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As found recently by our group, dual-functional catalysis represents a specific chemical process that
can induce a redox reaction not only under illumination but also in the dark. In a previous study, an
organic p-n bilayer, comprising 3,4,9,10-perylenetetracarboxylic-bis-benzimidazole (PTCBI) and
cobalt(ll) phthalocyanine (CoPc), was utilized as a catalyst in the presence of 2-mercaptoethanol.
Amino acids are attractive targets for studying dual catalysis because they bear various electron-
donating groups such as -COOH, —-NH>, —OH, and —SH. In this work, cysteine (Cys) was subjected to
dual catalysis reaction assisted by the PTCBI/CoPc bilayer. Similar to the aforementioned study, the
organo-bilayer showed dual-catalytic activity for the oxidation of Cys along with the reduction of H*
to Hz, where the Cys oxidation can be considered to occur at the top end of the valance band (Co'"'Pc)
and at the bottom end of the conduction band (Co"Pc) with and without irradiation, respectively. Based
on the results obtained by employing serine (Ser) as a reference compound, it appeared that the
dissociated thiol group of Cys is responsible for the dual catalysis by the organo-bilayer.
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1. INTRODUCTION

Photocatalysis reaction corresponds to photo-induced redox reaction, where photocatalysts are
applied to a down-hill reaction (AG°<0, e.g., pollutants degradation) [1-5] or to an up-hill reaction
(AG">0, e.g., water splitting) [6-10]. Among the photocatalysts studied for the degradation of various
pollutants, titanium dioxide (TiO2) is the most widely utilized one [11-13]. However, TiO: is
photocatalytically active only under UV light irradiation, what makes the targets for photocatalytic
degradation limited to a small quantity (or a low concentration) of pollutants. Therefore, development
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of novel and efficient photocatalysts, capable of degrading a large quantity of substances using wide-
spectral range, will be a promising option for expanding the practical applications of photocatalysis
technology.

Previously, we have investigated photocatalysis of organic p-n bilayers by applying them to
various types of reactions [14-20]. Several novel photocatalytic reactions have thus far been
exemplified (e.g., the visible-light-induced decomposition of hydrazine (N2H4) into N2 and H [17, 18],
a bias-free water-splitting system of a TiO> photoanode featuring an organo-photocathode [19], a
catalyst system that can perform the same redox reaction in the dark as well as under illumination [20],
etc.). The latter work is briefly interpreted as follows [20]. When irradiating an organic p-n bilayer
comprising n-type 3,4,9,10-perylenetetracarboxylic-bis-benzimidazole (PTCBI) and p-type cobalt(ll)
phthalocyanine (CoPc), an oxidizing power can be produced at the CoPc surface through a series of
photophysical events: formation of excitons originating from light absorption by PTCBI (vide infra),
excitation energy transfer through the PTCBI layer, generation of a carrier at the p-n interface, and
transport of the hole carriers to the CoPc surface, followed by the oxidation of 2-mercaptoethanol at
the oxidized CoPc (the top end of the valence band (Co'"'Pc)). Furthermore, in the dark, the thiol
oxidation can be induced at the bottom end of the conduction band (Co''Pc). Moreover, the electron
carriers can attain the bottom end of the conduction band of PTCBI irrespective of illumination, thus
leading to the production of a reducing power for the formation of H, from H* (see Scheme 1).
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Scheme 1. The dual-functional catalysis system.

In contrast to a conventional photocatalyst, which is active only under illumination, we have
demonstrated that the organo-bilayer is capable of “dual-functional catalysis”, where catalytic process
can initiate the redox reaction both under illumination and in the dark. This knowledge is considered to
bring a novel approach to pollutants degradation by means of catalysis.

In this work, the dual catalysis by the PTCBI/CoPc bilayer was examined in the presence of
amino acids. Amino acids are attractive compounds because they have various types of electron-
donating groups, such as -COOH, —-NH,, —OH, and —SH. Cys-bearing thiol group was subjected to the
dual catalysis, and Serine (Ser) was used as a reference compound. The achieved results were
represented in terms of electrochemical and catalytic aspects.
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2. EXPERIMENTAL

PTCBI was synthesized and purified according to the previous procedure [21]. CoPc (Tokyo
Chemical Industry) was purchased and used as received. Commercially available zinc phthalocyanine
(ZnPc, TCI) was used after purification by means of sublimation, as described elsewhere [17, 19]. The
other reagents, including amino acids, were of the extra-pure grade and used as received. The indium-
tin oxide (ITO)-coated glass plate (sheet resistance: 8 Q-cm™2; transmittance: >85%; ITO thickness:
174 nm) was obtained from AGC Inc.

The PTCBI/CoPc bilayer was prepared by vapor deposition (degree of pressure: ~1.0 x 1073 Pa;
deposition speed: ~0.03 nm-s1), where PTCBI was layered on ITO, followed by coating CoPc onto the
PTCBI layer (denoted as ITO/PTCBI/CoPc). Furthermore, the device with organo-trilayered structure,
where ZnPc is further coated on the CoPc layer (denoted as ITO/PTCBI/CoPc/ZnPc), was prepared
according to the same procedure as the organo-bilayer. During vapor deposition, the temperature of the
ITO plate was not controlled. Absorption spectral measurements were conducted using a PerkinElmer
Lambda 35 spectrophotometer. The thus-obtained resulting absorption spectra of PTCBI [22], CoPc
[23] and ZnPc [24] were identical to those reported earlier. The thicknesses of the organo-bilayer and
the trilayer were determined from the absorption spectra as described previously [20, 25-27].

For photoelectrochemical studies such as voltammogram measurements and photocurrent
measurements under potentiostatic condition for acquiring an action spectrum, a single-compartment
cell was employed with a modified ITO working electrode (geometrical area: 1 cm x 1 cm), a spiral Pt
counter electrode, and an Ag/AgCl (in saturated KCI electrolyte) reference electrode. The
measurements were conducted in an electrolyte solution containing an amino acid in an Ar
atmosphere. The experiments were operated 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: ~100 mW-cm~
2) was used as a light source under standard conditions. For monochromatic light irradiation, the lamp
was used 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 photon-to-current conversion efficiency (IPCE) was calculated using the
following equation:

IPCE (%) = ([1/e]/[W/&]) x 100,

where | (A-cm™2) is the photocurrent density, e (C) is the elementary electric charge, W (W-cm™
2) is the light intensity, and ¢ is the photon energy of monochromatic light.

Photocatalytic experiments were performed in an Ar atmosphere using a twin-compartment cell
where ITO/PTCBI/CoPc (oxidation site) and a Pt wire (reduction site) were placed in Compartments A
and B, respectively (see Scheme 1). ITO/PTCBI/CoPc was immersed in an electrolyte solution
containing a known concentration of amino acid and the Pt wire in a phosphoric acid solution (pH = 0).
For preparation of a salt bridge, agar (1.3 g) and KNOs (4.74 g) were dissolved in hot water (1.0 x 1072
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dm?), and then, the mixture was allowed to flow into the bridging part of the cell and solidify at room
temperature.

Potentiostatic photoelectrolysis of ITO/PTCBI/CoPc was carried out using the same
electrochemical equipment and the cell as for the photocatalytic experiments, where the Ag/AgCl
reference electrode was set in Compartment B (vide infra). The gaseous product was analyzed using a
gas chromatograph (GL Sciences, GC-3200) equipped with a thermal conductivity detector and a 5-A
molecular sieve column (carrier gas, Ar).

3. RESULTS AND DISCUSSION
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Figure 1. Cyclic voltammograms measured at ITO/PTCBI/CoPc (a) and ITO/PTCBI/CoPc/ZnPc (b).
Film thickness: ~210 nm for PTCBI, ~65 nm for CoPc, and ~30 nm for ZnPc; electrolyte
solution, 5 mM Cys solution (pH 10); light intensity, 100 mW-cm™2; irradiation direction: from
the back side of the ITO-coated face; scan rate, 20 mV-s™.,

First, ITO/PTCBI/CoPc was used as the working electrode for conducting its primary
evaluation in the presence of Cys, wherein voltammograms were obtained under illumination and in
the dark. As shown in Fig. 1(a), a photoanodic current was present to occur at the organo-electrode.
Furthermore, Fig. 1(a) represents that ITO/PTCBI/CoPc can induce the generation of an anodic current
particularly in the dark. However, when employing ITO/PTCBI/CoPc/ZnPc as a control electrode,
only the photoanodic response was observed (Fig. 1(b)). These results suggest that the CoPc surface in
the PTCBI/CoPc bilayer is responsible for the oxidation of Cys, irrespective of irradiation. The
obtained results were also in accordance with our recent report, where 2-mercaptoethanol (i.e. thiol)
was used as the reductant (vide supra) [20]. The role of ZnPc layer will be discussed later.
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Figure 2. (a) Action spectra for photocurrents generated at ITO/PTCBI/CoPc/ZnPc (the direction of
incidence: o, from the back side of the ITO-coated face; m, from ZnPc surface). Film thickness,
~250 nm for PTCBI, ~60 nm for CoPc, and ~30 nm for ZnPc; electrolyte solution, 5 mM Cys
solution (pH 10); applied potential, +0.4 V (vs. Ag/AgCI (sat.)). (b) Absorption spectrum of
single-layered PTCBI, and transmittance spectra of CoPc and ZnPc.

Fig. 2(a) shows the results of action spectral measurements with respect to incidence directions,
where ITO/PTCBI/CoPc/ZnPc was used as the photoanode. The action spectrum obtained after
irradiation with monochromatic light from the back side of the ITO-coated face was consistent with the
absorption spectrum of PTCBI (Fig. 2(b)). Furthermore, the incidence from the ZnPc surface resulted
in the agreement of the action spectrum (a) with the transmittance spectra of phthalocyanines (b),
indicating that the absorption of phthalocyanines can scarcely induce the generation of photocurrents.
According to previous observations [28], the achieved results demonstrated that the quantitative
guenching of excited PTCBI occurs in the presence of a phthalocyanine layer, suggesting that carrier
generation at the p-n interface can be caused by the sole absorption of PTCBI. In order to clarify the
role of ZnPc layer in the ITO/PTCBI/CoPc/ZnPc in photocurrent measurements, incidence was
controlled using a blue filter (B390), where the light of wavelength A > 510 nm can be cut off. That is,
the B390 filter was used to prevent absorption of CoPc and ZnPc (cf. Fig. 2(b)).
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Figure 3. Photocurrents measured at ITO/PTCBI/CoPc/ZnPc with (a) and without (b) a band-pass
filter. A single-compartment cell was employed in this study, similar to the studies in Figures 1
and 2. Film thickness, ~260 nm for PTCBI, ~50 nm for CoPc and ~30 nm for ZnPc; electrolyte
solution, 5 mM Cys solution (pH 10); light intensity, 38 mW-cm™2; irradiation direction: from
the back side of the ITO-coated face; type of band-pass filter, B390; applied potential, +0.4 VV
vs. Ag/AgCI (sat.).
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Fig. 3 shows the photocurrents measured under the potentiostatic and constant light-intensity
conditions with (a) and without (b) the filter. In both cases, photocurrent of the same magnitude was
monitored. This observation indicates that no absorption of phthalocyanines contributes to the
photocurrent generation, thus suggesting that ZnPc can act as a hole-conducting layer (p-type
conductor).

Table 1. Electrolye solutions employed for voltammetric measurements

Types of pH Note?
amino acids

Entry 1 Cys 6.0 | Almost all of the —.COOH groups in Cys are dissociated.

Entry 2 Ser 6.0 | Almost all of the —COOH groups in Ser are dissociated.

Entry 3 Cys 8.7 | Almost all of the —-NH groups in Cys remain protonated.

Entry 4 Ser 8.5 | The concentration of the —\NH. group is the same
condition as Fig. 1 (i.e. in the presence of Cys at pH 10).
In both cases, the —-NH2 concentration is constant (i.e. 1
mM).

a) Total concentration of an amino acid was 5 mM in each experiment.
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Figure 4. Acid dissociation constants of Cys (a) and Ser (b). T-He pKa(l), pKa(2), and pKa(3) values
represent those of carboxy group, protonated amino group, and thiol group, respectively.
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Figure 5. Cyclic voltammograms measured at ITO/PTCBI/CoPc in the presence of Cys (a) or Ser (b).
A single-compartment cell was employed in this experiment, similar to the experiment in
Figure 1. Film thickness, ~230 nm for PTCBI and ~55 nm for CoPc; amino acid
concentrations, 5 mM (pH 6); light intensity, 100 mW-cm™2; irradiation direction: from the
back side of the ITO-coated face; scan rate, 20 mV-s,
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Figure 6. Cyclic voltammograms measured at ITO/PTCBI/CoPc in the presence of Cys. A single-
compartment cell was employed in this experiment, similar to the experiments in Fig. 5. Film
thickness, ~240 nm for PTCBI and ~60 nm for CoPc; Cys concentration, 5 mM (pH 8.7); light
intensity, 100 mW-cm™2; irradiation direction: from the back side of the ITO-coated face; scan
rate, 20 mV-s 1,

Next, we have identified the functional groups of Cys subjected to the dual catalysis by
ITO/PTCBI/CoPc. Therefore, employing Ser as a reference compound, controlled experiments were
performed in terms of voltammetry. Ser and Cys exhibit a similar structure, but a thiol group (-SH) of
Cys is replaced by hydroxy group (—OH) in Ser. A list of the experimental conditions is shown in
Table 1.

Additionally, dissociation constants of the functional groups of the amino acids are presented in
Fig. 4 [29]. Entries 1 and 2 correspond to the conditions where only the terminal carboxy group is
dissociated. As shown in Fig. 5, irrespective of types of amino acids employed, no response was
observed under illumination and in the dark, indicating that the carboxylate anion (—-COO") in both Cys
and Ser is inactive in the dual catalysis. In Entry 3 where almost all of the protonated amino groups
(i.e. —=NHs3") in Cys remain undissociated and the thiolate anion (i.e. —S°) is in relatively low
concentration (Fig. 6), both photoanodic and anodic responses were qualitatively observed to occur at
ITO/PTCBI/CoPc, similar to Fig. 1(a). Entry 4 corresponds to the conditions where the concentration
of the amino group (—-NH>) in Ser is the same as in the experiments shown in Fig. 1 (cf. in that case,
the —NH> concentration was calculated to be 1 mM). However, the photoanodic response depicted in
Fig. 7 was inferior to that of Fig. 1, and moreover, no response was detected in the dark. These results
suggest that dual catalysis by the organo-bilayer cannot occur for the —NHz group in each amino acid.
Based on the aforementioned results, it appeared that the species subjected to dual catalysis, as shown
in Fig. 1(a), is the —S™ species of Cys.
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Figure 7. Cyclic voltammograms measured at ITO/PTCBI/CoPc in the presence of Ser. A single-
compartment cell was employed in this experiment, similar to the experiments in Fig. 5. Film
thickness, ~230 nm for PTCBI and ~60 nm for CoPc; Ser concentration, 5 mM (pH 8.5); light
intensity, 100 mW-cm™2; irradiation direction: from the back side of the ITO-coated face; scan
rate, 20 mV-s 1,

Potentiostatic electrolysis was performed under the similar conditions as for the experiments
depicted in Fig. 1(a), where molecular hydrogen (H2) was reductively produced along with the
oxidation of the thiolate anion (Scheme 2).
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Scheme 2. The electrolysis system composed of ITO/PTCBI/CoPc (or ITO/PTCBI/CoPc/ZnPc), Pt
counter, and Ag/AgCl (sat.).
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The electrolysis data are presented in Table 2.

Table 2. The electrolysis data for the system depicted in Scheme 2

System H> amount / pL Note
Entry 12 ITO/PTCBI/CoPc 74.0 With irradiation
Entry 22 ITO/PTCBI/CoPc 32.4 Without irradiation
Entry 3*® | ITO/PTCBI/CoPc/ZnPc 47.8 With irradiation
Entry 42® | ITO/PTCBI/CoPc/ZnPc 1.10 Without irradiation

a) Film thickness, PTCBI = ~260 nm and CoPc = ~50 nm; total concentration of Cys in the
compartment A, 5 mM (pH 10); electrolyte solution in the compartment B, H2PO4 solution (pH 0);
applied potential, +0.3 V vs. Ag/AgCI (sat.); light intensity, 100 mW-cm™2; electrolysis time, 1 hours.
b) In addition to the conditions employed in a), ZnPc (~35 nm) was further loaded on the CoPc surface
in the PTCBI/CoPc bilayer.

As expected from the voltammogram measurements depicted in Fig. 1(a), the redox reaction
occurred in the dark, and increasing amounts of H. were also observed under illumination (Entries 1
and 2). Furthermore, when employing the organo-trilayer of ITO/PTCBI/CoPc/ZnPc as the anode, the
net amount of H evolved under irradiation was confirmed (i.e. Entry 1-Entry 2 =~ Entry 3—Entry 4).
These results demonstrate that the ITO/PTCBI/CoPc electrode is active for the oxidation of the thiolate
anion in Cys, regardless of irradiation.

Catalytic reaction was also conducted under the same conditions as those for electrolysis,
according to Scheme 1, where no electrochemical potential was applied to the system. Similar to the
electrolysis data of Table 2, the evolution of H. catalytically occurred both under illumination and in
the dark (Table 3).

Table 3. The catalysis data for the system depicted in Scheme 1

System H> amount / pL Note
Entry 12 ITO/PTCBI/CoPc 12.1 With irradiation
Entry 22 ITO/PTCBI/CoPc 4.80 Without irradiation
Entry 32® | ITO/PTCBI/CoPc/ZnPc 9.71 With irradiation
Entry 42® | ITO/PTCBI/CoPc/ZnPc 0 Without irradiation

a) Film thickness, PTCBI = ~240 nm and CoPc = ~45 nm; total concentration of Cys in the
compartment A, 5 mM (pH 10); electrolyte solution in the compartment B, H.PO4 solution (pH 0);
light intensity, 100 mW-cm; electrolysis time, 3 hours.

b) In addition to the conditions employed in a), ZnPc (~30 nm) was further loaded on the CoPc surface
in the PTCBI/CoPc bilayer.

On the other hand, in the control experiments where the single-layered PTCBI or CoPc was
used, no evolution of H> was confirmed, irrespective of irradiation. The details of the dual-catalysis
mechanism have been recently described in our report (also see INTRODUCTION) [20]. Thus, the
data of Table 3 proved that the dual catalysis by ITO/PTCBI/CoPc occurs resulting in the oxidation of
the thiolate anion of Cys along with the reduction of H*.
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4. CONCLUSION

We have demonstrated that the PTCBI/CoPc bilayer can catalytically induce the oxidation of a
thiolate anion of Cys along with the reduction of H* to Hz, both in the dark and under illumination. It
evidenced that the organo-bilayer shows similar dual-catalysis activity for the cysteine oxidation in the
comparison with our recent instance of 2-mercaptoethanol oxidation [20]. In addition to a few
photocatalysts [30-33], a large number of papers are reported with regards to catalysts capable of thiols
oxidation in the dark [34-41], but there is no report of the dual catalysis by other groups. Such dual-
functional catalysis by the organo-bilayer can occur effectively for a down-hill reaction, where the
distinct oxidation states of a p-type organic semiconductor are advantageously available for oxidation
(at the bottom end of the conduction band for catalysis in the dark and at the top end of the valence
band for catalysis under illumination). The dual catalysis is a novel approach that has not yet been
employed to conventional photocatalysts. What types of organo-bilayers can catalyze what kinds of
substances and pollutants must be investigated in the future.
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