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Abstract

For photoelectric conversion, three of squarylium cyanine dyes were synthesized and their
photoelectrochemical parameters were improved with increase in the adsorption ability of the
dyes on nanocrystalline TiO

2
. A relatively high photoelectric conversion e$ciency of 2.17%

and the top incident photon-to-photocurrent conversion e$ciency of 6.2% at 650 nm for the
dye of highest adsorption ability among the three were obtained. Meanwhile, doping cis-
Ru[4,4@-(LL)]

2
(NCS)

2
with 1% of the above-mentioned dye (molar ratio) as a photosensitizer,

the photoelectrochemical solar cell made an e$cient complement to light-harvesting capacity
in almost the whole visible range with the photoelectric conversion e$ciency increasing
by 12% relative to that of pure cis-Ru[4,4@-(LL)]

2
(NCS)

2
(L"2,2@-bipyridyl-4,4@-dicar-

boxylate). ( 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Nanocrystalline TiO
2

electrode of highly porous structure is prepared by sintering
of nanometer TiO

2
particles on a conducting glass, and the electrode, which can be

easily surface-modi"ed with sensitizer, redox couples and short bandgap semiconduc-
tor particles [3}5], possesses excellent electrochemical and photoelectrochemical
properties [1,2].
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Nanocrystalline semiconductor electrodes modi"ed with organic photosensitizer
for photoelectric conversion can be formed by building up electric coupling under the
interaction of attaching group of dye with the electrode surface. Recently, increasing
attention has been focused on nanocrystalline TiO

2
electrode sensitized by cis-

Ru[4,4@-(LL)]
2

(NCS)
2

(L"2,2@-bipyridyl-4,4@-dicarboxylate) with high photoelectric
conversion e$ciency [6]. However, the ruthenium bipyridyl complex is unable to
make full use of solar spectrum due to its low light-harvesting capacity in the red
visible region. Thereby great e!ort should be made to improve the overall light to
electricity conversion e$ciency in search of novel assembly of organic dyes, which can
extend the absorption range into the longer wavelength area above 600 nm.

As an excellent class of photoconductive materials, squarylium cyanine dyes (Sqs)
combine all the advantages of squaric acid derivatives and cyanines, and exhibit
intense and sharp absorption bands in the visible and near-infrared regions [7,8]. In
this paper, three of Sqs were synthesized and the in#uence of their attaching group on
the behavior of photoelectric conversion was discussed. Using S

q
3 or S

q
3}cis-Ru[4,4@-

(LL)]
2
(NCS)

2
doping system as a sensitizer to modify the nanocrystalline TiO

2
electrode in thin-layer, regenerative photoelectrochemical solar cell was achieved
successfully.

2. Experimental section

2.1. Materials

Sqs are synthesized according to Scheme 1 with the chemical structures shown in
Fig. 1. All other chemicals involved were analytical reagents of the highest available
purity.

Indolenine a was obtained according to [9,10] by a one-step Fischer indole
synthesis, including reaction of phenylhydrazine with methyl isopropyl ketone which
led to in situ formation of phenylhydrazone under acidic conditions favorable for ring
closure to yield a . Indolenine quaternary salts b, c, and d were a!orded by heating
indolenine a with methyl iodide, 2-chloroethanol and propane sultone respectively.
Squaric acid e was prepared from hexachlorobutadiene and morpho line referring to
the literature [11] via one-pot method in three-step reaction of substitution,
cyclization (intramolecular `2#2a addition) and hydrolysis. Squarylium cyanine
dyes (Sq1, Sq2, Sq3) were synthesized by condensation of the corresponding in-
dolenine quaternary salts (b, c, d) with squaric acid e on azeotropic removal of the
water of reaction in butanol/toluene mixture solvents using pyridine as the catalyst
[12]. All the target products were characterized by UV, IR, MS and 1HNMR
spectroscopies.

cis-Ru[4,4@-(LL)]
2

(NCS)
2

(L"2,2@-bipyridyl-4,4@-dicarboxylate) was synthesized
using a previously described procedure [14]. Nanocrystalline TiO

2
electrode was

prepared as follows.
The TiO

2
coating was prepared by spreding a viscous dispersion of colloidal TiO

2
(Degussa, P25 on a conducting glass support (#uorine-doped SnO

2
overlayer,
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Scheme 1. The synthetic routes of squarylium cyanine dyes.
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Fig. 1. Chemical structures of Sqs used in the photoelectrochemical thin-layer solar cell.

transmission ' 80% in the visible sheet, 10}12 )/squares) by heating in the air for
30 min at 4503C.

2.2. Preparation of the Sq or Sq-doped cis-Ru[4,4@-(¸¸)]
2
(NCS)

2
-sensitized

nanocrystalline ¹iO
2

electrode

The nanocrystalline TiO
2

electrode was dipped immediately at a temperature of at
least 803C into a 5.0]10~4 mol/l solution of Sq or Sq-doped cis-Ru[4,4@-
(LL)]

2
(NCS)2 in dry ethanol in order to avoid the presence of water in the nanopores

which decreases the electron injection e$ciency of the dye. After completion of the dye
adsorption for 8 h, the electrode was withdrawn from the solution and washed with
dry ethanol to make clean the surface. The blue coloration of the electrode con"rms
adsorption of the dye onto TiO

2
particulate surface.

2.3. Photoelectrochemical measurement

These measurements were made with a thin-layer solar cell comprising a sensitized
nanocrystalline TiO

2
working electrode and a Pt/SnO

2
counter electrode using

0.5 mol/l KI}0.05 mol/l I
2

in propylene carbonate (PC)}ethylene carbonate (EC)
(V : V"2 : 8) as electrolyte.

In photocurrent}photovoltage characteristics measurement, a 250 W tungsten
halogen lamp served as a light source. The normal intensity of incident light was
75 mW/cm2 with irradiation area "xed at 0.25 cm2, unless otherwise noted, while the
maximum intensity reached 100 mW/cm2. Signalling apparatus (Model DCD-1),
Constant potentiometer (Model 551) and Recording instrument (Model 3036X-Y)
were equipped with the recording of photocurrent}photovoltage characteristic curve.
The photoelectric conversion e$ciency was calculated with deduction of light absorp-
tion and re#ection by the conducting glass support.

The photocurrent action spectrum was measured using a 500 W Xenon lamp as
light source, and a high-intensity grating monochromator (Model WDG-1) was
introduced into the path of the excitation beam to produce incident monochromatic
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Table 1
Absorption maxima (j!"

.!9
), emission maxima (j%.

.!9
) and Stokes' shifts (*) for squarylium cyanine dyes in

organic solvents

Solvent Sq1 Sq2 Sq3

j!"
.!9

(nm) j%.
.!9

(nm) *(nm) j!"
.!9

(nm) j%.
.!9

(nm) *(nm) j!"
.!9

(nm) j%.
.!9

(nm) *(nm)

MeOH 622 641 19 628 648 20 632 642 10
EtOH 626 640 14 630 649 19 634 645 11
MeCN 628 645 17 634 653 19 634 646 12
CHCl

3
630 649 19 636 654 18 639 650 11

light in the intensity range of 1}12 lW/cm2. Digital electric #owmeter (Model 179)
was employed for measuring the short-circuit current (I

4#
). The incident monochro-

matic photon-to-photocurrent conversion e$ciency (IPCE) was corrected to normal-
ization for light source spectrum. All the measurements were performed at room
temperature.

3. Results and discussions

Sqs have been synthesized to investigate the photosensitizing e!ects due to their
unique spectral properties. Both their absorption and emission spectra are single
peaks in the visible region with rather small Stokes' shifts in the range of 10}20 nm.
The absorption maxima, emission maxima and Stokes' shifts in di!erent solvents are
summarized in Table 1.

From Table 1, conclusions can be made as follows. The absorption spectra exhibit
negative solvatochromism, i.e. a blue shift of the absorbance maximum with increas-
ing solvent polarity. The e!ect of the solvent polarity on j!"

.!9
can be illustrated by

interactions between the dye molecule and the solvent to stabilize the ground state.
Compared to normal cyanines, the ground states of ionic squarylium cyanines have
much more polar character than that of the excited states, so the increase of solvent
polarity is bene"cial to lower the energy of the ground states relative to the excited
states of the dye molecules [13]. With changing the substituents on heterocyclic
nitrogen atom, the absorption spectra are bathochromically shifted in the order of
(CH

2
)
3
SO~

3
Py`'CH

2
CH

2
OH'CH

3
. Furthermore, the Sqs display strong ab-

sorption in the red visible region (band centering at around 630 nm) with high molar
extinction coe$cient e up to 105 (mol/l)~1 cm~1 in solution, and become broad and
red-shifted in the solid state, which indicates that Sqs can contribute the photocurrent
response extended well into the red visible region above 600 nm.

To investigate the photoelectric conversion behaviors, the sensitization perfor-
mance of the Sqs to the nanocrystalline TiO

2
electrode was studied. The absorption

spectra of the nanoparticulate colloidal TiO
2

in ethanol and Sq3 in ehanol are shown
in Fig. 2. The former shows major absorbance at wavelength below 360 nm corre-
sponding to its bandgap of 3.2 eV; while the latter displays high light harvesting
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Fig. 2. The absorption spectra of (a) nanoparticulate colloidal TiO
2

in ethanol and (b) Sq3 in ehanol.

Fig. 3. Dependence of open-circuit photovoltage (<
0#
) (A) and short-circuit (I

4#
) (B) on the incident

intensity (I
*/#

) obtained with the Sq3-sensitized nanocrystalline TiO
2

electrode.

ability in the red visible region above 600 nm, which indicates that Sq3 can expand the
photoresponse of large bandgap semiconductor TiO

2
into the red visible region.

The photosensitizing behaviors of Sqs can be further explored by incorporating the
Sq- and Sq}cis-Ru[4,4@-(LL)]2(NCS)

2
-modi"ed nanocrystalline electrode in a thin-

layer solar cell for photovoltaic measurements. The dependence of open-circuit
voltage (<

0#
) and short-circuit current (I

4#
) obtained with the Sq3-sensitized nanocrys-

talline TiO
2

electrode on the incident light intensity (I
*/#

) is illustrated in Fig. 3. As
shown in Fig. 3A, open-circuit photovoltage (<

0#
) displays fairly high value and

increases with the intensity of the incident light and reaches the limit of <
0#
"0.475 V

at I
*/#

of 80 mW/cm2. On the other hand, short-circuit current (I
4#
) increases linearly

with I
*/#

shown in Fig. 3B, which con"rms that this charge injection process is
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Fig. 4. The photocurrent action spectrum of the Sq3-sensitized nanocrystalline TiO
2

electrode.

monophotonic. The results here are similar to those obtained with the ruthenium
bipyridyl complex-coated nanocrystalline TiO

2
electrode [14], which suggests the

nanocrystalline TiO
2

electrode modi"ed with Sq3 is photoelectrochemically e$cient.
Fig. 4 demonstrates the photocurrent action spectrum of the Sq3-sensitized nanoc-

rystalline TiO
2
electrode. The IPCE de"ned as the number of electrons injected by the

excited dye in the external circuit devided by the number of incident photons, is
observed from the short-circuit photocurrents recorded at various excitation
wavelengths by means of the following expression:

IPCE (%)"
I
4#

I
*/#

1240

j
100,

where I
4#

is the short-circuit photocurrent (A/cm2), I
*/#

is the incident light intensity
(W/cm2) and j is the excitation wavelength (nm).

As seen in Fig. 4, the Sq-modi"ed nanocryatalline TiO
2

electrode can extend the
photocurrent response of TiO

2
electrode from 400 nm into the red visible range above

600 nm. The photocurrent action spectrum of Sq3-sensitized electrode resembles well
its absorption spectrum (Fig. 2), which indicates that the photocurrent is generated by
the injection of electrons from the adsorbed excited Sq3 molecules into the conduction
band of the large bandgap semiconductor TiO

2
. The electrode gives the best IPCE

performance in the 600}700 nm range with the top value of 6.2% at 650 nm increasing
nearly ten times as compared to 0.7% for a squaraine dye [15].

The power output features of the cells are evaluated by recording photovoltage and
photocurrent at di!erent load resistances. Fig. 5 shows the current}voltage character-
istics obtained with the Sqs-sensitized nanocryatalline TiO

2
electrodes. The photo-

electrochemical parameters evaluated from the curves in Fig. 5 for various electrodes
are summarized in Table 2.

The high photoelectric conversion data (<
0#

: 0.45}0.54, I
4#
: 2.1}4.4 mA/cm2, E!:

0.84}2.17%) for squarylium cyanines are superior to those obtained with squaraine
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Fig. 5. Photocurrent}voltage characteristics of the photoelectrochemical solar cells based on the Sq-
sensitized nanocryatalline TiO

2
electrodes.

Table 2
Photoelectrochemical properties of the Sqs-sensitized nanocrystalline TiO

2
electrodes

Sqs <
0#

(V) I
4#

(mA/cm2) ! (%) E! (%)

Sq1 0.47 2.1 53.1 0.84
Sq2 0.45 2.8 52.6 1.07
Sq3 0.54 4.4 56.7 2.17

Fill factor, !, is obtained from the expression, !"P
.!9

/(<
0#

]I
4#
).

The photoelectric conversion e$ciency, E!, is determined from the expression, E! (%)"P
.!9

/I
*/#

.

and other dyes, which indicates that squarylium cyanines possess the excellent
photoconductivity exceeding many known dyestu! especially for the longer-
wavelength spectral territory above 600 nm [15}17].

It can be seen from the data presented in Table 2, Sq3 displays the best values
among the three Sqs; moreover, the photoelectric conversion e$ciency (E!) of Sq3 is
increased around two times and three times relative to that of Sq2 and of Sq1,
respectively. The reason lies in the evidence that adsorption di!erences of Sqs have
dramatic in#uence on photovoltaic behaviors, which can be attributed to the interac-
tion degree of attaching group of Sq with active hydroxy group at the TiO

2
sur-

face.The sensitization performance is improved with the increase of adsorption ability
in the order of CH

3
(weak)(CH

2
CH

2
OH (medium)((CH

2
)
3
SO

3
~Py` (strong)

corresponding to the dyes as Sq1(Sq2(Sq3.
Major results on the interaction of Sq3 with cis-Ru[4,4@-(LL)]

2
(NCS)

2
in solution

are summarized in Fig. 6 below.
The absorption spectrum of the mixture (1 : 1 mol/mol) of cis-Ru[4,4@-(LL)]

2
(NCS)

2
and Sq3 was similar to that observed for an exact superposition of the

ruthenium complex spectrum (j!"
.!9

: 530 nm) and Sq3 spectrum (j!"
.!9

: 634 nm) in
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Fig. 6. The structures of Sq3 (1) and cis-Ru[4,4@-(LL)]
2

(NCS)
2

(2) employed in the solar cell.

ethanol solution, showing no appreciable interaction between the two compounds
under ground state. If the solution containing Sq3 only was illuminated at 530 nm, no
any #uorescence was observed, since Sq3 could not absorb the light. If the mixture
mentioned above was excited at 530 nm light, where the ruthenium bipyridy1 complex
could absorb the light, the emission of Sq3 was observed. The experimental results
implied that the energy transfer from the ruthenium complex to Sq3 occurs. In
addition, when the mixture solution was excited at 620 nm, where only Sq3 could
absorb the light, the intensity of #uorescence of Sq3 decreased with increasing
concentration of the ruthenium bipyridy1 complex, which implied that the quenching
mechanism might be the electron transfer from Sq3 to ruthenium bipyridy1 complex.

The free energy change *G involved in an electron transfer process can be presented
by [18]

*G"23.06(E`09
D@D

!E3%$
A~@A

!e2
o
/ae!*E

0,0
),

where *G is the free energy change of the electron transfer reaction, E`09
D@D

is the
oxidation potential of the donor, E3%$

A~@A
is the reduction potential of the acceptor,

*E
0,0

is the 0}0 excitation energy of the acceptor or donor, e2
0
/ae is the electrostatic

interaction between two ions that in#uence the free energy change accompanying
electron transfer. In polar media, e2

0
/ae is very small and can be negligible.

In our case, the E09 (Sq3) is smaller than 0.6 V, E3%$ (cis-Ru[4,4@-(LL)]
2
(NCS)

2
) and

*E
0,0

are}1.30 V, 1.90 eV respectively. Thus *G is negative and the electron transfer
reaction from Sq3 to ruthenium bipyridy1 complex is expected to be thermodyn-
amically favourable.

The e!ect of Sq3 as dopant for cis-Ru[4,4@-(LL)]
2

(NCS)
2

is analysed by comparing
the sensitization performance of Sq3-doped cis-Ru[4,4@-(LL)]

2
(NCS)

2
with pure

cis-Ru[4,4@-(LL)]
2

(NCS)
2

and Sq3 on nanocrystalline TiO
2

electrode. The photo-
electrochemical parameters are listed in Table 3.

Comparing the data of Sq3 : cis-Ru[4,4@-(LL)]
2
(NCS)

2
(1 : 1 mol/mol) with those of

(1 : 100 mol/mol), it is clearly revealed that certain ratio of adsorption quantity of
cis-Ru[4,4@-(LL)]

2
(NCS)

2
on TiO

2
electrode should be maintained, otherwise open-

circuit photovoltage (<
0#
), short-circuit photocurrent (I

4#
) and the photoelectric

conversion e$ciency (E!) will greatly decrease. The IPCE of doping system, Sq3 :
cis-Ru[4,4@-(LL)]

2
(NCS)

2
(1 : 100 mol/mol), is improved in the whole visible region

from 400 to 800 nm with the result of E!(%) increasing by 12% relative to that of pure
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Table 3
Photoelectrochemical parameters for the sensitized nanocrystalline TiO

2
electrodes

<
0#

(V) I
4#

(mA/cm2) ! (%) E! (%)

Sq3 0.54 4.4 56.7 2.17
cis-Ru[4,4@-(LL)]

2
(NCS)

2
0.55 15.0 44.1 5.87

Sq3:cis-Ru[4,4@-(LL)]
2
(NCS)

2
(1 : 1) 0.52 10.5 46.5 4.10

Sq3:cis-Ru[4,4@-(LL)]
2
(NCS)

2
(1 : 100) 0.60 15.2 45.0 6.62

Fig. 7. Comparison of the photocurrent action spectra of the sensitized nanocrystalline TiO
2

electrodes
with di!erent photosensitizers as listed.

cis-Ru[4,4@-(LL)]
2

(NCS)
2

(Fig. 7). The related mechanism is suggested to be asso-
ciated with cooperative sensitization e!ect through photoinduced energy and charge
transfer processes between Sq3 and cis-Ru[4,4@-(LL)]

2
(NCS)

2
.

4. Conclusion

Nanocrystalline TiO
2

electrodes have been modi"ed with squarylium cyanine dyes
to investigate the photoelectric conversion behaviors in the photoelectrochemical
thin-layer solar cell. The results show that the attaching group on hererocyclic
nitrogen atom has a strong in#uence on the sensitization performance of the dye to
the nanocrystalline TiO

2
electrode. The strong adsorption of the dye to the TiO

2
surface leads to build up suitable electric coupling between the excited state of
photosensitizer and the conduction band of TiO

2
semiconductor bene"cial to electron

injection process. Therefore, the sensitization performance is improved in the order of
Sq3'Sq2'Sq1. A relatively high photoelectric conversion e$ciency of 2.17% was
obtained for Sq3. Furthermore, the greatest advantage is that the photocurrent
response of Sq can be extended well into the longer wavelength region above 600 nm
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where the absorption of cis-Ru[4,4@-(LL)]
2

(NCS)
2
is weak absorption. So the e$cient

complement of dopant Sq3 to cis-Ru[4,4@-(LL)]
2

(NCS)
2

in a suitable amount opens
up a new route for improving the sensitization performance of nanocrystalline TiO

2
electrode in light-harvesting capacity especially for red area above 600 nm with the
overall photoelectric conversion e$ciency increasing by 12% relative to pure cis-
Ru[4,4@-(LL)]

2
(NCS)

2
.
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