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ABSTRACT: The photoelectrode characteristics of an organic p/n bilayer in the water
phase were studied with respect to film; 3,4,9,10-perylenetetracarboxylic-bisbenzimida-
zole (PTCBI, an n-type semiconductor) was used in combination with 29H,31H-
phthalocyanine (H,Pc, a p-type semiconductor). When H,Pc was vapor-deposited on
top of the PTCBI layer on a heated substrate (cf. degree of pressure, ca. 5.0 X 10~* Pa;
temperature at the substrate, 120°C), a transmission electron microscopic image
showed an enhanced contact area of the p/n interface in comparison with that prepared
at r.t.,, due to the formation of a whisker H,Pc. The PTCBI/H,Pc bilayer can work as a
photoanode along with photophysical events in its interior. The rate-limiting charge
transfer at the H,Pc/water interface was kinetically analyzed assuming the Langmuir
adsorption equilibrium at that interface. Kinetic analysis demonstrated that the
increased contact area can successfully lead to efficient photoinduced carrier generation;
particularly, when a thick whisker of H,Pc was formed, the magnitude of the oxidation
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kinetics at the H,Pc/water interface was approximately 2.5 times higher than that without thermal treatment.
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B INTRODUCTION

Organic semiconductors have attracted attention due to their
low cost, great variety, processing ease, etc. Organic semi-
conductors have been applied to solar cells,'®
luminescent devices,’™ and field effect transistors.
Those applications have been researched and developed with
the devices working in a dry state. Although organic p/n
bilayers have been recognized as part of photovoltaic cells, we
have also revealed their novel function as photoelectrodes in
the water phase.'>~** For example, the p-type conductor/water
interface can induce oxidation along with photophysical events
(i.e., visible light absorption, exciton formation, carrier
generation at the p/n interface, and its conduction) in the p/
n interior. Organic bilayers, capable of water oxidation and
proton reduction into O,'*"> and H,,*” respectively, have also
been found. Such organo-photoelectrodes involve advanced
and essential characteristics of photoenergy conversion, where-
in wide visible-light energy is available for reaction at the solid/
water interface. The photoelectrode kinetics of an organic p/n
bilayer has been confirmed to be dominated by charge transfer
at the solid/water interface,'®!”!92!
corresponding photovoltaic cell.*>** In the rate-limiting charge
transfer reaction, photocurrents can be generated to be
proportional to the surface concentrations of carrier and
reactant. Therefore, in order to develop an efficient organic p/n
bilayer photoelectrode, the p/n interface for carrier generation

electro-
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and/or the surface available for the charge transfer reaction
need to be activated.

In the present work, some types of organic p/n bilayers,
comprised of 3,4,9,10-perylenetetracarboxylic-bisbenzimidazole
(PTCB]I, an n-type semiconductor) and 29H,31H-phthalocya-
nine (H,Pc, a p-type semiconductor), were prepared with and
without thermal application during vapor deposition; that is, a
trial was carried out to develop an efficient PTCBI/H,Pc
bilayer photoelectrode. Kinetic analysis for rate-limiting charge
transfer was conducted with each bilayer, through which the
correlation between the interfacial structures of the p/n bilayer
and the photoanodic output at the H,Pc surface was examined.

B EXPERIMENTAL SECTION

Chemicals and Preparation Procedure of Organic p/n
Bilayer. PTCBI was synthesized and purified according to a
previously described procedure.*® H,Pc (Tokyo Chemical Industry
Co., Ltd.) was commercially available and purified by sublimation prior
to use [cf. thermal control was conducted for the exterior of the vessel
(cf. temperature, 510°C; degree of pressure within the vessel, ca. 1 X
1072 Pa)]. 2-Mercaptoethanol (RS™) was obtained from Kanto
Chemical Co., Inc. The indium—tin oxide (ITO)-coated glass plate
(resistance, 8 Q-cm™%; transmittance, >85%; ITO thickness, 174 nm)
was obtained from Asahi Glass Co., Ltd.
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Figure 1. TEM images of ITO/PTCBI/H,Pc-A (a), ITO/PTCBI/H,Pc-B (b), and ITO/PTCBI/H,Pc-C (c).

Three types of PTCBI/H,Pc bilayers were prepared by vapor
deposition (apparatus, ULVAC KIKO VPC-260; degree of pressure,
ca. 5.0 X 107* Pa; deposition speed, 0.03 nm-s™"). All the bilayers were
composed of PTCBI coated on an ITO with H,Pc coated on top of
the PTCBI layer. The vapor deposition apparatus was equipped with a
thermostat (Densei—Lambda Z-UP 10-40) to regulate the temper-
ature of the ITO plate. When preparing the bilayers, thermal control
was conducted as follows: (i) the PTCBI/H,Pc bilayer was fabricated
at r.t. (denoted as ITO/PTCBI/H,Pc-A); (ii) after coating PTCBI on
an ITO at rt, H,Pc was deposited at 120°C (denoted as ITO/
PTCBI/H,Pc-B); (iii) the resulting ITO/PTCBI/H,Pc-B was cooled
to r.t., followed by further deposition of H,Pc at r.t. (denoted as ITO/
PTCBI/H,Pc-C). The temperature employed in (ii) was selected since
the sublimation of H,Pc can also start to take place at the substrate,
particularly at temperatures higher than 120°C (degree of pressure, ca.
5.0 X 107* Pa). The deposited amount was monitored through a
quartz microbalance (ULVAC, CRTM-6000) equipped with a vapor
deposition apparatus (Method-I). The thickness of film was
determined by calibration curve for the deposited amount of each
compound. The film thickness can also be estimated through
absorption spectral measurement (Method-1I), which we have
described elsewhere.'* Irrespective of the employments of distinct
procedures for estimation, accurate film thickness can be determined.
In all systems, the thickness of PTCBI in the bilayer was constant (i.e.,
160 nm) based on the Method-I. The amount of H,Pc deposited in
ITO/PTCBI/H,Pc-A was 60 nm through the same method as PTCBI.
However, since PTCBI/H,Pc-B and PTCBI/H,Pc-C have a fibrous
structure of H,Pc whisker (vide infra), its precise thickness was
estimated through a scanning electron microscope (FE-SEM: JEOL,
JSM-7000F); that is, the thicknesses of H,Pc in PTCBI/H,Pc-B and
PTCBI/H,Pc-C were ca. 200 and 250 nm, respectively.

Characterization. A transmission electron microscope (TEM:
Hitachi, H-8000) operated at 175 kV was used to obtain a cross-
sectioned bilayer image. The sample for TEM measurement was
prepared by forming a bilayer on an epoxy resin (Quetol 812),
according to the above-mentioned methods. Cross sections of the
bilayer were cut using an ultramicrotome (Reichert—Nissei, Ultracut
N) at r.t. A sample of the section was transferred to a copper microgrid
(Nisshin EM) and dried at r.t. The surface of H,Pc was observed
through a FE-SEM. Absorption spectra of the fabricated bilayers were
measured using a Jasco V-650 spectrophotometer. The surface
roughness of H,Pc in all the PTCBI/H,Pc bilayers (ie., (i) PTCBI/
H,Pc-A, (ii) PTCBI/H,Pc-B, and (iii) PTCBI/H,Pc-C) was measured
by a laser microscope (Keyence, VK-9510). The roughness factor,
calculated from the ratio of real surface area to geometrical area, was
estimated to be ca. 2, 54, and S in systems (i), (ii), and (iii),
respectively.

Photoelectrochemical Experiments. 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 photo-
electrochemical study was conducted in an alkaline (NaOH) solution
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containing a known concentration of thiol within an Ar atmosphere
(pH = 10). This study was carried out 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
(GRAPHTEC, WX-4000) under illumination. A halogen lamp (light
intensity: ca. 70 mW-cm™2) was used as the light source under typical
conditions. When measuring the action spectrum for the photocurrent,
the lamp was used as the light source in combination with a
monochromator (Soma Optics, Ltd., S-10). The calculation method of
incident photon-to-current efficiency (IPCE) is given in the
Supporting Information. All irradiation was conducted from the side
of the ITO/PTCBI interface. Light intensity was measured using a
power meter (type 3A from Ophir Japan, Ltd.).

B RESULTS AND DISCUSSION

Cross sections of PTCBI/H,Pc bilayers were observed through
TEM, and typical results are shown in Figure 1. Comparing the
TEM image of ITO/PTCBI/H,Pc-A (a) with that of ITO/
PTCBI/H,Pc-B (b), in the latter, the p/n interfacial area was
found to be rough due to the formation of a whiskered H,Pc;
that is, Figure 1 evidently shows that the above-mentioned
thermal application resulted in an enhanced contact area of the
p/n interface. Such a phthalocyanine whisker has previously
been reported.zs’27 However, to the best of our knowledge, it
seems that this is the first example of an organic p/n bilayer
involving the whisker structure. In addition, ITO/PTCBI/
H,Pc-C (c) maintained the rough p/n interface even after
further coating of H,Pc; moreover, the H,Pc whisker in the
bilayer became thick and upright.

Furthermore, the H,Pc surface in ITO/PTCBI/H,Pc-A and
ITO/PTCBI/H,Pc-B was observed through SEM (Figure 2).
In the ITO/PTCBI/H,Pc-A (Figure 2a), a fine-grain
morphology of H,Pc was confirmed, while in the ITO/
PTCBI/H,Pc-B (Figure 2b), the surface of fibrous H,Pc was
observed to support the above-depicted TEM image. Figures 1
and 2 show that, particularly in the ITO/PTCBI/H,Pc-B, the
H,Pc surface, as well as the p/n interface, had grown
expansively in terms of area. The SEM image of ITO/
PTCBI/H,Pc-C is shown in Figure 2c. Further deposition of
H,Pc onto the ITO/PTCBI/H,Pc-B under r.t. only resulted in
thickening of its fibrous form. Similar to the result of TEM
observation, this indicates that the p/n interface remained
rough but the H,Pc surface underwent a reformation.

All the photoelectrodes exhibited photoanodic characteristics
in the presence of thiol, according to Scheme 1 (cf. those
voltammograms were depicted in Figure S1, Supporting
Information). The scheme also represents an energy diagram
for thiol oxidation at the H,Pc/water interface, which is drawn
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Figure 2. SEM images of H,Pc surface in ITO/PTCBI/H,Pc-A (a),
ITO/PTCBI/H,Pc-B (b), and ITO/PTCBI/H,Pc-C (c).

based on the energy levels of the valence and conduction bands
of the materials employed”®*® and the oxidation potential of
thiol.'”*° The mechanistic details of thiol oxidation at the
PTCBI/H,Pc photoanode have been reported previously.">"”

In each system, the action spectrum for the photocurrent was
measured and compared with the absorption spectrum of the
bilayer employed (Figure 3ab). Figure 3a shows that the
PTCBI/H,Pc bilayers are responsive to the entire range of
visible-light energy. The magnitude of the resulting action
spectra increased in the following order: ITO/PTCBI/H,Pc-A
< ITO/PTCBI/H,Pc-B < ITO/PTCBI/H,Pc-C. In particular,
increasing IPCE values were observed in the wavelength
regions at which an intense peak of H,Pc was present. As
identified from the TEM images of ITO/PTCBI/H,Pc-B and
ITO/PTCBI/H,Pc-C (vide supra), the H,Pc whisker grew in a
vertical direction towards the surface, thus resulting in larger
absorption; particularly in ITO/PTCBI/H,Pc-C, it was due to
the formation of the thick whisker of H,Pc by its additional
coating on ITO/PTCBI/H,Pc-B. We previously reported that
the action spectrum of the PTCBI/H,Pc bilayer usually
indicates that the absorption of PTCBI can mostly induce a
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Scheme 1. Schematic Illustration of Oxidation at the H,Pc/
Water Interface When Applying the PTCBI/H,Pc Bilayer to
a Photoanode in the Water Phase”
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Figure 3. (a) Action spectra for photocurrent at ITO/PTCBI/H,Pc-A
(@), ITO/PTCBI/H,Pc-B (A), and ITO/PTCBI/H,Pc-C (H).
Concentration of thiol = 5 X 107> mol-dm™ (pH = 10); applied
potential = 0 V. (b) Absorption spectra of the PTCBI/H,Pc bilayers
employed for the action spectral measurements.

photocurrent generation'”'” when employing a thick layer of
PTCBI (~300 nm) under the same irradiation conditions as
the present study, while there was also an evidence that the
action spectrum was consistent with the transmittance
spectrum of H,Pc when irradiating light from the side of the
H,Pc/water interface in the PTCBI/H,Pc bilayer."*'” The
latter means little contribution of the H,Pc absorption to
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Figure 4. (a) A transient photocurrent generated at ITO/PTCBI/H,Pc-A immediately after irradiation with white light. Light intensity = ca. 70
mW-cm™%; concentration of thiol = 1 X 107> mol-dm™ (pH = 10); applied potential = 0 V. (b) The dependencies of J;, (opened symbols) as well as
J; (closed symbols) on the thiol concentrations (O and @, ITO/PTCBI/H,Pc-A; A and A, ITO/PTCBI/H,Pc-B; O and M, ITO/PTCBI/H,Pc-C).
Light intensity and applied potential were the same as those shown in Figure 4(a).

photocurrent generation; in other words, even if the H,Pc
absorption can contribute to photocurrent generation, only
H,Pc next to the p/n interface is effective for photocurrent
generation. Figure 3 may imply that, particularly in the cases of
ITO/PTCBI/H,Pc-B and ITO/PTCBI/H,Pc-C, a rough p/n
interface enables incident light to pass easily via a relatively thin
layer of PTCBI (~160 nm), thus leading to an efficient
absorption of H,Pc for photocurrent generation. The more
efficient action spectral characteristics of PTCBI/H,Pc-C can
be associated with the larger amount of H,Pc neighboring to
the p/n interface for an efficient absorption by H,Pc.

The kinetic aspects of the photoelectrode characteristics of
the PTCBI/H,Pc bilayers were evaluated, and the time course
of the photocurrent was measured. As a typical example, the
result for ITO/PTCBI/H,Pc-A is shown in Figure 4a. A
photocurrent was observed to feature a rate-limiting charge
transfer at the H,Pc/water interface’®'” where a spiky
photocurrent (J,,) initially occurred, after which it attained a
steady state (J, represents a steady-state photocurrent).
Furthermore, a measurement similar to that in Figure 4a was
also conducted with a change in the concentration of thiol
(Cg). As shown in Figure 4b, saturation in the concentration
was observed for both J;, and J;, supporting the conclusion that
the photo-induced oxidation is not kinetically controlled by the
mass transfer of thiol (i.e., diffusion). The ITO/PTCBI/H,Pc-B
and ITO/PTCBI/H,Pc-C systems also exhibited characteristics
similar to ITO/PTCBI/H,Pc-A, and those results are also
shown in Figure 4b.

Kinetics of the rate-limiting charge transfer can be analyzed
assuming the Langmuir adsorption equilibrium for thiol at the
H,Pc surface. The details of the kinetic analysis have been
described elsewhere'®'”*" and are also stated in the Supporting
Information. The following equations for the two types of
photocurrent (J;, and J;) were applied to the results of Figure
4b:

CR/]in = CR/]max + (k//k)/]max (1)

)

where k is the rate constant of adsorption (bimolecular
process), k' is the rate constant of desorption (monomolecular
process), k; is the rate constant of the electrochemical reaction,
[h*], is the surface concentration of the hole, and J,, is the
postulated photocurrent with maximum coverage in the
occupation of all available sites. As shown in Figure §, the
linear relationships of Cy/J,, and Cy/J, vs Cy showed that the

Cr/], = C/lpy + {(K'7K) + (ke[R*]o /R)}T,,
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Figure S. Plots of Cg/J;, and Cg/J; vs. Cg in each system (O and @,
ITO/PTCBI/H,Pc-A; A and A, ITO/PTCBI/H,Pc-B; [0 and W,
ITO/PTCBI/H,Pc-C). The kinetic parameters were obtained on the
basis of eqs 1 and 2.

application of the present model to each system is valid. The
resulting parameters of J ..., k'/k, and k{h*],/k are summarized
in Table 1. The constant k'/k values are reasonable because the
adsorption/desorption of thiol occurring at the H,Pc surface
should be kinetically invariable. The term kJ{h*],/k changed
with the preparation conditions of the bilayers. Considering
that the k; and k values must be constant in all the systems
studied, a variation of the kJ{h*],/k values can correspond to
that of [h*],. Thus, it may imply that the values of [h*], in the
ITO/PTCBI/H,Pc-B and ITO/PTCBI/H,Pc-C systems are
twice or more higher than that in the ITO/PTCBI/H,Pc-A
system. That is indicative of efficient light absorption and
carrier generation within the p/n interior. Commonly,
photocurrent (J) can be assumed to be proportional to the
surface concentrations [mol-cm™2] of hole (i.e., [h*],) as well
as the adsorbed thiol (T):

J= [h*]o x I 3)
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Table 1. Resulting Kinetic Parameters in Each PTCBI/H,Pc System

relative
surface area” ], (from ]L“) Jnax (from ]g)
systems ) [pA-cm™?] (1) [uA-cm™2] (1)
ITO/ 1.00 5.04 X 107 (1.00) 5.03 X 10* (1.00)
PTCBI/
H,Pc-A
ITO/ 2.70 7.77 X 107 (1.54) 7.96 X 10* (1.58)
PTCBI/
H,Pc-B
ITO/ 2.50 121 x 10° (2.40) 1.26 X 10° (2.50)
PTCBI/
H,Pc-C

relative surface

k'/k kil h*]o/k concentration (T")¢
[mol-dm™]° ax (IV) [mol-dm™]? by (V) (v1)
150 x 1072 (1.00)  7.75x 107  (1.00) 1.00
146 X 1072 (1.03)  1.56 X 1072 (2.07) 0.76
144 X 1072 (1.04) 187 x 1072  (2.51) 1.00

“The relative surface area was calculated considering the roughness factor (cf. the value of ITO/PTCBI/H,Pc-A is unity). bThe relative values of ],
are shown in the parentheses (cf. the value of ITO/PTCBI/H,Pc-A is unity). “The inverse of k’/k (= k/k’) represents the equilibrium constant for
thiol adsorption at H,Pc surface. The a values in the parentheses show the relative adsorption rate of thiol when the value of ITO/PTCBI/H,Pc-A is
unity. dAccording to the following equation, by/ax = kJ{h*]y/k, the b value in the parentheses was calculated to infer the relative oxidation rate of
each system (i.e., the a and kg h*]o/k values of each system, and the constant value y/x (7.75 X 107 for a = 1 and b =1) were introduced into the
equation)."” The relative rate corresponds to the relative value of [h*],. “The relative value of J,, (from J, 1) and that of [h*], (i.e., b value, V)
were introduced into eq 3, and consequently, the I'" value (VI) of each system was estimated.

The formal equation of eq 3 was represented as eq 1 in the
Supporting Information. The relative values of surface area
(from roughness factor (vide supra), I), ;.. (from J;, (II) and J;
(11)), adsorption rate (IV), oxidation rate (from kfh*],/k
equal to [A*], (vide supra) (V), and surface concentration of
reactant (VI) are also listed in Table 1. The definition of these
relative parameters is stated in the footnote of the table. Among
the systems employed, note that in the ITO/PTCBI/H,Pc-B
system the relative value of ], (II or III) is not proportional to
that of [A*], (V); moreover, it emerges that the relative value
of I" (i.e., ['" (VI) in Table 1) in that system is lower than that
in other systems, thus resulting in an unjustifiable and low J.,
value. The I'" value must be essentially constant, irrespective of
the systems employed in the present study. This is because
surface coverage estimated from Langmuir adsorption isotherm
must also be independent of the systems of H,Pc when
employing a known concentration of thiol solution. As
identified from the TEM image (see Figure 1b), the H,Pc
surface can be seen to be rough in comparison with the p/n
interface. That is, the deviation from unity is attributable to the
difference between the p/n interfacial area and the surface area.
This may originate from the formation of a thin whisker of
H,Pc particularly at the surface side. Assuming the unity of the
[ value in the ITO/PTCBI/H,Pc-B system, the value (i.e.,
0.76) calculated from eq 3 may indicate the ratio of the p/n
interfacial area to the surface area of H,Pc (cf. the value [h*],
should be proportional to the p/n contact area where carrier
generation occurs, while ., is the output at the H,Pc surface);
in other words, the original decrement of the concentration
[h*], (V) at the surface was consequently incorporated into the
[ value (VI) through the process of estimation (cf. the relative
surface area of the B system can be estimated to multiply the b
value (V) by the factor 1/I", thus corresponding to the value of
Item I).

While a thick H,Pc whisker formed in the ITO/PTCBI/
H,Pc-C system leading to the value of I'” (VI) being equal to
the ITO/PTCBI/H,Pc-A system since the incremental ratio of
Jimax (IL or IIT) between both systems is almost proportional to
that of [h*], (V), based on the efficient photophysical events
within the p/n interior, the magnitude of the oxidation kinetics
at the H,Pc/water interface was about two and a half times
higher than that without thermal treatment. Furthermore, the
similar relative values of Items I and V, in the ITO/PTCBI/
H,Pc-C system, may provide evidence that an increment of the
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p/n interfacial area is directly bound to that of the surface
concentration of hole; that is, the structure of H,Pc is nearly
uniform particularly from the p/n interface to the surface.

B CONCLUSION

Three types of PTCBI/H,Pc bilayers were prepared with and
without thermal application during the vapor deposition of
H,Pc. The thermal application led to the formation of a
whiskered H,Pc, thus resulting in an enhancement of the p/n
interfacial area. On the basis of the action spectral measurement
of the photocurrent and the kinetic analysis with the rate-
limiting charge transfer at the H,Pc/interface, it was revealed
that a thick and dense whisker of H,Pc achieves the most active
oxidation through efficient photophysical events within the p/n
interior. The present work shows the first example of a
whiskered organic p/n bilayer compared to bulk hetero-
junction. The PTCBI/H,Pc bilayer has also been recognized as
a photovoltaic material in the dry state,>* where the overall
kinetics is dominated by carrier generation at the p/n
interface.”® Since the rate-limiting process in the dry cell
system is considered to be much faster than the charge transfer
reaction at the solid/liquid interface,”® an organic p/n bilayer
prepared by means of thermal application can lead to improved
efficiency of carrier collection in a solar cell, leading to high
photoenergy conversion efficiency. The organo-heterojunction
material of low-molecular-weight compounds could be a
promising candidate for the fabrication of practical photo-
devices, wherein an efficient solar cell of bulk heterojunction of
a p-type porphyrin and an n-type fullerene derivative was
recently found comparable to that of the p/n composite of p-
type polymer in terms of efficiency.’® As our examples of
photocatalysis, when the PTCBI/H,Pc bilayer was used in
combination with an adsorbent (i.e., Nafion), it functioned as
an efficient photocatalyst for the decomposition of a typical
odorous compound, trimethylamine (cf,, ca. 40% of EQE for
CO, formation);** a photocatalysis system for H, evolution
featuring organic p/n bilayer was also released recently, when
the entire visible-light energy was available for the photo-
catalytic evolution of H,.>> Therefore, the advantageous
characteristics of organic conductors (see Introduction) may
open new avenues for organic photovoltaics in the dry state, as
well as for photoelectrochemical and photocatalytic processes
in the water phase.

dx.doi.org/10.1021/am302209b | ACS Appl. Mater. Interfaces 2013, 5, 1248—1253
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Calculation method of IPCE, details of kinetic analysis dealt
with in the present study, and cyclic voltammograms. This
material is available free of charge via the Internet at http://
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