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Molecular Water Oxidation Catalysts for Photoelectrochemical Cells

Abstract

Photoelectrochemical cells that efficiently split water into oxygen and hydrogen, "the fuel of the future”,
need to combine robust water oxidation catalysts at the anode (2H(2)O -> 0-2 + 4H(+) + 4e(-)) with
hydrogen reduction catalysts at the cathode (2H(+) + 2e(-) -> H-2). Both sets of catalysts will, ideally,
operate at low overpotentials and employ light-driven or light-assisted processes. In this Perspective
article, we focus on significant efforts to develop solid state materials and molecular coordination
complexes as catalyst for water oxidation. We briefly review the field with emphasis on the various
molecular catalysts that have been developed and then examine the activity of molecular catalysts in
water oxidation following their attachment to conducting electrodes. For such molecular species to be
useful in a solar water-splitting device it is preferable that they are securely and durably affixed to an
electrode surface. We also consider recent developments aimed at combining the action of molecular
catalysts with light absorption so that light driven water oxidation may be achieved.
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Photoelectrochemical cells that efficiently split water into oxygen and hydrogen, “the fuel of the future”,
need to combine robust water oxidation catalysts at the anode (2H,O — O, + 4H* + 4e”) with hydrogen
reduction catalysts at the cathode (2H* + 2e- — H,). Both sets of catalysts will, ideally, operate at low
overpotentials and employ light-driven or light-assisted processes. In this Perspective article, we focus
on significant efforts to develop solid state materials and molecular coordination complexes as catalyst
for water oxidation. We briefly review the field with emphasis on the various molecular catalysts that
have been developed and then examine the activity of molecular catalysts in water oxidation following
their attachment to conducting electrodes. For such molecular species to be useful in a solar
water-splitting device it is preferable that they are securely and durably affixed to an electrode surface.
We also consider recent developments aimed at combining the action of molecular catalysts with light

absorption so that light driven water oxidation may be achieved.

Introduction

The development of efficient technologies that produce carbon-
free renewable fuel is vital if we are to meet the challenge of
satisfying the energy needs of the future. Hydrogen gas is a high
density, carbon-free energy carrier which is considered a potential
“fuel of the future”. Hydrogen is readily produced on a large scale
by steam reforming of natural gas or by partial oxidation and
subsequent reforming of coal. Both of these processes produce
significant carbon dioxide, are non-renewable and more expensive
than conventional fuel sources.! Ideally, hydrogen should be
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produced free of carbon, from the splitting of water using a
renewable energy source, such as wind or solar energy.

The minimum theoretical electrical potential required to oxidize
water (eqn (1a)) under standard conditions is 1.23 V (vs. standard
hydrogen electrode (SHE), pH 0).2

2H,0 = O, + 4H* + 4e- 1.23 V vs. SHE (1a)
4H* + 4e = 2H, 0.0 V vs. SHE (1b)
2H,0 = O, + 2H, (Ic)

In practice, however, an overpotential is needed that depends
upon the ability of the catalyst to stabilize the highest energy
intermediates. Overpotentials as low as 0.32 V have been achieved
for the best noble metal catalysts.** Additionally, other factors
must be overcome in standard electrolysers including: (i) cell
resistance (proton and electron current resistances, electrolyte
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conductivity, ionic gas permeability); and (ii) irreversible pro-
cesses (extraneous charge polarization, generation of terminal
intermediates). The actual voltage required to achieve water
electrolysis is therefore typically 1.85-2.05 V.** This correlates to
an overpotential requirement of at least 0.5-0.7 V.

In principle, the abundant solar energy resource could be
utilized to provide this electrical potential. One approach for
achieving this goal is the use of commercially-available photo-
voltaic cells to power water electrolysers. This process has been
demonstrated to yield solar-to-hydrogen efficiencies of up to 7%.6
However, silicon solar cells generate a maximum voltage of only
around 0.6 V, and typical electrolysers operate at around 2 V.
Four silicon cells must therefore be used in series to generate
the required voltage to bring about hydrogen formation. The
requirement for four silicon cells and the additional cost of an
electrolyser, makes hydrogen production from water using this
technology uneconomical for large scale applications, with an
estimated cost of $28 kg™ (1 kg of hydrogen is energetically roughly
equivalent to one gallon of gasoline).” Alternative technologies
such as dye sensitised solar cells (DSSCs)*® can also be used to
drive water oxidation, but, even in this case, three DSSCs are
needed to achieve water electrolysis.®

The key to achieving efficient, electrochemically driven water
splitting using solar energy is to drastically lower the overpotential
required for water oxidation. This can be done using catalysts
that: (i) lower the free energy of the highest energy intermediates
formed during the oxidation half reaction; and (ii) increase the
specificity of products generated. Two critical features needed
for such a catalyst to facilitate water oxidation are: 1) binding
of the water substrate to sites that favour two-electron oxidation
reactions, thereby by-passing the energetically unfavourable one-
electron oxidised (radical) intermediates; and 2) close proximity
of these sites to allow for O-O collision and bond formation in the
peroxo intermediate. The first feature involves efficient proton-
coupled electron transfer reactions with bound water. This can
prospectively be provided by transition metal compounds capable
of coordinating water. The optimal catalyst should couple the
energy-intensive O—H dissociation steps with the energy-releasing
step of O-O bond formation by rearranging these five bonds in
a coordinated sequence without releasing reactive intermediates.

Delivering the necessary energy input into these bonds while
overcoming this mechanistic complexity makes water oxidation
photocatalysis one of the “holy grails” of chemistry.?*

Water oxidation catalysts have been broadly developed in two
areas: solid metal-oxide catalytic surfaces,®®" and inorganic
molecular catalysts.”*?! A major challenge to solar water oxidation
is that the catalysts must, in addition to being stable and having
high turnover frequencies, be inherent collectors of solar energy
(integrated catalysis/photoconversion) or readily incorporated
onto conductive electrodes made from abundant (non-precious)
materials (for indirect photoconversion).??%%

In this Perspective, we briefly review the state of research on
solid-state and inorganic molecular water oxidation catalysts with
some emphasis on “bioinspired” molecular catalysts. Focussing
on the development of devices incorporating molecular catalysts,
we then discuss methods for immobilizing catalysts on elec-
trode surfaces and coupling them to light absorbing antennae,
for the ultimate purpose of achieving light-driven hydrogen
generation.

Solid state catalysts

An extensive range of solid state materials are under evaluation
for water oxidation catalysis, including a large and diverse
family of transition metal oxides, which can be used either as
electrocatalysts, or in the case of semiconducting metal oxides,
for integrated catalysis/photoconversion. The most efficient elec-
trocatalysts typically employ precious metals, such as Pt, Ru and
Ir. They are usually driven with an externally applied potential.®
Progress is being made on development of alloys with improved
stability and turnover rates,’* but the fundamental limitation of
availability and cost constitute a major barrier to the large scale
application of these systems.

A recent development is the use of catalytically active transition
metal oxide phases. One interesting example is the AB,O, spinel
phase,* which has been known for many years to be catalytically
active with particles on the micron size scale. Nanoscopic particles
of Co;0, spinel have been found to exhibit considerably high
catalytic water oxidation rates (TOF = 1140 s per Co,0,).*
Other active solid phases have been prepared by electrodeposition.
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For example, an amorphous, non-conducting Co:P:O phase forms
upon electrooxidation of Co** that is catalytic in water oxidation.'
Currents of 1 mA cm™ have been generated by these films at
an overpotential of 0.5 V. This promising material is chemically
unstable towards dissolution and loss of Co(II) ions, but can
be repaired by the applied electrical potential in the presence of
HPO,>. This establishes a dynamic equilibrium between soluble
Co* and HPO,> species and the insoluble, catalytically active
Co**~HPO,* phase.

Metal oxides containing various combinations of Ti, Nb, Ta, W,
Ga, In, Ge, Sn and Sb have been developed in an effort to utilize
light to achieve efficient electrocatalytic oxidation of water. Like
TiO,, many of these materials, including NaTaO; and SrTiO;,
have large band gaps and only absorb a small portion of the
solar spectrum. Others, such as WO, and Fe,0;, have unsuitable
band edge positions, so that the potential energy generated on
absorption of light does not complement that required for the
oxidation of water and the subsequent reduction of protons.
Another class of catalysts, including CdS and CdSe, have narrow
band gaps with ideal band edge positions but are unstable
under the oxidative potentials required to drive water oxidation."
Achieving the optimum balance between energy absorption and
catalytic potential has, consequently, proven difficult using a
single material. Recent materials of interest include doped binary
semiconductors possessing a UV-blue light response.'>"

Another approach towards overcoming these challenges is
to couple appropriate combinations of materials.%®“!5% For
example, the unsuitable band edge position of WO; and Fe,O;
can be overcome by coupling them in tandem to a photovoltaic
device (Fig. 1). The additional potential required to split water
is then generated by the photovoltaic device.® Hydrogen gener-
ation efficiencies of 3% have been achieved by combining water
electrolysers containing these materials with DSSCs.*

hv
FTO Coating— S
WO, or Fe?Oi/

) 2H,0 4H*+0
Diaphragm 2 2
Electrolyte — | 2H 4H'
Pt Catalyst —__| L/
FTO Coating—"

Glass

Glass
FTO Coating—L
TiO , Layer = N
Photoactive Dye Redox Couple: 1, /I
Pt Catalyst —_1 L-/
FTO Coating— | Glass

Fig. 1 Schematic representation of a tandem photoelectrochemical cell,
combining a water photo-electrolyser with a dye sensitised solar cell.

This challenge is also being addressed by integrating multiple
materials into a single electrode creating multi-junction devices,
where the photoanode contains a layer of a water oxidation
photocatalyst such as GalnP,, and a layer of photovoltaic
material, such as a GaAs p/n junction; the latter provides the
extra potential required to complete the circuit.”

Other developments include depositing doped thin-film oxides
(NiFeO, and Fe,0;) on multi-junction photocells. These catalysts
exhibit longer stability and have been integrated with commercial
multi-junction solar cells.*!* However they typically still require
large overpotentials and employ highly corrosive alkaline condi-
tions (pH = 14).

In summary, solid film catalysts have the potential advantages
of preparative simplicity and ready incorporation into devices.®
When prepared as high surface area nanostructured materials a
large density of catalytic sites can be attained, leading to significant
improvements in overall turnover number even for materials
exhibiting modest specific activities per site.

Molecular catalysts

Molecular catalysts offer the prospect of specific tailoring of the
atomic structure and composition without the constraints imposed
by an extended solid lattice. Such catalysts could potentially lead
to more efficient water oxidation as the O-H bond cleavage and
0O-0 bond forming reactions can be simultaneously optimized.
They may also be made from abundant (and cheap) materials.

The “bottom-up” design and development of a successful
molecular catalyst is, however, an extremely challenging task.
Thankfully, nature has spent the last 3 billion years optimizing
a water oxidation system that is an excellent blueprint for the
design of molecular water oxidation catalysts. This most efficient
molecular water oxidation catalyst is the naturally-occurring
Water Oxidizing Complex (also known as the Oxygen Evolving
Centre) of Photosystem II (PSII-WOC). In vivo activities of the
PSII-WOC are known to reach turnover frequencies of ca. 1000
O, molecules s site™, and turnover numbers of >1 million.?
The active site of the PSII-WOC within oxygenic phototrophs
comprises a CaMn,O, core,” whose structure and catalytic
features are described in detail elsewhere.?®3! Beyond the cluster
itself, the crucial step in successful water oxidation using solar
energy by PSII, is the efficient removal of electrons from the
cluster, via a conductive tyrosine residue (Y.), coupled to the light
adsorbing oxidative P680"* complex.

Bio-inspired molecular catalysts

The water oxidation complex of PSII has inspired a wide range
of model molecular water oxidation catalysts. The most successful
of these utilize the transition metals Ru, Mn and Ir. As in the
PSII-WOC, high oxidation states of these metals are generally
stabilized by introducing electron donating ligands with oxygen
and nitrogen donor atoms. A few examples of these molecular
catalysts are described below as they have been reviewed in detail
recently.®

To date, Ru is the most widely used transition metal in water
oxidation molecular catalysts. Ru complexes typically form stable
metal-ligand bonds, which increase the stability of the reactive
intermediates involved in water oxidation. As discussed below,
however, strong ligand binding to terminal positions on the
metal coordination sphere can also deactivate Ru-based catalysts
by preventing further reaction.?> In addition, kinetically inert
intermediates, typically Ru(Il) species, may be involved in the
catalytic cycle which would affect the catalyst turnover rates.

9376 | Dalton Trans., 2009, 9374-9384
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The first example of a homogeneous molecular water
oxidation catalyst was the Ru™ dimer, [(bipy),(H,O)Ru"-
ORu"(H,0)(bipy),]*", where bipy = 2,2"-bipyridine (Fig. 2(a)).
This complex has been shown to generate oxygen evolution at
rates of 0.0042 molecules O, s™', for an average of 13 turnovers,
using Ce(IV) as sacrificial oxidant.**** The mechanism by which
this catalyst oxidizes water continues to be a subject of debate.3>

Fig. 2 Examples of ruthenium and iridium molecular catalysts:
(a)  [(bipy).(H,O)Ru"ORu™(H,O)(bipy).]*; (b) [(terpy).(H,O)Ru-
(dpp)Ru(H,O)(terpy),]**; (c) [Ru((naphthyridyl)pyridyl-pyridazine)(R-
pyridine),]**; and (d) [Ir(R,R,phenylpyridine),(H,0),]*.

Since its discovery, a range of oxo-bridged Ru dimer cat-
alysts have been reported.** One subset of these catalysts
are dinuclear Ru complexes bridged by amine-based lig-
ands, such as [(terpy),(H,O)Ru(dpp)Ru(H,O)(terpy),]**, where
terpy = 1,2":6",2”-terpyridine and dpp = 2,4-(dipyridyl)pyrazole
(Fig. 2(b)). These complexes are reported to oxidize water
both at a faster rate and with higher turnovers than the oxo
bridged dimers.’” They exhibit an oxygen evolution rate of 0.014
molecules O, s and a turnover number of 18.6, using Ce' as
the oxidant. The increased rate and stability appears to be aided
by the amine bridges which have been proposed to slow catalyst
decomposition and promote water oxidation by placing the two
ruthenium centres in close proximity. A dinuclear Ru complex
supported by a (naphthyridyl)pyridyl-pyridazine ligand and four
axially substituted pyridine ligands has been shown to be capable
of water-oxidation catalysis at a rate of 7.7 x 10~ molecules O, s
for 3200 turnovers, using Ce'" as an oxidant.®

Very recently two mononuclear Ru complexes, [Ru(tpy)(bpm)-
OH,]** and [Ru(tpy)(bpz)OH,]**, where bpm = 2,2’-bipyrimidine
and bpz = 2,2’-bipyrazine, have been reported to oxidise water.*
Zong and Thummel have reported a series of mononuclear Ru(II)
complexes that also oxidise water, with [Ru(pynap)(CH;py),CI]*,
where pynap = 2-(pyrid-2’-yl)-1,8-naphthyridine (Fig. 2(c)), show-
ing the fastest oxygen evolution rate and 580 turnovers.*®

A new class of molecular catalysts uses a single Ir'™ centre
supported by two phenyl pyridines and two water ligands,
[Ir(R,R,phenylpyridine),(H,0),]* (Fig. 2(d)).* In homogeneous
solution, using Ce* as a sacrificial oxidant, these complexes
achieve maximum turnover frequencies of 1.5 x 107 molecules
O, s and turnover numbers of 2500. By altering pendant func-
tional groups of the phenyl pyridine ligands, the electrochemical
properties of these complexes can be tuned; the authors suggest
that this can facilitate efficient coupling to photosensitisers or
electrode surfaces.*

Several Mn molecular water oxidation catalysts have been
inspired by the PSII-WOC. A diverse range of di- and tri-nuclear
Mn complexes are described in the literature as “catalysts” for
water oxidation. However, unequivocal evidence for oxygen
evolution from water is available for few of these complexes and
even fewer have proved capable of multiple turnovers.* Among
the most active complexes are those with [Mn,O,]™* cores. 23424
The most notable examples are: [Mn,"(mcbpen),(H,0),]*
(mcbpen = N-methyl-N’'-carboxymethyl-N,N’-bis(2-pyridyl-
methyl)ethane-1,2-diamine, Fig. 3(b)),® [(tpy)(H,O)Mn(u-
0),Mn(H,O)(tpy)]** (tpy = 2,2":6",2"-terpyridine, Fig. 3(a)),"**
and [Mn,(OAc),(bpmp)]* (bpmp= N,N’-bis((6-methylpyrid-2-
yl)methyl)- N-2-pyridylmethylamine, Fig. 3(c)).** These species
display maximum catalytic rates in the range of 1.6-2.7 X
107 molecules O, s and modest turnover numbers (typically
<20), when employing sacrificial chemical oxidants such as
activated peroxides, hypochlorite, Pb" or Ce!V. 2444 Few of
these complexes are, in fact, able to directly oxidize water without
O-transfer from the sacrificial oxidant. In homogenous solution,
the activity of [(tpy)(H,O)Mn(u-O),Mn(H,O)(tpy)]** (Fig. 3(a))*
depends on the presence of a 2e- O-atom donor oxidant, such
as HSOs™ (oxone) or ClO-, to achieve four turnovers. Using one
electron oxidants like Ce(IV), seventeen turnovers were observed
when the complex was supported within the pores of a clay
mineral.* In this case, the dependence of the rate of oxygen

This journal is © The Royal Society of Chemistry 2009

Dalton Trans., 2009, 9374-9384 | 9377



(b) J \

Fig. 3 Examples of manganese molecular catalysts that have achieved
water oxidation using sacrificial chemical oxidants, such as OCI
and HSOs~, Pb(OAc),: (a) (tpy)(H,O)Mn(u-O),Mn(H,O)(tpy)]**;
(b)  [Mn,"(mcbpen),(H,0),]*; ()  [Mny(OAc),(bpmp)]*;  and
(d) [Mn""corrole]*.

evolution on the square of the concentration of the catalyst
within the clay layer suggested that water oxidation may involve
dimer-dimer interactions. In addition, catalyst decomposition,
involving dimer dissociation into monomers, was proposed to
be slower within the clay layers. Styring, Kurz and co-workers
have recently provided evidence for the direct oxidation of water
by [Mn,(OAc),(bpmp)]* when used in combination with either
HSO;™ or Pb(OAc),.** Gao et al.* very recently reported that

a [Mn"-corrole]* complex can be converted into a MnV-oxo
complex which undergoes reductive elimination of oxygen on
attack by hydroxide ion. An earlier study by Shimazaki et al ¥
found that a dimanganese(I1I)-porphyrin dimer is oxidised by m-
chloroperbenzoic acid (mCPBA) to a dinuclear Mn¥=0 complex,
which releases oxygen almost stoichiometrically on addition of
acid. However, catalytic turnover was not demonstrated in these
studies.

The molecular catalysts are generally used in conjunction with
sacrificial oxidants. These oxidants are: (1) non-innocent in the
reaction process; (2) consumed during the catalytic reaction; and
(3) energetically inefficient in their operation (for example, Ce'
has an oxidation potential of 1.72 V vs NHE). Although useful
for probing the possible catalytic activity of molecular species
and elucidating their reaction mechanisms in solution, use of such
chemical oxidants in water-splitting photo-electrochemical devices
is impractical.

Molecular catalysts for photoelectrochemical cells

To achieve sustained water oxidation in an electrochemical device,
the molecular catalyst must be readily oxidized by the electrode
surface. Only a few reports describe molecular catalysts that are
oxidized by direct electron transfer at an electrode surface and
then go on to catalyze water oxidation in homogeneous solution.
Two such examples are: [WZnRu,(OH)(H,0)(ZnW,05,),]* and
[(bpy),(H,O)RuORu(H,O)(bpy),]**.* Catalysis in these systems
is limited by diffusion of the catalyst to the electrode and the
efficiency of the electron transfer between the catalysts and the
electrode. To overcome these limitations, and optimize the catalytic
effect, one therefore needs to immobilize the catalyst at the
electrode surface.

Efficient coupling of the catalytic centre to an electron drain
is also key to the success of the PSII-WOC. In this system,
removal of electrons from the WOC as a result of water oxidation,
occurs via a series of electron carriers. The electrons are eventually
used, together with the protons formed during water oxidation,
to convert carbon dioxide into carbohydrates. A water splitting
photoelectrochemical cell aims to, similarly, oxidize water, gen-
erating oxygen, electrons and protons (Fig. 1, top device) which
are then recombined at a counter electrode to form hydrogen gas.
Bioinspired molecular catalysis for hydrogen production requires
the catalysts to be electrically coupled to a conductive surface.
Such coupling facilitates the efficient removal and collection of
electrons during water oxidation. The device configuration needs
to facilitate the separation of the gaseous products.

To date, remarkably few molecular catalysts have been immobi-
lized and coupled to conductive surfaces for the purposes of water
oxidation catalysis.

Immobilization of molecular catalysts by adsorption

One method of immobilizing molecular catalysts involves drop
casting of water insoluble compounds onto electrode surfaces.
A successful application of this method involved the deposition
of layers of the active molecular catalyst [Ru,"(OH),(3,6-1-
Bu,quinone),(btpyan)]** (see Fig. 4(a); btpyan = 1,8-bis(2,2":6"2")-
terpyridylanthracene). When deposited onto an indium tin oxide
(ITO) electrode, the catalyst layer was able to electrochemically
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oxidize water to oxygen. A turnover number of 6730 was achieved
under an applied potential of 1.7 V (vs. Ag/AgCl, pH 4.0} ).*° This
is one of the highest turnover numbers reported for a molecular
catalyst. After 40 hours of operation, however, the catalyst was
found to have detached from the electrode.

This technique has also been applied using the Mn cubane
complex; [Mn,O,((RPh),PO,);] (R = OMe, see Fig. 4(b)). The
cluster was either drop-cast or mechanically rubbed onto electrode
surfaces and immersed in aqueous electrolyte (Fig. 5(a)). When po-
larized at 1.00 V (vs. Ag/AgCl, pH 7.0) and illuminated with light,
a measurable photocurrent corresponding to water oxidation, was
observed.”® However, as in the previous system, the solid films
were found to detach from the electrode after several hours. This
immobilisation method, consequently, appears to be unsuitable
for the construction of a robust photoelectrochemical device.

(@ 1

I ]
of | _N Nl Vo
R R
LN 4 f’ Iu\OH HO” Iu\N O
—=0 O

Fig. 4 Schematic representations of: (a) [(Bu,qui)(OH)Ru"(btpyan)-
Ru"(OH)(Bu,qui)]**; (b) manganese cubane, [Mn,O,((RPh),PO,)];
(c) Ru-Red, [(NH;);sRu" (u-O)Ru™ (NH; )4 (u-O)Ru' (NH,)s]**.

An alternative approach is to use Pt-black particles coated
on a flat pyrolytic graphite electrode surface (Fig. 5(b)). For ex-
ample, Ru-Red, [(NH;);Ru" (u-O)Ru" (NH;),(u-O)Ru™ (NH;);]**
(Fig. 4(c)), was drop cast over the coated electrodes (Fig. 5(b))
and when polarised at 1.3 V vs. Ag/AgCl quite rapid catalyst
turnover (0.30 molecules O, s™') was observed.> The impressive

T The Ag/AgCl electrode (in saturated KCI) is preferred as a reference
to SHE for measurements conducted at variable pH. The potential of this
coupleis 0.20 V (vs SHE) and to convert a potential measured vs Ag/AgCl
to the SHE scale simply add 0.20 V. Note, however, that SHE is measured
at pH 0 and that the oxidation potential of water becomes 59 mV less
positive with every increase in pH unit.

Electrode

Fig. 5 Schematic representation of electrode immobilising techniques:
(a) drop casting or mechanical rubbing of solid layer of catalyst on
electrode surface; (b) drop casting of solid layer of catalysts onto
Pt-particles coated on electrode surface; and (c) doping of catalyst into
Nafion membrane coated on electrode surface.

performance of this system was attributed to efficient charge
transfer from the Ru-Red to the electrode via the Pt-black particles.

An optimum ratio of Pt particles to Ru-Red was found, beyond
which biomolecular decomposition caused a precipitous decline
in activity.”>>® At the optimum ratio, this system is remarkably
efficient per catalyst molecule. It is, however, limited in its practical
utility for water oxidation devices because, at the high catalyst
loadings required to achieve elevated current densities, the system
is poorly active and has low stability. This same technique was
successfully demonstrated for [Ru(NH;);CIJ**/Pt-black particles
and [(bpy),(H,O)Ru(u-O)Ru(H,O)(bpy),]**/Au particles as water
oxidation catalysts.® Whilst the adsorption of solid layers of the
molecular catalyst on electrode surfaces has been shown to be
an effective means of investigating the electrocatalytic potential
of some catalysts, the instability of the solid layer limits the
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application of this method in the construction of electrochemical
devices.

Polymer supported molecular catalysts

The use of a supporting matrix that holds the catalysts at the
electrode surface and limits dissociation into the electrolyte is
an alternative approach. The best studied examples are cation
conducting membranes, such as Nafion (Fig. 5(c)).

Nafion is a fluorinated hydrophobic polymer with ionisable
hydrophilic head groups (sulfonic acid). It can be cast on electrode
surfaces to form membranes, within which the sulfonic acid or
sulfonate groups (in the Na* form), generate hydrophilic channels
roughly ~20 nm wide. These channels are permeable to protons
and other cations but not anions.>*** This property of Nafion has
been exploited in a variety of applications, including as proton
exchange membranes for various fuel cells, electrochromic devices
and electrolysers for H, generation.’¢*

To immobilize a molecular catalyst, a solution of Nafion is
typically deposited on a suitable electrode surface and allowed to
dry. The resulting membrane is then doped with the desired cat-
alyst, typically by cation exchange from solution. Doping can be
confirmed using, for example, UV-visible spectrophotometry. The
Nafion modified electrodes are then immersed in an appropriate
electrolyte for electrochemical study. Due to the cation exchange
properties of Nafion, this technique is best suited to catalysts that
are cationic or to catalysts generated from cationic precursors.

The activity of several Nafion-supported Ru water oxidation
catalysts, either when immobilised on electrode surfaces or
when suspended in solution, has been examined.®** An early
example involved the incorporation of Ru-red, [(NH;);Ru™(u-
O)Ru"(NHj;),(L-O)Ru™(NH;),]* (Fig. 4(c)), into an electrode
coated with a Nafion membrane. The supported complex was
demonstrated to be an active catalyst, with turnover rates of up to
3.1x107 molecules O, s™'. Inthe 1.4 Vto 1.5V potential region (vs.
Ag/AgCl), over two thirds of the O, evolved from the electrode
was found to arise from the action of the catalyst.®

Turnover numbers were found to rise with increasing concentra-
tion of catalyst at low concentrations, reaching a maximum and
then declining as the concentration was increased further. This
trend was attributed to an initial increase in the number of catalytic
sites and efficient charge transfer within the membrane at lower
concentration. Bi-molecular decomposition was proposed to be
responsible for the decrease in activity at higher concentrations.

Comparison of the water oxidation activity of [Ru(NH;);CIJ**,
using Ce** as the sacrificial oxidant, both in solution and
supported in Nafion, revealed that this catalyst exhibits higher
activities when in a Nafion membrane than in homogeneous
solution.®® Slower catalyst decomposition within the Nafion
channels was proposed to be responsible.

Nafion modified electrodes have also been used to immobilize
a tetra-manganese cubane, [Mn,O,L]" where L = bis(para-
methoxyphenyl)phosphinate or (MeOPh),PO,, for water oxida-
tion catalysis. Electrodes bearing thin Nafion films (2-6 um) were
conveniently doped with the cationic cubane using an organic
solution. Catalysis was achieved by polarizing the modified
electrode at 1.0 V (vs. Ag/AgCl) under illumination with visible
light. Light is needed as a driving force for this catalytic assembly
to function in addition to the applied potential. It activates

the catalyst by inducing the release of one phosphinate ligand
wherepon the cubane expels dioxygen. This is accompanied by
the formation of reduced Mn compounds which, at the applied
potential, are oxidised regenerating the catalytically active species.
The action spectrum shows that the photocurrent generated tracks
the electronic spectrum of the cubium, decreasing as the energy of
incident light decreases.®’

Significantly larger photocurrents were observed for the
cubane/Nafion system than for solid layers deposited as described
above.’ For the Nafion system, peak turnover rates of 0.075
molecules O, s™! and turnovers numbers of >1000 were observed
over a period of operation of 65 hours.®® Oxygen evolution was
confirmed by mass spectrometry and the use of a non-aqueous,
organic electrolyte yielded no photocurrent, confirming that water
is needed to sustain the photocurrent. As the Mn cubanes are
insoluble in aqueous solution, the Nafion membrane not only
provided a means of electrically coupling the catalyst to the
electrode surface, but also provided an interface for the catalyst to
interact with water, without it leaching into the bulk solvent.

UV-visible spectrophotometric analysis revealed that only a
small amount of Mn was present in the Nafion membrane, of
which a fraction is electrochemically active.®® Attempts to increase
the photocurrent by increasing the concentration of cubane within
the Nafion were unsuccessful.

The above studies demonstrated that Nafion membranes can
provide an effective means of immobilizing molecular water
oxidation catalysts on electrode surfaces. Nafion appears to
provide greater stability of the catalytic layer than adsorbed solid
layers. It may also play an important role in supporting water
oxidation by providing pathways for the effective flow of electrons
to the electrode surface and the migration of protons into the bulk
aqueous solution. However, the current densities achieved thus far
are too low to be practical in a photoelectrochemical device. This
may be due to the limited number of catalyst host sites within the
Nafion, with the remainder of the membrane made up of inert
Teflon like polymer. Moreover, the inert Nafion-like polymer is
non-conductive so that, only those species in contact with, or in
close proximity to, the electrode surface will be active in catalysis.

A recent development utilizes the deposition of conducting
polypyrrole polymers to immobilise a molecular water oxida-
tion catalyst, [Ru,"(u-bpp)(trpy),(H,O0),]** where bpp = bis(2-
pyridyl)pyrazolato and t-trpy = 4’-(para-pyrrolylmethylphenyl)-
2,2":6",2"-terpyridine (Fig. 6), to electrode surfaces.® Anodic poly-
merisation of the complex yielded the corresponding polypyrrole
derivative, firmly anchoring the complex to conductive surfaces,
such as vitreous carbon sponges and fluoride-doped tin oxide
(FTO), and establishing electrical contact between the catalyst

Fig. 6 [Ru,(u-bpp)(s-trpy),(OH,),]** can be incorporated into a polypyr-
role polymer on conductive electrode surfaces.
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and electrode. Consequently, electrocatalytic water oxidation was
achieved at an applied potential of 1.22 V (vs.Ag/AgCl) and
turnover numbers of up to 120 were reported.®

Chemically tethered molecular catalysts

In a dye sensitized solar cell (DSSC, Fig. 7), charge transfer
to the electrode surface is achieved via a coordinate bond
between the light absorbing dye (sensitizer) and a nanostructured
semiconductor film (typically 5-20 um thick) deposited on a
conductive electrode surface.*™ In the most commonly used Ru(IT)
bipyridyl or terpyridyl complexes,*”>7 these ligands bear at least
one carboxylate group, which strongly binds the TiO, surface.
Dye attachment via carboxylate groups has also been applied to
porphyrin and organic dyes. Other groups, such as phosphonates,
have also been incorporated into the dyes as alternatives.”"

Glass

FTO Coating

X I
TiO, particles — %w

Photoactive Dye % :% %

-0

Electrolyte — |

Pt Catalyst

FTO Coating
Glass

Fig. 7 Schematic representation of a dye sensitised solar cell.

The dye sensitized photoanodes, are then placed in contact with
an electrolyte containing a redox couple, such as I"/1;~, which is
capable of regenerating the dye following excitation and charge
separation and a Pt-coated cathode completes the cell. In these
devices, the carboxylate groups not only immobilize the dye on the
electrode, they also facilitate rapid electron transfer from the dye
into the TiO,. In DSSCs, this link is extremely stable and remains
electrically active for millions of turnovers. Moreover, the fact that
a direct bond is formed with the titania surface allows the creation
of a monolayer of dye on the electrode surface which, when applied
to nanostructured surfaces, facilitates the anchoring of many dye
molecules over the thin nanostructured semiconductor layer. This
leads to excellent light collection properties and large current
densities.®

Two major challenges to using this method of surface at-
tachment in photoelectrochemical water oxidation devices are,
firstly, that the carboxylate-titania linkages are labile and undergo
hydrolysis in aqueous environments resulting in detachment of the
dye from the surface. Secondly, the Ru"-polypyridyl complexes
used in DSSCs are typically poor water oxidation catalysts.

The Mn-cubane molecules, described above, have been success-
fully attached to conducting electrodes through the formation of
an indophenyl-gold bridge via one of the compounds’ phosphinate
ligands (Fig. 8(a)).”” This was achieved by coating a gold surface
with (4-indo-phenyl)phenyl phosphinic acid (IPPA) and then

= lo
- 0
1 o ( ]
i pase. ¥Mn 2P,
0

HO——IT-—OH

(0] e}
| |

HO—I:’——DH

l Zr0, | TiOy / $n0, /1TO -

Fig. 8 Catalysts electronically and physically anchored to conducting
electrode surfaces by covalent linkers: a) Manganese cubane anchored to
a gold electrode via an indo-group on one of the di-phenyl phosphonate
ligands; b) Ruthenium terpyridine dimer anchored to a range of oxide
surfaces via phosphonate groups.

adsorbing Mn,O,(Ph,PO,), from solution via a phosphinate
ligand exchange reaction to yield Au-IPPA-Mn,O,(Ph,PO,);s. The
resulting monolayer was bound strongly to the gold surface and
was not removed by sonication. Electrochemical measurements
confirmed that the cubane had been successfully anchored on the
Au-IPPA surface and that it was in electrical contact with the
conductive gold surface. Unfortunately, the bridge was found to
be oxidatively cleaved upon reaching the I"/10;™ potential, which
is below the potential needed to generate the oxidised cubane state
required for successful catalysis of water oxidation.®7

Successful covalent anchoring of an active molecular wa-
ter oxidation catalyst was reported by Liu et al™ 1In
this study, [((OH),OP-tpy)(H,0),RuORu(OH,),(tpy-PO(OH),)]*
(tpy-PO(OH), = 4’-phosphonic acid-2,2":6",2"-terpyridine) was
tethered to a range of metal oxide electrode surfaces including
ITO (Sn(IV)-doped In,0;), TiO,, ZrO, and SnO, (Fig. 8(b)).
Water oxidation was achieved by stepping the applied potential to
either 1.15V or 1.32 'V at pH 6, with oxygen production confirmed
using an oxygen-selective electrode. Maximum observed turnovers
of 3 molecules O, per catalyst molecule were reported, with the
catalytic current decaying to 10% of initial current after 1 hour
of operation. The authors suggested that catalytic deactivation
occurs via an oxidative cleavage mechanism analogous to that
observed for similar complexes in homogenous solution. Although
this system achieved limited catalytic turnover, it represents a
significant advance in the successful covalent attachment of a
functional molecular catalyst to an electrode surface.

This journal is © The Royal Society of Chemistry 2009
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Dye sensitization of molecular catalysts for
photoelectrochemical cells

A critical aspect of light driven water oxidation is the sensitization
of the molecular catalysts with light collecting antennae. On
light absorption and charge separation, by electron injection into
the electrode, such an antenna would be expected to generate
an oxidation potential capable of extracting electrons from the
water oxidation catalyst. The catalyst obtains these electrons
by converting water into oxygen. This single-device approach
contrasts with the tandem cell devices discussed earlier, which
achieve water oxidation by coupling an electrode-bound catalyst
to a photovoltaic cell via an external circuit. The PV cell generates
the electrical bias required to drive the water oxidation process.®
As indicated earlier, four PV cells in series are needed since silicon
PV generates a maximum voltage of 0.6 V. By using the catalytic
systems described in the sections above, water oxidation could
prospectively be achieved using as few as two PV cells in series. This
is certainly possible for the DSSCs which can generate 0.75 V per
device. It could be argued that water splitting devices of these types
would be impractical and expensive. Commercial development of
such tandem devices is, nevertheless, being pursued.™

Coupling water oxidation catalysts directly to the light ab-
sorbing antennae within a single photoelectrochemical cell po-
tentially offer significant advantages in terms of cost, but only
when device efficiencies improve significantly. Several very recent
reports of molecular catalysts sensitized by light absorbing com-
plexes/materials have appeared.®*®® Non-molecular catalysts may
also be sensitized by molecular light sensitizers.*

Successful light-driven charge transfer between a Mn complex
and TiO, particles has been achieved using an acetylacetonate
anchor with a catechol-linker group (Fig. 9(a)). By utilizing this
anchoring group, the researchers report rapid charge transfer
upon light excitation.*® Furthermore, the link was found to be
stable in aqueous environments even under oxidative conditions.
Unfortunately recombination of the excited electron with the Mn
complex is very fast, resulting in a high probability of back

COOEt

Fig. 9 Photosensitised manganese clusters: a) anchored to TiO,; and
b) electronically coupled to [Ru(bipyridine);]**.

electron transfer after excitation, with an accompanying low
injection efficiency. The authors used a mononuclear Mn complex,
but to the present time no mononuclear Mn complexes have
been shown to function as water oxidation catalysts. Despite the
current limitations of the studied system, this approach offers the
possibility of achieving high surface concentrations and efficient
charge transfer for molecular catalysts.

A recent report of water splitting uses IrO, nanoparticles
in combination with dye sensitized electrodes.” In this case, a
light absorbing polypyridyl Ru complex was anchored to a TiO,
electrode via phosphonate groups. These groups dissociate from
the surface only slowly in an aqueous environment. Introduction
of a catechloate group into the Ru complex allowed the attachment
of IrO, nanoparticles, which are active in water oxidation catalysis
(Fig. 10).7

Fig.10 Quasi-molecular water oxidation photoanode consisting of a film
of TiO, nanoparticles on a conductive electrode (not shown), sensitised
with a Ru" tris(bipyridine) dye and IrO, catalytic nanoparticles.

As discussed above, the Ru dye absorbs light and transfers
an electron into a bipyridyl n* orbital (MLCT) from which it
is injected into the conduction band of TiO,. Mononuclear Ru"-
polypyridyl complexes are typically poor water oxidation catalysts,
either being inactive or achieving turnovers too slowly to sustain
a reasonable rate of light-driven water oxidation. In the work
of Youngblood et al., this limitation was overcome by adding
a layer of catalytically active IrO, nanoparticles over the dye
sensitised TiO, to aid water oxidation. The oxidised dye is capable
of extracting electrons from the IrO, nanoparticles which, in turn,
oxidise water (eqn 1(a)). With the assistance of a small applied
potential, this system was found to be able to use light to oxidize
water and generate hydrogen at the counter electrode (eqn 1(b)).”

Although this system does not utilize a molecular water oxida-
tion catalyst, it highlights the possibility of coupling a molecular
catalyst to photosensitized titania in an aqueous environment.

The Styring and Hammarstrom groups have successfully
demonstrated that high valence Mn complexes can be sensitized by
Ru" tris(bipyridyl) complexes using a chemical electron acceptor
(Fig. 9(b)).** We propose that the combination of these two
approaches could prove effective. That is, the coupling of an
efficient molecular water oxidation catalyst with an electrode
bound light sensitizing complex would create a molecular mimic of
not just the WOC, but the entire PSII charge separation process.

Conclusions

In this Perspective article, we have summarized a range of
techniques for attaching molecular catalysts to either conductive
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or semiconducting surfaces. The deposition of a solid layer of
catalysts directly onto electrodes and the use of membranes to
immobilize catalysts have proved most successful. The deposition
of layers onto conductive electrodes has proven to be an effective
means of studying the electrocatalytic potential of molecules.
However, due to the instability of the solid layer this approach
appears to have limited use in photo-electrochemical devices. The
doping of the catalyst into polymer films offers greater stability
than solid layers. Recent advances in controlling the concentration
of catalysts at the electrode surface indicate that this technique
could be successfully applied in the development of systems
capable of generating high current densities. We note, however,
that for the Ru complexes, competing bimolecular decomposition
reactions at high catalyst loadings typically decrease the catalytic
efficiency.’>% In contrast, increasing the loading of Mn catalysts
within a layered material enhances the rate of oxygen generation.*
Thus, the incorporation of recently reported Mn catalysts* into
these polymer layers may lead to practical success at higher
catalyst concentration. The potential of this approach has been
demonstrated by our own recent work on a photocatalytic
assembly that utilised a bio-inspired cubane cluster as water
oxidation catalyst.5":%

The covalent attachment of molecular catalysts to electrode
surfaces represents another promising approach to developing an
efficient solar water-splitting device. The most notable example
in this respect, involved successful water oxidation by covalently
linked Ru catalysts, with up to three oxygens evolved per catalyst.”
In addition, succesful photo-sensitization of several potentially
catalytic clusters has been demonstrated.®* Thus, the individ-
ual processes required to achieve the efficient, sustained, light-
driven molecular water oxidation in a photoelectrochemical cell
have been demonstrated. Despite the progress described herein,
however, efficient light-driven water oxidation by an electrode
bound molecular catalyst remains unreported to date. Given recent
progress on molecular catalysts and the report of a quasi molecular
system, which coupled a Ru dye adsorbed on TiO, nanoparticles
with an IrO, catalyst to achieve light driven water oxidation,”
we anticipate that the combination of an electrode-bound water
oxidation catalyst with a light sensitized electrode will be achieved
in the near future.
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