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We want to develop an artificial photosynthetic water splitting device enabling separate 
evolution of H2 and O2 in two different aqueous phases. This approach avoids the 
evolution of a potentially explosive H2/O2 gas mixture together with development of a 
gas separation facility required to capture H2 from the mixture. We are thus attempting 
to develop a two-electrode system for solar-light water splitting with the anode only 
subjected for photo-driven water oxidation to uptake electrons and protons, as the 
nature does. Our target device converts the electrons transferred to the cathode 
directly to H2 without light illumination, as is the case for the Calvin cycle where CO2 is 
converted into glucose as a dark reaction. An outstanding feature also lies in the high 
specific surface areas of both electrodes due to the mesoporous nature of the TiO2 films 
adopted as the electrode materials.
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Why hydrogen and other fuel cells rather than 
battery?

Among various approaches attempting to develop 
renewable energy sources, solar hydrogen production 
via water splitting has received an increasing attention 
in recent years.1 It actually has a great relevance to the 
recent advancement in the hydrogen fuel cell technology. 
The fuel cell electric vehicles (FCEVs) possess several 

important characteristics superior to the battery electric 
vehicles (BEVs),1 even though the FCEVs still suffer from the 
drawbacks arising from their high costs together with the 
lack of sufficient numbers of refueling stations. However, 
the pressurized hydrogen fuel (over 35 MPa)2 has a higher 
energy density than lithium-ion batteries, featuring the 
FCEVs superior to any other zero-emission vehicles for 
long-distance transportation. Especially, transportation of 
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heavy materials or a larger number of people 
by trucks or buses is not a realistic target for 
the BEVs but is considered achievable by the 
FCEVs. Moreover, the time required to refuel 
the FCEVs is short enough and comparable 
to the gasoline-powered vehicles, representing 
their high advantages in comparison with the 
BEVs. In addition, the fuel-to-electricity conver-
sion efficiency over 60% already achieved by 
the hydrogen fuel cells3 makes them promising 
technologies towards the development of a 
hydrogen energy society.

How we separate the fuels yielded in 
artificial photosynthesis?

Currently, the mid-term direction rather con-
centrates on the hydrogen production based 
on natural gas reforming (i.e., steam methane 
reforming) together with the innovative technol-
ogies permitting the higher energy conversion 
efficiency as well as the capture, utilization and 
storage of the CO2 evolved in the reforming 
process.4,5 However, the long-term direction 
must be focused on the truly renewable energy 
cycles based on the storable fuels given by 
reduction of either water or CO2. For some sim-
plest renewable fuels, the combustion energy 
averaged for storing two reductive equivalents 
(i.e., via 2-electron reduction) decreases in the 
order of H2 (he) > CO (0.99he), HCHO (0.99he) 
> HCOOH (0.89he) > CH3OH (0.85he) > CH4 
(0.78he), where he denotes the combustion 
energy of H2 (286 kcal/mol).  Only formic acid 
and methanol are liquid and possess superior 
characteristics from a viewpoint of energy 
density together with the feasibility in refueling 
and transportation in ambient conditions. 
Furthermore, formic acid has a remarkable 
potential as a source of H2 because of its 
reversible conversion capability: HCOOH ↔ 
H2 + CO2 (DG = -11.6 kcal/mol).6 There are 
several ways of converting solar energy into H2, 
CO, and HCOOH based on the simple 2-elec-
tron reduction (Figure 1, a-c). For all cases, 
the source of electrons and protons can be 
produced in the artificial photosynthetic water 
oxidation process (2H2O  O2 + 4H+ + 4e-). 
Without saying, it is important to separately 
develop some highly efficient water oxidation 
catalysts (WOCs).7 What are the forms of prod-
ucts in each case? In the gaseous fuel produc-
tion, flammable or explosive gaseous mixture, 
{2H2+O2} or {2CO+O2}, is yielded, inevitably 
requiring the extra costs and energy in the 
gas separation processes.8 In this context, a 
two-phase gas evolution system, discussed 
below, has a great advantage. The photosyn-
thetic production of the {O2+2HCOOH} mixture 
(Figure 1c) is also advantageous owing to the 
spontaneous separation of the two products 
into the gas and aqueous phases. Moreover, 
substantial efforts have been made to produce 
high pressure hydrogen based on the catalytic 
conversion of HCOOH into the {high-pressure 
H2 + supercritical CO2} mixture within a pres-
sure-resistant vessel having a limited volume 

(Figure 1d).9,10 This is a promising way to avoid 
the use of a mechanical compressor which 
consumes electrical energy during its opera-
tion (Figure 1f). In addition, desirable methods 
of handling the reverse process, i.e., the cata-
lytic hydrogenation of CO2 into HCOOH (Figure 
1e), must be advanced in order to facilitate the 
large-scale transportation of hydrogen energy 
in a liquid form. 

The above fuel generation processes com-
bined with water oxidation catalysis may be 
driven using sustainable energy sources, such 
as solar, hydroelectric, oceanic, geothermal, 
wind and so forth. If we limit our discussion 
on the solar-driven artificial photosynthesis, 
oxidative and reductive equivalents required 
to drive the two catalytic processes must be 
generated via the light-harvesting of molecular 
and/or semiconductor systems.11-16 

Molecular platinum(II)-based 
complexes as catalysts for 
hydrogen evolution reaction.

One of our interests over the last two 
decades has concentrated on the basic and 
applied chemistry of molecular hydrogen evo-
lution reaction (HER) catalyzed by various plat-
inum(II) complexes.17 The study was originally 
evoked in the late 1980s by finding the HER 
catalyzed by several cis-diammineplatinum(II) 
dimers doubly bridged by amidate ligands, 
[Pt(II)2(NH3)4(a-amidate)2]2+ (amidate = a-pyr-
rolidonate, a-pyridonate, acetamidate, 2-fluo-
roacetamidate, etc.) (Figure 2).18-20 In the earlier 
studies, their catalytic activity was scrutinized 
using a multi-component system compris-
ing of [Ru(bpy)3]2+ (bpy = 2,2’-bipyridine) as a 

photosensitizer (PS), methylviologen (N,N’-
dimethyl-4,4’-bipyridinium; MV2+) as an electron 
relay (Accepter), a platinum(II) complex as a 
water reduction catalyst (WRC), and EDTA·2Na 
(ethylenediaminetetraaceticacid disodium salt) 
as a sacrificial electron donor (Donor) (Figure 
2). For many years, we insisted in studying all 
catalysts under a common aqueous acetate 
buffer condition (pH=5.0) in which the driving 
force for the HER driven by MV+• is only 150 
meV. One of the most highly active catalysts 
(i.e., colloidal platinum) indeed works well so 
that the exploration of molecular catalysts 
active with this condition was believed to be 
the ideal target. The environmentally friendly 
aqueous conditions free on organic solvents 
were also considered to be the most suit-
able conditions when it happens to transfer 
the technology to the practical applications. 
Consequently, the Pt(II)-based catalysts had 
been for a long time the sole family of catalysts 
active under this condition until we reported 
on the second and third family of catalysts in 
2010s, i.e., carboxylate-bridged dirhodium(II) 
catalysts21 and a cobalt-NHC catalyst.22 The 
specific features of the Pt(II)2 dimers are repre-
sented by the short bridged Pt(II)-Pt(II) distance 
(ca. 2.8-3.0 Å) together with the air-oxidizable 
metal centers displaying a quasi-reversible 
two-electron one-step Pt(II)2/Pt(III)2 redox cou-
ple at ca. 0.4-0.6 V vs. SCE,23 which can also 
be correlated with the blue and red chro-
mophores in the mixed-valence tetranuclear 
Pt(2.25+)4 and Pt(2.5+)4 systems given by the 
stack of dimers. The subsequent studies on 
various mono- and dinuclear complexes sug-
gested that the metal-metal interaction plays a 

Figure 1. Handling the 2-electron-reduced fuels towards applications in renewable 
energy cycles.
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none-negligible role in the catalytic enhance-
ment.24-27 These studies provided various 
experimental and theoretical evidences sup-
porting our conclusion that the Pt(II)-catalyzed 
H2 evolution is often accelerated via formation 
of a hydridodiplatinum(II,III) intermediate: 2Pt(II) 
+ H+ + e- —> Pt(II)-Pt(III)-H. The stabilization 
of this intermediate has been interpreted in 
terms of the enhanced basicity of the electron 
pair in the filled Pt(II) dz2 orbital because of 
destabilization at the s*(dz2-dz2) antibonding 
orbital by the stack of two square-planar Pt(II) 
units. The high HER activity initially found for 
the amidate-bridged Pt(II)2 dimers may be sim-
ilarly explained. As noted earlier,17 the hydride 
formation accompanies the formal oxidation 
at the metal center (i.e., Pt(II)2  Pt(2.5+)2 + e-) 
and therefore the strongly donating property 
of ligands together with the filled-filled dz2-dz2 
interaction greatly contributes to the thermo-
dynamic stability of the Pt(II)-Pt(III)-H intermedi-
ate. Several other groups have so far reported 
on the results consistent with our conclusion.28 

On the other hand, we also attempted to 
develop the dyads and triads constructed by 
the covalent linkage of components selected 
from WRC, PS, Acceptor, and Donor.29-32 The 
first successful model was a PS-WRC dyad 
given by the amide coupling of [Ru(bpy)2(5-
amino-phen)]2+ (phen = 1,10-phenanthroline) 
and PtCl2(dcbpy) (dcbpy = 4,4’-dicarboxy-bpy) 
(Figure 2),24 which was turned out to be the 

first example of a photo-hydrogen-evolving 
molecular device promoting the water reduc-
tion to H2 in the presence of Donor (EDTA) 
without any additional components. Based 
on the photocatalysis experiments combined 
with the in-situ dynamic light scattering (DLS) 
measurements, the lack of colloidal platinum 
formation was clearly evidenced for many 
of such molecular devices developed in our 
group.25,30,31,33 

Developing PECs with a dark 
cathode rather than Tandem PECs

As mentioned above, the two-phase gas 
evolution technique adopted in our molecu-
lar-based photoelectrochemical cells (PECs) 
has a great advantage (Figure 3c). The original 
concept was developed by Fujishima and 
Honda in 1972 (Figure 3a).11 In their report, a 
TiO2 electrode, corresponding to an n-type 
semiconductor (SC), was irradiated by visible 
light to evolve O2 and H2 at the photoanode 
(TiO2) and the dark cathode (Pt), respectively, 
without applying external bias with the two 
compartments separated by a glass frit (Figure 
3a). They also pointed out that the photoir-
radiation at the cathode by replacing Pt by 
a p-type SC should result in more efficient 
water splitting. By following this concept, the 
molecular-based PECs with both electrodes 
subjected for light illumination are intensively 
studied for overall water splitting in recent 

years.34-37 Typically, such PECs consist of a 
photoanode modified with PS and WOC and 
a photocathode similarly modified with PS and 
WRC (Fig. 3b). These PECs are thus classified 
as Tandem PECs, where TiO2, SnO2, WO3 
or BiVO4 (n-type SC) is adopted in the pho-
toanode, while NiO, p-Si or p-GaP (p-type 
SC) is used in the photocathode. The word 
“tandem” denotes that two photosensitizers 
are connected in a tandem fashion in order to 
successively transfer a single electron based 
on twice of one-photon pumping. It means 
that two photons are required for the overall 
one-electron transfer. Theoretically, at least 
8 photons must be absorbed to split water: 
2H2O + 8hn  2H2 + O2, leading to the value 
of 50% in the highest attainable quantum 
efficiency for the overall photoreaction with 
this Tandem PECs. Some researchers mis-
leadingly define that “Tandem” is equivalent to 
the “Z-scheme in oxygenic photosynthesis by 
green plants (PS-II and PS-I drive water oxi-
dation and NADPH production, respectively)”. 
However, this is not the case because NADPH 
is not the only photoproduct. More impor-
tantly, the electron transport chain connecting 
the PS-II and PS-I generates the proton gra-
dient energy across the Thylakoid membrane 
which is used to mechanically drive the ATP 
synthase. To keep the value of 100% regarded 
as the standard theoretical maximum for the 
quantum efficiency of photoreactions, our 

Figure 2. Schematic representation of multi-component system for photochemical HER, and molecular structures of the Pt(II)2 dimers 
(WRC) together with the dinuclear Ru-Pt photocatalyst (PS-WRC dyad). 
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PECs (Figure 3c) intend to drive the cath-
ode reaction (HER) in the dark because of 
the much faster rate generally achieved for 
the HER compared to the OER (oxygen 
evolution reaction). In other words, the OER 
must be considered as a bottleneck in water 
splitting so that the overpotential required for 
the OER must be drastically controlled by 
finely tuning the redox properties of the PS 
together with the catalytic performance of 
WOCs in our photoanodes.

Why mesoporous TiO2 films? 
Why pyridyl anchors for stable 
adsorption?

The advancement of our projects on the 
molecular-based PECs largely relies on the 
knowledge and experimental techniques 
gained from the studies on dye-sensitized 
solar cells (DSSCs).38 We assume that 
mesoporous TiO2 films possess extremely 
high specific surface area (ca. 80 m2/g),39 
extremely larger than the apparent film 
area, and thereby permit the development 
of practically effective molecular-based 
PECs exhibiting relatively high hydrogen 
production capacity. Our initial effort was 
devoted to invent a new technique to pro-
duce tightly anchored molecular PECs 
which do not easily desorb the molecular 
components upon soakage into aqueous 
photolysis solutions. Both carboxylate 
and phosphonate anchors (Figure 4a,b) 
are widely adopted in making adsorption 
of polypyridyl ruthenium dyes and sub-
components in DSSCs, for they are rela-
tively stable anchors in acetonitrile solvent 
adopted. However, these anchors rather 
easily dissociate from the TiO2 surfaces 
due to the hydrolysis in aqueous media 
when adopted for the artificial photosyn-
thetic purposes, as described elsewhere.40 
In general, such dyes are highly soluble in 
water, which also contributes to the rapid 
desorption of dyes from the TiO2 surfaces. 
To substantially suppress desorption of 
molecular components, we decided to 
utilize pyridyl anchors (Figure 4c). This 
pyridyl anchoring technique was evoked 
by a report on DSSCs which revealed 
improvement in cell performance based 
on the enhanced co-adsorption of two 
components using both carboxylate and 
pyridyl anchors.41 To test our idea, we 
initially developed a PEC consisting of a 
dye-anchored photoanode and a dark 
platinum cathode (Figure 5).42 The TiO2-
based photoanode was modified with 
[Ru(dmbpy)2(qpy)]2+ (Ru-dmqpy; dmbpy 
= 4,4′-dimethyl-2,2′-bipyridine, qpy = 
4,4′:2′,2″:4″,4′′′-quarterpyridine) having 
two pyridyl anchors. By illuminating the 
photoanode by visible light in the presence 
of sacrificial Donor (EDTA), we could suc-
cessfully demonstrate the stable adsorp-
tion of Ru-dmqpy over the TiO2 surfaces 

in aqueous media by monitoring the sus-
tained evolution of H2 from the dark cathode. 
This behavior was also compared with the 
rapid deactivation of the PEC prepared by 
using a similar polypyridyl ruthenium dye 
possessing either carboxylate or phospho-
nate anchors instead of pyridyl anchors.42 
Importantly, the H2 evolution was found to 
proceed even without applying any external 
bias, in line with our direction to avoid the 
Tandem type PECs (Figure 5). 

Platinum(II)-based HER catalyst 
anchored to the cathode.

In spite of the superior zero-overpotential 
characteristics of the HER catalyzed by the 
platinum electrode, there has been a contin-
ued demand to develop comparably efficient 
non-precious metal HER catalysts for the sake 
of improving the cost effectiveness. However, 
as noted above, molecular catalysts capable of 
promoting the HER under the low driving-force 
conditions (150 meV by MV+•/MV2+) are quite 

Figure 3. Schematic representation of the PEC reported by Honda and Fujishima (a), 
tandem PECs (b), and PECs developed by the authors’ group (c). 
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limited. Stability of molecular catalysts tends to 
become lower under the strong light illumina-
tion so that attention should also be paid to the 
stable ligand frameworks. In addition, molecu-
lar motifs having pyridyl anchor(s) showing rel-
atively low solubility in water must be explored 
as a desirable target to be tightly anchored 
over the mesoporous TiO2 cathode surfaces.  
After our efforts, a platinum porphyrin having 
a single pyridyl anchor (PtP-py) was found to 
fulfill all these requirements (Figure 6).43 In the 
study, [Ru(dpbpy)2(qpy)]2+ (Ru-dpqpy; dpbpy 
= 4,4′-diphenyl-2,2′-bipyridine), possessing a 
higher hydrophobicity with stabler adsorption 
characteristics, was also used to improve the 
photoanode performance. The TiO2-based 
photoanode (FTO/TiO2/Ru-dpqpy) and the 
TiO2-based cathode (FTO/TiO2/PtP-py) were 
prepared by submersing the pristine FTO/TiO2 
electrodes into the solutions of Ru-dpqpy and 
PtP-py, respectively. Based on the absor-
bance change in each solution, the amounts 
of Ru-dpqpy and PtP-py adsorbed over the 
individual FTO/TiO2 electrode were estimated 
to be 0.12 and 0.10 μmol/cm2, respectively.44 
The detailed studies using the FTO/TiO2/
PtP-py cathode unveiled its extremely small 
onset overpotential for HER, which is even 
smaller than 50 meV. Although it still adopts a 
precious element, the single-atom nature per 
catalyst clearly achieves drastically higher cost 
effectiveness. Thus, at the PtP-py-modified 

Figure 4. Schematic representations of possible binding modes for carboxylate (a), 
phosphonate (b), and pyridyl (c) anchors over the TiO2 surfaces.

Figure 5. The FTO/TiO2/Ru-dmqpy photoanode and a platinum electrode connected with 
a simple conductive wire, exhibiting its high stability and effectiveness in H2 evolution at 
the dark cathode.42

TiO2 electrode,  H2 production proceeds spon-
taneously without the need for any additional 
external bias, in the same manner as observed 
when platinum was adopted at the cathode.42 
It must be noted here that the conduction band 
(CB) edge potential (i.e., flatband potential; EFB 
= -0.40 -0.059pH V vs. SCE45) possesses a 
driving force for H2 production larger than 50 
meV (ca. 160 meV), which is somehow closely 
correlated with the driving force for the MV+•-
driven HER at pH=5.0 (see above). We now 
postulate that the PtP-py anchored over the 
TiO2 surfaces cannot take the advantage of 
the above-mentioned dimerization pathway 
in order to lower the activation barrier for the 
often rate-limiting hydride formation process. 
Actually, the ideal p-p stacking distances 
of aromatic systems are ca. 3.4 Å, which 
clearly causes steric blockage to have a suf-
ficiently strong Pt-Pt association (e.g., 2.8-3.2 
Å) between the PtP-py units. An important 
insight gained in our recent study on the pho-
tocatalytic CO2 reduction by water-soluble 
cobalt porphyrins46 seems relevant to the 
reason why the filled Pt dz2 electron pair in 
PtP-py can raise its basicity without the aid 
of metal-metal association. Our DFT-based 
mechanistic study on the cobalt porphyrins 
unveiled that the filled dz2 orbital gradually 
increases its basicity upon successive porphy-
rin-based reduction processes.46 The injection 
of electrons into the vacant p* orbitals causes 

substantial congestion in the electron density 
surrounding the metal d orbitals, leading to 
cause the destabilization in some of the filled 
d orbitals. We thus speculate that the rela-
tively low overpotential achieved by PtP-py 
is induced by the porphyrin-based reduc-
tion processes. The detailed study is now in 
progress. 

Why electrons flow between the 
two electrodes with bias-free 
conditions?

To clarify the operation mechanism of 
our molecular-based PECs, linear potential 
sweep was made using a two-electrode 
configuration PEC made up of the FTO/
TiO2/Ru-dpqpy photoanode and FTO/TiO2/
PtP-py cathode.44 Using this setup, the pho-
toanode potential was scanned versus the 
cathode potential with the reference termi-
nal short connected to the cathode. The 
measurement was also combined with the 
light-on and -off switching cycles (Figure 7a). 
Thus, the potential axis has a description of V 
vs. cathode. The measurements were carried 
out using an acetate buffer solution (0.1 M, pH 
5.0) containing Donor (EDTA). Control exper-
iments were also carried out by suppressing 
either Ru-dpqpy or PtP-py in electrodes. 
One of the most remarkable results is that 
the photocurrent density reaches ca. 0.4 
mA/cm2 even at 0 V vs. cathode, indicating 
that a sufficient current flows even with this 
bias-free condition (Figure 7a).44 In addition, 
upon holding the anode potential at 0 V for 
1 h with the light-on condition, ca. 4.2 μmol 
of H2 evolved at the dark cathode with a near 
quantitative Faradaic efficiency. The results 
clearly indicated that electrons injected into 
the CB of TiO2 at the photoanode flow over 
to the cathode even without applying any 
external bias. Indeed, even by the lack of 
PtP-py in the cathode, the FTO/TiO2 cathode 
shows a color change into blue due to the 
substantial charge accumulation at the CB 
(Figure 7b,c).  It was also confirmed that the 
electrons reaching the cathode can effectively 
drive the HER catalyzed by PtP-py with vig-
orous evolution of bubbles (Figure 7d,e). By 
disconnecting the electrochemical analyzer 
from the PEC, we further ascertained that a 
relatively small photoinduced potential shift 
is given between the two electrodes. The 
observed shift is rather small (ca. 20 μV) 
but certainly caused the electromotive force 
(EMF) required to transfer electrons from the 
photoanode to the cathode. The origin of 
EMF was further investigated by observing 
the charge accumulation into the CB at the 
photoanode by simply illuminating the FTO/
TiO2/Ru-dpqpy electrode soaked in the 
solution containing Donor (EDTA) (Figure 7f). 
The in-situ absorption spectroscopy clearly 
evidenced the growth of a broad visible to NIR 
band ascribable to the charge accumulation 
at the CB of TiO2 (Figure 7f). The electron 
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filling into the CB causes a negative shift in 
the Fermi level of TiO2, which is known as a 
Burstein-Moss shift. We thus concluded that 
the origin of EMF in our PEC arises from the 
upward shift in the Fermi level of TiO2 at the 
photoanode, leading to promote the transfer 
of electrons to the cathode. This interpretation 
was further supported by the rational correla-
tion between the H2 evolution and the EMF 
(Figure 7g), for the rise in EMF (ca. 20 μV) and 
the H2 production both concomitantly take 
place only within the light-on period (Figure 
7g). These observations well rationalized the 
fact that the solar H2 production occurs at 
the cathode even under bias-free conditions. 

Splitting water by two TiO2 
electrodes anchored with molecular 
catalysts.

In spired by our previous finding in the 
water oxidation activity of cobalt porphyrins,47 
the anode photochemically driving water 
oxidation was initially designed to be given 
by co-adsorption of Ru-dpqpy (PS) and a 
cobalt porphyrin WOC possessing a pyridyl 
anchor (CoP-py; see Figure 8a). However, our 
study revealed that the FTO/TiO2/Ru-dpqpy/
CoP-py electrode does not show any desir-
able photocatalytic performance, which we 
assumed to be due to the lack of sufficient 
driving force for water oxidation when driven 
by the Ru(III)/Ru(II) couple of Ru-dpqpy. We 
thus postulated that the idealized PEC (Figure 
3c) is only achievable with an appropriate 
choice of the PS having a sufficiently higher 
driving force for the water oxidation catalyzed 
by CoP-py, which is now in progress. In order 
to precisely understand the driving force 
required to promote the water oxidation by 
CoP-py, we decided to examine the electrol-
ysis performance by the set of the FTO/TiO2/
CoP-py and FTO/TiO2/PtP-py electrodes 
when adopted in water splitting in the dark 
(Figure 8).48 As a result, this molecular-cata-
lyst-anchored water electrolyzer was found to 
promote simultaneous generation of H2 and 
O2 in a 2:1 molar  ratio with a nearly quantita-
tive Faradaic efficiency. The electrocatalytic 
performances of the anode and cathode were 
separately examined as a function of pH using 
the standard three-electrode configuration 
electrochemical cell (Figure 8b). The cathode 
exhibited its pH-independent characteristics, 
consistent with the pH-dependent shift of the 
flatband potential (see above) which exactly 
coincides with that of the equilibrium potential 
for water reduction: E(H2/2H+) = -0.059pH. On 
the other hand, the anode showed a decrease 
in the onset overpotential with increasing pH, 
consistent with the shift in water oxidation 
potential: E(H2/2H+) = 1.23-0.059pH. The 
smallest onset potential was observed to be 
minimized at pH=9.0 with the value of ca. 1.00 
V vs. SCE (i.e., 1.77 V vs. RHE), indicative of 
the onset overpotential of 540 meV for water 
oxidation with the CoP-py-anchored anode. 

As for the PtP-py-anchored cathode, the 
onset potential for HER was observed to be 
located more positive than 0.83 V vs. SCE 
(i.e., -0.06 V vs. RHE) at pH=9.0, revealing 
that the onset overpotential is even smaller 
than 60 meV. We finally adopted a two-elec-
trode configuration electrochemical cell by 
sweeping the anode potential versus the 
cathode potential which is shorted connected 
to the reference terminal. This setup allowed 
us to more clearly evaluate the water elec-
trolysis performance of our TiO2-electrode-
based electrolyzer. The large current derived 
from overall water splitting was thus observed 
with the applied potential of 1.8 V (Figure 8c). 
The minimum overall potential required to trig-
ger the water decomposition was determined 
as ca. 1.75 V by conducting the in-situ quan-
tification of the H2 and O2 evolved under var-
ious applied potentials. The result indicated 
that our molecular-catalyst-anchored water 
electrolyzer start splitting water with addition 
of 520 meV or more to the theoretical potential 
(1230 meV). This overall required overpoten-
tial (520 meV) corresponds to the sum of 

driving forces required to drive the HER and 
OER. Interestingly, this value is even less than 
the sum of the values independently deter-
mined for the anode and cathode using the 
three-electrode system (600 meV; see above). 
During 1 h of controlled potential electrolysis 
(CPE) using the applied potential of 2.2 V vs. 
cathode, corresponding to ca. 1.0 V of applied 
overall overpotential, this water electrolyzer 
produced H2 and O2 in a 2:1 molar ratio (5.9 
± 0.8 and 3.1 ± 0.3 μmol, respectively) with a 
nearly quantitative Faradaic efficiency (90 ± 
6% and 94 ± 4%, respectively) (Figure 8d). The 
TONs based on the amounts of PtP-py and 
CoP-py adsorbed over the individual FTO/
TiO2 electrode were estimated to be 59 ± 8 
and 31 ± 3, respectively. An interesting obser-
vation for this water electrolyzer is that H2 
production continues to occur until satisfying 
the quantitative Faradaic efficiency even after 
stopping the 1 h of CPE, while such a delay 
response is not observed for O2 production 
(Figure 8d). The delayed action in the cathode 
was rationally interpreted by the fact that the 
electrons transferred from the anode are once 

Figure 6. (a) Schematic representation of molecular-based PEC cell for solar H2 
production reported by authors′ group.43,44 (b) Schematic diagram and photograph of the 
molecular-based PEC consisting of the FTO/TiO2/Ru-dpqpy photoanode and the FTO/
TiO2/PtP-py cathode.



86  |  December 2021� www.facs.website

charged into the CB in the cathode followed 
by their delayed consumption in the PtP-
py-catalyzed HER. This behavior is clearly 
attributable to the uncontrollable nature of 

the driving force for the HER using the CB of 
TiO2. We also confirmed that both PtP-py and 
CoP-py are intact for at least an hour under 
the above water electrolysis conditions. Thus, 

our study, for the first time, demonstrated that 
a molecular-catalyst-based water electrolyzer 
is achievable by employing the mesoporous 
TiO2 films as the electrode materials on both 
anode and cathode. The band engineering 
enabling the fine tuning of the CB levels in 
both electrodes is considered as one of the 
important strategies towards the develop-
ment of advanced technology for the solar 
hydrogen generation.  

Summary and Outlook
We have emphasized the importance of keep 

tackling to innovate the solar-driven hydrogen 
generation technology by appreciating rather 
highly advanced technology in the hydrogen 
fuel cells which are likely to offer a significant 
contribution to our future society because of 
their sufficiently high fuel-to-electricity conver-
sion efficiency together with the high capacity 
enabling the large scale energy supply based 
on the storable high energy density fuels. In 
sharp contrast with the artificial fuel gener-
ation methods recently explored by other 
researchers, our fuel generation method is 
designed to avoid the gas separation facility 
together with the double photon pumping 
route to transfer one electron. These strate-
gies intend to make our target photosynthetic 
devices amenable to produce the highest 
achievable energy on the basis of the solar 
light energy absorbed. Nature has somehow 
achieved such photosynthetic systems after 
repeating a few billion years of evolution pro-
cesses. Nature does not evolve flammable 
fuels mixed with dioxygen by smartly con-
verting their fuels into water-soluble as well 
as recognizable forms. The side product, 
that is, dioxygen is simply ejected from the 
organism. The chemical engineering features 
are thus well advanced in natural organisms. 
We notify that such chemical engineering 
part of research has not been well advanced 
in the field of artificial photosynthesis. The 
advanced studies on such issues are thus 
likely to open up a new avenue of research. 
In this review, we also discussed some of our 
successful advancement in getting deeper 
insights into the mechanisms of molecular 
catalysis related to energy conversion pro-
cesses. Development of molecular-anchored 
photosynthetic systems largely relies on the 
knowledge gained from the basics studies on 
the small molecular systems. Since our ability 
to control the molecular catalytic properties is 
still quite limited, we should further advance 
our knowledge and artificial skills to finely 
control all the photochemical and electro-
chemical actions of the molecular systems in 
our hand.  � ◆
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Figure 7. (a) Linear sweep voltammograms (LSV) for our PECs under intermittent 
irradiation (λ > 400 nm). Photographs of the FTO/TiO2 and the FTO/TiO2/PtP-py 
cathodes before (b,d) and after (c,e) the LSV measurements under irradiation condition. 
(f) Spectral changes during the visible light irradiation to the FTO/TiO2/Ru-dpqpy 
electrode submerged into an acetate buffer solution containing 30 mM EDTA under Ar. 
(g) Time course of the EMF and the amount of H2 evolved under intermittent irradiation.44

Figure 8. (a) Schematic representation of molecular-catalyst-anchored water electrolyzer 
consisting of the FTO/TiO2/CoP-py anode and the FTO/TiO2/PtP-py cathode (coverage 
of catalyst, 0.10 μmol/cm2 for each). (b) The pH dependences in the LSVs measured for 
either the anode or cathode (100 mV/s). (c) LSVs with the cathode short connected to 
the reference terminal (0.1 M borate buffer, pH=9.0). (d) The H2 and O2 evolved over time 
during 1 h of electrolysis with the anode potential held at 2.2 V vs. cathode (pH=9.0), 
where the dashed line  corresponds to the amount of each gas expected for the 100% 
Faradaic efficiency.48
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