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Two photoelectrochemical cells based on C60-SAM-
modi®ed gold electrodes have been fabricated and their
photoelectric responses with Ar- or O2-saturated
electrolyte investigated. High quantum yields under
visible light illumination and without an external electron
sacri®cer were observed. A new approach consisting of
casting an ion-selective polyurethane membrane on the
C60-SAM leads to improved stability of the photocurrent
generation.

Exploitation of the rich optical and electrical behaviour of
fullerenes has become a ®eld of intensive investigation.1±3 In
particular, the ability of the carbon sphere to act as a strong
electron acceptor4 and to participate ef®ciently in photo-
induced electron transfer processes has given rise to increasing
development of fullerene-based electronic devices. In this
respect, the modi®cation of semiconductor or metal electrodes
with fullerene thin ®lms by Langmuir±Blodgett (LB) techni-
ques,5±7 sandwich-type conjugated polymer/C60 heterojunc-
tions,8±10 or self-assembled monolayers (SAMs)11,12 has
revealed promising photoelectrochemical properties,13 includ-
ing good solar energy conversion ef®ciencies. As ordered,
stable and processable assemblies, SAMs provide particularly
attractive tools for the realisation of fullerene-based photo-
voltaic devices. Recently, the electrochemical and photoelec-
trochemical properties of C60-derived SAMs on gold electrodes
have been investigated.11 Stable anodic photocurrents and
fairly high quantum yields under monochromatic illumination
in the presence of a sacri®cial electron donor were observed.
Here, we report the ef®cient photoelectrochemical response of
a C60-SAM-modi®ed gold electrode, together with a novel
approach to increase its stability using a cast solvent±polymeric
membrane. We found high quantum yields for photoinduced
electron transfer and propose a charge separation mechanism.

We recently reported the preparation and electrochemical
properties of a SAM of C60±alkanethiol conjugate 1 (Fig. 1) on
gold (referred to as 1/Au in the following) and its use as an inner
electrode in solid-contacted ion-selective electrodes when cast
with a potassium-selective polyurethane membrane (referred to

as Mb/1/Au).14 1/Au showed a half-wave potential of
E1/2~2680 mV (all potentials are given vs. Ag/AgCl and
measured in a solution of 0.1 M Bu4NPF6 in CH2Cl2) for the
®rst reduction of the fullerene, with surface-con®ned behaviour
for electron transfer, and a surface coverage of
3.9610210 mol cm22. Additionally, long-term stability measure-
ments under ambient conditions revealed the enhanced stability
of Mb/1/Au electrodes, with a long-term drift (over 100 h) of
85 mV h21, as compared to 360 mV h21 without the polyurethane
membrane. In the course of our study, we observed a
photoelectrical response to ambient light. As a matter of
course, we studied the photoelectrochemical characteristics of
two cells composed of 1/Au or Mb/1/Au as working electrodes, a
platinum counter electrode, and an Ag/AgCl reference electrode
in Ar- or O2-saturated 1023 M aqueous KCl solutions.15

Both systems showed immediate and reversible anodic short-
circuit photocurrent and open-circuit photovoltage upon
illumination of the modi®ed gold electrode. In contrast, no
photocurrent was observed for a bare gold electrode without
the SAM of 1 under the same conditions. As shown in Fig. 2,
the action spectra of 1/Au and Mb/1/Au between 300 and
700 nm correlate strongly with the solid-state absorption
spectrum of a 49 nm thin spin coated ®lm of 1 on sapphire.
This demonstrates that a photoinduced electron transfer occurs
through the C60-SAM acting as the photoactive species.
Moreover, the solid ®lm gives rise to an increased spectral
weight in the visible domain as compared to the absorption in
solution.16 From the photocurrent action spectra, we can see
that the spectral weight in the visible is increased with respect to

Fig. 1 Molecular structure of 1.

Fig. 2 Photocurrent action spectra for cells with 1/Au (©) and Mb/1/
Au (%) as working electrodes15 (Ar-saturated 1023 M aqueous KCl
solution, pH 5.6, no applied voltage) and absorption spectrum of a
49 nm thick spin coated ®lm of 1 on sapphire (dotted line).

DOI: 10.1039/b005642l J. Mater. Chem., 2000, 10, 2231±2233 2231

This journal is # The Royal Society of Chemistry 2000



the disordered ®lm, which is important for solar energy
conversion. The typical order of magnitude of the photocurrent
ranged from 0.1 to 1 nA with an incident monochromatic light
(l¡5 nm) intensity of 4.3 to 67 mW cm22. Moreover, the
photocurrent yield for Mb/1/Au is higher than that of 1/Au,
indicating that the membrane not only increases the stability of
the SAMs, but also has a favourable effect on the light
conversion ef®ciency. The direction of the photocurrent ¯ow
was found to be anodicÐi.e. from the electrolyte to the gold
electrodesÐby applying a bias voltage (from 20.4 to z1.2 V)
to 1/Au and Mb/1/Au under monochromatic illumination in
Ar-saturated electrolyte (Fig. 3). In both systems, the anodic
photocurrent starts to ¯ow at a certain potential (zero-current
potential V0), then increases as the bias voltage becomes more
positive, reaching saturation over ca. z1 V and ca. z1.2 V
bias for 1/Au (V0#20.17 V) and Mb/1/Au (V0#20.40 V),
respectively. At this point, it should be noted that the
photoelectrochemical response of Mb/1/Au is higher than
that of 1/Au when no bias is applied (cf. Fig. 2), but becomes
somewhat lower under positive bias.

Compared to similar photoelectrochemical cells,6,7,11,17±19

this is the ®rst time that such saturation behaviour has been
observed. The anodic photocurrent increases linearly in the
range z0.2 to z1 V (with a slope of 277 nA V21) for 1/Au
and from z0.5 to z1.1 V (with a slope of 268 nA V21) for
Mb/1/Au. Besides the generation of an anodic photocurrent, a
cathodic photocurrent could also be seen for 1/Au with applied
potentials lower than V0. With a view to determining the effect
of air, and in particular of oxygen, on the photocurrent
generation, some atmosphere-controlled experiments were
performed. When O2 was bubbled into the electrolyte solution,
the photocurrent at saturation was reduced by ca. 4 and 11
times for 1/Au and Mb/1/Au, respectively, but could reversibly
recover its initial value on subsequent Ar bubbling. Under O2-
saturation conditions, the photocurrent saturation occurred at
a less positive bias (ca. z0.5 V) for electrode 1/Au, but
followed the same course as in Ar-saturated electrolyte between
20.4 and z0.5 V. On the other hand, a strong suppression of
the photocurrent was observed for Mb/1/Au in the presence of
O2 with only a slight increase with forward bias. Under optimal
conditionsÐi.e. z1.2 V bias voltage and Ar-saturated electro-
lyteÐone can estimate the quantum yields based on the
number of photons absorbed by the SAMs of 1 in the
photoelectrochemical cells without external electron sacri®cer.
Hence, taking into account the estimated absorbance20 of the
modi®ed gold electrodes, the incident light intensity and the
photocurrent density generated upon monochromatic illumi-
nation at 500 nm (Fig. 3), the quantum yields were calculated

to be 31% for 1/Au and 25% for Mb/1/Au. Comparatively, both
cells present high quantum yields, at least two times higher than
previously reported for similar photoelectrochemical cells
based on C60- or porphyrin-based SAMs,11,17 LB ®lms,6,7 or
lipid bilayers,21±23 and comparable to the highest value given
for arti®cial photosynthetic systems on gold electrodes.18 These
results con®rm that C60 conjugate 1 acts as an ef®cient
photosensitiser, owing to its small reorganisation energy in
photoinduced electron transfer.24,25

In light of these experimental results and previous reports on
C60-based LB ®lms on indium±tin oxide,6,7 a mechanism for the
anodic photocurrent generation is proposed in Fig. 4. The
excited singlet state 1C60* of 1, generated upon illumination,
relaxes to the triplet state 3C60* in near quantitative yield
through a very ef®cient intersystem crossing.26 The anodic
photocurrent is then generated by electron transfer from the
C60?2 radical anion in 1, resulting from reductive quenching of
the excited triplet state 3C60* by water, to the gold electrode.
Water is presumed to be the electron donor since it has a
suitable redox potential (E³~z0.69 V at pH 5.5)27 for
oxidation by 3C60*, and no other electron sacri®cer is present
in the system. On this assumption, the generation of an anodic
photocurrent and photochemically induced O2-evolution
should be the net result of the photoelectrochemical processes
at 1/Au and Mb/1/Au. This hypothesis is currently under
investigation.

Based on this mechanistic proposal, further insight into the
observed photoelectrochemical properties was obtained. High
quantum ef®ciencies at 500 nm can be explained by an
adequate distance (determined by the alkyl chain length in 1)
between the fullerene core and the metal electrode, correspond-
ing to a good compromise between little quenching of the C60

excited states by energy transfer to the gold electrode18 and fast
kinetics of electron transfer. The membrane has proved to
ensure improved stability of the SAMs and higher photoelectric
conversion ef®ciency without applied bias (Fig. 2). This might
express a favourable matrix effect reducing deactivation
processes such as triplet±triplet or singlet±singlet annihila-
tion,28 fullerene self-quenching29±31 or quenching of C60 excited
states by the gold electrode. However, it is still unclear why the
generated photocurrent is lower for Mb/1/Au than for 1/Au
under positive bias, and why the presence of the membrane also
renders the photoelectrochemical cell more sensitive towards
O2. The effect of O2 in both cells can be rationalised by energy-
transfer quenching of 3C60* forming singlet oxygen,32 and/or
trapping of photogenerated electrons.33 The levelling beha-
viour of the photocurrent corresponds to the maximum
number of electrons that can be transferred from the SAM
to the gold electrode. This limitation is imposed by the
illumination intensity and by the competition between charge
separation and recombination. In the case of Mb/1/Au, the

Fig. 3 Photocurrent vs. bias potential applied at 1/Au (a) (&: Ar- and
$: O2-saturated 1023 M aqueous KCl solutions, pH 5.6) and Mb/1/Au
(b) (%: Ar- and #: O2-saturated 1023 M aqueous KCl solutions,
pH 5.6) electrodes under monochromatic illumination (l~500¡5 nm,
6.761025 W cm22).

Fig. 4 Schematic representation of the electron transfer mechanism for
anodic photocurrent generation in 1/Au and Mb/1/Au cells (redox
potentials of excited states are estimated by taking into consideration
the redox potential of 1/Au measured in CH2Cl2 and the excitation
energy25).
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photocurrent saturation might additionally be limited by the
diffusion of the redox species through the membrane. For O2-
saturated electrolytes, the additional quenching pathways
preventing charge separation have been described above.

In summary, we have developed two photoelectrochemical
cells based on C60-derived SAMs, exhibiting high quantum
ef®ciencies with respect to the previously observed fast rate of
electron transfer. Deposition of a polyurethane membrane on
the SAM showed an improved stability and ef®ciency of the
photoelectric response under unbiased conditions. However,
the photocurrent was found to be reduced compared to the
SAM only system when a positive bias was applied and/or in
the presence of oxygen. The fact that water probably acts as the
electron sacri®cer together with the precise elucidation of the
effect of the membrane on the photocurrent generation are
under investigation.
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