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ABSTRACT: In the efficient cosensitization, the pure organic sensitizers with
high molecular extinction coefficients and long wavelength response are highly
preferable since the dye loading amount for each dye in cosensitization is
decreased with respect to single dye sensitization. A D-A-7-A featured
quinoxaline organic sensitizer IQ21 is specifically designed. The high
conjugation building block of 4H-cyclopenta[2,1-b:3,4-b’]dithiophene
(CPDT) is introduced as the « bridge, instead of the traditional thiophene
unit, especially in realizing high molecular extinction coefficients (up to 66 600
M™ cm™') and extending the light response wavelength. With respect to the
reference dye 1Q4, the slightly lower efficiency of 1Q21 (9.03%) arises from the
decrease of V¢, which offsets the gain in Jsc. While cosensitized with a smaller
D-7-A dye S2, the efficiency in IQ21 is further improved to 10.41% (Jsc = 19.8
mA cm ™%, Voc = 731 mV, FF = 0.72). The large improvement in efficiency is
attributed to the well-matched molecular structures and loading amounts of both
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dyes in the cosensitization system. We also demonstrated that coabsorbent dye S2 can distinctly compensate the inherent
drawbacks of IQ21, not only enhancing the response intensity of IPCE, making up the absorption defects around low wavelength

region of IPCE, but also repressing the charge recombination rate to some extent.
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B INTRODUCTION

The increasing demand for clean and renewable energy has
aroused great enthusiasm for solar energy conversion in a
global scale. In dye-sensitized solar cells (DSSCs),"* the donor-
7 bridge-acceptor (D-7-A) model has been well-recognized as
constructing high-performance organic sensitizers.>™> Tts
specific intramolecular charge transfer (ICT) band is extremely
helpful to harvest sun light and thus to generate photocurrent
in solar cells. However, the ICT absorption band in most
organic sensitizers is not broad enough to efficiently cover the
solar photon-flux spectrum, alone with an unpreferable incident
photon-to-current conversion efficiency (IPCE). Except
ruthenium complexes and porphyrin-based dyes, the photo-
voltaic efficiency for the majority of metal-free pure organic
sensitizers always falls in the range of 3—9%.'°"'* Indeed, the
efficiency greater than 10% based on pure organic sensitizers is
rarel?r achieved, especially with traditional iodine electro-
Iyte. (519

In this respect, the cosensitization based on multiple dyes as
“dye cocktails”?®">® has been exploited, especially in
compensating and broadening the light response region.””*
In the specific cocktail cosensitization, two or more kinds of

-4 ACS Publications  © 2015 American Chemical Society

dyes with complementary absorption spectra are coadsorbed
onto the TiO, photoanode. Generally, the cosensitization
strategy needs well-understood intermolecular interactions
between or among the coadsorbed dyes, especially with the
matchable size, shape, and orientations as well as compensating
light-harvest. Also we have to delicately optimize the loading
ratio or time of coadsorbed dyes. For the eflicient
cosensitization, the pure organic sensitizers with high molecular
extinction coefficients and long wavelength response are highly
preferable since the dye loading amount for each dye in
cosensitization is decreased with respect to single dye
sensitization. Until now, except for ruthenium complexes®” or
porphyrin dyes,” ' the strategy with cosensitization approach
has often been quite unsuccessful so far in conjunction with
pure organic sensitizers.

Herein we focus on the absorption capability and response
wavelength of pure organic dyes and employ a cosensitization
strategy to the quinoxaline-based dye 1Q21 (Figure 1) for
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Figure 1. Chemical structures of sensitizer IQ21, cosensitizer S2, and
reference dye IQ4.

enhancement in photovoltaic efficiency. On the basis of the
rational molecular design, the high conjugation buﬂdln§ block
of 4H-cyclopenta[2,1-b:3,4-b']dithiophene (CPDT)**™*° is
introduced as the 7 bridge, instead of the traditional thiophene
unit, especially in realizing high molecular extinction
coefficients (up to 66600 M™* , 2.60-fold greater than
that of the reference dye IQ'4-3'6 and extending the 11 ht
response wavelength. Moreover, a D-7-A featured dye $2*
screened as coadsorbent dye for efficiently filling the absorptlon
valley of IQ21 in the range of at 300—470 nm. Because of the
distinct increase in molar coefficient and the matchable
absorption in light harvesting, the delicate cosensitization
with IQ21 and S2 realizes a promising high efficiency of
10.41% under AM 1.5G illumination at 100 mW cm™. We
provide a clear method how to rationally increase molecular
extinction coefficients, and step by step optimize photovoltaic
efficiency with cocktail cosensitization, along with exploring
cosensitized dye with matchable molecular size, shape, and
orientations.

B EXPERIMENTAL SECTION

Characterization. 'H and *C NMR spectra were recorded on
Bruker AVANCE I11-400 MHz (100 MHz for '*C NMR) instruments
with tetramethylsilane as internal standard. High-resolution mass
spectrometry (HRMS) was performed using a Waters LCT Premier
XE spectrometer. The absorption spectra of sensitizer dyes in solution
and adsorbed on TiO, films were measured with a Varian Cary S00
spectrophotometer. The cyclic voltammograms (CV) were determined
with a Versastat II electrochemical workstation (Princeton Applied
Research) using a three-electrode cell with a Pt working electrode, a Pt
wire auxiliary electrode, and a saturated calomel (SCE) reference
electrode in saturated KCI solution, and 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF) was used as the supporting electrolyte
in CH,CL,. Ferrocene was added to each sample solution at the end of
the experiments, and the ferrocenium/ferrocene (Fc/Fc*) redox
couple was used as an internal potential reference.

Synthesis. The synthetic route is depicted in Scheme S1 in
Supporting Information. IQ21 was synthesized from the starting
material of 5,8-dibromo-2,3-diphenylquinoxaline and obtained in a
moderate yield via common Suzuki coupling and Vilsmeier—Haack
and Knoevenagel condensation reactions.

Synthesis of 1Q21. A mixture of aldehyde 21c (150 mg, 0.16
mmol) and cyanoacetic acid (17 mg, 0.20 mmol) in acetonitrile (16
mL) was refluxed in the presence of piperidine (0.5 mL) for 7 h under
argon. After it cooled, the mixture was diluted with CH,Cl,, washed
with water and brine, dried over Na,SO, and evaporated under
reduced pressure. The crude product was purified by column
chromatography with 1% acetic acid in CH,Cl, on silica gel to yield
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the product as a purple powder (100 mg, 0.10 mmol, yield 63%). 'H
NMR (400 MHz, deuterated tetrahydrofuran (THF-dg,) ppm): § 8.24
(d, J = 8.8 Hz, 2 H), 7.90 (s, 1 H, thienyl-H), 7.77 (d, J = 8.0 Hz,
phenyl-H), 7.63—7.73 (m, 4 H, phenyl-H), 7.51-7.58 (m, 3 H,
phenyl-H), 7.43 (d, ] = 8.0 Hz, phenyl-H), 7.27—7.36 (m, 3 H, phenyl-
H), 7.10—7.24 (m, 4 H, phenyl-H), 7.04 (d, ] = 8.4 Hz, phenyl-H),
6.89 (d, ] = 8.0 Hz, phenyl-H), 4.73—4.83 (m, 1 H, indoline-CH-),
3.76—3.86 (m, 1 H, indoline-CH—), 2.20 (s, 3 H, indoline-CHj,),
1.99—2.10 (m, 1 H, indoline-CH,—), 1.87—1.99 (m, 5 H, indoline-
CH,— and thienyl-CH,C,H ), 1.79—1.86 (m, 1 H, indoline-CH,—),
1.69—1.79 (m, 1 H, indoline-CH,—), 1.41—1.55 (m, 2 H, indoline-
CH,-), 1.03—1.22 (m, 20 H, thienyl-CH,CH,,C,H,), 0.86—1.02 (m,
4 H, thienyl-C¢H,,CH,CHj), 0.64—0.75 (m, 6 H, thienyl-C,H,,CH5).
BC NMR (100 MHz, THF-dg, ppm): § 161.95, 158.15, 151.36,
151.13, 149.27, 147.72, 146.44, 145.01, 140.52, 139.83, 139.30, 130.25,
138.90, 138.64, 137.00, 136.76, 134.31, 130.89, 130.34, 130.07, 129.85,
129.49, 128.87, 128.55, 128.45, 128.18, 128.14, 127.81, 127.70, 127.00,
12036, 119.79, 11647, 106.81, 69.06, 53.64, 45.51, 37.80, 35.07,
33.65, 31.81, 30.06, 29.29, 22.52, 19.01, 13.45. IR (KBr-pellet, cm™):
3421.4,3028.9, 2925.6, 2854.1, 1716.1, 1682.9, 1604.3, 1565.5, 1513.6,
1490.6, 1378.0, 805.6, 695.5. HRMS (ESL m/z): [M + H]* caled for
CeHgoN,0,S, 1025.4862, found 1025.4873.

Dye-Sensitized Solar Cell Fabrication and Photovoltaic
Performance Measurements. A double-layer TiO, photoelectrode
17 pm in thickness, composed of a 12 ym thick nanoporous layer
(DYSOL 18NR-T) and a 5 um thick scattering layer (area: 0.12 cm?),
was prepared by screen printing on conducting glass substrate. The
TiO, electrodes were gradually heated under an air flow at 275 °C for
S min, at 325 °C for § min, at 375 °C for S min, at 450 °C for 15 min,
and at 500 °C for 15 min. The sintered film was further treated with
0.2 M TiCl, aqueous solution at room temperature for 12 h, then
washed with water and ethanol, and annealed at 450 °C for 30 min.>’
A TiO, electrode was dipped in the solution of Q21 with 3 X 10™* M
concentration in CHCly/EtOH (v/v, 7/3) for 12 h, rinsed with
ethanol, and then dipped in $2 solution (1 X 107 in CHCl,/ethanol
(7/3)) for 1—8 h. Photovoltaic measurements were performed in a
sandwich-type solar cell in conjunction with an electrolyte consisting
of a solution of 0.6 M dimethylpropyl-imidazolium iodide (DMPII),
0.05 M I, 0.1 M Lil, and 0.5-1.0 M tert-butylpyridine (TBP) in
acetonitrile (AN). The dye-deposited TiO, film and a platinum-coated
conducting glass were separated by a Surlyn spacer (40 ym thick) and
sealed by heating the polymer frame. Photocurrent density—voltage
(I-V) of sealed solar cells was measured with a metal mask of 0.12
cm?, under illuminating the cell through the conducting glass from the
anode side with a solar simulator (WXS-1555-10) at AM 1.5
illuminations (light intensities: 100 mW cm™2). IPCE measurements
were made on a CEP-2000 system (Bunkoh-Keiki Co. Ltd.).

Electronic impedance spectra (EIS) were recorded over a frequency
range from 1 X 1072 to 1 X 10° Hz at 25 °C, based on an impedance
analyzer (Solartron Analytical, 1255B) connected with a potentiostat
(Solartron Analytical, 1287) under illumination using a solar simulator
(WXS-155S-10: Wacom Denso Co. Japan). The applied bias voltage
and alternating current amplitude were set at the V.. of DSSCs,
characterized using Z-View software (Solartron Analytical).

B RESULTS AND DISCUSSION

Enhancement in Molar Extinction Coefficients and
Light Response. Sensitizers with high extinction coefficients
show several advantages for application in DSSCs. First, such
dyes allow reduced thickness of TiO, electrode, which results in
less charge recombination sites and enables new electrolyte
systems that are difficult to penetrate deeply into the
mesoporous TiO, electrode. Second, high extinction coef-
ficients are beneficial to the cosensitization strategy because the
dye loading amount for each dye is decreased in the
cosensitization process with respect to single dye sensitization
due to the competitive dye adsorption. Recently, a prototype of
D-A-7-A concept has become attractive, especially for
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constructing long wavelength response, high photovoltage, and
photo/thermal stable organic sensitizing dyes.'> The internal
“A” in the prototype is usually composed of an electron-
withdrawing chromophore, such as benzothiadiazole, benzo-
triazole, quinoxaline, and so on.>’7%° As shown in Figure 1, the
target dye IQ21 was designed on the basis of our previously
reported D-A-7-A dye 1Q4 with a high well-performed
efficiency of 9.24%. The incorporation of an efficient building
block CPDT in IQ21 is aimed at enhancing its light-harvesting
ability.

Figure 2a shows the absorption spectra of dye IQ21, along
with the reference dye 1Q4 in CH,Cl,. Notably, IQ21 presents
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Figure 2. Absorption spectra of IQ21, reference dye IQ4, and
cosensitizer $2: (a) in CH,Cl,, (b) on 4 ym TiO, thin films. Note: dye
S2 is screened as cosensitizer since it has a matchable molecular size
with a strong absorption band in the 400—500 nm region, which is
well-compensated with the optical loss of IQ21.

an obvious red shift in the maximum visible absorption
wavelength by ~30 nm with respect to 1Q4, which arises from
the introduction of a large s-linker CPDT unit. Moreover,
1Q21 exhibits 2.6-fold higher molar extinction coefficient (6.66
x 10* M™! cm™) than IQ4 at absorption band (Table 1). As
expected, replacing the thiophene unit (IQ4) with CPDT unit
(I21) provides a distinct advantage for quinoxaline-based D-A-
m-A type sensitizers, greatly enhancing molar extinction
coefficient and light response with red shift in absorption
band, which is important for obtaining high light-harvesting. In
contrast, IQ21 loses the absorption band around 420 nm,
which apparently exists in 1Q4, upon changing the z-bridge
from thiophene to CPDT. Here the lower absorbance of IQ21
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Table 1. Photophysical and Electrochemical Data of 1Q21,
Reference Dye 1Q4, and Cosensitization Dye S2

Anax I Amax ODL
soluticzzn L TiOZb HON‘[:O EO_% LUMdO
dyes  [nm]® [M7 em™]*  [nm] (vl [v] (vl
S2 478 32900 465 1.02 2.06 —1.04
1Q4 531 25700 497 0.89 1.93 —1.04
422 21500
332 35900
1Q21 587 66 600 518 0.84 1.92 —1.08
346 44 800

“Absorption peaks (4,,.,) and molar extinction coefficients (&) in the
mixed solution of CH;OH and CHCl, (v/v = 1:4). bAbsorption peaks
on TiO, films. ‘HOMO measured in CH,Cl, with cyclic voltammo-
grams (CV) at the scan rate of 100 mV/s. 9E,_, estimated from the
absorption thresholds in absorption spectra of dyes adsorbed on TiO,
film, LUMO estimated by subtracting E,_, from the HOMO.

at ~400 nm region might decrease its light-harvesting ability in
the corresponding wavelength. Therefore, the cosensitization
strategy was considered for optimizing the performance of
IQ21. Since the specific cocktail cosensitization requires
suitable matches in absorption spectra and molecular structure
as well as molecular size, we choose the cosensitizer S2 (Figure
1) as a screen since it has a matchable molecular size with a
strong absorption band in the 400—500 nm region (Figure 2a),
which may well-compensate the corresponding optical loss of
1Q21.

Moreover, the absorption spectra of 1Q21, IQ4, and S2
loaded TiO, films are shown in Figure 2b. Although the
absorption band (4,,) of both 1Q21 and IQ4 are bath-
ochromically shifted relative to those in CH,Cl, solution
(Table 1) due to the intermolecular interaction, the maximum
absorption wavelength of IQ21 is still 20 nm longer than that
of IQ4. Additionally, with the same thickness of TiO, films, the
absorbance of IQ21-loaded film is higher than the case of IQ4
in the range of 430 to 700 nm. On the other hand, the
absorbance of IQ21 below 435 nm is lower than that of
reference dye IQ4, which is in agreement with the absorption
profiles in CH,Cl, solution (Figure 2a). Obviously, the
absorption valley of dye IQ21 is expected to be filled by
cosensitization with dye S2 because the latter shows high
absorbance at short wavelength region.

Cosensitization Effect on Jsc with Compensating
Short Wavelength IPCE. Considering the reported reference
dye IQ4 with a well-performed photovoltaic efficiency of
9.24%,%° we are convinced that 1Q21 with stronger light-
harvesting ability should exhibit enhanced photovoltaic
performance. For a clear view, a direct comparison with in-
depth examination was done. The current—voltage (J—V)
curves of solar cells sensitized with IQ4 and IQ21 measured
under standard AM 1.5G simulated solar irradiation are
depicted in Figure 3a, and their photovoltaic parameters are
listed in Table 2. Unexpectedly, under the same condition, the
DSSCs based on IQ21 showed the photovoltaic efficiency of
9.03%, which is a little lower than that of reference dye 1Q4
(9.24%). According to the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels of both dyes in Table 1, we can rule out the
mismatch possibility in energy level since the driving forces for
the efficient electron injection and dye regeneration of 1Q21
and IQ4 are thermodynamically favorable. Indeed, as expected,
the Jsc of IQ21 was increased by 4.3% from 17.6 (1Q4) to 18.3
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Figure 3. (a) J-V curves for DSSCs based on IQ21 and reference dye
IQ4 under AM 1.5G simulated solar light (100 mW cm™) and (b)
IPCE spectra on IQ21 and reference dye IQ4 under dark. Note: with
respect to IQ4, the slightly lower efficiency of IQ21 arises from the
decrease of V¢, which offsets the gain in Jgc.

Table 2. Photovoltaic Parameters of DSSCs Based on
Reference Dye 1Q4, IQ21, Cosensitization of IQ21 and S2
Obtained from Four Parallel Devices under Simulated AM
1.5 Sunlight

dyes Jsoo mA cn 2 Voo, mV FF 1, %
1Q4 17.6 (£0.1) 740 (£5)  71.0 (+0.5) 9.2 (+0.3)
1Q21 18.3 (£02) 711 (+4) 694 (+0.3) 9.0 (+0.2)
1Q21+S2 19.8 (£0.2) 731 (£5) 720 (£03) 104 (+0.3)
(1 h) device
D1¢
1Q21+S2 132 (£0.1) 732 (¥2)  70.0 (+0.5) 6.8 (+0.1)
(8 h) device
D8*
S2+ IQ21 183 (£03) 715 (¥2)  68.6 (+0.2) 9.0 (+0.2)
(1 hz device
DS1
$2+ 1Q21 16.0 (£0.2) 733 (£3)  71.0 (+0.5) 8.3 (+0.2)
(8 h)) device
DS8

“For devices D1 and D8, a TiO, electrode was dipped in the solution
of IQ21 with 3 X 10™* M concentration in CHCL,/EtOH (v/v, 7/3)
for 12 h, rinsed with ethanol, and then dipped in cosensitizer $2 (1 X
10™* M) solution for 1 or 8 h. *For devices DS1 and DS8, a TiO,
electrode was dipped in the solution of cosensitizer 2 with 1 x 107*
M concentration in CHCl;/EtOH (v/v, 7/3) for 1 or 8 h, rinsed with
ethanol, and then dipped in IQ21 (1 X 10™* M) solution for 12 h.
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mA cm 2 However, the V. was decreased by 3.9% from 740
(IQ4) to 711 mV (IQ21). To be exact, the slightly lower
efficiency of IQ21 is caused by the decrease of V¢, which
offsets the gain in Jsc. Comparing the IPCE spectra of both
dyes, the device sensitized with IQ21 displayed broader plateau
region (420—700 nm) than that of IQ4 (400—650 nm).
Moreover, the excellent light-harvesting in long wavelength
region extended to over 800 nm (Figure 3b). Indeed, because
of the large conjugation bridge of CPDT, the broader plateau
with long wavelength response results in an observed higher Jsc
for IQ21. More carefully, the IPCE plateau of IQ21 is a little
lower than that of IQ4 in the range of 450—640 nm, which
probably results from the longer or larger size of 1Q21 than
IQ4, making the binding geometry of IQ21 on TiO, more
tilted than that of IQ4, leading to fast charge recombination
between the dye radical cation and electron in TiO, and
resultant lower IPCE values for 1Q21.°"°* Therefore, the
performance of IQ21 could be further enhanced if the IPCE
plateau could be improved, especially at short wavelength
region.

To further optimize the performance of 1Q21, a D-z-A dye
of 82 with two long branched chains was employed as a partner
in cosensitization because its short wavelength region (Figure
2) can compensate the light harvesting of 1Q2. Additionally,
incorporation of two 2-ethylhexyl groups at the triphenylamine
donor side in S2 is expected to retard unfavorable aggregation.
Generally, the loading ratio of cosensitized dyes plays an
important role in the photovoltaic performance. We first
optimized the dipping time of IQ21-TiO, electrode in solution
of §2 to change the loading ratio between IQ21 and S2. The
cosensitized TiO, electrode was first dipped in IQ21 solution
(300 uM in CHCl,/ethanol (7/3)) for 12 h, rinsed with
ethanol, then dipped in S2 solution (100 M in CHCl,/ethanol
(7/3)) for 1 or 8 h, indicated as 1Q21+S2 (1 h, denoted as
device D1) and 1Q21+S2 (8 h, denoted as device D8),
respectively. More cocktail details with other cosensitized dyes
are shown in Table S1 in Supporting Information. Apparently,
the cosensitizer of S2 makes a preferable contribution to the
photovotatic performance, probably due to the matching
molecular size between IQ21 and S2. Additionally, we checked
the kinetic progress in the diffusion length (Figure S1 in
Supporting Information) by measuring the wavelength-depend-
ent ratio (r(CE/PE)) of photocurrents generated by illuminating
DSSCs from the counter-electrode side (CE) versus photo-
electrode side (PE).*® It is easy to find that the electrons
injected by cocktail cells based on IQ21 and S2 can be
efficiently collected in different kinds of conditions.

Upon cosensitization with S2 for 1 h, the Jsc in device D1
successfully realized an increase from 18.3 (without cosensitiza-
tion) to 19.8 mA cm™* (Table 2). In contrast, when increasing
the dipping time longer to 8 h (device D8), a negative
contribution to the cosensitization was observed; that is, the Js¢
in device D8 was decreased sharply from 18.3 (without
cosensitization) to 13.2 mA cm™>. Meanwhile, the Vi for
cosensitization devices D1 or D8 of 1Q21+S2 maintained at
almost the same level (Table 2), whether dipping in S2 for 1 or
8 h. Obviously, the dipping time is very critical to the Jy¢, rather
than V. Figure S2 in Supporting Information shows the color
change in TiO, adsorption electrodes with different times.
Obviously, after dipping for 8 h in S2 solution, the adsorption
amounts of IQ21 in device D8 are distinctly less than those of
device D1 (dipping for 1 h), which has also been proved by the

desorption measurements (Table S2 in Supporting Informa-

DOI: 10.1021/am508623e
ACS Appl. Mater. Interfaces 2015, 7, 5296—5304


http://dx.doi.org/10.1021/am508623e

ACS Applied Materials & Interfaces

Research Article

tion). Upon coadsorption of S$2 for 1 and 8 h, the adsorption
amount of IQ21 was decreased from 1.6 to 1.4 and 1.1 X 1077
mol cm™? respectively. That is, the adsorption of 1Q21 with $2
is kinetically competitive. Upon increasing the dipping time, the
originally adsorbed IQ21 can be occupied by the cosensitized
dye S2. As shown in Figure S3 in Supporting Information, it is
obvious that, by changing the dipping time, 1 h dipping time in
$2 solution is the optimized condition. Accordingly, with
cosensitization of $2 (Table 2), the desorption of IQ21 can
result in a change in photocurrent output from 18.3 mA cm™
(without cosensitization) to 19.8 mA cm™* (D1, dipping S2 for
1 h) to 132 mA cm™> (D8, dipping S2 for 8 h).

Moreover, the cosensitized photoanodes in the reverse
dipping order were also studied. That is, the TiO, films were
first immersed in cosensitized dye S2 for 1 or 8 h and then were
immersed in dye 1Q21 for 12 h (devices DS1 and DS8, Table
2), exhibiting less efficiency than their corresponding devices
(devices D1 and D8). For example, compared with device D1,
the efficiency of cosensitized devices in reverse order was
decreased to 8.95% (V¢ of 715 mV, Jgc of 18.3 mA cm™?, fill
factor (FF) of 68.6, device DS1), and 8.31% (V¢ of 733 mV,
Jsc of 16.0 mA cm™>, FF of 71.0, device DS8) under the same
condition. Actually, when carefully comparing the adsorption
sequence, the effect of cosensitized dye S2 on V¢ is quite
different (Table 2). When considering the devices D1 and D8
in the normal dipping mode, the followed coadsorption of S2
with smaller molecular volume can guarantee the dye coverage
to a great extent whether or not 1 or 8 h. That is why the V¢
for cosensitization devices D1 or D8 of IQ21+S2 maintained at
almost the same level. However, when changing into the
reverse dipping order, the molecular cosensitized dye S2 only
enables the dye coverage more sufficient in DS8, which may
block the recombination between the injected electrons and the
redox species, thus presenting a relatively higher V.

Considering the outstanding performance of DSSCs based
on 1Q21+82 (1 h, device DI1), the IPCE spectra were
subsequently measured to further illustrate the real effect on
the coabsorption of §2. The cell sensitized with only IQ21 had
a broad IPCE spectrum extending across the whole visible
range into 850 nm and displayed the highest IPCE value (82%)
in the wavelength range from 450 to 650 nm (Figure 4a).
Notably, the decrease of the IPCE to ~55% in the range of
350—450 nm left a problem to be solved in this part. Upon
coabsorption with S2 (device D1), there was nearly no
influence on the onset of IPCE with respect to single 1Q21
(Figure 4a). However, the defect at ~400 nm of IPCE spectra
was compensated, which was in agreement with their
normalized absorption spectra (Figure 2a). Moreover, the
competitive light absorption by I3 in the electrolyte affects the
light-harvesting efficiency of dyes in the wavelength range from
350 to 400 nm. Here the cosensitization with S2 can recover
the IPCE loss caused by I3 (Figure 4a). Actually, S2 has two
absorption peaks, at 368 and 465 nm (Figure 2a), which can
exactly compensate light absorption in the region for enhancing
light harvesting. Additionally, the IPCE value based on
cosensitization was also slightly higher than that based on
only IQ21. Hence the Ji: value in cosensitization device D1
(Figure 4b) was further increased to 19.8 mA cm™> with respect
to that sensitized with 1Q21-based cells (18.3 mA cm™2), which
is in good accordance with their IPCE spectra. Furthermore, a
Voc enhancement of 20 mV was achieved by the coabsorption
of 82 with IQ21. As listed in Table 2, the measured V¢ (731
mV) in cosensitization device D1 was fairly close to that of IQ4
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Figure 4. DSSCs based on dye IQ21, cosensitization of IQ21 and S2
(device D1, dipping S2 for 1 h): (a) J-V curves under AM 1.5G
simulated solar light (100 mW cm™2), (b) IPCE spectra under dark.
Note: the cocktail cosensitization with §2 can not only increase the
photocurrent with compensating the short wavelength light response
but also get an improvement in photovoltage.

(740 mV). Taken together, we provide the cocktail
cosensitization with S2 (device D1, Table 2) to simultaneously
improve both Jsc and Vi, thus resulting in a very promising
photovoltaic efficiency of 10.41% (Jsc = 19.8 mA cm™2, V¢ =
731 mV, FF 0.72). Furthermore, the overall efficiency
remained at 98% of the initial value after 1000 h of visible-light
soaking, which demonstrates the high stability of DSSCs based
on 1Q21+S2 (device D1, Figure S).

Cosensitization Effect on Vyc via Repressing the
Charge Recombination Rate. Upon cocktail cosensitization
with 82, the Vi for fabricated devices D1 or D8 can be
enhanced by 20 mV, even maintaining at almost the same level
(Table 2) whether dipping for 1 or 8 h. Generally, EIS
measurement is the most immediate way to check the origin in
the variation of V5c. We also scrutinized the conduction band
position of TiO, and the charge recombination rate in DSSCs
based on these three reported sensitizers. Actually, the V¢ is
originated from the potential difference between the quasi-
Fermi level of TiO, (Eg,) and the redox species (E,4) in the
electrolyte.>*** Since the redox potential is kept constant due
to the same redox couples used in the experiment, the V¢
value is determined by the position of TiO, conduction band
and the electron density in the semiconductor.”> >’ Here we
exploited the fitted capacitive (C,) response of cells under a
series bias potential to study the impact on the position of TiO,
conduction band. For DSSCs based on IQ21, cosensitization of
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Figure S. Variation of photovoltaic parameters with aging time for
DSSC device based on 1Q21+S2 (dipping S2 for 1 h, device 1) under
visible-light soaking.

IQ21 with S2 (dipping S2 for 1 h, device D1) and reference
dye 1Q4, the logarithm of C, was increased linearly with the
given bias potential, and all the curves exhibited the almost
identical slope (Figure 6a). At fixed potential, the same C,
values for these DSSCs indicated that the conduction band
position of TiO, was not essentially influenced.
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Figure 6. Plot curves under a series potential bias of DSSCs based on
reference dye I1Q4, IQ21, and cosensitization of IQ21 and S$2 with
dipping S2 for 1 h (devices D1): (a) cell capacitance (C,), and (b)
recombination resistance (R,..).
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As shown in Figure 6b, the fitted recombination resistance
(Re.) of cosensitization-based DSSCs was always larger than
that of IQ21-based DSSCs. Meanwhile, the curves of IQ21+S2
(D1) and IQ4-based DSSCs were overlapped very well, in
good agreement with their similar V¢ values (Table 2). Here
the cosensitization increase in V for device D1 should be
predominantly arisen from the repression of charge recombi-
nation, resulting in the higher electron density in TiO,
conduction band cocktail than that of IQ21 only. Obviously,
the introduction of the coabsorbent with bulk chains such as §2
can distinctly compensate the inherent drawbacks of 1Q21, not
only enhancing the response intensity of IPCE, making up the
absorption defects around low wavelength region of IPCE, but
also repressing the charge recombination rate to some extent.>®

Theoretical Approach. Time-dependent density functional
theory calculations performed with Gaussian 09 program
package at the B3LYP/6-31G* (LANL2DZ for Ti atom)
level were employed in further exploring the dependence of
charge recombination on the molecular geometries and
orbitals.”” The cosensitizer of $2 contains two bulky 2-
ethylhexyl groups at the triphenylamine donor side. It is well-
known that the effective surface blocking is vital for long
electron lifetime.**~* As simulated, the vertical lengths of S2
and I1Q21 were 20.3 and 20.6—22.8 A (Figure 7), respectively.
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Figure 7. Optimized molecular structures of IQ21 and cosensitizer S2
derived from density functional theory calculations (B3LYP/6-31G*).

That is, the molecular size of S2 and IQ21 matches very well.
Moreover, S2 and IQ21 can be located well-above the TiO,
surface for retarding the rate of interfacial back electron transfer
from the conduction band of the TiO, film to the electrolyte I3
ions, thus resulting in attainment of higher photovoltage.
Indeed, S2 has potential tendency to overcome the barrier of
alkoxy chain and anchor on the TiO, film due to the well-
matched 7z-bridge length. Besides the alkoxy-chains, the
cosensitization of S2 with proper conjugation bridge can
guarantee further forming a compact sensitized layer for
preventing I3 from approaching to TiO, film.

Bl CONCLUSIONS

Novel D-A-7-A featured sensitizer IQ21, consisting of indoline
unit as electron donor, cyanoacetic acid as acceptor/anchor,
quinoxaline unit as the auxiliary acceptor, and CPDT unit as
the 7-conjugation has been specifically developed for highly
efficient DSSC. Utilizing IQ4 as the reference sensitizer, we
demonstrate a clear motivation to investigate the general
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influence of different z-spacer in these D-A-7-A featured
organic sensitizers on their absorption, energy levels, and
photovoltaic performances. As found, the replacement of
thiophene unit by CPDT unit shows a red shift in absorption
band, extreme enhancement in maximum molar extinction
coefficient, but little influence in energy levels. We have
established a promising cocktail cosensitization system of IQ21
and S2, exhibiting an optimized high photovoltaic efliciency of
10.41% (Jsc = 19.8 mA cm™, Vo = 731 mV, FF = 0.72). The
coadsorbent S2 with two long branch chains not only
effectively shields the back electron transfer from the TiO, to
I3 ions but also enhances the light-harvesting ability in the short
wavelength regions. Our work well illustrates how to rationally
increase molecular extinction coefficients and step by step
optimize photovoltaic efficiency with cocktail cosensitization.
Further exploration is focused on cosensitized dyes with
matchable molecular sizes, shapes, and orientations.
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