
SWISS CHEMISTS IN THE USA CHIMIA 2009, 63, No. 11 709
doi:10.2533/chimia.2009.709 Chimia 63 (2009) 709–713 © Schweizerische Chemische Gesellschaft

*Correspondence: Prof. S. Bernhard
Department of Chemistry
Carnegie Mellon University
4400 Fifth Avenue
Pittsburgh, PA 15213, USA
E-mail: bern@cmu.edu

The Transformation and Storage of
Solar Energy: Progress Towards
Visible-Light Induced Water Splitting

Eric D. Cline and Stefan Bernhard*

Abstract: The sun is a plentiful source of clean, renewable power, and the direct conversion of solar to chemical
energy is a desirable goal. The collective efforts of the Bernhard group to develop molecular catalytic systems
for visible-light water splitting are reviewed. Combinatorial synthesis and high-throughput screening techniques
enabled the development of a series of photosensitizers with a wide range of photophysical and electrochemical
properties. Parallel evaluation of the iridium(III) photosensitizers in photocatalytic water reduction systems utiliz-
ing cobalt-, platinum-, or rhodium-based water reduction catalysts resulted in systems that exhibited more than
5000 turnovers with quantum yields of 34% and turnover frequencies of 500 hr–1. For the complementary water
oxidation system, the catalysts based on cyclometallated iridium complexes are robust and tunable, which allows
for the rapid study of water oxidation reactions through targeted ligand modification.
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Following a labo-
ratory technician ap-
prenticeship with
Chocolat Tobler, Ste-
fan Bernhard studied
chemical engineering
at the Ingenieurschule
Burgdorf. Further en-
deavors, under Pro-
fessor Peter Belser at

the Université de Fribourg, were awarded
with a diploma and a PhD in chemistry.
Stefan Bernhard’s dissertation involved
the synthesis of rigidly bridged dinuclear
metal complexes for use in exploring
photoinduced, intramolecular electron
transfers. This primarily synthetic work
was then complemented by a laser spec-
troscopy project at Los Alamos National
Laboratory, which came in the form of a
postdoctoral stay under the guidance of Dr.
Jon Schoonover. A second postdoctoral as-
signment, this time in the Abruña group at
Cornell University, involved electro- and
photo-active coordination compounds and
their application in organic light emitting
devices, sensors, etc. Professor Stefan
Bernhard’s initial faculty appointment at
Princeton University explored luminescent
metal complexes for optoelectronic and so-
lar conversion applications. The Bernhard
group moved to Carnegie Mellon Univer-
sity in July, 2009.

1. Introduction

The current global energy demand of 16
TW is expected to increase 50% by 2030.[1]

Meanwhile, with greenhouse-gas emis-
sions reaching historic levels, convincing
evidence is emerging on the effects of hu-
man activity, particularly the combustion
of carbon-based fuels, on global warming
and climate change.[2] In order to satisfy
humankind’s insatiable hunger for energy
in a sustainable manner, all forms of clean
and renewable energy must be developed
with urgency.[3] Solar power shows the most
promise of meeting future demand since the
sun is a seemingly inexhaustible source of
energy, providing the Earth with an annual
solar insolation of 120,000 TW of electro-
magnetic radiation. However, for solar pow-
er to become a viable alternative to fossil
fuels we must develop new methods for the
cost-effective capture, conversion, and stor-
age of solar energy.[4] Hydrogen is a promis-
ing candidate as a medium for solar energy
storage and a transportation fuel, although
many monumental scientific advances must
be made for this dream to become reality.

The goal of artificial photosynthesis is
the development of efficient methods for the
direct conversion of solar to chemical ener-
gy by converting water, one of Earth’s most
plentiful resources, into its higher energy
components, H

2
and O

2
, using visible light.

Water splitting is a four-electron process that
is thermodynamically uphill by ΔG ≈ 237
kJ/mol, corresponding to a minimum energy
of 1.23 eV per electron (see Eqn. (1)). As-
suming one photon per electron, any photon
below 1008 nm wavelength can theoretically
be used for the reaction, although in reality

water is transparent to most of the solar spec-
trum and catalysts must be used to harvest
the sunlight and convert it to chemical en-
ergy. Various strategies for solar water split-
ting using coupled photovoltaic electrolysis
or semiconductor-based photoelectrochemi-
cal devices have been extensively reviewed
elsewhere.[5] The present review will focus
on molecular photocatalytic systems that
mimic photosynthesis utilizing transition-
metal catalysts.

Luminescent transition-metal complex-
es are very appealing for a variety of appli-
cations because synthetic modification al-
lows manipulation of the photophysical and
electrochemical properties, in order to tailor
the properties of a complex to its specific ap-
plication, e.g. organic light-emitting diodes
(OLEDS), luminescent-based sensors, or
photocatalysis. By designing catalysts for
the oxidation or reduction of water that are
capable of quenching the excited state by
electron transfer, these luminophores can
be implemented in photosynthetic systems.
Designing a photocatalytic system for water
splitting requires multielectron photochem-
istry and proton-coupled electron transfer
with catalysts that are cheap and robust, a
daunting challenge to say the least. The vari-
ous coordinated efforts of the Bernhard re-
search group to make rapid progress towards
molecular catalytic systems for the visible-
light induced splitting of water are reviewed
herein.

2. Water Splitting System Design

Although it appears to be a simple
process, water photolysis (Eqn. (1)) is a
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complicated reaction that involves four
proton-coupled electron transfers (PCET).
Most schemes for molecular water-split-
ting systems involve multiple catalytic
components, including a photosensitizer
(PS), a water reduction catalyst (WRC),
and a water oxidation catalyst (WOC). To
develop the individual components that
will eventually comprise a complete wa-
ter splitting system, researchers simplify
the task by separating the overall reaction
into the individual oxidation and reduction
half reactions (Eqns. (2) and (3)), replacing
the other half reaction with an appropriate
sacrificial oxidant or reductant, respec-
tively. This is advantageous because the
individual components can be studied and
optimized for their specific task. Visible-
light induced water splitting has yet to be
accomplished in homogeneous solution,
although several rudimentary building
blocks for such a system have emerged
from research during the last thirty years
using this approach to the problem.

2H
2
O O

2
+ 2H

2
(1)

ΔE0 = –1.23 V

2H
2
O O

2
+ 4H+ + 4e– (2)

E0 = 1.23 V vs. NHE

2H+ + 2e– H
2

(3)

E0 = 0.00 V vs. NHE

3. Experimental Techniques for
Rapid Discovery

The complexity of artificial photosyn-
thetic systems presents many challenges for
researchers. While it is possible to study the
physical properties of the individual com-
ponents (e.g. photon absorption, excited
state lifetimes, and redox potentials) and
the fundamental processes of the system
(e.g. electron transfer rates), it is difficult to
understand and predict the effects of modi-
fications of these parameters on the overall
system performance. For this reason, the
Bernhard lab has focused on developing
techniques and equipment for rapid discov-
ery of photocatalysts and related compo-
nents through empirically driven research.

The use of combinatorial synthesis to
synthesize diverse libraries of compounds,
and high-throughput screening of the pho-
tophysical properties of these compounds,
allows rapid development of novel lumi-
nophores.[6] Furthermore, the experimental
results from these studies have proven that
density functional theory (DFT) can be used

to accurately predict the effects of ligand
substitutions on orbital energies. Future
work will rely more heavily on theoretical
predictions to direct the synthetic work.

To evaluate the catalyst systems and
conditions for the water reduction and oxi-
dation processes, a temperature controlled
16-well photoreactor was designed (Fig.
1). Each well is illuminated with an ultra-
bright LED (Luxeon V Dental Blue, 460
nm, 20 nm FWHM) with Fraen collimating
optics that has been screened for uniform
output (500 ± 50 mW). The temperature-
controlled reaction block accepts standard
size EPA vials (40 mL) fitted with custom
caps allowing for syringe addition and gas
sampling. The caps are fitted with differ-
ential pressure transducers for real-time
monitoring of the gas evolution kinetics in
these reactions. A self-calibrating residual
gas analyzer (Stanford Research Systems
QMS200) enables rapid analysis of the re-
action headspace at the endpoints for pres-
sure curve normalization. A custom-built
sample preparation robot helps to prepare
complex arrays of photoreactions for stud-
ies of concentration and condition effects.

4. Tailored Photocatalysts

The essential feature of any photocata-
lytic system is the absorption of light by the
PS to create an electronically excited state,
with a threshold wavelength for excitation.
The excited state (PS*) has characteristic en-
ergies associated with the lowest and highest
singularly occupied molecular orbital (LSO-
MO and HSOMO) that can be exploited for
energy conversion schemes, as illustrated in
Fig. 2. In the reductive quenching pathway
the WOC is oxidized by an electron transfer
to the LSOMO of PS* forming the reduced
species PS–, which then reduces the WRC to
return to its original state before repeating

the cycle. In the oxidative quenching path-
way, the WRC is responsible for quenching
the excited state through an electron transfer
from the HSOMO of PS* to form the oxi-
dized species PS+, which then is reduced by
the WOC to return to its original state. In
terms of relative energy, PS– is more strongly
reducing than PS*, and PS+ is more strongly
oxidizing than PS*. Thus, the mechanisms
by which the PS is quenched will determine
the energy available to drive the catalytic
processes. For this reason, it is important to
be able to control the reaction pathway and
energy levels of the PS molecules through
ligand modification.

Most early work in the field focused
on tris-(2,2’-bipyridine)-ruthenium(ii),
[Ru(bpy)

3
]2+, a widely studied complex

with a strong metal to ligand charge transfer
(MLCT) absorption in the visible spectrum,
long triplet excited state lifetimes, and stable
one-electron redox products. However, tun-
ing the HSOMO of [Ru(bpy)

3
]2+* is limited

because of a low lying, anti-bonding metal-
centered triplet (3MC) state that is thermally
populated at room temperature leading to
rapid non-radiative decay and PS degrada-
tion.[7] Cyclometalated iridium(iii) com-
plexes, such as bis-(2-phenylpyridine)-(2,2’-
bipyridine)-iridium(iii), [Ir(ppy)

2
(bpy)]+,

Fig. 1. 16-well photoreactor with bottom
illumination (460 nm, 500 ± 50 mW), real–time
analysis of gas evolution, and temperature-
controlled reaction block.

Fig. 2. Simplified schematic representation of
two different pathways for photocatalytic water
splitting. Top – oxidative quenching pathway in
which excited photosensitizer, PS*, donates an
electron to the water reduction catalyst, WRC,
to produce PS+; Bottom – reductive quenching
pathway in which PS* removes an electron
from water oxidation catalyst, WOC, to
produce PS–. The oxidized WOC and reduced
WRC will then go on to oxidize and reduce
water to produce O2 and H2, respectively.
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a complete water splitting system is limited
because most heterogeneous catalysts, such
as colloidal Pt, promote the recombination
of the O

2
and H

2
products. Thus, the devel-

opment of efficient homogeneous photo-
catalytic systems for water reduction is of
considerable importance to advance the
science of artificial photosynthesis.

With the extensive range of proper-
ties demonstrated by the series of cyclo-
metallated iridium(iii) complexes synthe-
sized in the Bernhard lab, they are per-
fectly suited as the PS in photosynthetic
schemes where it is important to tune the
energy levels so that they match those of
the other components in the system. For
several decades it has been known that
[Co(bpy)

3
]2+ was capable of serving in

the capacity of the WRC, storing reduc-
ing equivalents and reducing protons to
form H

2
without the need for an additional

ER.[12] Utilizing the high-throughput LED
photoreactor, the classical Ru-PSs and a se-

have greater ligand-field stabilization energy
and strong field ligands that raise the ener-
gy of the 3MC state to make it less acces-
sible, allowing broader tuning capabilities
through ligand modification.[8]

The cyclometalated iridium(iii) com-
poundsofthegeneralform[Ir(C^N)

2
(N^N)]+

have two principle transitions: i) MLCT d-π*
transitions linked to the neutral ancillary li-
gand (e.g. diimines, diphosphines, diones)
and ii) ligand-centered transitions involv-
ing a π-π* transition on the cyclometalating
ligand (e.g. ppy, phenylpyrazole). Strong
spin-orbit coupling from iridium(iii) allows
rapid intersystem crossing to energetically
similar excited triplet states (T

1
) that form

an emissive mixed T
1

state.[9] The energy of
this state, the HSOMO, can be controlled
through simple chemical modifications of
the ligand architecture that change the sym-
metry and inductive influence.

The Bernhard group first studied cyclo-
metallated Ir(iii) complexes for applica-
tions in OLED devices.[10] Subsequently,
the development of parallel synthesis and
high-throughput screening techniques have
enabled the rapid study of the effects of mul-
tiple structural modifications in tandem.[6]

The heteroleptic complexes are synthe-
sized in high yield through two steps by
preparation of tetrakis-(C^N)-µ-(dichloro)-
diiridium(iii) complexes using various cy-
clometalating ligands (C^N) followed by
dimer cleavage with the neutral ligands
(N^N). These methods yielded a series of
complexes with a diverse range of proper-
ties, as shown in the color diversity of Fig. 3
and the wide range of ground state and ex-
cited state redox potentials in the Table.

This research showed that by separately
substituting the C^N and N^N ligands with
electron-withdrawing groups (e.g. fluoro,
trifluoromethyl) and electron donating
groups (e.g. tert-butyl, methoxy), it is pos-
sible to separately control the energy of the
LSOMO and HSOMO. Additionally, the

improved understanding of structure–prop-
erty relationships allowed the use of DFT
calculations to model orbital configurations,
which has proven to be an excellent method
for the prediction of excited state energies.[6]

This work demonstrates the capability to
quickly design and synthesize an Ir(iii) PS
to drive a catalytic system using light energy
if given a set of energetic requirements.

5. Efficient Water Reduction
Systems

Historical systems for photocatalyt-
ic water reduction (Eqn. (3)) employed
[Ru(bpy)

3
]2+ as the PS with a sacrificial re-

ductant (SR) e.g. a tertiary amine, an elec-
tron relay (ER) e.g. methyl viologen, and
a heterogeneous catalyst e.g. Pt colloid for
proton reduction.[11] Heterogeneous systems
depend on many parameters that are difficult
to control, and their potential application in

Fig. 3. Combinatorial library of cyclometallated iridium(III) complexes of the general form
[Ir(C^N)2(N^N)]+ using ten cyclometallating ligands (C^N, red box) and ten neutral ligands (N^N,
blue box). The color versatility is demonstrated by the luminescence of the combinatorial matrix.

Table. The emission energy (λemission), quantum yield of luminescence (Φph), excited state lifetime (τ), ground state reduction (E0’ PS/PS–) and oxidation
(E0’ PS/PS+) potentials, and excited state reduction (E0’ *PS/PS-) and oxidation potentials (E0’ PS/PS+) of a family of Ir(III) photosensitizers (PS).

λemission Φph
c τ E0‘ PS/PS+ d ΔEp E0‘ PS/PS- d ΔEp E0‘ *PS/PS+ e E0‘ *PS/PS- e

photosensitizer a,b [eV] [%] [µs] [V vs. SCE] [mV] [V vs. SCE] [mV] [V vs. SCE] [V vs. SCE]

Ir(ppy)2(bpy)+ 2.10 6.22 0.269 +1.25 65 –1.42 70 –0.85 + 0.68

Ir(ppy)2(dtbbpy)+ 2.17 17.2 0.621 +1.21 65 –1.51 65 –0.96 + 0.66

Ir(F-mppy)2(phen)+ 2.22 33.1 1.64 +1.36 60 –1.39 80 –0.86 + 0.83

Ir(F-mppy)2(dtbbpy)+ 2.27 26.3 1.22 +1.33 85 –1.50 70 –0.94 + 0.77

Ir(dF-mppy)2(dtbbpy)+ 2.41 54.1 1.43 +1.49 75 –1.44 70 –0.92 + 0.97

Ir(dF-CF3ppy)2(dtbbpy)+ 2.58 68 2.3 +1.69 105 –1.37 70 –0.89 + 1.21
aPF6

– counterion; bppy is 2-phenylpyridine, fmppy is 2-(4-fluorophenyl)-5-methylpyridine, dfmppy is 2-(2,4-difluorophenyl)-5-methylpyridine,
dfCF3ppy is 2-(2,4-difluorophenyl)-5-trifluoromethylpyridine, bpy is 2,2’-bipyridine, dtbbpy is 4,4’-di-tert-butylbpy, phen is 1,10-phenanthroline;
c[Ru(bpy)3](PF6)2 used as reference (Φph 6.2%); dCyclic voltammetry was carried out at 100 mV/s in 0.1 M TBAH/ACN with a 1 mm2 Pt disk
electrode, coiled Pt wire supporting electrode, and Ag wire pseudo-reference electrode. Ferrocene was used as an internal standard (0.37 V vs
SCE); eEstimated from Hess’ Law using the λemission and ground state redox potentials.
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ries of heteroleptic Ir(iii) complexes were
evaluated in systems utilizing [Co(bpy)

3
]2+

as the WRC and triethanolamine (TEOA)
as the SR.[13] The Ir-PS was proven superior
to the classical Ru-PS, which was attributed
to an alternative catalytic mechanism pro-
viding stronger reducing conditions in the
case of the Ir-PS (see discussion in Section
4 and the relative redox potential of PS*
and PS– in the Table). [Ru(bpy)

3
]2+ cannot

be quenched reductively by TEOA and
must operate exclusively by an oxidative
quenching pathway, while Ir-PSs can be re-
ductively quenched by the SR, presumably
due to delocalization of some of the LSO-
MO density onto the peripheral ligands.[14]

Under the conditions employed, reductive
quenching was the favored pathway for the
Ir-Co system, meaning the highly reducing
species PS– provides the reducing equiva-
lents to the WRC.

In the Ir-Co system, the catalytic activity
quickly deteriorated, presumably due to cat-
alyst degradation. The reductive quenching
mechanism for the Ir-PS enabled construc-
tion of a simplified heterogeneous system
consisting of only Ir-PS, TEOA, and Pt col-
loid, without the need for an additional ER
for excited state quenching as in the classi-
cal heterogeneous systems. Using real-time
pressure analysis to monitor H

2
evolution for

the simplified reaction, it was determined
that the catalytic activity was decaying by
first- or pseudo-first-order kinetics. Mass
spectroscopic analysis of samples from the
reaction media at selected time points dur-
ing the reaction demonstrated that the loss
of catalytic activity was due to ligand la-
bilization and subsequent displacement by
solvent molecules, in this instance the ace-
tonitrile used as a co-solvent with water.[14]

This simplified system allowed for the char-
acterization of the PS degradation products
that might otherwise have been obscured in
more complex systems.

Numerous efforts to improve the perfor-
mance of the Ir-Co systems demonstrated
the need for an improved WRC, for which
[Rh(bpy)

3
]3+wasanidealcandidatebecauseit

accumulatestwoelectronsatasuitablepoten-
tial for water reduction and is known to form
hydrides. Previous attempts to implement
[Rh(bpy)

3
]3+ as the WRC with [Ru(bpy)

3
]2+

and TEOA initiated the formation of
[Rh(bpy)

2
]+ and free bpy with only minimal

H
2

production, proving that the [Rh(bpy)
2
]+

species was not the active catalytic state.[15]

Mulazzani et al. hypothesized that Rh(ii)-
hydrides might be the immediate precur-
sor to H

2
formation in radiolytic studies.[16]

The reductive quenching mechanism of the
Ir-PS provides a highly reducing species,
PS– (E0’≈ –1.4 V vs. SCE), that would allow
the [Rh(bpy)

3
]3+ to be reduced three times to

form a Rh(0) species that might then react
with water to form the hypothesized active
state.

Indeed, the Ir-PS allowed for the suc-
cessful implementation of the Rh-WRC in
the photocatalytic water reduction system,
which proved much more active and robust
than the previous Ir-Co system. Synthetic
modification and high-throughput catalyst
screening identified an optimal catalyst
combination of [Ir(fmppy)

2
(dtbbpy)](PF

6
)

and [Rh(dtbbpy)
3
](PF

6
)

3
(where fmppy is

4-fluorophenyl)-5-methyl-pyridine and dt-
bbpy is 4,4’-di-tert-butyl-2,2’-bipyridine).
The use of weakly coordinating co-solvents
(e.g. DMF, THF) and the systematic optimi-
zation of the reaction conditions led to more
than two orders of magnitude improvement
over the original system. The optimized
system currently achieves more than 5000
turnovers for the PS and WRC with quan-
tum yields of greater than 34% and turnover
frequencies (TOF) greater than 500 hr–1.[17]

With any homogeneous system, care
must be taken to ensure that the catalytic
activity originates from an actual molecu-
lar species and not a colloidal metal formed
through complex decomposition. It has re-
cently been proven in two separate instanc-
es that Pt(ii) or Pd(ii) ‘molecular’ catalysts
were actually decomposing to form colloids,
which were the active catalyst species.[18] In
the Ir-Rh system, the generation of a rho-
dium colloid was firmly ruled out through a
series of control and poisoning experiments
that ensure a true homogeneous system. The
exact mechanism by which the WRC oper-
ates is still unknown, although future work
will reveal the details. The Ir-Rh system
shows real progress towards an efficient,
robust, homogeneous photocatalytic system
for the reduction of water.

6. Robust Water Oxidation Catalysts

Although reasonable progress has been
made with systems for photocatalytic water
reduction, the same cannot be said for the
more complex oxidative half reaction (Eqn.
(2)). In contrast to the two-electron process
for water reduction, the challenge of water
oxidation lies in the complexity of orches-
trating four simultaneous PCET to obtain
only the desired product, O

2
. This process

has yet to be driven by visible light, so re-
searchers generally develop WOCs capable
of catalyzing this complex reaction by re-
placing the PS with an irreversible sacrifi-
cial oxidant such as ceric ion or persulfate.

The WOCs generally fall into two
categories: heterogeous metal oxide elec-
trodes and colloids based on manganese,
iron, cobalt, ruthenium, and iridium;[19]

and molecular catalysts, including poly-
oxometalates that mimic the tetramanga-
nese core of photosystem II[20] or simpler
binuclear transition metal complexes.[21]

Meyer and coworkers pioneered the lat-
ter class of complexes in the early 1980s

with the µ-oxo-bridged, aquo bis-diimine
ruthenium dimer known as the blue dimer
(Fig. 4).[21a] The blue dimer has long been
the gold standard for water oxidation with
a TOF of nearly 250 hr–1. Evidence sug-
gests that the mechanism involves water
attack of a ruthenium-oxo species to form
a hydroperoxo-intermediate, which then
evolves oxygen following PCET and reduc-
tive elimination.[22] Recently, Thummel and
Zong reported a diruthenium complex using
a rigid ligand architecture to lock the metal-
centers in an optimal spatial configuration
(Fig. 4). This WOC achieves an even higher
TOF than the blue dimer and more than an
order of magnitude improvement in catalyst
turnovers.[21a,c] Importantly, the synthetic
modification of the ligand architecture was
shown to alter the oxidative potential of the
Thummel complex by more than 600 mV,
the first report of a tunable WOC.[23]

The ability to precisely control the elec-
tronic structure of WOCs through ligand
modification, without substantially chang-
ing the catalyst functionality, is an indis-
pensable tool when attempting to develop
a photocatalytic water oxidation system.
The Bernhard group has recently devel-
oped a cyclometallated iridium WOC (Fig.
4) that demonstrates the same capacity for
redox tuning as the Thummel diruthenium
complex.[24] By synthetic modification of
the 2-phenyl-pyridine ligand with electron
withdrawing or donating substituents, the
HOMO energy was tuned by more than
500 mV. The Ir-WOCs are very robust with
more than 2800 turnovers, yet the TOFs
are five times slower than the previous Ru-
WOC examples. The low TOF is probably
due the monomeric catalyst forming some
type of oxo-bridged dimer intermediate
in a diffusion-limited process. This might
be overcome by locking the two reactive
iridium centers in place with a cage ligand
similar to that used by Thummel. In the
meantime, this Ir-WOC shows great prom-
ise as a component for the development of
a visible-light water oxidation process for
several reasons: it has a simple design for
ease of synthesis and study, the cyclometa-
lating ligand makes the catalyst robust, it
is water soluble through a wide pH range,
and its HOMO is highly tunable for energy
matching with the LSOMO of the PS.[24]

7. Challenges Moving Forward

Many challenges exist as we move for-
ward towards a complete homogeneous
water splitting system. Once compatible PS,
WOC, and WRC components are found,
the electron transfer processes must be per-
fected for optimal performance. The cata-
lyst systems need to have efficient quench-
ing of the photo-excited PS complex and
a long lifetime for the subsequent charge-
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separated state. The natural photosynthetic
machinery fulfills these requirements by
precise control of spatial organization, elec-
tronic coupling, and relative redox energies
of the adjacent components, giving the sys-
tems directional charge-transfer character.
To accomplish these same feats in the labo-
ratory, the components can be linked using
multidentate bridging ligands that orches-
trate electron transfer by providing optimal
spatial separation and electronic coupling.
However, to put this into practice while han-
dling multiple protons and electrons will be
a monumental accomplishment.

One of the greatest obstacles for solar
energy conversion is to design systems
that can efficiently convert a large portion
of the solar spectrum to usable energy. For
the electron transfer processes between
the PS and catalysts to occur at reasonable
rates the reactions must be exothermic by
0.3–0.4 eV each. Considering the electron
transfers and excited state relaxation, it is
reasonable to assume that almost twice
the theoretical energy will be required,
meaning that only light below 504 nm
wavelength have sufficient energy to run
a complete water splitting system and
only 24% of the solar power is available.
However, due to factors such as the in-
ternal conversion to heat during downhill
electron transfer, incomplete light absorp-
tion, non-ideal quantum yields, and losses
during H

2
/O

2
separation and collection,

the realistic overall efficiency is limited
to 10%. To raise this maximum theo-
retical efficiency, tandem cells or multi-
photon schemes must be developed.[25]

This fundamental limitation magnifies the
need to overcome the many challenges
that researchers face when attempting to
improve the various light absorption and
electron transfer processes.

8. Conclusion

This review outlines the various coor-
dinated efforts of the Bernhard research
group to make rapid progress towards mo-

lecular catalytic systems for the visible-light
induced splitting of water. Combinatorial
synthesis and high-throughput screening
techniques enabled the development of a
series of photosensitizers with a wide range
of photophysical and electrochemical prop-
erties. Parallel evaluation of the iridium(iii)
photosensitizers in photocatalytic water re-
duction systems utilizing cobalt-, platinum-,
or rhodium-based water reduction catalysts
resulted in systems that exhibited more than
5000 turnovers with quantum yields of 34%
and turnover frequencies of 500 hr–1. For the
complementary water oxidation system, the
catalysts based on cyclometallated iridium
complexes are robust and tunable, which al-
lows for the rapid study of water oxidation
reactions through targeted ligand modifica-
tion. While the present systems for photo-
catalytic water reduction and the oxidation
of water are state of the art, significant im-
provements are required to realize the dream
of an efficient system for solar energy con-
version. The insight provided from the em-
pirical results will help guide future work
towards a complete water splitting system.
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