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The replacement of fossil fuels by a clean and renewable energy source is one of the most urgent and
challenging issues our society is facing today, which is why intense research has been devoted to this
topic recently. Nature has been using sunlight as the primary energy input to oxidize water and generate
carbohydrates (a solar fuel) for over a billion years. Inspired, but not constrained, by nature, artificial

systems can be designed to capture light and oxidize water and reduce protons or other organic

compounds to generate useful chemical fuels. This tutorial review covers the primary topics that need

Received 8th November 2013

DOI: 10.1039/c3cs60405e

to be understood and mastered in order to come up with practical solutions for the generation of solar
fuels. These topics are: the fundamentals of light capturing and conversion, water oxidation catalysis,

proton and CO, reduction catalysis and the combination of all them for the construction of complete

www.rsc.org/csr

Key learning points

(1) Photosynthesis and artificial photosynthesis.

(2) Light harvesting molecules and materials.

(3) Water oxidation catalysis.

(4) Proton reduction catalysis.

(5) CO, reduction catalysis.

(6) Photoelectrochemical cells for the production of solar fuels.

1. General introduction

In view of depleting fossil fuels and the concomitant drastic
pollution of the environment, considerable attention is direc-
ted towards finding alternative, more sustainable and recycl-
able ways to store and distribute energy.! Existing alternatives
such as solar panels, wind-, tidal- or hydroelectric-power plants
are widely used but have the disadvantage of providing the
converted energy in the form of electricity, which is difficult to
store and transport. Therefore, an alternative chemical form of
energy carriers, similar to fossil fuels, is highly desirable.

The only real and inexhaustible energy source available on
our planet is from the sun. Fossil resources are in fact stored
sunlight, which was emitted by our sun millions of years
ago and converted by plants into high energy chemicals.

Upon anaerobic fermentation, these substances were
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cells for the generation of solar fuels.

converted into the fossil energy resources used today.
Unfortunately, since the process of plants storing sunlight in
chemicals and the subsequent fermentation take several
millions of years, it can neither be considered recyclable, nor
can it meet the rate of energy consumption of our society.
However, the principle idea of storing sunlight in chemical
bonds can serve as a great inspiration in the search for
alternative energy carriers.

In nature plants convert sunlight into chemically accessible
energy by absorbing photons with photosystem II (PSII) in
chloroplasts, which results in a charge separation (or elec-
tron-hole pairs) and gives the system the necessary power to
perform redox-reactions (Scheme 1). The oxidative holes are
used to activate the oxygen evolving centre (OEC) which in turn
oxidises water to molecular oxygen. The electrons pass through
a second photosystem (PSI) and finally serve to produce ener-
getically enriched bio-reducing agents such as NADPH or ATP.
These are further used in the Calvin cycle to ultimately reduce
atmospheric carbon dioxide to a variety of carbohydrates,
nature’s carbon based fuel. Upon metabolization of these
natural energy carriers their energy content is released and
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CO, is regenerated. This system is therefore perfectly cycled
and accordingly sustainable.

The concept of storing the sun’s energy in chemical bonds
can be used to construct an artificial photosynthetic system:
water is oxidised to oxygen and the electrons are either used to
reduce CO, to methane, methanol, formaldehyde, formate,
carbon monoxide or oxalate, or they are used to reduce protons
to hydrogen (Table 1). In each of these cases the resulting
chemicals have a higher energetic content and have all the
properties of a fuel, e.g. they can be stored, transported and
burned to release their energy content.

To be able to perform artificial photosynthesis and make the
process kinetically viable, different components are needed to
perform each of the steps of the reaction, e.g. the absorption of

Chem Soc Rev

light, the oxidation of water and the reduction of either CO, or
protons (Scheme 2). Since the entire reaction is very compli-
cated and only a handful of artificial systems are known to
produce O, and H, simultaneously, a useful strategy is to divide
the overall process into its two half reactions, the oxidative O,
evolving reaction and the reductive H, evolving (or CO, redu-
cing) reaction. In both half reactions the corresponding half
reaction is mimicked by a sacrificial redox agent (sacrificial
electron donor, SED or sacrificial electron acceptor, SEA) in
order to provide the required electrons or oxidative equivalents.
This separation facilitates greatly the study and optimization of
the catalysts and enables detailed investigations, avoiding
undesired back- and side-reactions. Once each side is opti-
mised under homogeneous conditions, the half reactions are in
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Scheme 1 Schematic representation of photosynthesis with light absorber units PSI and PSII, electron transport chain, oxygen evolving centre (OEC)

and NADP* reductase.

Table 1 Electrochemical reaction equations (all potentials vs. NHE at pH 7)

H,O oxidation/H" reduction

CO, reduction

Reaction EY
H,0 - HO* +1H ' +1e~ (1) 2.39
2H,0 — HOOH +2H" +2¢~ (2) 1.37
2H,0 — HOO® + 3H' +3e~ (3) 1.26
2H,0 - O, +4H" +4e~ (4) 0.81
2H" +2¢” > H, (5) —0.41
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Reaction EY
CO, +1e” - CO,*~ (6) -1.9
CO, +2H" +2¢~ » HCO,H (7) —-0.61
CO, +2H" +2¢~ —» CO + H,0 (8) —-0.53
2CO, + 2H" + 2¢” — H,C,0, (9) —0.49
CO, +4H" + 4¢” —» HCHO + H,0 (10) —0.48
CO, + 6H" + 66~ — CH;0H + H,0 (11) —-0.38
CO, + 8H" + 8¢~ — CH, +2H,0 (12) —0.24
H;, CH;; CH;OH,
e flow HCHO, HCO,H,

€O, H,C,0, or SEA"

H*, CO, or SEA

Scheme 2 Generalised schematic representation of artificial photosynthesis with light absorbing unit (P), water oxidation catalyst (WOC) or sacrificial
electron donor (SED), hydrogen evolving catalyst (HEC), CO, reducing catalyst (CRC) or sacrificial electron acceptor (SEA).

principle ready to be heterogenised (e.g. onto electrodes) and
combined in a full catalytic system as a photoelectrochemical
cell (PEC). There are however major challenges to overcome
when connecting the half reactions, apart from stability and
durability issues, chemical and kinetic conditions for the two
reactions need to be matched. The large excess of sacrificial
redox agents in the half reactions and their typically irreversible
nature provide a driving force for the forward electron transfer.
In full systems however, this driving force is missing and back
electron transfers (shortcuts) as well as mismatching kinetics

This journal is © The Royal Society of Chemistry 2014

and undesired side products often hinder a productive forward
electron flow (for further details see Section 6.5).

In this tutorial review we will present an overview of the
most important and most recent advances in each of the half
reactions. The review will focus on molecular systems or immo-
bilised molecular systems (heterogeneous systems will not be
discussed in detail) and is divided accordingly into light
absorbing molecules (P), water oxidation catalysts (WOCs),’
hydrogen evolving catalysts (HECs)>* and CO, reduction cata-
lysts (CRCs).” In the last chapter an overview will be given for
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the few systems where the two half reactions have been

combined to form a full water splitting system.>®’

2. Light harvesting systems

2.1. Introduction

Materials and molecules interact with light by three main
physical processes, reflection, refraction and absorption.
Materials that absorb light do so because the wavelength of
light being absorbed is of sufficient energy to promote an
electron from a low energy molecular orbital (ground state) to
a higher energy orbital (excited state). The wavelength at which
a material absorbs will be dependent upon the energy gap
between the ground state and the excited state, which is what
gives different materials their distinctive colours: Materials that
absorb light in the visible region of the electromagnetic spec-
trum (ca. 400-700 nm) will appear coloured whilst those that
absorb in the ultraviolet or infrared regions appear colourless.
In the majority of cases the energy absorbed is eventually
expelled as heat (non-radiative decay) or light (radiative decay)
as the excited electron relaxes back to its original state, however
some materials, such as semiconductors, can use the potential
energy of the excited electron to do work in the form of
electrical current or electrochemical transformations. The con-
version of solar energy directly to electrical energy is termed
photovoltaics whilst the conversion of solar energy to chemical
energy is called photosynthesis; both research fields are vital in
the search for solar based energy production.

2.2. Photovoltaics

2.2.1. Solar cells. Solar cells, or photovoltaic cells, are
devices that generate an electric output under light irradiation.
A semiconductor, typically crystalline silicon, absorbs visible
light to promote an electron from the low energy valence band
(VB) to the higher energy conduction band (CB), creating an
electron-hole pair. This electron-hole pair is then transported
through an electrical circuit where it can be used to power an
electronic device, similar to a battery. The efficiency of a
photovoltaic device is highly dependent upon the semiconduc-
tor material(s) from which it is made, as well as the physical
device morphology and manufacturing techniques. Since the
first crystalline silicon solar cells were introduced to the market
over 40 years ago, advances have been steady and improve-
ments in solar to electric efficiency have increased from <1%
to >40% for today’s state-of-the-art multi-junction GaInP/
GalnAs/Ge cells.® The benefits of sourcing electricity from
photovoltaic cells include large device lifespans (>20 years for
most commercial solar panels) and relatively low pollution and
operating costs; however these are offset against the high
material and processing costs during manufacturing and the
reliance on solar flux i.e. electricity is only produced during the
day. Although the problem of inconsistent solar flux cannot be
easily overcome, manufacturing costs are constantly falling as
demand increases and new technologies are developed, with
claims that the price of solar power has already reached parity

4 | Chem. Soc. Rev, 2014, 00, 1-19
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Fig. 1 Structure and operating principle of a typical DSSC.

with grid power in some countries.” Thin film solar cells,
multiple junction solar cells, organic/polymer solar cells, Quan-
tum Dot Solar Cells (QDSCs), and Dye Sensitised Solar Cells
(DSSCs)'*'" are the main device designs under investigation
that are beginning to compete with traditional semiconductor
solar cells and ultimately lowering the cost of solar energy.

2.2.2.
demonstrated the concept of low cost, high efficiency solar cells
in 1991 using a charge-transfer ruthenium dye adsorbed on a
film of nanostructured titanium dioxide (TiO,) semiconductor
and an iodide/triiodide redox mediator."> A schematic of the
generic design of a DSSC can be seen in Fig. 1. The key
principles of the cell are light absorption and initial charge
separation by the dye molecule (eqn (13)), followed by charge
stabilisation through rapid electron injection into the TiO,
conduction band (eqn (14)) and dye regeneration by the iodide
(eqn (15)), and finally reduction of triiodide at the counter
electrode completes the cycle (eqn (16)).

TiO,-P + hv — TiO,-P* (13)
TiO,-P* — TiO,(e”)-P" (14)
2TiO,(e7)-P" + 317 — 2TiO,(e™)-P + I3~ (15)
I;” +2 — 30 (16)

The initial design of DSSCs has changed very little with time
however advances with respect to semiconductor morphology,
dye structure, redox mediator and electrolyte composition have
led to increases in power conversion efficiency from 7.1% to the
current value of 15%. This new record breaking device is a solid
state DSSC and utilises a CH;NH;PbI; perovskite dye to sensitize
the TiO, semiconductor and a complex blend of organic and
inorganic molecules as the hole-transporting material (HTM)
that connects the photoanode to the cathode.'

This journal is © The Royal Society of Chemistry 2014
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2.3. Photoelectrodes for water splitting

2.3.1. Semiconductor electrodes. As mentioned previously,
photovoltaic devices alone cannot provide the solution to the
impending energy crisis due to the current lack of viable methods
for transportation and storage. Using solar energy to release
hydrogen and oxygen from water would provide a fuel based energy
vector that is clean and renewable and is also easily integrated with
current transport infrastructure. The photolysis of water with TiO,
was first demonstrated by Honda and Fujishima in 1972, where
with a small electrical bias and irradiation with UV light they
succeeded in liberating hydrogen gas and oxygen gas from water."*
The reason for using high energy UV light in this system was
because the energy band gap for TiO, is 3.0-3.2 eV, which
corresponds to absorbance only in the UV region of <400 nm.
Despite this drawback TiO, is still by far the most studied
semiconductor in artificial photosynthesis: lower energy band gap
semiconductors such as Haematite (o-Fe,O3) and Cadmium
Selenide (CdSe) exist however they either lack the photostability
of TiO, and/or have band edges that are not appropriate
for water splitting.'”'® See Fig. 2 for a selection of common
semiconductors and their relative band positions.

An ideal semiconductor is therefore cheap to manufacture
and easily sourced, has a high photochemical stability and a
band gap of 1.6-2.4 eV. Until now no such material has been
discovered but some ingenious systems have been developed
which are able to work around some of these problems.

2.3.2. Anchored dyes and dyads. In a similar fashion to the
dye sensitisation of semiconductors for use in photovoltaic
cells, dye molecules can be used in conjunction with molecular

Tutorial Review

catalysts for photocatalytic water splitting. A host of molecular
catalysts exist for both water oxidation and proton reduction
and will be discussed later in Sections 3 and 4, respectively.
These catalysts can be adsorbed onto a semiconductor surface
in addition to a photosensitiser dye. When the latter is
covalently linked to the catalyst, the resulting complex is known
as a dyad (D), which can be similarly adsorbed on the semi-
conductor surface. The photoelectrodes created work in a
similar fashion to DSSCs except that in place of mediation by
iodide/triiodide the dye regeneration step is carried out by the
catalyst and the catalyst is subsequently regenerated by the
relative catalytic cycle. Fig. 3 shows some example structures of
photosensitiser dyes (P) and dyads (D) that have been used in
the development of molecular based photoelectrodes. The
overall concept forms a Photoelectrochemical Cell (PEC), the
working of which will be discussed in Section 6.

2.4. Homogeneous photoelectrocatalytic systems

Sometimes when studying the interactions of catalyst-photo-
sensitiser systems, more information can be gained from
complementary homogeneous studies in addition to studying
the heterogeneous electrode setup. In such cases the water
splitting reaction is simplified into its half reactions, focussing
solely on the relevant half reaction, the other half reaction is
replaced by an easier and faster redox reaction by employing a
SEA or SED. A suitable photosensitiser for water oxidation must
have strong absorbance in the visible spectrum, long excited-
state lifetimes at room temperature and a high oxidation
potential (high enough to oxidise the WOC). The [Ru(bpy)s]**
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Fig. 2 Calculated oxidation potential Eox (red bars) and reduction potential E,eq (black bars) relative to the NHE and vacuum level for a series of
semiconductors in solution at pH 0, the ambient temperature 298.15 K, and pressure 1 bar. The water redox potentials £(O,/H,0) and E(H*/H,) (dashed
lines) and the valence (green columns) and conduction (blue columns) band edge positions at pH 0 are also plotted. Reprinted with permission from

ref. 16. Copyright 2012 American Chemical Society.'®
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Fig. 3 A selection of photosensitiser dyes (P) and dyad molecules (D).

family (P1 and P2 in Fig. 3, bpy = 2,2'-bipyridyl) members are used
almost exclusively in this application because they have all of
the above-mentioned characteristics: when light is shined on
[Ru(bpy)s[", the excited state generated, [Ru(bpy)s]*™*, is capable of
transferring an electron to a SEA such as [Co(NH;)sCI[** or Na,S,0g
and subsequently forming the strong oxidant, [Ru(bpy)s]*" in situ.
The [Ru(bpy);]** should then be capable of oxidising the WOC from
its low oxidation state to its active higher oxidation state, which in
turn oxidises water to dioxygen.>'”'® [Ru(bpy);]>" and its analogues
are somewhat unique in that they can be used as photosensitisers
for both water oxidation and water reduction. When [Ru(bpy);]** is

6 | Chem. Soc. Rev, 2014, 00, 1-19
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employed in a homogeneous water reduction system, the photo-
generated [Ru(bpy);]"™ can receive an electron from a SED such as
triethanolamine and form the strong reductant [Ru(bpy)s]". The
HEC is then subsequently reduced to its active oxidation state which
in turn begins the catalytic reduction of protons.’

3. Water oxidation
3.1. Introduction

Water oxidation is one of the bottlenecks for the successful
development of an overall water splitting cell with sunlight.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 A selection of water oxidation catalysts. For WOC2, the schematically represented ligands are the polyoxometalate [y-SiW00361%.

Water oxidation is a thermodynamically demanding reaction as
can be seen in eqn (1)-(4) of Table 1. The lowest energy path,
eqn (4), involves the removal of 4H" and 4e~ together with the
generation of an O-O bond, reflecting its mechanistic complexity.
Currently, there are a number of oxides capable of catalysing the
water oxidation reaction, although in general they are orders of
magnitude slower than their molecular counterparts.

The field of molecular WOCs benefits from the capacity of
the molecular tool to: (i) rationally design WOCs performance
based on ligand modifications, choice of transition metal,
oxidation state and geometry, through space interactions,
electronic coupling, and active site hindering; (ii) increase the
solubility by adding additional functionalities; and (iii) enable
the anchoring of the catalyst onto electrodes.

Since 1982, when the first well characterised molecular WOC
(the so-called “blue dimer”, WOC1 in Fig. 4) was reported, a
significant number of WOCs have been synthesised, including
mononuclear and polynuclear transition metal complexes.”
From this existing body of WOCs, a few common features have
emerged that allow designing fast and efficient WOCs with
long-term stability: first of all, the metal centre(s) must have
easy access to high oxidation states that should be stabilised by
the ligand framework. The stabilisation of these high oxidation
states is generally achieved by Proton Coupled Electron Trans-
fer (PCET), thus avoiding highly charged intermediates. For
this purpose, an aquo ligand or an available coordination site
to bind a water molecule is essential. This requirement is also
crucial in order to generate the M-O group, responsible for the
critical O-O bond formation step. Secondly, given the high
thermodynamic energy associated with the water oxidation
process (0.81 V vs. NHE, Table 1), it is imperative that the ligands

This journal is © The Royal Society of Chemistry 2014

used are oxidatively robust. In addition, the ligands should not
suffer easy ligand substitution by solvent water molecules under
the working conditions. If either of these two processes occur, the
nature of the actual catalyst will be unknown, since the initial
molecular catalyst could be transformed to another species or
even all the way to the corresponding metal oxide."

3.2. Water oxidation mechanisms

There are two different mechanisms that can operate in the
oxygen-oxygen bond formation step:

(i) WNA: Water nucleophilic attack, where a water molecule
from the solvent attacks the oxo group from the M-O moiety
(Scheme 3). This mechanism can take place when the M-O
fragment is electrophilic enough to be attacked by a nucleophilic
water solvent molecule. The O-O bond is the result of the
interaction between the HOMO of the water molecule and the
LUMO of the metal-oxo (M-O) complex. The subsequent cleavage
of the M—-O bond forms O, and the reduced metal centre.>*° Most
mononuclear WOCs and some polynuclear WOCs, such as WOC1
and the tetranuclear polyoxometalate WOC2 are reported to
oxidise water through this mechanism.”

(it) I2M: Interaction between two M-O entities, which can be
a radical coupling or a reductive elimination. The latter
depends on the oxidation state of the metal centre and on
the number of oxygens (Scheme 3). As the name indicates, this
pathway consists of the interaction of two metal-oxo moieties
and, as in the previous case and it can take place both in an
intra- and in an inter-molecular manner. The dinuclear complex
WOC3 undergoes water oxidation through this mechanism by
the intra-molecular interaction of the two Ru—O moieties,
which are perfectly oriented for this interaction. On the other

Chem. Soc. Rev, 2014, 00,1-19 | 7
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Scheme 3 Potential pathways to form an O-O bond promoted by transition metal complexes. Left, water nucleophilic attack (WNA). Right, interaction

between two M-0O entities (12M).

hand, the highly active mononuclear ruthenium complex WOC6
promotes the oxygen-oxygen bond formation by an inter-
molecular interaction between two complexes (see Section 3.3.1).

These two mechanisms have also been proposed to occur in
the oxygen evolving centre of photosystem II (OEC-PSII) in the
green plants and algae.” The participation of redox active
ligands, such as semi-quinones, in the overall water oxidation
reaction, has also been proposed by Fujita, Muckerman and
coworkers.”!

3.3. Benchmarks

Before the O-O bond forming step, the WOC must be activated.
This activation involves a combination of electron(s) and
proton(s) removal (PCET) from the initial M-OH, active group
in order to reach a sufficiently reactive species. The latter can
be generated either using a chemical oxidant, by applying an
external potential, or using sunlight energy.

3.3.1. Chemically induced WO. The best catalyst described
until now is a mononuclear ruthenium catalyst WOC5 capable
of achieving a turnover number of 50.000 (TON), with a turn-
over frequency (TOF) of 300 s~ using Ce(iv) ((NH,),Ce(NO;)s or
CAN) as a chemical oxidant. In aqueous media, a solvent water
molecule coordinates complex WOC5, generating the corres-
ponding Ru-OH, complex with concomitant decoordination of
one of the pyridyls of the equatorial 2,2’-bipyridine-6,6'-
dicarboxylate ([bdc]*”) ligand. When the Ru(iv) oxidation state
is reached, the ruthenium metal centre can accommodate a
seventh coordinated ligand, thus recovering the complete pyr-
idyl coordination from the [bdc]>” ligand.”” An additional
oxidation step to Ru(v) and dimerization via a bimolecular
I2M pathway, yields a Ru(iv)-O-O-Ru(wv) intermediate. The
dimeric peroxo species can subsequently release molecular
oxygen, however, under catalytic conditions in the presence of
an excess of Ce(wv), the Ru(v)-O-O-Ru(v) intermediate is

8 | Chem. Soc. Rev, 2014, 00, 1-19

further oxidised to Ru(iv)-O-O-Ru(v) or to its superoxide
analogue, which can also release dioxygen.

Another remarkable example is a manganese complex (WOCS)
capable of oxidising water to oxygen using a one electron donor
type of oxidant, such as [Ru(bpy);]>". The performance of this
catalyst has been tested at pH 7.2 (0.1 M phosphate buffer),
yielding a TON of 25 with a TOF of 0.027 s *.**

A number of Ir complexes have also been proposed to work
as WOCs, although it is not clear whether they are catalyst
precursors to other molecular species that do the catalytic job
or simply precursors to iridium oxide nanoparticles that are
known to be active WOCs."®

3.3.2. Electrochemically induced WO. This activation
strategy uses a potentiostat as the electron source, in order to
apply the most appropriate potential at desired pH. Within
electrochemically induced water oxidation, there are mainly
two strategies that can be followed, depending on whether (i)
the catalyst is in the homogeneous phase or (ii) is anchored
onto the electrode surface. This second approach is a step
further towards incorporating the WOC into a photoelectro-
chemical cell. Furthermore, this strategy can also enhance the
reactivity, by stabilising the WOC after its heterogenisation.
Different methods can be used to anchor a homogenous
catalyst onto a surface: (i) physisorption, exploiting Van der
Waals forces; (ii) electrostatic interaction, taking advantage of
the different charges between the surface and the WOC; (iii)
encapsulation, immobilizing the catalyst inside a matrix, and
(iv) chemisorption, covalent bonding of the catalyst to the
surface. In most of these examples, a previous modification
of either the surface or the complex is needed.

Following the heterogenisation strategy, the best results
belong to the mononuclear ruthenium catalyst (WOC9), covalently
linked to a [Ru(bpy)s]-type redox mediator. In this example, the
catalyst is covalently anchored onto an ITO (Indium Tin Oxide)
conducting glass through the interaction between the terminal

This journal is © The Royal Society of Chemistry 2014
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-OH surface groups and the phosphonate moieties. The new
electrodes present the best performance reported until now
towards water oxidation, with at least 2.8 x 10* TON and
0.6 s~ ' TOF, applying 0.63 V overpotential at pH 1 and yielding
a 97% faradic efficiency (i.e. 97% of the current is used to evolve
oxygen).”*

Recently, two different copper catalysts capable of oxidising
water with a high faradic efficiency, high TOF, have been
published. In the first example, the catalyst was a mononuclear
compound (WOC10) capable of oxidising water by applying
0.75 V overpotential at pH 13, with a TOF of 100 s~' and 90%
faradic efficiency.” The second mononuclear copper com-
pound (WOC11) oxidises water at 0.72 V overpotential at pH
11 with a comparable TOF and with 99% faradic efficiency. A
water nucleophilic attack on the Cu(v)=O or Cu(m)-O is
proposed as the reaction mechanism.>®

Another interesting example reports the WO by a molecular
cobalt catalyst (WOC4), yielding 77% faradic efficiency, by
applying 0.9 V overpotential (phosphate buffer, pH 2). The
molecular nature of this catalyst has been proved by studying
how the catalytic performance was affected by changing the
ancillary ligands.”” The mechanism has been proposed to be
similar to the structurally related Ru WOC3 and, similarly,
involving the intramolecular interaction of the two Co(iv)=—0O
units (I2M).

3.3.3. Photochemically induced WO. The use of sunlight to
carry out water oxidation is one of the key points required to
mimic the natural photosynthesis. Thus, the presence of a light
harvesting system is fundamental in order to use sunlight
energy to oxidise the WOC and to accumulate the oxidative
equivalents needed to evolve oxygen.

As discussed previously in Section 2.4, light-induced water
oxidation can be carried out in the homogenous phase using a
photosensitiser (P) to harvest the sunlight energy, a WOC and a
sacrificial electron acceptor (SEA) (Scheme 4). The absorption
of sunlight energy by the photosensitiser generates an excited
state (P*) capable of transferring an electron to the SEA and
generating the oxidised photosensitiser (P*). The latter then
oxidises the WOC from its low oxidation state to a higher one,
which in turn oxidises water to dioxygen.

Different WOCs have been tested in this three component
system with moderate results.” One of the main problems of
this approach is the photosensitiser stability, which can be
oxidised by singlet oxygen generated during the catalysis from
the direct interaction between the triplet oxygen and light.

One of the best results belongs to the three component
system WOC2/P3/Na,S,0;."” This example presents the max-
imum reported quantum yield ¢o, (i.e. the number of photons
used to generate oxygen), which turns out to be 0.3. Taking into
account that for Na,S,0s-based systems the maximum expected
¢o, is 0.5, in the above-mentioned example 60% of the photons
are used to generated oxygen. Furthermore, 90% of the Na,S,05
is consumed, which also turns to be one of the best reported
results.

Another strategy for light-driven water oxidation is to build
chromophore-catalyst dyad molecules. This approach consists

This journal is © The Royal Society of Chemistry 2014
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Scheme 4 Combination of reactions involved in light induced WO. WOC,
catalyst in non-active oxidation state. WOC™, catalyst in its active oxidation
state. P, photosensitiser. SEA, sacrificial electron acceptor.

of covalently linking two metal complexes, each of them playing
a different role: one acts as the light-harvesting antenna and
the other one acts as the WOC. Most of the published dyads are
used either to oxidise organic substrates or to study the electron
transfer between the two metal centres. However, recently a
diruthenium dyad (D1 in Fig. 3) capable of reaching 134 TON
upon light irradiation during 6 hours has been published.
Moreover, the performance of this new dyad is better than
the analogous three component system.'®

Finally, anchoring the photosensitiser and the catalyst onto
n-type semiconductor surfaces forms a photoanode, which can
be incorporated in a PEC (see Section 6.2).

4. Proton reduction

4.1. Introduction

The reduction of protons into molecular hydrogen is a two-
electron process (eqn (5) in Table 1), and from a thermody-
namic point of view, all the redox couples with a more reductive
potential than the couple E(H,O/H,) = —0.41 V vs. NHE at pH 7
are able to generate H,. However, some of those reactions are
kinetically disfavoured and are too slow in the absence of a
suitable catalyst. Transition metal complexes can store elec-
trons via multiple redox states and therefore they are suitable
candidates to efficiently catalyse this reaction.>***>° Indeed,
during the last few decades a large number of homogeneous
and heterogeneous molecular systems based on transition
metal complexes for hydrogen evolution have been described.
Even though they often show high efficiency and turnover numbers
(TON) for hydrogen production, most of them are only functional
in organic or aqueous-organic media (5-50% H,0) and examples of
systems working in pure water remain scarce. Nevertheless this is a
necessary condition for a real application in a large scale artificial
photosynthetic process.

In the following sections, an overview of the mechanistic
proposal for proton reduction catalysed by metallic complexes
will be presented, followed by a summary of the best molecular
HECs described to date, selected according to their perfor-
mance and focusing on those that work in aqueous conditions
or hydro-organic media.

The HECs have been divided into two major categories, the
first one includes catalysts based on rhodium and platinum,
while the second one deals with those based on cobalt, nickel,
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Scheme 5 Left, proposed mechanistic pathways for hydrogen evolution catalysis at a metallic centre M"*. Right, hypothetical transition states of H—H

bond formation at the [FeFe]-hydrogenase cofactor and DuBois catalys

iron or molybdenum. The first family of metals has been
studied for a long time because of their high reactivity towards
protons as colloids and their ability to easily form metal
hydrides. However their high costs and low abundances render
them problematic for industrial applications. For this reason
many new studies are focused on the development and the
optimisation of metallic complexes based on cheaper and more
abundant metals.

4.2. Proton reduction mechanisms

The mechanism of proton reduction catalysis at metallic centres
has been studied experimentally and theoretically, particularly
using cobalt, nickel and diiron catalysts.*>*?**° Even though
most of these studies have been done in organic media, they
provide valuable information for the design of better catalysts
that will ultimately be used under aqueous conditions.

A generic mechanistic scheme for proton reduction at a
metallic centre M"" is given in Scheme 5. Reduction of M""
followed by protonation affords the key intermediate hydride
H-M"" that can react in three different ways. The first one
involves protonation and hydrogen evolution, regenerating the
starting M"" catalyst (heterolytic pathway, black arrow). Alterna-
tively, the reaction with a second hydride molecule forms Y
and releases hydrogen (homolytic pathway, red arrow). The third
possible route involves further reduction of the hydride to give a
low valent hydride H-M""~Y*, which can analogously follow the
heterolytic or homolytic pathways (blue arrow).

Homolytic and heterolytic pathways are competing mechan-
isms that can operate uniquely or simultaneously, depending
on the experimental conditions, such as the catalyst concen-
tration or pH. In this context, the use of bimetallic complexes
can provide a useful tool to discriminate in favour of one
mechanism and to enhance the rate of the catalysis.

10 | Chem. Soc. Rev, 2014, 00, 1-19
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The presence of proton relays in the second coordination
sphere of the metal catalyst can favour Proton Coupled Electron
Transfer (PCET) processes in hydrogen evolving catalysis. It has
been proven that they facilitate the formation of the H-M""
hydride intermediate as well as the formation of the H-H bond.
One illustrative example is that of DuBois catalysts in Scheme 5
with strategically positioned amine groups that are believed to
be responsible for the high catalytic rates of the catalysis.*®>
Very often this proton relay is compared to the cofactor of the
[FeFe]-hydrogenase, the best natural enzyme for proton
reduction and hydrogen oxidation (Scheme 5).

4.3. Catalysts

4.3.1. Pt and Rh. The first examples of functional photo-
induced hydrogen production were published in the late seventies.
They combine [Ru(bpy)s]** (P2) as a light harvester, a heterogeneous
(platinum colloid) or homogenous (metal complex) proton reduction
catalyst and a sacrificial electron donor (SED). Those systems can
be coupled to a redox mediator such as methyl viologen (MV>")
or metal complexes. In 1979 Lehn and Sauvage® showed that a P2
photosensitized aqueous solution of colloidal platinum, using
HEC1 (Fig. 5) as electron relay, can efficiently evolve H, under
visible light irradiation (4 > 400 nm, 10.8 h™" TOF). They also
showed that an equivalent solution at pH 5.2 without platinum
colloids produced a significant amount of hydrogen (6 TON in
3 h); in this case the rhodium complex HEC1 plays the role of
hydrogen evolving catalyst in the first fully molecular photoca-
talytic system for proton reduction.

The most active rhodium catalyst (HEC2) belongs as well to
the polypyridyl family and is able to reach more than 5000 TON
with 34% of quantum yield (¢y,) in a system described by
Bernhard.> Complex HEC2 was coupled to a cyclometalated
iridium photosensitiser (P6, Fig. 3) and TEA (triethylamine) was

This journal is © The Royal Society of Chemistry 2014
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HEC1R=H
HEC2R =Bu

Fig. 5 A selection of rhodium hydrogen evolving catalysts.

HEC3 HEC4

used as the SED in an aqueous-organic solvent mixture THF:
H,O0 (80:20) under monochromatic irradiation (1 = 460 nm).
An important drawback of this system is the presence of an
organic co-solvent in addition to water.

In the last few years two new systems based on a rhodium
catalyst that exhibit interesting activity in purely aqueous
medium have been published. The first one was developed by
Fukuzumi®* and is built with pentamethylcyclopentadienyl and
bipyridine ligands (HEC3, Fig. 5). This Rh catalyst was used
together with P2 as a photosensitiser and sodium ascorbate/
ascorbic acid buffer which acted as both the proton source and
the electron donor. Under optimized conditions the catalyst
can reach up to 100 TON in 3 h under visible light irradiation (4
> 430 nm). One interesting part of this work is the pH to
reactivity relationship study. It has been shown that the optimal
PH corresponds to a compromise between the reactivity of the
catalyst towards protons and the efficiency of the quenching of
the photosensitiser and therefore the sodium ascorbate/ascorbic
acid ratio has to be chosen wisely to optimize the efficiency of
the system. The second system is the most active rhodium based
catalyst that works in purely aqueous medium and has been
described by Collomb.?* This system is composed of the poly-
pyridyl catalyst HEC4 in Fig. 5, which is similar to those used by
Lehn and Bernhard, and uses P2 as a photosensitiser and
ascorbate buffer as an electron donor. The photocatalytic
solution is irradiated under visible light (400 nm < 1 <
700 nm) and under optimized conditions the system reaches
more than 1000 TON. This work also highlights a non-negligible
hydrogen production from a blank solution containing a mixture
of the photosensitiser and the buffer at pH 4 that has to be taken
into account, particularly when the catalyst concentration is
lower than that of the photosensitiser.

The group of Sakai has developed numerous photocatalytic
proton reduction systems that are active in pure water.>®
They are mainly based on platinum complexes (mono- and
binuclear) with a nitrogen rich coordination sphere (Fig. 6).

] 2+ ] 2+ 2+
HN. o NH B H 2 B N F |
~PtOuH _N_ O_ Ng ~N_ _N-N_ Ng
HeN .’)_ et/ el oG4
H3N~pt_../}3 2N Mo”7 N 2N NN N
H;N” ~0 o H - ) L
HECS5 HEC6 HEC7

Fig. 6 A selection of binuclear platinum hydrogen evolving catalysts.

This journal is © The Royal Society of Chemistry 2014
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The best performances were obtained using the dinuclear
complex HEC5 (Fig. 6), P2 as a photosensitiser, methyl viologen
(MV*") as an electron mediator and EDTA (ethylenediamine
tetraacetic acid) as an SED in acetate buffered aqueous solution
(pH 5). In this case, the quantum yield (¢y,) for H, production
can reach an exceptionally high value of 31% using visible light
with an average TON around 100. According to the authors, the
determining factors for the catalyst efficiency and activity are
the distance and the interaction force between the d,. orbitals
of the two platinum centres involved in the key hydride inter-
mediate formation and thus in the proton activation process.
The shorter the distance and/or the stronger the interaction
between the two metal centres, the more active is the catalyst.
To confirm this assertion, two other Pt dinuclear complexes
with different Pt-Pt bond lengths were studied (HEC6 and
HEC?7, Fig. 6). Indeed, complex HEC6 with a shorter Pt-Pt bond
length is more active than complex HEC7 with a longer Pt-Pt
bond. The overriding role of the platinum d,. orbitals in the
proton reduction performance has also been confirmed for
mononuclear platinum complexes by tuning their energy level
using different coordination spheres and then studying the
effects on proton reduction catalysis.*

4.3.2. Fe, Co, Ni and Mo. In the last 5-10 years there has been
a remarkable improvement in the performance of water reduction
catalysts using earth abundant materials like molybdenum or the
first row transition metals iron, cobalt and nickel. Fig. 7 and 8
illustrate the best molecular catalysts described to date that
belong to this group. The selection includes catalysts that have
been used in aqueous media or those that have shown particularly
interesting or exceptional properties in aqueous-organic solvents.
Fig. 7 shows a collection of catalysts that have worked successfully
under photochemical reactions, while Fig. 8 focuses on those that
have only been used in electrocatalysis.

Since the cobaloxime-type complex [Co(dmgH),] (dmgH, =
dimethylglyoxime) was reported to promote photocatalytic proton
reduction using P2 as a photosensitiser, a large family of diimine/
dioxime cobalt HECs have been described.**® They have shown
high activity in organic media and have provided valuable
insights into the proton reduction mechanism,*® however, the
low stability of this kind of complexes in water under acidic
reductive conditions has limited their use in aqueous systems,
particularly under homogeneous conditions. One example of a
successful homogenous photocatalytic system in pure water uses
complex HECS in Fig. 7, together with natural photosystem I (PSI)
as a photosensitiser and ascorbic acid as an SED.? The hetero-
geneous approach, that is the use of catalysts attached on solid
surfaces, has been proven to be a good strategy to improve the
performance of cobaloxime type complexes.”?**?* Artero and
coworkers fabricated a highly active cathode grafted with catalyst
HEC14 reaching up to 5.5 x 10* TON at —0.59 V vs. RHE
(Fig. 8).>* Electrodeposition of catalyst HEC15 (Fig. 8, X = CH;CN)
on the glassy carbon electrode produced an electrocatalytic
material that had 5 x 10° TON at —0.61 V vs. NHE.* It is worth
noticing that in this kind of systems it is difficult to prove the
molecular nature of the catalyst and formation of cobalt oxide
nanoparticles cannot be ruled out.
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Fig. 7 A selection of hydrogen evolving photocatalysts containing Fe, Co or Ni, that work in aqueous media or agueous—organic solvents. Turnover
numbers (TON) are referred as moles of H, per mole of catalyst, unless otherwise indicated. Photosensitisers and sacrificial electron donors are added for
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Fig. 8 A selection of hydrogen evolving electrocatalysts containing Co, Ni and Mo which work in aqueous media. Turnover numbers (TON) are referred

as moles of H, per mole of catalyst.

On the other hand, cobalt complexes stabilized by other nitro-
gen donor ligands have shown remarkable stability in water and
high activity in both photochemical and electrochemical systems as
illustrated by the selected examples HEC9, HEC11 and HEC16 in
Fig. 6 and 7.>*** Polypyridyl-based ligands have also been used to
prepare high-valent molybdenum catalysts HEC17 and HEC18 in
Fig. 8, which are among the best molecular electrocatalysts for
hydrogen production described to date that perform in pure water.
Complex HEC18 (3.5 x 10° to 1.9 x 10’ TON) is considered a
molecular analogue of the edge sites of two-dimensional bulk
MOoS,, that has also been used in water reduction.”

12 | Chem. Soc. Rev, 2014, 00, 1-19

Iron based catalysts have also been extensively studied as HEC.
Most of them are dimeric iron(1) complexes resembling the natural
enzyme [FeFelhydrogenase cofactor. A problem associated with
these mimics is the low solubility in water but this can be solved
by encapsulating the catalyst inside micelles or cyclodextrins, attach-
ing the catalyst on a solid support or by using ligands with water
affinity.>*® One example of this latter strategy is described in recent
work by Wu where they use a ligand containing trimeric ethylene
glycol chains (see HEC10 in Fig. 7). They achieve 505 TON under
visible light irradiation using CdTe nanocrystals as photosensitisers
and ascorbic acid as an SED under pure aqueous conditions.’

This journal is © The Royal Society of Chemistry 2014

10

[\
(92}

30

40

50

vl
w1



10

20

[\
93]

30

40

50

(93]
w1

Chem Soc Rev

Diphosphine nickel complexes of the type of HEC19 and
HEC20 in Fig. 8 were first developed by DuBois and coworkers
as HECs in organic solvents but not in water due to their
limited solubility.>*?*3! Two independent studies by Artero
and coworkers were published later where they attached cata-
lysts HEC19 and HEC20 to MWCNTs (multiwalled carbon
nanotubes) by covalent bonding or pi-stacking interactions,
respectively. Subsequent dropcasting on glassy carbon using
Nafion afforded electrocatalytically active electrodes achieving
up to 8.5 x 10* TON in pure aqueous systems.

Another emerging group of HEC studied by Eisenberg are
those based on sulfur donor ligands, which are usually redox non-
innocent and are thought to have a role in the mechanism of
proton reduction. We find examples of cobalt and nickel com-
plexes in this group, HEC12-13, with both metals showing
excellent photocatalytic activity in conjunction with P2 or fluor-
escein (P5) photosensitisers.>* All the examples of this family
reported to date are described in aqueous-organic solvents.

5. CO, reduction

5.1. Introduction

Carbon dioxide is one of the major contributors to the green-
house effect resulting in serious global warming, with the main
source of this anthropogenic CO, being the burning of hydro-
carbon fuels. However, CO, represents an important non-toxic,
highly abundant and cheap carbon feedstock and should not be
viewed as a waste material. In particular, the transformations of
carbon dioxide into methanol or formic acid are important
because these chemicals could be used as liquid fuels. Unfortu-
nately, the inherent structural stability of the CO, molecule
makes its activation towards reduction a difficult task. Therefore,
among the contemporary energy challenges present today, the
reduction of carbon dioxide is certainly one of the major issues.

Another complicated issue associated with the reduction of
CO, is the fact that it can produce a variety of products such as
formic acid, carbon monoxide, oxalic acid, methanol or methane

Tutorial Review

(see Table 1 in Section 1). As depicted in eqn (6), the injection of
one electron into CO, requires a lot of energy; the potential of
the CO,/CO,°*~ redox couple is highly negative (—1.9 V vs. NHE).
This high energy value is partly due to the rearrangement from a
linear to a bent structure. On the other hand, proton-coupled
multielectron transfer (PCET) processes are generally more
favourable than single electron reductions because thermodyna-
mically more stable molecules are produced and high energy
barriers are avoided. This phenomenon is illustrated by the
equations summarized in the Table 1 (compare reduction
potential of eqn (1) with those of eqn (2)-(12)).

There are different methods to reduce CO, including electro-
catalysis, photocatalysis or the use of chemical reducing agents such
as hydrogen. Regardless of the employed methodology, the use of a
catalyst is always required in order to avoid the formation of the CO,
radical anion intermediate and to minimize the overpotential for the
overall process. Molecular catalysts containing transition metals
have been extensively used because low oxidation state species can
easily be reached. However, most electrochemical and photochemi-
cal systems for CO, reduction only produce the 2e~ reduction
products, that is, carbon monoxide or formate. One of the main
challenges in this field is therefore to convert carbon dioxide to a
more reduced product such as methanol with high efficiency and
selectivity. The new catalysts for CO, reduction should also be highly
sensitive to the gas in order to react at low concentration of CO,,
ideally at atmospheric concentrations.

In the following section, an overview of the mechanistic
proposal for carbon dioxide reduction catalysed by metallic
complexes will be presented. Section 5.3 will then describe the
best catalytic systems for CO, reduction based on complexes
depicted in Fig. 9 where they have been divided into: (i) CO,
reduction using H,, (ii) electrocatalysis and (iii) photocatalysis.

5.2. Mechanisms

The first steps towards CO, reduction is its coordination to a
reduced metallic centre (M™") to give M"'L(CO,) (solid black
arrows, Scheme 6). The CO, molecule possesses both acidic and

H -1+ (\

. R,P Ir‘HpR glez glez N Nj
N.T . co T2y ne “Co® Ni
n—"ReCo N Cer O‘PJ NN
co - Me, Me,
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7 \
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PCy: CRC8 :
CRC7 CRC9

Fig. 9 A selection of carbon dioxide reduction catalysts.

This journal is © The Royal Society of Chemistry 2014
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Scheme 6 Top, general scheme for the two electron CO, reduction catalysed by a metallic centre (M™*). n*, initial oxidation state of the CRC; m*,
intermediate oxidation state during catalysis turnover. Bottom, mechanism for the heterolytic cleavage of dihydrogen.

basic properties and the carbon atom is susceptible to be
attacked by nucleophiles and the oxygen atoms are susceptible
to be attacked by electrophiles. The most usual coordination
modes of CO, to a transition metal centre are the c-bonding of
the metal to the electrophilic carbon atom. During catalyst
turnover, a competition may occur between the addition of CO,
and addition of H' on the active reduced form of the catalyst
leading to bond cleavage and release of CO (black dashed
arrow) or to a metal hydride intermediate H-M"'L (solid grey
arrow). This metal hydride can undergo two competing pro-
cesses; it can either react with CO, to give the desired formate
(HCO, ™) or it can react with H' to produce molecular hydrogen
(H,) (compare left and right dashed grey lines). The acidity of
the reaction medium may influence the product distribution
between CO, formate and H,.

The reduction of CO, to CO requires the cleavage of a C-O
bond (black dashed arrow in Scheme 6). A detailed kinetic
analysis of the catalytic reduction of CO, to CO by an electro-
generated iron(0) porphyrin derived from CRC1 in Fig. 9, in the
presence of a Brensted acid has recently been described.*® By
means of a systematic application of the foot of the wave
strategy to cyclic voltammetric responses, it is found that the
rate-determining step is a reaction in which electron transfer
from the central iron atom is concerted with proton transfer
and breaking of one C-O bond. This was the first time that such
a concerted proton-electron transfer bond cleavage was
detected and characterised in a catalytic process. Experimental
and theoretical studies of the role of weak Brgnsted acids were
also performed on the catalysis of the reduction of CO, to CO
using a rhenium catalyst of the type of CRC3 (L = CI).>”*® Here
it was shown that addition of a proton source speeds up the
catalysis considerably.

The mechanism of the photocatalytic reduction of CO, has
been extensively studied using [Re'(bpy)(CO);L] (CRC3) based
complexes. After photoexcitation, the next step is the reductive
quenching of the MLCT (Metal to Ligand Charge Transfer)
excited state of the rhenium complex by a sacrificial electron

14 | Chem. Soc. Rev,, 2014, 00, 1-19

donor (SED) yielding the one-electron reduced species
[Re'(bpy*)(CO)sL] . It is proposed that the following step is a
ligand exchange with the solvent to afford the catalytically
active species, however, the mechanism of CO formation is
still not completely elucidated. In some cases a CO, or
C(OH)O-bridged dinuclear species was observed or isolated.

Three different processes for the reduction of CO, in the
presence of hydrogen are generally identified: (i) hydride formation,
(ii) hydride transfer from the metal complex to the coordinated CO,
and (iii) H, coordination concomitant with transformed-substrate
release. The key mechanistic step is the heterolytic activation of
dihydrogen by the transition metal complexes (Scheme 6, bottom).
The heterolytic cleavage of the H, ligand is triggered by a base
which can be an external base or an intramolecular ancillary ligand,
yielding the metal hydride intermediate species (black dotted arrow
in Scheme 6, bottom). The hydride transfer step appears to be
similar to those observed in the photo- and electrocatalysis (grey
dotted arrows in Scheme 6, top).

5.3. Catalysis

5.3.1. CO, reduction with H,. The reduction of CO, using
transition metal catalysts and molecular hydrogen as the redu-
cing agent is a useful methodology to transform CO, into C;
products such as formic acid, formaldehyde, methanol and
methane. Different kinds of molecular catalysts have been
studied for CO, reduction under a hydrogen atmosphere; the
most efficient ones are based on noble metals such as iridium,
ruthenium or rhodium.*

One of the most active catalysts described to date for the
reduction of CO, with hydrogen is the iridium pincer complex
CRC4 in Fig. 9, that performed 3.5 x 10° TON with a TOF up
to 40 s~ (T = 200 °C, Py, = 25 atm, Peo, = 25 atm).

An important challenge still remaining in this field is the
design of catalysts that are highly sensitive to CO,, that is to
say, catalysts that react with atmospheric concentration of
CO, (390 ppm) or lower. In this context, Linehan has recently
developed a system based on a first row transition metal.*’

This journal is © The Royal Society of Chemistry 2014

10

20

[\
(92}

30

40

50

vl
[$3]



10

20

[\
93]

30

40

50

(93]
w1

Chem Soc Rev

The cobalt hydride derived from CRC5 produces formate from
CO, and H,. This complex presents a high catalytic activity with
a TOF of 3400 h™" at room temperature and using a mixture of
gases of CO,:H, (1:1) at P = 1 atm. The catalytic activity is
comparable to those of noble metal catalysts for CO, reduction
with hydrogen, however, this catalytic system requires the use
of a quite exotic/expensive base.

5.3.2. Electrocatalytic reduction of CO,. The electrocataly-
tic reduction of CO, can yield different products depending
on the degree of reduction that is achieved after catalysis
(eqn (6)-(12), Table 1). To facilitate the discussion of this topic,
this section has been divided into three categories according to
the product that is generated after reduction, ie. (i) carbon
monoxide, (ii) formate, (iii) oxalate.

(i) Reduction to CO: A plethora of organometallic complexes
have been studied as catalysts for the CO, activation and its
electrochemical conversion to CO (eqn (8), Table 1).> Among
them, iron porphyrins have shown remarkable results. For
instance, Saveant and coworkers reported catalyst CRC1 in
Fig. 9 as an efficient and stable catalyst for the selective
conversion of CO, into CO in the presence of Lewis acids or
weak Brgnsted acids.” In this work, it was also observed that the
addition of a proton source speeds up the catalysis. On this
basis, the same group reported catalyst CRC2, shown in Fig. 9,
bearing hydroxyl groups on the phenyl group perpendicular to
the macrocycle of the porphyrin, leading to a considerable
increase of catalytic activity.” This catalyst, which uses one of
the most earth abundant metals, presents good selectivity towards
the production of CO (above 90%) with a TON of 5 x 10’.
Furthermore, the catalyst remains stable over the course of 4
hours of electrolysis at a low overpotential (0.465 V).

Catalysts based on other macrocyclic structures have also
been studied.*' In 1980, Eisenberg reported a family of tetra-
azomacrocyclic complexes of cobalt and nickel similar to CRC6
shown in Fig. 9 for the reduction of CO, to CO. These catalysts
performed with high current efficiencies (up to 98%) and at
potentials ranging from —1.3 to —1.6 V vs. SCE (E(V) vs. SCE =
E(V) vs. NHE —0.2412 V).*" A few years later, the group of
Sauvage reported the nickel cyclam complex CRC6.*' This
complex was extremely stable and displayed good selectivity
and faradic efficiency (up to 96%) at —0.86 V vs. SCE (E(V) vs.
SCE = E(V) vs. NHE —0.2412 V) in aqueous solution. However, it
has been shown that Ni(cyclam) complexes are absorbed on the
mercury electrode. More recently the homogeneous CO,
reduction activity of this catalyst was examined at a glassy
carbon electrode,”® and it was shown that even if the same
catalyst presents a better activity on mercury, the catalysis
occurs efficiently and selectively in water also on an inert
electrode. Another family of metal catalysts used for the
reduction of CO, to CO are those containing phosphine ligands
such as the bimetallic palladium complex CRC7, shown in
Fig. 9, studied by DuBois. This complex shows high catalytic
rate and faradic efficiencies higher than 90% for CO production
in acidic acetonitrile solution. They suggest cooperative bind-
ing of CO, that facilitates the formation of the CO, adduct
intermediate.’

This journal is © The Royal Society of Chemistry 2014
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(ii) Reduction to formate: Formic acid is one of the two
possible 2e” reduction products of CO, (eqn (7), Table 1). It
is the only product of the electrolysis of CO, in water on an inert
electrode without any catalyst present. The transformation of
CO, into formate is an interesting option because formic acid
may be used for hydrogen storage, as a reducing agent for
organic compounds or as a liquid fuel in formic acid fuel cell
applications.

Iridium pincer complexes such as CRC8 and CRC9 have
been developed to electrochemically reduce CO, to formate in a
mixture of water-acetonitrile or in pure water, respectively.*?
Both electrocatalysts are highly active for the CO, reduction
with faradic yields up to 90% and formate being the only
reduced carbon product of the reaction. However, simulta-
neous production of H, from the reduction of water was also
observed.

(iii) Reduction to oxalate: Oxalate is one of the products of the
direct reduction of CO, on an inert electrode in aprotic media,
together with carbon monoxide. It generates from the dimer-
ization of the initial CO, anion radical (eqn (6) and (9), Table 1),
however, a high overpotential is required to perform this
reaction and therefore the use of a catalyst is highly desirable.

A remarkable catalytic system that has been developed in
this context is the dinuclear copper complex CRC10 shown in
Fig. 9 and Scheme 7. The two electron reduced complex
derived from CRC10 reacts selectively with CO, from air rather
than O, to generate a tetranuclear complex containing two
bridging CO,-derived oxalate groups (steps a-c in Scheme 7).
Addition of a lithium salt to the copper(u) oxalate complex
results in quantitative precipitation of lithium oxalate (step d in
Scheme 7). This catalytic system is able to activate and trans-
form CO, selectively into oxalate by applying —0.03 V vs. NHE.

5.3.3. Photoactivated CO, reduction. Photocatalytic
reduction of CO, using solar energy is another attractive option
to activate CO,, especially in terms of sustainability since the
energy needed to run the reaction comes from sunlight.** The
first example of photocatalytic CO, reduction was published by
Lehn in the early eighties.*' They used [Ru(bpy);]** (P2) as a
photosensitizer, CoCl, as a catalyst, and TEOA (triethanola-
mine) as a sacrificial electron donor (SED) in aqueous solution.
This system displays a quantum yield (¢¢o) of 0.012. The same
group presented the photocatalyst [Re(bpy)(CO);Cl] (CRC3)
with a ¢co = 0.14 and good selectivity.*' The rhenium complex
plays a double role in the reaction because it both absorbs the
light and performs the catalytic CO, reduction. One of the main
drawbacks of the latter system is that the complex absorbs
mostly in the UV light region, with weak absorption in the
visible part of the solar spectrum. In order to overcome this
problem, the catalyst is covalently linked to a visible light
absorbing photosensitizer in the form a dyad, such as in D3
in Fig. 3. This photocatalyst was developed by Ishitani and
coworkers and displayed high selectivity for the CO generation
with ¢co = 0.12 and 170 TON under visible light irradiation.**

The same group has developed supramolecular photocata-
lysts with different ratios of photosensitiser units and catalyst
units based on ruthenium complexes.”> These multinuclear
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Fig. 10 Schematic representation of a photoelectrochemical cell (PEC) performing the overall light induced water splitting.

complexes were used as photocatalysts for the reduction of CO,
to formic acid. In the case of the higher ratios of the photo-
sensitiser unit D4 shown in Fig. 3, they observed a high yield of
formic acid and the highest photocatalytic activity with ¢ycoomn
= 0.061 and 671 TON.

6. Photoelectrochemical cells (PECs)
6.1. Introduction

The conversion of solar energy into chemical fuels can be
achieved via so-called water splitting, by means of sunlight-
storing devices. The requirement to build such devices include
the assembly of suitable modules for light harvesting, water
oxidation and proton reduction in a single photoelectrochem-
ical cell (PEC), mimicking natural photosynthesis.

The overall water splitting process can be divided into the
two half reactions, so that water oxidation and proton
reduction are carried out in two separate compartments. Each
compartment contains an electrode (respectively the anode,
performing water oxidation, and the cathode, performing pro-
ton reduction), connected through an external circuit for elec-
tron flow (see Fig. 10). At least one of the electrodes is coupled

16 | Chem. Soc. Rev, 2014, 00, 1-19

to light absorption, i.e. it is photoactive. In this case, the role of
a visible light harvester is usually played by the semiconducting
material constituting the anode and/or the cathode. Depending
on the energy band gap, the semiconductor itself can absorb
the visible light or must be sensitised with a suitable dye
molecule P (see Fig. 10 and Section 2.2). Furthermore, the
anodic and cathodic compartments can host the water oxida-
tion and the proton reduction catalysts respectively. The WOC
and HEC can be molecular catalysts dissolved in the homo-
geneous phase (as shown in Fig. 10), but a PEC could also be
designed so that one or both catalysts are anchored onto the
electrode/photoelectrode.  Finally, a proton exchange
membrane (PEM) can be used to physically separate the two
compartments, thus simplifying the product (O, and H,) col-
lection and avoiding their potentially hazardous reaction back
to H,O0.

A common strategy to build PECs consists of optimising the
properties of the half reactions independently. In this case, a
simple metallic wire or mesh (e.g. platinum) can be used as the
counter electrode, and a potentiostat is then used to apply the
desired potential to probe the system. Once independently
optimised, the modules should be conveniently integrated into
the final device, ensuring the matching of both the current and

This journal is © The Royal Society of Chemistry 2014
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Fig. 11 Schematic representation of the thermodynamics occurring respectively at the photoanode (left) and the photocathode (right) of a PEC

performing the overall light induced water splitting.

the potential of all the reactions involved in the whole process,
in order to achieve high conversion efficiencies. For a sche-
matic representation of the thermodynamics involved in the
light assisted water splitting in a PEC see Fig. 11.

6.2. Molecular photoanodes for water oxidation

Focussing on the WO half-reaction, as previously indicated, a
straightforward strategy is to integrate both the light absorbing
molecule (P) and the water oxidation catalyst (WOC) on the
surface of a n-type semiconductor, such as TiO, (SC1 in Fig. 10),
thus yielding a single hybrid material that can potentially act as
a photoanode. Aside from the WOC, that must be firmly
anchored without modifying its intrinsic coordination and
catalytic properties, an appropriate choice of the dye is also
fundamental. The latter should display: (i) extended absorption
in the visible spectrum; (ii) an oxidised state able to undergo
fast photo-induced electron transfer with the WOC; and (iii) a
suitable oxidation potential to drive the consecutive redox
processes on the catalyst (see also Fig. 11).

Mallouk and coworkers reported the first example based on
this strategy, where IrO, nanoparticles were organized onto dye-
sensitized Ti0,.*® Photocurrents up to 30 pA were registered
when applying 0 mV vs. Ag/AgCl (E(V) vs. Ag/AgCl = E(V) vs. NHE
—0.2881 V) bias and irradiating with a 450 nm light source in 30
mM NaHCOs/Na,SiF, buffer (pH 5.75). The formation of O, and
H, at the two compartments of the PEC (separated by a glass
frit) was confirmed by means of gas chromatography and Clark
electrode measurements, yielding a faradic efficiency for O,
generation of ca. 20%."°

After this pioneering example, several other PECs containing
transition metal oxides as WOCs have been reported. On the
other hand, assemblies involving molecular catalysts are still
rare. The first example of a molecular catalyst anchored onto a
photoanode was reported by Sun and coworkers.?” The ruthe-
nium complex WOC6 (Fig. 4) was confined in Nafion, and
deposited onto a dye-sensitised TiO, electrode. Visible light-driven
water splitting was successfully achieved upon both illumination
(provided by a light emitting diode of 100 mW cm™?) and

This journal is © The Royal Society of Chemistry 2014

application of a —0.325 V vs. Ag/AgCl (E(V) vs. Ag/AgCl = E(V) vs.
NHE —0.2881 V) bias to the device. Under these conditions, a
photocurrent density of 43 pA cm™ > was obtained in 0.1 M Na,SO,
aqueous solution, although just a qualitative analysis of the
generated hydrogen has been reported.

This system has been recently modified by the same group
by covalently anchoring the catalyst (functionalized with a
silane moiety, compound WOC7 in Fig. 4) onto the dye-
sensitised TiO, surface.”® By applying an external bias of
0.2 V vs. NHE, an initial photocurrent density of 1.7 mA cm >
was registered upon illumination with a white light source of
300 mW cm > in phosphate buffer (pH 6.8). The production of
both O, and H, during the water splitting process has been
confirmed by means of gas chromatography. After 500 s of
visible light illumination, ca. 0.75 umol of O, and 1.34 umol of
H, were detected, corresponding to faradic efficiencies of 83%
and 74% respectively.

6.3. Molecular photocathodes for proton reduction

With regard to the other half-reaction, proton reduction can be
performed at a photocathode assembled from a p-type semi-
conductor electrode (SC2 in Fig. 10), eventually sensitised with
a P and coupled with a HEC. The latter can be either in the
homogeneous phase or anchored onto the semiconductor sur-
face. The redox properties of both the dye and the catalyst must
accomplish the requirements schematically shown in Fig. 11.

Recently some molecular photocathodes, coupled with
platinum as the counter electrode, have been developed. For
example, Sun and coworkers reported the covalent anchoring of
the organic dye P7 onto a nanostructured p-type semiconductor
(NiO, SC2 in Fig. 10).* The resulting photocathode was coupled
with the cobalt complex HEC15 (X = H,0) and used in phos-
phate buffer at pH 7. Initial photocurrents of ca. 5 uA cm 2
were generated by applying —0.4 V vs. Ag/AgCl bias (E(V) vs.
Ag/AgCl = E(V) vs. NHE —0.2881 V) and illuminating with a light
emitting diode. Hydrogen generation (ca. 90 nmol mL™" after
30 min of irradiation) was confirmed using a modified Clark-
type electrode.

Chem. Soc. Rev, 2014, 00, 1-19 | 17
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Another interesting example of a NiO-based photocathode
was reported by Wu and coworkers.’® In this system, the major
improvements are related to both: (i) the coating of the NiO
surface with an insulating monolayer of alumina (in order
to suppress hole-electron recombination across the semi-
conductor surface) and (ii) the covalent anchoring of the
HEC, in the form of the supramolecular dyad D2 (Fig. 3). Upon
irradiating this photocathode with a Xe lamp and applying
0.1 V vs. NHE bias to it, photocurrent densities up to 9 pA cm™>
were registered in both neutral water and phosphate buffer at
pH 7. Hydrogen production (0.29 pmol) was confirmed by
means of gas chromatography (calculated faradic yield = 45%).

Recently, Mozer and coworkers reported a molecular dye-
sensitised photocathode coupled to a BiVO, photoanode, in a
Pt-free tandem PEC performing the overall water splitting. In
this device, a NiO photocathode, sensitised with P8 (Fig. 3) was
connected in series, side by side, to a BiVO, photoanode.® The
two compartments of the PEC were separated by a Nafion PEM
and the two photoelectrodes were illuminated simultaneously
with visible light. The resulting PEC is a standalone system, i.e.
able to sustain solar hydrogen generation without the applica-
tion of an external electrical bias or the addition of a sacrificial
oxidant/reductant. In 0.1 M Na,SO, (pH 7), a steady photocur-
rent of 2.7 uA cm ? was sustained over 4 hours. Hydrogen
production (2.6 nmol) was confirmed by gas chromatography
(97% faradic efficiency), whereas O, could not be detected.

6.4. PECs combining photocathodes for CO, reduction with
0O, evolving photoanodes

The same concept of using sunlight to split water and generate
H, and O, can also be applied to water splitting assisted by CO,
to generate O, and HCOOH (or other CO, reduction products),
which is a close mimic of natural photosynthesis (eqn (17) and
(18) respectively).

2CO, + 2H,0 — 2HCOOH + O, (17)

nCo, + nH,0 — (CH,0), + n0, (18)

Photocatalytic CO, reduction yielding useful chemicals is a
more challenging reaction than H, production and, when
performed in aqueous solutions, suffers from both low product
selectivity and low quantum efficiencies, due to competition
with H, evolution. However, some interesting examples of
these different kinds of PECs have been reported by Sato and
coworkers.** The reduction of CO, to formate was catalysed
by a ruthenium complex anchored onto different p-type semi-
conductors by means of polypyrrole polymerization. The most
promising results were obtained by coupling a reduced SrTiO;
photoanode with a zinc-doped indium phosphide (InP) photo-
cathode (modified with the above mentioned catalyst) in a
“wireless” fashion with no external bias. With this assembly,
solar CO, reduction was successfully performed in a 0.1 M
NaHCO; aqueous solution mixed with phosphoric acid
(pH 7.7), with a conversion efficiency from solar to chemical
energy of 0.08%.”

18 | Chem. Soc. Rev,, 2014, 00, 1-19
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7. Final remarks

During the last decade the field has advanced enormously at all
fronts and even though catalysts and photosensitizers should
be further improved in terms of overall performance in aqu-
eous solutions, the bases for the construction of a device are
already set up. Today the main challenge ahead, for the con-
struction of technologically useful PEC for the production of
solar fuels, is the harmonization of all the numerous reactions
that occur in each compartment. In other words, assuming that the
thermodynamics of the whole PEC cell are correct, an indispensable
requirement is that the kinetics of all the reactions involved are right
so that the desired reactions occur. Given the combination of the
large number of reactions involved this is by no means trivial.

Thus an enormous effort should be dedicated to the con-
struction of complete PEC in order to fully understand the
different parameters involved so that they can be adequately
tuned for success.

The potential solution to today’s energy problem has strong
societal implication since it will allow us to maintain the
lifestyle of our developed societies, and also to attain decent
living standards in developing and poor countries.
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