the
open-circuit voltage as a function of the incident light intensity.
Under the same light intensity, the V. decreases upon aging,
indicating that after light soaking, the conduction band edge of
TiO, may undergo a downward shift (to more positive
potentials), resulting in slightly decreasing the open circuit
voltage. This scenario has been observed previously in DSSCs,
was attributed to the photoinduced proton intercalation of the
titania.*” To clarify the V,,. degrading mechanism upon aging, the
transient photoelectrical studies were performance and the
results are displayed in Figure 8. The chemical capacitance for
both fresh and aged device C increases exponentially with
increasing light intensity. At the identical V., the capacitance
of the aged device C is higher than that for the fresh one
(Figure 8b), revealing a larger density of surface trap states below
the conduction band edge caused by 1000 h light soaking.
Furthermore, at the same photoinduced charge density
(1 x 10" em >, for example) the recombination lifetime (3.6 ms)
for the aged device C is significantly shorter than that (73.0 ms)
for the fresh device C as shown in Figure 8c. In spite of this, the
overall conversion efliciency for the aged device C is close to
that of the fresh device C because the increase in charge
recombination rate can be compensated by increasing the
short-circuit current upon aging.

4. CONCLUSION

In summary, we report a new high light-harvesting ruthenium
sensitizer, CYC-B12, endowed with a new antenna consisting of
the sequential connection of a thienothiophene conjugated
bridge and carbazole hole-transport moiety. DSSC based on this
new sensitizer with a volatile liquid electrolyte exhibits a 9.4%
conversion efficiency under AM 1.5G sunlight. Excellent cell
stability under prolonged light soaking and thermal stressing is
also demonstrated with a low-volatility liquid electrolyte. The
physicochemical data clearly show that CYC-B12 is a good dye
for efficient and robust DSSCs. Moreover, the transient photo-
electrical data for the devices with different electrolytes indicate
that the variation in the electron recombination lifetime, due to
the change in the triiodide concentration, is the main reason for
the divergence of the cell performance.
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