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Abstract

A dye-sensitized solar cell using the visible light sensitization of chlorophyll-a derivative, chlgyif@ake;) immobilized on TiQ
film was developed. From fluorescence spectrum of Glitrenobilized on TiQ film, the emission of Chlewas effectively quenched
by TiO,, indicating that the effective electron injection from the excited singlet state of{dhteethe conduction band of TiJoccurred.
The short-circuit photocurrent densitis€), the open-circuit photovoltag®/6c), and the fill factor (FF) of solar cell consisting of Chj-e
immobilized on TiQ film electrode and platinum-coated substrate electrode were estimated to be 1.47 R AeBmV, and 57.0%,
respectively. IPCE values were reached a maximum around the wavelength of absorption maximum (11.0% at 400 nm, 4.7% at 541 nm
and 7.9% at 661 nm), indicating that the dye-sensitized solar cell using visible light sensitization dffiBy Chl-e; was developed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction orbital manifold of Ti, the carboxylate groups substitutents
in photosensitizers (dye molecules) are essential for anchor-
Dye-sensitized solar cells have paid much attention as low ing the dye on the surface of TOThe effective electron in-
cost conventional solid-state photovoltaic cdll§. Many jection from the photoexcited state of photosensitizer to the
studies on the dye-sensitized solar cell have been reportedconduction band orbital of Ti is achieved by the electronic
in recent year$2—18]. The most successful photo-induced coupling between the 3d conduction band orbital manifold
electron transfer sensitisers employed so far in these cellsof Ti and photosensitizer molecule. Thus, the carboxylate
are ruthenium(ll) polypyridyl complexes. The overall photo- groups in photosensitizer molecule are essential for the
voltaic conversion efficiencies was 10% in the dye-sensitized dye molecule of dye-sensitized solar cell. As chlorophyll-a
solar cells using organometallic compounds based on thedoes not have the carboxylate group, the effective electron
ruthenium(ll) polypyridyl complexes such as N3 dite-4]. injection from the photoexcited state of chlorophyll to the
To improve further the performance of the dye-sensitized conduction band orbital of Ti will not be achieved. On the
solar cells using ruthenium(ll) polypyridyl complexes, it is other hand, chlorinese(Chl-e5) formed by the hydrolysis
imperative to enhance their near-infrared response. Metal-of chlorophyll has three carboxylate groups in molecule as
lophthalocyanines possess intense absorption band in theshown inFig. 1 The absorption spectrum of Chy-&s sim-
far-red and near-infrared region and excellent photosta- ilar to that of chlorophyll, indicating the Chlds suitable
bility, chemical and thermal stability. The dye-sensitized Visible light photosensitizer for the dye-sensitized solar cell.
solar cells using the far-red and near-infrared sensitization The photosensitization of colloidal TiQvith copper chloro-
of methallophthalocyanines have been reporfgd-21] phyllin has been investigated by fluorescence quenching,
Chlorophylls, which act as an effective photosensitizer in laser flash photolysis, and microwave absorption by Kamat
photosynthesis of green plant, has absorption maximum atet al.[23]. Moreover, Gratzel et al. reported the mechanism
670 nm[22]. Thus, chlorophylls are attractive compound as of photosensitization of nanocrystalline BHGolar cells
a photosensitizer in visible region. As the carboxylate groups by chlorophyll derivatives Chlgand copper chlorophyllin
establish an electronic coupling with the 3d conduction band [24]. The mechanism of photo-induced electron transfer be-
tween the photoexicted state of chlorophyll derivatives and
* Corresponding author. Tek:81-97-554-7972; fax+-81-97-554-7972.  hanocrystalline TiQ, the photoelectrochemical properties
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Chlorine-es (Chl-es)

Chlorphyll-a

Fig. 1. Chemical structures of Chgend chlorophylla.

TiO, and the photocurrent and photovoltage transient were
reported. However, the properties of dye-sensitized solar cell
using visible light sensitization of Tigfilm by Chl-e; have

not been yet clarified. To develop highly photoelectochem-
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2.3. Preparation of Chl-gimmobilized on TiQ film
electrode

A Chl-eg immobilized TiQ electrode was prepared as
follows. An OTE glass plate with Ti@film was dipped
into 0.2mmoldnT3 Chl-g5 in methanol solution at room
temperature for 24 h. After dipping, the plate was washed
with methanol several times and then the plate was dried
under vacuum overnight.

2.4. Spectroscopic measurements

UV-Vis absorption and emission spectrum of Chl-e
immobilized on TiGQ electrode were recorded using a
Multispec-1500 spectrophotometer (Shimadzu) and spec-
trofluorophotometer with a 150 W xenon lamp as a visible

ical conversion device using dye-sensitized solar cell based€Xcitation light source (RF-5300PC Shimadzu), respec-

on the visible light sensitization of TiOfilm by Chl-e5 it

is necessary investigate the detailed characteristic of the

dye-sensitized cell using Chrémmobilized on TiQ film.

In this work, chlorophyll derivative, Chlge immobilized
TiO, film electrode was prepared and the photoelectro-
chemical properties of the dye-sensitized solar cell using
visible light sensitization of Ti@ film by Chl-es were
investigated.

2. Experimental
2.1. Materials

Chl-e; was purchased from Wako Chemical Co. Ltd. Ti-
tanium dioxide powder (P25) was purchased from Degussa.
The 0.05M b/0.5 M Kl in ethylene glycol/acetonitrile solu-
tion was obtained from Sol Ideas Technology Development.
The other chemicals were analytical grade or the highest

grade available. Optical transparent conductive glass plate

(OTE) (10-152/sq Sn@Q: fluorine coated) was obtained
from Nihon Sheet Glass Co. Ltd.

2.2. Preparation of TiQ film electrode

The TiQ, film onto an OTE was prepared by a sim-
ilar procedure to that described [@5,26] TiO, powder
was dispersed by grinding conc. HYGn aqueous solu-
tion. The viscous suspension was spread onto OTE (5cm

tively. For emission spectrum measurement, excitation and
emission bandpasses were 5.0 nm, respectively.

2.5. Characterization of dye-sensitized solar cell using
Chl-es immobilized TiQ electrode

Photocurrent—photovoltage characteristic of the Ghl-e
immobilized on TiQ electrode was measured with a sand-
wich type cell. The working electrode with the Chj-in-
mobilized on TiQ film was gently squeezed together with
a carbon-coated or platinum-coated OTE glass electrode
(counter electrode) using spring and irradiated from the
substrate side of working electrode. The carbon-coated elec-
trode was prepared by casting the conducting graphite paste
(Okensyoji Co. Ltd.). The platinum-coated electrode was
prepared by thermal decomposition opHCl from iso-
propanol on an OTE substrate annealed at°&3fbr 30 min
under ambient conditiof27]. The 0.05M §/0.5M KiI in
ethylene glycol/acetonitrile solution was used as the redox
electrolyte. A 200 W tungsten lamp was used as light source
for the photocurrent and photovoltage characteristics with
the two digital multimeters with model 2000-J (Keithley)
as a current meter and model 34401A (Agilent) as a volt-
age meter, respectively. The photocurrent and photovoltage
were changed using 5@ variable resistor. The distance
between lamp and test cell was 4.0 cm. The active electrode
area was typically 4.0 cfnThe light intensity on the surface
of cell was 80 mW cm? measured with laser power meter
model AN/2 (Ophir Optronics Inc.). The fill factor (FF) is

5cm) at room temperature using scotch tape as a spaceryafined by

A thin film was obtained by raking off the excess of sus-
pension with a glass rod. After the tape was removed and
the plate was dried using a hot plate at°80for 30 min,

this plate was annealed at 48D for 30 min under ambi-
ent condition to form a Ti@ film electrode. The thickness
of the film, determined by using a micron-sensitive caliper,
was r:.;rzg)out 1@m. The active electrode area was typically
4.0cnt.

_ IPh(max) VPh(max)
IscVoc

(1)

wherelpymaxy andVpymay are the photocurrent and pho-
tovoltage for maximum power outpuPgax) andlsc and
Voc are the short-circuit photocurrent and open-circuit pho-
tovoltage. The overall photoenergy conversion efficiemgy (
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is defined by the following equation: that of aluminum phthalocyanine in solution and the fluo-
IscVocFE rescence lifetime of aluminum phthalocyanine on Ffim

= (2) was shorter than that of aluminum phthalocyanine in solu-

Pin tion. These results indicate that the emission of aluminum

HereP;, is the power of incident white light. phthalocyanine was quenched by the electron injection from

A 400 W xenon lamp with a monochromator was used as the excited singlet state of aluminum phthalocyanine into
light source for photocurrent action spectra measurements the conduction band of Tifparticles[21]. In our work, the
The cell was operated in the short-circuit mode. The incident quenching of emission of Chlsevas also found to be due
photon-to-current conversion efficiency (IPCE) values were to electron injection from the excited singlet state of Chl-e
determined between 400 and 760 nm. The IPCE was theninto the conduction band of T¥DGratzel et al. also reported

calculated according to the following equation: that the mechanism of photosensitization of nanocrys-
i talline TiO, solar cells by Chl-g[23]. The mechanism of

IPCE = 1240ph(bA) (3) photo-induced electron transfer between the photoexcited
P(uW)A(nm) state of chlorophyll derivatives and nanocrystalline O

the photoelectrochemical properties of Chlimmoblized

on nanocrystalline Ti@and the photocurrent and photovolt-
age transient were reported. In this report, the flouorescence
emission intensity of Chlgon TiO; film was smaller than
that of Chl-g in ethanol solution. As the fluorescence emis-
sion intensity of Chl-g on TiO, film was weak, the peak of
fluorescence emission due to Chl-ebserved in previous
reported. In contrast, no peak of flouorescence emission
due to Chl-g observed in our result. This result shows that
the effective electron injection from the photoexcited state
of Chl-g; to the conductive band of T¥Dwas attained.

whereipn andP are the photocurrent and power of the inci-
dent radiation per unit area andis the wavelength of the
monochromatic light.

3. Results and discussion

3.1. Spectroscopic characterization of Clgliexmobilized
on TiO;, film

The emission spectra of Chgén methanol solution (a)
and Chl-g immobilized on TiQ film (b) with 600 nm ex- o
citation is shown irFig. 2 For Chl-g in methanol solution, ~ 3-2- Photocurrent-photovoltage characterization of
the maximum of the luminescence is located at 675nm. In que-sen5|t|zed solar cell using Chy-enmobilized on Ti@
contrast, the fluorescence intensity of Climmobilized ~ flM electrode
on TiO, film was decreased, indicating that the emission of
Chl-e5 was effectively quenched by TiOln the previously _ Fig. 3 shows the photocurrent—photovoltage chgracter-
report, the emission quenching processes of aluminum ph-iStics of a sandwich solar cell based on the Ghlie-
thalocyanine on Ti@film were studied using fluorescence Mobilized on TiQ film electrode irradiated with 200W
emission quenching and the time-resolved fluorescencefUngsten lamp with a light intensity of 80 mW crhas a
spectroscopy21]. The fluorescence emission intensity of light source. For using carbon-coated OTE electrode as a
aluminum phthalocyanine on TiOfilm was smaller than counter electrode, thésc and values of solar cell using
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550 600 650 700 750 800 Fig. 3. Photocurrent—photovoltage characterization of dye-sensitised solar
Wavelength(nm) cell using Chl-¢ immobilized on TiQ film electrode with 200 W tungsten

lamp as a light source. Solid and dash lines are cells using platinum-coated
Fig. 2. Fluorescence spectra of Chl-& methanol solution (dash) and and carbon-coated OTE substrates as counter electrode, respectively. The
Chl-g; adsorbed Ti@ film (solid). The excitation wavelength was 600 nm.  light intensity was 80 mW crr?.
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Chl-e; immobilized on TiQ film electrode were estimated
to be 0.305mAcm? and 426 mV, respectively. The FF
value was estimated to be 45.0% uskg (1) Then value
was estimated to be 0.073%. TRgay Was 58.60W cm2.

In contrast,lsc, Voc, FF andn of Chl-es-sensitized solar
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higher than those of carbon-coated OTE substrate. Thus, the
dye-sensitized solar cell using visible light sensitisation of
TiO> film by Chl-e; was developed.

The resistances of platinum-coated and carbon-coated
OTE electrodes were ca. 10 and <Z(3q, respectively. By

cell using platinum-coated OTE as a counter electrode wereusing platinum-coated OTE electrode as counter electrode,
1.47 mAcnt?, 425mV, 57.0 and 0.40%, respectively. The the electron transfer from a counter electrode to redox
maximum power output was 335u8V cm 2. We can see  electrolyte is rapid compared with that of carbon-coated
that all factors for the cell using platinum-coated OTE as OTE electrode. Thus, the electrical current efficiency is
a counter electrode are higher than those of carbon-coatedmproved using platinum-coated OTE electrode as counter
OTE substrate. These results show that the electron transfeelectrode in the photovoltage—photocurrent characterization
from counter electrode taT is rapid using platinum-coated and photocurrent action spectrum measurement.

OTE, compared with that of carbon-coated OTE electrode.  Next let us focus on the stability of solar cell using Chl-e
immobilized on TiQ film electrode against continuous irra-
diation. Only little photocurrent and photovoltage changes
were observed after 24 h irradiation with a 200 W tungsten
lamp. These results indicate that Chlfeas a good photo-
stability and solar cell using Chlsdmmobilized on TiQ

film electrode is stable under continuous irradiation.

3.3. Photocurrent action spectra of dye-sensitized solar
cell using Chl-g immobilized on Ti@ film electrode

The effect of wavelength of light source on the photocur-
rent of the solar cell using Chkeimmobilized on TiQ
film electrode was investigate#ig. 4 shows the photocur-
rent action spectrum of dye-sensitized solar cell based on
the Chl-¢ immobilized on TiQ film electrode, where the
incident photon-to-current conversion efficiency (IPCE) is

plotted as a function of wavelength. The photocurrent ac- N this work the dye-sensitized solar cell using the
tion spectrum was similar to that of the UV-Vis absorp- Chl-& immobilized TiQ, film electrode was prepared and

tion spectrum of Chl-gin methanol solution as shown in [tS photoelectrochemical properties were studied. All fac-
the inset ofFig. 4. IPCE values were reached a maximum (©Ors for the cell coupling the Chlseimmobilized TiG,
around the wavelength of absorption maximum. For us- film electrode and platinum-coated OTE as a counter elec-
ing carbon-coated OTE electrode as a counter electrode,fode are higher than those of carbon-coated OTE sub-
IPCE at 400, 541 and 661 nm are 7.40, 1.44 and 2.91%, re-Strate.Isc, Voc, FF andy of Chl-es-sensitized solar cell
spectively. In contrast, IPCE of cell using platinum-coated YS'N9 platlngm-coated OTE as a counter electrode were
OTE electrode at 400, 541 and 661nm are 11.0, 4.7 and1-47 MACNT*, 425mV, 57.0 and 0.40%, ;espectlvely. The
7.9%, respectively. IPCE values at all wavelengths for the Maximum power output was 3353V cm-~. 'POCE values
cell using platinum-coated OTE as a counter electrode are@t 400, 541 and 661 nm are 11.0, 4.7 and 7.9%, respectively.
The photocurrent—photovoltage characteristics of solar cell
using Chl-¢ immobilized on TiQ electrode under light in-

4, Conclusion

15
1.0 tensity of 100 mW cm? (AM1.5) is being studied in detail.
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