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| C.B.| Figure 1.12  Electron transfer
- processes in a dye-sensitized O,
@2 A DLMO evolution system. C.B., conduction
A . band; V.B., valence band; HOMO,
@ V.B. C H,0 highest occupied molecular orbital;
- 0, @ LUMO, lowest unoccupied molecular
“HOMO &) orbital; A, electron acceptor; A-,
reduced electron acceptor.
Dye molecule POM

The light-absorption property of POMs can be controlled by manipulating their
metal cations and their cluster sizes, and such adjustability is useful for achieving a
basic understanding of their properties [79].

Exploiting the unique character of POMs enables the effect of the number of
active sites to be studied, which is necessary to facilitate the surface catalytic
reactions. To reveal the effect of the number of active sites, the effect of the cluster
size on the DSP reaction was investigated using three molecular molybdenum-oxo
materials with different sizes but with the same triclinic space group and similar
light-absorption properties [80]. This system was used for DSP of the O,-evolution
reaction. The reaction flow differs from that in the H,-evolution reaction discussed
in the previous sections. As depicted in Figure 1.12, the photosensitizer first absorbs
light and becomes excited (i). The excited-state dye reduces an oxidant and forms
the corresponding oxidized state (ii). The light absorber in the oxidized state returns
to the ground state by accepting an electron from the valence band of the semicon-
ductor (iii). The generated hole in the semiconductor is consumed by the water
oxidation reaction on the surface, and O, is evolved. The DSP reactions were
performed by combining the POMs with tris(1,10-phenanthroline) ruthenium(II)
dye, and the cationic dye and anionic POMs strongly interacted. The O,-evolution
activity was strongly dependent on the cluster size and decreased in the order
a-[MogO,¢]*~ > [Mo0sS,0,,1*~ > [Mog0,4]?>~. This trend corresponds well to the
number of Mo, O, (terminal oxygen) bonds: 14 in a-[Mog0,¢]*~, 10 in [M0sS,0,,]*",
and 6 in [Mo40;4]*". These results are reasonable because the Mo, O, bonds in POM
photocatalysts are known to be the active sites for the oxidation reaction. The use
of dye-sensitized systems enables the effect of cluster size to be investigated without
interference from other physicochemical properties.

1.3.3 Highly Dispersed Active-Site Molybdenum Sulfide Nanoparticles
for Proton Reduction Reaction

The importance of the active sites was demonstrated in Section 1.3.2. In a hete-
rogeneous system, the number of active sites can be increased by well dispersing
catalyst (or cocatalyst) nanoparticles because highly dispersed nanoparticles have
a large specific surface area. To facilitate the H,-evolution reaction, noble metals
such as Pt, Pd, and Rh have been widely used. Molybdenum sulfides are potential
candidates to replace these noble-metal H, evolution catalysts. Amorphous MoS,
has been reported to function as a highly active water-reduction catalyst with per-
formance comparable to that of noble metals [81].
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Amorphous and colloidal MoS, have been applied to DSP H, production and
have shown potential for both functioning a semiconductor and providing active
sites [15, 82]. MoS, is also known to be further activated by transition-metal doping
to modulate its electronic properties, which can be carried out during in situ
photodeposition [82]. The in situ growth of amorphous MoS,, however, tends to
result in its aggregation into particles as large as several hundred nanometers.
To avoid aggregation, transition-metal-doped MoS, was synthesized in situ using
Co(OH),-modified attapulgite (ATP) nanofibers as starting materials. As a result,
highly dispersed amorphous Co-doped MoS, was successfully formed on ATP
nanofibers (ATP/Co-MoS,, Figure 1.13a) [82]. Notably, in situ growth without ATP
or Co(OH), resulted in micrometer-sized particles of MoS, or ATP/MoS,, respec-
tively, and ATP, an insulator, served as a substrate. The photocatalytic H,-evolution
reaction was conducted in a mixed solution of Erythrosine B dye under visible
light (Figure 1.13b). The activity of the ATP/Co-MoS, was 67 and 10 times greater
than that of the MoS, particle catalyst and the ATP/MoS,, respectively. Because
the MoS, catalysts function not only as active sites for H, evolution but also as
an electron-conductive substrate in this system, highly dispersed MoS, promotes
electron transfer from the excited Erythrosine B dyes.

1.3.4 Improving the Solar Energy Conversion Efficiency by Suppressing
Undesirable Backward Reactions

Introducing active sites for a catalytic reaction can accelerate not only the
forward reactions but also undesirable backward reactions. In the case of the
DSP half-reaction, the backward reaction is re-reduction or re-oxidation of a
reversible electron donor, e.g. re-reduction of I, in I,7/I" redox system. Because
such backward redox reactions are usually thermodynamically favored over the
catalytic formation of H, or O,, these reactions often dominate the efficiency of the
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whole system. When a photocatalysis system evolves H, and O, simultaneously,
the backward reaction of water formation from them should also be suppressed
because a proton-reduction catalyst usually promotes the backward reaction. Over-
all water splitting is often achieved in a two-step excitation system: the so-called
Z-scheme. In the Z-scheme process, two semiconductors catalyze H, and O,
evolution, whereas a redox shuttle reagent mediates electron transfer between the
two photocatalysts. Therefore, suppressing the undesirable reactions is paramount
for improving the solar energy conversion efficiency.

A straightforward method to suppress backward reactions involving more
reducible or oxidizable products is physical separation of the products from the
active sites for forward reactions [83]. In the case of Pt-loaded layered oxide
semiconductors, Pt nanoparticles are intercalated into the layers of the oxide.
Protons can reach the intercalated Pt, whereas I~ ions cannot because of their large
size. Researchers have also confirmed that the intercalation of Pt catalysts inhibits
H,-0O, recombination [84]. The backward reaction of I, to I~ was also found to
be inhibited by surface modification using poly(styrenesulfonate), which led to as
much as a fivefold improvement of the H,-evolution activity compared with that
of the unmodified catalyst [85]. An amide-functionalized reduced graphene oxide
(RGO) modified with Pt could function as a good building block for DSP H, evolu-
tion [86]. Because the functionalized amide groups strongly adsorb O, molecules as
a result of orbital hybridization between an N 2p orbital of the amide group and an
O 2p orbital of an O, molecule, the concentration of dissolved O, molecules in the
reaction solution was decreased and the backward water formation reaction was
suppressed on Pt.

Backward electron transfer events other than the redox reactions should also
be considered as undesirable processes in the DSP cycle. Back electron transfer
occurs at the origin of injected electrons in the conduction band. The electrons
in the semiconductor can drive the reduction reaction of the photosensitizers in
the oxidized state. Nishioka et al. achieved inhibition of back electron transfer by
modifying the semiconductor surface with Al,O, [87]. The effect of Al,O; was
investigated by transient absorption measurement, which revealed that the suppres-
sion arises from physical separation of the adsorbed dye from the semiconductor.
Notably, injection of the excited electron into the semiconductor was hardly affected
by the Al,O, modification, whereas the back electron transfer process was clearly
inhibited.

Oshima et al. combined these two physical separation processes for suppress-
ing the backward reaction with an electron mediator and the back electron
transfer to develop a dye-sensitized photocatalyst [84]. The catalyst comprised
calcium niobate nanosheets intercalated with a Pt cocatalyst for H, evolution
and further modified with an Al,O; layer. The Z-scheme water-splitting reaction
was performed using a Ru(Il) trisdiimine complex sensitizer combined with a
PtO,/H-Cs-WO, water-oxidation photocatalyst (Figure 1.14). The photocatalyst
system achieved an AQY of 2.4% for water splitting under visible-light irradiation,
which is the highest AQY reported to date for a dye-sensitized overall water-splitting
system.
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Figure 1.14 Schematic of Z-scheme water splitting using Ru dye-sensitized
Al,0,/Pt/HCa,Nb;0,, nanosheets and PtO,/H-Cs-WO,. Source: Reproduced with
permission from Oshima et al. [84]; © 2020, American Chemical Society.

1.3.5 Immobilization of Dyes on a Reduced Graphene Oxide Surface
Through Formation of Chemical Bonds

Graphene-based materials are among the most attractive conducting materials.
Graphene has been used in electron-conductive devices because of its unusual prop-
erties, which include a high specific surface area, high intrinsic mobility, and high
optical transmittance [88]. The oxidized form, graphene oxide (GO), is highly
hydrophilic and can be suspended in an aqueous environment. The trade-off for
hydrophilicity, however, is that GO lacks sufficiently high conductivity because of
the disruption of the “graphitic” networks of graphene [89]. The electrical conduc-
tivity can be restored by reducing GO to form RGO. RGO possesses a substantial
amount of O atoms in its structure (atomic C/O ratio: ~10), and its properties clearly
differ from those of pristine graphene [89]. Because of its properties, RGO can be
well dispersed in aqueous solutions and exhibits moderate electrical conductivity.
Because these properties are beneficial for the water-splitting reaction, RGO has
been applied as a conductor building block for H,-evolution DSP systems [90, 91].
The organic texture of RGO enables dye molecules to be immobilized on their
surface through the formation of chemical bonds. A silicon phthalocyanine dye
(SiPc) was stabilized on N-doped RGO (N-RGO) by forming O-Si-O bonds with
the O atom of a phenol moiety as a result of treating N-RGO with N-methyl glycine
and 4-formylphenol [90]. The formation of a chemical bond between a dye and a
semiconductor improves the electron-injection efficiency and the stability between
them. An SiPc- and Pt-comodified N-RGO hybrid photocatalyst showed stable
H,-evolution activity for more than 30 hours. Similar chemical bond formation
between the RGO and dye was performed in an RGO-N749 system [91]. N749 dyes
were combined with RGO through an amine-terminated six-armed polyethylene
glycol moiety. Because of the chemical bonding, the hybrid material showed
high stability for 30 hours of photocatalytic reaction, similar to the stability of the
SiPc-RGO system. The H, evolution activity of the hybrid material, however, was
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poor: less than 1% of the AQY for the H,-evolution half-reaction under visible-light
irradiation. The moderate photocatalytic activities likely arose from the difficulty of
engineering energy levels as a result of the loss of the semiconductive character.

1.3.6 Metal Phospho-Sulfides and -Selenides as Electron-Conducting
and Proton-Adsorbing Materials

Metal phosphide nanomaterials have recently attracted attention as electrocatalysts
and photocatalysts. A bimetallic phosphide can generate H, and O, in different
DSP systems (i.e. Eosin-Y sensitization for H, and [Ru(bpy);]** sensitization
for O, evolution) [92]. An important role of phosphorus is the attraction of the
proton to the surface of a metal phosphide. Increasing the ratio of phosphorus in
a metal phosphide increases its electrochemical H,-evolution activity [93]. For use
in semiconductor photocatalysis, metal phospho-sulfides and -selenides (MPXj,
M = metal, X =S, Se) showing semiconducting behavior with 1.2-3.4 eV bandgaps
have been developed [94]. As the metal in MPX;, divalent cations (V2*, Mn?*,
Fe?*, Co**, Ni*t, Zn?*, Cd?**, Sn**, or Hg?") for the M?* system (M?*PX;) or
monovalent cations (Ag* or Cu't) and trivalent cations (Cr3*, V3*+, A3+, Ga*, In3*,
or Bi*") for the M'* + M3* system (M'*, M3 .PX,) have been reported [95].
Ten types of MPX, (M = Ag", Ni**, Fe**, Cd*", Mn?*, Zn?*, In*"; X = S, Se)
were synthesized and used in DSP systems with Eosin-Y as a dye sensitizer. The
activities were strongly dependent on the metal cation. The investigation led to
three main findings: the activity was enhanced with (1) decreasing energy of the
conduction-band minimum, (2) decreasing free energy for the adsorption of pro-
tons, and (3) decreasing P—P bond length. Trend (1) is opposite that of the Ru(II)
complex—niobate-based nanosheet hybrid system mentioned in the introduction of
this section [62], likely reflecting the difference in the reactions. In the case of Ru(II)
complexes, they are chemically adsorbed onto the nanosheets and the electron
injection occurs quickly from the adsorbed sensitizer upon photoexcitation. How-
ever, in the case of MPX,, the H,-evolution reaction was conducted in a physical
mixture of MPX, and Eosin-Y. In this case, dye-to-MPX electron injection appears
to be slow compared with that in the hybridized system. Point (2), enhanced activity
with decreasing free energy for the adsorption of protons, is well consistent with
the metal phosphide catalyst, as previously described. Point (3), related to the P—P
bond length, influences the electron density at each P center, which is the active
site for the H,-evolution reaction [94]. The antibonding levels of the P—P bond
constitute the conduction band with the s and p orbitals of the metal. An increase
in the P—P bond length leads to a decrease in the electron density at the P center,
weakening the orbital overlap with the s and p orbitals of the metal (i.e. increasing
the potential of the conduction band minimum). As a result, the activity is reduced.

1.3.7 Effects of Dye Adsorption for the Electronic State of the
Semiconductor

As described in Section 1.2, strong electronic interaction between a semiconductor
and the adsorbed sensitizer will affect the absorption of the dye and is the origin of
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the very fast excited-electron injection that occurs on a timescale of femtoseconds
to picoseconds. Such strong coupling should also influence the electronic state of
the semiconductor. Because the bulk properties of the semiconductor would not
be influenced even by the very strong interaction, a two-dimensional material is
suitable to investigate the effect of an adsorbed dye on the semiconductor properties.
By employing a monolayer of molybdenum sulfide as the semiconductor and three
triphenylamine-based dyes, Pan et al. studied the electronic interaction between the
two components through computational modeling and calculations (Figure 1.15a-c)
[96]. The band edges of MoS, were shifted negatively by dye adsorption, and the
degree of the negative shift increased with increasing intrinsic dipoles of the sen-
sitizer (Figure 1.15d). These negative shifts could also be controlled by the surface
coverage of the molecular dye. The band-edge potentials of monolayer MoS,, which
were originally not suitable for the water-splitting reaction, were found to strad-
dle the water reduction/oxidation potentials upon dye adsorption. The calculation
results suggested that dye adsorption varies the band potential of MoS,, at least on
the surface, even for bulky MoS,.

1.4 Dye-sensitized Photocatalysts in Electrochemical
Systems

Dye-sensitized photocatalysts have been applied in a photoelectrochemical cell
that produces H, and O, from water [97-101]. There are two types of photo-
electrochemical water-splitting cells: a water-oxidation photoanode [97-99] and
a water-reduction photocathode [100, 101]. For a photoanode, dye-sensitized
n-type semiconductors (e.g. TiO,) are used as an electron-conductive substrate
(Figure 1.16a). The injected electrons in TiO, migrate to the counter electrode
through an external circuit because of upward band bending formed at the
semiconductor-solution interface and are finally consumed to reduce water to H,.
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Figure 1.16 Schematic of water-splitting dye-sensitized (a) n-type and (b) p-type cells.

The oxidized sensitizer must accept an electron from water for O, evolution, hence
necessitating a catalyst. For a photocathode, by contrast, dye-sensitized p-type
semiconductors (e.g. NiO) are used (Figure 1.16b). The excited electrons in the dye
are transferred to the catalyst and expended to reduce a proton for H, evolution.
The oxidized dye receives an electron from the p-type semiconductor and returns to
the ground state. The electrons are generated through the water oxidation reaction
on the counter electrode and are transported via the external circuit. These are
typical dye-sensitized photoelectrochemical water-splitting cycles.

To promote the catalytic reactions on the photoelectrodes, two main strategies
have been studied. One strategy is to incorporate a catalyst into the photosensitizer
[97, 100]. Another is to hybridize the dye and a molecular catalyst [99, 101].
In the case of catalyst-dye integration, cocatalysts for water splitting (e.g. IrO,
for O, evolution, Pt and Pd for H, evolution) are often selected as the catalyst.
A colloidal IrO, water oxidation catalyst was adsorbed onto a photosensitizer
with a dimethylmalonyl-anchoring moiety, which is not used for adsorbing dye
molecules onto TiO, electrodes [97]. Although this photoanode functioned as a
water-oxidation photoelectrode, the reaction efficiency was not sufficient because
the forward electron transfer from IrO, into the photosensitizer was much slower
than the undesirable electron transfers (i.e. electron transfers from TiO, into the
oxidized dye and from the excited dye into IrO,).

Pt and Pd catalysts incorporated into photosensitizers have been developed as
water-reduction photocathodes [100]. Pt and Pd metal centers were integrated by
forming a chemical bond with a ligand of the sensitizer. Although the integration
of a metal center and dye improved the photoelectrochemical H,-evolution activ-
ity compared with that of a system with separated dyes and catalysts, it required
a large applied electrochemical bias for efficient catalytic reaction. This require-
ment is due to the undesirable electron transfer processes, similar to the case of the
IrO, water-oxidation photoanode.

To avoid the unwanted electron transfer, physical separation between an electron-
and a hole- collector is one of the effective approaches. The LBL assembly technique
has been widely used, as described in Section 1.2.6 [99]. The LBL photoanodes
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contained a conductive indium tin oxide electrode (semiconductor), methyl
viologen (electron acceptor), Ru(Il) trisdiimine complex (light absorber), Fe(II)
bisterpyridine complex (electron donor), and Ru(II) water oxidation catalyst
(Figure 1.17). The physical separation clearly inhibited the undesirable electron
transfer events. Furthermore, the insertion of the electron acceptor between the
electrode and the light absorber promoted the forward electron injection. The
maximum value of incident photon-to-current efficiency reached 2.3% at 440 nm
for the water-oxidation reaction, indicating that the physical separation strategy
worked on a water-oxidation photoanode system. In addition, a noticeable feature of
the method is its usability for both the photoanode and the photocathode depending
on the structural design, even if the same light absorber is employed [102].

Notably, dye-sensitized photocathodes have been used in CO, reduction systems
based on LBL assembly [103] and a highly stable metal-complex polymer [104].
The Ru-complex polymer system achieved CO, reduction in water and simul-
taneous O, evolution without any applied electrical bias [104]. This remarkable
accomplishment demonstrates the promise of photoelectrosynthesis for advancing
solar energy conversion.

1.5 Conclusion

We here reviewed recent progress in dye-sensitized photocatalysis, with focus
on the building blocks, which are light absorbers and semiconductor materials.
Important factors and strategies to improve the photocatalytic performance were
discussed for each building block. For the molecular design of light absorbers,
there are two significant trade-off relationships: Narrowing the HOMO-LUMO
gap for longer-wavelength absorption adversely affects the electron transfer and
redox processes because the driving force for these reactions is diminished, whereas
strengthening the dye adsorption to improve stability can adversely affect the
energy conversion efficiency because the backward electron transfer may be also
accelerated. These difficult problems can be remedied by the following strategies.
To intensify the light absorption, the incorporation of a chemical unit with a large
molar extinction coefficient into the light absorber or forming multiple layers of light
absorbers is effective. To attain robust adsorption, the important point is not rein-
forcement of the bonding but coordination with multidentate ligands. For the semi-
conductor component, we focused on new materials as potential alternatives to the
standard material, TiO,. Numerous new electron-conductive materials applicable to
dye-sensitized H, evolution have been reported. COFs and metal-phospho-sulfides
are promising materials for the DSP system. Methods of promoting the forward
reactions and suppressing the backward reactions were discussed with a focus on
the active sites. In the last section, dye-sensitized photoelectrochemical cells were
introduced as a promising technology for solar energy conversion applications.

As previously described, because numerous factors strongly influence the
energy conversion efficiency of DSP systems, improving the systems is not simple.
Conversely, numerous factors influence the efficiency, suggesting that dramatic
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improvements in DSP systems can be reasonably expected when many factors are
understood and controlled. Such improvements require in-depth, detailed studies;
for example, a kinetic study can reveal bottlenecks in a DSP system. Whereas
kinetic studies have been extensively conducted in the DSSC field, the literature
contains few detailed reports related to DSP systems. This dearth of information
is attributable to the difficulty associated with using spectroscopic measurements
to characterize DSP systems, a consequence of the reaction conditions, which
typically involve a suspension. Powder suspension systems are basically not suitable
for spectroscopic measurement. With improvements in the measurement tech-
niques and analysis methods, however, some kinetic studies have been reported
[105-107]. In the future, additional efforts should be devoted to understanding the
reaction mechanisms in the dye-sensitized photocatalysis field.
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