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ABSTRACT: Co-sensitization of an efficient zinc porphyrin sensitizer (LD14) with its
free-base analogue (H2LD14) and an organic dye (AN-3) improves the efficiency of the
dye-sensitized solar cells. The superior performance of the co-sensitized system is
attributed to complementary absorptions of the three dyes, resulting in panchromatic
incident photon-to-current conversion efficiency responses at the expense of only slightly
lowered open-circuit voltage.

With the potential of becoming a clean and renewable
energy source, dye-sensitized solar cells (DSSCs) have

drawn much attention in recent years.1−3 Porphyrins and their
derivatives have been investigated as efficient sensitizers for
DSSCs due to their vital roles in photosynthesis, strong
absorption in the visible region, and the ease of adjusting their
chemical structures for light harvest.4−7 Since the pioneer work
of Officer and co-workers in 2007 obtaining a power
conversion efficiency (PCE) of 7.1%,8−10 considerable efforts
have been made8−44 to raise the PCE to greater than 10% for a
porphyrin-based DSSC.11,15,26,36−38,41 Recently, Mathew et al.
reported a porpyrin-based DSSC attaining a PCE of 13% using
an SM315 porphyrin dye in a cobalt electrolyte.43

For most porphyrins, π-conjugation of the macrocyclic ring
gives rise to two distinct absorptions in the UV−visible region,
namely, the B (Soret) and Q bands, and leaves a gap between
the two absorptions.45 This intrinsic gap unfortunately limits
the light-harvesting ability of the porphyrin dyes for DSSC
applications. To remedy this problem, improved photovoltaic
performance can be attained either by adjusting chemical
structures of the dyes43,44 or by employing a strategy of co-
sensitization to fill the absorption gap.9−12,28−34,39 Co-
sensitization has been quite successful for many highly efficient
porphyrin dyes.11,14,41 In this work, we further extend such an
approach by taking a previously reported, efficient zinc
porphyrin sensitizer (LD14),37,38 co-sensitized with its free-
base analogue (H2LD14), as well as an organic dye (AN-3), to
achieve improved photovoltaic performance. Chart 1 depicts
the chemical structures of these dyes. The purpose of
combining these dyes in a co-sensitized film is to utilize their
complementary absorption spectral features to achieve
panchromatic light absorption and to extend light absorption

into the near-IR region. As shown below in Figure 1, the B
bands of H2LD14 are slightly blue-shifted toward shorter
wavelength from those of LD14. Significantly, the Q bands of
H2LD14 are split and distributed at both sides of the Q bands
of LD14. These spectral differences are consistent with
lowering the molecular symmetry of a porphyrin by removing
the central metal ion.45 Finally, the absorption bands of AN-3
locate around 500 nm, between the porphyrin B and Q bands.
Similar to one of our co-sensitized systems,41 the presence of
this organic dye in the porphyrin system noticeably improves
the overall performance of the DSSC.
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Chart 1. Chemical Structures of the Porphyrins and Organic
Dye in This Work: LD14, H2LD14, and AN-3
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■ EXPERIMENTAL SECTION
Synthesis and Characterization of Dyes. Materials. Air-

sensitive solids were handled in a glovebox (MBraun Unilab). A
vacuum line and standard Schlenk techniques were employed
to process air-sensitive solutions. Solvents for the synthesis
(ACS grade) were CH2Cl2 and CHCl3 (Mallinckrodt Baker),
hexanes (Haltermann, Hamburg, Germany), and THF (Merck,
Darmstadt, Germany). These solvents were used as received
unless otherwise stated. Other chemicals were obtained
commercially (Acros Organics). THF for cross-coupling
reactions was purified and dried with a solvent purification
system (Asiawong SD-500, Taipei, Taiwan); about 50 ppm of
H2O was found in the resulting THF. For electrochemical
measurements, THF was distilled over sodium under N2.
Pd(PPh3)4 catalyst (Strem) was used as received. For
chromatographic purification, we used silica gel 60 (230−400
mesh, Merck).
Instruments. NMR spectra (Bruker Avance II 300 MHz

NMR spectrometer at National Chi Nan University or Varian
Inova 600 NMR spectrometer at National Chung Hsing
University), elemental analyses (Elementar Vario EL III,
Precision Instrumentation Center at National Taiwan Uni-
versity or MOST Instrumentation Center at National Chung
Hsing University), mass spectra (Microflex MALDI-TOF MS,
Bruker Daltonics), electrochemical measurements (CHI
Electrochemical Workstation 611A), absorption spectra
(Agilent 8453 UV−visible spectrophotometer), and fluores-
cence spectra (Varian Cary Eclipse fluorescence spectrometer)
were recorded with the indicated instruments.
LD14. LD14 has been previously reported.37

H2LD14. This free-base porphyrin is obtained by demetalat-
ing 130 mg of LD14 in 100 mL of CHCl3 containing 10 mL of
HCl (aq). The completeness of the reaction was verified by the
UV−visible spectrum. After stirring for 4 h at room
temperature, the solution was neutralized by adding 100 mL
of Na2CO3 (aq). Be aware of massive CO2 generation at this
step. The organic layer was then washed with NH4Cl (aq) and
then H2O, followed by filtration, and dried over Na2SO4, and
CHCl3 was removed under reduced pressure. The residual solid
was then purified on a column chromatograph (silica gel) using
CH2Cl2/MeOH = 9/1 as eluent. The product was collected
after crystallization from CH2Cl2/MeOH at 67% yield. 1H

NMR (300 MHz, CDCl3 at 7.26 ppm): δH = 10.02 (s, 1H),
9.69 (d, J = 4.7 Hz, 2H), 9.16 (d, J = 4.6 Hz, 2H), 8.92 (d, J =
4.7 Hz, 2H), 8.86 (d, J = 4.6 Hz, 2H), 8.30 (d, J = 8.0 Hz, 2H),
8.10 (d, J = 8.3, 2H), 7.71 (t, J = 8.4 Hz, 2H), 7.01 (d, J = 8.4
Hz, 4H), 3.85 (t, J = 6.4 Hz, 8H), 1.29−1.01 (m, 26H), 1.00−
0.88 (m, 17H), 0.82 (t, overlapped, J = 7.0 Hz, 21H), 0.72−
0.61 (m, 9H), 0.60−0.39 (m, 25H), −2.4 (s, 2H). MALDI-
TOF: m/z calcd for C89H122N4O6 1342.94, found 1343.83,
[MH]+. Anal. Calcd for C89H122N4O6: C 79.54%, H 9.15%, N
4.17%. Found: C 79.23%, H 9.31%, N 3.82%.

AN-3. The synthetic procedure is illustrated below. The
synthesis of compound 1 is based on the literature report.46 For
compound 2, 380 mg of 9,10-dibromoanthracene (MW =
336.02 g/mol, 1.131 mmol) was usually mixed with 257.8 mg
of compound 1 (MW = 341.57 g/mol, 0.755 mmol) in 30 mL
of THF and 5 mL of triethylamine. After three cycles of freeze−
pump−thaw, 87.3 mg of Pd(PPh3)4 (MW = 1156 g/mol, 7.55
× 10−2 mmol, 10 mol %) and 14.4 mg of CuI (MW = 190.45 g/
mol,7.55 × 10−2 mmol, 10 mol %) were added to the solution
under an inert atmosphere in a glovebox. The reaction was
stirred at 70 °C for 24 h. The completion of the reaction was
monitored by TLC. The solvent was removed by rotary
evaporation. The residue was purified by column chromatog-
raphy (silica gel) using CH2Cl2/n-hexanes = 1/4 as eluent to
give compound 2 (MW = 596.68 g/mol) at 48.8% yield. For
AN-3, 100 mg of compound 2 (MW = 596.68 g/mol, 0.168
mmol) was mixed with 73.5 mg of 4-ethynylbenzoic acid (MW
= 146.14 g/mol, 3 equiv) in 30 mL of THF and 5 mL of
triethylamine. After three cycles of freeze−pump−thaw, 29.1
mg of Pd(PPh3)4 (MW = 1156 g/mol, 2.52 × 10−2 mmol, 15
mol %) and 4.80 mg of CuI (MW = 190.45, 2.52 × 10−2 mmol,
15 mol %) were added to the solution under an inert
atmosphere in a glovebox. The reaction was stirred at 40 °C for
38 h. The completion of the reaction was monitored by TLC.
The solvent was removed by rotary evaporation. The residue
was purified by column chromatography (silica gel) using
MeOH/CH2Cl2 = 1/9 as eluent to get 79.0 mg of AN-3 (MW
= 661.91 g/mol, yield = 71.0%). 1H NMR (300 MHz, CDCl3 at
7.26 ppm): δH 8.72 (d, J = 8.1 Hz, 2H), 8.65 (d, J = 8.1 Hz,
2H), 8.19 (d, J = 8.1 Hz, 2H), 7.86 (d, J = 8.3 Hz, 2H), 7.74−
7.51 (m, 6H), 6.67 (d, J = 8.4 Hz, 2H), 3.32 (t, J = 7.4 Hz, 4H),
1.72−1.54 (br, 4H), 1.45−1.21 (br, 20H), 0.90 (t, J = 6.3 Hz,
6H). MALDI-TOF: m/z calcd for C47H51NO2 661.39, found
661.34 [M]+. Anal. Calcd for C47H51NO2·0.5H2O: C 84.14%,
H 7.81%, N 2.09%. Found: C 83.99%, H 7.77%, N 1.84%.

Device Fabrication and Characterizations. The DSSC
devices were fabricated with a titania working electrode and a
Pt-coated counter electrode in a sandwich-type structure. For
the working electrode, octahedral TiO2 nanocrystals (HD1)
were synthesized using the hydrothermal methods reported
elsewhere;47 ethyl cellulose and α-terpineol were added to the

Figure 1. Absorption spectra of LD14, H2LD14, and AN-3 dyes in
THF.
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ethanol solution of these TiO2 nanostructures to prepare a
viscous paste suitable for screen-printing. The TiO2 paste was
then coated onto a TiCl4-treated FTO glass substrate (TEC 7)
to obtain a film of thickness 19 μm with repetitive screen-
printing. The film thickness of a scattering layer was 8 μm and
the active size of the device was 0.4 × 0.4 cm2. The TiO2 films
were then annealed according to a programmed procedure. The
annealed films were treated with fresh TiCl4 aqueous solution
(40 mM) at 70 °C for 30 min and sintered at 500 °C for 30
min. The dye uptake of LD14 was performed by soaking the
TiO2 films in a solution of toluene and ethanol (v/v = 1/1,
[LD14] = 0.15 mM) at 25 °C for 2−3 h. For the co-sensitized
system, the two-dye cocktail solution contained LD14 (0.1
mM) and H2LD14 (0.1 mM), and the three-dye cocktail
solution contained LD14 (0.1 mM), H2LD14 (0.05 mM), and
AN-3 (0.05 mM). The counter electrode was made by spin-
coating the H2PtCl6/2-propanol solution onto a FTO glass
substrate through a typical procedure of thermal decom-
position. The two electrodes were assembled into a sandwich-
type cell and sealed with a spacer of thickness 40 μm. The
electrolyte injected into the device contained I2 (0.05 M), LiI
(0.1 M), 1-methyl-3-propylimidazolium iodide (PMII) (1.0 M),
and 4-tert-butylpyridine (0.5 M) in a cosolvent containing
acetonitrile and valeronitrile with a volume ratio of 85/15.
The current−voltage (J−V) characteristics of the DSSC

devices covered with a black mask (aperture area 0.45 × 0.45
cm2) were determined with a solar simulator (AM 1.5G, XES-
40S1, SAN-EI). The spectra of incident photon-to-current
conversion efficiency (IPCE) of the corresponding devices were
measured with a system comprising a Xe lamp (A-1010, PTi,
150 W), monochromator (PTi, 1200 gr mm−1 blazed at 500
nm), and source meter (Keithley 2400). The measurements of
intensity-modulated photovoltage spectra (IMVS) and charge
extraction (CE) were carried out with CIMPS instruments
(Zahner) reported elsewhere.48

■ RESULTS AND DISCUSSION

Optical and Electrochemical Properties. The UV−
visible absorption spectra of LD14, H2LD14, and AN-3 in THF
are compared in Figure 1. The peak absorption coefficients and
the corresponding wavelengths are collected in Table 1. The
absorption bands of H2LD14 are found at 451, 615, and 703
nm. Due to the lowered molecular symmetry and lack of a
central metal ion, the B bands of H2LD14 are slightly
broadened and blue-shifted from those of LD14, whereas the
Q bands of H2LD14 are split into two groups of absorptions,
residing at both the red- and blue-sides of the Q bands of
LD14. For AN-3, the absorption bands locate at 499 nm, which
is between the porphyrin B and Q bands. As such, the
absorption spectra of LD14, H2LD14, and AN-3 complement

each other very well. Figure 2 shows the fluorescence spectra of
LD14, H2LD14, and AN-3 in THF. The emission maxima are

listed in Table 1. As shown in the figure, the emission bands of
H2LD14, LD14, and AN-3 are located at 710, 682, and 603 nm,
respectively. Apparently, the emission bands of H2LD14 are
more red-shifted than those of LD14 and AN-3. This
phenomenon is consistent with the spectral features of the
dyes shown in the absorption spectra. It is worthy to note that
the fluorescent emission of AN-3 extends up to 800 nm,
overlapping with the Q-band absorptions of LD14 and
H2LD14. This implies that energy transfer from AN-3 to the
porphyrins may be possible.
For the redox properties, the cyclic voltammograms of LD14,

H2LD14, and AN-3 are compared in Figure 3. The redox
potentials are summarized in Table 1. For the reductions, the
first porphyrin ring reductions of LD14 and H2LD14 as well as
the first reduction of AN-3 are all quasi-reversible reactions at
−1.32, −1.10, and −1.42 V vs SCE, respectively. On the other
hand, the first oxidations of LD14 and H2LD14 are observed as
quasi-reversible reactions at +0.74 and +0.85 V vs SCE,
respectively. AN-3, however, demonstrates an irreversible
oxidation reaction. Therefore, the differential pulse voltammo-
gram of AN-3 was carried out to help estimate the oxidation
potential (+0.87 V vs SCE).
Figure 4 shows the energy-level diagram of LD14, H2LD14,

and AN-3, comparing the ground-to-oxidized state (So/S+) and
the first singlet excited state (S*) of each dye, the conduction
bands (CB) of TiO2, and the redox potential of I

−/I3−. The first
oxidation potentials were used to estimate the So/S+ levels. The

Table 1. Spectral and Electrochemical Data of LD14, H2LD14, and AN-3a

E1/2/V vs SCE

dyes absorption λmax/nm (log ε/M−1 cm−1) emissionb λmax/nm So/S+c/eV S*/eV ox(1) red(1)

LD14 459 (5.40), 667 (4.82) 682 −5.48 −3.64 +0.74 −1.32
H2LD14 451 (5.35), 615 (4.76), 703 (4.59) 710 −5.59 −3.84 +0.85 −1.10
AN-3 499 (4.69) 603 −5.61 −3.33 +0.87d −1.42

aAbsorption and emission data were measured in THF at 25 °C. Electrochemical measurements were performed at 25 °C with each sample (0.5
mM) in THF/0.1 M TBAP/N2, Pt working and counter electrodes, SCE reference electrode, scan rate = 100 mV s−1. b[sample] = 2 × 10−6 M in
THF. Excitation wavelength/nm: LD14, 459; H2LD14, 451; AN-3, 499.

cSo/S+ values were estimated from the first oxidation potentials, S* = So/S+

+ E0−0. E0−0 values were estimated from the intersection of normalized UV−visible and fluorescent spectra. dPotential estimated by differential pulse
voltammetry because the oxidation reaction is irreversible.

Figure 2. Fluorescence emission spectra of LD14, H2LD14, and AN-3
dyes in THF (2 × 10−6 M).
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zero−zero excitation energies obtained from the intersection of
the corresponding normalized absorption and emission spectra
were used to estimate the energy gaps between the S* and the
So/S+ levels. As shown in the diagram, all dyes in this study
should be capable of injecting electrons to the CB of TiO2
upon excitation, and the resulting cations can be efficiently
regenerated by the electrolyte.
Photovoltaic Properties. Five systems are tested for their

photovoltaic performance: (1) LD14 alone, (2) H2LD14 alone,
(3) AN-3 alone, (4) LD14 co-sensitized with H2LD14, and (5)
LD14 co-sensitized with H2LD14 and AN-3. Parts a and b of
Figure 5 show the J−V curves and the corresponding IPCE
spectra of these systems, respectively. The photovoltaic
parameters are summarized in Table 2. The results of charge
extraction (CE) and intensity-modulated photovoltage spec-
troscopy (IMVS) measurements are shown in Figure 6.
For the single-dye devices, LD14 clearly outperforms

H2LD14 and AN-3. For H2LD14, the poorer performance
may be related to the lower energy level of the excited state
(Figure 4). This may result in less favorable electron-injection
and is consistent with the smaller IPCE values (Figure 5b). The
inferior performance of the AN-3 cell may be related to the
narrower absorption spectral range and the lower extinction
coefficient of the dye (Figure 2). Light harvesting limited in a
narrower region may lead to poorer photovoltaic performance.

For the co-sensitized systems, the LD14/H2LD14 cell shows
poorer Voc and Jsc values than those of the LD14 cell. The lower
Voc could be related to the lower S* level of H2LD14 than that
of LD14. This is consistent with the potential shift of
conduction band edge shown in Figure 6a. The weaker Jsc of
the LD14/H2LD14 cell compared to that of the LD14 cell is
consistent with its generally smaller IPCE values across the
action spectrum shown in Figure 5b. Nevertheless, the IPCE
spectrum of the LD14/H2LD14 device exhibits broader spectral
response in the near-IR region. In addition, the spectral dip
between the B and Q bands around 540 nm is less apparent for
the LD14/H2LD14 co-sensitized system than for the LD14-
alone cell. These phenomena could be due to (i) comple-
mentary absorption bands of AN-3, LD14, and H2LD14 and

Figure 3. Cyclic voltammograms of 1.0 mM LD14, H2LD14, and AN-
3 dyes in THF/0.1 M TBAP. (The dotted green line represents the
differential pulse voltammogram of AN-3.)

Figure 4. Energy levels of LD14, H2LD14, and AN-4 vs those of TiO2
conduction bands and the electrolyte.

Figure 5. (a) J−V characteristics and (b) IPCE spectra of the devices
made of LD14, H2LD14, AN-3 and the co-sensitized systems.

Table 2. Photovoltaic Properties of Porphyrins LD14,
H2LD14, AN-3 and the Co-Sensitized Systemsa

dyes Jsc/mA cm−2 Voc/mV FF/% η/%

LD14 18.035 727 70.61 9.25
H2LD14 11.389 668 73.86 5.62
AN-3 9.912 672 70.27 4.68
LD14/H2LD14 16.714 698 71.27 8.31
LD14/H2LD14/AN-3 18.760 716 72.29 9.72

aAll TiO2 working electrodes were fabricated under the same
experimental conditions; the photovoltaic parameters were obtained
under simulated AM-1.5G illumination (power density 100 mW·cm−2)
and active area 0.16 cm2 with a black mask of area 0.2025 cm2.
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(ii) the split and more red-shifted Q bands of H2LD14.
Significantly, the LD14/H2LD14/AN-3 system outperforms the
other systems with Jsc = 18.76 mA cm−2, Voc = 716 mV, FF =
0.72%, and an overall device efficiency η = 9.72%. With the
presence of the AN-3 dye, the Voc of the LD14/H2LD14/AN-3
device is greater than that of the LD14/H2LD14 cell. This is
consistent with the upward potential shift shown in Figure 6a.
Although the electron lifetime (τR) of the LD14/H2LD14
system was retarded (Figure 6b), the Voc indicates that the
position of the potential band edge is the dominated factor to
be considered. As a result, the Voc of the LD14/H2LD14/AN-3
device is close to that of the LD14 cell and significantly larger
than that of the LD14/H2LD14 system. The Jsc of the LD14/
H2LD14/AN-3 system is clearly the largest among the others.
The greater Jsc is consistent with the IPCE spectra showing a
panchromatic feature on light-harvesting ability of this three-
dye co-sensitized system.

■ CONCLUSIONS
In this work, we demonstrated that the photovoltaic perform-
ance of a DSSC could be improved in a co-sensitized system
containing a zinc porphyrin (LD14), its free-base analogue
(H2LD14), and an organic dye (AN-3). The co-sensitization of
a zinc porphyrin with a free-base porphyrin takes advantage of
their complementary UV−visible absorptions as well as the red-
shifting features of the Q bands of a free-base porphyrin dye.
The presence of AN-3 organic dye considerably improves the
photovoltaic performance of the co-sensitized system and fills
up the gap between the Soret and Q bands of the pophyrins in
the IPCE spectrum. The three-dye co-sensitized system showed
an improved overall efficiency (9.72%), outperforming those of
the LD14 cell (9.25%) and the LD14/H2LD14 system (8.31%).

■ AUTHOR INFORMATION
Corresponding Authors
*E.W.-G.D.: fax, +886-3-5723764; tel, +886-3-5131524; e-mail,
diau@mail.nctu.edu.tw.

*C.-Y.L.: fax, +886-49-2917956; tel, +886-49-2910960, ext.
4152; e-mail: cyl@ncnu.edu.tw.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is supported by the Ministry of Science and
Technology, Taiwan.

■ ABBREVIATIONS USED
DSSC, dye-sensitized solar cell; PCE, power conversion
efficiency; IPCE, incident photon-to-electron conversion
efficiency; CE, charge extraction; IMVS, intensity-modulated
photovoltage spectroscopy.

■ REFERENCES
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