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The development of new energy materials that can be utilized to make
renewable and clean fuels from abundant and easily accessible
resources is among the most challenging and demanding tasks in
science today. Solar-powered catalytic water-splitting processes can be
exploited as a source of electrons and protons to make clean renewable
fuels, such as hydrogen, and in the sequestration of CO, and its
conversion into low-carbon energy carriers. Recently, there have been
tremendous efforts to build up a stand-alone solar-to-fuel conversion
device, the “artificial leaf”, using light and water as raw materials. An
overview of the recent progress in electrochemical and photo-electro-
catalytic water splitting devices is presented, using both molecular
water oxidation complexes (WOCs) and nano-structured assemblies to
develop an artificial photosynthetic system.

1. Introduction energy, consuming water as food, splitting it, and releasing
protons and electrons that can be used to make hydrogen or
other renewable fuels for a sustainable future (Figure 1).[¥

Using light-driven water-splitting reaction, the product(s) can

Water-splitting catalysis and artificial photosynthesis are
hot topics in present-day science research that aims to
construct a solar-to-fuel conversion system, the “artificial
leaf”.'*! An artificial leaf is a light-harvesting device, with
self-assembled and auto-healing catalysts, that runs with solar
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Figure 1. Representation of a stand-alone light-driven solar-fuel device
using water to generate protons and electrons. LH =light harvesting
systems, OEC = O,-evolving catalyst, HEC = H,-generation catalyst; A
and D stand for acceptor and donor, respectively.
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also be exploited for carbon dioxide capture and conversion
into chemical feedstock and environmentally friendly energy
sources.”® The major obstacle in pursuing a solar-to-fuel-
conversion water-splitting device is the development of
a robust and long-living water-oxidation catalyst. In the
artificial leaf, the WOC is required to produce molecular
oxygen at a high rate with tremendous efficiency and
a turnover number exceeding millions. The protons generated
during the water-splitting process can be utilized at the
cathodic side for the reduction reaction to make fuel.”

The light capture and energy conversion components of
the solar-fuel device comprise: 1) an efficient light-harvesting
antennae system; 2) long-lived charge-separating units, and
3) a compatible donor-acceptor combination.®! On the other
hand, the catalytic part of the solar-fuel system has to be
a stable water-oxidation molecular complex or material
sustaining the four-electron water-oxidation process for
numerous cycles; it should facilitate the O—O bond formation
and dioxygen release from the catalytic sites at a high rate.!
An ideal WOC would be a self-assembling, and self-healing
material exhibiting a consecutive four-step proton-coupled
electron transfer (PCET) pathway to circumvent the high-
energy intermediates during the four-electron abstracting
process of water oxidation."”

During past two decades, much progress has been made in
the field of light-harvesting systems and charge-separation
modules.'"! Since 2000, many attempts have also been made
in designing a biomimetic model of the water-splitting
catalyst, resembling the Mn cluster in natural photosystem II
in efficiency and activity.">'¥ In surface-immobilized electro-
or photocatalytic processes, the WOCs tested had neither low
activation barriers and small oxygen onset overpotential, nor
did they exhibit high current densities for oxygen evolution.
This greatly hampered their applications in practical devices
for fuel generation.'”) Mono-site as well as binuclear molec-
ular catalytic systems have been studied, both in homoge-
neous solutions and on anodes under electrochemical con-
ditions. However, these systems were not able to show a four-
step proton-coupled electron-transfer regime and good pro-
ton management facilitating their locomotion to the reduc-
tion site.>'”) On the other hand, inorganic materials derived
from cheap and abundant metals are interesting candidates
for oxidation catalysis. However, they are normally required
in bulk amounts on the conducting surfaces, which can easily
decrease the light-capturing efficiency of the solar device.'™!
The catalytic performance of these inorganic materials for
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oxygen evolution reaction is also not superior compared to
the molecular water-oxidation complexes.!'>!’]

Apart from focusing on water oxidation chemistry and
multi-electron catalysis, solar photovoltaic cells have also
been employed in the stand-alone light-driven assemblies to
make fuel from water.*® Thus there is a whole variety of
topics dealing with water oxidation and hydrogen evolution
using molecular catalysts, inorganic materials and transition
metal complexes, studied both in solution and electrochemi-
cally on anodic surfaces.'>?! Herein we attempt to review and
analyze the electrochemical and photo-electrocatalytic water
oxidation systems that were developed during last 15 years as
artificial photosynthetic models to make H, and O, from
catalytic water oxidation. Starting from solution-phase catal-
ysis with organometallic complexes and going on to electro-
chemical assemblies with molecular catalysts and nanostruc-
tured systems, we also try to give an overview of the various
concepts developed over time for the integration of water-
oxidation catalysts and proton-reduction sites with photo-
electrochemically and photovoltaically powered systems for
solar fuels. We conclude with an outlook regarding solar-fuel
research.

2. Molecular Approaches to Water-Oxidation
Catalysis

Catalytic water oxidation systems can be derived from
heterogeneous inorganic oxide materials, metal and metal
oxide nanoparticles, or they can be homogeneous molecular
complexes and organometallics of transition metals."*?
Simple transition-metal oxides (Co, Mn, Ni, or Fe oxides),
oxides of precious metals (such as IrO,, RuO,), and other
mixed inorganic matrices have been studied broadly for water
oxidation both in solution and in electrochemical assemblies;
however, the modest catalytic turnover frequencies and
relatively low number of active sites are still limiting wide-
scale application in catalytic systems to make fuel.[%?%!
Water-oxidation catalysts in the solution phase can be studied
for oxygen generation using an external driving force from
a (sacrificial) chemical oxidant or a dye molecule. The most
tested chemical oxidant for water oxidation catalysis in
aqueous solution is the well-known orange compound am-
monium cerium(IV) nitrate (NH,),[Ce(NO;)s] [CAN; see
Equation (1)]; however, there are also reports on sodium
iodate (NalO,) or Ce'. As light-absorbing dye, tris(bipyr-
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idine)ruthenium(II) [Ru(bpy);]*" is most often used for
triggering catalytic water oxidation in solution.*!

Cat + 2 OH,(1) + 4Ce"(aq) — 4H"(aq) + O,(g) +4Ce"(aq) (1)

There has always been a debate concerning the nature and
integrity of homogeneous water oxidation complexes in
solution, as the molecular catalysts can be readily oxidized
or decomposed by the (sacrificial) chemical oxidants, and may
form corresponding metal oxide species.” Therefore, the
safer side is to put the catalyst on a clean anodic surface to
drive water splitting catalysis with an external electron source
rather than a chemical species. By immobilizing the catalyst
on an anode surface, the water oxidation reaction can be
controlled by the applied potential and largely avoid these
complications.

2.1. Solution-Phase Water Splitting with Molecular Complexes

The quest for the development of bio-inspired water
oxidation catalysts started in the later stage of the 19th
century with the advent of a few Mn- and Ru-based
complexes using nitrogen-derived ligands; however, the
catalytic efficiency was very low.*"¥ Subsequently, metal
complexes with iridium and iron have also been investigated
in homogeneous water oxidation catalysis.®?* Very recently,
a few interesting examples have been reported with more
stable ligand architecture and efficient catalysis perfor-
mance.[*'*!

2.1.1. A Dimeric Manganese Complex for Water Oxidation

A Dbio-inspired dinuclear manganese catalyst, [Mn,-
(mcbpen),(OH,),]*", with a tetranitrogen carboxy ligand N-
methyl-N'-carboxymethyl-N,N'-bis(2-pyridylmethyl)ethane-
1,2-diamine (mcbpen) catalyzes the oxidation of water to
dioxygen by using tert-butylhydrogenperoxide (TBHP) or
ammonium cerium(IV) nitrate as a sacrificial electron accept-
or (Figure2a).” Membrane inlet mass spectrometry
(MIMS) analysis indicates that each of two oxygen atoms in
the evolved O, is contributed both from water and TBHP. A
turnover number (TON) of 20 was reported for [Mn,-
(mcbpen),(OH,),]*" using TBHP at pH 4-5. Styring and co-
workers studied several monomeric as well as dimeric
manganese catalysts, and their results indicate that the known
Mn complexes that catalyze oxygen formation from water
operate only if oxygen-transfer oxidants are used.”” Recently,
a dinuclear Mn catalyst has been studied in homogeneous
solution and is claimed to be the most stable molecular system
based on two manganese sites.”®! The complex contains
a central 4-methylphenol with an extended oxygen ligand and
two benzimidazole units having carboxylate arms bridging
two manganese centers (Figure 2b). The complex was pre-
pared from commercially available starting materials and was
tested both for homogeneous chemical catalysis as well as
photochemically in a phosphate buffer (pH 7.2) solution.
Using 480-fold excess of [Ru(bpy);]*" as single-electron
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Figure 2. a,b) Dinuclear Mn-derived complexes and c) a single-site
[Ru(dcabpy) (isq),] complex for homogeneous water oxidation.

oxidant, the catalyst operated with an initial turnover rate
(TOF) of 0.027 s ! lasting for an hour with a TON of < 30.

2.1.2. A Rapid Homogeneous Ruthenium Catalyst

As mentioned before, several ruthenium derived molec-
ular catalytic systems have been scrutinized for water
oxidation, but poor stabilities and low efficiencies limit their
application in practical devices.">*! Recently, Sun et al.
reported several Ru complexes that perform very rapid
oxygen evolution in homogeneous solutions using a chemical
oxidant. In a solution containing an excess of Ce(IV) under
acidic conditions, the single-site ruthenium catalyst, [Ru-
(dcabpy)(isq),] (dcabpy = 6,6'-dicarboxylic acid-2,2-bipyri-
dine, isq=isoquinoline), shows an unprecedented oxygen
generation rate greater than 300s™! (Figure 2¢).””) Sun’s
catalyst is the best water oxidation complex reported to date.
The complex also has a TON of more than 8000, showing its
good stability in aqueous acids.
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2.2. Electro-driven Water Oxidation on Conducting Surfaces

To develop an artificial leaf for solar-fuel generation, the
molecular bio-inspired catalytic system needs to be tested on
an electrode surface in an electrochemical setup.® During last
decade, several molecular Ru complexes have been studied
on anodes in an electrolytic cell, but the oxygen-evolution
current densities (J) were very low.’>3!) Furthermore, in full-
cell electrolysis operation, molecular-catalyst-based assem-
blies operate at high electrode potential, the overpotential,
which is usually 500-700 mV above the thermodynamic
electrochemical potential for water splitting; that is, E=
1.23 V (vs. NHE, pH 0).P! Incorporation of a Ru-tris(bpy)-
type redox mediator with the [(bpm)Ru"(Mebimpy)(OH,)]
complex  (Mebimpy = 2,6-bis(1-methylbenzimidazol-2-yl)-
pyridine) yielded a TON of 28000 at a potential of 1.80 V
(vs. NHE, pH0) in an acidic medium, but at low current
density, J <50 pAcm 2% A low current density for O,
generation is indicative of a low performance for the electro-
chemical water oxidation. The presence of photosensitizer
also had no effect on the water oxidation overpotential.

It is also thought that bio-inspired metal complex with
a single catalytic site cannot carry out efficient water
oxidation, but very recently we have reported an efficient
electrodriven water oxidation system with a Cp*-ligated
mono-iridium catalyst (Cp* = pentamethylcyclopentadienyl)
anchored to an ITO (indium tin oxide) surface by COOH or
PO;H, linkers. The electrocatalytic assembly produced
a TON of more than 200000 for molecular oxygen with
a TOF of more than 6.7 s~ This is the first instance when
a molecular catalyst shows a current density of more than
1.75mAcm™ in a pH4 solution (Figure3). A pyrene-

IT
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Figure 3. A surface-immobilized electrochemical water oxidation as-
sembly derived from a pentamethylcyclopentadienyl (Cp*) iridium
complex (L=PO;H,, COOH). ITO = indium tin oxide.

modified [Ru(dcabpy)(py-pic),] complex, (py=pyrene;
pic =4-picoline), was also studied on a multiwalled carbon
nanotube/ITO system in neutral solution. At 1.4 V (vs. NHE),
it generated a TON of 11000 TON for O, with J=
0.22 mA cm 2P Another interesting report describes a cop-
per bipyridine (Cu-bpy) hydroxo complex, [Cu(bpy)(u-
OH)],*", for alkaline water electrolysis. The Cu hydroxo
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complex self-assembles in a pH>11 solution and shows
a turnover frequency up to 100 s~.5% However, the system
operates at a high overpotential, 700-900 mV in alkaline
electrolyte, which may limit its large-scale application for the
H,/O, evolution by water electrolysis, especially when used
for liquid fuel production.

2.3. Photo-electrochemical Water Oxidation and Oxygen
Evolution

After testing the molecular catalyst for water oxidation in
an electrochemical setup, the next step is to combine the
system together with bio-inspired light harvesting units or
a semiconductor photovoltaic cell. A simple way of studying
visible-light-driven water splitting is to use a dye-sensitized
semiconductor oxide material in a photo-electrochemical cell
with separate anodic and cathodic compartments to avoid the
mixing of H, and O,. Four important components are
required to build up a light-induced electrochemical system
for fuel generation: 1) an efficient light harvesting material
with high molar extinction co-efficient (¢) comparable to e =
90000 Lmol™'cm™ for natural chlorophylls; 2) a molecular
donor—acceptor pair for effective charge separation; 3) a
robust and efficient water oxidation catalyst; and 4) a trans-
parent conducting electrode surface or a semiconducting
material.®* When a semiconductor is used as a light
absorber, molecular donor-acceptor pairs are not required
for charge separation as both light absorption and charge
separation are taken care of by the semiconductor. However,
the chemical architecture of a synergetic blend of a WOC with
a light-harvesting unit to trigger high-efficiency photo-elec-
trochemical water oxidation is the major challenge.™™ Various
studies have been undertaken in this pursuit to demonstrate
a working model of a photo-electrochemical water splitting
assembly using synthetic supramolecular dyes as a photo-
sensitizer.

2.3.1. Ruthenium Dye on TiO, with a Nanoparticle Catalyst

Mallouk and co-workers described a dye-sensitized pho-
to-electrochemical cell using a circa 2nm colloidal
IrO,-n H,O particles for water oxidation.*® The [Ru(bpy);]**
sensitizer was modified with phosphonate linkers for the
attachment with TiO, on the one side, and other side was
substituted with malonate ligands to strongly adhere the
iridium oxide nanoparticles (Figure 4). In this way, the TiO,-
dye-IrO, combination becomes the photoanode of a dye-
sensitized photo-electrochemical cell, and a Pt wire serves as
cathode for the reduction of protons to H,. The whole system
was operated with a bias voltage (330 mV) to initiate water
oxidation, because the electron potential in trap states below
the anatase conduction band is not negative enough to reduce
water.’l Slow electron transfer from the water oxidation
catalyst to the oxidized dye limits the internal quantum
efficiency to 0.9%, and the turnover number was 16. It is
nevertheless an important demonstration and proof-of-prin-
ciple for a hybrid water-splitting system using a dye-sensitized
photoanode with nano-structured water oxidation catalyst.
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Figure 4. Design of a water-splitting dye-sensitized solar cell with an
IrO,-n H,0 catalyst particle integrated with a Ru dye on TiO, film.

2.3.2. Molecular Catalysts inside Nafion Matrices

The electrochemically studied mononuclear [Ru(dcabpy)-
(pic),]" complex, suspended in Nafion on a TiO, film
sensitized with [Ru(bpy)s;]**, shows photo-electrolysis of
water and H, generation using a small bias potential of
—0.325V (vs. Ag/AgCl). A rapid decay of the catalytic
performance was observed attributed to the high acidity of
the Nafion.’”? A bio-inspired Mn cubane complex with
a (2Mn™-2Mn") core, [Mn,O,L¢]" (L = bis(p-methoxyphe-
nyl)phosphinate, (MeOC¢H,),PO,"), was also impregnated
into a thin Nafion membrane supported on a [Ru”(bpy),{bpy-
(COO0),}]-sensitized TiO,-coated FTO electrode (Figure 5).

A
{02 +4H*
>—0
\o- ——NMn
~Mn /
n— O
20H2
Nafion

TiO2

Figure 5. A multilayer photo-electrochemical device with a tetramanga-
nese cubane catalyst impregnated into a Nafion polymer membrane
on a [Ru'(bpy),{(COO),bpy}]-sensitized TiO, film deposited on a fluo-
rine-doped tin oxide (FTO) electrode.

The multilayer photo-electrochemical device has been shown
to oxidize water with visible light as driving power without
applying any external bias potential.®® Electrochemical and
spectroscopic analyses have revealed the dissociation of the
Mn cubane within the Nafion matrices and formation of Mn""
™V type oxides that performed the water oxidation rather than
the molecular manganese complex.””
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3. Distinguishing between Homogeneous Catalysts
and Heterogeneous Species for Water Oxidation

3.1. Electrochemical Quartz-Crystal Nanobalance Experiments

Before putting together the solar-fuel device components
and transferring the molecular catalytic system to an elec-
trode surface, it is important to have information regarding
the molecular homogeneity of the metal complexes during
water oxidation catalysis. Under highly oxidative conditions,
it is most likely for a molecular system to decompose or
disintegrate, and oxidize to heterogeneous metal oxide
species that perform the water oxidation rather than the
molecular complex.® A stable and robust homogeneous
catalyst should maintain its integrity during electrocatalysis or
photo-electrochemical water oxidation. We have recently
reported the effective use of in situ electrochemical quartz-
crystal nanobalance (EQCN) measurements for a highly
efficient and stable single-site Ir complex during electro-
catalytic water oxidation.®™ The EQCN setup was very
sensitive to weight change (ng sensitivity) and there was no
indication at all for the metal oxide deposition on the surface
during potential scanning in the water-oxidation window.

3.2. Spectroscopic and Light-Scattering Measurements

Decomposition of the molecular catalyst to catalytically
active metal oxide nanoparticles is often observed for
homogeneous solution-phase systems with CAN as the
primary oxidant*” A combination of UV/Vis and NMR
spectroscopy, scanning transmission electron microscopy, and
powder X-ray diffraction data revealed that several recently
reported molecular-iridium-derived complexes generate met-
al oxide nanoparticles during water oxidation using CAN as
chemical oxidant."” In an independent study using sodium
periodate (NalO,) as primary oxidant instead of CAN, it was
suggested that the [Cp*,Ir,(u-OH);JOH complex generated
amorphous metal oxide nanoparticles at room temperature,
as monitored with real-time light-scattering measurements
and UV/Vis analysis. On the other hand, the incorporation of
chelating ligands, such as 2,2"-bipyridine, 2-phenylpyridine, or
2-(2'-pyridyl)-2-propanolate, with Cp*-Ir effectively prevents
the formation of nanoparticles, and thus the corresponding
complexes of these ligands are ascribed to be truly homoge-
neous water-oxidation catalysts.*™ The next challenge is to
test these complexes in real-time electrochemical conditions
for prolonged full-cell water electrolysis.

4. A Standalone Water Splitting Device:
The Artificial Leaf

A complete device for solar water splitting involves
several key components. Two or more light-absorbing layers
(or components) are needed to supply the thermodynamic
driving force plus overpotentials required for water splitting
(Figure 1). Furthermore, two separate catalysts are needed
for the water oxidation and proton reduction reaction. In

Angew. Chem. Int. Ed. 2013, 52, 10426 —10437
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many cases, Ohmic contact layers or molecular linkers are
required to connect the different components.***! Depending
on the type of device, an ion-conducting membrane and
external wires may also be needed to close the electrical
circuit.®!! Combining these elements in an optimal fashion is
a challenging task. Most studies therefore concentrate on
a specific part of the device, using external bias potential or
sacrificial agents in place of the missing parts. As a result, only
a handful of complete, standalone photo-electrochemical
(PEC) water-splitting systems have been reported to date, and
these are based on nanostructured materials rather than
molecular components. This section will give an overview of
some of the most important examples; a more extensive list
can be found in a recent economic perspective on solar
fuels."!

4.1. Monolithic PV-Driven Electrolysis Systems

While a coupled photovoltaic—electrolysis system is the
most obvious and fastest route towards solar hydrogen, the
cost of the hydrogen produced (in €kg™') is prohibitively
high. This is largely due to the high balance-of-system (BOS)
costs associated with the packaging of the individual devices,
the wiring, and the voltage conversion that is generally
required. By integrating the PV and electrolysis components
into a single, monolithic device, these costs can be signifi-
cantly reduced. One of the earliest demonstrations was the
multijunction amorphous silicon device reported by Miller
et al. in 1998.91 They combined a triple-junction a-Si PV cell
having 10 % efficiency with sputtered films of Co,,;Mo,,; and
NiFe, O, as the hydrogen and oxygen evolution catalysts,
respectively. This resulted in a solar-to-hydrogen (STH)
efficiency of 7.8% for a 0.27 cm® device immersed in 1M
KOH (Figure 6a). Stability tests for the individual catalysts
showed no degradation for over 7200 h, but stability data for
the entire device beyond a few hours was not reported.

A more recent and highly publicized water splitting device
was reported by Nocera et al.’! Similar to the device reported
by Miller et al., it consists almost entirely of earth-abundant
elements. It is also based on a commercially available triple-
junction (3-jn) Si device that is modified with electrodepos-
ited NiMoZn as H, and Co-borate as O, evolution catalysts
(Figure 6). A 4.7% STH efficiency was achieved for a circa
2 cm?, two-electrode (wired) device under near-neutral pH
conditions (1M potassium borate, pH 9.2). The catalysts work
at modest overpotentials of about 35 mV (H,) and about
300 mV (O,). The most remarkable feature is the Co-based
water oxidation catalyst,! which has a cubane-like structure
that resembles the O,-evolution center in photosystem II. It is
formed under illumination by anodic photo-oxidation of
dissolved Co?" ions, forming an insoluble Co*"*"-phosphate
or -borate complex.”) This mechanism also offers the
intriguing possibility of self-repair of the catalyst, so long as
Co** ions remain present in the solution.*’! For completeness
we also briefly mention the AlGaAs/Si/RuQO,/Pt,,, device
reported by Licht et al. in 2000.%” In this case, a complicated
11-layer AlGaAs/Si tandem device with an active area of
0.2 cm? was glued on top of a 10 cm? RuO,/Pty,, electrode

Angew. Chem. Int. Ed. 2013, 52, 10426 —10437
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Figure 6. a) A working model of an artificial leaf with a triple-junction
amorphous/microcrystalline Si system as reported by Miller and
Nocera (using different catalysts).>* b) A wired configuration for the
photo-electrochemical water-oxidation device."!

assembly that is partially immersed in water. While unprac-
tical and prohibitively expensive, it is noteworthy because of
its record-high 18.3 % STH efficiency.

4.2. Hybrid Photoelectrodes

The performance of the devices in the previous sections is
determined by the current that the PV cell can deliver.
Improving this performance will be difficult owing to the
complicated multi-junction structures that are necessary to
provide the required cell voltage of more than 1.6 V under
operating conditions. An alternative approach is to use
a single- or double-junction device in combination with
a photoelectrode that forms a Schottky junction with the
aqueous solution. One of the p-n or p-i-n junctions of the 3-jn
device is thus replaced by a single layer, which is a significant
simplification. The photoelectrode should have a bandgap
between 1.8-2.1 eV, which could lead to conversion efficien-
cies of up to 16 % in combination with a 1.4 eV bandgap PV
cell.l*¥

One of the earliest and best known examples of this is the
monolithic photovoltaic photo-electrochemical device report-
ed by Turner and Khaselev in 1998.*) They used a p-type
GalnP, photocathode that was biased with a single GaAs p-
n junction (Figure 7). This resulted in an impressive efficiency
of 124% (STH). The main problems are the extensive
photocorrosion and high cost of the device ($50000 m2).”"
Finding materials with inherently better stabilities, such as
Ga,_,In P, N,, may be a solution. Despite the fact that III-V
materials (especially indium) are not earth-abundant, con-
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Figure 7. A monolithic photovoltaic photo-electrochemical device for
H, generation by water splitting as reported by Turner et al."*’

tinued studies on this class of materials are arguably justified
because of their high efficiencies. Recent studies show that
device efficiency has a much larger influence on the ultimate
price per kg of H, than device cost (per m?) or lifetime.”
While predictions vary, it appears that the efficiency required
to reach the $2-3 kg™ (H,) target will be closer to 20 % than
to 5% .4 At the moment such performance levels can only
be reached by inorganic semiconductors used in photo-
voltaics. However, rapid progress is currently being made in
artificial photosynthesis and molecular systems, and it is still
much too early to pick a winning approach.

To address the stability and cost issues, Miller et al. also
reported a multijunction PEC/PV device based on a Fe,O; or
WO; photoanode biased by an amorphous SiGe:H tandem
cell.F>%3 They coined the term “hybrid photoelectrode” for
this particular configuration. Although the efficiency of this
early attempt was modest (0.7 % STH for WOs), the stability
was promising; no signs of performance degradation were
observed after 10 h operation in an acidic electrolyte.’¥ A
variation on this approach is to combine a metal oxide with
a dye-sensitized solar cell (DSSC). The first demonstration
was reported in 2001 by Augustynski and Grétzel for a WO,/
DSSC device with a solar-to-chemical conversion efficiency of
4.5% 4 Later efforts focused on Fe,O; as the photoanode,
and more recently these authors reported solar-to-hydrogen
efficiencies of 1.17 and 3.1 % for nanostructured Fe,O5/DSSC
and WO,/DSSC devices, respectively.”” In general, the
performance is limited by the photocurrent that can be
delivered by the metal oxide photoelectrode. Many ongoing
efforts on metal oxide and oxynitride electrodes are aimed to
improve this, and an increasing number of groups is now also
starting to revisit the hybrid photoelectrode approach.*"!

4.3. Standalone Artificial Leaves versus Wired Systems
4.3.1. Standalone Wireless Devices

Splitting water with a wireless artificial leaf is concep-
tually attractive for two reasons: 1) The absence of wires and
external connections greatly simplifies the design of the
device and reduces the costs; and 2) the hydrogen and oxygen
evolve at opposite sides of the leaf so that separation of these
reaction products is trivial. The main challenge lies in the
efficient transport of protons from the anode to the cathode
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side. Even modest surface areas of a few cm’ result in
significant Ohmic voltage losses and large drops in the overall
efficiency. This is illustrated the circa 2 cm? triple-junction a-
Si device from Nocera et al., which showed STH efficiencies
of 4.7% and 2.5 % for the wired and wireless configurations,
respectively.®) A possible solution is to incorporate struc-
tured photo-electrodes at opposite sides of a proton-conduct-
ing membrane (see Section 5.2), but the increased complexity
of the device comes at a cost.

4.3.2. Wired Systems for Solar Fuel

A wired device is to some extent similar in layout to an
electrolyzer, and similar basic design considerations therefore
apply. For example, the distance between the (photo)electr-
odes must be as small as possible to reduce Ohmic losses, but
larger than the size of the bubbles to avoid a reduction in the
effective area of the solid-liquid interface. Furthermore, some
kind of membrane is required to separate the evolved gases
while still providing an efficient conductive pathway for
protons. There are, however, crucial differences between
photo-electrochemical devices and electrolyzers. Most im-
portantly, typical current densities for PEC devices nearly two
orders of magnitude smaller than for -electrolyzers
(20 mAcm™? vs. 1 Acm™?). This greatly reduces the demands
on the ionic conductivity of the membrane. Furthermore,
hydrogen crossover is less likely to be an issue in PEC devices,
unless they are designed to produce hydrogen and oxygen at
high pressures. On the other hand, optical transparency may
be an additional and challenging design criterion for certain
PEC configurations. Very few chemical engineering studies
have yet been carried out on stand-alone PEC devices for
water splitting, and we foresee a clear need for such studies to
guide efforts in this developing field.

Along with the higher efficiencies that can be achieved,
wired PEC/PV tandem devices also have the advantage that it
is possible to switch between electricity-generation and fuel-
production modes. The fuel-producing mode is then only used
when the solar energy supply exceeds the electricity demand.
This is in principle attractive, as direct use of solar-generated
electricity involves minimal conversion losses and is therefore
always preferred above intermediate storage in the form of
a fuel. The question arises however whether the benefits
outweigh the costs of such a relatively complicated device,
especially when considering that less than 20 % of the total
energy use is in the form of electricity. A well-chosen mix of
photovoltaic modules and fuel-producing devices may pro-
vide sufficient flexibility at a lower overall complexity and
cost.

5. Nano-architectures for Water Splitting and Solar
Fuel Assemblies
5.1. Nanostructured Devices

One of the main challenges for solar fuel devices is to find
semiconducting photoelectrodes that combine good visible

light absorption with efficient charge separation and high
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chemical stability.®" To date, no material has been found that
combines these properties to the desired extent. Metal oxides
fit the bill with regard to chemical stability, but they often
have large bandgaps, modest optical absorption coefficients,
low catalytic activities, and poor charge-carrier mobilities and
lifetimes.® Nanostructuring has proven to be a spectacularly
effective approach to address several of these issues at once.
Highly porous nanostructures can show up to three orders of
magnitude enhanced surface areas that greatly enhance the
number of catalytically active sites or anchoring sites, for
example for dye molecules.™ Typical feature sizes can be
tuned so that they commensurate with the minority carrier
diffusion length, thus reducing recombination. Gritzel et al.
have perfected this approach for hematite (a-Fe,O;), and the
efficiency of their nanostructured electrodes made by atmos-
pheric pressure chemical vapor deposition (APCVD) now
exceeds that of hematite single crystals (Figure 8).°° Augus-

Dye-sensitized
photocathode

Hematite
photoanode

Figure 8. A nanostructured hematite photoanode/PV water-splitting
tandem-cell design in combination with a dye-sensitized solar cell.

tynski et al. used highly scattering mesoporous morphologies
to enhance the optical absorption of WO;, resulting in
impressive AM1.5 photocurrents of almost 3 mAcm~?, de-
spite the relatively large bandgap of WO,.*! A more recent
example of a DSSC-inspired water splitting device is reported
by Mallouk et al. using colloidal Ir oxide and discussed in the
previous section.®>%¢!

Along with the advantages mentioned above, nanostruc-
tured morphologies also introduce certain complications.
Although some surface sites may act as catalytically active
centers, others act as charge recombination centers. To
suppress surface recombination, defect passivation strategies
need to be developed. A recent example is the passivation of
surface states in nanostructured hematite by an ultrathin
ALOj; coating developed by atomic layer deposition.*”
Another issue is light scattering. Strongly scattering front-
electrodes in a tandem cell may prevent the incident light
from reaching the junctions below it. A detailed study by
Brillet et al. on nanostructured hematite electrodes biased
with a nanostructured dye-sensitized solar cell showed that
scattering can reduce the overall efficiency by a factor of
about 2.5.°° For this particular example, the highest efficiency
(1.36 % STH) was found for the tri-level configuration, in
which nanostructured hematite and two DSSCs are placed
behind one another. Finally, the desired nanostructures
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actually need to be fabricated. Although some recipes are
simple and straightforward, others involve the use of tem-
plates and are more complicated. So although nanostructur-
ing is often unavoidable to circumvent intrinsic material
limitations (and highly popular amongst researchers), it
should be considered a “necessary evil”.

5.2. Nanowires and Nanopillar Assemblies

Many of today’s efforts are directed towards more
advanced nanoarchitectures based on nanowires, nanopillars,
and nanotube arrays."%7% An appealing example is the
silicon-based nanowire array concept proposed by the Joint
Center for Artificial Photosynthesis (JCAP) in USA (Cal-
tech, Berkeley).”””® One of the crucial components is the
proton-conducting membrane in which the nanowires have to
be embedded (Figure 9).7**) Another challenge is the
functionalization of these nanowires with suitable catalysts,

Photoanode

H+

H+ H*
H+
H
H* o 4T
a8, H,-Catalyst
Photocathode
“a H,

2
2H,0 — > 2H,+0,

Figure 9. A conceptual design of the artificial leaf proposed by JCAP
based on arrays of light harvesting nano-/microwires embedded in

a proton-conducting membrane and coated with O,- and H,-evolving
catalysts from the water splitting reaction.

both for water oxidation and reduction of protons. Putting all
these components together into a standalone, cost-effective
device for solar water splitting is an enormous challenge, but
the potential rewards are high and guaranteed to have
a substantial impact in other fields of research. Recently, p-
type silicon nanopillars were developed that harvest low-
energy photons in the solar spectrum.®! Modified with
molybdenum tetrasulphide (Mo;S,) clusters at the surface,
this bio-inspired molecular assembly was demonstrated to be
a highly efficient photocathode for hydrogen generation. The
rate of H, evolution is comparable to that of a platinum
cathode resulting in more than 10% solar-to-hydrogen
conversion efficiency.
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5.3. TiO, Nanotube Arrays

Vertically oriented and highly ordered titania nanotube
arrays provide a large-surface-area nanoarchitecture with
remarkable properties that can be used in photo-electro-
chemical H, generation systems and photocatalytic CO,
reduction into hydrocarbon-based liquid fuels.® Vertically
aligned p-type Cu-Ti-O nanotube arrays on plane FTO-
coated glass substrates were developed anodically in an
ethylene glycol/NH,F mixture, and photo-electrochemical
water splitting pn-junction diodes were constructed in combi-
nation with n-type TiO, nanotube array films. Upon illumi-
nation in a back-to-back configuration on glass substrates, the
UV part is absorbed by n-TiO, side, while the visible spectrum
passes on to the p-Cu-Ti-O side. In photo-electrochemical
reaction, hydrogen is generated from the p-type Cu-Ti-O side
and oxygen is evolved at the n-TiO, side of the diode. Under
global AM 1.5 illumination, such photocorrosion-stable di-
odes generate photocurrents of about 0.25 mAcm™> with
a photoconversion efficiency of 0.30% using cheap and
abundant materials.® The performance of this PEC-device
can be significantly improved with further materials optimi-
zation, nanostructuring, and electrolyte selection and opti-
mization >

Another type of light-driven electrochemical system using
vertically oriented carbon-doped titania (TiO,-,C,) nanotube
arrays was developed by Bard etal. (Figure 10a).5*l The
purpose of carbon doping is that the TiO, matrix should
absorb a significant fraction of the sunlight, and upon
excitation the electron and hole pairs should be located
within the space charge layer (5-200 nm) at the electrolyte/
semiconductor interface. Under visible-light illumination
(>420 nm), the TiO,-xCx nanotube arrays displayed higher
photocurrent densities than pure TiO, nanotube arrays.*"
The efficiency of water splitting was also enhanced and the
total photocurrent was 20 times greater than a TiO, film
developed from TP-25 nanoparticles. Furthermore, there are
several research groups working on the use of TiO, and other
photoactive materials to develop artificial leaves. A modular
design of an artificial leaf under progress at the University of
Messina (Italy) for solar fuels uses a novel photo-electro-
catalytic approach. The concept is to make solar H, by photo-
electrolysis of water or ethanol photo-reforming at the
photoanode, and the gas phase conversion of CO,, in
combination with H,/protons, to isopropanol at the cathode
(Figure 10b).™! The photoanode is vertically aligned doped
TiO, nanotube arrays designed for improved light harvesting,
good electron transport, and fast collection and proton
diffusion. The cathodic reaction for the electrocatalytic CO,
reduction is based on iron nanoparticles dispersed over
conductive N-doped carbon nanotubes (CNT) that was then
deposited over a carbon cloth (CC) acting as electron-
transport material. At the Fe/N-CNT-based gas-diffusion
CO, reduction cathode, the primary reaction product is 2-
propanol. Further optimization of design and performance is
under development that will use highly ordered TiO, nano-
tube arrays as photoactive membrane to replace the Nafion
proton exchange interlayer that significantly quenches the
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Electrocatalyst * Photocatalyst

PEM

Figure 10. a) Design of the TiO, photoanode to optimize its photo-
catalytic activity for water splitting; b) Solar fuel cell (artificial leaf)
under development at the University of Messina (ltaly). With the
Nafion membrane, the assembly shows the TiO, nanotube array
electrode with Fe nanoparticles on N-doped carbon nanotubes, which
were used as photocatalyst for water oxidation and as electrocatalyst
for CO, reduction, respectively. PEM = polymer electrolyte membrane.
Adopted from Ref. [85].

surface process (associated to surface peroxo species), which
limits the steady-state performance.®>5

In a new design, the TiO, nanochannels are filled with
a polyvinyl alcohol or polyacrylamide hydrogels containing
heteropolyacids (HPA) such as H;,,PV,Mo;, ,04, which
promotes the proton transport and also acts as a sensitizer for
injecting electrons (upon visible-photon absorption) into the
conduction band of the semiconducting TiO, nanotube
arrays.® Although TiO, is an excellent electron transport
medium, with good photocatalytic activity and high chemical
stability, there is now growing consensus in the PEC
community that TiO, is in fact not a suitable light absorber
for solar energy conversion applications. The high bandgap
limits its maximum energy conversion efficiency to 1-2 %,
and most of the gain in visible light absorption by doping is
lost again by increased carrier recombination. One of the
main challenges in the PEC field is therefore to find new and
stable inorganic light absorbers. Multinary oxides and oxy-
nitride materials, such as BiVO, and TaON, seem to be
promising materials classes.”**®! In particular, oxynitride
materials offer reasonable chemical stability at relatively
small bandgap values. The small bandgap is due to the mixing
of the oxygen 2p orbitals with the higher-energy nitrogen 2p
orbitals. 3-TaON is one of the best known examples, with
a bandgap of 2.4 eV and conduction and valence band edges
that straddle the water reduction and oxidation potentials.®”!
Domen and Abe have carried out pioneering work on this
material,* " and demonstrated photocurrents that exceed
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4mAcm~ when using a CoO, water oxidation catalyst.”

The challenges for this material are the high temperature
required for nitridation and the narrow range of process
conditions under which the phase-pure photoactive -TaON
can be obtained.

5.4. Self-Aggregated Supramolecular Assemblies for Artificial
Leaves

The modular units for light harvesting, charge separation,
and oxidation/reduction catalysis need to be integrated in
a synergized manner to optimize the performance of the
desired standalone solar-to-fuel conversion device. An inte-
grated light-driven water-splitting cell for O, and hydrogen
generation using Ru dye coupled with catalytic modules has
been tested, but the efficiency is very low (less than 1% ).
Instead of relying only on molecular materials and nano-
structured systems for light capture and conversion, self-
assembled supramolecular aggregates of biomimetic light-
harvesting units and charge separation modules can also be
employed in solar fuel devices."l Efficient bio-inspired light-
harvesting systems obtained from tubular chlorosomes, self-
aggregated chlorophylls, or chlorin assemblies (along with
a suitable energy trap and donor-acceptor couple) may offer
a promising starting point to build a model solar fuel
system.!

Natural chlorin biomimics that are also self-protected
against degradation can be programmed to induce self-
assembly for solar fuel devices.**! Such a system has recently
been demonstrated to fabricate an artificial supramolecular
light harvesting assembly using pheophytin for the energy
trap and a fullerene unit as electron-acceptor site (Figure 11).
Using a suitable donor material on one side, the H, evolving

Figure 11. An artificial supramolecular light-harvesting system with
pheophytin and a fullerene unit that act as charge separator-acceptor
combination.
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catalyst can be immobilized on the acceptor side to demon-
strate a half-cell supramolecular assembly to obtain hydrogen
from solar energy. Porphyrin- and chlorin-type self-aggregat-
ed systems may be replaced by more robust naphthalenedii-
mide (NDI) and perylenediimide (PDI) dyes for barrierless
light harvesting and charge separation in combination with
H,/O, catalysts for solar fuel systems.[">*!

6. Summary

Abundant water and sunlight can be captured and
exploited in an artificial leaf, to produce clean fuels by
splitting water. In developing a stable and proficient solar H,/
O, generation device, the major task is to combine molecular
and/or inorganic components in a way that optimizes the
individual light harvesting, charge separation, and catalytic
functionalities. The combination of bio-inspired molecular
assemblies with nanostructured inorganic materials seems
a particularly promising route. The oxidation of water to
molecular oxygen is the most difficult step. Once this
difficulty is solved, it can also be combined with the reduction
of CO, to directly form hydrocarbon-based fuels and other
feedstock chemicals. In this Minireview, we have discussed
some of the recent developments made in the field of
electrochemical and photo-electrocatalytic water oxidation
systems that were also constructed as artificial photosynthetic
models. The next aim is to develop an artificial leaf to make
H, and O, using electrons and protons from water. While
pursuing towards bio-inspired water oxidation -catalytic
devices, various molecular complexes and organometallics
have been studied on electrode surfaces electrochemically,
with and without the light source. An introduction to nano-
structured systems functionalized on the conducting surfaces
for water electrolysis cells are also presented. Besides
focusing merely on hydrogen as fuel from water splitting,
we also exemplify the use of protons from water oxidation to
reduce carbon dioxide into useful chemical(s). Finally, we
summarized the newly emerging concepts and technologies in
solar fuel devices and the design of the supramolecular
architecture with self-aggregated biomimics for the artificial
leaf.

7. Outlook

There is an overwhelming growth of the scientific and
political interest in the conversion of widely available
resources, such as CO, and water, into clean and renewable
fuels using earth-abundant materials. Solar-powered catalytic
water splitting can be one of the promising and possible
solutions in this quest. Thermodynamically speaking, water
oxidation is an energy demanding process, involving high
activation barriers and overpotentials, but an intelligent
catalyst design in synergy with efficient light-harvesting
system could make it possible to split water and produce
solar fuel with attractive efficiencies. Recent progress in the
area of light-driven water splitting catalysis and artificial leaf
is also evident with the current interest of many governments
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and participation of several research groups across the globe
in one way or another. The Swedish consortium for artificial
photosynthesis, the BioSolarCells consortium in the Nether-
lands, the Joint Centre for Artificial Photosynthesis (JCAP)
led by Caltech and UC Berkeley, and Korea Centre for
artificial photosynthesis (KCAP) are the key players in the
solar-to-fuel conversion business funded by heavy budgets
and supported by big and efficient scientific research teams.
In near future, there is also a strong output expected in the
form of many entrepreneurial initiatives and industrial
interactions related to energy production, the automotive
sector, and catalysis for sustainable materials. This path is
steadily heading towards establishing a model sunlight-
triggered catalytic system for renewable fuel generation using
water as raw material. However, there are still many
challenges and open questions in the field, regarding both
scientific as well as technological aspects. Strong commit-
ment, rational thinking, and hard-working scientific teams
and input from the political sectors could make the demon-
stration of an efficient practical device for solar fuel a reality.
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