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Abstract Organic p/n bilayers, composed of carbon
cluster (i.e., Cgo or Cyp, n-type semiconductor) and zinc
phthalocyanine (denoted as ZnPc, p-type semiconductor)
were prepared and used as photoelectrodes in the water
phase. The bilayer (i.e., C¢o/ZnPc or C7o/ZnPc) coated on a
base electrode showed photoanodic characteristics in the
presence of thiol, which induced the oxidation of thiol at
the ZnPc/water interface along with the photophysical
events (i.e., visible-light absorption, carrier generation, and
its conduction) in the p/n interior. Kinetic analysis was
conducted for both systems, which revealed that the overall
photoelectrode reactions are kinetically dominated by the
charge transfer between ZnPc and thiol. Considering the
result of a reference system (i.e., a photoanode of perylene
derivative/ZnPc bilayer), the photoelectrode characteristics
involving the rate-limiting oxidation are discussed with
respect to the types of n-type conductors.

Introduction

Development of a visible-light-responsive photodevice has
attracted attention for establishing an efficient system in
photoenergy conversion. Organic dye is a promising can-
didate for a photoexcitation center capable of visible-light
absorption, which has been examined in terms of solar cells
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[1, 2], molecule-based photoelectrodes by means of self-
assembled monolayers [3] and Langmuir-Blodgget film
[4], sensitization of photocatalysts [5-7], etc. However, no
such dye has been coupled with the overall decomposition
of water into O, and H,. Effective utilization of the organic
dye may be an issue for creating a photoenergy conversion
system particularly in the water phase.

Recently, we showed a novel function of organic p/n
bilayer as photoelectrode in the water phase [8-15], in
addition to the conventional function as photovoltaic cell in
the dry state [1, 2]. That is, a photo-induced oxidation
occurs at the solid (p-type semiconductor)/water interface
when applying the organic p/n bilayer to a photoanode in
the water phase (see Scheme 1); in addition, the inverse
coating of the p/n bilayer also leads to the function as a
photocathode. It appeared that such a photoelectrochemical
event is associated with a series of photophysical processes
(i.e., light absorption, charge separation of exciton, and
carrier conduction) in the p/n interior. For example, the
organic bilayer of 3,4,9,10-perylenetetracarboxyl-bisben-
zimidazole (PTCBI, an n-type semiconductor)/cobalt
phthalocyanine (CoPc, a p-type semiconductor) acted as a
stable and efficient photoanode leading to the evolution of
O, from water, which consequently resulted in photo-
electrochemical water splitting to involve the simultaneous
evolution of H, at the counter electrode [10]. The most
advanced characteristic of the PTCBI/CoPc bilayer is that
the entire visible-light energy of 4 < 750 nm was available
for the water oxidation at the CoPc/water interface. Few
examples of such photodevices featuring an inorganic
semiconductor have appeared in the literature [16, 17].

We also demonstrated the function of fullerene (denoted
as Cgp, an n-type semiconductor) as a part of the organic
p/n bilayer in terms of the photoelectrode in the water
phase [9, 11, 13]. Carbon clusters (such as Cgy and Cyq)
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Scheme 1 Schematic illustration of organic p/n bilayer working as a
photoanode in the water phase, and chemical structures of Cgo, C70,
PTCBI, and ZnPc

may be key materials among the scarcity of organic n-type
semiconductors because the LUMO level of organic
semiconductors is usually energetically high. This study
focused on the carbon clusters in the organic p/n bilayer,
where those were used in combination with zinc phthalo-
cyanine (denoted as ZnPc, a p-type semiconductor). Not
only the carbon cluster/ZnPc bilayers but also the PTCBI/
ZnPc bilayer were applied to photoanodes, wherein the
photoelectrode kinetics was examined with respect to the
types of the n-type conductors employed.

Experimental

Pure Cgg (>99.5%) and C;o (>97%) were purchased from
Tokyo Kasei Kogyo Co., Ltd. and Kanto Chemical Co., Inc.,
respectively, and used as received. PTCBI was used as a ref-
erence compound of n-type semiconductor. According to a
previously described procedure [ 18], PTCBI was synthesized
and purified. ZnPc (Kanto Chemical Co, Inc) was purified
by sublimation before use, where the temperature during
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sublimation was maintained constant at the exterior of vessel
(cf. temperature: 530 °C; degree of pressure within the vessel:
ca. 2 x 1072 Pa). 2-Mercaptoethanol was obtained from
Kanto Chemical Co., Inc. The ITO-coated glass plate (sheet
resistance: 8 Q cm_z; transmittance: >85%; ITO thickness:
174 nm) was from Asahi Glass Co., Ltd.

The photoelectrode device was prepared by vapor depo-
sition (degree of pressure: ca. 5.0 x 10~* Pa; deposition
speed: 0.03 nm s_l), and it comprised a carbon cluster (Cg
or C;o) coated on an ITO and ZnPc coated on top of the
carbon cluster layer (denoted as ITO/carbon cluster/ZnPc).
The PTCBI/ZnPc bilayer was also prepared through the
same procedure (denoted as ITO/PTCBI/ZnPc). During the
vapor deposition, the temperature at the ITO plate was not
controlled. Absorption spectral measurement was conducted
using a Hitachi U-2010 spectrophotometer. The resulting
absorption spectra of ZnPc [19], Cgq [20], Cyo [21], and
PTCBI [19] were identical to those reported earlier, and their
absorption coefficients indicated the thickness of the film
employed (cf. the aggregation structure of ZnPc was also
identifiable from the absorption spectrum; this implied that
the polymorph of ZnPc is attributed to the a-phase, which is
also supported by an earlier study [22]). Since it is consid-
ered that the additivity of the absorption coefficients is held
in the visible-light absorption spectrum of the p/n bilayer,
the two unknown parameters, i.e., the two thicknesses, were
estimated by solving simultaneous equations based on
absorbance at two distinct wavelengths. Such an estimation
of film thickness has thus far been conducted in the cases of
organic p/n bilayers [8§—15]. Through the above-mentioned
calculation, the typical thickness of each bilayer was esti-
mated as 30 nm-carbon cluster and 80 nm-ZnPc for the
carbon cluster/ZnPc systems, and 150 nm-PTCBI and
80 nm-ZnPc for the PTCBI/ZnPc system.

An electrochemical glass cell was equipped with a
modified ITO working electrode (effective area: 1 x 1 cm),
a spiral Pt counter electrode, and an Ag/AgCl (in saturated
KCl electrolyte) reference electrode. The entire photoelect-
rochemical study was conducted in an alkaline (KOH)
solution containing a known concentration of thiol within an
Ar atmosphere (pH = 10). This study was conducted using
a potentiostat (Hokuto Denko, HA-301) with a function
generator (Hokuto Denko, HB-104), a coulomb meter
(Hokuto Denko, HF-201), and an X-Y recorder (GRAPH-
TEC, WX-4000) under illumination. A halogen lamp (light
intensity: ca. 100 mW cm?) was used as the light source
under typical conditions. While measuring the action spec-
trum for photocurrent, a halogen lamp was used as the light
source in combination with a monochromator (Soma Optics,
Ltd., S-10). Light intensity was measured using a power
meter (type 3A from Ophir Japan, Ltd.). The incident pho-
ton-to-current conversion efficiency (denoted as IPCE) was
calculated by the following equation:
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IPCE(%) = ([I/e]/[W/e]) x 100 (1)

where I (A cm_z) is the photocurrent density; e (C), the
elementary electric charge; W (W cm™?), the light inten-
sity; and ¢, the photon energy. In this study, the effect of
the reflection of the incident light from the glass surface
was not considered (i.e., the light intensity was not
corrected).

Results and discussion

Figure 1 shows the cyclic voltammograms measured at the
ITO/carbon cluster/ZnPc (i.e., ITO/Cgy/ZnPc and ITO/C,y/
ZnPc). In both systems, the generation of photoanodic
currents was found to involve the oxidation of thiol; while,
no response was observed in the dark. These findings are
consistent with typical photoelectrochemical characteris-
tics occurring at a phthalocyanine surface in organic p/n
bilayer [8, 10-13, 15]; that is, the photoanodic currents
generated at the ZnPc/water interfaces are attributed to
carrier generation at the p/n interfaces and the following
event of hole conduction through the ZnPc layer. The
detailed mechanism is discussed later. Figure 1 also reveals
that ITO/C,o/ZnPc can show the similar characteristics to
ITO/Cgp/ZnPc under illumination and in the dark.

In order to determine the origin of the photoanodic
currents generated at the ITO/carbon cluster/ZnPc, in each
system the action spectrum for photocurrent was measured
and then compared with the absorption spectrum of the
bilayer employed. When irradiation was conducted from
the side of carbon cluster (Fig. 2a), in each case the pho-
tocurrent occurred over the entire visible-light region of
/< 750 nm; while, in the cases where monochromatic
light was irradiated from the ZnPc side (Fig. 2b), the
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Fig. 1 Cyclic voltammograms at ITO/Cgo/ZnPc (solid line) and ITO/
C,0/ZnPc (gray line). In the dark, the voltammograms of both systems
overlapped each other. Irradiation was conducted from the ITO side.
Concentration of thiol, 1.0 x 103 mol dm~—3 (pH = 10); film
thickness of bilayer, 25 nm (Cgy or C;0)/80 nm (ZnPc); light
intensity = 100 mW cm_z; scan rate = 20 mV s~
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resulting action spectra were almost in agreement with a
transmittance spectrum of ZnPc (Fig. 2b). In summary, in
each case the action spectrum was inconsistent with the
absorption spectrum of the carbon cluster/ZnPc bilayer
(Fig. 2c), thereby showing that the photoanodic current
generation cannot be induced on the visible-light absorp-
tion over the whole bilayer. Considering that despite little
presence of the absorption of ZnPc at around 400-500 nm
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Fig. 2 a Action spectra for photocurrents generated at ITO/Cgy/ZnPc
(filled diamond), 1TO/C;o/ZnPc (unfilled diamond), 1TO/Cgq (filled
triangle), and ITO/C;y (unfilled triangle). Concentration of thiol,
1.0 x 107% mol dm™ (pH = 10); film thickness, 30 nm (Cgo or C0)/
80 nm (ZnPc); film thickness, 30 nm (single layer of Cgo or Cyg);
applied potential, +0.3 V; irradiation direction of the incident light,
the side of carbon cluster. b Action spectra for photocurrents
generated at ITO/Cgy/ZnPc (filled diamond) and I1TO/C;¢/ZnPc
(unfilled diamond), and a transmittance spectrum of the single-
layered ZnPc. Concentration of thiol, 1.0 x 107> mol dm ™ (pH =
10); film thickness, 30 nm (Cgo or C7)/80 nm (ZnPc); applied
potential, +0.3 V; irradiation direction of the incident light, the side
of ZnPc. ¢ Absorption spectra of the bilayers employed and the single-
layered carbon clusters

(see Fig. 2b), the photocurrent generation was confirmed, it
may mean that the photoanodic currents at the ZnPc/water
interfaces originate in the wide visible-light absorption by
only the carbon clusters (see Fig. 2¢); however, the action
spectrum of the single-layered carbon cluster (i.e., ITO/Cgg
or ITO/C;y) was different from that of the corresponding
bilayer in terms of magnitude and spectral shape (see
Fig. 2a). Therefore, the results of Fig. 2 suggest that an
absorption of ZnPc probably close to the p/n interface can
also contribute to the photocurrent generation.

The mechanism of the present photocurrent generation
is described as follows: the carbon cluster and ZnPc absorb
visible light, through which excitons are formed. The
excitons are considered to be separated at the p/n inter-
faces. In order to estimate a photovoltage of each carbon
cluster/ZnPc system, the rest potentials at single-layered
Ce0, C70, and ZnPc were measured under illumination (in
an alkaline solution containing 1 x 107> mol dm™* of
thiol), according to a previously reported procedure [12, 23].
The rest potentials of carbon clusters were less positive than
that of ZnPc (cf. rest potential (V vs. Ag/AgCl): Cg,
—0.32 V; Cq9, —0.35 V; ZnPc, —0.04 V), and thus, the
differences are consistent with the photovoltage generated
in the carbon cluster/ZnPc systems. The presence of
photovoltage (i.e., for Cgo/ZnPc system, 280 mV; for
C50/ZnPc system, 310 mV) supports the formation of built-
in-potential at the p/n interfaces. After charge separation at
the p/n interfaces, the photogenerated carriers of Cgy~ (or
Cy07) and ZnPc™t migrate in each layer, and thus, ZnPc has
oxidizing power for the thiol oxidation at the solid/water
interface (i.e., ZnPct + RS™ — ZnPc + RS"7) [12].

The time course of photocurrent was measured to eval-
uate the kinetic characteristics of both ITO/Cg/ZnPc and
ITO/C7o/ZnPc. Typical examples are shown in Fig. 3. In
each system, a spiky photocurrent (J;,) was initially
observed, after which it attained a steady state (J represents
a steady-state photocurrent). Such a photoelectrochemical
response is usually characterized by the rate-limiting charge
transfer at the solid/water interface. In both systems, the
photoelectrode characteristics were investigated with
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Fig. 3 Transient photocurrents generated at a ITO/Cgp/ZnPc and
b ITO/C;¢/ZnPc immediately after irradiation with white light
(intensity, 100 mW cmfz). Irradiation was conducted from the ITO
side. Concentration of thiol, 3.0 x 1072 mol dm™> (pH = 10); film
thickness, 30 nm (Cgy or C;0)/80 nm (ZnPc); applied potential,
+0.3V
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Fig. 4 The dependencies of initial spiky photocurrent (Ji,, filled
circle: 1TO/Cgo/ZnPc; filled triangle: 1TO/C7o/ZnPc; filled square:
ITO/PTCBI/ZnPc) as well as steady-state photocurrent (Js, unfilled
circle: 1TO/Cgo/ZnPc; unfilled triangle: 1TO/C,¢/ZnPc; unfilled
square: ITO/PTCBI/ZnPc) on the thiol concentrations. Film thick-
ness, 30 nm (Cgy or C7)/80 nm (ZnPc); film thickness, 150 nm
(PTCBI)/80 nm (ZnPc); light intensity = 100 mW cm™2; applied
potential = +0.3 V

respect to the concentration of thiol (see Fig. 4). In a ref-
erence study, the PTCBI/ZnPc bilayer (see Fig. 2), which
has been identified as a photoanode by the authors [12], was
also investigated under the similar experimental conditions
[i.e., applied potential, electrolyte solution, and the mag-
nitude of visible-light absorption particularly in the region
of 2 < ~500 nm (cf. there was a little or no contribution of
the absorption of ZnPc to the generation of photoanodic
currents)]. In all cases studied, the resulting photocurrents
exhibited the same response as shown in Fig. 3. Saturation
in the concentration was observed for both J;, and J,
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implying that the photo-induced oxidation at the ZnPc/
water interface is not kinetically controlled by the mass
transfer of thiol (i.e., diffusion). Furthermore, it should also
be noted from Fig. 4 that, particularly irrespective of the
types of carbon clusters, the resulting J;, and J; showed a
similar dependence on the thiol concentration.

Based on the above-mentioned results, the two types of
photocurrent (J;, and J;) were analyzed to assume an
adsorption step before the rate-limiting charge transfer
step, wherein a model was applied to the present kinetic
analysis (i.e., the Langmuir adsorption equilibrium for thiol
at the ZnPc surface was assumed) [12, 24]. In the present
case, the photocurrent (J) is assumed to be proportional to
the surface concentrations of holes ([/"]o) as well as of the
adsorbed thiol (I'), and is represented as

J/nF = ke[h*],I (2)

where n is the number of electrons transferred from a thiol
to ZnPc (in the present case, n = 1), F is Faraday’s
constant, and k; is the rate constant of the electrochemical
reaction between thiol and ZnPc. The kinetic analyses of
Jin and Jg were conducted using

CR/Jin = CR/Jmax + (k//k)/-]max (3)
CR/JS == CR/Jmax + {(k//k) + (kf[h*]()/k)}/-[max (4)

where k is the rate constant of adsorption at ZnPc (bimo-
lecular process), k' is the rate constant of desorption
(monomolecular process), Cr is the thiol concentration in the
electrolyte solution, and J,,,,x is the postulated photocurrent
with maximum coverage occupying all available sites.

By applying the data of Fig. 4 to the Eqs. 3 and 4, kinetic
analysis was conducted for each system. It was confirmed
through the analyses that the application of the present
model is valid, and thus, the kinetic parameters of Jyax, k'/k,
and kg[h]o/k were obtained (Table 1). The analysis results
revealed that the parameters are independent of the types of
carbon clusters employed. As for the inverse of the k'/k term
[i.e., &k’ (=equilibrium constant for adsorption (K))], in all
the systems it resembles each other; this is reasonable
because the K values correspond to the net adsorption rate
of thiol at the ZnPc surface. The k¢h ]o/k term, represen-
tative of the effectiveness of the ZnPc/water interfaces for
the rate-limiting oxidation, is larger in the PTCBI/ZnPc
system than in the carbon cluster/ZnPc systems. Based on

the definition of the kinetic parameters, the k¢ h *]O/k values
in the carbon cluster/ZnPc systems are also indicative of
constant [h*]o; in other words, the influence of kinetically
fast processes in the p/n interior may be incorporated into
the constant concentration of [h*]o, which is independent of
the types of carbon clusters. The kinetic analysis also
indicates a high value of [ '], in the PTCBI/ZnPc system;
this explicitly affects the value of J,,x because the J,.x
term is proportional to [h*]o as well as I' (cf. constant in
each system) at the ZnPc/water interface (see Eq. 2). The
present result shows that PTCBI acts as an efficient n-type
conductor in the photoanode of organic p/n bilayer; par-
ticularly in the PTCBI/ZnPc system, an efficient charge
separation may take place at the p/n interface, thus leading
to a high output at the ZnPc surface.

Conclusion

The photoelectrode characteristics of organic p/n bilayer in
the water phase were examined with the types of n-type
conductors, for which the photoanodes composed of an
n-type conductor (i.e., Cgg, C79, or PTCBI) and p-type ZnPc
were prepared. In addition to the PTCBI/ZnPc bilayer [12],
the carbon cluster/ZnPc bilayers were also found to work as
photoanodes responsive to a wide visible-light energy. On
kinetic aspects, the systems employed were dominated by
charge transfer at the ZnPc/water interface (cf. in solar cells
in the dry state, the rate-determining step is the carrier
generation at p/n interface [21]); moreover, the magnitude
of the kinetics at the ZnPc/water interface was independent
of the types of carbon clusters, which also involved that the
steady concentration of the hole ([h*]o) available for the
rate-limiting oxidation is constant in each system; in addi-
tion, the higher value of [A']y in the PTCBI/ZnPc system
appeared to result in an efficient output, probably due to an
efficient charge separation at the p/n interface. Although the
energy levels of the conduction band (CB) and valence band
(VB) in carbon clusters (cf. Cgp: CB = 6.2 eV, VB, 4.5 eV
[25]; Cy0: CB = 6.4 eV, VB = 4.3 eV [26]) are similar to
those in PTCBI (cf. CB = 6.2 eV, VB = 4.5 eV [27]), the
present analyses revealed the kinetic characteristics of the
rate-limiting oxidation at the ZnPc surface featuring n-type
conductors. The improvement of [/ ], will result in a high

Table 1 The resulting kinetic parameters of ITO/Cgy/ZnPc, ITO/C;¢/ZnPc, and ITO/PTCBI/ZnPc

Systems Jmax Jinax K/k, mol dm~> K, (mol dmf‘%)fl ke h*]o/k, mol dm~3
(from J;,), pA cm™2 (from Jy), pA cm™2

ITO/C-¢/ZnPc 5.28 x 107 5.27 x 107 2.17 x 1073 4.61 x 10? 7.55 x 1073

ITO/Cgo/ZnPc 5.23 x 10? 5.20 x 10? 2.14 x 1073 4.68 x 10? 7.55 x 1073

ITO/PTCBI/ZnPc 9.68 x 107 9.22 x 10? 2.09 x 1073 479 x 10° 1.28 x 1072
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efficiency of organic p/n bilayers in the water phase.
Making the uses of the great variety of types of organic
semiconductors and its easy processing, further design and
development of organic photoelectrodes is a future issue to
be addressed.
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