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Abstract

Novel cyanine dyes (Sgb and Cyb3) with carboxylbenzyl group and different methine chains as solar cell sensitizers were synthesized
and the photoelectrochemical behaviors of the,Ti@nocrystalline electrode sensitized by them were investigated. The results shw that
(2.76 mA/cnt), monochromatic incident photon-to-current conversion efficiency (IPCE) (46%j &hd %) of TiO, nanocrystalline solar
cell sensitized by Sqb were higher than that of Zi@nocrystalline solar cell sensitized by Cyb3 when;Ti@nostructured porous film was
6.5pum thick and was sensitized for 6 h and 4 h, respectively. The excited state level of these dyes matches the conductive band g£dge of TiO
nanoparticles. Therefore, the sensitization of the dyes can increase the photocurrent densitynahdidystalline electrode.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction essary. Cyanine dyes have intense and broad absorption band
in the visible and near-infrared regions, and excellent sensi-
Increasing attentiofil,2] has been focused on nanocrys- tizing properties in photography. However, few works have
talline TiO, electrode sensitized by organic photosensitized been done on their application as sensitizers for solar cells.
dye since Gatzel [3] utilized cis-Ru[4,4-(LL)] 2(NCS), Sayama studied merocyanines with different chain length
(L=2,2-bipyridyl-4,4-dicarboxylate) to sensitized TiO (—(CH2)n—COOH) anchoring on Ti@surface via ester group
nanocrystalline and photoelectric transfer efficiency can be and found that IPCE value of the Ti@lectrode sensitized by
up to 10%. Compared to the ruthenium bipyridyl complex, various dyes increased with the decrease of the distance from
organic dyes are easier to be synthesized and cost less. Redye chromophore to Ti@surface, which is very worthwhile
cently, organic dye-sensitized TiGsolar cells have made todesign anew sensitizgd]. Simultaneously, they found that
great progress, and the highest overall yield of solar cells sen-the increase of methine chair(CH=CH)—) of the dyes en-
sitized by organic dyes has exceeded[8%]. To obtain high hances the difficulty of the electron transfer from the excited
efficient photosensitizer for solar cells material, the investi- dye tothe conduction band of Ti]7]. As organic sensitizers
gation on new dyes with improved molecular structure is nec- for nanocrystalline solar cell material, the high photostabili-
ties of the dyes play a significant role in photoelectrochemical
applications. Chen synthesizBebenzylindotricarbocyanine
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Fig. 1. Structures of Cyb3 and Sqgb.

common #H-indoleN-carboxylbenzyl groups anchoring on DMSO): §=1.73(s, 12H, C(CH)2), 5.49(s, 4H, N-CHy),
nano-TiQ and two different kinds of methine chairigg. 1). 6.44(d, 2H, CH-CH,J=13Hz),7.29(m, 10H, AxH), 7.68(d,
2H, Ar-H, J=7.6 Hz), 7.92(d, 4H, ArH, J=8Hz), 8.36(t,
1H, Ar—H, J=13Hz).
2. Experiments
2.3. Preparation of nanoparticle colloid solution and
2.1. Materials and instruments nanocrystalline TiQ electrode

Oxide of indium and stannum were used as the photoanode The preparation of Ti@ nanoparticle colloid solution
electric fundus (South Glass Science and Technology Hold-was prepared as described in f&f]. A conductive glass
ing Ltd., China). All other chemicals and solvents involved of 2cmx 2cm cleaned with redistilled water was coated
were analytical reagents of the highest available purity. Re- with TiO, nanopatrticle colloid uniformly, and then heated to
distilled water was used for the solutiohd NMR spectra 450°C for 30 min in the air, cooled down to room temperature
were recorded on a Varian INOVA 400M NMR spectrome- (forming non-sensitized electrode) or to ®D, immediately
ter and elemental analysis were performed on a PE 2400 llsoaked in methanol with concentration of 0.5 mmotldye

elemental analyzer. for 12 h at room temperature, washed in ethanol, and finally
dried in the air (forming sensitized electrode). The amount of
2.2. Synthesis adsorbed dye was determined by spectroscopic measurement

of dye desorbed from the semiconductor surface in dilute
2,3,3-Trimethyl-34-indolenine (1) was synthesized ac- mgthanol solution of KOH. Film thickness was confirmed
cording to ref[9]. using a DEKTAK step apparatus.
N-(4-Carboxyl)benzyl-3,3-dimethylt3-indolenine qua-
ternary salt (2): 1.59 g(10 mmol) of 1 and 1.8 g(10.1 mmol) 2.4. Photoelectrochemical experiments
of p-chloromethyl benzoic acid were added into 25 ml flask
containing 10 mb-dichlorobenzene underNAfter heating Photoelectrochemical measurements were made with a
the mixture at 110C for 12 h, the precipitate was filtered and  thin layer solar cell comprising of a nanocrystalline 7iO
washed with acetone. 1.9 g of rose pink powder was obtainedworking electrode and a thin platinum layer sputtered on
with no further purification, and the crude yield was 58%.  conducting glass as counter electrode. The redox elec-
Sgb: 0.658g (2mmol) indolenine quaternary salt (2) trolyte solution consisted of a mixture of Lil (0.3 mott),
and 0.114g (1 mmol) squaric acid were heated in butanol l2 (0.03molL™Y), and PC (1,2-propanediol carbonate) as
(9 ml)/toluene (9 ml) mixture solvents with 5ml pyridine as the solvent. The area of the semiconductor electrodes was
catalyst for 6 10]. The resulting precipitate was filtered and  0.27 cmx 0.27 cm. In photocurrent-photovoltage character-
recrystallized from acetic acid to give 0.271 g of blue powder istics measurement, a 150 W xenon lamp served as a light
with 40% yield. Elemental analysis: calcd forE3sN20g source. A high-intensity grating monochromator (DWA10,
(%): C, 75.89; H, 5.46; N, 4.21; found, C, 75.81, H, 4.92, Optical instrument Factory, Beijing, China) was intro-
N, 3.95.1H NMR (400 MHz, DMSO): §=1.72(s, 12H, duced into the path of the excitation beam to produce in-
C(CHg)2), 5.48(s, 4H, N-CHyp), 5.77(s, 2H:CH), 7.18(t, cident monochromatic light. Electrochemistry workstation
2H, Ar—H), 7.26(m, 4H, Ar-H), 7.31(d, 4H, Ar-H, J=8 Hz), (CHIB50A, Chenhua instrument Company, Shanghai) was
7.55(d, 2H, Ar-H, J=7.6 Hz), 7.93(d, 4H, ArH, J=8 Hz). used to measure the working curve of the photoelectrode and
Cyb3: 0.658 g (2 mmol) of (2) was added into 25 ml flask White light as incident light. Light intensity meter (Model
containing 8 ml pyridine underNAfter refluxingfor10min, ~ 550-1) was used and photocurrent reaction spectrum was
0.9 ml (6 mmol) trimethyl orthoformate was added in por- corrected to normalization for light source spectrum. A three-
tions. The resulting precipitate was recrystallized from ace- €lectrode cell composed of a platinum wire as working elec-
tone to give 0.750 g pink product with 60% yield. Elemental trode, a platinum slice as counter electrode, and Ag/AgCl as
analysis: calcd for 5H37CIN2O4 (%): C, 73.98; H, 5.89; N, reference electrode. The supporting electrolyte was NaClO
4.42; found, C, 73.42, H, 5.23, N, 4.1%H NMR (400 MHz, (0.1 mmol L1).



X. Chen et al. / Journal of Photochemistry and Photobiology A: Chemistry 171 (2005) 231-236 233

CH(OCH;,CH3z)3, Py
/—©—('OOH | —= Cyb3
| a N7 0
" > cr {}:
N 1.2-dichlorobenzene /@») HO L 0
—
1 HOOC Butanol, Tolune Sqb

Scheme 1. Synthesis routes of Sgb and Cyb3.

2.5. Characterization of absorption spectra i)
JASCO V550 UV-vis and PTI-700 spectrophotometer 0.5
were used to measure the absorption and emission spectra % 04
of the two dyes in methanol and sensitized electrode. Ref- T 1
erences are methanol and indium stannum oxide conductive § 031
glass. All measurements were performed at room tempera- g
£ 024
ture. <
0.1 -
. . 0.0 ; . .
3. Results and discussion <00 e e e
Wavelength(nm)
3.1. Synthesis and UV-vis spectral properties of Sqgb
and Cyb3 in solution Fig. 2. Absorption spectra of Cyb3 and Sgb in methanol.

Cyb3 and Sgb with different methine chains have been
synthesized$cheme L The dyes can anchor on nano-3%iO
surface via\-carboxylbenzyl group.

The absorption spectra of the two dyes in methanol are and reduction potentials are roughly regarded as the energy
shown inFig. 2 The spectral properties are summarized in |evel of the ground stateef(D*/D)) for Sgb and Cyb3 dye,
Table 1 Theadys, are 554 nm and 632 nmin methanol respec- respectively. Considering the UV—vis absorption spectra, the
tively, with a little negative solvatochromism from methanol |owest energy of the excited state%(D*/D*)) of the two
to chloroform as solvent. Thefh, of Cyb3 is 573nm with  dyes are about —3.62 eV (versus vacuum) and —3.26 eV (ver-
Stockes shift £2) 19 nm in methanol. For Sgb, however, sys vacuum) (Eq(1)). Major absorption at 550-680 nm and
Al is only 13 nm withA 72, 645 nm in methanol. Compared  450-570 nm wavelengths corresponds to the energy differ-
to Cyb3, A3, of Sqgb shifts to the longer wavelength by ence between the ground state and the lowest excited state
ca. 80 nm with increasing length of the conjugated methine (Eq) of 1.83 eV and 2.16 eV for Sgb and Cyb3, respectively.

chain. Fig. 3 shows the energy level diagram of the two dyes in
methanol. Obviously, the excited-state energy levels for the
3.2. Energy level diagram two dyes are more negative than the energy level of tian-

ductive band edge (-4.4 eV, versus vacu(iin) 2,13] sug-

To judge the possibility of electron transfer from the ex- gesting that the electron injection should be possible thermo-
cited dye molecules to the conductive band of FiGyclic dynamically. The driving force for charge displacement into
voltammograms was performed to determine the redox po-the oxide is about 0.99eV and 1.35eV for Sgb and Cyb3,
tentials for the two dyes. Redox potentials of 0.37V (ver- respectively. The redox potential of Sgb is less positive than
sus SCE) or 0.61V (versus NHE) or —5.45 eV (versus vac- the corresponding potential of Cyb3. The excited state of Sqb
uum) and 0.32V (versus SCE) or 0.58V (versus NHS) or matches better with the lower bound of the conduction band
—5.42 eV (versus vacuum) averaging the related oxidation of the semiconductor than the LUMO of Cyb3, thus decreas-

Table 1
Spectral properties of Cyb3 and Sqgb in different solvents
Solvent Cyb3 Sgb

A (nm) Mt (M) A2 (nm) A (m) AT (nm) Ax (nm)
Methanol 554 573 19 632 645 13
Ethanol 560 577 17 636 649 13
Acetonitrile 550 571 20 634 647 13

Chloroform 561 581 22 637 649 12
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T in methanol. All electrodes were dried in air. Dyes were adsorbed in
7 66V methanol solution (% 10~4 M). Total amount of the adsorbed dye was ca.
o8 - 0.96x 10-8 mol/cn? for Cyb3, 1.9x 108 mol/cn? for Sqb, respectively.
-8 -
the two dyes have spectra selectivity for different regions of
.9 —| €V vs. vacuumn visible light. Cyb3 converts more efficiently the light in the
shorter wavelength region, but Sgb does in the long wave-
Fig. 3. Energy level diagram for Cyb3 and Sqb. length region. The action spectra and the absorption spectra
_ . of the two dyes resemble well, which indicates that the pho-
ing the energy loss during the electron transfer process.  tocurrent is generated by the injection of electrons from the
o * o D+ excited molecules into the conduction band of theslé&c-
E (ﬁ) =E (F) + Eg (1) trode. Cyb3 and Sqb convert visible light to photocurrent in

the region from 400 to 600 nm and 550 to 700 nm. The maxi-

mum IPCE values for Cyb3 and Sqgb are about 36% and 46%
respectively. The latter is 1.3 times much higher than that

of the former. Therefore, Sgb has higher electron injection

efficiency than Cyb3 dye.

3.3. Absorption spectra of the two dyes on JiO
electrode

The absorption peaks of the two dyes on Jidms are ] o
all extremely broadenedr{g. 4) compared with their corre- IPCE is the monochromatic incident photon-to-current
sponding absorption peaks in methanol. It suggests that theCCnversion efficiency, defined as the number of electrons in-
dye molecules have formed H-aggregate or J-aggréiale jected by the excited dye in the external circuit decided by the

Fig. 5is the proposed structure based on the geometry of theNUmber of incident photons, and is observed from the short-
single crystal molecule (unpublished data). The dye moiety circuit photocurrents re_corded atve_mous excited wavelengths
performs a plane due to the conjugated molecular structurePY Méans of the following expression:

and with the tilted large carboxylbenzyl group linked to the I /1240

TiO, film surface via carboxylate form. To obtain the exact IPCE (%)= P < )
thickness of film and the optimal sensitized time, different n
sensitized conditions were investigated. orb thickness of wherel is the short-circuit photocurrenfu/cm?), Py, is

film and sensitized time of 4h and 6 h for Cyb3 and Sgb are the incident light intensity(W/cm?) andx is the excitation
obtained, respectively. wavelength(nm).

- @

3.4. Photoeletrochemical characteristics of solar cells 3.4.2. Photocurrent-photovoltage characteristics curve

) and photoelectrochemical solar cells
3.4.1. Photocurrent action spectra The photocurrent and photovoltage curves are shown in

Fig. 6 demonstrates the photocurrent action spectra of gy 7 The photoelectrochemical properties of dye-sensitized
the dye-sensitized nanocrystalline pi@lectrodes normal- TiO, electrode are given ifiable 2

ized by incident light intensity for the two dyes. Sqb shows  gageq on the characteristics curve, fill factor FF and the

high light harvesting ability in the red visible region above 16 photo-electro transfer efficientare obtained. FF is
600 nm, which indicates that Sgb can expand the photore- yafined as

sponse of large band gap semiconductorzTi@o the red
visible region. Comparing the action spectra with the absorp- pg — Prmax 3)
tion spectra of TiQ electrode sensitized by the dy&sd. 4), Voe Isc
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Fig. 5. (a) Proposed structure of the aggregated dyes onsliface, (b) top view of the J-aggregated dyes on, E@face, closed circle is the carboxylbenzyl
group anchoring on Ti@surface.
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Fig. 6. Action spectra of the two dyes sensitized F&lectrodes.
Table 2
Parameters of the dye sensitized solar cells
Is&(MA/ cm2) VocP(mV) FFe nl% Td(h)
Cyb3 1.97 410 0.527 1.01 4
Sgb 2.76 455 0.567 1.70 6

2 |4 is the short-circuit photocurrent.

bV is the open-circuit voltage.

¢ FF is the fill factor of cell.

d T is the sensitized time, and film thickness is @r8, irradiated by 42 mW cr? white light.
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wherePpay is the largest output power of solar cellg is ture and the photoelectric properties were discussed which is
the short-circuit photocurren¥ is the open-circuit photo-  important to design an efficient molecule sensitizer.
voltage,n is defined as

FF Voc Isc
Pin
whereP;, is the input power. This work was financially supported by “973" programme

FromTable 2 thels: (2.76 mA/cn?), IPCE (46%), and of the ministry of Science and Technology of China and
(17%) of qu_sensitized TB(ﬂar cell performs preferab|e National Natural Science Foundation of China (20128005,
IPCE values to Cyb3 sensitized one. 20376010).

Several reasons were considered to lead to the different
photoelectric properties of the two TiCelectrodes sensi-
tized by Sqb and Cyb3. Firstly, as a sensitizer for solar cells
material, it must possess the high photostabili.ty. In Sgb dye [1] A. Hagfeldt, M. Gétzel, Chem. Rev. 95 (1995) 49.
structure, Squarylium ring substituted the conjugated chain, [2] m.k. Nazeeruddin, A. Kay, K. Rodicio, T. Humphry-Baker, E.
which leads to the dye more stable under irradiafibs]. Muller, P. Liska, N. Vlachopoulos, M. @tzel, J. Am. Chem. Soc.
And spectrum range of Sgb shifts to the long wavelength re- 115 (1993) 6382.
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