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ABSTRACT: Developing a system for the production of
organic chemicals via CO, reduction is an important area of
research that has the potential to address global warming and
fossil fuel consumption. In addition, CO, reduction promotes
carbon source recycling. Solar energy is the largest exploitable
resource among renewable energy resources, providing more
energy to Earth per hour than the total energy consumed by
humans in 1 year. This report describes the advantages and
disadvantages of the available CO, reduction and H,O
oxidation photocatalysts and the conjugation of photocatalytic
CO, reduction with H,O oxidation for the creation of an
artificial photosynthesis system. In this system, CO, photo-
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reduction and H,0 photooxidation proceeded simultaneously within one system under sunlight irradiation using a hybrid of

semiconductors and molecular metal-complex catalysts.

1. INTRODUCTION

Developing a system for the synthesis of fuel or useful organic
substances from carbon dioxide (CO,) to help mitigate global
warming and fossil fuel shortages is an active research area. In
addition, CO, reduction promotes carbon source recycling.
Reduction of CO, using water (H,O) as both an electron
donor and a proton source can be used to develop an artificial
photosynthetic system for the conversion of H,O and CO, into
CO, reduction products such as carbon monoxide (CO),
formate, methanol, and oxygen (O,) using sunlight.

Most plants use an efficient CO, reduction system initiated
by sunlight. Photosynthesis in plants involves solar-to-chemical
energy conversion using an elaborate system of interconnected
light-harvesting systems, highly eflicient charge separation
functions, and the reaction centers Photosystem I and II (PSI
and PSII), followed by a dark reaction of the electron-transport
chain of the cytochrome with coenzyme NADPH as a redox
carrier and the Calvin cycle for CO, reduction. These key
features and their mechanisms have been studied extensively,
and a large number of reports and reviews on underlying
photosynthesis processes have been reported.' > However,
developing a mimic of the photosynthetic system is extremely
difficult. Thus, a simple artificial photosynthesis system
incorporating only the most essential aspects of photosynthesis
(e.g, CO, reduction combined with H,O oxidation using the
Z-scheme system) can be useful. This report focuses on the
development of an artificial photosynthesis system consisting of
CO, photoreduction and H,0 photooxidation conjugated
within one system operating under natural or simulated
sunlight.
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2. CONJUGATION OF PHOTOCATALYTIC CO,
REDUCTION AND H,0 OXIDATION SIGNIFICANT
FOR ARTIFICIAL PHOTOSYNTHESIS

2.1. Metal-Complex Photocatalysts for CO, Reduction
and H,0 Oxidation. Photocatalysis using metal complexes
has been reported for CO, reduction® > and H,O
oxidation.**~*' Quantum efficiency and product selectivity are
high; e.g., the quantum yield of conversion of CO, to CO was
as high as 0.82 with fac-[Re(bpy)(CO);MeCN]* (bpy = 2,2'-
bipyridine) using a rhenium ring oligomer as a photosensitizer
and sacrificial electron donor.”® A homogeneous catalyst based
on a vanadate-centered polyoxometalate complex can act as a
H,O oxidation photocatalyst with [Ru(bpy);]*" as a photo-
sensitizer and persulfate as a sacrificial electron acceptor. The
quantum efficiency of O, formation using this catalyst was
approximately 0.68.*' These metal-complex catalysts possessed
good photocatalytic ability for CO, reduction and H,O
oxidation. However, because of the different reaction
conditions required for CO, reduction and H,O oxidation,
functionally conjugating CO, reduction with H,O oxidation
using metal-complex catalysts is difficult, as is inducing a
continuous selective reaction in a mixture of reactants and
products. The reoxidation of organic substances generated
during CO, reduction and the rereduction of O, from H,0O
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Figure 1. Advantages and disadvantages of metal-complex catalysts for H,O oxidation and CO, reduction: (a) advantages of H,O oxidation of a
metal-complex catalyst (WOC) with a sacrificial electron acceptor (SA); (b) advantages of CO, reduction for a metal-complex catalyst (CRC) with a
sacrificial electron donor (SD). (c) Problems combining WOC and CRC: (I) reoxidation of products such as organic compounds; (II) electron
transfer from WOC to CRC; (III) need to be electron storage; (IV) need to be active in H,O; (V) easier reduction of O, than CO,; (VI) stability in

H,0.

oxidation prevent the continuous reaction of H,O oxidation
and CO, reduction. These issues are summarized in Figure 1.
Therefore, no study on photocatalytic CO, reduction
conjugated with H,O oxidation using only metal-complex
catalysts has been reported. To construct a homogeneous
system consisting of a metal complex for CO, reduction and
H,O oxidation, technical difficulties of a closed system, such as
different reaction condition needs, inefficient electron transport
between reduction and oxidation catalysts, short lifetimes of
one-electron-reduced species, and short lifetime of the
photoexcited state in the presence of O, generated by H,O
oxidation, must be overcome.

2.2. Semiconductor Photocatalysts for CO, Reduction
and H,0 Oxidation. Semiconductor catalysts possess photo-
catalytic ability for the reduction of CO,*>" and the oxidation
of H,0.>*"% Many studies on CO, reduction conjugated with
H,O oxidation using semiconductor photocatalysts have been
reported. Hydrocarbons were detected from residual carbon
species on semiconductor surfaces.*** These results indicated
that a possible experimental error (CO, reduction products
from residual carbon species) may occur for photocatalytic CO,
reduction using semiconductor catalysts when the amount of
product is small compared to the amount of catalyst. However,
isotope experiments have not confirmed that the photo-
reduction products were converted from CO, molecules or that
a stoichiometric reaction occurred in the production of O, from
H,O. In contrast, Ag-doped BaLa,Ti,0,; photocatalyst acted as
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a CO, reduction catalyst in aqueous solution under ultraviolet
(UV)-light irradiation, with a ratio of [CO + hydrogen (H,)]/
O, of 2.0, indicating a stoichiometric reaction.*” This indicated
that H,O was consumed as a reducing agent for the overall
reaction to reduce CO, with the semiconductor. However, in
this case, because of the large band gap of the semiconductor,
the efficiency for solar energy conversion was very low.
Regardless, the Ag-doped Bala,Ti,O,5 system had the
advantage of high selectivity for CO,, indicated by the ratio
of CO/H, (about 2.0), which was high compared to that of
other semiconductor systems. In contrast, CO, reduction for
the production of fuels in aqueous solution using semi-
conductor photocatalysts is limited by the preferential H,
production and low selectivity for the carbon species produced.
These advantages and disadvantages are summarized in Figure
2. Semiconductors also have been studied extensively for H,
production through H,O splitting.65_73 However, the selectiv-
ity of the products for CO, reduction and the quantum
efficiency in visible light must be improved. Furthermore,
reoxidation of reduced carbon species along with comple-
mentary H,O oxidation must be prevented when CO,
reduction products remain in the liquid phase of the reactor.
2.3. Semiconductor/Metal-Complex Hybrid Photo-
catalyst for CO, Reduction. One advantage of metal-
complex catalysts for CO, reduction is high efficiency,® >
while one disadvantage is the unavailability of H,O as an
electron donor under the conditions of photocatalytic CO,
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Figure 2. Advantages and disadvantages of a semiconductor (SC)
photocatalyst for H,O oxidation and CO, reduction. Disadvantages of
a SC photocatalyst for CO, reduction: (I) reoxidation of products
such as organic compounds; (II) low selectivity and quantum yield;

(I1) UV light.

reduction. In contrast, a semiconductor catalyst can use H,O as
an electron donor under the conditions used for photocatalytic
CO, reduction.”* ™! However, CO, reduction in aqueous
solution is limited by low quantum efficiency due to preferential
H, production under visible light. If semiconductors with high
selectivity for CO, reduction could be developed for metal-
complex catalysts, highly selective photocatalytic CO, reduction
could be achieved, even in aqueous solution. This also could be
applied to the Z-scheme system, which uses heterogeneous
semiconductors with different band-energy potentials for CO,
reduction and H,O oxidation (Figure 3).7> Therefore, the

Z-scheme system
(2-step excitation):

Tandem photoelectro
chemical cell system

Figure 3. Schematic illustration of the total reaction of the Z-scheme
system for H, production.

goal was to combine photoactive semiconductors with metal-
complex catalysts capable of reducing CO,. The transfer of
photoexcited electrons from the conduction band minimum
(CBM) of the semiconductor to the metal-complex catalyst is
essential to promote selective CO, reduction on the metal
complex (Scheme 1). Only one report exists on the
photocatalytic reduction of CO, by combining photoactive
semiconductors and metal-complex catalysts.”*

To prove the concept of a semiconductor/metal-complex
hybrid photocatalyst for selective CO, reduction, metal-
complex catalyst [Ru(dcbpy),(CO),]CL([Ru-dcbpy]) (dcbpy
4,4'-dicarboxy-2,2'-bipyridine) possessing electrocatalytic
CO, reduction was used.”>’® The CO, reduction potential
over [Ru-dcbpy] was measured using cyclic voltammetry in
acetonitrile (MeCN) saturated with CO,. The CO, reduction
potential, which produced large peaks originating from
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Scheme 1. Schematic Illustration of the Semiconductor/
Metal-Complex Hybrid Photocatalyst
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secondary electron injection into CO, molecules through
[Ru-dcbpy], was ca. —0.8 V (vs normal hydrogen electrode,
NHE). Therefore, the potential of the CBM (Ecpy) of the
semiconductor should be much more negative than the
reduction potential for CO, over [Ru-dcbpy] to facilitate
electron transfer from a semiconductor in a photoexcited
state.”” For the present study, a NTa,Os semiconductor
powder with an orthorhombic Ta,Oy crystalline structure,
which absorbs visible light at wavelengths shorter than 520 nm,
was prepared.”® Nitrogen doping not only causes a red shift of
200 nm at the absorption edge of Ta,O5 (Ta,O5 absorbs UV
light <320 nm) as does N-doped TiO,,”* but it also provides p-
type conductivity as in N-doped ZnO. The ionization potential,
or the valence band maximum (VBM), of NTa,O; was
approximately +1.1 V (vs NHE), as determined by photo-
electron spectroscopy in air.** The shift of the band potential of
Ta,O; to a more negative position upon nitrogen doping was
favorable. The resulting Ecpy was calculated to be —1.3 V (vs
NHE); therefore, the AG value (defined for the energy
difference between Ecpy; of a semiconductor and the CO,
reduction potential in a molecular metal-complex catalyst) for
Ecpy of NTa,05 and the reduction potential of the ruthenium
complexes was —0.5 V (Scheme 2). The hybrid photocatalyst

Scheme 2. Energy Diagram of the NTa,0;/[Ru-dcbpy]
Hybrid Photocatalyst for CO, Reduction

Electron transfer

co,
CBM (-1.3V) ——————

AG(-05V)] :,Le./ﬁ HCOOH

hv
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D
N-Ta,0
0=* [Ru-dcbpy]

composed of NTa,Og and [Ru-dcbpy] (NTa,0/[Ru-dcbpy])
promoted photocatalytic CO, reduction in an organic solvent
under visible light; the main product was formic acid
(HCOOH; Figure 4). Only [Ru-bpy] and NTa,0O; did not
exhibit photocatalytic activity for CO, reduction, showing a
turnover number (TNycoon) per metal-complex catalyst of 89
using a sacrificial electron donor such as triethanolamine
(TEOA) under visible light. The quantum yield measured for
HCOOH formation was approximately 1.9% at 405 nm.
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Figure 4. TNycoon from CO, as a function of the irradiation time.
Solutions were irradiated (410 nm < A < 750 nm) using a xenon lamp.
The concentrations of the photocatalysts were 0.05 mM and S mg for
the ruthenium complexes and semiconductors, respectively, in a CO,-
saturated S:1 MeCN/TEOA solution. Catalysts used were [Ru-bpy]
(purple triangles), NTa,O; (orange squares), and NTa,O/[Ru-
dcbpy] (red circles). Adapted with permission from ref 74. Copyright
2010 John Wiley & Sons, Inc.

A semiconductor/metal-complex hybrid catalyst can be
applied broadly to many semiconductors and metal-complex
catalysts. Therefore, the photoactivity, selectivity, and long-term
stability could be enhanced by the choice of materials. Reports
have indicated that the activity could be improved by changing
the carboxylic anchor of bpy in the ruthenium complex to
phosphate®' and that combinations with different photoactive
semiconductors and metal-complex catalysts could promote
visible-light-activated CO, reduction.®*>"*® The hybrid photo-
catalyst concept compensates for the disadvantage of metal-
complex catalysts and semiconductor photocatalysts.

3. HYBRID PHOTOCATALYST FOR SOLAR-DRIVEN
CO, REDUCTION UTILIZING H,0 AS AN ELECTRON
DONOR

3.1. Semiconductor/Metal-Complex Hybrid Photo-
catalyst for CO, Photoreduction in Aqueous Solution.
To reduce CO, using H,O as an electron donor, CO,
photoreduction must be conducted in aqueous solution. [Ru-
dcbpy] is known to act as an efficient catalyst for CO,
reduction even in aqueous solution. However, the first hybrid
photocatalyst, NTa,O/[Ru-dcbpy], can operate only in an
organic solvent because of the instability of the connection
between NTa,0; and [Ru-dcbpy]. Therefore, the concept of a
hybrid photocatalyst was applied to a system functional in
aqueous solution. A ruthenium complex polymer catalyst
([Ru(L-L)(CO),],, where L-L = a diimine ligand) reported
by Deronzier et al*” and a p-type InP (zinc-doped indium
phosphide wafer) were used in the hybrid system. The surface
of an InP wafer was coated with a mixture of [Ru{4,4'-di(1H-
pyrrolyl-3-propylcarbonate)-2,2'-bipyridine } (CO) (MeCN)Cl, ]
(MCE1) and [Ru(4,4'-diphosphate ethyl-2,2-bipyridine)-
(CO),ClL,] (MCE2-A) (Figure S) using chemical polymer-
ization. Transient optical spectroscopy revealed that accelerated
electron transfer from the conduction band of the semi-
conductors in a photoexcited state to the complexes occurred
via anchoring groups of the bpy ligand of the complexes linked
to the surface of the semiconductors in the CdSe/[Re(dcbpy)-
(CO)5Cl] system®® and the NTa,O/[Ru(dcbpy),(CO),]*
photocatalyst.”* Because MCE2-A has 4,4’-diphosphate ethyl-
2,2"-bipyridine anchor ligands, MCE2-A links tightly to the
surface of InP.*’ A solar simulator equipped with an air mass
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Figure S. Structures of metal-complex catalysts.

1.5 filter (AM 1.5) with the intensity adjusted to 1 SUN (the
intensity is 100 mW cm™>) was used as a light source. Linear-
sweep voltammograms of the InP electrode modified with a
mixture of MCE1 and MCE2-A (InP/[MCE1+2-A]) were
obtained in darkness or under simulated sunlight irradiation as
CO, or argon gas was bubbled into the solution using a three-
electrode configuration system (Figure 6). A clear CO,
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Figure 6. Linear-sweep voltammetry of an InP/[MCEI1+2-A]
photocatalyst in the dark (black line) or under simulated sunlight (1
SUN) in the presence of argon (blue) or CO, (red) gas.

reduction current was observed at <0.0 V (vs Ag/AgCl) in
aqueous solution under simulated sunlight. Figure 7 shows
successive photoelectrochemical formate generation from CO,
in pure H,O over InP/[MCE1+2-A] using a three-electrode
configuration under visible-light irradiation (>422 nm). The
applied potential (—0.4 V vs Ag/AgCl) was set more positive
than Ecgy of InP (—1.15 V vs Ag/AgCl), whereas no CO,
reduction reaction occurred in darkness. InP/[MCE1+2-A]
reduced CO, to formate under irradiation, while InP showed
almost no activity for formate formation. Approximately 1.2
pmol/h-cm® of formate was produced during photoirradiation,
and the faradic efficiency of HCOOH formation (=production
selectivity) was >80%, indicating that the hybrid photocatalyst
InP/[MCE1+2-A] working as a photocathode selectively
reduced CO, to formate photoelectrochemically in H,O
under simulated sunlight.

3.2. Solar-Driven Selective CO, Reduction to Formate
with H,0 Oxidation Reaction by Tandem Configuration.

DOI: 10.1021/ic5027669
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Figure 7. (a) Photoelectrochemical CO, reduction performed in pure H,O using a three-electrode configuration. A photocathode (hybrid InP/
[MCE1+2-A] photocatalyst), glassy carbon, and Ag/AgCl were used as the working, counter, and reference electrodes, respectively. (b)
Photoelectrocatalytic HCOOH formation from CO, as a function of the irradiation time over InP/[MCE1+2-A]. The applied potential was —0.4 V
(vs Ag/AgCl), and irradiation was from simulated sunlight (1 SUN) under CO,. The graph shows the formation of HCOOH (red line) and faradic

efficiency (black line).

Some semiconductor photocatalysts possess a strong ability to
photooxidize H,O by extracting electrons, called the Z-scheme.
For this system, two-step photoexcitation is conducted to allow
conduction band electrons in the H,O oxidation photocatalyst
to compensate for holes in the photocathode in a photoexcited
state. For example, heterogeneous semiconductors with differ-
ent band-energy potentials for producing H, and O, from H,O
have been applied to systems for photocatalytic H,O
splitting.”” "> As a system for solar fuel production by CO,
reduction in aqueous solution, a tandem configuration of
photoanodes and photocathodes can be used to reproduce the
Z-scheme. Because the InP/[MCE1+2-A] hybrid can reduce
CO, to formate selectively in H,O under visible-light
irradiation, combining it with a semiconductor photocatalyst
capable of H,O oxidation should reproduce artificial photo-
synthesis, allowing solar-driven CO, reduction using H,O as
both an electron and a proton source through a Z-scheme
system.

In photoelectrochemical reaction systems using electrode
combinations, such as photocathodes and metal anodes, metal
cathodes and photoanodes, or photocathodes and photo-
anodes, applying external electrical bias to assist the reactions is
preferable. However, artificial photosynthesis should not
require external electrical bias. To develop a system that
selectively reduces CO, using H,O as an electron donor with
no external electrical bias, a Z-scheme system was developed
(Figure 8) by functionally combining InP/[MCE1+2-A] with a
photocatalyst for H,O oxidation. The Eyp, value of the
photocatalyst for H,O oxidation must be more positive than
the potential for H,O oxidation (theoretically, 1.23 V vs NHE).
Furthermore, the Ecpy value of the photocatalyst for H,O
oxidation should be more negative than that of the photo-
catalyst for CO, reduction. This will ensure electron transfer
from the photocatalyst for H,O oxidation to the photocatalyst
for CO, reduction, with no external electrical bias. In this work,
anatase titanium dioxide on a conducting glass (TiO,) was used
as the photocatalyst for H,O oxidation, taking into account the
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Figure 8. Schematic energy diagram of the total reaction of the Z-
scheme system for CO, reduction. Adapted with permission from ref
92. Copyright 2011 American Chemical Society.

Ecpy value of TiO,, the Eypy value of InP/[MCE1+2-A], and
the O, generation ability of oxidizing H,0.>*"%* The potential
difference between Ecpy; of TiO, and Eypy; of InP (AEg) was
estimated to be —0.4 V. Hence, successful electron transfer
between two photocatalysts with no external electrical bias
could be facilitated.”® The reduction of CO, combined with
H,O oxidation was performed using a two-electrode config-
uration (Figure 9). The CO, reduction photocatalyst InP/
[MCE1+2-A] (20 x 15 mm? colored black) and H,O
oxidation photocatalyst TiO, (20 X 15 mm? translucent)
were used (TiO,//InP/[MCE1+2-A] system). A two-compart-
ment Pyrex cell divided by a proton-exchange membrane was
used as the reactor to prevent reoxidation of the formate over
TiO,. Because the platinum (Pt) cocatalyst facilitates O,
production from hydrogen peroxide (H,O,) originating from
H,O, the Pt cocatalyst was loaded onto the TiO, photocatalyst.
A solution of 10 mM NaHCO;, which also accelerated catalytic
O, generation over the TiO, photocatalyst, was used as the
electrolyte for InP/[MCE1+2-A].”" A solar simulator equipped
with an air mass 1.5 filter (AM 1.5) was used as the light source
with the intensity adjusted to 1 SUN. The irradiation area was

DOI: 10.1021/ic502766g
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Figure 9. Schematic illustration of the tandem-cell reactor. Adapted
with permission from ref 92. Copyright 2011 American Chemical
Society.

10 X 10 mm?® The TiO,/Pt side was irradiated, while InP/
[MCE1+2-A] was irradiated with light transmitted through the
TiO,/Pt photocatalyst electrode and proton-exchange mem-
brane. No external electrical bias was applied between the two
photocatalysts. Stable photocatalytic production of formate was
observed for 24 h under irradiation (1 SUN) with bubbled CO,
(Figure 10).”> TNycoon was >17 at 24 h; larger values would
likely occur upon further irradiation. Even though H, and CO
also were detected, faradic efficiency reached approximately
70%, a value similar to that observed over InP/[MCE1+2-A]
using a three-electrode configuration. The conversion efficiency
from solar energy to chemical energy was ca. 0.04%, which was
calculated by dividing the combustion heat of generated

[HCOOH] /  mol cm™

4 8
Irradiation time / h

12 16 20 24

Figure 10. Photocatalytic HCOOH formation from CO, as a function
of the irradiation time using a tandem configuration such as InP/
[MCE1+2-A] with TiO,/Pt. CO, reduction was performed using a
two-electrode configuration with no external electrical bias in 10 mM
NaHCOj;. InP/[MCE1+2-A] and TiO,/Pt were used as photocatalysts
for CO, reduction and H,O oxidation, respectively. A two-compart-
ment Pyrex cell separated by a proton-exchange membrane (Nafion
117, DuPont) was used as the reactor. A solar simulator, in which the
intensity was adjusted to 1 SUN (AM 1.5), was used as the light
source. The TiO,/Pt side was irradiated, while InP/[MCE1+2-A] was
irradiated with light transmitted through the translucent TiO,/Pt and
proton-exchange membrane. The irradiation area was 10 X 10 mm?
Adapted with permission from ref 92. Copyright 2011 American
Chemical Society.
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HCOOH by the integrated energy of the solar-simulating
light (AM 1.5). This value was one-fifth (20%) of 0.2%, which
is the solar conversion efliciency of switchgrass, a promising
crop for biomass fuel.”* Isotope tracer analysis using *CO, and
D,O indicated that the carbon and proton sources of the
formate were CO, and H,O, respectively. A negligible amount
of H'>*COO™ was observed for *CO,, even in the presence of
H'CO;". These results indicate that the formate detected in
the reaction was produced mainly from CO, molecules in
solution, not from carbonate ions. Furthermore, gas chroma-
tography—mass spectrometry (GC—MS) detected '*O, in the
gas phase at the oxidation site after reaction using an aqueous
solution containing 25% H,'®0. These results confirmed that
CO, was reduced to formate by electrons extracted from H,O
during the oxidation process to O, and that protons also
originated from H,O under simulated sunlight (eqs 1 and 2).

1 _
H,0 + hv » —0, + 2H" + 2e
2 (1)

CO, + 2H" + 2¢” + hv > HCOOH )

3.3. Improved Efficiency and Development of a
Monolithic Device for CO, Reduction Using H,0. Using
a semiconductor/metal-complex hybrid photocatalyst, which
supports solar formate production through the Z-scheme
reaction utilizing only sunlight, CO, and H,0 were produced
successfully without an external bias application. However, the
conversion efficiency for solar energy to chemical energy
(formate) was not adequate for the TiO,//InP/[MCE1+2-A]
system.”* Therefore, an improvement in the efficiency was
needed to determine the feasibility of the artificial photo-
synthetic system. Because this concept can be applied to many
inorganic semiconductors and metal-complex catalysts, the
efficiency and reaction selectivity could be enhanced by
optimizing the electron-transfer process by adjusting energy-
band configurations, conjugation conformations, and catalyst
structures. The photoinduced electron transfer from the
semiconductor for H,O oxidation to the semiconductor for
CO, reduction was considered the rate-limiting step for
selective CO, reduction in the TiO,//InP/[MCE1+2-A]
system, and so we focused on this system. The energy
difference AEgg also was essential for improving the efficiency
of the Z-scheme consisting of the semiconductor/metal-
complex hybrid system (Figure 11).

Ecpy
5| [#.0
IS oxidation
H,0
0, S

Figure 11. Total reaction of the Z-scheme system combining SC/
[MCE1+2-A] photocatalyst for CO, reduction and SCpx photo-
catalyst for H,O oxidation. Adapted with permission from ref 94.
Copyright 2013 Royal Society of Chemistry.
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The next goal was to facilitate electron transfer from the
Ecgy value of the photocatalyst for H,O oxidation to the Eypy
value of the photocatalyst for CO, reduction. Using photo-
induced C—V measurements, the onset potential of the TiO,
photocatalyst was observed at —0.6 V (vs Ag/AgCl). To
increase AEgg, the Ecpy value of the photocathode must be
more negative than that of TiO,. Therefore, TiO, was replaced
with reduced SrTiO; (r-STO), which has a more negative onset
potential of —0.75 V (vs Ag/AgCl). Thus, the r-STO//InP/
[MCE1+2-A] system generated formate by reducing CO, using
H,O as an electron donor and a proton source. The conversion
efficiency from solar energy to chemical energy reached 0.14%,
which was 4-fold greater than that of the previous TiO,//InP/
[MCE1+2-A] system”* and was 70% of the solar conversion
efficiency for switchgrass, a biomass crop. These results
demonstrate that the band configuration of semiconductors is
crucial for enhancing solar formate production from CO, and
H,O through the Z-scheme.

In general, semiconductor photocatalysts can oxidize organic
compounds easily. For example, TiO, is a photocatalyst that
photooxidizes various organic substances. Therefore, a proton-
exchange membrane was necessary to prevent reoxidation of
the reduction products, such as formate, over TiO,. However, r-
STO has a unique catalytic ability for photooxidation, i.e.,
selective H,O oxidation in the presence of formate (Figure 12).
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Figure 12. Comparison of photoelectrochemical degradation of
HCOOH using r-STO and TiO, (P25). Adapted with permission
from ref 94. Copyright 2013 Royal Society of Chemistry.

This feature of r-STO allows the construction of a simple
system that does not require a proton-exchange membrane to
avoid reoxidation of formate to CO,. On the basis of this
selectivity over r-STO, an r-STO//InP/[MCE1+2-A] wireless
monolithic device was fabricated and photoelectrochemical
CO, reduction was conducted in a one-pot reactor, as shown in
Figure 13. Formate (0.88 ymol) was produced over wireless r-
STO/InP/[RuCP] during 3 h of irradiation using simulated
sunlight (Table 1). The conversion efficiency from solar energy
to chemical energy was ca. 0.08%. In contrast, a negligible
amount of formate was detected over wireless TiO,//InP/
[MCE1+2-A] in the one-pot reactor. This system is preferable
to a wired conventional photoelectrochemical or electro-
chemical system because it does not contain wire connections
or a proton-exchange membrane. This simple structure is
practical, but its efficiency for solar-to-chemical energy
conversion was not adequate and must be improved further.
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Figure 13. Schematic illustration of a single wireless cell of the r-STO/
InP/[MCE1+2-A] hybrid catalyst. Adapted with permission from ref
94. Copyright 2013 Royal Society of Chemistry.

Table 1. Results of Photoelectrochemical CO, Reduction for
Wired and Wireless Systems with No Electrical Bias®

[HCOOH], solar conversion
photocatalyst connection pmol efficiency, %
TiO,//InP/[MCE1+2-A] wired 033 0.03
r-STO//InP/[MCE1+2-A] wired 1.45 0.14
TiO,/InP/[MCE1+2-A] wireless 0 0.00
r-STO/InP/[MCE1+2-A] wireless 0.94 0.08

“The light source was simulated sunlight, and the irradiation time was
3 h. Adapted with permission from ref 94. Copyright 2013 Royal
Society of Chemistry.

4. CONCLUSIONS

The development of efficient artificial photosynthesis, a
technology that mimics the photosynthesis of plants, has
been pursued in an effort to achieve clean (“green”) energy.
Direct conversion of solar energy to chemical energy through
artificial photosynthesis could promote a carbon-neutral
society. This report summarized recent research results on
artificial photosynthetic systems operated under sunlight in
which CO, reduction and H,O oxidation were functionally
conjugated within one system. Although many molecular
photocatalysts for CO, reduction and H,O oxidation have
been developed, no reports of actual efficient solar conversion
for CO, reduction reactions using H,O as an electron donor
under solar irradiation have been released. The different
reaction conditions used for CO, reduction and H,O oxidation
make their conjugation a very difficult challenge.

The present study, which demonstrates artificial photosyn-
thesis for the direct production of organic substances under
sunlight using a hybrid photocatalyst composed of a semi-
conductor and a metal complex, shows promise for future
progress in this field. This contribution to inorganic chemistry
is significant not only for the development of inorganic
photocatalysts for CO, reduction and H,O oxidation but also
for rapid progress in the development of semiconductor/metal-
complex hybrid systems.

A recent report indicated that the combination of an external
solar cell and a metal electrocatalyst used for CO, reduction
could produce a solar conversion efficiency >1%.” In contrast,
a solar-to-H, conversion efficiency of over 10% has been
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reported by combining a solar cell and a metal electrocatalyst
for H, generation. However, an issue on the system cost still
remains even in the field of solar H,.*® Thus, it is needless to
say that more efficient and lower cost system is also required
for CO, reduction. More effort is needed to develop an efficient
photocatalyst within a simple and inexpensive artificial
photosynthesis system.
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