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We developed a new hybrid photocatalyst for CO2 reduction, composed of a

semiconductor and a metal complex. In the hybrid photocatalyst, ΔG between the ECBM of the semiconductor

and the CO2 reduction potential of the complex is an essential factor for realizing high photocatalytic activity.

On the basis of this concept, the hybrid photocatalyst InP/Ru-complex, which functions in aqueous media,

was developed. The photoreduction of CO2 to formate using water as an electron donor and a proton source

was successfully achieved as a Z-scheme system by functionally conjugating the InP/Ru-complex

photocatalyst for CO2 reduction with a TiO2 photocatalyst for water oxidation. The conversion efficiency

from solar energy to chemical energy was ca. 0.04%, which approaches that for photosynthesis in a plant.

This system can be applied to many other inorganic semiconductors and metal-complex catalysts. Therefore,

the efficiency and reaction selectivity can be enhanced by optimization of the electron transfer process

including the energy-band configurations, conjugation conformations, and catalyst structures. This electrical-

bias-free reaction is a huge leap forward for future practical applications of artificial photosynthesis under

solar irradiation to produce organic species such as alcohols, hydrocarbons, and syngas, which are useful as

alternative fuels or carbon resources.

Solar Fuel, Photocatalyst, Semiconductor, Metal-complex, Artificial Photosynthesis,

CO2, Formic Acid

1. Preface

Developing a system for production of organic

chemicals by reduction of carbon dioxide (CO2) is

increasingly becoming an important research topic that

addresses both global warming and fossil fuel

shortages. Among renewable energy resources, solar

energy is by far the largest exploitable resource,

providing more energy per hour to Earth than the total

energy consumed by humans in one year. Success in

CO2 reduction by solar energy utilizing water (H2O)

as both an electron donor and a proton source leads to

a system of artificial photosynthetic production of

useful organic chemicals, which is an especially

attractive approach to store solar energy in the form of

chemical bonds.

We have successfully constructed a system

mimicking natural photosynthesis utilizing a new

photocatalyst composed of a semiconductor and a

metal complex, which produces formic acid from CO2

and H2O under sunlight.

2. Past Research on Photocatalysts for CO2

Reduction Reaction

In regard to solar CO2 reduction, semiconductor

photocatalysts such as TiO2 and SiC are well-known

to reduce CO2.
(1)

However, in aqueous solutions they

suffer from low quantum efficiencies owing to the

preferential H2 production and low selectivity for the

carbon species produced. The merit of semiconductor

photocatalysis lies in the fact that such materials

produce H2 and O2 by splitting water.
(2)

In other words,

semiconductor photocatalysts are able to utilize H2O

as an electron donor to compensate for a hole in the

photoexcited state, which is the reason why

photocatalytic H2 production with semiconductor

photocatalysts is considered to be feasible. In contrast,

it is generally thought that photocatalytic CO2

reduction yielding useful chemicals is more difficult

than H2 production. Metal complexes, however, are

also well-known photocatalysts for CO2 reduction.
(3-6)

Their quantum efficiencies and product selectivities

are quite high. For example, the quantum yield of

conversion of CO2 to CO ranges up to 38% with fac-
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[Re(bpy)(CO)3{P(OEt)3}]
+

(bpy: 2,2’-bipyridine),
(3b)

and only a very small amount of hydrogen and no

formic acid are produced even in the presence of water.

However, to ensure a successful photocatalytic CO2

reduction with metal complexes, a suitable electron

donor for the photocatalyst in the photoexcited state

must be found. Currently, such photocatalysts require

electron donors such as triethanolamine (TEOA),

because there are no complex photocatalysts that are

able to extract electrons from H2O.

3. Proof of Concept for Selective CO2 Reduction

Using a Semiconductor/metal-complex Hybrid

3. 1 Concept for a Semiconductor/metal-complex

Hybrid Photocatalyst

The development of photocatalysts that can

selectively reduce CO2 to organic substances in water

is crucial to realize artificial photosynthesis. We

considered that useful organic chemicals could be

obtained with high selectivity and activity in aqueous

solutions by combining photoactive semiconductors

with metal complexes capable of catalytically reducing

CO2. A Z-scheme system, which makes use of

heterogeneous semiconductors with different band

energy potentials for producing H2 and O2 from H2O,
(7)

will be applicable to a hybrid system for CO2

reduction. There is, however, a technical barrier to

realize this type of photocatalytic CO2 reduction with

a hybrid system. It is essential that photoexcited

electrons are transferred from the conduction band

(CB) of the semiconductor to the metal complex to

promote selective CO2 reduction on the complex

(Scheme 1). There have been no reports of

photocatalytic reduction of CO2 by such a mechanism.

To develop a hybrid photocatalyst for CO2

reduction, we used the complex catalyst

[Ru(dcbpy)2(CO)2]
2+

(Cl
–
)2([Ru-dcbpy]) (Fig. 1),

which can act as an electocatalyst for CO2 reduction.
(6)

The CO2 reduction potential over [Ru-dcbpy] was

measured by cyclic voltammetry which is obtained in

MeCN and purged with CO2. The threshold potentials

giving large second peaks originating from the

secondary electron injection into CO2 through [Ru-

dcbpy] were at ca. –0.8 V (vs. normal hydrogen

electrode, NHE). Therefore, the potential of CB

minimum (ECBM) of the semiconductor should be much

more negative than the reduction potential for CO2

over [Ru-dcbpy].
(8)

For the present purpose, we

developed N-Ta2O5 powder with an orthorhombic

Ta2O5 crystalline structure that absorbs visible light at

wavelengths shorter than 520 nm.
(9)

Nitrogen doping

not only causes a red shift at the absorption edge of

Ta2O5 by 200 nm (Ta2O5 absorbs UV light of < 320

nm) as was found for N-doped TiO2,
(10)

but it also

provides p-type conductivity as in N-doped ZnO, as

reported previously.
(11)

Since the average crystal size

estimated from the full width at half maximum

(FWHM) of the diffraction peak using the Scherrer

equation was around 20 nm, the band-gap widening

arising from the quantum size effect was negligible.

The ionization potential, or the valence band maximum

(EVBM), of N-Ta2O5 was estimated to be about +1.1 V

(vs. NHE) by photoelectron spectroscopy in air
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Scheme 1 Schematic illustration and energy diagram of

the semiconductor/metal-complex photocatalyst

for CO2 reduction.
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(PESA).
(12)

It is favorable that the band potential of

Ta2O5 was shifted to a more negative position with

nitrogen doping. The resulting ECBM was calculated to

be –1.3 V (vs. NHE), so the ΔG values (energy

difference between the ECBM of a semiconductor and

the CO2 reduction potential in a metal complex)

between the ECBM of N-Ta2O5 and the reduction

potential of Ru complexes were –0.5 V.

3. 2 CO2 Reduction over [Ru-dcbpy]/N-Ta2O5 in

MeCN under Visible Light

Visible light passing through UV and IR cut filters

installed in a Xe lamp was used to irradiate 8 mL test

tubes containing the photocatalysts (0.05 mm metal

complex and/or 5 mg semiconductor) and 4 mL

MeCN/TEOA (5:1 v/v) purged with CO2. In this

experiment, we used MeCN as a solvent taking into

account the stable CO2 reduction of

[Ru(bpy)2(CO)2]
2+

(Cl
-
)2([Ru-bpy]) (Fig. 1). The

catalysts examined were [Ru-bpy], N-Ta2O5, and

[Ru-dcbpy]/N-Ta2O5. The amounts of the main

photocatalytic product (HCOOH) as a function of

irradiation time under visible light are shown in

Fig. 2. It became clear that [Ru-dcbpy]/N-Ta2O5, acted

as a photocatalyst for CO2 reduction. However,

[Ru-bpy] and N-Ta2O5 did not show photocatalytic

activity for CO2 reduction. Only [Ru-dcbpy]/N-Ta2O5

exhibited a significant photocatalytic reaction rate for

HCOOH generation, showing a turnover number

(TN HCOOH) per metal complex of 89. H2 and CO were

also detected, but the selectivity for HCOOH

formation was more than 75% before the saturation of

TNHCOOH. It is noteworthy that the present TN of 89

obtained using the semiconductor-complex hybrid is

comparable to the highest TN of 240 for the conversion

of CO2 into CO using a rhenium complex

photocatalyst.
(5a)

We confirmed that the amount of

HCOOH produced increased linearly with the amount

of [Ru-dcbpy]/N-Ta2O5 up to 50 mg in the same

photoreactor. The photocatalytic rate of HCOOH

generation using 50 mg of photocatalyst was

calculated to be 3.5 mmol/h. This rate was found to be

comparable to that of photocatalytic H2 production

using a semiconductor photocatalyst, which is also

supported by the high quantum yield of the present

CO2 reduction. Figure 3 shows an action spectrum

of the quantum yield of HCOOH generation on

[Ru-dcbpy]/N-Ta2O5. The measured quantum yield of

HCOOH formation (ΦHCOOH) was 1.9% at 405 nm. It

was found that ΦHCOOH was strongly dependent on the

optical absorption of N-Ta2O5. Because [Ru-bpy] does
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Fig. 2 Turnover number (TN) for HCOOH formation

from CO2 as a function of irradiation time.

Solutions were irradiated using a Xe lamp with

filters producing light in the range of 410 ≤ λ ≤

750 nm. The concentrations of the photocatalysts

were 0.05 mM and 5 mg for the Ru-complexes and

semiconductors, respectively, in a CO2 saturated

MeCN/TEOA (5:1) solution. The catalysts used

were [Ru-bpy] (blue triangles), N-Ta2O5 (orange

diamonds), and [Ru-dcbpy]/N-Ta2O5 (black

circles).
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Fig. 3 Quantum efficiency (filled circles or triangle) at

HCOOH generation and optical absorption of

N-Ta2O5 (red line) plotted as a function of

wavelength of the incident light. 4 mL of

MeCN-TEOA (5:1 v/v) solutions containing 20 mg

of [Ru-dcbpy]/N-Ta2O5 (circles) or 0.01 mM of

[Ru-dcbpy] (triangle) were irradiated under CO2

with 405 nm (2.06 × 10
–8

einstein s
–1

), 435 nm

(4.58 × 10
-8

einstein s
–1

) and 480 nm (4.89 × 10
–8

einstein s
–1

) monochromic light, respectively.



not act as a photocatalyst, but functions as an

electrocatalyst for CO2 reduction, it can be concluded

that photocatalytic CO2 reduction takes place owing to

electron transfer from N-Ta2O5 in the excited state to

the Ru complex. Our recent research also clarified that

a direct assembly synthesis of the Ru-complex onto the

surface of N-Ta2O5, which facilitates its production, is

applicable and that a Ru-complex anchored onto

N-Ta2O5 by phosphonate exhibited excellent

photoconversion activity of CO2 to formic acid relative

to [Ru-dcbpy]/N-Ta2O5 under visible-light irradiation

with respect to the reaction rate and stability.
(13)

3. 3 Charge Carrier Dynamics in N-Ta2O5

/[Ru(dcbpy)2(CO)2]
2+

Understanding the photoinduced electron-transfer

process and the reaction mechanism of

semiconductor/metal-complex hybrid photocatalysts is

essential for the detailed design of the system. Hence,

the excited-state dynamics of [Ru-dcbpy]/N-Ta2O5

were investigated by time-resolved emission

measurements.
(14)

First, it was found that, as a primary process, a

structural change took place in the Ru complex

adsorbed onto N-Ta2O5, which changed from

[Ru(dcbpy)2(CO)2]
2+

to [Ru(dcbpy)2(CO)(COOH)]
+

as

observed by FTIR. [Ru(dcbpy)2(CO)(COOH)]
+

is the

final form that functions as a CO2 reduction catalyst in

the [Ru-dcbpy]/N-Ta2O5 system. As for N-Ta2O5, it had

already been reported that two distinct levels (shallow

and deep defect levels) were generated due to a heavy

doping of N in Ta2O5.
(15)

Visible excitation at 400 nm

(Ta5d ← N2p transition) revealed a fast trapping process

from shallow defect sites to deep defect sites with a

time constant of 24 ± 1 ps in N-Ta2O5 powder (Fig. 4).

In [Ru-dcbpy]/N-Ta2O5, ultrafast electron transfer from

the shallow defect sites of N-Ta2O5 to the adsorbed Ru

complex occurred with a time constant of 12 ± 1 ps.

The values of the rate constant (ket) and quantum yield

(Φet) of the electron transfer process were estimated to

be 4.2 × 10
10

s
–1

and 0.50, respectively. No electron

injection from the Ru complex to N-Ta2O5 was

observed upon selective excitation of the Ru complex.

Hence the primary photochemical process for the CO2

reduction photocatalyst [Ru-dcbpy]/N-Ta2O5 was

explained based on the competition between

ultrafast electron transfer from N-Ta2O5 to

[Ru(dcbpy)2(CO)(COOH)]
+
, and the carrier trapping

processes in N-Ta2O5. On the basis of the driving force

of electron transfer from the shallow defect sites

to the HOMO (ΔG ≈ –0.4), this ket value of

[Ru-dcbpy]/N-Ta2O5 is comparable with that of CdSe

quantum dots with adsorbed Re(CO)3Cl(dcbpy). The

exciton dissociation half-times of CdSe quantum dots

with different first exciton oxidation potentials were

about 2.3 ps (ΔG = –0.59 eV), 55.5 ps (ΔG = –0.41

eV), and 1 ns (ΔG = –0.3 eV).
(16)

These facts strongly

suggest that ΔG is one of the essential factors that

facilitates CO2 reduction over metal-complexes of

semiconductor/complex hybrid photocatalysts.

3. 4 Summary of the Proof of Concept for Selective

CO2 Reduction Using Semiconductor/metal-

complex Hybrid

Isotope tracer analyses using 
13

CO2, D2O and

CD3CN revealed that the carbon source of HCOOH is

gaseous CO2, and TEOA is necessary not only as an

electron donor, but also as a proton source for HCOOH

formation. This general concept for the

semiconductor/complex hybrid photocatalyst is

applicable to many non-photoactive complex

electrocatalysts and also to hundreds of photoactive

semiconductors. The highly active photocatalyst could

be realized using a semiconductor with an oxidative

power strong enough to extract electrons from H2O in

aqueous solutions and a complex with high CO2

reduction selectivity.
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Fig. 4 Schematic illustration of the energy diagram of

N-Ta2O5 and [Ru(dcbpy)2(CO)(COOH)]
+
.

All energy levels were normalized vs. NHE.



On the other hand, the CO2 reduction photocurrent

under visible light irradiation was observed at less than

0 V, which corresponds to the position of the valence

band maximum (EVBM) of InP. The position of the ECBM
of p-InP-Zn was calculated to be approximately –1.35

V (vs. Ag/AgCl) by subtracting the bandgap value of

InP (1.35 eV),
(18)

from EVBM. The ECBM was found to

be sufficiently more negative than the potential

reduction of CO2 (–0.8 V vs. Ag/AgCl). These results

suggest that in the InP/MCE1 hybrid photocatalyst,

InP can lower the level of external electrical bias

for reducing CO2 down to EVBM. In the

chronoamperometry measurements at –0.6 V (vs.

Ag/AgCl) in pure water, 3.01 μmol/cm
2

of HCOO–,

which was confirmed to be the main product and

identified as m/z 45 by ion-chromatography-time-of-

flight mass-spectroscopy (IC-TOFMS), was produced

over InP/MCE1 under visible light irradiation for 3 h

with CO2 bubbling.

The turnover number for formate formation per Ru-

complex was over 12, suggesting a catalytic reaction.

On the contrary, the total charge over the unmodified

InP electrode was very low compared with that of

InP/MCE1, and no HCOO– was produced. HCOO–

was observed only over the InP/MCE1 electrode in the

presence of both visible light and CO2. These results

suggest that RCP can accept photoexcited electrons

from InP and reduce CO2 efficiently.

4. 2 Improvement of the Catalytic Activity for CO2

Reduction

We attempted to introduce another Ru-complex

containing an anchor ligand into MCE with the aim of

improving the electron transfer from semiconductor to

MCE. The following Ru complexes were synthesized:

[Ru(4,4’-diphosphate ethyl-2,2’-bipyridine)(CO)2Cl2]

(MCE2-A) and [Ru{4,4’-di(1H-pyrrolyl-3-propyl

carbonate)-2,2’-bipyridine}(CO)(MeCN)Cl2] (MCE3)

(Fig. 1). MCE2-A has 4,4’-diphosphate ethyl-2,2’-

bipyridine anchor ligands. MCE3 has the same activity

for CO2 reduction as MCE1, but is more stable to use

than MCE1.

Figure 6 shows successive formate generation from

CO2 over the InP/[MCE]s performed using a three-

electrode configuration in pure water under visible

light irradiation. The applied potential (–0.4 V vs.

Ag/AgCl) was set more positive than Ered (–0.8 V vs.

Ag/AgCl) and was approximately equal to the ECBM of

anatase TiO2 (described later). All of the InP/[MCE]s
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4. A Hybrid Photocatalyst for CO2 Reduction

Active in Aqueous Media

4. 1 Synthesis and Catalytic Properties of the

Hybrid Photocatalyst

To reduce CO2 using H2O as electron donor, CO2

photoreduction to HCOOH must be achieved in water.

The [Ru-dcbpy]/N-Ta2O5 hybrid photocatalyst

mentioned above can operate only in an organic

solvent, not in water. We applied the concept of the

hybrid photocatalyst to develop a photocatalyst for

CO2 reduction that would be active under aqueous

conditions. Ruthenium complex polymer (RCP)

([Ru(L-L)(CO)2]n, L-L: a diimine ligand) catalyst

reported by Deronzier et al.
(17)

and p-type InP (zinc

doped indium phosphide wafer purchased from

Sumitomo Electric Industries, Ltd.) were used as

complex catalyst and semiconductor, respectively, to

prepare the hybrid photocatalyst for CO2 reduction.

The surface of InP wafer was modified with [Ru{4,4’-

di(1H-pyrrolyl-3-propyl carbonate)-2,2’-bipyridine}

(CO)2Cl2] (MCE1) (Fig. 1) by electropolymerization,

referring to the method reported by Deronzier et al. 
(17)

Linear sweep voltammograms of MCE1 modified InP

electrode (InP/MCE1) measured in dark or under

visible light irradiation with CO2 or Ar bubbling are

shown in Fig. 5. A clear CO2 reduction current in dark

was observed at less than ca. –0.8 V (vs. Ag/AgCl),

which was confirmed to be equal to that observed over

MCE1 on a glassy carbon electrode (MCE1/carbon).
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Fig. 5 Linear-sweep voltammetry of an InP/MCE1

photocatalyst under dark (dotted line) or visible-

light irradiation (400 < λ < 800 nm) (solid line)

with Ar (blue) or CO2 (red) bubbling, respectively.



(i) InP/MCE2-A exhibited a lower efficiency for

formate formation (EFF) even with a higher

photocurrent than InP/MCE3, which indicates that

InP/MCE2-A has less selectivity for formate

generation (Fig. 6).

(ii) InP/[MCE2-A+MCE3] had a higher rate for

formate generation than InP/MCE3, although the EFF

was almost identical (ca. 80%), which indicates that a

larger reaction photocurrent was generated in

InP/[MCE2-A+MCE3] than in InP/[MCE4].

These results indicate that MCE2-A could play a

more important role as an electron transfer facilitator

to improve CO2 reduction over MCE3 in InP/[MCE2-A

+MCE3], rather than as a catalyst for formate

generation. To clear the charge carrier dynamics for the

hybrid photocatalyst InP/[MCE2-A+MCE3], diffuse-

reflectance transient spectroscopic analyses of this type

of fast electron transfer process in the present system

are now underway. The highest formate generation

rate over InP/[MCE2-A+MCE3] was approximately

seven times that over InP/MCE1. Consequently,

InP/[MCE2-A+MCE3] was selected as the

photocatalyst for CO2 reduction.

5. Selective CO2 Photoreduction to Formate

Conjugated with H2O Oxidation

It is reported that heterogeneous semiconductors

with different band-energy potentials for producing H2

and O2 from H2O have been applied to systems for

photocatalytic water splitting.
(21)

The hybrid

photocatalyst InP/[MCE2-A+MCE3] can selectively

reduce CO2 to formate in water. By combination with

a photocatalyst capable of water oxidation such as a

Z-scheme (or two-step photoexcitation) system, it can

be expected that this will facilitate the development of

a photo-utilizing system of CO2 that uses H2O as both

an electron and proton source.

In order to realize a system to selectively reduce CO2

with no external electrical bias, using H2O as an

electron donor, we developed the Z-scheme system

(Fig. 7) by functionally combining InP/[MCE2-A

+MCE3] with a photocatalyst for water oxidation. The

EVBM of the photocatalyst for water oxidation must be

more positive than the potential for water oxidation

(theoretically 1.23 V vs. NHE). Furthermore, the ECBM
of the photocatalyst for water oxidation should be more

negative than the EVBM of the photocatalyst for CO2

reduction to ensure electron transfer from the

photoanode to the photocathode with no external
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could reduce CO2 to formate, but InP showed almost

no activity towards formate formation. InP/MCE3

(chemical-polymerized) exhibited a higher

photocatalytic activity than InP/MCE1 (electro-

polymerized). Furthermore, InP/[MCE2-A+MCE3]

exhibited the highest photocatalytic reaction rate for

formate generation.

An accelerated electron transfer from the

photoexcited semiconductor to a complex anchor-

linked to the surface of a semiconductor was reported

on the CdSe/[Re(dcbpy)(CO)3Cl] system
(20)

and the N-

Ta2O5/[Ru(dcbpy)2(CO)2]
2+

photocatalyst.
(14)

MCE2-A

has the ligand anchored onto the phosphide, so that

MCE2-A can link tightly with the surface of InP.
(19)

One possible reason for the enhanced reaction rate for

the mixture of MCE2-A and MCE3 may be due to

accelerated electron transfer from the photoexcited InP

to [MCE2-A+MCE3]. Furthermore, electron-transfer

from MCE2-A to MCE4 is presumed to occur in the

mixture, because of the following:
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Fig. 6 Photoelectrocatalytic HCOOH formation from CO2

as a function of irradiation time over InP/[MCE]s.

Photoelectrochemical CO2 reduction was performed

in pure water using a three-electrode configuration.

The photocathode (hybrid InP/[MCE]s photocatalyst),

glassy carbon and Ag/AgCl were used as the

working, counter and reference electrodes,

respectively. A Pyrex glass cell was used as a

reactor, and a xenon light source equipped with an

optical filter (λ > 400 nm) and a cold mirror was

used to irradiate visible light (ca. 70 SUN). The

applied potential was –0.4 V (vs. Ag/AgCl). The

InP/[MCE] hybrid photocatalysts used were InP

(purple), electropolymerized InP/[MCE1] (black),

chemical-polymerized InP/[MCE2-A] (green),

chemical-polymerized InP/[MCE3] (blue) and

chemical-polymerized InP/[MCE2-A+MCE3] (red).



electrical bias. In this work, anatase titanium dioxide

on a conducting glass (TiO2) was used as the

photocatalyst for water oxidation, taking into account

the ECBM of TiO2, the EVBM of InP/[MCE2-A+MCE3],

and the oxygen generation ability for oxidizing

water.
(22)

The potential difference of the ECBM of TiO2

from the EVBM of InP was estimated to be –0.5 V. Hence

a successful electron transfer between two

photocatalysts with no external electrical bias can be

facilitated due to this potential difference.
(23)

The

reduction of CO2 conjugated with water oxidation was

performed using a two-electrode configuration

(Fig. 8). CO2 reduction photocatalyst InP/[MCE2-

A+MCE3] (20 × 15 mm
2
, black-colored) and water

oxidation photocatalyst TiO2 (20 × 15 mm
2
,

translucent) were used. A two-compartment Pyrex cell

separated with a proton exchange membrane was used
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as the reactor to prevent re-oxidation of the formate

over TiO2. A 10 mM NaHCO3 solution was used as a

suitable electrolyte solution for InP/[MCE2-A+MCE3],

and it also accelerated catalytic oxygen generation over

the TiO2 photoanode.
(24)

A solar simulator equipped

with an air mass 1.5 (AM 1.5) filter was used as the

light source with the intensity adjusted to 1 SUN. The

irradiation area was 10 × 10 mm
2
. Light was irradiated

from the TiO2/Pt side, and InP/[MCE2-A+MCE3] was

irradiated with light transmitted through the TiO2/Pt

photocatalyst electrode and proton exchange

membrane. 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 CO2 bubbling (Fig. 9). The

turnover number of HCOOH was over 17 at 24 h and

larger values would be expected with further

irradiation. Even though H2 and CO were also

detected, the value of EFF reached approximately

70%, which was similar to that observed over

InP/[MCE2-A+MCE3] in the three-electrode

MCE
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Fig. 7 Schematic energy diagram of the total reaction of

the Z-scheme system for CO2 reduction.
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Fig. 9 Photocatalytic HCOOH formation from CO2 as a

function of irradiation time using InP/[MCE2-

A+MCE3] conjugated with TiO2/Pt. CO2 reduction

was performed using a two-electrode configuration

with no external electrical bias in 10 mM NaHCO3

solution (see Fig. 8). InP/[MCE2-A+MCE3] and

TiO2/Pt were used as photocatalysts for CO2

reduction and water oxidation, respectively. A two

compartment Pyrex cell separated by a proton

exchange membrane (Nafion117, DuPont) was

used as the reactor. A solar simulator, in which the

intensity was adjusted to 1 SUN (AM1.5), was used

as the light source. Light was irradiated from the

TiO2/Pt side, and InP/[MCE2-A+MCE3] was

irradiated with light transmitted through the

translucent TiO2/Pt and proton exchange

membrane. The irradiation area was 10 × 10 mm
2
. 



configuration. The conversion efficiency from solar

energy to chemical energy was ca. 0.04%, which was

calculated by dividing the combustion heat of formic

acid generated by the integrated energy of the

irradiated solar simulating light (AM1.5). This value

is one fifth of 0.2%, which is the solar conversion

efficiency of switchgrass, a promising crop for

biomass fuel.
(25)

From isotope tracer analysis using
13

CO2 and D2O, the carbon and proton source of the

formate was determined to be derived from CO2 and

H2O, respectively. A negligible amount of H
12

COO
–

was observed for 
13

CO2, even in the presence of

H
12

CO3
–
. These results indicate that the formate

detected in the reaction was mainly produced from the

CO2 molecules in the solution, not from carbonate

ions. Furthermore, 
18

O2 was detected by gas

chromatography-mass spectrometry (GC-MS) in the

gas phase at the oxidation site after reaction using an

aqueous solution containing 25% H2
18

O. These results

verified that CO2 was reduced to formate by electrons

extracted from H2O during the oxidation process to O2,

and that protons also originated from H2O (Eqs. 1

and 2).

H2O + hv → 1/2O2 + 2H
+

+ 2e
– · · · · · · · · · · (1)

CO2 + 2H
+

+ 2e
–

+ hv → HCOOH · · · · · · · · (2)

6. Conclusion

We constructed a new concept for a CO2 reduction

photocatalyst: a hybrid of a semiconductor and a metal

complex. In the hybrid photocatalyst, ΔG between the

ECBM of the semiconductor and the CO2 reduction

potential of the complex is an essential factor for

realizing efficient photocatalytic activity. On the basis

of this concept, the hybrid photocatalyst InP/Ru-

complex, which functions in aqueous media, was

developed. The photoreduction of CO2 to formate

using water as both an electron donor and a proton

source was successfully achieved as a Z-scheme

system by functionally conjugating the InP/Ru-

complex photocatalyst for CO2 reduction with a TiO2

photocatalyst for water oxidation. The conversion

efficiency from solar energy to chemical energy was

ca. 0.04%, which approaches that for photosynthesis

in a plant. This system can be applied to many other

inorganic semiconductors and MCEs. Therefore, the

efficiency and reaction selectivity can be enhanced by

optimization of the electron transfer process including

the energy-band configurations, conjugation

conformations, and catalyst structures. This electrical-

bias-free reaction is a huge leap forward for future

practical applications of artificial photosynthesis under

solar irradiation to produce organic species such as

alcohols, hydrocarbons, and syngas, which are useful

as alternative fuels or carbon resources.
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