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Mg chlorophyll-a (MgChl-a) with imidazole-4-acetic
acid (Im) as the axial ligand (MgChl-a–Im), adsorbed on a
nanocrystalline TiO2 film electrode, was prepared. Further,
the photoelectrical properties of a solar cell using visible-
light sensitisation of the nanocrystalline TiO2 film through
an axial Im ligand of MgChl-a were investigated.

Dye-sensitised nanocrystalline solar cells have attracted
much attention as low-cost conventional solid state photovol-
taic conversion devices.1 Many studies on dye-sensitised nano-
crystalline solar cells have been reported.2–6 The most success-
ful photoinduced electron-transfer sensitizers employed so far
in these cells have been ruthenium(II) polypyridyl complexes.
The photovoltaic conversion efficiency was 10% in dye-sensi-
tised nanocrystalline solar cells using ruthenium(II) polypyri-
dyl complexes.2–4 To further improve the performance of
dye-sensitised nanocrystalline solar cells using ruthenium(II)
polypyridyl complexes, it is imperative to enhance their
near-infrared response, which is weak due to the small extinc-
tion coefficient of such ruthenium(II) complexes above 600
nm. On the other hand, Mg chlorophyll-a (MgChl-a), which
acts as an effective photosensitizer in a photosynthesis reac-
tion,7 has an absorption maximum in the visible-light region.
Thus, MgChl-a is an attractive compound as a visible photo-
sensitiser. The carboxylic acid substituents in Ru(II) polypyri-
dyl complexes are essential for anchoring the dye onto the sur-
face of TiO2. The carboxylate groups establish an electronic
coupling with the 3d conduction-band orbital manifold of Ti.
The interfacial binding between the dye with a carboxyl group
and the TiO2 surface is considered to have three types of car-
boxylic coordination modes: unidentate, bidentate chelating,
and bridging.8,9 These coordination modes are formed between
the carboxyl group and Ti. Because MgChl-a does not have a
carboxyl group, chlorin-e6 (Chl-e6) formed by the hydrolysis
of MgChl-a has two carboxyl groups in the molecule. We pre-
viously reported on a solar cell based on the visible-light pho-
tosensitisation of Chl-e6 adsorbed on a nanocrystalline TiO2

film electrode; the maximum peak of the photocurrent action
spectrum of a cell using Chl-e6 was 670 nm.10 In photosynthe-

sis proteins, MgChl-a is not fixed via a covalent bond, but is
fixed via coordination with an imidazole site of the histidine
residue as an axial ligand. Grätzel et al. previously reported
on the visible-light sensitization of nanocrystalline TiO2 by
the ruthenium(II) phthalocyanine through the axial 3,4-dicar-
boxylpyridine ligands.11 By using MgChl-a, which is coordi-
nated by an imidazole with a carboxyl group as an axial ligand,
the direct use of MgChl-a can be carried out as the photosen-
sitiser of a solar cell.

In the present work, MgChl-a with imidazole-4-acetic acid
(Im) as an axial ligand (MgChl-a–Im) adsorbed on a nanocrys-
talline TiO2 film (MgChl-a–Im/TiO2) electrode was prepared,
and the photoelectrical properties of a solar cell using the
visible-light sensitisation of the nanocrystalline TiO2 film by
MgChl-a were studied.

MgChl-a was purchased from Juntech Corporation. Titani-
um dioxide powder (P25) was purchased from Degussa. The
0.05 mol dm�3 I2/0.5 mol dm�3 LiI in an ethylene glycol/
acetonitrile solution was obtained from Sol Ideas Technology
Development. The other chemicals were of analytical grade or
the highest grade available. A conductive glass plate (10–15
�/square SnO2: fluorine coated) (OTE) was obtained from
Nihon Sheet Glass Co. Ltd.

MgChl-a–Im was synthesized by refluxing MgChl-a, 10.0
mg (1:12� 10�5 mol), with about 10-times the molar equivalent
of Im, 18.2 mg (1:12� 10�4 mol), in 50 mL of methanol at 60
�C for 6 h. The synthetic reaction of MgChl-a–Im was moni-
tored by the UV–vis absorption spectrum using a Shimadzu
Multispec 1500 spectrophotometer. When Im was added to
the MgChl-a in methanol, the Soret band of MgChl-a changed
with the isosbestic point at 421 nm by the coordination of Im
to the axial site of MgChl-a. After the mixture was cooled to
room temperature, the solvent was removed under a vacuum.
The residue was dissolved in acetone, and then the unreacted
Im was removed as precipitation. Finally, MgChl-a–Im was
obtained by removing the solvent under a vacuum. The yield
of MgChl-a–Im was 3.1 mg (26%) (TOF-MS m=z 1018
[Mþ Hþ]). The nanocrystalline TiO2 film was prepared by a
similar procedure to that described in the literature.2,5,6 A
MgChl-a–Im/TiO2 electrode was prepared as follows. An
OTE glass plate with a nanocrystalline TiO2 film was dipped
into a 0.2 mmol dm�3 methanol solution of MgChl-a–Im
at room temperature for 24 h. After dipping, the plate was
washed with methanol several times, and then dried under a
vacuum overnight. MgChl-a adsorbed on nanocrystalline TiO2

film (MgChl-a/TiO2) electrode was also prepared as a refer-
ence. The photocurrent–photovoltage characterization of the
MgChl-a–Im/TiO2 electrode was measured with a sandwich-
type cell. The working electrode with MgChl-a–Im/TiO2

was gently squeezed together with a platinum-coated OTE
glass electrode using a spring, and irradiated from the substrate
side of the working electrode. A platinum-coated electrode
was prepared by the thermal decomposition of H2PtCl6 from
2-propanol on an OTE substrate, and annealed at 380 �C for
30 min under an ambient condition. The 0.05 mol dm�3 I2/
0.5 mol dm�3 LiI in ethylene glycol acetonitrile was used as
a redox electrolyte. A solar simulator (YSS-40, Yamashita
Denso) was used as a light source (A.M. 1.5, 100 mWcm�2).
The photocurrent and photovoltage were measured by two dig-
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ital multimeters with model 2000-J (Keithley) and model
34401A (Agilent), respectively. The active electrode area
was typically 1.0 cm2.

A 400 W xenon lamp with a monochromator was used as a
light source for photocurrent action spectra measurements. The
cell was operated in the short-circuit mode. The incident pho-
ton-to-current conversion efficiency (IPCE) values were deter-
mined between 400 and 900 nm. The IPCE was then calculated
according to the following equation:

IPCE ¼ 1240iphðmAÞ=PðmWÞ�ðnmÞ; ð1Þ

where iph and P are the photocurrent and the power of the in-
cident radiation per unit area, respectively, and � is the wave-
length of the monochromatic light.

Figure 1 shows the photocurrent–photovoltage characteris-
tics of the sandwich solar cell based on the MgChl-a–Im/TiO2

electrode irradiated with 100 mWcm�2. The short-circuit pho-
tocurrent (ISC) was 0.30 mAcm�2 and the open-circuit photo-
voltage (VOC) was 275 mV. The maximum power was estimat-
ed to be 38.4 mWcm�2 and the fill factor (FF) was estimated to
be 46.5%. In contrast, the ISC, VOC, maximum power, and FF
of a solar cell based on the MgChl-a/TiO2 electrode (dotted
line) were 0.22 mAcm�2, 229 mV, 20.7 mWcm�2, and
41.1%, respectively.

Figure 2 shows the photocurrent action spectrum of a solar
cell based on the MgChl-a–Im/TiO2 electrode (bold line),
where the IPCE is plotted as a function of the wavelength. It
is similar to that of the UV–vis absorption spectrum of
MgChl-a–Im in methanol, as shown in Fig. 2 (dotted line).
The IPCE values reach a maximum at around the wavelength
of the absorption maximum (3.4% at 400 nm and 1.2% at 680
nm). On the other hand, the action spectrum of a cell using a
MgChl-a/TiO2 electrode (plain line) was also similar to that of
the UV–vis absorption spectrum of MgChl-a in methanol.
However, the IPCE values were lower than that of a cell using
a MgChl-a–Im/TiO2 electrode (0.9% at 400 nm and 0.1% at
680 nm). To investigate the photoinduced electron injection

process form the photoexcited singlet state of MgChl-a to
the conduction band of TiO2, the emission spectra of
MgChl-a–Im/TiO2 and MgChl-a/TiO2 were measured with
600 nm excitation. First, the emission spectra of MgChl-a–
Im/Al2O3 and MgChl-a/Al2O3 were measured and the emis-
sion peak was observed at 700 nm. In both cases, no fluores-
cence quenching of MgChl-a–Im or MgChl-a by an insulator
Al2O3 was observed. The fluorescence intensity of MgChl-
a–Im/Al2O3 or MgChl-a/Al2O3 was used as a reference
(I0). For MgChl-a–Im/TiO2, the fluorescence intensity
(IMgChl-a{Im) at 700 nm decreased and the I0=IMgChl-a{Im value
was estimated to be 100. For MgChl-a/TiO2, in contrast, the
fluorescence intensity (IMgChl-a) at 700 nm also decreased,
and the I0=IMgChl-a value was estimated to be 73. These results
indicate that the emission of MgChl-a–Im was effectively
quenched by electron injection from the excited singlet state
of MgChl-a–Im into the conduction band of TiO2 particles.
Thus, MgChl-a–Im anchored on nanocrystalline TiO2 film
through the axial Im ligand is an efficient visible sensitiser
for a photovoltaic injection cell based on the nanocrystalline
TiO2 film electrode.
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