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a b s t r a c t

Two new symmetrical compounds A and P based on perylene-anthracene and perylene-pyrene, respec-
tively, were synthesized and characterized by FT-IR, 1H NMR, TGA and TMA. These compounds contained
tert-butyl groups which enhanced their solubility, decomposed above 400 ◦C and gave char yields of
46–65% at 800 ◦C in N2. Compound A showed significantly higher glass transition temperature (124 ◦C)
than P (75 ◦C). Their absorption spectra were broad with longer wavelength absorption at 467–525 nm and
optical band gap of 2.05 eV. The solutions of the compounds emitted green-yellow light with maximum
at 555 nm, while their films were not photoluminescent. The compound A shows better photovoltaic
response than compound P. Quasi solid state dye sensitized solar cells (DSSCs) have been fabricated
employing compound A as sensitizer and polymer sol gel as electrolyte and characterized through the
current–voltage characteristics in dark as well as under illumination and electrochemical impedance
uasi solid state dye sensitized solar cell
lectrochemical impedance spectra

spectra. We found that the Al2O3 modification of TiO2 layer significantly improves the dye absorption
resulting in enhancement of power conversion efficiency (PCE) (from 1.15 to 2.13%) which is attributed to
the increase in electron lifetime and reduction in back transfer of electrons. Finally, the TiO2 has been incor-
porated into the polymer electrolyte gel to improve the power conversion efficiency (3.42%) of the quasi
solid state DSSC. The faster electron diffusion in the device, the high ionic conductivity and the low acti-
vation energy of the polymer electrolyte are also responsible for enhanced PCE, when TiO2 nano-particles

olyme
are incorporated in the p

. Introduction

At present, most successful photovoltaic devices are based on
emiconducting materials such as silicon [1], but fabrication cost
f these devices is very high. In recent years alternatives to Si
ased solar cells have been investigated and considerable research

s ongoing towards the reduction of the cost of solar cells. Dye
ensitized solar cells (DSSCs) have attracted considerable atten-
ion in the past few years, since the milestone report by O’Regan
nd Grätzel [2]. Significant progress has been made to enhance the
ower conversion efficiency (PCE) employing novel sensitized dyes,

lectrolytes and photoanode (nano-crystalline metal oxide films)
3–10]. To date, DSSCs based on ruthenium polypyridyl complex
ensitized TiO2 electrodes have shown the highest PCE values in
he range of 9–11% [11–13]. However, in view of their cost and
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environmental problems, metal free dyes are strongly desired. In
this context, various organic dyes have been developed for DSSCs
[14–18]. In the last few years, increasing research efforts have been
devoted to the development of new organic sensitizers and rea-
sonable power conversion efficiencies have been achieved with
these dyes [19–21,18,22]. We are interested particularly in pery-
lene bisimide derivatives due to their unique outstanding chemical,
thermal and photochemical stabilities [23–25]. So far, several pery-
lene bisimide derivatives sensitized solar cells have been reported,
but the PCE values remain low (� = 1.9–2.6) compared with other
organic dyes [26–31]. Perylene bisimides are generally poor elec-
tron donors, since they are rather used as electron acceptor
component in bulk heterojunction photovoltaic devices for pho-
toinduced charge transfer [23,24,32].

Symmetrical perylene bisimides could be synthesized easily
in high yield by reactive primary amines in m-cresol and iso-

quinoline. In continuation of our efforts on the development of
perylene bisimides for photovoltaic cells, we describe in this arti-
cle the synthesis of two new symmetrical compounds A and P
based on perylene-anthracene and perylene-pyrene, respectively.
These compounds were easily synthesized from the condensation

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mikroyan@chemistry.upatras.gr
mailto:sharmagd_in@yahoo.com
dx.doi.org/10.1016/j.jpowsour.2009.06.002
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f the substituted perylene dianhydride with aminoanthracene and
minopyrene. The compounds carried at the 1,7-bay positions of the
erylene central unit, tert-butylphenoxy groups which enhanced
heir solubility. Anthracene [33] and pyrene [34] were inserted as
erminal moieties to the molecules of A and P because these species
ave been used for photovoltaic cells. The thermal and photophys-

cal properties of the compounds were studied. We have explored
he possibility of these materials for quasi solid state dye sensi-
ized solar cells. The maximum power conversion efficiency we
ave achieved is about 1.15% and 2.13% for TiO2 and Al2O3 modified
iO2 photoelectrodes using polymer electrolyte, which is further
nhanced up to 3.42% when TiO2 nano-filler is added to the polymer
lectrolyte with Al2O3 modified TiO2 photoelectrode. The enhance-
ent in PCE has been explained in terms of increased electron

ifetime, ionic conductivity of polymer electrolyte and low acti-
ation energy, when TiO2 nano-particles are incorporated in the
olymer electrolyte.

. Experimental

.1. Reagents and solvents

N,N-Dimethylformamide (DMF) and tetrahydrofuran (THF) were
ried by distillation over CaH2. All other reagents and solvents were
ommercially purchased and were used as supplied.

.2. Characterization methods

FT-IR spectra were recorded on a Perkin-Elmer 16PC FT-IR
pectrometer with KBr pellets. 1H NMR (400 MHz) spectra were
btained using a Brucker spectrometer. Chemical shifts (ı values)
re given in parts per million with tetramethylsilane as an internal
tandard. TGA was performed on a DuPont 990 thermal analyzer
ystem. Ground samples of about 10 mg each were examined by
GA and the weight loss comparisons were made between com-
arable specimens. Dynamic TGA measurements were made at a
eating rate of 20 ◦C min−1 in atmospheres of N2 at a flow rate of
0 cm3 min−1. Thermo-mechanical analysis (TMA) was recorded on
DuPont 943 TMA using a loaded penetration probe at a scan rate of
0 ◦C min−1 in N2 with a flow rate of 60 cm3 min−1. The TMA exper-

ments were conducted at least in duplicate to ensure the accuracy
f the results. The TMA specimens were pellets of 10 mm diameter
nd ∼1 mm thickness prepared by pressing powder of sample for
min under 8 kPa cm−2 at ambient temperature. The Tg is assigned
y the first inflection point in the TMA curve and it was obtained
rom the onset temperature of this transition during the second
eating. UV–vis spectra were recorded on a Beckman DU-640 spec-
rometer with spectrograde THF. The PL spectra were obtained with

Perkin-Elmer LS45 luminescence spectrometer. The PL spectra
ere recorded with the corresponding excitation maximum as the

xcitation wavelength. Elemental analyses were carried out with a
arlo Erba model EA1108 analyzer.

.3. Preparation of compounds

.3.1. 1,7-Dibromo-3,4,9,10-perylenetetracarboxylic dianhydride
1)

Compound 1 was prepared by bromination of 3,4,9,10-
erylenetetracarboxylic dianhydride using bromine and a catalytic
mount of iodine in sulfuric acid [35]. The 1,7-dibromoderivative is
he predominant isomer which was obtained as reaction product.
.3.2. 1,7-(4-tert-Butylphenoxy)perylene-3,4,9,10-tetracarboxylic
ianhydride (2)

Compound 2 was prepared from the condensation of 1 with 4-
ert-butylphenol in DMF in the presence of K2CO3 [36].
er Sources 194 (2009) 1171–1179

2.3.3. 9-Nitroanthracene (3)
Compound 3 was prepared from the nitration of anthracene by

means of concentrated nitric acid in glacial acetic acid [37]. It was
purified by recrystallization from methanol.

2.3.4. 9-Aminoanthracene (4)
Compound 4 was prepared from the reduction of 3 using

hydrazine monohydrate in ethanol in the presence of a catalytic
amount of Pd/C [37].

2.3.5. 2- and 4-nitropyrene (5)
Compound 5 was prepared according to a reported method [38]

which was modified as follows. A flask was charged with a mix-
ture of pyrene (1.00 g, 4.94 mmol) and glacial acetic acid (30 ml).
The mixture was heated at about 60 ◦C to dissolve the pyrene. To
this warm solution concentrated nitric acid 63% (0.49 g, 4.94 mmol)
dissolved in glacial acetic acid (∼5 ml) was added dropwise with
vigorous stirring. An exothermic reaction was observed and the
product precipitated as yellowish solid. Stirring of the mixture
at room temperature was continued for 4 h. It was subsequently
poured into ice-water. The solid was filtered off, washed thor-
oughly with water and dried. It was purified by recrystallization
from ethanol (0.73 g, 63%). A mixture of 2- and 4-nitropyrene was
obtained from this reaction according to the literature [38].

2.3.6. 2- and 4-aminopyrene (6)
Compound 6 was prepared according to a reported method

[39] which was modified as follows. A flask was charged with a
solution/suspension of 5 (0.29 g, 1.17 mmol) in ethanol (20 ml). A
catalytic amount (∼0.2 g) of 10% Pd/C was added to the mixture. It
was subsequently heated to reflux, and 3 ml of hydrazine monohy-
drate was added slowly at reflux temperature. After a further 12 h
of reflux, the solution was filtered to remove the catalyst, the fil-
trate was concentrated in a rotary evaporator and the concentrate
was cooled into a refrigerator. The pale green precipitate was fil-
tered, washed with water and dried to afford a mixture of 2- and
4-aminopyrene. The crude product was recrystallized from ethanol
(0.18 g, 72%).

2.3.7. Compound A
A flask was charged with a mixture of 2 (0.1000 g, 0.145 mmol)

and DMF (25 ml). The mixture was heated to dissolve compound 2.
To this solution, compound 4 (0.0561 g, 0.290 mmol) and glacial
acetic acid (0.041 g, 0.683 mmol) were added. The mixture was
stirred and heated at 130 ◦C for 18 h under N2. It was subse-
quently concentrated under reduced pressure and the concentrate
was poured into water. The brown-black precipitate was filtered,
washed with water and dried to afford A (0.1293 g, 78%).

FT-IR (KBr, cm−1): 3038, 2956, 1656, 1622, 1592, 1508, 1400,
1266, 1236.

1H NMR (DMSO-d6) ppm: 8.56–8.10 (m, 16H, perylene protons
and anthracene protons at positions 1,4,5,8,10); 7.94–7.83 (m, 8H,
anthracene protons at positions 2,3,6,7); 7.32 (m, 4H, phenylene
protons meta to oxygen); 7.03 (m, 4H, phenylene protons ortho to
oxygen); 1.20 (s, 18H, aliphatic protons of tert-butyl).

Anal. Calcd. for C72H50N2O6: C, 83.22; H, 4.85; N, 2.70. Found: C,
82.10; H, 4.12; N, 3.06.

2.3.8. Compound P
Compound P was similarly prepared as a brown-black solid in

70% yield from the reaction of 2 with 6 in DMF in the presence of

glacial acetic acid.

FT-IR (KBr, cm−1): 3040, 2958, 1654, 1638, 1592, 1508, 1396,
1268, 1236, 840, 714.

1H NMR (DMSO-d6) ppm: 8.56–7.82 (m, 24H, perylene and
pyrene protons); 7.32 (m, 4H, phenylene protons meta to oxygen);
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ig. 1. Schematic diagram of quasi solid state DSSC with compact TiO2 layer, porous
iO2 + dye, polymer electrode with redox couple and PEDOT:PSS-graphite coated
TO counter electrode.

.03 (m, 4H, phenylene protons ortho to oxygen); 1.20 (s, 18H,
liphatic protons of tert-butyl).

Anal. Calcd. for C76H50N2O6: C, 83.96; H, 4.64; N, 2.58. Found: C,
2.57; H, 5.16; N, 3.10.
.4. Dye sensitized solar cell preparation and characterization

The following devices were fabricated: (A) FTO/compact
iO2 layer/np-TiO2–perylene dye/polymer electrolyte/counter
lectrode, (B) FTO/compact TiO2 layer/Al2O3 modified np-

Scheme 1. Synthesis of c
er Sources 194 (2009) 1171–1179 1173

iO2–perylene dye/polymer electrolyte/counter electrode, and
(C) FTO/compact TiO2 layer/Al2O3 modified np-TiO2–perylene
dye/TiO2 nano-filler:polymer electrolyte/counter electrode. The
configuration of device C is same as device B except the polymer
electrolyte with TiO2 has been used.

A TiO2 colloidal dispersion was prepared by adding 10 ml of
deionized water to 3 g of P25 powder (Degussa product). Further,
0.25 ml of acetylacetone was added to prevent the re-aggregation of
TiO2 particles, followed by a 20 min sonication; 0.13 ml of detergent
(Triton X-100) was introduced to facilitate spreading of the dis-
persion on to the substrates. FTO conducting glass substrates were
cleaned with deionized water rinsed with 2-iso-propanol and dried
in ambient condition. A thin compact layer of TiO2 film (approxi-
mately 10 nm thickness) was deposited on the FTO glass substrates
by means of dip coating in order to improve the ohmic contact and
adhesion between porous TiO2 and FTO substrates [40]. The above
colloidal dispersion was spread on the surface of compact film by
means of the doctor blading technique. The thickness of the porous
layer was controlled by an adhesive tape. Thereafter, the film was
sintered at 450 ◦C for 30 min in air. The thickness of the obtained
porous film was approximately 6 �m. After cooling the electrodes
to room temperature, the electrodes were immersed in 5 × 10−4 M
dye solution in THF overnight at room temperature.

The counter electrode was made by developing a thin
film of protonated poly-(3,4-ethylenedioxythiophene)-polystyrene
(PEDOT:PSS) over graphite coated FTO glass substrates. In this pro-
cess, first the FTO is coated with graphite and then DMSO treated
PEDOT:PSS was grown over the top of the film by dip coating
method. The film was treated dried at 80 ◦C for 30 min.
After sensitization, a quasi solid state polymer electrolyte 0.5 M
KI/0.05 I2, 0.26 g of PEO and 44 �l of 4-tert-butylpyridine in 1:1 ace-
tone/propylene carbonate was spread on the dye sensitized TiO2
film by spin coating to form a hole conducting layer. To incorpo-
rate the nano-fillers in the polymer electrolyte 0.038 g of TiO2 (P25

ompounds A and P.
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was at 467–525 nm and is assigned to the �–�* transitions. The
absorption curves of A and P were similar in both solution and
thin film thus indicating that the chemical structure of the termi-
nal units (anthracene and pyrene) did not influence considerably
174 J.A. Mikroyannidis et al. / Journal o

egussa) powder was added to it. The cells were made by clamp-
ng the photoanode consisting of polymer electrolyte with counter
lectrode. The systematic structure of the quasi solid state dye sen-
itized solar cell is shown in Fig. 1.

The TiO2 surface modification by Al2O3 was performed as fol-
ows: a nano-porous TiO2 electrode was dipped into a solution of
l(OC3H7)3 for 10 min and then rinsed with deionized water and
ried in air for 1 h. This procedure was repeated for two times

ollowed by the sintering at 450 ◦C for 30 min in air.
The electrochemical impedance spectra (EIS) measurements

ere carried out by applying bias of the open circuit voltage (Voc)
nd recorded over a frequency range of 1 mHz to 105 Hz with
c amplitude of 10 mV. The above measurements were recorded
ith an Autolab Potentiostat PGSTAT-10 equipped with frequency

esponse analyzer (FRA). The current–voltage (J–V) characteristics
n dark and under illumination were obtained by a Keithley elec-
rometer.

. Results and discussion

.1. Synthesis and characterization

Scheme 1 outlines the synthesis of compounds 1 [35], 2 [36], 3
37], 4 [37], 5 [38] and 6 [39] according to the literature. The nitra-
ion of pyrene by means of an equivalent amount of nitric acid in
lacial acetic acid affords a mixture of 2- and 4-nitropyrene [38]
hich were not isolated since their properties are expected to be

imilar. Therefore, compounds 5, 6 and P were obtained as a mix-
ure of two isomers. Compounds A and P were soluble in polar
rganic solvents such as THF, chloroform, and dichloromethane due
o the presence of the tert-butyl groups. Even though these com-
ounds are monomers, thin films of them could be obtained from
HF solutions by spin-casting.

The FT-IR spectra of compounds showed certain characteris-
ic absorption bands which for A appeared at 3038 (aromatic
–H stretching); 2956 (C–H stretching of tert-butyl groups); 1656,
622 (carbonyl stretching); 1592, 1508 (aromatic breathing modes);
400 (C–H deformation of tert-butyl groups) and 1266, 1236 cm−1

ether bond). Fig. 2 depicts the 1H NMR spectra of A and P. Com-
ound A displayed an upfield signal at 8.56–8.10 ppm assigned to
he perylene protons labelled “d”. The aromatic protons “e”, “b”
nd “c” resonated at 7.94–7.83, 7.32 and 7.03 ppm, respectively,
hile the tert-butyl protons gave a singlet at 1.20 ppm. Compound
showed multiplets at the region of 8.56–7.82 ppm assigned to the
erylene and pyrene protons. Finally, the protons “b”, “c” and “a”
ave similar resonances with those of the corresponding protons of
.

Thermal characterization of compounds was accomplished by
GA and TMA (Fig. 3). The decomposition temperature (Td) and the
har yield (Yc) at 800 ◦C by TGA as well as the glass transition tem-
erature (Tg) by TMA are listed in Table 1. Both compounds were
table up to ∼300 ◦C, had Td values of 400–427 ◦C and Yc of 46–65%.
he Tg was 124 ◦C for A and 75 ◦C for P. The anthracene ring seems
o render the molecule of A more rigid relative to pyrene of P.

.2. Photophysical properties

Fig. 4 presents the normalized UV–vis absorption spectra A and
in dilute (10−5 M) THF solution and thin film. Fig. 5 depicts their

mission photoluminescence (PL) spectra in THF solution. The PL

pectra in thin films were not recorded because they were not
hotoluminescent to a detectable extend. Table 1 summarizes all
hotophysical characteristics.

The absorption spectra (Fig. 4) were broad and covered a signif-
cant part of the visible region from 300 nm up to about 550 nm
Fig. 2. 1H NMR spectra in DMSO-d6 solution of compounds A (top) and P (bottom).
The solvent peak is denoted by an asterisk.

in solutions and 600 nm in thin films. The shorter wavelength
absorption maximum (�a,max) was located around 340 nm and
corresponds to n–�* transitions. The longer wavelength �a,max
Fig. 3. TGA thermograms of compounds A and P in N2. The insert shows the
TMA traces of these compounds. Conditions: N2 flow, 60 cm3 min−1; heating rate,
20 ◦C min−1.
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Fig. 4. Normalized UV–vis absorption spectra of compounds A and P in 10−5 M THF
solution (a) and thin film (b).

Fig. 5. Normalized PL emission spectra of compounds A and P in THF solution by
photoexcitation at 470 nm.

Table 1
Thermal and optical properties of compounds A and P.

Compound

A P

Td
a (◦C) 400 427

Yc
b (%) 65 46

Tg
c (◦C) 124 75

�a,max
d in THF solution (nm) 510 467

�f,max
e in THF solution (nm) 555 555

�a,max
d in thin film (nm) 525 476

Eopt
g

f (eV) 2.05 (606 nm)g 2.05 (606 nm)g

The PL emission spectra were recorded at 470 nm excitation wavelength.
a Decomposition temperature corresponding to 5% weight loss in N2 determined

by TGA.
b Char yield at 800 ◦C in N2 determined by TGA.
c Glass transition temperature determined by TMA.
d
 The absorption maxima from the UV–vis spectra in THF solution or in thin film.
e The PL maxima in THF solution.
f The optical band gap calculated from the onset of the thin film absorption.
g Numbers in parentheses indicate the onset of the thin film absorption.

their absorption. The thin film absorption onset was identical for
both compounds and was located at 606 nm which corresponds
to an optical band gap (Eopt

g ) of 2.05 eV. Thus from the respect of
absorption, both compounds seems to be almost equivalent. An
Eopt

g value of about 2.0 eV has been reported for donor–acceptor
type thiophene–perylene–thiophene polymers [36]. Furthermore,
oligothiophene-functionalized perylene bisimide systems have dis-
played Eopt

g of 1.97–1.63 eV [41].
The solutions of A and P emitted green-yellow light, when they

were photoexcited at the excitation maximum (470 nm). Again the
PL emission curves (Fig. 5) were similar with maximum (�f,max) at
555 nm for both compounds.

3.3. Characterization of TiO2 films

The X-ray patterns of the compact (C) porous film (P) and
compact–porous (CP) film are shown in Fig. 6. Anatase and rutile
phase peaks are marked as A and R, respectively in this figure. It
is observed that the C film consists only of pure anatase phase
showing only diffraction peaks corresponding to the anatase phase.
However, P film and CP film show both anatase and rutile phases.
The XRD patterns and relative intensity of P and CP films were
almost the same.

Fig. 7 shows the UV–vis absorption spectra for the perylene dye
absorbed TiO2 films with and without Al2O3 modification. It reveals
that the modification of Al2O3 apparently increases the amount

of adsorbed dye molecules. To further confirm the surface con-
centration of perylene dye, the dye was desorbed from the TiO2
surface into 0.05 NaOH solution and the absorption spectrum was
measured. The result showed that the surface concentration of dye
increases from 6.85 × 10−8 to 9.6 × 10−8 mol cm−3 upon the Al2O3

Fig. 6. XRD spectra of C, P and CP films.
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Fig. 7. UV–vis absorption spectra of perylene compound A adsorbed TiO2 photo-
electrodes.
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trode (Fig. 7). Therefore, for the electrode with modified TiO2, the
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D

ig. 8. Current–voltage characteristics of DSSCs under illumination of 100 mW cm−2.

odification. The higher concentration is attributed to the higher
asicity of the TiO2 film upon Al2O3 modification. If the modifica-
ion material is more basic than TiO2, the imide carbonyl groups

n the perylene dye molecules are more easily adsorbed to the sur-
ace of the coating layer [42]. It is also observed that the maximum
bsorption peak at 550 nm for perylene dye, which is assigned to
–�* transition, blue shifts by 12 nm to 538 nm upon Al2O3 modi-

able 2
omparison of photovoltaic performance for DSSCs A, B and C.

evice Short circuit current, Jsc (mA cm−2) Op

evice A: FTO/compact TiO2

layer/np-TiO2–perylene dye/polymer
electrolyte/counter electrode

4.37 0.5

evice B: FTO/compact TiO2

layer/Al2O3 modified
np-TiO2–perylene dye/polymer
electrolyte/counter electrode

6.45 0.6

evice C: FTO/compact TiO2

layer/Al2O3 modified
np-TiO2–perylene dye/TiO2

nano-filler:polymer
electrolyte/counter electrode

8.92 0.6
Fig. 9. IPCE spectra of DSSCs.

fication. The blue shift of the �–�* transition peak results from the
increased surface basicity due to Al2O3 modification.

3.4. Photovoltaic properties

Fig. 8 shows the current–voltage characteristics for A, B and
C devices under illumination of intensity 100 mW cm−2. Table 2
shows the comparison of the photovoltaic performance of the
devices. The IPCE spectra of the devices are shown in Fig. 9. As
it can be seen, the IPCE is higher for the DSSCs fabricated from
the photoelectrode with Al2O3 modified TiO2 photoelectrode than
that for unmodified TiO2 electrode. The IPCE can be expressed in
terms of the light harvesting efficiency (LHE), the quantum yield of
the charge injection (�inj), and the efficiency (�c) of collecting the
injected charge at back contact as shown in the following expres-
sion:

IPCE = LHE(�)�inj�c

The LHE is mainly proportional to the adsorbed dye molecules
per square centimeter, �inj and �c are related to the crystallinity
of the TiO2 nano-particles. Additionally, �c is directly determined
by the film resistance and electron lifetime (�n). As it can be
seen from the optical absorption spectra of the dye sensitized
photoelectrodes, the absorption intensity is higher for the Al2O3
modified TiO2 electrode than that for unmodified TiO2 photoelec-
LHE (�) may be greater, due to the higher adsorbed amount of pery-
lene dye molecules. But, the overall improvement in the IPCE is not
only due to this phenomenon. Al2O3 has been used as modification
material of TiO2 photoanode, since layer of Al2O3 can form insulat-

en circuit voltage, Voc (V) Fill factor, FF Power conversion efficiency, � (%)

4 0.49 1.15

1 0.54 2.13

5 0.59 3.42



J.A. Mikroyannidis et al. / Journal of Power Sources 194 (2009) 1171–1179 1177

i
c
t
e
v
i

c
fi
d
r
w
t
c
d
t
o
F
r
c

3

i
o
t
i
o
f
N
r
a
b
t
t
a
c
c
c
p
t
l
f
f

Fig. 10. Dark current–voltages curves for DSSCs A, B and C.

ng barrier at the TiO2/dye interface because of its higher band gap
ompared with TiO2 and also at the same time a physical separa-
ion of injected electrons from the oxidized dye/redox couple in the
lectrolyte [43,44]. Therefore, the increase in IPCE and power con-
ersion efficiency for the device B was attributed to the reduction
n recombination reaction occurring in the DSSCs.

The dark current–voltage curves in Fig. 10 showed that the dark
urrent onset shifted to a larger potential for DSSCs with modi-
ed TiO2 electrode. The dark current value at the same potential
ecreased for device B. This observation indicated that the Al2O3
etarded the charge recombination. Therefore, the photovoltage
as enhanced and the dark current was reduced. The modifica-

ion of Al2O3 not only generates a barrier that reduces the dark
urrent but also shifts the conduction band potential in negative
irection, revealing a lower electron density at any applied poten-
ial [45]. Consequently, at each applied potential, the back transfer
f electrons in modified TiO2 is lower than that in unmodified TiO2.
rom the dark current measurements, it can be concluded that the
esistance of TiO2 increases as a result of the negative shift of TiO2
onduction band potential [46].

.5. Electrochemical impedance spectral properties

The present QSDSC were investigated by electrochemical
mpedance spectroscopy (EIS) performed at open circuit voltage
f each solar cell under illumination. EIS has proven to be a useful
echnique for the characteristics of electronic and ionic processes
n DSSCs [47–49]. The impedance analysis of solar cells composed
f unmodified Al2O3 and modified TiO2 photoelectrodes was per-
ormed at Voc of each cell under illumination. Fig. 11(a) shows
yquist plots of the DSSCs. Three arcs are observed in the frequency

egime of 103–105, 1–103 and 0.1–1 Hz, from left to right. These arcs
re associated with (i) the charge transfer process at the interface
etween counter electrode and redox couple (high frequency), (ii)
he transport process of injected electrons within the photoelec-
rode film and the charge transfer process of the injected electrons
t the interface between the photoelectrode and electrolyte/dye
oating (middle frequency), and (iii) the diffusion of I3

−/I− redox
ouple within the electrolyte (low frequency). Identical semicir-
le for high frequency region indicates that the modification of

hotoelectrode does not impact the charge transfer at counter elec-
rode/electrolyte interface. As expected there is no change in the
ow frequency arc, because the photoanode is modified before the
abrication of device. It is observed that the semicircle of the middle
requency region of the cell based on modified TiO2 photoelectrode
Fig. 11. (a) Nyquist plot and (b) Bode plots of EIS spectra for DSSCs A, B and C.

gets larger than the unmodified TiO2 photoelectrode. At open cir-
cuit, the electrons, which are injected from the adsorbed dye to
the photoelectrode partially accumulate at the interface at pho-
toelectrode/dye/electrolyte and react with the electrolyte, thereby
decreasing the impedance of this region. Therefore, the larger
semicircle for modified TiO2 photoelectrode shows that the recom-
bination of the photogenerated electron with electrolyte by the
backward transfer is retarded by the photoelectrode. The electrons
injected from the dye into the conduction band of photoelectrode
are efficiently extracted by the photoelectrode with modified TiO2
as compared to TiO2 photoelectrode. This was also confirmed from
dark current measurements, in which the dark current is reduced
for the DSSC with modified TiO2 photoelectrode.

The Bode plots of DSSCs with modified and unmodified TiO2
photoelectrodes are illustrated in Fig. 11(b). Two peaks associated
with the transfer of photogenerated electrons at the surface of
photoelectrodes and conducting electrodes, are clearly observed.
According to the EIS model developed by Kern et al. [50], the life-
time of injected electron from the dye to photoelectrode film can
be drawn from the position of the low frequency peak in Fig. 11(b)
through the expression � = 1/2�f, where f is the frequency of the
superimposed ac voltage. The peak frequency in the Bode plot for
DSSC with modified photoelectrode is about 20% smaller than that
for TiO2 photoelectrode. This indicates that the electron lifetime
(14 ms) increases (14 ms from 8 ms for unmodified TiO2 photoelec-
trode) when the modified photoelectrode is used in DSSC having
the same dye and electrolyte. This also confirms the retard reaction
of electrons with I3

− in the electrolyte.

3.6. Effect of np-TiO2 nano-fillers in the polymer electrolyte

We have investigated the effect of the incorporation of TiO2
nano-particles in the solid electrolyte on charge transport and on
the photovoltaic response a quasi solid state DSSC using mod-
ified TiO photoelectrode. The current–voltage characteristics of
2
the devices are shown in Fig. 8. It is observed that the short cir-
cuit current (Jsc) (8.9 mA cm−2) is significantly enhanced by the
incorporation of TiO2 nano-particles in the polymer electrolyte,
without a significant change in open circuit voltage (Voc). The J–V
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haracteristics in dark (Fig. 10) show that nano-fillers in the poly-
er electrolyte cause a reduction in the dark current. This may

e due to the lower concentration of free tri-iodide ions near the
ye-sensitized TiO2 surface because the surfaces of the nano-filler
an immobilize these ions. This also results in slightly smaller
oc due to the high electron concentration at the TiO2 surface of
lectrolyte. The charge transport in electrolyte medium may be
ffectively facilitated by adding nano-particles to the polymer elec-
rolyte. The enhanced ion mobility of the nano-particles polymer
lectrolyte gel may be explained by an ion exchange mechanism
ith the formation of an electron transport path [51,52]. We have

lso measured the EIS spectra of the quasi solid state DSSC under
llumination at a bias voltage equal to open circuit voltage of the
ells. Similar results were observed as shown in Fig. 11. It was
bserved that the impedance in low frequency range is signifi-
antly reduced by the nano-particles in the polymer electrolyte
ue to the improved ion mobility. The electron lifetime calculated

rom the Bode plots of impedance spectra is about 21 ms for this
evice. The DSSC based on TiO2–polymer electrolyte shows the

onger electron lifetime mostly due to the reduction in dark cur-
ent.

The IPCE curves of quasi solid state DSSCs are shown in Fig. 9.
he introduction of nano-filler induces a significant improvement

n IPCE throughout the whole wavelength region. The overall power
onversion efficiency of the quasi solid state DSSC with the elec-
rolyte containing TiO2 nano-particles is about 3.2%. This suggest
hat the enhancement in the solar cell performance upon the intro-
uction of the TiO2 nano-fillers in the polymer electrolyte is due to
he improved ion conductivity, light scattering and enhancement
n the electron lifetime.

We have investigated the ionic conductivity of the polymer elec-
rolyte with and without TiO2 nano-particles in it as a function of
emperature ranging from room temperature to 100 ◦C. The ionic
onductivity (�) of the polymer electrolyte was estimated from the
IS data using the following expression [53,54]:

= L

RbA

here Rb is the bulk resistance, L and A are the device dimensions
.e. thickness and area, respectively. The value of Rb is calculated
rom the intersection of prolongation of the high frequency line, to
he real impedance axis, in EIS measurement. At room temperature,
he ionic conductivity of the polymer with and without TiO2 nano-
articles is 1.5 and 2.1 mS cm−1, respectively and increases with
he temperature because the transportation of the ions becomes
aster at higher temperatures. Fig. 12 shows the variation of the
onic conductivity of the polymer electrolyte with temperature. The
ata in the Fig. 10 can be well fitted by Arrhenius equation:

(T) = A exp
(−Ea

kT

)

here A is a constant, Ea the activation energy, K is Boltzmann con-
tant, and T is the absolute temperature. The activation energy of
he polymer electrolyte with and without TiO2 is 0.18 and 0.14 eV,
espectively. The higher ionic conductivity and lower activation
nergy of polymer electrolyte with TiO2 indicates the improved
onic conduction, thereby resulting the PCE of the DSSC with poly-

er electrolyte with TiO2 nano-particles.
The electron diffusion coefficient (Dn) has been estimated from

he EIS spectra as shown in Fig. 11(a) using Dn = L2/RtC�, where L
s the thickness of the DSSC, Rt is the electron transport resistance,

nd C� is chemical potential. The values of Rt and C� have been
stimated from the arc in the middle frequency region of the
yquist plots [55,56]. The estimated values of Dn for device B and
are 5.2 × 10−5 and 6.7 × 10−5 cm2 s−1, respectively. The higher

alue of Dn for device C indicates the faster diffusion of electrons
Fig. 12. Temperature dependence of ionic conductivity of polymer electrolyte (a)
with and (b) without TiO2 nano-particles.

in this device, which is in fact responsible for the improved PCE for
device C.

4. Conclusions

Two soluble perylene-anthracene (A) and perylene-pyrene
(P) compounds were synthesized from the condensation of the
substituted perylene dianhydride with aminoanthracene and
aminopyrene, respectively. Their Tg’s were 124 ◦C for A and 75 ◦C
for P. These compounds showed similar absorption spectra with
optical band gaps of 2.05 eV. Their solutions emitted green-yellow
light, while their films were not photoluminescent. We found that
the compound A shows better photovoltaic response when used as
the photo-sensitizer in a DSSC. The increase in power conversion
efficiency of the DSSC with Al2O3 modified TiO2 photoelectrode is
attributed to the increased amount of dye adsorbed by the surface
and longer electron lifetime. The modified Al2O3 shifts the con-
duction band potential towards negative direction also resulting in
enhancement of the power conversion efficiency. The incorporation
of TiO2 nano-fillers in the polymer gel electrolyte further increases
the power conversion efficiency of the DSSC, which is attributed to
the enhanced ion transport in the polymer electrolyte. The higher
ionic conductivity and lower activation energy of polymer elec-
trolyte with TiO2 are also responsible for the enhancement in PCE
of the DSSC with polymer electrolyte with TiO2 nano-particles.
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