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a b s t r a c t

A novel zinc porphyrin, P, with phenylenevinylene segments at two opposite meso-positions and car-
boxyphenyl at the other two meso-positions of the porphyrin ring, was synthesized and characterized.
The phenylenevinylene substituents were terminated with electron-accepting 4-nitro-�-cyanostilbene
units. Elongation of the �-conjugation enhanced the solubility of P as well as broadened and strengthened
the absorption spectrum. We have investigated the application of P in quasi solid state dye-sensitized
solar cells (DSSCs). Under illumination intensity of 100 mW cm−2, a power conversion efficiency of 2.90%
inc porphyrin
ye-sensitized solar cells
henylnevinylene
yanovinylene
hotosensitizer

was obtained for the DSSC based on P as sensitizer, which was significantly improved to 4.22% upon addi-
tion of deoxycholic acid (DCA) into the P solution for TiO2 sensitization. Coadsorption of DCA decreased
the dye adsorption, but significantly improved both short circuit current (Jsc) and open circuit voltage
(Voc). The breakup of � stacked aggregates might improve the electron injection yield and thus Jsc. The
electrochemical impedance data indicate that the electron lifetime was improved by the coadsorption

uted
n of t
of DCA, which was attrib
attributed to the reductio

. Introduction

Dye-sensitized solar cells (DSSCs) were developed by Grätzel
nd co-workers in the early 1990s [1] as an alternative to solid-
tate cells. Since that time, a considerable amount of work has been
arried out in an effort to improve the efficiency of such cells. The
ost efficient dyes to date are based on ruthenium polypyridyl sys-

ems, where efficiencies of up to 11% have been obtained [2]. In
ecent years, the interest in organic dyes as substitutes for noble
etal complexes has increased in terms of economic dye produc-

ion as well as for feasible control of the factors which influence
he efficiency of cells [3]. Among the organic dyes, porphyrins and
heir derivatives have been regarded as potential photosensitizers

n DSSCs because they possess an intense Soret band at 400–450 nm
nd moderate Q bands at 500–650 nm. Moreover, they contain a
onveniently modifiable macrocyclic structure and ultrafast elec-
ron injection properties together with slow charge recombination
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to the improvement in both Voc and Jsc. The increase in Jsc has also been
he back reaction i.e., the recombination of electrons with tri-iodide ions.

© 2011 Elsevier B.V. All rights reserved.

kinetics comparable to those of Ru dyes [4]. However, porphyrin
dyes showed low efficiency compared with Ru dyes for DSSCs
due to a poor match with the solar light distribution. To improve
the performance of porphyrin dyes, porphyrins with extended �-
conjugation and efficient anchoring groups have been designed
and this led to better photovoltaic performance [5]. Adsorbing
porphyrins with modified structures onto TiO2 nanocrystalline
films thus provides an opportunity to improve DSSC applica-
tions. The best performance of porphyrin-sensitized solar cells
based on liquid electrolyte has attained efficiency of 7.1% [6]. A
recently reported series of porphyrin dyes with donor–acceptor
(D–A) substituents exhibit promising photovoltaic properties [7].
Very recently, Grätzel et al. reported the achievement of an 11%
solar-to-electric power conversion efficiency under standard (AM
1.5G, 100 mW cm−2 intensity) reporting conditions by using a judi-
ciously tailored porphyrin dye, YD-2 [8]. On the other hand, a
conjugated copolymer of poly(phenylenevinylene) containing met-
alloporphyrin incorporated into the polymer backbone has been
synthesized [9]. Moreover, a multidomain compound with appli-
cations in the area of organic solar cells (OSCs) which contains zinc

porphyrin and oligo phenylenevinylene moieties has been synthe-
sized [10].

Several factors are considered important when seeking or
designing an efficient photosensitizer. The appropriate sensitiz-
ers should have these properties: the ability to adsorb strongly

dx.doi.org/10.1016/j.jpowsour.2011.03.023
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mikroyan@chemistry.upatras.gr
mailto:mikroyan@googlemail.com
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n the surface of a semiconductor, absorption of light in the vis-
ble and NIR region for efficient light harvesting, an excited-state
eduction potential negative enough for efficient electron injection,

ground-state reduction potential positive enough for efficient
egeneration of the dye, and a small reorganizational energy for
fficient excited- and ground-state electrochemical processes [11].
he relation between the orientation of attached porphyrins with
espect to TiO2 nanocrystalline surfaces and the cell performance
as been investigated [12,13]. For porphyrins [6,12,14], an efficient

njection of electrons from the photosensitizer into a semiconduc-
or is considered a crucial factor in developing an efficient DSSC.
part from the effect of cosensitization [15], the performance of
cell can be improved through appropriate modification of a dye

tructure with a selected link.
Herein, we designed and synthesized a new zinc porphyrin
with broad absorption which was used as photosensitizer

or DSSCs. The central porphyrin of P acts as electron-donor
nd the two terminal 4-nitro-�-cyanostilbenes act as electron-
cceptors. The two carboxyphenyls act as anchoring groups. The
ong phenylenevinyle substituents at the two opposite meso posi-
ions of porphyrin reduce the aggregation between neighbouring
orphyrins on the TiO2 surface by sterically hindering the por-
hyrin core. These phenylenevinylene �-conjugated segments are
xpected to broaden the absorption of P and enhance the solu-
ility. We report the photovoltaic properties of P sensitized quasi
olid state DSSCs and the effect of deoxycholic acid (DCA) coadsorp-
ion on the solar cell performance. The power conversion efficiency
PCE) was increased from 2.90% to 4.22% upon sensitizing the TiO2
lm with the P solution containing 40 mM of DCA. The increase

n the PCE has been related to the improved electron injection
fficiency and higher electron lifetime.

. Experimental

.1. Reagents and solvents

4-Vinylbenzaldehyde was synthesized from the reaction of 4-
romobenzaldehyde with tributyl(vinyl)stannane in toluene in
he presence of Pd(PPh3)4 [16]. 4-Nitrobenzylcyanide was syn-
hesized from the nitration of benzyl cyanide with concentrated
itric and sulfuric acid [17]. It was recrystallized from ethanol.
ipyrromethane was prepared according to the literature pro-
edure [18]. N,N-dimethylformamide (DMF) and tetrahydrofuran
THF) were dried by distillation over CaH2. All other reagents and
olvents were commercially purchased and were used as supplied.

.2. Preparation of compounds

.2.1. Compound 1
A solution of 4-carboxymethylbenzaldehyde (0.45 g,

.7 mmol) and dipyrromethane (0.4 g, 2.7 mmol) in 300 mL of
ichloromethane was purged with nitrogen for 30 min. The flask
as shielded from light with aluminium foil, trifluoroacetic acid

0.13 mL, 1.7 mmol) was added and the solution stirred at room
emperature for 3.5 h. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DDQ, 0.85 g, 3.7 mmol) was added and the solution stirred for

further 1.5 h. The mixture was neutralized with triethylamine
1.5 mL) and poured directly onto a silica gel pad packed in
ichloromethane. The product eluted with 99.5:0.5 CH2Cl2:Et3N.
n removal of the solvent porphyrin 1 was obtained as a purple
olid (360 mg, 46%) and was used without any other purification.
ompound 1 is not soluble enough to obtain NMR spectrum.

FT-IR (KBr, cm−1): 2954 (C–H stretching of methyl); 1720 (car-
onyl stretching of carboxymethyl); 1286 (C–O–C stretching of
arboxymethyl).
r Sources 196 (2011) 6622–6628 6623

HRMS Calcd for C36H27N4O4 (M+H)+ 579.2032. Found, 579.2041.
UV–vis �abs (CHCl3) (ε, mM−1 cm−1): 409 (388.5), 503 (17.1),

538 (7.3), 589 (5.7), 630 (2.2).

2.2.2. Compound 2
To a stirred solution of porphyrin 1 (70 mg, 0.12 mmol) in

dichloromethane (35 mL) a solution of zinc acetate dihydrate
(0.13 g, 0.6 mmol) in methanol (10 mL) was added. The reaction was
stirred for 16 h at room temperature. Evaporation of the solvent and
flash chromatography on silica, eluting with 98:2 CH2Cl2:EtOH, was
carried out to remove excess zinc salts. Evaporation of the solvent
gave the zinc porphyrin 2 as a purple solid (75 mg, 97%).

FT-IR (KBr, cm−1): 2946 (C–H stretching of methyl); 1719 (car-
bonyl stretching of carboxymethyl); 1280 (C–O–C stretching of
carboxymethyl).

1H NMR (500 MHz, CDCl3/1% pyridine–d5) ppm: 10.21 (s, 2H,
methynic); 9.35 (d, J = 4.5 Hz, 4H, �-pyrrole); 8.98 (d, J = 4.0 Hz,
4H, �-pyrrole); 8.42 (d, J = 8.0 Hz, 4H, phenylene ortho to
carboxymethyl); 8.30 (d, J = 8.0 Hz, 4H, phenylene meta to car-
boxymethyl); 4.09 (s, 6H, carboxymethyl).

13C NMR (75 MHz, CDCl3/1% pyridine–d5) ppm: 167.6, 149.6,
149.5, 148.3, 134.9, 131.9, 129.0, 127.7, 118.3, 106.2, 52.4.

HRMS Calcd for C36H25N4O4Zn (M+H)+ 641.1167. Found,
641.1175.

UV–vis �abs (CHCl3) (ε, mM−1 cm−1): 409 (404.7), 537 (16.6),
570 (3.7).

2.2.3. Compound 3
Zinc porphyrin 2 (50 mg, 0.078 mmol) was dissolved in chloro-

form (25 mL) with pyridine (35 �L). The solution was cooled to 0 ◦C
and N-bromosuccinimide (NBS, 30 mg, 0.17 mmol) was added. The
resulting green mixture was stirred for 25 min and then quenched
with acetone (7 mL). The solvents were removed under reduced
pressure and the residue was purified by column chromatography
on silica. The desired porphyrin 3 eluted with dichloromethane to
give a purple solid (60 mg, 96%).

FT-IR (KBr, cm−1): 2945 (C–H stretching of methyl); 1720 (car-
bonyl stretching of carboxymethyl); 1278 (C–O–C stretching of
carboxymethyl).

1H NMR (500 MHz, CDCl3/1% pyridine–d5) ppm: 9.64 (d,
J = 5.0 Hz, 4H, �-pyrrole); 8.78 (d, J = 4.5 Hz, 4H, �-pyrrole); 8.41
(d, J = 8.0 Hz, 4H, phenylene ortho to carboxymethyl); 8.20 (d,
J = 8.0 Hz, 4H, phenylene meta to carboxymethyl); 4.10 (s, 6H, car-
boxymethyl).

13C NMR (75 MHz, CDCl3/1% pyridine–d5) ppm: 167.4, 150.4,
150.3, 147.6, 134.7, 133.4, 133.0, 129.5, 127.7, 120.7, 105.2, 52.5.

HRMS Calcd for C36H23Br2N4O4Zn (M+H)+ 796.9378. Found,
796.9371.

UV–vis �abs (CHCl3) (ε, mM−1 cm−1): 426 (391.7), 555 (19.7),
592 (5.2).

2.2.4. Compound 4
A flask was charged with a mixture of 3 (95 mg, 0.119 mmol),

4-vinylbenzaldehyde (31.4 mg, 0.238 mmol), Pd(OAc)2 (1.1 mg,
0.005 mmol), P(o-tolyl)3 (8.3 mg, 0.027 mmol), DMF (5 mL) and tri-
ethylamine (3 mL). The flask was degassed and purged with N2.
The mixture was heated at 90 ◦C for 18 h under N2. Then, it was
filtered and the filtrate was poured into methanol. The precipi-
tate was isolated by centrifugation and washed with methanol. The
crude product was purified by dissolution in THF and precipitation
into methanol (67.5 mg, 63%).
FT-IR (KBr, cm−1): 2976 (C–H stretching of methyl); 1720 (car-
bonyl stretching of carboxymethyl); 1703 (carbonyl stretching of
formyl); 1278 (C–O–C stretching of carboxymethyl).

1H NMR (CDCl3) ppm: 9.95 (s, 2H, formyl); 8.83 (m, 8H, �-
pyrrole); 7.92 (m, 4H, phenylene ortho to carboxymethyl); 7.76
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Scheme 1.

m, 4H, phenylene ortho to formyl); 7.32-7.23 (m, 8H, other pheny-
ene); 7.21 (m, 4H, vinylene); 3.88 (s, 6H, carboxymethyl).

HRMS Calcd for C54H36N4O6Zn (M)+ 900.1926. Found, 900.1921.
UV–vis �abs (THF) (ε, mM−1 cm−1): 427 (385.2), 559 (18.1), 606

4.9).

.2.5. Compound P
A flask was charged with a solution of 4 (0.1071 g, 0.119 mmol)

nd 4-nitrobenzylcyanide (38.5 mg, 0.238 mmol) in DMF (15 mL).
odium hydroxide (0.20 g, 5.0 mmol) dissolved in ethanol (5 mL)
as added portionwise to the stirred solution. The mixture was

tirred and heated at 80 ◦C for 3 h under N2. Then, dilute hydrochlo-
ic acid was added to the solution and P precipitated as a dark green
olid. The crude product was purified by dissolution in THF and
recipitation into methanol (77.2 mg, 56%).

FT-IR (KBr, cm−1): 3350 (O–H stretching of carboxyl); 1710 (car-
onyl stretching of carboxyl); 2213 (cyano); 1528, 1346 (nitro); 962
trans vinylene bond).

1H NMR (CDCl3) ppm: 12.09 (br, 2H, carboxyl); 8.83 (m, 8H,
-pyrrole); 8.19-8.12 (m, 8H, phenylene ortho to nitro and ortho

o carboxyl); 7.84 (s, 2H, cyanovinylene); 7.68-7.30 (m, 16H, other
henylene); 7.21 (m, 4H, vinylene).

HRMS Calcd for C68H40N8O8Zn (M)+ 1160.2261. Found,
160.2269.

UV–vis �abs (THF) (ε, mM−1 cm−1): 427 (384.1), 559 (20.7), 606
5.3).

.3. Characterization methods
1H NMR spectra were recorded unless otherwise specified, as
euteriochloroform solutions using the solvent peak as internal
tandard on a Bruker AMX-500 MHz and Bruker DPX-300MHz
pectrometers. IR spectra were recorded on a Perkin-Elmer 16PC
T-IR spectrometer with KBr pellets. UV–visible spectra were
hesis of P.

recorded on a Shimadzu UV-1700 PharmaSpec instrument. High
resolution mass spectra were performed on a Bruker ultrafleX-
treme MALDI-TOF/TOF spectrometer. Chromatography refers to
flash chromatography and was carried out on SiO2 (silica gel 60,
SDS, 70-230 mesh ASTM).

The electrochemical properties of P were studied using cyclic
voltammetry (CV). The P was coated on platinum disk and
immersed in 0.1 M Bu4NPF6 acetonitrile solution. CV was recorded
using platinum disk as working electrode and Ag/Ag+ as the refer-
ence electrode at the scan rate of 100 mV s−1.

2.4. Fabrication of DSSCs and methods for their evaluation

The TiO2 paste was prepared by mixing 1 g of TiO2 powder (P25
Degussa), 0.2 mL of acetic acid and 0.1 mL of deionized water. Then,
60 mL of ethanol was slowly added while sonicating the mixture for
3 h. Finally, Triton X-100 was added and a well dispersed colloidal
paste was obtained (TiO2). The mixture was stirred vigorously for
2–4 h at room temperature and then stirred for 4 h at 80 ◦C to form
a transparent colloidal paste. The TiO2 paste was deposited on the
F-doped tin oxide (FTO) coated glass substrates by the doctor blade
technique. The TiO2 films were sintered at 450 ◦C for 30 min. The
sintered TiO2 coated FTO films were soaked in a 0.2 M aqueous TiCl4
for overnight in a closed chamber. After being washed with deion-
ized water and fully rinsed with ethanol, the films were heated at
450 ◦C for 30 min, followed by cooling to 50 ◦C. The P was dissolved
in THF solution (0.5 mM) and the prepared TiO2 deposited FTO elec-
trode was immersed in the sensitizer solution for 12 h and after
sensitization the dye electrode was washed. The quasi solid state

polymer electrolyte containing 0.0383 g of P25 TiO2 powder, 0.1 g
of LiI, 0.019 g of I2, 0.264 g of PEO, and 44 �L of 4-tert-butyl pyridine
in 1:1 acetone/propylene carbonate was prepared. The mixture was
continuously stirred at 80 ◦C in water bath for about 4 h. The above
prepared quasi solid state polymer gel electrolyte was spread on
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he P sensitized TiO2 film by spin coating to form the hole con-
ucting layer. The counter electrode was platinized by spin coating
2PtCl4 solution (2 mg in 1 mL of isoproponol) onto the FTO coated
lass substrate and then heated at 450 ◦C for 30 min in air. The dye
ensitized photoelectrode containing the quasi solid state polymer
lectrolyte and the counter electrode were clamped together and
eparated by a 20 �m spacer.

The current–voltage characteristics (J–V) of the devices in dark
nd under illumination were measured by a semiconductor param-
ter analyser (Keithley 4200–SCS). A xenon light source (Oriel, USA)
as used to give an irradiance of 100 mW cm−2 (equivalent of one

un at AM 1.5) at the surface of the device. The photoaction spectra
f the devices was measured using a monochromator (Spex 500M,
SA) and the resultant photocurrent was measured with Keithley
lectrometer (model 6514) which is interfaced to the computer by
ABVIEW software. The electrochemical impedance spectra (EIS)
easurements were carried out by applying bias equivalent to the

oc of the device and recorded over a frequency of 1 mHz–105 Hz
ith an ac amplitude of 10 mV. The above measurements were

ecorded with an electrochemical impedance analyser equipped
ith FRA.

. Results and discussion

.1. Synthesis and characterization

Scheme 1 outlines the synthesis of P. Particularly, the 5,15-diaryl
orphyrin 1 was readily prepared in one step by acid-catalyzed con-
ensation of dipyrromethane with 4-carboxymethylbenzaldehyde,
ollowed by in situ oxidation with DDQ. Metallation with zinc
cetate furnished the desired zinc porphyrin 2 in good yield. Dibro-
oporphyrin 3 was prepared by reaction with two equivalents of
BS in the presence of pyridine. The Heck coupling of 3 with 4-
inylbenzaldehyde in DMF in the presence of triethylamine and
alladium acetate afforded dialdehyde 4. Finally, the condensa-
ion of 4 with 4-nitrobenzylcyanide in the presence of sodium
ydroxide followed by hydrolysis of the ester and acidification with
ydrochloric acid gave the target porphyrin P.

P was soluble in common organic solvents such as chloroform,
ichloromethane and THF. It showed higher solubility than the

ntermediate compounds 1–4 owing to the increase in the organic
oieties. It was characterized by FT-IR and 1H NMR spectroscopy.

he IR spectrum of P displayed characteristic absorption bands at
350 (O–H stretching of carboxyl); 1710 (carbonyl stretching of
arboxyl); 2213 (cyano); 1528, 1346 (nitro) and 962 cm−1 (trans
inylene bond). The 1H NMR spectrum showed upfield signals at
2.09 (carboxyl), 8.83 (�-pyrrole) and 8.19-8.12 ppm (phenylene
rtho to nitro and ortho to carboxyl). The cyanovinylene resonated
t higher shift (7.84 ppm) than the vinylene (7.21 ppm) due to the
resence of the electron-withdrawing cyano groups in the former.

.2. Photophysical properties

Fig. 1a presents the UV–visible absorption spectra of P in both
ilute (10−5 M) THF solution and thin film. They were very simi-

ar and showed a Soret band at 427 nm and Q-bands at 559 and
06 nm which are typical absorption peaks of zinc porphyrins. For
omparison, Fig. 1b depicts the UV–visible absorption spectra in
HF solution of P and intermediate compound 3. It can be seen
rom this figure, that P showed broader and stronger absorption

han 3 in the range of 300–750 nm. Broadening the absorption

ay remedy the weakness of porphyrins, resulting in improved
hotovoltaic (PV) performance. The broadening and strengthen-

ng of the absorption of P as compared to that of 3 is attributed to
he extended conjugation of the �-systems in the meso-positions
Fig. 1. UV–vis absorption spectra of P in THF solution and thin film (a) as well as
of P and 3 in THF solution (b). The spectra were normalized with respect the Soret
band.

of porphyrin. An intramolecular charge transfer (ICT) takes place
between the electron-donating central porphyrin core and the
electron-withdrawing terminal cyanovinylene 4-nitrophenyls. The
extended conjugated moieties, which were inserted at the two
opposite meso-positions of the porphyrin ring of P not only
improved the absorption but also enhanced the solubility. Specif-
ically, compound 3 was very slightly soluble in THF, so that thin
films could not be obtained from solution. In contrast, P was read-
ily soluble in THF and other common organic solvents thus allowing
the preparation of films by the spin coating method and improving
the processability.

Fig. 2 shows the UV–visible absorption spectrum of P adsorbed
on the TiO2 film. Comparison of this spectrum to the solution spec-
trum of P reveals that the Q-band in the absorption spectra of P/TiO2
film is slightly red shifted and considerably broadened. The B band
(Soret) band is also broadened. The broadened absorption bands (Q-
and Soret) of the P adsorbed TiO2 film may be due to intermolecular
interactions of the molecules aggregated on the TiO2 surface [19].
The blue shift in the Soret band is related to the H-type aggregation
of P on the TiO2 surface [20]. Moreover, the broadened absorption
bands observed in the P adsorbed TiO2 film spectra minimize the
gap between the Soret and Q bands, resulting in increased spec-

tral responses of the solar cells. Fig. 2 also compares the UV–visible
spectra of P loaded TiO2 films before and after DCA coadsorption.
When DCA was included in the P solution, the P sensitized TiO2
film cografted with DCA showed similar absorption peaks but the
intensity of the absorption decreased, suggesting the amount of P
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dark current was also reduced upon the coadsorption of DCA. This
reduction in dark current indicates that coadsorption of DCA leads
to suppression of the charge recombination between the injected
electrons and the I3− ions in the electrolyte, thus increasing both

Table 1
Photovoltaic parameters of quasi solid state DSSCs based on P and DCA–P sensitizer.

Sensitizer Jsc (mA cm−2) Voc (V) FF PCE (%)
Fig. 2. Absorption spectra of P and DCA coadsorbed P sensitized TiO2 films.

n the TiO2 surface has decreased. The competition of DCA with the
for binding to the TiO2 surface is responsible for the decrease in

he P adsorption (dye loading).

.3. Electrochemical properties

To ensure efficient electron injection from the LUMO of the sen-
itizer into the conduction band of TiO2, the LUMO level must be
igher than the conduction band edge of TiO2. The HOMO level
f the sensitizer must be lower than the redox potential of I−/I3−

ouple for efficient regeneration of the sensitizer cation after the
hotoinduced electron injection into the conduction band of TiO2.
he HOMO (EHOMO) and LUMO (ELUMO) energy levels of P were
stimated from the oxidation onset (0.80 V) and reduction onset
−1.15 V) potentials, observed in cyclic voltammograms according
o following expression [21].

HOMO = −(Eox + 4.7) eV

LUMO = −(Ered + 4.7) eV

here Eox and Ered are the oxidation and reduction onset potentials,
espectively, measured with reference the Ag/Ag+ redox potential
4.7 V). The difference between the LUMO energy level of sensitizer
nd the conduction band edge of TiO2 should be higher than 0.2 eV
or efficient electron injection [22]. The LUMO and HOMO energy
evels for P are −3.55 eV and −5.50 eV, respectively. This indicates
hat the LUMO level of P is sufficiently higher than the conduction
and of TiO2 (−4.0 eV) and consequently an efficient electron trans-
er from the LUMO of P into the conduction band of TiO2 is possible.

oreover, the HOMO energy level of P is lower than the standard
otential of I−/I3− redox couple (−4.85 eV vs vacuum). This indi-
ates that sufficient driving force exists for the regeneration of the
xidised P in DSSCs.

.4. Photovoltaic performance

The incident photons to current efficiency (IPCE) spectra of the
evices are shown in Fig. 3 The IPCE spectra of the device are sim-

lar to the corresponding absorption spectra of P sensitized TiO2
lectrode, indicating that all the photons absorbed by P are con-

ributing to the photocurrent. Fig. 3 also compares the IPCE spectra
f the DSSCs based on TiO2 photoanode sensitized with P alone
nd with both P - DCA (40 mM). The maximum IPCE value is about
5% and 60% in the Soret and Q band, respectively for P sensi-
ized DSSCs. Upon addition of the DCA in the P solution, the IPCE
Fig. 3. IPCE spectra of the DSSCs based with and without DCA coadsorbant P.

in both bands was enhanced significantly. The IPCE is the prod-
uct of the electron injection efficiency, light harvesting efficiency
and charge collection efficiency. It can be seen from the absorption
spectra of P sensitized TiO2 film that the light harvesting efficiency
is higher than that for DCA added P sensitized TiO2 film. Therefore,
the higher value of IPCE for the DSSC based on DCA added P sen-
sitized DSSCs may be due to the increase in the electron injection
efficiency and the charge collection efficiency. The lower charge
collection efficiency or lower IPCE is attributed to the charge recom-
bination caused by the dye aggregation or close �–�* stacking.
Upon coadsorption with DCA, although the amount of dye on the
TiO2 surface is reduced, the IPCE spectra of the DSSCs based on this
become broader as compared to the IPCE spectra of DSSC based
on P. Therefore, the improvement in the IPCE is directly attributed
to the reduction of the dye adsorption. We can conclude that the
coadsorption is necessary to break up the dye aggregates, which
is essential for IPCE improvement. Upon coadsorption of DCA, this
acts as spacer among the dye molecules and thus suppresses the
�–� interaction of the dye molecules that retards charge recombi-
nation and hence improves the IPCE [23].

The J–V characteristics of the DSSCs with or without DCA are
shown in Fig. 4a and the PV parameters i.e., short circuit current
(Jsc), open circuit voltage (Voc), fill factor (FF) and power conversion
efficiency (PCE) are summarized in Table 1 The above PV results
indicate that the coadsorption of DCA is an effective approach to
improve the DSSC performance. All the PV parameters have been
improved upon the DCA adsorption. The increase in Voc has been
attributed to the fact that the adsorption of DCA charges the surface
of TiO2 negatively and shifts the conduction band edge negatively
[24]. The increase in the Voc also indicates that the charge recom-
bination was suppressed by DCA. To understand the role of DCA in
improving the PV performance of the DSSC, the effect of the DCA
on dark current was studied as shown in Fig. 4b. It is found that
the dark current onset voltage shifted to a larger value, and the
P 8.8 0.70 0.47 2.90
DCA (40 mM)-P 10.3 0.76 0.54 4.22

Jsc, short circuit current; Voc, open circuit voltage; FF, fill factor; PCE, power conver-
sion efficiency.
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of Jsc. The Bode plots in the lower frequency region do not show
any distinguishable peak, but only an arc is observed below 3 Hz.

In order to gain more insight into the electron transport in
DSSCs, the EIS i.e., Nyquist plot of the DSSCs was also measured
ig. 4. Current–voltage characteristics for DSSCs sensitized with and without DCA
oadsorbant sensitized (a) under illumination, (b) in dark.

oc and Jsc. The enhancement of Voc is usually related to the negative
hift of conduction band or suppression of charge recombination.
he breakup of �-stacked aggregates might improve the electron
njection efficiency and thus the Jsc [25].

Electrochemical impedance spectroscopy is a powerful tool for
dentifying electronic and ionic transport processes in DSSCs, which
rovides valuable information for understanding the photovoltaic
arameters [26]. The tendency of charge recombination at the
iO2/electrolyte interface and the movement of TiO2 conduction
and edge were also examined by EIS measurements in dark with
pplied voltage equivalent of Voc of the device. The Nyquist plots in
ark are shown in Fig. 5a for the DSSCs based on P and DCA–P,
easured under a forward bias equivalent to Voc of the DSSCs.

he equivalent circuit shown in Fig. 6 was used to fit the exper-
mental data of the DSSCs. Rs, is the series resistance accounting
or the transport resistance of the FTO and the electrolyte. C� and
ct are the chemical capacitance and charge recombination resis-
ance at the TiO2/electrolyte interface, respectively. Cpt and Rpt

re the interfacial capacitance and charge transport resistance at
he Pt/electrolyte interface, respectively. For both DSSCs based on
ith and without DCA coadsorbant P sensitized TiO2 electrodes,

how three semicircles. The larger semicircle in the middle fre-
uency region is clearly observed in both DSSCs, corresponding to
he charge transfer at the TiO2/electrolyte interface [27]. The charge

ransfer resistance (Rct) fitted to DSSCs based on DCA coadsorbant P
745 �) is higher than that of P (432 �), indicating that recombina-
ion rate in the DSSC based on former is slower as compared to the
atter. In addition, the chemical capacitance (C�) of the DSSC based
Fig. 5. Electrochemical impedance spectra (a) Nyquist plots, (b) Bode plots, of the
DSSCs based on P and DCA–P, in dark.

on P (34.6 �F) is larger than that for DCA coadsorbant P (28.8 �F),
suggesting that a negative shift in the conduction band edge (CB) of
TiO2 was induced by the DCA coadsorbant [28]. Both slow charge
recombination process and negative shift in the CB of TiO2 con-
tribute to the higher Voc of the DSSC based on DCA coadsorbant P
sensitized TiO2 electrode. The EIS bode plot (frequency range from
0.1 Hz to 105 Hz), shown in Fig. 5b, exhibits two frequency peaks for
the electron transfer at the TiO2/dye/electrolyte interface (middle
frequency region, 10–100 Hz) and redox charge transfer at counter
electrode (higher frequency region, beyond 1000 Hz) in increasing
order of frequency [29]. The peak of the middle frequency region
is related to the charge recombination rate and its reciprocal is
regarded as electron lifetime [27,30]. The peak in the frequency
region of 10–100 Hz, shifts to a smaller value for DCA coadsorbant
P sensitized DSSC as compared to that for P sensitized DSSC, indicat-
ing an increase in the electron lifetime upon the DCA coadsorbant.
The increase in the lifetime (16 ms and 25 ms for P and DCA–P sensi-
tized, respectively) of the electron for the DSSC based on the DCA–P
sensitizer indicates an improvement in both electron injection effi-
ciency and charge collection efficiency leading to an enhancement
Fig. 6. Equivalent circuit used to fit the electrochemical impedance spectra.
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ig. 7. Electrochemical impedance spectra i.e., Nyquist plots of DSSCs based on P
nd DCA–P, under illumination.

nder illumination (100 mW cm−2). As shown in Fig. 7, the radius
f the semicircle in the middle frequency region is larger for the
SSC based on P than that for DCA–P. These results indicate that

he charge transport in the DSSC based on DCA–P is faster than
CA–P, which coincides with the overall PCE of DSSCs [31].

. Conclusions

A novel zinc porphyrin P was successfully synthesized by a
ve-step reaction sequence. It contained phenylenevinylene sub-
tituents at two opposite meso-positions of the porphyrin ring,
hich broadened the absorption spectrum and enhanced the sol-
bility. The PV performance of P as sensitizer in nanocrystalline
iO2 solar cells was investigated using polymer gel quasi solid
tate electrolyte and achieved a PCE of about 2.90%, which has
een further improved up to 4.22%, upon addition of DCA to the
solution for TiO2 sensitization. Coadsorption of DCA reduced the

ye loading, but improved the Jsc, significantly (from 8.8 mA cm−2

o 10.3 mA cm−2). The increase in the Jsc has been related to the
mproved electron injection efficiency and the charge collection
fficiency. The improvement of Voc is attributed to the suppressed
harge recombination, which was revealed by the increase in elec-
ron lifetime.
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