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Recent developments in photocatalytic hydrogen production
by using artificial photosynthesis systems is described, to-
gether with those in hydrogen storage through the fixation
of CO, with H,. Hydrogen can be stored in the form of formic
acid, which can be converted back to H; in the presence of
an appropriate catalyst. Electron donor-acceptor dyads are
utilized as efficient photocatalysts to reduce methyl viologen
(MV?*) by NADH (B-nicotinamide adenine dinucleotide, re-
duced form) analogues to produce the methyl violgen radical
cation that acts as an electron mediator for the production of
hydrogen. Porphyrin-monolayer-protected gold clusters that
enhance the light harvesting efficiency can also be used for
the photocatalytic reduction of methyl viologen by NADH
analogues. The use of a simple electron donor-acceptor
dyad, the 9-mesityl-10-methylacridinium ion (Acr*-Mes), en-
ables the construction of a highly efficient photocatalytic hy-
drogen-evolution system without an electron mediator such

as MV?2* with poly(N-vinyl-2-pyrrolidone)-protected plati-
num nanoclusters (Pt-PVP) and NADH as a hydrogen-evol-
ution catalyst and an electron donor, respectively. Hydrogen
thus produced can be stored in the form of formic acid (li-
quid) by fixation of CO, with H, in water by using ruthenium
aqua complexes [Ru'(n®-C¢Meg)(L)(OH,)]** [L = 2,2'-bipyr-
idine (bpy), 4,4'-dimethoxy-2,2'-bipyridine (4,4'-OMe-bpy)]
and iridium aqua complexes [[I''Cp*(L)(OH,)]** (Cp* = n°-
CsMes, L = bpy, 4,4'-OMe-bpy) as catalysts at pH 3.0. Cata-
lytic systems for the decomposition of HCOOH to H, are also
described. The combination of photocatalytic hydrogen gen-
eration with the catalytic fixation of CO, with H, and the
decomposition of HCOOH back to H, provides an excellent
system for cutting CO, emission.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The rapid consumption of fossil fuel has caused unac-
ceptable environmental problems such as the greenhouse ef-
fect by CO, emission, which could lead to disastrous cli-
matic consequences.!'?! The consumption rate is expected
to increase further by at least a factor of two by the middle
of the century because of population and economic growth,
particularly in the developing countries. Thus, renewable
and clean energy resources are required in order to solve
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global energy and environmental issues. Among renewable
energy resources, solar energy is by far the largest exploit-
able resource.”!

Hydrogen is a clean energy source for the future and can
be used to reduce the dependence on fossil fuels and the
emissions of greenhouse gases in the long-term.[’] Should
greenhouse warming turn out to be an important problem,
the key advantage of hydrogen is that carbon dioxide is not
produced when hydrogen is burned to produce only water.
Hydrogen should be produced, ideally by splitting water
(H>0), by using solar energy. Hydrogen storage is also a
key enabling technology for the advancement of hydrogen
and fuel cell power technologies in transportation, station-
ary, and portable applications.*]

The development of artificial photosynthesis systems by
using a large portion of the solar spectrum would be a
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major advance in energy production and a critical break-
through with respect to the rising concern of environmental
pollution caused by the use of conventional fossil fuels.!]
The design of such systems can be guided by the key steps
of natural photosynthesis, such as the efficient capture of
visible light photons and electron/hole separation through
electron transfer to give energetic oxidizing and reducing
equivalents with long lifetimes (=1 ).’ However, even a rel-
atively simple bacterial photosynthesis system is extremely
complex, and its synthetic imitation has been a challenging
task.

Mimicking of the natural photosynthesis process requires
synthetic models of all the important components and the
linking of these models together into a working molecular
assembly. There have been a number of excellent reviews
on electron donor—acceptor ensembles as synthetic models
mimicking charge-separation processes in the photosynthe-
sis reaction center.[® 18]

In this review, recent developments in photocatalytic hy-
drogen production is described, with a focus on the combi-
nation of synthetic models of charge-separation processes
in the photosynthesis reaction center and catalysts for hy-
drogen evolution. A proposal for the storage of hydrogen is
also described in relation with the important issue of the
reduction in CO, emission.

Photocatalytic Hydrogen Evolution with Electron
Mediators

A large number of photocatalytic hydrogen-evolution
systems have been developed in the past decades.['* 34 Such
systems usually consist of an electron donor, a photosensi-
tizer, an electron mediator such as methyl viologen (MV?>*),
and a hydrogen-evolution catalyst such as Pt nanoclusters
(Scheme 1). Photosensitizers have been linked covalently or
noncovalently with MV?* in order to improve the charge-
separation efficiency in the hydrogen-evolution photocata-
lytic system.*!-34 However, the lifetime of the charge-sepa-
rated state is relatively short, and the catalytic activity of
hydrogen production with MV is also low, and it therefore
takes a long time (e.g. hours) to obtain an appreciable
amount of hydrogen.

Sensmzer MV2+
Donor™ Sensmzer me-NT )~ - Me
Donor Sensmzer MV*+

Scheme 1. Conventional photocatalytic systems for hydrogen evol-
ution with an electron mediator (methyl viologen).

In order to attain long-lived charge-separated (CS) states,
extensive efforts have so far been devoted to develop elec-
tron donor—acceptor linked systems that can be used in the
mimicking of photoinduced electron-transfer processes in
the natural photosynthesis reaction center.l>'®l Electron
donor—acceptor ensembles such as zinc porphyrin-Cg
1352
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(ZnP-Cg)*1 and the zinc porphyrin-free base porphyrin-
fullerene triad (ZnP-H,P-Cq)i*>! have been shown to act as
efficient photocatalysts for the uphill oxidation of an
NADH  analogue, 1-benzyl-1,4-dihydronicotineamide
(BNAH),®l by hexyl viologen (HV?*), as shown in
Scheme 2.3 Electron transfer from BNAH to ZnP™™ is exo-
thermic, considering the one-electron oxidation potential of
BNAH (E,, = 0.57 V vs. SCE),[*® which is 0.14 V less posi-
tive than the reduction potential of ZnP™* (0.71V wvs.
SCE).?! Electron transfer from Cgo~ (Eox = —0.67 V vs.
SCE)B to HV?* (E,.q = —0.42V vs. SCE)P! is also exo-
thermic. Thus, once the CS state is obtained by photoirradi-
ation of ZnP-Cgy, the oxidation of BNAH and the re-
duction of HV?* are accomplished by electron transfer with
ZnP* and Cg,, respectively (Scheme 2).5371 The occurrence
of such an electron transfer was confirmed by laser flash
photolysis measurements.[*” Thus, both ZnP-Cg, and ZnP-
H,P-Cg, donor-acceptor ensembles act as efficient photo-
catalysts for the uphill oxidation of NADH analogues by
HV?* in benzonitrile. In the case of ZnP-Cy,, the quantum
yield of the photocatalytic reaction increases with increas-
ing concentration of HV?* or BNAH, to reach a limiting
value of 0.99.371 The limiting quantum yields of ZnP-Cg,
and ZnP-H,P-Cg, agree well with the quantum yields of the
CS states ZnP*-Cgy~ and ZnP*-H,P-Cg,~, respectively.*!
The longer lifetime of the ZnP*-spacer-Cg,~ state in the
triad (8.3 ps) relative to that of the dyad (0.8 us) results in
facilitated redox reactions involving the CS state, BNAH
and HV?*.B71 A different NADH analogue (10-methyl-9,10-
dihydroacridine) can also be used as an electron source.?”!

ZnP-H,P-Cgp
ZnP -Ceo 6H13
H H
ONHz BNAH
| | 057V _
'}‘ (CIO4 )2
ZnP -C
. 60 N
071V -0.67V _
BNAH'™* Hv2r N
-0.42V 05H13

ZnP™-HyP-Cgy™
067V 067V

Scheme 2. Photocatalytic reduction of hexyl viologen (HV?>*) by an

NADH analogue (BNAH) with an electron donor—acceptor dyad
(ZnP-Cg) and triad (ZnP-H,P-Cg).7)
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The light-harvesting efficiency has been significantly en-
hanced by the construction of three-dimensional architec-
tures of monolayer-protected gold nanoclusters with por-
phyrins (H,PCnAuMPC), as shown in Figure l1a.[*%
H,PCnAuMPC was prepared by reduction of AuCl, with
NaBH, in toluene containing bis(porphyrin) disulfide.[*®]
The mean diameter of the gold core determined by TEM
(Figure 1b) was 2.4 + 0.6 nm.[3®¥ The interaction of the por-
phyrin excited state with the gold nanocluster is reduced
significantly, relative to the bulk gold surface, because of
the “quantum effect”,?*4%1 which enables the development
of a new type of light-harvesting materials.[3%]

The photocatalytic function of the three-dimensional
porphyrin monolayer-protected gold nanoclusters (MPCs)
with different chain lengths (H,PCnAuMPC: n = 3, 11) has
been examined in the reduction of HV?* by BNAH and
compared with that of the reference porphyrin compound
without metal nanoclusters.*!l The fluorescence lifetime
(60 ps) of H,PC;AuMPC is shorter than that of
H,PC,;;AuMPC (130 ps) because of the faster energy trans-
fer from 'H,P* to the gold nanocluster with the shorter
chain length.*! In such a case, H,PC;;AuMPC acts as a
more efficient photocatalyst than H,PC3;AuMPC and the
reference porphyrin for the uphill reduction of HVZ" by
BNAH to produce BNA* and HV'* in benzonitrile.[*!! The
quantum yield reaches a maximum value at an extremely
small concentration of HV>*, which is significantly larger
than the corresponding value for the reference porphyrin
compound.[*!] The three-dimensional architectures of por-
phyrin MPCs with a large surface area allow the interaction
of HV?* with the MPCs to form the supramolecular com-
plex, which results in fast electron transfer from the singlet
excited state of the porphyrin to HV>" on the MPCs
(Scheme 3).*!1 This is the reason why the quantum yield for
the photocatalytic reduction of HV>* by BNAH reaches a
maximum value at an extremely small concentration of
HV?* when the surface of MPCs is covered by HV?*.
BNAH is oxidized by the resulting H,P™* to produce

(@)

H,PC,AUMPC: n =11, 3
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BNAH™* and is accompanied by the regeneration of
H,PC11AuMPC. The subsequent step is the deprotonation
of BNAH™ 1% followed by electron transfer from BNA" to
HV?* (Scheme 3).[4!1 Thus, the light-harvesting efficiency of
the MPCs is significantly better than that of the reference
compound.

Ar
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Q:ArNHco > = Hv2

Ar
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HoPC11AUMPC HoPC11AUMPC/HV2*

Hv2+

BNAH®™* > BNA®
C hv
BNAH
f THoP'C11AUMPC/HV2*

HV**

HoP™*C11AUMPC

Scheme 3. Photocatalytic reduction of hexyl viologen (HV?") by an
NADH analogue (BNAH) with the porphyrin monolayer-protected
gold nanocluster (H,PC11AuMPC) through the formation of the
supramolecular complex between H,PC11AuMPC and HV?* 141

Once the viologen radical cation is formed, electron
transfer from the viologen radical cation to the platinum
nanoclusters results in the evolution of hydrogen by using
H™*. The catalytic efficiency of hydrogen evolution is im-
proved significantly by using water-soluble platinum nano-
clusters functionalized with methyl viologen-alkanethiol

Ar
=S nannvof J = —S(CH,),0CHN— ) $ Ar Ar=35-(Bu),CeHs,
Ar

Figure 1. Porphyrin monolayer-protected gold nanocluster (H,PCnAuMPC) and the TEM image (n = 11).138
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(MVA?Z2*).[#2] The methyl viologen-modified platinum nano-
clusters (MVA2*-PtC) were prepared by applying the same
method used for the preparation of alkanethiolate-modified
gold nanoparticles,*>** ie. reduction of H,PtCly with
NaBH, in water containing MVA?* (MVA2*/H,PtCl, =
1:1), as shown in Scheme 4.2 The mean diameter of the
platinum core (2RCORE) was determined by transmission
electron microscopy (TEM) as 1.9 nm range,™?! which is
similar to the diameter reported for the water-soluble plati-
num nanoclusters.[*>4°1 MVA?*-PtC with a diameter of
1.9 nm comprises 210 platinum atoms, of which 130 lie on
the Pt surface. The number of MVA?* species on the Pt
surface is determined as 67 from the elemental analysis of
MVA?*-PtC.[#2

MVAZ = C—

(MVA2* /Pt = 1/1)
Me—N{r /

TSN SSH
NaBHj in Hy0

7" (N0,
.

HoPIClg

MVA2+-PtC
proposed structrue

Scheme 4. Synthetic procedure for methyl viologen-modified plati-
num nanoclusters (MVA2*—PtC).[42!

The photocatalytic system for hydrogen evolution with
NADH as a sacrificial agent in an aqueous solution
(Scheme 5)[*? has been constructed by using MVA2*—PtC
and a simple electron—donor dyad, 9-mesityl-10-methylac-
ridinium ion (Acr*-~Mes), which is capable of fast photoin-
duced electron transfer, but extremely slow back electron
transfer.*”#8] As a result, the rate of evolution of hydrogen
for the photocatalytic system with MVA2*—PtC is 10 times
faster than that for the photocatalytic system with a mix-
ture of the same amount of MVA2* and platinum clusters
as that in MVA2*-PtC under the same experimental condi-
tions.[4?]

NADH** Acr'-Mes

X MVAZ2*—PtC 1/2 Hy
NADH Acr’-Mes™*

Th" MVA**-PtC H*
Acr*—Mes Acr*—Mes

Scheme 5. Phocatalytic scheme for the evolution of hydrogen with
NADH by using Acr*~Mes and MVA?*—PtC as the photocatalyst
and proton reduction catalyst, respectively.’]

First, the photoirradiation of Acr*—Mes results in forma-
tion of the electron-transfer state (Acr—Mes™*).[47-491 The
electron-transfer oxidation of NADH and the electron-
transfer reduction of MVA2* in MVA2*-PtC then occur
with Acr'—~Mes™. Both processes are thermodynamically
feasible, because the one-electron oxidation potential of
NADH (E,, = 0.76 V vs. SCE)%311 is less positive than the
one-electron reduction potential of the Mes™ moiety of
Acr—Mes™ (E.q = 1.88 V vs. SCE)*"] and the one-electron
1354
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oxidation potential of the Acr" moiety (Ey,x = —0.57 V vs.
SCE)“"! of Acr—Mes™* is more negative than the one-elec-
tron reduction potential of the MVA?" moiety in MVA?*—
PtC (E.q = —0.50 V).[*?l In contrast, however, electron
transfer from Acr—Mes™* (E., = —0.57 V vs. SCE) to MV?*
(Ereq = —0.67 V) is energetically unfavorable because the E,,
value of Acr'—Mes™ is more positive than the E,.q value of
MV2* 121 In such a case, MV?" may be reduced by NAD",
which is produced by deprotonation of NADH™, since the
electron transfer from NAD' (Eo, = —1.1 V vs. SCE)PP%31 to
MV?* (E,.q = —0.67V) is highly exergonic. Thus, Acr—
Mes™* is more efficiently quenched in the NADH/MVA2*—
PtC system than in the NADH/MV?*/Pt—PVP system. In
addition, the electron transfer from MVA™* to the Pt clus-
ters is certainly more efficient in the MVA2*-bound Pt clus-
ters relative to the intermolecular electron transfer from
MV to Pt-PVP in solution, which leads to the 10 times
faster H, evolution rate.[*?]

Photocatalytic Hydrogen Evolution without
Electron Mediators

As described above, an electron mediator such as MV2*
is believed to be required in the photocatalytic hydrogen-
evolution system (Scheme 1). However, a highly efficient
photocatalytic hydrogen-evolution system without an elec-
tron mediator, composed of Acr*~Mes, NADH, and a
water-soluble platinum colloid, has been constructed to
achieve the highest quantum yield for hydrogen production
(26 = 3%) ever reported.l>? Photoirradiation (4 > 390 nm)
of a deaerated phthalic acid buffer (pH 4.5, 50 mm) and
MeCN [1:1 (v/v)] mixed solution (2.0 cm?®) containing
Acr*~Mes (0.10 mm), NADH (1.0 mMm), and Pt-PVP
(0.20 mg) results in the highly efficient evolution of hydro-
gen.5? Figure 2 shows the dependence of the amount of
hydrogen evolved on the irradiation time in the absence (e)
and presence (0) of MV?2*.521 The hydrogen-evolution rate
in the absence of MV2* was determined as 14.7 pmolh™!
from the slope of Figure 2, which is 300 times faster than
that with MV?* (0.05 pmolh™'). This indicates that MV?>*
acts as an inhibitor in this photocatalytic hydrogen-evol-
ution system.

The significant retarding effect of MV>* on the photo-
catalytic evolution of hydrogen seen in Figure 2 is attributed
to efficient electron transfer from Acr—Mes to MV?*, which
results in the formation of MV'™*. This latter species is much
less reactive than Acr'—Mes for the reduction of Pt—-PVP to
produce hydrogen. The rate of electron-transfer reduction
of Pt-PVP by Acr-Mes is much faster than that by
MV * .52 Under the same experimental conditions as that
for Figure 2 (generated hydrogen was analyzed 1 min after
photoirradiation), MV™ remained in the resulting solution
because of slow electron transfer from MV™* to Pt-PVP,
whereas no Acr—Mes remained without MV?" because of
the much faster electron transfer from Acr'—Mes to Pt-PVP.
Such a difference in the electron-transfer reactivity between
Acr—~Mes and MV may result from the absence of electro-

Eur. J. Inorg. Chem. 2008, 1351-1362
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Figure 2. Dependence of evoltuion of hydrogen on the irradiation
time under steady-state irradiation (4 > 390 nm) of a deaerated
phthalic acid buffer (pH 4.5, 50 mm) and MeCN [1:1 (v/v)] mixed
solution (2.0 cm?) containing Acr*~Mes (0.10 mmoldm—3), NADH
(1.0 mmoldm™3), and Pt-PVP (0.20 mg) in the absence (o) and
presence (o) of MV?* (5.0 mm) at 298 K152l

static repulsion between the neutral electron donor (Acr—
Mes) and Pt-PVP with the positive charge on the Pt sur-
face,[>>34 in contrast with the positively charged electron
donor (MV'™"). The rate constant of the electron-transfer
reduction of Pt-PVP by Acr—Mes increases linearly with
decreasing pH (pH 4.5-5.9).1?] This indicates that proton-
coupled electron transfer from Acr'—Mes to Pt-PVP is the
rate-determining step in the catalytic evolution of hydrogen.
The active site of Pt—PVP may be Pt""-PVP on the surface,
which can be reduced by Acr—Mes in the presence of H*
to produce a Pt—H intermediate.

The laser photoirradiation of Acr*~Mes with NADH re-
sults in electron transfer from NADH to Acr—Mes™ to pro-
duce the NADH radical cation (NADH ™) and Acr'—Mes.
The formation of Acr—Mes is clearly seen as the transient
absorption band at A,,,, = 520 nm. The transient absorp-
tion due to NADH'™ is not seen, but instead the initial
bleaching at 420 nm increases and is accompanied by an
increase in the intensity of the absorption band at 520 nm
assigned to Acr—Mes. This indicates that additional Acr'—
Mes is formed by electron transfer from NAD’, which is
formed by rapid deprotonation of NADH*, to Acr*—Mes
as shown in Scheme 6. The increase in bleaching results
from a decrease in the intensity of the absorption band at
420 nm assigned to NAD". As a result, 2 equiv. Acr'—Mes
are produced by 1 equiv. NADH that acts as a two-electron
donor. The quantum yield for the formation of Acr'—Mes
was determined to be 0.52 from the absorbance band at
520 nm assigned to the Acr’ moiety.’?

The total quantum yield for the evolution of hydrogen
(@) was then determined by comparing the amount of hy-
drogen evolved with that of Acr—Mes.’?l Figure 3 shows
that the amount of hydrogen is half that of Acr—Mes.P? As
a result, the value of @ was determined to be 0.26 =0.03%
by comparison with the quantum yield of Acr—Mes
(0.52).121

NADH used as an electron source can be replaced by
ethanol, because ethanol can reduce NAD" to regenerate

Eur. J. Inorg. Chem. 2008, 1351-1362
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Scheme 6. Photooxidation mechanism of NADH following the
photoexcitation of Acr*—Mes.??!
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Figure 3. Comparison of the amount of evolved hydrogen and of
Acr'—Mes after laser excitation (4 = 430 nm) of a deaerated phthalic
acid buffer (pH 4.5, 50 mm) and MeCN [1:1 (v/v)] mixed solution
(2.0 cm?) containing Acr*~Mes (0.10 mM) and NADH (2.0 mm) at
298 K.1*21

NADH in the presence of alcohol dehydrogenases
(ADH).31 Photoirradiation (4 > 390 nm) of a deaerated
phosphate buffer solution containing ethanol, Acr*—Mes,
ADH, NAD", and Pt-PVP results in the formation of hy-
drogen from ethanol (Scheme 7).1?

Me Enzymatic System Acr'-Mes**

[ ] ? hv
Me » Me  GCHaCHO + 2H* NADH Acr*-Mes Ho
S
2o a( -l
N CH3CH,OH NAD* + H* Acr'-Mes 2H*
Me | |

Acr—Mes Phot: iytic H, Evolution Sy

Scheme 7. Phocatalytic scheme for the evolution of hydrogen from
ethanol with Acr*~Mes, ADH, NAD", and Pt-PVP[2

A photocatalytic hydrogen evolution system without an
electron mediator was also made by using a “molecular de-
vice” composed of a bis(2,2'-bipyridine)ruthenium(II) de-
rivative and a dichloro(2,2’-bipyridine)platinum(II) deriva-
tive, [RuPt]?*, in the presence of a sacrificial electron donor
(EDTA) in water under illumination by visible-light.[>]
[RuPt]** was prepared by 1:1 condensation of [Ru-NH,]**
([Ru(5-aminophen)(bpy),J>*;®”"  phen = 1,10-phenan-
throline, bpy = 2,2'-bipyridine) and 4,4'-bis(chlorocar-
bonyl)-2,2'-bipyridine, which first afforded a complex li-
1355
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gand [Ru-bpy]** (Scheme 8).°%1 The chloride salt of this
complex reacts with K,PtCl, in water to give [RuPt]**
(Scheme 8).°¢! The [RuPt]>** complex is effective in the
visible-light-induced EDTA-reduction of water to H,, al-
though the quantum yield is rather low (@ = 1%).15¢

oo Gy

[Ru—NH:]** [Ru-bpy]?* Ho0°
e s "
KoPtCl, gl . il
C\U Ne__.CI
=N e

[RuPtj?* Hoo°¢ )

Scheme 8. Synthetic procedure for the preparation of a “molecular
device” [RuPt]** composed of the bis(2,2’-bipyridine)ruthenium(II)
derivative [Ru-NH,]*" and a dichloro(2,2’-bipyridine)platinum(II)
derivative.[%¢!

The interfacing of nanostructured semiconductor photo-
electrodes with redox proteins acting as light-absorbing
chromophores (Scheme 9) has also provided an innovative
approach to the development of photocatalytic hydrogen-
evolution systems.[®®! The photoinduced electron transfer
from zinc-substituted cytochrome ¢, ZnCyt-c¢, immobilized
on mesoporous, nanocrystalline metal oxide electrodes oc-
curs by the transfer of an electron from the triplet state of
ZnCyt-c to the TiO, electrodes. This results in a long-lived
CS state (lifetime of up to 0.4 s). The optimum yield of a
long-lived CS state was obtained by employing TiO, elec-
trodes at pH 5. The addition of EDTA as a sacrificial elec-
tron donor to the electrolyte resulted in efficient photo-
generation of H, with a quantum yield per absorbed pho-
ton of 10+ 5%.58 This value is higher than that reported
previously for analogous dye-sensitized nanocrystalline
TiO, photoelectrodes.’*%1 The high efficiency may result
from the long lifetime (0.4 s) of the TiO,(e")/ZnCyt-c* CS
state, along with a reasonable CS quantum efficiency.

Metal oxide
nanoparticle

-+
VB D

Scheme 9. Schematic representation of the ZnCyt-c/metal oxide
based artificial photosystem.[®!
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Alternatives to Pt Catalyst for H, Evolution

The hydrogen-evolution step described above is catalyzed
most effectively by the Pt group metals. It would be prefera-
ble to replace those metals by metals that are cheap and
abundant. In this context, hydrogenases have also been used
instead of Pt nanoclusters as catalysts for photocatalytic hy-
drogen evolution.?*3% Hydrogenase enzymes have merited
considerable interest, because they can catalyze the hydro-
gen-evolution reaction and the reverse reaction at rapid
rates at room temperature.[°’-?l Hydrogenases contain met-
als that are less noble than Pt; [NiFe] hydrogenases repre-
sent the largest class of hydrogenases and contain an Ni
and a Fe atom, whereas Fe-only hydrogenases contain one
or two Fe atoms.[®'-¢4 The efficient catalytic function of
hydrogenases for hydrogen evolution and the increasing de-
mand for a cheaper metal catalyst to replace the expensive
Pt catalyst have fuelled intensive research aimed at the syn-
thesis of close molecular mimics that can achieve a compar-
able catalytic activity.[%> 7]

X-ray crystallographic studies have shown that the core
structure of [NiFe] hydrogenase from D. gigas in the resting
state consists of one nickel atom and one iron atom, which
are bridged by two cysteic thiolates and one unidentified
ligand (X), as shown in Figure 4.18-6°1 The bridging ligand
X in the resting state is believed to be an oxygen-containing
ligand such as H,O, OH-, or O, .7 The active form is
believed to be a [Ni(u-H)Fe] species that may be produced
by the heterolytic activation of H, with the resting form.[!]
The first successful isolation and determination of a crystal
structure of the molecular mimics of the active form of
hydrogenases has been achieved for a [Ni(u-H)Ru] com-
plex, [(OH)Ni'"(u-H)(L)Ru"(1°-CeMe)[(NOs) [L = N,N'-
dimethyl-N,N'-bis(2-mercaptoethyl)-1,3-propanediamine],
which was synthesized from the reaction of a dinuclear
[NiRu] aqua complex [Ni''(L)Ru(n®-C¢Meg)(OH,)]]-
(NO3), with H, in water under ambient conditions
(Scheme 10).71

Figure 4. Core structure of the resting form of [NiFe] hydrogenase
from D. gigas determined by X-ray analysis.[”"!

12+ H, H -1+
PSS
in H,O tS/Ruu

(20°C, 0.1 MPa)
pH7
Scheme 10. Formation of a [Ni(u-H)Ru] complex by the reaction
of a dinuclear [NiRu] aqua complex with H,.[!]

/ﬁ\
\Nl" /Ru'
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The X-ray analysis of the dinuclear [Ni(p-H)Ru] complex
indicates that the structure is similar to the core structure
of the proposed active form of [NiFe] hydrogenase (Fig-
ure 5).711 The metal ions and the bridging ligands cooperate
to activate H, in water under ambient conditions. The ge-
ometry around the Ni'l ion changes from square planar for
the [NiRu] aqua complex to distorted octahedral for the
[Ni(p-H)Ru] complex. The tunable Ni-S—Ru bite angles al-
low such a structural change in the dinuclear complex. The
H,O ligand of the [NiRu] aqua complex may play an im-
portant role in the activation of H, by accelerating the het-
erolytic cleavage by acting as a base.

Figure 5. X-ray crystal structure of a [Ni(u-H)Ru] complex, [(OH,)-
Nil(u-H)(L)Ru''(n®-C¢Meg)]* (L = N,N'-dimethyl-N,N’-bis(2-mer-
captoethyl)-1,3-propanediamine).[’!]

Nitrogenases are also effective catalysts for the hydrogen-
evolution reaction.[’>73] The structure of the nitrogenase
active site (Figure 6a)l’4 and the MoS, edge structure (Fig-
ure 6b)["! are similar, namely the sulfur atom, which binds
hydrogen, is coordinated to two metal atoms, either to mo-
lybdenum or to iron. Only the edges of MoS, are important
as the catalytic site, since the basal plane of MoS, is catalyt-
ically inactive.’® A good material would be nanometer-
sized MoS, crystallites supported on, for example, graphite,
which is conducting but otherwise inert. Nanosized MoS,
clusters on a graphite support were prepared and exhibit
the catalytic activity for electrochemical hydrogen evol-
ution.[”] Electrocatalytic activity for the evolution of hydro-
gen correlates linearly with the number of edges on the
MoS, catalyst.[””] Further studies on molecular mimics of
hydrogenases and nitrogenases are necessary for the devel-
opment of more efficient catalysts for the hydrogen-evol-
ution reaction.

(@)
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H, Storage with CO,

Hydrogen has attracted considerable attention recently
with increasing interest as an environmentally acceptable,
alternative energy carrier.l’7°1 However, hydrogen is quite
difficult to store or transport with current technology, be-
cause hydrogen gas has a poor energy density by volume
relative to hydrocarbons, and it therefore requires a larger
tank for storage purposes. By increasing the gas pressure
the energy density by volume would improve, which would
result in a smaller volume. However, the compression of
hydrogen gas requires energy to power the compressor and
also heavy container tanks. Thus, hydrogen storage is a sig-
nificant challenge for the widespread use of hydrogen as a
renewable fuel. Current approaches towards the storage of
hydrogen include compressed hydrogen-gas tanks, liquid-
hydrogen tanks, metal hydrides, carbon-based materials/
high surface area sorbents, and chemical hydrogen storage.
Low-cost, energy-efficient storage of hydrogen is definitely
needed for stationary and portable applications in the hy-
drogen-delivery infrastructure.

In this context, the conversion of H, with CO, to formic
acid (HCOOH) merits special attention because HCOOH
is a liquid that is easy to store and carry. In addition,
HCOOH is a valuable raw material in organic syntheses
and also an important intermediate in the water gas shift
reaction.882 If H, is readily converted with CO, to
HCOOH, which can also be converted back to H, whenever
H, is needed, HCOOH can be regarded as a liquid form of
H, that is combined with CO,.

The two-electron reduction of CO, generally results in
the formation of formic acid and/or CO [reactions (1) and
(3) in Scheme 11].82:83 HCOOH is obtained by CO, inser-
tion into the metal-H bond of a metal hydride complex to
yield a metal formate complex, followed by intramolecular
elimination of formic acid. The reverse process of reac-
tion (1) in Scheme 11 is decarboxylation of HCOOH to
produce CO, and H,.[#?1 On the other hand, CO is obtained
through the binding of CO, with a low-valent metal com-
plex to form a metal-carbon bond, in which CO, is in the
form of CO,>, followed by protonation to yield CO and
H,0. The reverse process of reaction (2) in Scheme 11 is
dehydration of HCOOH to produce CO and H,O.[¥? This

(b)

His442
nitrogenase active site

(1010) Mo-edge

Figure 6. (a) Nitrogenase [FeMo] cofactor (FeMoco) with three hydrogen atoms bound at the equatorial 2S atoms.[’? (b) MoS, slab with
the sulfur monomers present at the Mo edge.[”*! The lines mark the dimension of the unit cell in the x direction.
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is the dominant reaction in the gas phase, in the absence of
catalysts.?+3] Both types of reactions of HCOOH have
been extensively investigated in gas phase, on the surface of
metals, and in the homogeneous phase with metal com-
plexes.3¢-90 Reaction (3) is the widely studied “water gas
shift” process, which provides a way of producing hydrogen
gas through the use of transition-metal catalysts.’!~%3 In
most cases, both the decarboxylation and dehydration of
HCOOH occur to produce a mixture of H, and CO. In
order to use HCOOH as a liquid form of H, that is com-
bined with CO,, we need to have efficient catalysts for selec-
tive interconversion between H, and HCOOH [reaction (1)
in Scheme 11].

(1)

H, + CO, m——————> HCOOH

(3) water gas shift reaction

()

CO + H,0 ————> HCOOH

Scheme 11. Two-electron reduction of CO, with H, to afford (1)
HCOOH or (3) CO and H-0, and (3) water gas shift reaction.

From the view point of thermodynamics, it is desirable
to use water as the solvent for interconversion between H,
and HCOOH, because when all the reactants and the prod-
uct are hydrated, the standard free energy is nearly zero
(-4 kJmol™! at 298 K), whereas the reaction between gas-
eous H, and CO, yielding liquid HCOOH is accompanied
by a free energy change of +33 kJmol'.[82:83] The presence
of bases in an aqueous solution of HCOOH makes the hy-
drogenation of CO, even more favorable.®?831 Homogen-
eous catalysis in aqueous solutions requires water-soluble
catalysts.

In aqueous solutions, the CO»/hydrogen carbonate/car-
bonate equilibrium exists [Equation (1)].8%#31 Through this
equilibrium the actual reactive species may change with
changes in the pH, temperature, and CO, pressure. In aque-
ous systems, the addition of excess base is usually required
for the catalytic hydrogenation of CO, and hydrogen car-
bonate with rhodium- and ruthenium-based complexes that
have water-soluble phosphane ligands to afford the for-
mate.[®*% In such a case, separation of the base from the
reaction medium is needed to obtain HCOOH.

CO, + H,0 2 HCO;~ + H* 2 CO5> + 2H* (1)

In contrast to ruthenium(II) complexes with water-solu-
ble phosphane ligands, a water-soluble hydride complex
[Ru(bpy)(n®-Cs¢Meg)(H)]* serves as a robust reducing
agent for the reduction of CO, without involving hydrogen
carbonate or carbonate under acidic conditions in a pH
range of about 3-5 at ambient temperature to afford
HCOOH selectively.’®! The hydride complex was synthe-
sized from the reaction of an aqua complex [Ru(bpy)(n®-
C¢Meg)(OH,)|(SO,4) with NaBH, as a hydrogen donor in
H,O at about pH 7 at 25°C. The X-ray analysis of the
crystal shows that [Ru'(bpy)(n®-C¢Meg)(H)](CF5SO5) (Fig-
ure 7) adopts a distorted octahedral coordination geometry,
1358
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and Ru'! is surrounded by one 6-C¢Meg ligand, one bpy
ligand, and one terminal hydrido ligand. The IR spectrum
shows a peak at 1908 cm ! assigned to the Ru-H stretching
mode that shifts to 1370 cm™! by isotopic substitution of H
by D.°¢I

q _l 2+
u—H
&

b,
“xe

Figure 7. The X-ray structure of [Ru'(bpy)(n®-CsMeg)(H)]-
(CF5S05).%6]

The rate of CO, reduction by the [Ru-H] complex in-
creases linearly with increasing concentration of proton in
the CO,-saturated solution at 25 °C.°°l At pH 8.5, where
HCO; is the major species, the rate is 46 times smaller than
that at pH 4.2, where CO, is the dominant species.”® The
mechanism for such an acid-catalyzed reduction of CO,
with the [Ru—H] complex under acidic conditions is shown
in Scheme 12.1°1 It is interesting to note that an inverse ki-
netic isotope effect (ky/kp = 0.59) is observed for the re-
duction of CO, by the [Ru—H] complex.”®! Such inverse ki-
netic isotope effects were anticipated by Bigeleisen®”! for
reactions in which the transition state has higher force con-
stants than those for the ground state.[’°° The force con-
stants for the stretching (and bending) vibrations are signifi-
cantly higher for C-H than for Ru-H bonds. Consequently,
the difference in zero-point energy for Ru-H versus Ru-D
is less than that for C-H versus C-D, which leads to the
inverse kinetic isotope effect. Thus, the transition state may
be sufficiently product-like (larger degree of C—H bond for-
mation and correspondingly more M—H bond rupture) for
the reduction of CO, by the [Ru—H] complex (Scheme 12).

o+
. ] COz> "+ 2H*
[v—H]" - d‘/nu% L 12
Q_Q pK, =10.33
F 10
HCOO~
[M OH, ]2" NaBH,  HCO4 + H*
PH 3- pH 7 r8
pH
K; =6.35
/ o4 . PRy = L6
\ / M = [M—H]
o— C
CO, +H,0 -4
M _____
k \ pH3-5
0=C= O *
+H L5
acid-catalyzed COz reduction

Scheme 12. Mechanism for the acid-catalyzed reduction of CO, to
HCOOH with a [Ru-H] complex, [Ru'(bpy)(n®-CsMeg)(H)]*.1°

Eur. J. Inorg. Chem. 2008, 1351-1362



Bioinspired Energy Conversion Systems for Hydrogen Production and Storage

Eur|IC

The aqua complexes, [Ru"(bpy)(n°-CsMeg)(OH,)|(SO,),
[Ru'(n8-C4Meg)(OH,)(4,4-OMe-bpy)]SO, (4,4'-OMe-bpy
=  4,4'-dimethoxy-2,2'-bipyridine), and [Ir™Cp*(L)-
(OHL)?* (Cp* = 1°-CsMes, L = bpy and 4,4’-OMe-bpy)
react with H, (5.5 MPa) and CO, (2.5 MPa) under acidic
conditions (pH 3.0) in H,O without base to catalytically
providle HCOOH (Scheme 13).1190:1911 The turnover num-
bers (TONs) of the aqueous hydrogenation of CO, cata-
lyzed by [Ru''(bpy)(n®-CsMee)(OH,)](SO,) and [Ru''(n’-
C¢Meg)(OH,)(4,4'-OMe-bpy)]SO, at 40 °C after 70 h are 35
and 55, respectively.['% The catalytic cycle for the aqueous
hydrogenation of CO, with the ruthenium and iridium com-
plexes under acidic conditions (pH 2.5-5.0) is shown in
Scheme 13. The [Ru-H] and [Ir-H] complexes are generated
by reaction of the aqua complexes with H, at pH 2.5-
5.0.1100.1011 The H,O ligand accelerates heterolytic H, acti-
vation in polar solvents to release H;O". The [Ru-H] and
[Ir-H] complexes then react with CO, to afford the formate
complex (the X-ray structure of the [Ru-formate] complex
is shown in Scheme 13).[19-1911 The TON over 12h in-
creases with increasing temperature to reach a maximum
value at 40 °C and then decreases with a further increase in
temperature.!'%0

[M—0|-|2 ]2+

HCOOH H,

f: 12+ 2+

Hs0* }:ﬂ: vs. p H;0*
\-l
R

1l
M=

R R R
H\ R =H, OMe

[M—t]*

co,

Scheme 13. Catalytic CO, reduction with H, to HCOOH and the
back reaction with the evolution of hydrogen from ethanol with
[Ru'"(bpy)(n®-CeMeg)(OH,)" and [Ir'(bpy)Cp*(OH)I** in an
aqueous solution.['9%-191] The X-ray crystal structure of the [Ru—
formate] complex is also shown.

The backward reaction in Scheme 13 occurs at a higher
temperature, which is attributed to a decrease in the TON,
i.e. the reaction of [Ru(n®-C¢Meg)(OH,)(4,4'-OMe-bpy)]-
SO,4 with 10 equiv. HCOOH in H,O at pH 2.4 at 60 °C was
examined, and the disappearance of HCOOH (> 90%), to-
gether with evolution of H, and CO,, was confirmed after
1 h by 'H NMR spectroscopy and GC.'° Thus, the direc-
tion of the reaction (the reduction of CO, with H, to
HCOOH versus the decomposition of HCOOH back to
CO, and H,) can be controlled by temperature.

Eur. J. Inorg. Chem. 2008, 1351-1362
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By applying the steady-state approximation to the active
hydride species in Scheme 13, the rate of hydrogenation of
CO,, d[HCOOH]/dt, is expressed as a function of Py and
Pco,, as seen in Equation (2), where k, is the rate constant
of the reaction of the aqua complex with H», k_; is the rate
constant of the back reaction, k, is the rate constant of the
reaction of the hydride complex with CO,, and [{M-
OH,}?*]y is the initial concentration of the ruthenium or
iridium aqua complex.

d[HCOOHY/ds = kykey[ {Ru-OH,}>]gPyy, Peo/(ky + ky Py, +
kaPco,) 2

Under conditions such that k_;>>kPy,, Equation (2)
is reduced to Equation (3), where the rate increases linearly
with increasing Py, but exhibits saturation behavior with
respect to increasing Pco,.

d[HCOOH]/d1 = kko[{Ru-OH,} 2Py, Peo,/(k-y + kaPco,) 3)

This was experimentally observed in the case of [Ru'l-
(bpy)(n®-CsMeg)(OH,)]*™ as shown in Figure 8, where the
TONSs obtained in 3h are used as an indication of the
rate.'°1 In such a case, the rate-determining step in the
catalytic hydrogenation of CO, with the ruthenium catalysts
is the reaction of the aqua complex with H,, when the
active hydride catalysts cannot be observed during the reac-
tion.[101]

T T r 1 1 1
0 2.0 4.0 6.0 0 1.0 20 30 40
PH, ! [MPa] Pco, / [MPa]

Figure 8. (a) H,-pressure-dependent TONs for the hydrogenation
of CO, catalyzed by [Ru'(n®-CsMeg)(OH,)(4,4’-OMe-bpy)]SO,
(20.0 umol) at pH 3.0 in a citrate buffer solution (20 cm?) at 40 °C
for 3 h at 2.5 MPa of CO,."! (b) CO,-pressure-dependent TON's
for the hydrogenation of CO, catalyzed by the Ru complex
(20.0 umol) at pH 3.0 in a citrate buffer solution (20 cm?) at 40 °C
for 3 h at 5.5 MPa of H,.['°1

In contrast to the case of the ruthenium complexes, the
active hydride catalysts, [Ir'"Cp*(H)(L)]* (L = bpy and
4,4’-OMe-bpy) have successfully been isolated after the hy-
drogenation of CO, with the iridium complexes.['°! The 'H
NMR spectrum of [Ir™Cp*(H)(4,4’-OMe-bpy)]* in [Dg]-
DMSO exhibits a characteristic signal of the hydride ligand
at —11.25 ppm.I'°! In this case, the rate-determining step
changes from the reaction of the [M-OH,] complex with
H, to the reaction of the [Ir-H] complex with CO,. The
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TON increases linearly with increasing Pco, but exhibits
saturation behavior with respect to increasing Py, [Equa-
tion (4) and Figure 9].1101]

d[HCOOH]/dt = klkz[{Ir—OHz}2*]PCO2PHZ/(k,1 + ki Py,) 4)
(a) (b)
20 20 -
15 15
Z10 - -
S S 10 1
) |
5 5 -
0_'I"|'|'| O_T'I'I'I'l
0 2.0 4.0 6.0 0 10 20 30 40

PH, / [MPa] Pco, / [MPa]

Figure 9. (a) H,-pressure-dependent TONs for the hydrogenation
of CO, catalyzed by [Ir'"'Cp*(OH,)(4,4 -OMe-bpy)]SO,
(20.0 pmol) at pH 3.0 in a citrate buffer solution (20 cm?) at 40 °C
for 0.5 h at 2.5 MPa of CO,.I"%! (b) CO,-pressure-dependent TON's
for the hydrogenation of CO, catalyzed by the Ir complex at pH 3.0
in a citrate buffer solution (20 cm?) at 40 °C for 0.5 h at 5.5 MPa of
H,.[101]

The IR spectra of the [Ir-H] and [Ru-H] complexes indi-
cate that the strength of the Ir—H bonds is higher than that
of the Ru-H bonds.'"®!1 This may be the reason for the dif-
ference in the rate-determining steps between hydrogenation
with the iridium complexes and that with the ruthenium
complexes. The catalytic activity of iridium catalysts is also
higher than that of the ruthenium catalysts. The initial TOF
(2.0h™") of the [Ir-OH,] complex with the bpy ligand
((Ir"(bpy)Cp*(OH,)]**) under the conditions of Py /P,
= 5.5/2.5MPa at pH 3.0 in a citrate buffer solution at
40 °C significantly improves by introducing an electron-
donating substituent on the ligand of the iridium complex
([Ir''™Cp*(OH,)(4,4'-OMe-bpy)]**) up to 27 h™!, which is
more than 100 times faster than that observed for the
[Ru-OH,] complex with the bpy ligand.''®!) Such an elec-
tronic substituent effect in a bipyridine ligand has generally
been observed for the catalytic hydrogenation of CO,.?>-10%]

A Rh complex [Rh(bpy)(Cl)Cp*]Cl has also been re-
ported to be effective for the hydrogenation of CO, in aque-
ous solution.l'%3! Since the interconversion between H, and
HCOOH is thermodynamically reversible (vide supra), a
proper choice of metal and ligand may be essential for ob-
taining a highly efficient catalytic activity for the decompo-
sition of HCOOH back to H, and CO,, as well as for the
hydrogenation of CO, to HCOOH.P>-104]

Conclusions

In summary, a simplified model of the photosynthesis
reaction center (Acr*—Mes) has been used to develop a
highly efficient photocatalytic hydrogen-evolution system
without an electron mediator such as MV?", which is com-
posed of Acr*~Mes, NADH, and a water-soluble platinum
colloid to achieve the highest quantum yield for hydrogen
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production (26 = 3%) ever reported. NADH is replaced by
ethanol as an electron source in the presence of ADH for
the catalytic evolution of hydrogen. The next goal will be
the construction of an efficient catalytic system for the evol-
ution of hydrogen from water without a sacrificial electron
donor by using solar energy, where the development of an
efficient water oxidation catalyst remains a formidable chal-
lenge. Once hydrogen is produced, hydrogen can be stored,
by combining with CO,, in the form of HCOOH, which is
easy to store and carry. Some efficient catalytic systems are
now available for the catalytic interconversion between H,
and HCOOH in aqueous solution. Hybrid systems that
combine the advantages of homogeneous and hetero-
geneous catalysts as well as enzymes merit considerable at-
tention for the future development of more efficient photo-
catalytic generation of H, and storage. These systems will
certainly contribute to finding optimum solutions to global
energy and environmental issues in the 21st century.
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