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Preface

Solar energy is the only renewable and carbon neutral energy source of sufficient
scale to replace fossil fuels. Direct conversion of this energy into clean fuels is one
of the most important scientific challenges of the 21st century. In this context, both
hydrogen production from solar water splitting and carbon dioxide conversion to
organics are obviously attractive, being potentially convenient and clean methods
to store solar energy in energy rich molecules which can be employed as virtually
inexhaustible fuel sources.

Although the realization of a molecular level system mimicking natural photo-
synthesis for the production of solar fuels is certainly fascinating from a fundamen-
tal viewpoint, the achievement of efficient water splitting has so far been limited by
a small driving force and kinetic complications arising from the need to realize a
multiple proton coupled charge transfer, which is necessary to simultaneously
overcome the demanding kinetics of water oxidation and reduction. For these
reasons either sacrificial hole or electron scavengers have been coupled to most
molecular level charge separators.

Since the experiment of Fujishima and Honda in 1972, the direct use of semi-
conductor photoelectrodes or nanoparticles, have appeared to be an alternative way
for achieving photoinduced water splitting, thanks to the possibility of obtaining,
with a practically unitary quantum yield, highly energetic charge carriers that can
induce the required electrochemical reactions at the solid/electrolyte interface.

Photoanodes based on n-type metal oxides like TiO,, WO5 and Fe,O5 have been
intensely studied, since, at appropriate pH, they couple ease of fabrication, high
chemical stability in aqueous solution under evolving oxygen conditions, and
reasonably high incident light to current generation when operated in a photoelec-
trochemical cell.

On the other hand, the development of molecular systems and interfaces for the
conversion of carbon dioxide into energy rich molecules represents an important
technological and environmental challenge due to the abundance of CO, in the
biosphere that contributes significantly to the greenhouse effect. In this context
important research activities are directed towards the preparation of photocatalysts
containing a photosensitizer unit, which initiates photochemical one-electron

ix



X Preface

transfer events, and a catalyst which stores reducing equivalents to achieve multi-
electron reduction of CO,.

Finally, Photocatalysis is particularly relevant in order to realize chemical trans-
formations of synthetic interest with a minimal environmental impact. In fact, pho-
tochemical reactions require milder conditions than thermal processes and may
allow for the conception of short and efficient reaction sequences, minimizing side
processes.

The research discussed within the framework of this volume aims to identify and
provide solutions to these problems through the application of solar energy conver-
sion schemes which involve the use of regenerative photoelectrochemical, photo-
electrolytic or photoelectrosynthetic cells in which solar energy can be stored into
chemical fuels and in the development of photocatalytic processes for selective
photooxidation of organic compounds.

Carlo Alberto Bignozzi
Stefano Caramori
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Metal Oxide Photoanodes for Water Splitting

J. Augustynski, B.D. Alexander, and R. Solarska

Abstract Solar hydrogen production through photocatalytically assisted water
splitting has attracted a great deal of attention since its first discovery almost
30 years ago. The publication of investigations into the use of TiO, photoanodes
has continued apace since and a critical review of current trends is reported herein.
Recent advances in the understanding of the behaviour of nanoparticulate TiO,
films is summarized along with a balanced report into the utility and nature of
titania films doped with non-metallic elements and ordered, nanostructured films
such as those consisting of nanotubes. Both of these are areas that have generated a
not insignificant degree of activity. One goal of doping TiO, has been to extend the
photoresponse of the material to visible light. A similar goal has seen a resurgence
in interest in Fe,O3 photoanodes. Herein, the influence of dopants on the photocur-
rent density observed at Fe,O53 photoanodes and, in this regard, the role of silicon
has attracted much attention, and a little debate. Finally, we look beyond the binary
oxides. Photoanodes made from new materials such as mixed metal oxides, perov-
skite structured semiconductors, metal (oxy)nitrides or composite electrodes offer
the potential to either tailor the optical band gap or tune the conduction or valence
band energetics. Recent work in this area is detailed here.

Keywords Hydrogen - Iron oxide - Mixed metal oxides - Titanium dioxide -
Visible-light activation

J. Augustynski (P<) and R. Solarska
Department of Chemistry, Warsaw University, Pasteura 1, 02-093 Warsaw, Poland
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1 Introduction

The term photoanode refers to an n-type semiconductor electrode in contact with an
electrolyte, exposed to light, where the absorbed photons serve to decrease the
potential and enhance the rate of an electrochemical oxidation process. The photo-
anode may be combined in an electrochemical cell either with a p-type semicon-
ductor photocathode or with a metallic cathode. The latter configuration was used in
the photoelectrolysis cell which first demonstrated the feasibility of photoelectro-
chemical water splitting, where an oxygen-evolving titanium dioxide, TiO,, photo-
anode was associated with a hydrogen-evolving platinum cathode [1]. Since the
band-gap energies of TiO,, both in the rutile (£, = 3 eV) and the anatase (E, =
3.2 eV) form, preclude any significant solar light absorption, a large number of further
studies were directed towards the search of photoelectrode materials that are able to
capture a substantial part of the visible spectrum [2]. Those early investigations,
including a variety of inorganic semiconductors, showed that the only materials
able to photo-oxidize water whilst avoiding photocorrosion (in most cases for
kinetic reasons) were metal oxides [2]. This chapter is restricted to the discussion
of recent work regarding two binary oxides, TiO, and hematite, o-Fe,O3, and a
series of ternary oxides used as photoanodes to split water. Properties of another
important photoanode material, tungsten trioxide, WOj3, are discussed in [3] of the
present issue and were also very recently reviewed by the present authors [4].

The choice of a suitable photoanode material for water splitting necessitates a trade
off between its band-gap energy, which determines its sensitivity to the visible part of
the solar spectrum, and its band energetics, which should allow water splitting to
proceed with a minimum applied voltage bias. In fact, none of the known metal oxide
semiconductors fulfil the criteria represented schematically in Fig. 1.

In another recent review [5], the principal properties of over 130 inorganic
semiconductors are summarized. In most cases these materials are metal oxides
but also some nitrides, oxynitrides and sulphides, used as photocatalysts (i.e. in the
form of particle suspensions) to photosplit water.
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Fig. 1 Band energetics EleV| o/V
of an ideal semiconductor

2 Titanium Dioxide

The continuing interest in titanium dioxide stems principally from its application
as photocatalyst for environmental remediation [6], which is greatly facilitated by
the position of its conduction-band edge, negative enough to allow easy oxygen
reduction. Note that the reduction potential of the O,/O,~ couple at pH 7 is —0.16 V
vs NHE [7] compared with the flat-band potential of anatase which is of the order
of —0.50 V. Although not specifically related to the field of photocatalysis, a number
of recent studies addressed how structuring TiO, film surfaces might improve light
capture as well as TiO, doping with non-metallic elements. In several cases, the
latter materials have been characterized as photoanodes for water splitting. These
various aspects are discussed in the present section.

2.1 Nanocrystalline TiO, Films

Early interest in nanocrystalline TiO, electrodes originated from their use as a
conductive matrix in dye-sensitized solar cells (DSSCs) [8]. Such highly porous
films consisted of a large number of interconnected anatase TiO, nanoparticles
(NPs) with diameters in the range of 10-15 nm, stacked onto conductive glass
substrates. Despite the low doping level and poor inherent conductivity of anatase
NPs, DSSCs featuring 10-15 um thick TiO, films exhibited excellent photocurrent—
voltage characteristics and large fill factors [8]. Further studies, intended to charac-
terize photoelectrochemically the nanocrystalline TiO, electrodes under band gap
near-UV illumination (i.e. at wavelengths shorter than ca. 400 nm corresponding
to E, = 3.2 eV of anatase), revealed their complex behaviour towards photo-
oxidation of various species in solution [9—12]. In a recent paper Hartmann et al.
[13] compared the photoelectrochemical activity towards water splitting of two
kinds of mesoporous anatase films formed either from pre-synthesized crystalline
TiO, NPs or obtained by the sol-gel method followed by high temperature anneal-
ing (up to 550 °C). They found that the sol—gel derived TiO, films delivered ca. ten
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times larger water splitting photocurrents than their counterparts obtained from
crystalline NPs, and tentatively assigned the poor photoelectrochemical perfor-
mance of the latter films to insufficient electronic connectivity of the NP matrix.
Although the above result regarding the ratio of the water splitting photocurrents is
consistent with earlier observations [10], the explanation advanced by the authors is
at odds with abundant experimental evidence pointing to surprisingly large elec-
tronic conductivity of illuminated NP anatase TiO, films [9]. A noteworthy feature
of anatase NP film electrodes lies, in fact, in their exceptional sensitivity to the
nature of the reducing species, present in the solution, acting as hole scavengers.
This is illustrated by photocurrent—voltage (I,,—V) plots depicted in Fig. 2a
recorded for an NP TiO, electrode in a 0.1 M NaOH electrolyte, where water
splitting takes place, and after addition to the latter solution of 0.1 M of methanol.
The NP TiO, films employed in those experiments were formed from commercial
P25 particles, 25-30 nm in diameter, composed of ca. 75% of anatase and 25%
rutile, which are known to exhibit in photocatalytic reactions behaviour quite
similar to that of pure anatase NPs [6]. As shown in Fig. 2a, the photo-oxidation
of methanol results in about a 15-fold increase in photocurrent with respect to those
corresponding to water splitting. Contrasting with characteristics of the NP TiO,
electrode for water splitting is also the steep rise of the I,,—V curve, which rapidly
reaches the saturation value, and a substantial negative shift of the photocurrent
onset potential. For comparison purposes, Fig. 2b shows the I,,—V plots recorded in
the same solutions for a compact anatase TiO, electrode formed by the sol-gel
method. Although, also in the latter case, the occurrence of electron-hole, e —h",
recombination accompanying water splitting is evidenced in a positive

a o 6 0.1M NaOH/0.1 M MeOH
§
E 4
5
Fig. 2 Photocurrent—voltage 5 ol
plots for (a) a nanoparticulate §
P25 TiO, film and (b) a § 0.1 M NaOH
compact, sol—gel derived 0 f MAFPRSS=SCS. 7 : n
anatase TiO, electrode
recorded in a 0.1 M NaOH aq. b 9
solution and after addition of C\"E L 0.1M NaOH/0.1 M MeOH
0.1 M methanol. The [SH
el?ctrodes were irradiated E 6T 0.1 M NaOH
with the full output of a £ T
150 W Xe lamp. The applied e
potentials are expressed vs 33T
reversible hydrogen electrode % -
(RHE) in the same solution. &
(Reproduced with permission

0 : : : : : : :
of the Royal Society of -04-02 0 02 04 06 08 1 1.2
Chemistry from [10]) E vs RHE/V
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Fig. 3 SEM image showing (a) microcracked surface of a sol-gel derived TiO, film (reproduced
with permission from [14]) and (b) a nanostructured TiO, film consisting of P25 particles

displacement of the photocurrent onset potential, both curves reach large saturation
currents. A ca. 15% increase of the photocurrent observed for the sol—gel derived
electrode, following addition of methanol to the NaOH solution, is attributable to
the partial occurrence of the photocurrent doubling [10]. Scanning electron micro-
scopic, SEM, images, given in Fig. 3, show that both kinds of TiO, films exhibit
relatively large surface areas. However, the major difference lies in the fact that, in
contrast to the sol-gel derived film [15], the NP film is wholly penetrated by the
electrolyte due to its large 50-60% porosity. While the activity of both TiO, films
represented in Fig. 2 towards photo-oxidation of methanol is similar, the NP
electrode exhibits a drastic decrease in the water splitting photocurrents. Both the
slow rise of the I,,—V curve in Fig. 2a and the particularly low saturation currents
characterizing water splitting at the NP TiO, film are indicative of the occurrence of
intense e —h" recombination persisting at large anodic potentials — a behaviour
attributable to the absence of a conventional space charge layer in such films [9].

To account for the results of early measurements involving NP semiconductor
films, it was argued that, due to their small size, the individual nanoparticles do not
support an in-built electrical field [16] and that the charge separation in such films
occurs at the level of individual particles due to the differing rates of electron and
hole transfer to the species present in the solution [17]. As will be shown below,
charge separation may be affected by not only the solution species but also the
reaction intermediates adsorbed at the semiconductor surface. According to an
earlier proposed mechanism [11, 14, 18], the photo-oxidation of water at anatase
TiO; is initiated by the formation of Tis—O® radical species occurring, in the case of
hole capture by a Tis—OH terminal group or, in alkaline solution, by the Tis—O™,
according to
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TiOy +hv — h™ + e~ (D
Tis—OH + h* — Tis—0® + H,, (2a)
Tis—O~ +h"™ — Tis—0"* (2b)

leading subsequently to the formation of bridged Tis—O—O-Tig surface peroxo
species [14, 18]. It is the presence of both Tis—O® and Tis—O—O-Tig surface species,
which may be considered as trapped positive holes, acting as recombination centres
for the photogenerated conduction-band electrons:

Tis—O®* +e™ + HI{ — Tis—OH A3)

which appears as the most probable cause of the observed poor efficiency of water
splitting at NP anatase films. Depending on the incident light intensity, the latter
processes may occur in addition to the direct recombination of photogenerated
e —h™ pairs.

The formation of surface peroxo intermediates, inferred by earlier electrochemical
measurements [11, 14, 18], was later confirmed by Nakamura and Nakato [19] on the
basis of in situ IR absorption spectra taken at the NP rutile film/alkaline solution
interface irradiated with UV light. Using multiple internal-reflection IR spectros-
copy, the latter authors in fact observed a prominent absorption band at 812 cm ™"
assigned to the bridged Ti—~O—O-Ti surface peroxo species. It is also worth mention-
ing here a recent study by Cowan et al. [20] who investigated dynamics of the
processes involved in water photosplitting at nanocrystalline TiO, films composed
of anatase NPs ca. 15 nm in diameter. Using transient absorption spectroscopy at
moderate laser excitation intensities they identified the presence of long-lived holes,
characterized by an absorption band centred at 460 nm, which appear as key inter-
mediates in the oxidation of water. The concentration of these long-lived holes, with a
lifetime of ca. 30 ms, was found to follow the increase of the photocurrent with
applied anodic potential until the photocurrent reached the plateau. Using pulsed
illumination at 355 nm, the authors [20] determined the quantum yield of oxygen
formation from alkaline solution to be ca. 8%. In fact, the latter value is quite similar
to incident photon-to-current conversion efficiencies, IPCEs, for water splitting
measured earlier (under steady-state conditions) in acidic solutions [9]. Clearly,
regardless of the pH of the solution, the electron—hole recombination appears to be
the dominant loss pathway in water splitting at NP TiO, film photoanodes.

The situation is completely different in the case of sol-gel derived compact
anatase TiO, films where the extent of charge recombination is largely reduced due
to the effect of anodic potential, E, applied through the space charge layer. The
anodic bias causes the surface electron density, Ng, to decrease with the applied
potential as [21]

Ns = N exp[—e(E — Vgp) /kT] 4)
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where Ny is the bulk electron density in the semiconductor, Vgg is its flat-band
potential, e is the elementary charge, k is Boltzmann’s constant and T is the absolute
temperature. This explains the large water splitting photocurrents at the sol-gel
formed anatase TiO, electrode shown in Fig. 2b, which are consistent with [PCE
values for such films reaching 80% [15].

In contrast with their poor photoactivity for the water splitting, the NP anatase
TiO, films exhibit both very large photocurrents under intense UV illumination and
high IPCEs (recorded under low intensity monochromatic illumination) for the
photo-oxidation of a number of organic molecules that act as hole scavengers, such
as alcohols, aldehydes or carboxylic acids [9, 11]. All these compounds undergo
rapid charge transfer at the anatase surface leading to CO, as the final product.
Moreover, in most cases, the reaction intermediates are oxidized even more easily
than the starting reactants. This is, for example, the case in the photo-oxidation of
methanol [cf. (5) and (6)] where the *CH,OH intermediates are able to inject
electrons into the conduction band of TiO, leading to photocurrent doubling:

CH3OHadS + hjL — .CHQOHadS + H;:l (5)

*CH,OH,4s — *CH,0 + H:q + ey (6)

Due to the markedly negative redox potential of the *CH,OH radical, E°
(*CH,0OH/CH,0) = —0.97 V [11], which is located ca. 0.8 V above the conduc-
tion-band edge of anatase, resulting in strongly downhill nature of the reaction (6),
the possibility of the back electron transfer (i.e. the reduction of the *CH,OH radical
species by the photogenerated electrons) appears negligible. The situation is similar
for the photo-oxidation of many other small organic molecules. Moreover, as the
reduction of CO, at the TiO, surface is a notoriously slow process, in most cases,
the above-mentioned reactions exhibit large IPCEs. This is illustrated in Fig. 4,
showing spectral photoresponses for a ca. 10 um thick NP TiO, film, composed of
P25 particles, recorded in a solution of 0.1 M perchloric acid, where water splitting
occurs, and after addition to the solution of formic acid or methanol. The IPCEs
exceeding 140%, corresponding to the photo-oxidation of the two organic molecules,
were observed for short wavelengths, decreased to ca. 10% in the case of water
splitting. It is to be noted, however, that while very high IPCEs were already
reached in the presence of 0.1 M formic acid, they increased strongly with increas-
ing methanol concentration from 0.1 M to 3 M (cf. Fig. 4). Such behaviour may be
explained by assuming that direct hole transfer followed by electron injection into
the conduction band, resulting in photocurrent doubling (5) and (6), requires the
presence of methanol adsorbed on the TiO, surface [11]. According to the results of
an in situ study of the competitive adsorption of methanol and water on anatase
Ti0O, nanoparticles, conducted using sum frequency generation, SFG, spectroscopy
[22], the SFG signal corresponding to chemisorbed methoxy, Tis—OCH3;, species
dropped below the detection limit for a ca. 0.15 M methanol concentration in water.
This may imply an increasing contribution from the indirect photo-oxidation
pathway with a decrease in the concentration of methanol in solution:
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Fig. 4 Photocurrent action spectra for a ca. 10 um thick NP TiO, electrode recorded in a 0.1 M
HCIO, solution (d) and after addition of (a) 3 M MeOH, (b) 0.1 M HCOOH and (c) 0.1 M CH;OH.
(Adapted from [9, 11])

CH;0H + Tig—0® — *CH,0H + Tis—OH 7)

However, given the large IPCEs still observed in 0.1 M methanol solution,
reaction (7) remains much faster than the conversion of Tis—O*® species into oxygen.
The shape of the IPCE vs incident wavelength plots in Fig. 4, measured under
irradiation through solution—electrode interface, confirms that, as expected, charge
recombination occurs principally inside the illuminated portion of the NP anatase
film. In fact, the larger the illuminated region of the film where the holes are photo-
generated, traversed by the electrons, the smaller the observed photocurrent yield.
However, the small ohmic losses that accompany collection of charge carriers at the
back contact were unexpected. This is particularly well illustrated by the photo-
current—voltage plot shown in Fig. 5, recorded for a ca. 45 um thick NP TiO, film,
irradiated through the solution—electrode interface in 0.1 M formic acid [12]. The
penetration depth of the 300-nm light employed in this experiment is of the order of
30 nm [9], corresponding to less than 0.1% of the film thickness. Despite the light
absorption occurring at a very large distance from the back contact, the photo-
current rises steeply to reach, under an anodic potential bias of only 0.3 V, a maxi-
mum corresponding to an IPCE of about 140%. The latter observation indicates, in
addition to a small extent of electron—hole recombination, quite low resistive losses
occurring across the large unilluminated part of the film. This, obviously, rules out
photoconductivity as a possible mechanism of the effective electron transport
through such inherently poorly conductive NP TiO, films.

The preparation of the NP TiO, films used for the experiments represented in
Figs. 2a, 4, and 5 involved high temperature (450 °C) annealing which produced
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Fig. 5 Photocurrent vs potential plot recorded for a ca. 45 pm thick nanoparticulate TiO, film,
immersed in a 0.1 M HCl10,4/0.1 M HCOOH solution and irradiated with a 300-nm monochro-
matic light (700 pW cm™2) from the side of the film/solution boundary. On the left axis is
represented the corresponding incident photon-to-current conversion efficiency (IPCE). In the
insert is represented schematically (marked in grey) the illuminated part of the TiO, film where the

electron injection takes place. (Reproduced with permission from [12])

partial sintering of the particles (cf. the micrograph in Fig. 3b), allowing electrical
contact between them to be established [9, 10]. In this context, it was surprising that
electrophoretically deposited (from a suspension in water) NP P25 TiO, films,
simply dried at room temperature, still exhibited large IPCEs and the shapes of
the spectral photoresponses were similar to those represented in Fig. 4 for the
annealed films [9]. Actually, in the absence of annealing, the network of the TiO,
NPs, kept together only by the van der Waals—London interactions, might be
expected to exhibit much higher resistance due to the presence of more numerous
trap sites in the contact regions able to deplete the NPs of free carriers. All these
results are in striking contrast to the hypothesis assigning the poor photoactivity of
nanocrystalline TiO, films towards water splitting to insufficient electronic connec-
tivity of the NP matrix [13].
To explain how an initially poorly conducting network of anatase TiO, nano-
particles allows excellent photocurrent—voltage characteristics, either in a dye
sensitized liquid-junction solar cell [16] or under direct band-gap illumination
in the presence of a suitable hole scavenger, it has been suggested that the film
undergoes self-doping occurring in the initial stages of the photocurrent flow
before the steady-state is attained [9]. Such photocharging, extending over the
whole film thickness, leads to a substantial increase in the electron population
within the donor band of anatase and a concomitant increase in conductivity.
Importantly, this self-doping is made possible by the very nature of the NP films,
which form an interpenetrating network of TiO, particles and the electrolyte-
containing pores, whose phase boundaries produce a junction of large contact
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area. This opens the possibility for the excess charge carrier concentration within
the anatase NPs to be compensated simply by the adjustment in the coverage of
cations from the electrolyte in the Helmholtz layer [9]. Note that the latter situa-
tion is totally different from that of a compact TiO, film where the compensation
of an excess negative charge occurs through simultaneous injection into the solid
phase of protons or alkali cations.

To be effective, the mechanism described above involving the excess charge
compensation through the equivalent adsorption of cations in the Helmholtz layer
requires the porous TiO, films to be composed of relatively small NPs, with
diameters in the range of tens of nanometres, offering high internal surface-to-
volume ratio. However, a greater surface area also increases the probability of
electron—hole recombination in the surface and junction regions. This explains why
the photocurrent efficiency of anatase TiO, NP films is so strongly affected by the
nature of hole scavengers present in the solution. The fast and “irreversible”
photoanodic reactions, which do not form intermediates or products able to act as
scavengers for photogenerated electrons, usually yield large photon-to-current
conversion efficiencies. This is the case for the photo-oxidation of a number of
small organic molecules, especially when their concentration in solution is suffi-
ciently large to favour direct hole transfer [11]. In contrast, the photoanodic
reactions where an initial hole transfer leads to the formation of an easily reducible
species, such as photo-oxidation of water, hydroquinone or iodide ions [9] are all
characterized by low IPCEs.

2.2 Ordered Arrays of TiO, Nanotubes and Nanorods

In an attempt to improve light harvesting and charge separation in TiO, photoelec-
trodes, considerable effort was devoted to the preparation of complex surface
structures such as nanotubes, nanorods or nanowires. Early work regarding fabri-
cation and applications of ordered arrays of TiO, nanotubes was reviewed by
Grimes [23] and more recently by Misra et al. [24] and Schmuki and co-workers
[25]. Initially, the TiO, nanotube arrays were formed by anodization of titanium
metal in fluoride (HF, KF, NaF) aqueous electrolytes [26, 27]. Subsequently, the
use of polar organic solvent based electrolytes containing fluoride ions allowed a
considerable increase in the length of the nanotubes up to several tens of microns.
The geometrical features of the nanotube arrays including, in particular, wall
thickness and pore diameter depend on a variety of anodization parameters, making
precise control of the whole process quite complex. As-anodized TiO, nanotubes
are amorphous and they are converted into the anatase phase by annealing in
oxygen above 350 °C [23, 24]. The co-appearance of rutile occurs with increasing
annealing temperature, especially within the barrier layer separating the nanotube
array from the underlying titanium substrate. It is also to be noted that annealing in
neutral (N,) or reducing (H,) atmosphere delays crystallization of amorphous TiO,
[24]. Besides their use as hydrogen gas sensors [23], the TiO, nanotubes were
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considered for application in DSSCs [28] and also as photoanodes for water
splitting [29, 30]. The major obstacle for their use in DSSCs lies in the difficulty
to fabricate onto the conductive glass substrate an optically transparent anatase
nanotube array film required for cell illumination through the anode.

Several authors reported an occasional large water splitting photocurrent
obtained with nanotube TiO, array electrodes, which appears to be a complex
function of the aforementioned geometrical features and should be critically
affected by the crystallinity of the walls. This last point, in fact, plays an essential
role in the separation of photogenerated charges and in the vectorial electron
transport to the back contact.

The assessment of the actual efficiency of the nanotube TiO, arrays for the
photocleavage of water is made difficult by the lack of systematic data, in particular
those showing how the nanotube length affects the IPCEs over the photoaction
spectrum. The photocurrent densities exceeding 25 mA cm ™ reported by Paulose
et al. [30] for a 45 um long nanotube array raise questions about the way the incident
light propagates within such structures and a possible role of multiple light reflections.

In another recent attempt at increasing active surface area and improving light
absorption of the TiO, photoanode, Wolcott et al. [31] formed arrays of anatase
nanorods ca. 1 um in length, with widths ranging from tens to hundreds nano-
metres, onto conductive glass substrates. One particularly interesting aspect of this
approach is the tilting geometry of the TiO, film obtained by oblique-angle
electron-beam vapour deposition. The oriented growth induced by the latter method
resulted in the formation of a dense array of nanorods, tilted at an angle of
approximately 60 ° from substrate normal (cf. Fig. 6), exhibiting strong absorption
in the near UV region. Following high temperature (550 °C) annealing, which
allowed phase transition from initially amorphous TiO, to the anatase crystal
structure, the nanorod array photoanode demonstrated particularly large IPCEs
for water splitting under band-gap illumination reaching 80% at 350 nm [31].

Fig. 6 SEM image of a TiO,
nanorod array taken at a
sample tilt of 35 °. The image
reveals widening of the
nanorods from the ITO
substrate to the tip.
(Reproduced with permission
from [31])
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This result is attributable to the combination of strong optical absorption and
effective charge separation through the space charge layer. The authors calculated
from Mott—Schottky plots of capacitance data the width of the space charge layer,
W, of the order of 100 nm for an applied potential bias less than 1 V. Although
smaller than the length of the TiO, nanorods present in the film, this width (W)
appears sufficient to allow radial charge separation across the nanorods in contact
with the electrolyte filling the pores.

The latter example, as also apparently that of TiO, nanotube array photoanodes,
emphasizes the role played by the space charge layer in determining sizeable IPCEs
for slow photo-oxidation reactions, in which intermediates or products able to act as
scavengers for photogenerated electrons are formed.

2.3 TiO, Doping with Non-Metallic Elements

Earlier efforts to extend the photoresponse of TiO, from the UV into the visible
spectral region involved mainly metal doping (with the exception of the sensitiza-
tion with dyes). This work was recently extensively reviewed by Rajeshwar [2].
Although incorporation of a number of transition metal cations, such as Cr(III), into
the TiO, lattice leads to some sub-band gap photoresponse, it induces, at the same
time, enhanced electron—hole recombination over the whole absorption spectrum.
This precludes the application of these materials for visible-light driven photosplit-
ting of water. The deception caused by those rather fruitless attempts explains the
vivid interest raised by a series of more recent reports on the “TiO, band-gap
narrowing” by doping with non-metallic elements, in particular with nitrogen,
carbon and sulphur. Asahi et al. [32] evaluated, on the basis of density of states,
DOS, calculations, the consequences of substitutional doping of anatase crystals
with N, C, S, P and F atoms. They concluded that nitrogen doping leads to the band-
gap narrowing of TiO, through mixing N 2p states with O 2p states. The reported
optical absorption spectra for films prepared by TiO, sputtering and high tempera-
ture annealing in N, atmosphere, extending above 500 nm [32], are indeed consis-
tent with the formation of nitrogen-induced states lying above the valence band of
TiO,. This was confirmed by the results of photocatalytic experiments performed
under visible (below 500 nm) light irradiation [32], in agreement with similar
earlier observation by Sato [33] who used NO,-doped TiO, samples obtained by
calcinations with ammonia. Like the majority of other studies on TiO, doped with
non-metallic elements, the latter authors [32, 33] used the photodegradation of
organic pollutants in the presence of oxygen to test the visible-light photoactivity of
their materials. Among notable exceptions to this is the work of Torres et al. [34]
who investigated water splitting at the nitrogen-doped TiO, films. Those ca. 1 um
thick films prepared by reactive DC magnetron sputtering contained, based on the
X-ray photoelectron spectroscopic, XPS, analyses, a slightly larger amount of
nitrogen in the surface region, corresponding to a composition of TiO; 9g7Ng 013,
than the material described by Asahi et al. [32], TiO;.9925N0.0075, and exhibited
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essentially the rutile structure. Despite the photoresponse extending above 500 nm,
the water splitting current measured at ca. 1.5 V vs RHE (reversible hydrogen
electrode in the same solution) under 100 mW cm ™ * visible-light illumination
from a sulphur lamp was only about 0.2 mA cm 2. A relatively poor photoelec-
trochemical performance of the nitrogen-doped TiO, films was assigned to an
enhanced electron—hole recombination consistent with a large positive shift of the
photocurrent onset potential occurring specifically under visible-light irradiation.
In addition to the observed high density of electron trap states distributed below the
conduction band in the nitrogen-doped film, the low mobility of holes generated in
localized N 2p electronic states located above the O 2p VB level of TiO, was evoked
by the authors [34] to explain the observed large e —h" recombination. This inter-
pretation, which questions the concept of band-gap narrowing in nitrogen-doped
titania, involving mixing of N 2p and O 2p states [32], is also supported by the results
of photocatalytic measurements of Irie et al. [35], conducted with TiO,_ N,
powders. In particular, the latter authors considered that the band structure calcula-
tions of Asahi et al. [32], made for the TiO,_ N, with x as large as 0.25 and 0.12,
might be irrelevant for the materials with much lower nitrogen doping levels used in
photocatalytic experiments. Another attempt to obtain visible-light sensitive titania
involved nitrogen ion implantation of TiO, nanotube arrays [36]. Those anodically
formed nanotubes had a length of approximately 0.8 pum. The nitrogen ion bombard-
ment resulted initially in a partial amorphization of the nanotube films and required
an additional annealing step to restore the anatase structure. The annealed material
exhibited the principal N /s XPS peak at ca. 396 eV, similar to that observed by
Asahi [32] and assigned to atomic B-N state. The absence of reported photocurrent—
voltage characteristics determined under simulated solar irradiation makes any
assessment of the practical water splitting efficiency of those electrodes difficult.
However, the IPCEs, based on the photocurrent action spectrum measured for the
N-doped TiO, nanotubes in neutral sodium sulphate solution, culminating at about
20% in the UV region and decreasing from ca. 5% at 400 nm to 2% at 450 nm [36],
indicate the persistence of a relatively strong electron—hole recombination.

The band-gap narrowing of TiO, was also evoked in the case of sulphur doping
[37]. Oxidation of a TiS, powder at 600 °C in air was found to result in the
formation of anatase TiO, including some incorporated sulphur as revealed by a
relatively weak XPS signal assigned to a Ti—S bond. Both a relatively small shift of
the optical absorption spectrum towards visible wavelengths (to ca. 430 nm) and the
white colour of the sulphur-doped sample hardly support a significant band narrow-
ing as deduced from ab initio band structure calculations [37]. The sulphur-doped
TiO, photocatalyst exhibited visible-light activity for the decolorization of methy-
lene blue [38] although the rigour of using this compound, which absorbs visible
light by itself, as a test might be questioned.

Among all the attempts aimed at modifying visible-light photoactivity of TiO,
by incorporation of non-metallic elements, it is carbon doping which inspired the
largest number of investigations [29, 39-45] and discussions [46—49], especially
with regard to the application of such materials for water splitting. Sakthivel and
Kisch [40] characterized photocatalysts prepared by hydrolysis of TiCl, with
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tetrabutylammonium hydroxide followed by calcination at 400 °C in air. The
samples had an anatase structure and contained ca. 0.4 and 3 mol% of carbon
with XPS and IR spectroscopic signatures corresponding to carbonate species (note
that longer annealing resulted in smaller carbon content). Both carbon-modified
TiO, powders exhibited optical absorption extending to red wavelengths, above
700 nm, which the authors [40] assigned to the presence of localized surface states
within the band gap lying above the O 2p VB edge. A relatively small band-gap
narrowing of 0.14 eV (to 3.02 eV) deduced from the analysis of the Kubelka-Munk
function for the anatase sample with 3% of carbon was consistent with the observed
positive shift of the flat-band potential and the concomitant down shift of the
conduction-band edge. The carbon-modified TiO, powders described above
showed large visible-light activity towards photodegradation of organic pollutants,
such as 4-chlorophenol and remazol red azo dye [40].

Interestingly, the materials described in [40] were subsequently used to fabricate
thin films, tested as photoelectrodes for water splitting and oxidation of formic acid
[44]. The oxygen and carbon dioxide formation were monitored using differential
electrochemical mass spectroscopy. No perceptible oxygen signal arising from the
carbon-doped electrodes was observed, neither under visible-light nor UV irradia-
tion in sulphuric acid electrolyte. In comparison with undoped TiO, films, made
from P25 (anatase—rutile) NPs, the carbon-doped electrodes also exhibited much
lower photocurrents under UV light after addition to the solution of formic acid,
indicating occurrence of an enhanced electron—hole recombination [44]. The latter
was assigned to the relaxation of holes photogenerated in the O 2p valence band of
TiO, into localized midgap states, induced by the carbon doping. However, rela-
tively poor crystallinity combined with the small size of NPs (ca. 10 nm in
diameter) that form the carbon-doped films appears to be yet another reason for
large density of defect states that act as recombination centres. The fact that the
same carbon-modified TiO, material, when employed in the form of powder
suspension, shows excellent photocatalytic activity towards oxidative degradation
of organic pollutants points at the essential role played by oxygen in these reactions
which, acting as scavenger of photogenerated CB electrons, to a large extent
prevents charge recombination. As already discussed in the introduction, this is
made possible by the position of the conduction-band edge of TiO, negative enough
to allow the oxygen reduction and formation of superoxide ion.

The structure and properties of carbon-doped TiO, materials vary significantly
depending on the preparation method which may involve either an oxidizing or a
reducing environment. While in the anatase powders that were obtained by calci-
nation in air at 400 °C described above, the carbon was present as carbonate species
[40], i.e. in the positive oxidation state, the situation may be quite different in the
case of films prepared by combustion of titanium metal in the flame of a gas burner
[42, 43]. In the latter case, the final TiO,_,C, films included carbon, apparently, in
substitutional or interstitial sites and exhibited the rutile structure. Khan et al. [42]
obtained carbon-modified TiO, films through pyrolysis of Ti metal samples in a
natural gas flame at about 850 °C. The films consisted of the rutile polymorph and,
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based on XPS measurements, contained ca. 15% of carbon corresponding formally
to a composition of TiO,_15Cq.15, suggesting the presence of C atoms in the
substitutional form, i.e. replacing O atoms. The optical absorption spectra of
those carbon-doped films [42] indicated the presence of two thresholds, one close
to the UV region (at 2.8 eV) and another situated in the visible region (at 2.3 eV). As
discussed by others [46—49], in the absence of the related IPCE data, it is unclear to
what extent the optical absorption figures reported in [42] translate into visible-light
water splitting photocurrents.

The properties of titania films formed by combustion of the Ti metal in the flame
of a burner fed with various gas mixtures, i.e. under more or less reductive
conditions, were examined by Noworyta and Augustynski [43]. Two major changes
observed in the bulk composition of flame-formed TiO, films included the concom-
itant presence of disordered carbon, revealed by Raman spectra, and that of lower
non-stoichiometric titanium oxides, identified by X-ray diffraction. As expected,
the intensity of the Raman bands attributable to carbon was larger for the samples
obtained in a carbon-rich flame fed with a propane—butane mixture. However, there
was no indication of the formation of oxycarbides, which, normally, should produce
additional Raman signals. The only sizeable shift of the photoresponse beyond the
fundamental absorption edge of rutile was observed for the carbon-doped TiO, film
formed in the reductive zone of the propane/butane—oxygen flame. Due to relatively
large IPCEs of ca. 20% at 400 nm and 10% at 410 nm, the latter sample exhibited
non-negligible, stable water splitting photocurrent of 0.55 mA cm ™~ determined at
1.23 V vs RHE under simulated solar AM1.5 illumination. Given the presence of
lower titanium oxides in those carbon-containing rutile samples, obtained by the
combustion of Ti metal in a comparatively reducing environment, their (moderate)
visible-light water-splitting activity is to be associated with the formation of oxygen
vacancies. Such a conclusion is consistent with the calculations of Di Valentin et al.
[50] indicating that carbon doping under oxygen-deficient conditions may favour
the formation of oxygen vacancies in bulk TiO,. As the optical penetration depth in
doped TiO, at the wavelengths close to the band edge is certainly larger than 1 pm,
the measured IPCEs should, in fact, be affected by the bulk composition of such
samples. High temperature treatment (up to 1,000 °C) of nanostructured TiO, films
in ambient air (containing CO, and traces of CO and hydrocarbons) has been shown
to result in the incorporation of a very large amount of carbon and in the decrease of
the optical band gap to 2.06 eV [51]. Based on XPS analyses, the film annealed at
1,000 °C contained an amount of carbon almost equivalent to that of titanium. No
significant signal related to carbide was observed and the chemical nature of the
incorporated carbon was not indicated.

Park et al. [29] incorporated carbon into anodically formed TiO, nanotubes (ca.
3 um in length) by annealing in a carbon monoxide atmosphere up to 700 °C. It is to
be recalled in this connection that, following high temperature annealing, the as-
formed amorphous nanotube walls are converted essentially into anatase with the
simultaneous appearance of rutile, especially within the barrier layer that separates
the nanotube array from the underlying titanium substrate. It is probably the
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increase in thickness (and resistance) of this barrier layer, which explains the
decrease of the photocurrents observed for heating temperatures exceeding
600 °C [29]. Based on the XPS spectra, the authors found within the TiO,_,C,
nanotube arrays the carbon concentrations ranging from 8 to 42%, depending on the
annealing temperature, but the nature of the observed C /s peak was not indicated.
A Tauc plot, that is (jpp )2 vs hv (where Jph is the photocurrent and /v is the
energy of the incident light), was found to be linear and from this it was deduced
that the carbon-doped TiO, sample had a band-gap energy of 2.2 eV consistent with
the observed significant visible-light (>420 nm at 100 mW cm™?) photocurrents
reaching 0.8 mA cm 2 [29]. Raja et al. [45] heated the TiO, nanotube arrays in an
acetylene—hydrogen gas mixture at 650 °C. The incorporation of the carbon species
into TiO, occurred, at least partially, by diffusion from the thin layer of carbon
formed during the treatment on the surface of the samples. The carbon-doped
nanotube arrays exhibited an important red shift of the absorption spectrum and a
photocurrent of 0.45 mA cm ™2 when illuminated with visible light (=400 nm). The
particularly large photocurrent reported under AM1.5 light of 2.75 mA cm ™~ was,
apparently, measured under light intensity substantially higher than 100 mW cm >
[45]. To explain the visible-light photoactivity of those samples, the combined
effect of oxygen vacancies and, possibly, of intercalated carbon species was evoked.
It is to be noted that, despite the highly reductive atmosphere of the heat treatment,
Raja et al. [45] report the presence in the annealed samples of carbonate species,
identified through the C /s XPS signal at 288.4 eV, similar to those observed earlier
in the carbon-doped anatase powders obtained by calcinations in air [40].

In view of the results reported to date, the TiO, films doped with non-metallic
elements offer rather poor prospects for application as effective sunlight-driven
photoanodes for water splitting. As discussed earlier, the situation is quite different
in the case of nitrogen- and especially carbon-doped titania powders which have
been demonstrated to act as efficient visible-light active photocatalysts for the
degradation of various organic pollutants.

3 Iron Oxide

Much as TiO, has attracted the vast majority of attention as a photocatalyst, both for
the photolytic splitting of water and for photo-oxidation of organic species, its long-
term potential as a useful photoanode for solar hydrogen production is hindered by
its comparatively large band gap of 3.2 eV in the case of anatase. In essence, this
means that only photons with wavelengths shorter than 395 nm can be successfully
used to generate electron—hole pairs. This corresponds to approximately 4% of
photons that reach the surface of the Earth [52], as shown in Fig. 7. It is therefore
unsurprising that the development of so-called “visible-light activated” photocata-
lysts has attracted much attention. There are many reports of visible-light activated
photocatalysts in the literature [53, 5], although such claims have been made for any
material with an optical band gap that corresponds to wavelengths longer than
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Fig. 7 Spectrum of AMI1.5 solar irradiation. The optical band gaps of common metal oxide
photocatalysts are indicated for comparison. (Reproduced with permission from [52])

420 nm. The utility of nanostructured tungsten trioxide films, with a band gap of
2.5 eV has recently been reviewed elsewhere [54, 4]. This would substantially
enhance the portion of the solar spectrum towards which the photoanode is active. It
is possible to develop materials that have even smaller optical band gaps. Although
the thermodynamic limit implies that no material with a band gap smaller than
1.2 eV can be used for the photosplitting of water, the practical limit, taking into
consideration ohmic losses and overpotentials associated with hole-transfer reac-
tions, is thought to be around 2.0 eV [5, 54]. To this end, iron oxide, in particular
a-Fe,O3 (hematite) which is an n-type semiconductor with a band gap in the region
of 2.0-2.2 eV, would appear to be a suitable candidate for solar hydrogen produc-
tion as it allows access to the conversion of approximately 40% of photons from
ambient sunlight (photons with wavelengths shorter than 550—600 nm). Indeed, iron
oxide has been studied as a photoanode since the 1970s [55], and these studies have
in part been inspired by the facts that iron oxide is a low-cost, readily available
material and environmentally benign. Much of the early literature concerns iron
oxide electrodes prepared from either thermal oxidation of the metal, single crystals
or polycrystalline powders which were pressed to form disks and then used as
electrodes. These have tended to yield poor photocurrents and poor reproducibility,
most likely associated with the mechanical [56] and chemical stability of such
pressed-disk electrodes which are unstable in acidic solutions or, in the case of films
prepared via thermal oxidation, the iron oxide layer was considered to be too thin,
although this is unlikely given the short hole diffusion length (see below).

There are, however, problems associated with the use of iron oxide as a photo-
anode that are intrinsic to the material itself, e.g. a-Fe,O3 is a Mott insulator. The
conduction band edge lies at too positive a potential with respect to the hydrogen
evolution potential. Although this may be mitigated by the fabrication of iron oxide
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photoanodes polarized by a suitable bias, substantial electron—hole recombination
rates are observed. This can be evidenced by the fact that the photocurrent onset
potential can often occur at substantially positive potentials, which are often little
more than 0.5 V more negative than the thermodynamic electrochemical oxidation of
water [57]. Indeed, early reports of o-Fe,O; photoanodes yielded poor photocurrent
densities. Such rapid electron—hole recombination was accounted for by the low
diffusion of charge carriers, and in particular the low hole mobility, 10 2 cm? Vs~
[58]. As a result of this and the poor electrical conductivity of a-Fe,Os3, the hole
diffusion length is typically of the order of 4 nm. Nevertheless, progress has been
made. The synthesis of thin film electrodes from the spray pyrolysis of an iron-
containing precursor solution onto heated substrates yielded well-crystallized films
that were comparatively dense [59, 60], although the choice of precursor species
can induce some nanoporosity into the films [61]. A common theme in many of
these reports has been the ease with which the film composition and properties can
be tailored by carefully choosing the precursor composition, in particular with
respect to the addition of foreign elements, e.g. doping.

3.1 Doping

Doping iron oxide is not a new phenomenon. Morin first reported an increase in
conductivity of iron oxide upon the addition of small amounts (0.05 at.%) of Ti**
[62, 63] although the exact amount of titanium required to effect an increase in
conductivity was open to question [64]. Similarly, the mechanism for conduction,
and how titanium might improve this has been debated. Morin proposed conduction
to be mediated by electron hopping involving Fe d orbitals or through sp orbitals of
oxygen atoms; the role of oxygen vacancies has also been invoked [65]. Morin’s
original observation was that an increase in conductivity is commensurate with the
addition of one electron into the conduction process per titanium atom. Thus the
increase in conductivity is not through the dopant acting as a donor or acceptor, but
as an agent which compensates the charge of iron ions present in the film, e.g.
conduction through small polaron hopping, Fe** + Ti** — Fe*™ 4+ Ti*" [66]. As
such, it is perhaps not surprising that doping with Ti** remains a common route to
improving photocatalytic efficiency. Jorand Sartoretti et al. observed an increase
in photocurrents from 0.78 to 4.05 mA cm ™~ upon doping with a significant amount
of Ti*" (5 at.%) under illumination from a 150 W Xe lamp [59, 60]. This was
attributed to both an increase in film conductivity and the stabilization of oxygen
vacancies by Ti** ions. An increase in incident-photon-to-current efficiency also
occurred upon doping, reaching up to 25% for films produced by spray pyrolysis.
The addition of a comparatively large quantity of titanium into the films did not
appear to cause a change in the optical band gap, either experimentally observed or
in modelling by density functional theory [67]. These findings are in contrast to
those of Satsangi and co-workers who observed a decrease in the band gap energy
when precursor solutions with increasing concentrations of titanium ions were used
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[61]. Interestingly, iron oxide films prepared by spray pyrolysis of iron nitrate
solutions containing 0.05 M titanium tetrachloride were reported to have a band
gap of 1.27 eV, which would presumably be too low for solar hydrogen production
for the reasons stated above. Indeed, the films prepared with this level of titanium
displayed the poorest photocurrents under illumination from 150 mW cm ™~ of a Xe
arc lamp. Kumari et al. [61] noticed that as the concentration of titanium present in
the precursor solution increased, the flat band potential and the photocurrent onset
moved to a more cathodic potential. This is in general agreement with Glasscock
et al. [68].

Despite the clear success of Ti doping in bringing about an increase in efficiency,
it is not wholly agreed that the main reason for this is the increase in conductivity.
Indeed, only a minor decrease in resistivity, and decrease in voltage drop, is
expected for photoanodes operating at a maximum possible photocurrent density,
and a decrease in resistivity should not change the onset potential. This is contrary
to experimental observation for titanium doping and therefore it is thought that the
main mechanism contributing to the increase in photocurrent may not be associated
with an increase in conductivity [68]. It has been suggested that titanium impurities
might segregate between grains in polycrystalline iron oxide films, thereby leading
to a passivation of recombination at grain boundaries. This would lead to an
increase in the hole diffusion length, which is exceptionally short (ca. 4 nm) in
undoped hematite films [69]. Should such a partitioning of titanium to grain boun-
daries exist, then one might expect to detect a change in the Raman spectra, which
will sample less of the film than XRD, going from undoped to doped films.
However this is generally not observed. Even so, what often is observed is a distinct
change in the morphology of the surface of the films, as evidenced by the scanning
electron microscopy images summarized in Fig. 8 where the differences in mor-
phology upon doping can be quite pronounced.

Tetravalent ions such as Ti*" and Si*" and pentavalent ions such as Ta>" and
Nb>*, when added, are considered to act as donors. Upon doping with either Ti** or
Si4+, Glasscock et al. [68] observed an increase in the number of charge carriers
present in a-Fe,O5 films. Addition of Pt** to spray-pyrolysed thin films did not
yield positive results: the observed photocurrents were almost totally suppressed
compared to the undoped iron oxide electrodes [60]. In contrast to this, Hu et al.
[70] successfully obtained photocurrents in excess of 1 mA cm ™2 from electro-
deposited iron oxide films, in itself an achievement, doped with up to 10 at.% Pt.
Films were found to be predominantly hematite in composition although the
increase in intensity of a band at 657 cm ™" in the Raman spectra with increasing Pt
content was not ascribed to an increase in disorder, as is often thought [60, 71, 72],
as neither FeO nor magnetite were observed in XPS data. Indeed, only Pt*™ was
detected by XPS. Pt” was absent, leading to the conclusion that these observations
were indicative of a change in surface structure although the Pt concentration
was found to be relatively stable throughout the depth of the films. In contrast
to previous reports, Hu et al. [70] found that Pt doping can affect an increase
in photocurrent density. Undoped electrodeposited films gave photocurrents in
the region of 0.69 mA cm™* whereas an optimal concentration of Pt** of 5 at.%
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Fig. 8 Scanning electron micrographs of iron oxide films prepared from (a) spray pyrolysis of Fe
(acetylacetonate)s solutions, undoped (reproduced with permission from [60]), (b) spray pyrolysis
of iron(III) chloride solutions doped with 5 at.% Ti** (reproduced with permission from [59]), (¢)
spray pyrolysis of iron(IIl) nitrate solutions undoped (leff) and doped with Ti** (right) at a
magnification of 200,000 (reproduced with permission from [61], and (d) magnetron sputtering
(reproduced with permission from [68])

afforded an increase in photocurrent density to 1.43 mA cm 2. The linear depen-
dence of photocurrent density on light intensity was cited as evidence of a substan-
tially reduced recombination rate compared to that of the undoped films.
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Aroutiounian and co-workers made electrodes with the addition of Nb>* at
dopant levels and higher [73]. The goal was not so much to add donor species,
but to combine the favourable band gap of Fe,O3 with the rather negative flat band
potential of Nb,Os in order to overcome the thermodynamically unfavourable
conduction band edge of Fe,03;. Small IPCEs and photocurrents were observed
throughout (lower than 10 pA cm ™2 under illumination from approximately five
suns), perhaps as a function of the synthesis of electrodes from a ceramic method.
Nevertheless, this serves as an example of how the addition of foreign metal ions
can induce behaviour other than an increase in conductivity. Nb was added in
amounts of up to 50 at.%, at which point solid solutions were reported to have
formed. Indeed, the addition of 10 at.% Nb brought about a significant change in
the flat band potential (—0.94 V) thus demonstrating the possibility, if not the
practice, to alter favourably the properties of iron oxide.

The addition of large amounts of Nb>* to form solid solutions or new materials,
or indeed V% in the case of FeVO, [74], may represent an extreme case for the
addition of foreign elements. However, it is essentially the ability to change struc-
ture or crystallinity that is the desired effect here. a-Fe Oz appears to be the
favoured phase of iron oxide for photocatalytic applications. Given that it has
the corundum structure, it is isostructural with Al,O5; and Cr,O3. Therefore, addi-
tions of AI’" or Cr’" were expected to act as structure-directing agents, aiding
the formation of a-Fe,O5 [60, 75]. Although doping with 5 at.% Cr did not produce
a beneficial effect on iron oxide films deposited by spray pyrolysis, an increase in
photocurrent densities from 0.69 mA cm ™2 was observed for iron oxide films
electrodeposited with 5 at.% Cr’" (1.31 mA cm™?) and as much as 15 at.% Mo®"
(1.86 mA cmfz). Electrodeposited iron oxide films were found to have a maximum
IPCE of ca. 4% around 400 nm, which is comparatively small compared to those
prepared by spray pyrolysis although this increased to 6 and 12% in the case of
electrodeposited films doped with 5 at.% Cr’* and 15 at.% Mo®", respectively. In
contrast to the case of Pt*" [70], a substantial degree of surface enrichment was
found for both Cr and Mo.

Unlike the cases of Pt*" and Mo®" doping, where reports as to their effects on
photocurrents have varied depending on the thin film preparation method, doping
iron oxide with small amounts of AI>" has been shown to yield consistent improve-
ments in photoelectrochemical performance. Jorand Sartoretti et al. observed an
increase in IPCE from ca. 15% for undoped films to 25% for films doped with
5 at.% Ti and 1 at.% Al [59, 60]. These were accompanied by an increase in the
measured photocurrent density which was also sensitive to a thermal treatment and
the presence of other dopants. For example, doping with 1 at.% Al effected an
increase in photocurrent density only when accompanied by co-doping with 5 at.%
Ti. When the concentration of Ti decreased, so too did the photocurrent density
and films doped solely with 1 at.% Al displayed a poor photoresponse. AlI>™ was
originally added to favour formation of o-Fe,O5 and films were indeed crystalline.
However, the performance of the films was sensitive to the form in which AT
was added. Al,O; particles gave electrodes with poor performance and the use of
aluminium(II) chloride hexahydrate as a source was key to achieving high
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photocurrent densities. Aluminium doping was also found to improve the perfor-
mance of electrodeposited films. Kleiman-Shwarsctein et al. [75] reported an
increase in photocurrent density and IPCE when AICl; was added to the precursor
solution. Here the increase in photoresponse was a function of the concentration of
AP’ in the film and an optimum concentration was found to be around 0.5 at.%. It
was proposed that, although the addition of AI>" did not yield a substantial change
in the electronic structure or optical properties of the resulting films, replacing Fe* ™
with the smaller AI*" leads to shorter Fe—O—Al bonds. Therefore strain was placed
on the crystal lattice to accommodate this substitutional doping. This shortening of
the metal-oxygen bond was proposed to have an important effect on the small
polaron migration, therefore bringing about an improvement in conductivity.

3.1.1 p-Type Dopants

Whereas doping with tetravalent and pentavalent metal ions is grossly considered to
induce increased donor levels, doping with divalent or monovalent ions is thought
to increase positive charge carriers. For example, the addition of Zn*" or Mg*"
to ferric oxide films was initially reported to induce p-type behaviour in what,
undoped, would be an n-type semiconductor [76, 77]. Ingler and co-workers
reported clear cathodic photocurrents, if small photon conversion efficiencies,
with the addition of large quantities of Mg or Zn>". Such p-type behaviour was
not reproduced by Satsangi et al. who reported n-type behaviour upon doping ferric
oxide films produced by spray pyrolysis or sol—gel synthesis [78, 79]. Photocurrent
densities varied substantially depending on the synthetic route but could reach up to
0.64 mA cm 2 for spray pyrolysed ferric oxide films doped with 5 at.% Zn. Similar
to the case of Zn, Ingler and Khan observed p-type behaviour in ferric oxide films
when doped with copper; cathodic photocurrents of ca. 0.95 mA cm 2 were
observed for films spray pyrolysed from solutions containing 10 at.% Cu [80].
However, similar to the case of Zn, this p-type behaviour was not reported by
Satsangi et al. [78] who observed the largest anodic photocurrent density to be ca.
0.07 mA cm ™2 for films produced by spray pyrolysis from solutions containing 5 at.
% Cu. Indeed, little corroboration of the p-type behaviour of Zn-doped ferric oxide
electrodes has been reported in recent years. Jorand Sartoretti et al. managed to
obtain an additional increase in photocurrent density from ca. 3.3 mA cm™ > for
undoped electrodes to ca. 7.5 mA cm ™~ for electrodes doped with 4 at.% Zn and
5 at.% Ti under illumination from the full output of a 150 W Xe lamp. In addition to
this, a clear shift (ca. 0.2 V more negative) in the photocurrent onset potential was
observed upon doping with Zn, although no p-type behaviour was observed. It is
perhaps interesting that the co-doping with a tetravalent ion and a bi- or monovalent
ion should give such an increase in performance and it is a strategy which may be
worth further exploration although co-doping with 5 at.% Ti and 1 at.% Li appeared
not to have a marked effect.
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3.1.2 Silicon

Of all the choices of dopants to be used in recent years, the role of Si*" has
attracted the most attention. Its role was perhaps serendipitously discovered during
studies comparing spray-pyrolysis prepared iron oxide films with those produced
by ultrasonic spray pyrolysis [71], which revealed a novel surface nano-platelet
morphology, shown in Fig. 9, although this type of morphology had previously
been observed in spray pyrolysed films doped with Ti [59], shown in Fig. 8b.
Nevertheless, during the course of their studies, Gratzel and co-workers noticed an
effect of the tubing used to pump the precursor solutions during the ultrasonic spray
pyrolysis. Films prepared using silicone tubing afforded higher photocurrent den-
sities than those prepared using silicon-free tubing and so the deliberate doping of
iron oxide films commenced [81]. Upon deliberate doping of hematite films through
the use of tetraethyl orthosilicate, TEOS, in the precursor solution, a clear change in
the morphology of the films associated with a reduction in the particle size was
observed, as shown in Fig. 10. Atmospheric pressure chemical vapour deposition
(APCVD) Si-doped ferric oxide thin films afforded a photocurrent density of
2.2 mA cm 2 at 1.23 V vs RHE under one sun illumination. In addition, silicon
doping was observed to favour the preferential orientation along the 110 axis
vertical to the substrate [71, 81, 82]. Upon further refinement it was suggested
that the reason for the increased photocurrent density may lie in the possible
formation of an insulating SiO, layer between the conducting glass substrate and
iron oxide film [82]. Indeed, the morphology shown in Fig. 10 may contribute to the
enhanced performance of the films. The dendritic structures may offer a shorter
pathlength through which holes have to travel to reach the surface. This is of note
given the short hole diffusion length that is generally thought to hinder the
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Fig. 9 Scanning electron micrograph of iron oxide thin films prepared from (a) ultrasonic spray
pyrolysis and (b) conventional spray pyrolysis of Fe(acetylacetonate); solutions. (Reproduced
with permission from [71])
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Fig. 10 Scanning electron micrograph of APCVD grown iron oxide films. (Reproduced with
permission from [82])
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Fig. 11 Effect of deposition time (1’ corresponds to 1 min), and therefore film thickness on
photocurrent density. Films were illuminated from the solution interface unless denoted “bc”.
These films were illuminated from the back contact. Undoped films are denoted “no Si”. Photo-
current density recorded in 1 M NaOH under illumination from AM1.5 G light. (Reproduced with
permission from [83])

performance. Cesar et al. [83] observed a steady increase in photocurrent density
with film thickness for films that were up to 600 nm thick. The photocurrent density
was found to plateau for thicker films, shown in Fig. 11. Fe,O3 films 60 nm thick
were found to be photoactive, particularly when using a high surface area support
(WQO,) for the iron oxide film [84].

However, although they could agree that silicon promoted the growth of
smaller particles, Saremi-Yarahmadi et al. [85] could not conclusively observe
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the formation of such a laminar structure. Following the use of a range of silicon
sources for APCVD film growth, they concluded instead that the silicon was
incorporated into the film as Si*" in interstitial sites and that the exact role of
silicon might result from a combination of factors. The exact nature of any
perceived SiO, layer between the transparent conducting oxide and the iron
oxide remains unknown. Liang et al. [86] have reported that an insulating layer,
that need not be SiO, (in their case, a 5-nm layer of SnO,) has beneficial effects on
the photocurrent densities, as does the doping of their spray-pyrolysis produced
films with 0.4 at.% Si. The utility of the ultrathin insulating layer was tentatively
ascribed to either the passivation of surface states or band alignment between the
transparent conducting oxide and the iron oxide film.

The beneficial effect of silicon inducing preferential orientation in iron oxide
films was also reported by Souza et al. [87] who also observed preferential growth of
the 110 planes. However, following deposition of films through magnetron sputter-
ing, Glasscock et al. [68] observed higher photocurrents for films doped with Ti
rather than Si, and concluded that this may be linked to a higher amorphous content
in films prepared from tetramethyl silane precursors. Furthermore, based on their
XRD data, the authors concluded that “it appears unlikely that crystallographic
orientation is a dominant factor determining the photocatalytic performance of
these films” although they agreed that silicon impurities promoted smaller grains.
There remains cordial disagreement as to the exact role of silicon in hematite films.

It is perhaps prescient to summarize that the conflicting reports of the role of
particular dopants may lead to confusion as to the “best choice” for future develop-
ment. It would appear that, in the most part, this discord comes not from a confusion
about the behaviour of the dopant per se, but seems to stem from the range of
preparative routes to ferric oxide thin films. In particular, how one incorporates
a particular dopant into a lattice will depend critically on the solution chemistry and
speciation of the metal and it is perhaps right to expect differences on attempting
to compare thin films prepared from sol-gel synthesis with those from electrode-
position, or even comparing films prepared from “standard” spray pyrolysis with
ultrasonic spray pyrolysis or chemical vapour deposition. The “unknowns” are
therefore the final location of the dopant, e.g. surface enrichment, substitutional
or interstitial doping, the oxidation state of the dopant in the film and the concen-
tration of the dopant in the film. One might very well start with a precursor solution
that has 5 at.% of Ti**, but the concentration of Ti*" in the final film remains to be
ascertained. Indeed, there is no guarantee that the use of titanium ethoxide pre-
cursors, for example, would give the same concentration of titanium in a film
as titanium butoxide precursors. A recent paper by Sivula et al. [88], serves as
an excellent illustrative example where doping arising from migration of atoms
from the substrates used was found to influence the film properties. The nature
and quantification of the dopants were detected by XPS and magnetic measure-
ments. In general, any evidence that helps uncover these “known unknowns” is
lacking in a large part of the wider literature, particularly concerning detailed
analysis of the final film composition, and it is therefore unsurprising that such
confusion arises.
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4 Beyond the Binary Oxide

As has been stated above, the vast majority of research into photocatalysts or
photoanodes has focused on TiO,. That which has not considered TiO, has tended
to concern other binary oxides such as WOj3; or Fe,03. As a consequence, there
has been a drive either to shorten the band gap in comparatively wide band gap
materials, e.g. through doping, or to overcome unfavourable conduction band ener-
getics. The attainment of both of these goals has seen work in areas outwith these
“standard” binary oxides gather pace. Notably strategies have involved the synthe-
sis of photoanodes consisting of selected mixed metal oxides, perovskite-like
semiconductors, composite electrodes or metal (oxy)nitrides.

4.1 Binary Metal Oxides

There is renewed interest in binary semiconducting oxides, other than TiO,, Fe,0;
or WOj3. Both n-type (ZnO, CdO, Bi,03, In,O3, SnO,) and p-type (Cu,0, NiO)
semiconducting oxides have been considered both as powder photocatalysts or as
photoelectrodes for water splitting. However, many of them possess either band-gap
energies that are too large, such as SnO,, ZnO, or suffer from substantial electron—
hole recombination losses and, in some cases, from poor stability under irradiation
[2, 5, 89, 90]. It is worth mentioning that some metal oxides, either conductive
(RuO,, IrO,) or semiconducting (NiO, Cr,053), are widely used as co-catalysts in
photocatalytic and photoelectrochemical systems for water splitting [5, 53, 91].

Following earlier work regarding TiO, doping with nonmetallic elements,
as discussed in Sect. 2, various efforts have been undertaken to extend the photo-
activity of other large band gap semiconducting oxides towards visible wave-
lengths. This approach is well illustrated by a recent work of Yang et al. [92]
describing nitrogen-doped ZnO nanowire array photoanodes. The choice of ZnO
was motivated by the relatively negative potential of its conduction-band edge
and the high electron mobility in this material. Relatively large amounts of nitro-
gen, up to 4 at.% vs Zn, were incorporated into the nanowire array through high
temperature treatment in ammonia. The major component of the broad N /s peak
observed in the XPS spectrum of the ZnO:N nanowires, centred at 389.3 eV, was
assigned to the oxynitride O-Zn—-N species, formed by substitutional (to oxygen)
nitrogen doping. In comparison with the undoped ZnO nanowire arrays, the ZnO:N
samples exhibited a moderate red shift of the photoresponse with an IPCE of about
15% at 400 nm and a water splitting photocurrent of 0.4 mA cm ™2 measured at 1 V
(vs Ag/AgCl) under AM 1.5 irradiation. An interesting aspect of this work, revealed
by the photoaction spectrum, is that the nitrogen doping did not inhibit the photo-
current efficiencies recorded in the fundamental absorption range of ZnO with
IPCEs exceeding 80% at 360-370 nm [92].

Rayes-Gil et al. [93] reported an extensive study of nitrogen doping of In,O3
powders and films synthesized by a sol-gel method. Large amounts of NH4Cl or
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urea, chosen as dopant sources, were added to the initial In,O5 sol-gel which was
subsequently submitted to high-temperature calcinations in air. Consequently, the
incorporation of nitrogen species into In,O; occurred under essentially oxidizing
conditions which is in contrast with the method described above used for the
formation of the ZnO:N nanowires [92]. While doping In,O; with urea produced
only a minor increase in anodic photocurrents in comparison with the undoped
samples, the addition of NH4Cl led to a significant red shift of the absorption
spectrum, extending up to 700 nm. However, this translated to relatively modest
water splitting photocurrents, reaching 1 mA cm™ > under UV-visible light and
approximately five times less under visible (4 > 378 nm) irradiation. Moreover,
these photocurrents were measured at 0.7 V (vs Ag/AgClin a 1 M KOH solution), a
voltage substantially higher than the thermodynamic potential of oxygen evolution,
which reflects apparently large ohmic and recombination losses occurring within
15 pm thick films. Based on the combined XPS and NMR spectroscopic studies, the
authors [93] tentatively assigned the visible-light photoactivity of N-doped In,0O;
samples to the presence of 1-2 at.% of interstitial NO,~ species. These “nitrate
like” NO,~ species were suggested to lead to the formation of F-centres, identified
by EPR measurements, through the electron transfer to oxygen vacancies existing
within In,O3. Given the absence of any clear change in the photocurrent onset
potentials, associated with N doping, in the reported photocurrent—voltage curves,
the observed narrowing of the band gap of In,O; is most likely due to formation of
localized electronic states lying above the O 2p valence band [94].

Sun et al. [95] investigated the effect of carbon doping upon the photoresponse
of In,O3 films prepared by spray pyrolysis. Two different carbon sources, glucose
and octanoic acid, added to the precursor solution produced films with a similar
carbon content, ca. 4 at.%, and the optical band gaps shifted to 2.6-2.7 eV. XPS and
13C solid state NMR studies suggested that carbonate species were responsible for
the observed visible-light photoactivity of the carbon-doped In,O5 samples [95].
The formation of the carbonate species might, indeed, be expected given the final
high-temperature annealing in air of the films. This assignment is consistent with
a number of reports regarding carbon-doped TiO, (especially anatase) samples
[40, 44], where the presence of carbonate species has been suggested to lead to
the formation of localized surface states within the band gap, lying above the O 2p
valence band-edge [40]. The carbon-doped In,O3 films [95] afforded relatively low
photocurrents, ca. 0.35 mA cm ™ under visible-light irradiation, essentially similar
to those reported by the same group for the N-doped In,O3 samples [93] and again
these photocurrents were only obtained under a very large anodic bias.

4.2 Mixed Metal Oxides

One possible approach to decrease the band gap energy of a metal oxide semicon-
ductor may consist of modifying the O 2p valence band through hybridization with
transition metal orbitals. Therefore, much of the interest is still directed towards
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mixed metal oxides allowing the valence band level to be raised by mixing the O 2p
orbital with orbitals of a corresponding transition metal, such as Bi(6s), Ag(4d),
Ta(5d), V(3d), Tl (6s).

Bismuth vanadate, BiVOy, is an example of a widely studied mixed metal oxide for
photocatalytic and, subsequently, for photoelectrochemical water splitting purposes.
The band structure of BiVO, differs from its component metal oxides. The top of
the valence band consists of Bi 6s and O 2p orbitals, thus it is less positive, and
according to DFT calculations it may even be up to —1.0 eV from the original
position of the O 2p orbital [96]. XPS analysis of BiVO, suggested that the top of
valence band of BiVOQy is, in fact, negatively shifted with respect to that of V,0Os,
but without any positive shift of the conduction band level. Therefore, the band
gap energy is reduced to 2.4 eV opening the possibility to effect visible-light
driven water splitting [96-99].

In 2006 Sayama et al. [96] reported the IPCE efficiency of 44% at 420 nm for
oxygen generation under 1.6 V external voltage at a BiVOy thin film prepared by a
modified metal-organic decomposition. In fact, a pretreatment with Ag* was used
and, due to these results, BiVO, was placed just after nanocrystalline WO3 [100] in
order of promising photoanodes for water splitting. There has been a substantial
amount of effort undertaken to enhance its performance as a result.

To date, several synthesis methods have been used to obtain effective BiVO,
photocatalysts and photoanodes. In this regard, it is worth noting that the photo-
electrochemical performance of BiVOy, is strongly affected by the crystallinity of
the film rather than by a high surface area. This issue is highlighted by Su et al. [97]
who investigated the properties of pyramidal-shaped BiVO, nanowire arrays for
water splitting application. The nanowire arrays were grown vertically onto a
BiVO, seed layer deposited on an F-SnO, support and the growing conditions
were varied as a function of the deposition temperature and additional annealing
treatments. It is only after additional annealing at 500 °C, reducing substantially the
surface area of the film but, apparently, also the number of surface defects, that the
transformed nanopyramid BiVOy, film delivered a photocurrent of 0.4 mA cm ™ at
1 V (vs Ag/AgCl) under simulated one sun irradiation. A different approach was
chosen by Iwase and Kudo [98] who recently investigated the photoelectrochemical
activity of BiVOy films prepared by pasting a fine nanopowder onto conductive
FTO glass plates. A photocurrent of 1 mA cm > at 1.5 V (vs Ag/AgCl) under
visible-light irradiation was reported.

An improvement in the photoelectrochemical behaviour of thin BiVO, films
prepared by ultrasonic spray deposition was obtained by doping with 1 at.% of
tungsten atoms [99]. Surprisingly, the authors also mention the merits of the BiVO,
film annealing in hydrogen atmosphere.

Other vanadates have attracted attention. A recent report describes the prepara-
tion of InVO, and thin films where indium atoms were substituted by thallium
atoms [101]. This substitution resulted in a significant decrease of the band-gap
energy allowing generation of the anodic photocurrent under visible-light illumina-
tion and also the appearance of a cathodic photocurrent. Despite the n-type nature
of TIVQ,, the cathodic photocurrent might appear due to the presence for surface
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states within the band gap. This claim is supported by a series of cyclic voltam-
metric measurements showing a shoulder on a voltammogram, indicative for redox
processes involving vanadium oxyanions on the surface. The presence of thallium
in the vanadate lattice caused delocalization of the density of states at valence band
level and a negative shift of the conduction band edge.

Other mixed metal oxides have been reported besides vanadates; the ferrite
based mixed oxides are also attracting more attention. An example of such an
oxide is provided by ZnFe,O,, which showed good photocurrent performance, up to
1 mA cm ™2 at 0.7 V vs Ag/AgCl (Table 1) under simulated solar illumination [102].
The relatively good efficiency for water splitting under external bias was achieved
through a strict control of the deposition parameters during the entire synthesis
process by aerosol-assisted chemical vapour deposition.

4.3 Oxynitrides

Nitrogen-doped metal oxides have attracted a lot of attention due to the observed
modification of their optical band gaps through incorporation of small amounts
of nitrogen. Oxynitrides are partially nitride-substituted semiconducting oxides,
and some of them are able to drive the water splitting reaction in the presence of
sacrificial reagents [103—109]. The substitution of nitride ions in oxygen sites
results in hybridization of N 2p with O 2p orbitals leading to the upwards shift in
the valence band edge. In consequence, the photoactivity may be extended into
the visible range and for some oxynitrides the band positions become suitable for
photocatalytic water splitting. This is the case for TaON in particular, which has
indeed been extensively studied over the last decade [103, 107-109]. However,
despite the use of sophisticated co-catalysts, the efficiencies of TaON based powder
photocatalysts for hydrogen production remain rather low. Attempts to use TaON
in the form of a photoanode brought about more convincing results. Misra and
co-workers [103] prepared TaON nanotube arrays through anodization of the
tantalum metal followed by nitridation of the initially formed oxide. These photo-
anodes delivered water splitting photocurrents of 2.6 mA cm ™ at a potential of
0.5V (vs Ag/AgCl).

Very recently Domen et al. [104] demonstrated high IPCEs (76% at 400 nm)
for the photo-oxidation of water at a TaON photoanode formed by electropho-
retic deposition of the corresponding powder. The reported high photocurrents,
3.6 mA cm~ (at 0.6 V vs Ag/AgCl), are in a large part attributable to the use of
an IrO, co-catalyst. Stability of TaON is a critical issue. The authors also claim
a significant improvement in this regard due to a partial suppression of the self-
photo-oxidation of TaON.

Lanthanum titanium oxynitride is another oxynitride whose performance has
recently been improved due to an increased crystallinity of the film and the use
of IrO, co-catalyst [105]. Due to its band gap in the range of 2.05-2.35 eV,
the perovskite derived LaTiO.N, is a potentially attractive water-splitting
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photoanode. However, the LaTiO,N, film photoanode with an optimized nitrogen
content afforded a water photo-oxidation current of only 70 pA cm ™2 (at 1 V vs Ag/
AgCl) under visible-light illumination.

From the standpoint of their band-gap energies, allowing absorption of visible
light, and also the possibility of tuning the position of their conduction-band edge
through compositional changes, the semiconducting metal oxynitrides represent an
attractive class of potential photoanode materials for water splitting. The further
progress is, however, closely related to their long-term stability under the anodic
potentials which are normally applied. This property remains to be demonstrated.

4.4 Perovskite-Type Semiconductors and Composite Electrodes

Perovskites with the general formula ABO; have been mainly investigated in the
form of powder suspensions for photocatalytic light conversion [2, 5]. A few
studies, intended to examine their photoelectrochemical activity for water splitting,
made use of single crystals or deposits modified by addition of co-catalysts, but the
obtained efficiencies were rather low. More complex perovskites having substituted
both A and B positions have layered structure which, from the standpoint of the
crystallographic orientation, preclude their use as visible-light-driven photoanode
materials [5]. However, it is worth noting that a photoelectrochemical study of a
series of lanthanide titanium oxides, with layered perovskite structure, revealed
Sm,Ti,0; to have a band gap energy of 2.79 eV whilst also being photoactive under
visible-light irradiation [110].

The structural and stoichiometric complexity of multinary perovskites, often
requiring laborious synthetic procedures, makes the search for visible-light photo-
active materials time-consuming. What is more, the charge compensation phenom-
ena associated with the introduction of dopants render prediction of electronic and
optical properties of such semiconductors rather difficult. Therefore, an automated
synthesis method opens the possibility of accelerating and systemizing the screening
of semiconducting materials with varying compositions. Such a high-throughput
synthesis approach might rely on an automated liquid-handling platform followed
by consecutive printing and annealing. This strategy has been used in the screening
of p-type Bi oxide based semiconductors as well as of n-type, Fe based semicon-
ductors [111, 112]. More recently, a similar screening method has been employed
in search of new, ternary metal oxide semiconductors containing Fe, Ti and an
additional metal cation [113]. This method is well suited to preparation of metal
oxides having different compositions and dopant ratios. The employed precursor
solutions are stabilized by organic additives before thermal decomposition. Fol-
lowing this procedure, a matrix of 25 different metal cations and 26 compositions
for each added metal cation has been tested. As a result, an Fe-Ti—Sr oxide semi-
conductor has been found to afford, among the tested compositions, the highest
photocurrent under visible-light irradiation, although it should be stated that this
remains relatively small in the context of the wider literature.
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Another approach offering prospects for improvement of photoelectrochemical
efficiency of solar water splitting is a composite photoanode [114, 115]. In contrast
to multinary metal oxides or alloys of different semiconductors, in composite
materials there is no mixing of the components at the molecular level. Instead, in
a composite photoanode the particles of different semiconductors are in electronic
contact, thereby allowing the flow of charge carriers dependent on the respective
band positions. This eventually improves the charge separation [2]. Such a situation
is illustrated by the case of mixed InVO,/TIVO, photoanode described in [101].

A different concept of a composite photoanode, involving combination of an
n-type semiconductor with an effective oxygen evolution electrocatalyst, namely
cobalt phosphate, called Co-Pi, has recently been proposed by Zhong and Gamelin
[114, 115]. In contrast with the usual water photo-oxidation co-catalysts, such as
RuO, or IrO, deposited on the semiconductor surfaces in the form of isolated
nanocrystals, continuous thin layers of Co-Pi were electrodeposited onto silicon-
doped a-Fe, 05 films. In spite of some additional light absorption losses, the Co-Pi/
a-Fe,O3 composite photoanode exhibited a pronounced cathodic shift (by 180 mV)
in the onset potential with respect to the parent o-Fe,O5 film. This was accom-
panied by increased photocurrents reaching ca. 1.4 mA cm 2 at 1.2 V (vs RHE)
under simulated AM1.5 sunlight [115]. These improvements were attributed to an
efficient transfer of holes, photogenerated within the o-Fe,O5 film, to the Co-Pi
water-oxidation electrocatalyst resulting in reduced charge recombination.

It will be interesting to see whether this concept of the “composite photoanode”
will be extended to other semiconductors and electrocatalysts in the future.
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Hydrogen Production with Nanostructured
and Sensitized Metal Oxides

Stefano Caramori, Vito Cristino, Laura Meda, Roberto Argazzi,
and Carlo Alberto Bignozzi

Abstract Recent advances in the field of photoelectrochemical cells (PECs) applied
to solar water and H,S splitting and hydrogen production are reviewed with mean-
ingful examples and case studies. At the molecular level, significant recent efforts
have been directed towards the development of stable dye sensitizers/water oxidation
catalyst assemblies. In the field of photoactive nanostructured materials and inter-
faces, novel highly ordered semiconductors nanostructures (i.e., anodically grown
titania nanotubes) are drawing an increasing interest, under both the fundamental and
applicative points of view, due to improved charge transfer kinetics with respect to
more conventional sintered nanoparticle substrates. These features, coupled with low
cost and ease of fabrication, stand as a good promise for the realization of solar
devices capable of solar hydrogen production at a useful rate.

Keywords Anodization - Catalysts - Metal oxide semiconductors - Nanotubes -
Photoelectrochemical hydrogen production
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1 Introduction

The phenomenology of semiconductor-liquid interfaces represents a very inter-
esting and important area in science and technology [1], involving principles of
electrochemistry, photochemistry, solid state theory, and surface and interface
science. The applications are varied, but most are focused on solar energy conver-
sion schemes, through the use of regenerative photoelectrochemical cells (PECs),
which convert sunlight to electricity, or photoelectrolytic or photoelectrosynthetic
cells in which solar energy is stored in chemical fuels [2]. Other important applica-
tions involve the development of photocatalytic processes for selective photo-
oxidation of organic compounds and for environmental remediation.

Photoelectrolysis of water using sunlight [3-5] is extremely attractive for a
number of reasons: (1) photoproduced hydrogen is a valuable fuel and energy
carrier which can be stored more easily than electricity or heat; (2) it is nonpollut-
ing, inexhaustible, and flexible with respect to energy conversion in heat (combus-
tion) or electricity (in fuel cells); (3) hydrogen is a valuable chemical by itself,
being used in large quantities by industry in chemical processing such as ammonia
synthesis and petroleum refining.

A central concept in describing the interaction of a semiconductor with an
electrolyte is the equilibration of the Fermi level of the solution and of the
semiconductor. Although the concept of Fermi level has been initially introduced
for an electronically conducting phase, as a level for which the probability of
electron occupation of a given state is 1/2, in our discussion the Fermi level can
be conveniently identified with the electrochemical potential of electrons in the
solid and of a given redox couple (O,R) in solution, where the usual free energy
relationships hold. Obviously, the solution phase does not contain free electrons,
but contains available electronic states [in the form of oxidized (O) and reduced
species (R)] which can equilibrate with free electrons in the solid. As a conse-
quence, Tregox = #° + KT In(Co/CR), where Tioqox and p are the electrochemical
and standard electrochemical potential of the electron and Co and Cg are the
concentrations of the oxidized and reduced form, respectively. Under equilibrium
conditions, Eg(solid) = Eg(solution) = Hogox = #€Uredox, Where U is the redox
potential of the couple, 7 is the number of exchanged electrons (e) and e is the
electron charge. Thus when an n-type semiconductor is brought into contact with a
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Fig. 1 Before (a) and after (b) dark equilibration of an n type semiconductor with the electrolyte
containing a redox couple of potential U

redox couple, electrons (majority charge carriers) from the solid pass to the solution
until the two Fermi levels are identical. Due to the relatively small charge carrier
density in the solid, a positive space charge layer of typical thickness 107° to
10~® m [6] is formed near the surface which is balanced by negative charges in the
“compact” Helmholtz layer. The field generated by these negative charges causes
an upward bending of the energy band (Fig. 1b). A conceptually similar situation is
established for a p-type semiconductor, in which the majority carriers are holes
instead of electrons. In that case a space charge layer of opposite sign (negative)
would be created by hole transfer to the electrolyte.

The thermodynamic upper limit to the energy that can be extracted by the
semiconductor/liquid junction is given by e(Dg = FE. — Eg = E. + qQU,cqox, Which
is called the equilibrium barrier height. For all semiconductor/liquid junctions the
condition qU,eq0x ~ EV gives a barrier height approximately equal to the band gap,
maximizing the power output of the system.

For semiconductors under illumination, the quantity related to @ is the open
circuit photovoltage (V,.) which reflects the maximum free energy that can be
harnessed by the junctions. However, the usable free energy collected across a
semiconductor/electrolyte junction is not limited purely by thermodynamic quan-
tities, but also by electron transfer kinetics and transport of the photogenerated
charge carriers (Fig. 2). The electric field inside the space charge region may play a
relevant role in assisting the charge separation at the interface. Holes are attracted
towards the electrolyte by the negative charge layer, while electrons are repelled
from the surface. As a consequence, photooxidation reactions can take place under
illumination at the surface of an n-type semiconductor, while photoreduction can be
carried out at a counter electrode (either p type semiconductor or metal electrode)
wired to the photoactive material. However, in many nanostructured photoelec-
trodes the small size of the nanocrystals and a lower charge carrier density cannot
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Fig. 2 Recombination pathways of photogenerated charge carriers (¢~ and h+) in an n-type
semiconductor in the presence of a space charge region and of a A/A™ redox couple. The
electron/hole pair can recombine in bulk (ibr), depletion layer (idr), or through surface states
(iss). Electron can also tunnel to the electrolyte through the barrier layer (it) or across the interface
(ite). The bold arrows indicate processes favorable to the functioning of the photoelectrochemical
cell:hole transfer to the electrolyte and electron migration/diffusion through the bulk of the solid to
the charge collector. From [6]

sustain a relevant electric field [7] and the charge separation is mainly determined
by kinetic reasons related to the chemical nature of the redox processes at the
semiconductor/electrolyte interface: the efficiency of charge separation is thus
essentially determined by the different overpotentials for the oxidation and reduc-
tion reactions taking place at the semiconductor surface and by the kinetic compe-
tition between recombination and successful transfer of the charge carriers [8, 9].

Several approaches to photoelectrolysis are possible, involving a photoactive
semiconductor electrode electrically connected to a metal electrode, or photoactive
anode (n-type) and cathode (p-type) acting either as separate electrodes, or coupled
to form a monolithic structure called a photochemical diode.

A common photoelectrolysis configuration, useful for the general scope of our
discussion, is represented by the wiring of an n-type semiconductor, acting as a
photoanode, to a metal counter electrode (Fig. 3).

The Fermi level in the electrolyte has been left undefined since it depends on
the initial relative concentrations of H, and O, in solution. Figure 3b shows the
situation at equilibrium in the dark once the semiconductor and the metal are
brought into contact with the electrolyte and a depletion layer is formed near the
semiconductor surface. Fermi levels of the three phases equilibrate, giving rise to a
band bending in the semiconductor. When the semiconductor is irradiated with
photons of energy corresponding to the band gap, electron—hole pairs are created
and the Fermi level in the semiconductor is raised towards the flat band potential Vg,
by an amount V,, which is the photopotential generated. The maximum value the



Hydrogen Production with Nanostructured and Sensitized Metal Oxides 43

b
H*/H, H"/H,
I N L
Vi /
Eg 1.23eV

\ 0,/H,0 0,/H,0

(1]
Q

o f MM
EF
Vph
hv 0,/H,0
/ 2 2
+0O
h - =/

Fig. 3 Energy level diagrams for a semiconductor-metal photoelectrolysis cell: (a) no contact,
(b) equilibrium in the dark, (c) high intensity irradiation, (d) high intensity irradiation with anodic bias

Fermi level can reach in the semiconductor is the flat band potential Vi, which, in
the case shown, is lower with respect to the H*/H, redox couple. This means that
hydrogen evolution cannot take place at the metal electrode even at the highest
irradiation intensity. For hydrogen evolution to occur, a positive bias must be
applied to the semiconductor electrode as shown in Fig. 3d. This bias, which is
usually provided by an external voltage source, should also account for the neces-
sary cathodic (7)) and anodic (77,) overvoltages in order to sustain the current flow.
This situation represents a condition which is frequently met with visible absorbing
semiconductor metal oxides photochemically stable in aqueous environment, like
WO3 or FCQO:;.

The ideal situation would be to operate with metal oxides in which, like SrTiO;
[10] or KTaOjs, the flat band potential is above the H*/H, potential (Fig. 4);
therefore no external bias is required to generate H, and O,. Unfortunately most
of these materials have large band gaps (3.2-3.5 eV) which result in very low solar
absorptivity and are inefficient for solar energy conversion.

With PECs made of n-type and p-type semiconductors in contact with an
electrolyte, the requirement of an external bias can be eliminated [11]. A first
example of these p—n photoelectrolysis cells was reported by Nozik in 1976 [12]
with an n-TiO,/p-GaP heterotype device whose efficiency at zero bias was
0.25%. The energy diagram of such a cell, also called photochemical diode, is
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Fig. 5 Energy level diagram for a p—n type photoelectrolysis cell

shown in Fig. 5. Several other systems have been studied including n-TiO,/p-CdTe,
n-SrTiO5/p-CdTe, n-SrTiO5/p-GaP, n-Fe,03/p-Fe,05, and n-TiO,/p-LuRhO; [13].
However, many visible absorbing p type semiconductors have shown limited
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stability in aqueous solvents [14], and, although power conversion efficiencies
exceeding 12% could be achieved in monolithic multijunction systems [15], the
durability of many devices was low, with degradation occurring on the time scale
of hours.

An interesting approach to overcome limitations arising by the need of a bias
while keeping an effective light absorption in the visible region is the absorption of
dye molecules on the surface of a wide band gap semiconductor with an appropriate
band energy, like TiO, for example, which, upon light excitation, can inject
electrons (in n-type materials) or holes (in p-type systems) into the acceptor states
of the solid. In principle the photooxidized (photoreduced) dye can oxidize (reduce)
water, while the complementary redox process can occur at the counter electrode of
the cell. Although such an approach has evident limitations related to the demand-
ing four-electron kinetics of water oxidation, some recent fundamental work point-
ing out the feasibility of molecular dye sensitized solar water splitting by exploiting
certain specific hole transfer catalysts is briefly reviewed in Sect. 2. Attention will
then focus on the design and characterization of newly developed photoanodes,
based on anodically grown wide band gap semiconductors with improved charge
transfer kinetics, as well as on the coupling of these substrates to lower band gap
semiconductors.

2 Dye Sensitized Photoanodes for Water Oxidation
and Hydrogen Evolution

In a generic sensitized PEC design, the molecular excitation and excited state
formation are followed by electron transfer injection into the conduction band of
a semiconductor. In order to promote multielectron transfer events like water
oxidation, multiple redox equivalents must be concentrated in a single site or
cluster. The working principles of the cell are schematized in Fig. 6, where solar
energy is stored to create a photopotential for water splitting [16, 17]. In principle,
at the cathode, water or CO, reduction may occur, giving rise to the production
of fuels.

2H*

Fig. 6 Working principle of a sensitized PEC cell for water splitting. Cat, and Cat,.4 are catalyst
for water oxidation and reduction [16]
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The blue dimer cis,cis[(bpy)2(H20)Ru(III)ORu(III)(OHz)bpy)z]4+ (Fig. 7) was
among the first molecular species to show catalyzed water oxidation by Ce(IV)
through a reaction mechanism which has been elucidated in detail by spectroscopic,
electrochemical, and chemical mixing experiments [18] (Scheme 1). The key point

Fig. 7 Energy minimized structure of the “blue Ru dimer” cis,cis[(bpy),Ru(OH)ORu(OH)
(bpy)2]4+. The green balls are the Ru(IIl) centers
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Scheme 1 Mechanism of water oxidation by [(bpy)z(Hzo)Ru(V)ORu(V)(OHz)bpy)2]4+ [19]



Hydrogen Production with Nanostructured and Sensitized Metal Oxides 47

is the 4 e "/4H" loss to form the activated catalyst [(bpy).(H>O)Ru(V)ORu(V)(OH,)
bpy)2]4+ which undergoes water attack on one of the Ru(V)=O0 sites to give a
peroxo intermediate which releases oxygen and gives back the initial Ru(III)-
O—Ru(II) species on a millisecond time scale.

As a catalyst, the blue dimer has limitations due to oxidatively induced coordi-
nation of anions which slow down the catalytic cycles. Since the O—O bond forming
step occurs at a single Ru(V) site, it has been demonstrated that simpler and more
robust mononuclear Ru(Ill) aquo complexes of the type [Ru(tpy)(bpm)(HZO)]2+,
where tpy is the 2,2'6’2" terpyridine and bpm is the bipyrimidine ligand, can
undergo hundreds of turnovers without showing decomposition according to the
cycle schematized in Scheme 2 [20]. It must be noted that the Ru(III) state appears
to be a “missing” state due to instability toward the disproportionation to Ru(IV)
and Ru(ID).

DFT and spectroscopic results indicate that, following the attack of water at the
Ru(V)=0 sites, one has the formation of a first intermediate described as a terminal
peroxide coordinated to Ru(IIl) which undergoes further oxidation by Ce(IV)
to give a 7 coordinated Ru(IV) complex where O,%~ acts as a chelating ligand.
Oxygen can be evolved both from [Ru(IV)OO]** and [Ru(V)OO]** structures
following water attack.

Although the electrocatalytic water oxidation by blue dimer has been dem-
onstrated at FTO and ITO electrodes modified with phosphonated Ru(II)

Ru"-OH)*
20 + 1||'I l

2= |Ru"-OH,|* '
k) A N
/(”:{] ] e\ o e+ H

- 2+ -
[Ru'v-00)? p OH;, [Ru'Y=0)*

u- 2 u =0
Ru'"-O0H Ru¥=0)?
H,0

+ i e ¥y
,H‘"rl'; -

Scheme 2 Ce(IV) water oxidation catalyzed by [Ru(tpy)(bpm)OH2]2+ [16]
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tris-bipyridine derivatives working as a redox mediator [19], the realization of an
efficient dye sensitized PEC device for water oxidation has yet to be realized, but
progress is underway. In fact several issues have to be contemporarily satisfied to
realize an efficient solar device: (1) effective visible-NIR absorption by the molec-
ular sensitizer; (2) excited state quenching by electron transfer to the semiconduc-
tor; (3) efficient and repeated single photon—single hole transfer to the catalyst to
achieve the accumulation of three oxidative equivalents to give Ru(V)-OO which
undergoes attack by water giving Ru(II[)~OOH; after two further subsequent
oxidations, one finally obtains the evolution of molecular oxygen and the recovery
of Ru(III)-OH which initiates a new catalytic cycle. While oxidative excited state
quenching by Ru(II) chromophores on TiO, have been reported to be extremely
fast, the subsequent hole transfers are in critical kinetic competition with photo-
injected electron (TiO,)/hole recombination. A further complication arises from the
light harvesting competition between the photoactive Ru(bpy); type unit and the
catalyst, which being relatively remote from the semiconductor surface does not
contribute significantly to the photocurrent. In fact, APCEs (absorbed photons to
electrons conversion efficiency) of the order of 34% (Fig. 8b) and of 1-2% have
been achieved in the presence of hydroquinone and pure water, respectively, by
using the sensitizer/oxygen evolving catalyst dyad [(4,4'((HO),P(O)CH,),bpy),
Ru(II)(bpm)Ru(II)(Mebimpy)(OHz)]4+ (Fig. 8a), where Mebimpy is 2,6-bis
(1-methylbenzimidazol-2.yl)pyridine) [16].

Conceptually similar approaches have been based on different molecular cata-
lysts or nanomaterials chemically coupled to the molecular sensitizer.

In a recent interesting design [21], a manganese cage complex catalyst
(IMn4O4L6]*, or “cubium”, L = MeOPh),PO,™-), able to undergo multiple proton
coupled electron transfer, is encapsulated in a Nafion membrane which has the role
of providing both a high local surface concentration of redox active catalyst and

a
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Fig. 8 (a) Structure of [(4,4’'((HO),P(O)CH,),bpy),Ru(Il)(bpm)Ru(Il)(Mebimpy)(OH,)]** sen-
sitizer/catalyst assembly anchored to a TiO, electrode; (b) APCE and absorption spectrum in the
presence of 0.5 M hydroquinone acting as an electron donor in 0.1 M HCIO4
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Fig. 9 (a) IPCE Spectrum (blue) of the sensitizer/catalyst system (b) compared to that of the plain
Nafion/TiO; electrodes. (c) Pictorial scheme of working principles of the dye sensitized PEC for
solar water splitting with no external bias. From [21]

a reasonable coupling with the Ru(Il) dye sensitizer (Fig. 9). The molecular level
solar water splitting, recalling that occurring in natural photosynthesis, was thus
beautifully demonstrated, but also in this case the performances were far from a
practical application of the device, with IPCEs (IPCE=number of electrons/number
of incident photons) below 2%, corresponding to a stable photocurrent, with no
externally applied bias, of the order of 305 j1A/cm? depending on the illumination
intensity and spectral bandwidth.

Another interesting configuration, which is discussed in detail in another section
of this book (see Bonchio et al.), involves the anchoring of hydrated IrO, nanopar-
ticles to a phosphonated Ru(Il) sensitizer modified with malonate binding groups
(Fig. 10) [22, 23]. The hole transfer to the IrO, takes place on a millisecond (2.2 ms)
time scale, while charge recombination occurs on a submillisecond (0.37 ms) time
scale. Thus, the competition between hole transfer and recombination is unfavor-
able to an effective charge separation. Nevertheless, under a small positive bias
(=330 mV) a stable photoanodic current of the order of few tens of microamperes is
effectively detected, indicating the occurrence of photoinduced water oxidation
under steady state conditions. Although the efficiency is low, the device represents
a successful proof of the concept of water splitting in a sensitized PEC device.
Possible efficiency improvements could be related to synthetic modifications of the
sensitizer/catalyst assembly, aimed at improving the binding between the photo-
active dye and the IrO, nanostructures, to slow down recombination and to speed
up the hole transfer to Ir(IV) for improving the turnover number which is now
poor (<20).
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Fig. 10 Top: schematic diagram of an IrO, catalyzed water-splitting dye-sensitized solar cell.
Following light excitation and oxidative quenching of the excited state of Ru(Il), the hole is
transferred to Ir(IV), activating the IrO, catalyst toward water oxidation. Bottom left: photocurrent
transient showing a steady state photocurrent. Botfom right: energy diagram and time constants for
the relevant interfacial electron transfer and excited state deactivation processes

Unless sensitizers capable of performing directly an efficient water oxidation
are designed, the use of sacrificial agents, although disadvantageous, cannot be
avoided. It must be noted that there is a potentially large number of relatively
abundant easily oxidizable ions and organic species that could be consumed to
produce hydrogen. This type of conceptually simple sensitized photoelectrolytic
cell is schematized in Fig. 11. In principle, photogenerated D" could compete with
the reduction of H* at the counter electrode, thus decreasing the hydrogen yield;
however, this process can be avoided, or at least minimized, by an appropriate
choice of D (e.g., irreversible couples, non-electroactive oxidized species) or
simply by operating the two electrodes in separate compartments connected by a
glass frit, a proton permeable membrane, or a salt bridge.

In an aqueous solvent the stability of the linkage between the molecular sensi-
tizer and TiO, is crucial and requires the use of multiple anchoring groups. The
series of dyes shown in Fig. 12, containing phosphonic acid functions, display a
remarkable adsorption stability and allow for visible light harvesting, charge
injection, and hydrogen production at a Pt counter electrode in aqueous solutions
containing iodide, chloride, isopropanol, or ascorbic acid as sacrificial donors [24].

The Ru(Il)/(IIT) oxidation potentials of the selected dye sensitizers decrease in
the order 1 (1.20 Vvs SCE) > 2 (1.18 Vvs SCE) > 3(0.94 V vs SCE). The trend is
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Fig. 12 Phosphonic Ru(Il) sensitizers used in water stable PEC cell for solar hydrogen evolution

expected on the basis of the substituents at the 4,4’ positions of the bipyridines: in
3 the methylene spacers attenuate the electron-withdrawing inductive effect of
the phosphonates, leading to a destabilization of the metal dr orbitals which results
in an oxidation potential evidently less positive than 1 and 2, which show energeti-
cally close processes. The wave separation is in all cases of the order of
80—-100 mV, without cell resistance compensation, indicating a fast electron trans-
fer, expected in the case of redox processes involving Ru(II-III) dr orbitals [25].
In the most favorable case (complex 1), it was possible to observe the production
of a photoanodic current in the presence of plain water/LiClO4 0.1 M at pH 5
(HCI1O,). However, despite a reasonable negative free energy difference for water
oxidation (ca. 0.46 V, considering that the thermodynamic potential for oxygen
evolution at pH 5 is 0.95 V vs NHE), the photocurrent was extremely small, ca.
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Fig. 13 (a) J-V curves of 1 in water LiClO4 0.1 M at pH 5 (HCIO,); (b) photocurrent transients
under 0 mV vs SCE potential bias

5 wA/em?® (Fig. 13a). Chronoamperometry under pulsed illumination (Fig. 13b)
revealed the presence of a fast relaxation from the initial value, reached as soon as
the electrode was exposed to light, and the presence of dark cathodic features. Both
characteristics are indicative of an inadequate dye regeneration efficiency which
reflects in an interfacial hole accumulation leading to an effective photoinjected
electron to Ru(III) recombination.

Addition of isopropanol 20 vol.% leads to a general increase of the performances,
allowing for the delivery of a maximum photocurrent density of 300 pA/cm? in the
case of 1. The photoanodic current (Fig. 14a) increases in the order 3 < 2 < 1, in
agreement with the relative Ru(II)/Ru(IIl) oxidation potentials. The photocurrent
transients collected in the presence of a 0 mV vs SCE potential bias (Fig. 14b)
approach a more ideal rectangular shape, although both the initial relaxation and
the cathodic features are still evident. These latter features are, however, barely
observable, indicating that isopropanol effectively acts as an electron donor, pro-
moting Ru(IIl) reduction.

Ascorbic acid was found to be an effective organic electron donor, resulting in a
maximum IPCE of 24% in the 430-500 nm region, with a photoaction onset at
675 nm. Correspondingly, under white light irradiation, photocurrents higher than
2 mA/cm? were achieved with 1 at 0 mV vs SCE and a photoanodic plateau of ca.
3 mA/cm® was observed under a slightly positive bias (0.2 V vs SCE). Hydrogen
collection experiments revealed a satisfactory electrolysis yield (96.7%), which
resulted in the production of 2.96 x 107> mol of H, in 2,680 s.

Rectangular shaped photocurrent transients (Fig. 14c) indicate a strongly
decreased electron back recombination involving Ru(IIl) and a good reproducibil-
ity of the photoanodic processes. In contrast, formic acid, which is known to be an
effective hole scavenger for bare TiO, (upon direct band gap excitation), proved
inadequate for regenerating the sensitizer, producing a marginal improvement over
the pure water/LiClO, electrolyte. This evidence is related to the exceedingly
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Fig. 14 (a) J-V curves for the complexes 1-3 in water/isopropanol 8/2 v/v, LiClO4 0.1 M at pH 3
(HCIOy); (b) photocurrent transients under 0 mV vs SCE potential bias; (¢) photocurrent transients
for dye 1 in 1 M ascorbic acid, 0.1 M LiCIlO,4

positive potential for formic acid oxidation, which could not be observed by cyclic
voltammetry at a glassy carbon electrode in water/LiClO, in the interval 0-1.2 V
vs SCE; in contrast, under the same conditions, ascorbic acid gave a clear irrevers-
ible oxidation wave with a peak at 0.36 V vs SCE.

The use of chlorides as sacrificial agents in either aqueous or organic media did
not lead to relevant performances. The best results were obtained with complex 1:
in the presence of a positive bias of 0.4 V vs SCE, photocurrents of (120 4+ 20)
pA/cm? were measured. At 0 mV vs SCE, 2 and 3 produce lower photoanodic
currents (ca. 60 pA/cm?). The photocurrent transients recorded at 0 mV vs SCE
(Fig. 14b) indicate for all complexes an inefficient Ru(II) recovery most probably
due to the small driving force for the C1™ oxidation by Ru(III) (EO/ CL/Cl ) =11V
vs SCE).

Todide was expected to be a better hole scavenger since its formal oxidation
potential is of the order of 0.4 V vs SCE; however the use of aqueous iodide
solutions led to instability of the photoanodic response of the sensitized anodes due
to adsorption of triiodide onto the TiO, surface which, according to evidence
gained by both electrochemical and transient spectroscopy techniques, acted as
a recombination center, causing a tenfold photocurrent drop from an initial
5 mA/cm? to about 0.5 mA/cm?.
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Fig. 15 (a) Shuttered J-V curve recorded in saturated Nal in ACN/Pt-HCI configuration. Scan-
speed 10 mV/s; (b) photoanodic response upon subsequent irradiation cycles at 0 mV vs SCE

The photoelectrolysis in a separated compartment cell configuration where the
photoanode was immersed in an Nal/ACN solution and the counter electrode was
immersed in an aqueous acidic solution (1 M HCI) solved the problem, giving rise
to the expected J—V characteristics of an n-type semiconductor/electrolyte rectify-
ing junction with a photoanodic current of about 5.5 mA/cm?® at 0 mV vs SCE
showing good stability and reproducibility (Fig. 15). The triiodide production at the
anodic compartment was paralleled by the evolution of hydrogen at the Pt cathode,
resulting in 1.43 x 107> mol of H, collected in 1,190 s, corresponding to an
electrolysis yield of 86.6%.

Due to the outlined practical difficulties and limitations in achieving an efficient
and economically viable water photoelectrolysis under visible radiation, the scien-
tific community also turned to the exploration of novel nanostructures, mainly
based on well known semiconductor metal oxides, which could optimize the rates
of interfacial charge separation leading to the maximization of the rate of hydrogen
photoproduction in a given absorption region, determined by the band gap of the
material. Significant efforts and results in the development and in the understanding
of these new photoactive interfaces are discussed in Sect. 3.

3 Highly Ordered Semiconductor Nanostructures Based
on TiO, and TiO,/Metal Chalcogenides

Highly organized and ordered substrates produced by electrochemical formation or
by template synthesis are attracting significant interest from the scientific commu-
nity [26, 27]. While fundamental efforts are being directed towards the understand-
ing of self organization phenomena, technological implications are arising from
the exploitation of structure-related peculiar properties which allow for promising
applications in catalysis [28], photonic materials [28], optical waveguides [29], and,
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Fig. 16 Schematic apparatus for the electrochemical growth of titania nanotubes (right).
From [34]

particularly, in photoelectrochemistry [30] and photovoltaics [31], since grain
boundary effects, normally occurring between more conventional sintered nano-
particles, can be avoided or reduced.

Although several attempts successfully achieved the production of nanotubes,
their relatively short lengths (tens or hundreds of nanometers) [32] somehow
limited their applications. However, in recent years, mainly Schmucki and Grimes
have shown the possibility of growing high aspect ratio TiO, nanotubes of consid-
erable length and uniform pore diameter by tailoring the electrochemical conditions
during the anodization of metallic titanium foils [33-35] (Fig. 16).

In general the key process for anodic formation of titania nanotubes are: (1)
metal oxide formation due to reaction of titanium with O*~ or OH ™~ — these anions
can also migrate through the initially formed oxide layer reaching the metal/metal
oxide interface where they react with the metal; (2) Ti** migration from the metal to
the metal oxide interface under the intense electric field; (3) field assisted dissolu-
tion of the oxide at the oxide/electrolyte interface — under the intense electric field
the Ti—O bonds are polarized and weakened, promoting dissolution of metal cations
(Ti4+); (4) chemical dissolution of titania in the HF-containing electrolyte, which
plays a key role in the formation of tubes rather than of an irregular mesoporous
structure — although the field assisted dissolution is initially dominating, due to the
strong field across the initially thin oxide layer, it is the chemical reaction with
fluorides that gives rise to localized dissolution of the oxide forming pits that act
as a pore forming centers, according to

TiO, + 6F~ 4+ 4H" — TiF2~ 4 2H,0
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Fig. 17 Schematic diagram showing the nanotube on anodized titanium foil: (a) oxide layer
formation; (b) pit formation; (c) growth of pit into pores; (d) regions between the pores undergo
oxidation and field assisted dissolution; (e) developed nanotube array. From [34]

The thinner barrier layer at the bottom of the chemically etched pits leads to a
localized increase of the electric field which promotes field assisted dissolution
leading to pore deepening and widening, while, at the same time the density of the
pits increases finally leading to the full development of a densely packed nanotube
array (Fig. 17). When the rate of chemical oxide dissolution at the mouth of the tube
(top surface) becomes equal to the rate of inward movement, the thickness of the
tubular layer ceases to increase. High anodization voltages increase the oxidation
and field assisted dissolution, hence a greater nanotube length can usually be
achieved before equilibrating with the chemical dissolution.

As pointed out by Schmucki [33], another key parameter to achieve high aspect
ratio nanotubes consists in adjusting the dissolution rate of TiO, at the pore bottom
while a relatively protecting environment, in which the TiO, dissolution is slower
compared to the bottom, is maintained at the walls and at the mouth of the tube
(Fig. 18). Self acidification of the pore bottom occurs, mainly due to the electro-
chemical oxidation of elemental titanium, according to

Ti + 2H,0 — TiO, + 4H"

Hence it is possible, by operating in a buffered solution, to produce protons
where needed by adjusting the anodic current flow to an ideal value. Thus, while
lower pH values can be obtained at the tube bottom, in turn favoring chemical
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Fig. 18 Schematic representation of: (a) oxide formation and dissolution reactions; (b) pH profile
within the pore; (c) dissolution rate (proportional to the arrow length). From [33]

dissolution of the oxide due to the “in situ” formation of HF, higher pH values and,
consequently, a slower oxide dissolution rate can be established at the top and at
the walls of the nanotube, thanks to the presence of pH buffering species (NH4F,
(NH4),S0,). The pH gradient (Fig. 18) has been calculated in great detail by using
finite-difference numerical simulation, and it has been shown that a pH variation
from 2 to 5 occurs by moving from the bottom to the top of the tube, corresponding
to a 20-fold drop in the local chemical etching rate.

3.1 Experimental Conditions for Electrochemical Titania
Nanotube Formation

In general, potentiostatic or potential sweep methods are preferred over a galvano-
static approach which has the tendency to oscillate and destabilize the steady state
conditions within the pore. A method devised by Schmucki et al. [33] involves the
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use of an aqueous electrolyte containing 1 M (NH4),SO,4 and smaller amount of
NH4F (0.5-5 wt%). The electrochemical treatment consists in a voltage ramp from
open circuit potential to 20 V, adopting various scan rates, followed by a potentio-
static treatment at 20 V for different times.

Considering water based electrolytes, Grimes et al. [34] achieved the best results
(i.e., nanotubes up to 6 um long) in a solution containing either fluoride salts (NaF
or KF) or HF in the presence of buffer salts like sodium sulfate or sodium or
potassium hydrogen phosphate in a pH interval ranging from 3 to 5 (Fig. 19).

Yl 10 v [

i P WD 120mm EMTe20mky  SeeeAsSE1

Fig. 19 Titania nanotubular arrays grown in various aqueous fluoride-containing electrolytes.
(@ 01MF +1MSO0,.2 at pH 2.8 and at 25 V for 20 h; (b) 1 M (NH,4),SO4 + 0.5 wt% NH4F
by using a potential sweep from OCP to 20 V at 0.1 V/s; (¢) 1 MKF 0.5 M Na,SO4atpH4 at 25 V
for 24 h
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Table 1 Electrolyte composition of KF based electrolytes and relative electrochemical treatment

No. Electrolyte pH V() ¢t) D (nm) L (um) 0
F so;- pPo;- Cit

01 0.1 1.0 - - <l 5 1 10 £ 2 - No NT
02 0.1 1.0 - — <1l 10 1 40 £5 0.28 £0.02 NT

03 0.1 1.0 - - <1l 15 1 80 +9 - NT

04 0.1 1.0 — - <l 20 1 100 + 11 048 £ 0.03 NT

05 0.1 1.0 - - <l 25 1 110 £ 12 0.56 £ 0.04 NT

06 0.1 1.0 - - <l 30 1 - - No NT
07 0.1 1.0 - - <1l 20 6.5 100+ 11 043 +£0.03 NT

08 0.1 20 - - <l 20 1 100 + 11 045 +0.03 NT

09 0.1 1.0 - 02 13 10 20 305 0.32 £ 0.03 NT

10 0.1 1.0 - 02 28 10 20 30+5 0.59 + 0.05 NT

11 0.1 1.0 - 02 28 15 20 50+5 1.00 £ 0.05 NT

12 0.1 1.0 - 02 28 25 20 115+ 10 1.50 £ 0.04 NT

13 0.1 1.0 - 02 38 10 20 30£5 0.80 £ 0.06 NT

14 0.1 1.0 - 02 38 10 60 30£5 1.80 + 0.06 NT

15 0.1 1.0 - 02 38 10 90 30+ 5 230 £0.08 NT

16 0.1 1.0 - 02 45 10 20 30+5 1.05 £ 0.04 NT

17 0.1 1.0 - 02 45 25 20 115+ 5 440 + 0.10 NT

18 0.1 1.0 - 02 50 10 20 30+5 1.40 £ 0.06 NT

19 0.1 1.0 - 02 50 25 20 115+ 5 6.00 £ 040 NT
20 0.1 1.0 0.1 02 64 10 24 - - No NT
21 - 2.0 - - <1 10 24 — - No NT

V is constant voltage and ¢ is the application time. D and L stand for nanotube diameter and length,
Q stands for quality of the anodized substrates. NT denotes a homogeneous nanotube coverage, no
NT partially developed/porous surfaces. pH was adjusted by addition of sulfuric acid (pH 1-2)
sodium hydrogen sulfate or citric acid (2.5-6.5). From [34]

The potential window necessary to induce nanotube formation was 10-25 V which
could be maintained for several hours (Table 1). The as made nanotubes present an
amorphous structure which crystallizes at high temperature (>280 °C) to give
anatase and rutile. The rutile phase becomes dominating at temperatures higher
than 620 °C.

Higher aspect ratio (up to an amazing 835 L/d ratio) nanotubes [35] could be
obtained in organic electrolytes comprising a high dielectric constant solvent [N-
methyl-formamide (NMF), formamide (FA), dimethylsulfoxide (DMSO), ethylene
glycol], a small percentage of water, and fluoride salts or hydrofluoric acid. The
highly polar FA and NMF increase nanotube length dramatically, probably due to
an accelerated growth of the substrate. In fact, the dielectric constants of FA and
NMF of respectively 111 and 182.4 are significantly higher than that of water
(78.4). As a consequence, for any given potential the higher electrolytic capacitance
induces a larger number of charges in the oxide layer, which in turn, promote an
enhanced extraction of Ti**. At the same time a limited presence of water reduces
the oxide dissolution rate in the fluoride-containing medium, aiding a longer
nanotube formation.

In comparison with aqueous electrolytes, the range of applied anodization
potentials over which nanotube arrays are formed is significantly extended, with
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Fig. 20 Anodization current of Ti foil at constant 25 V in different electrolytic compositions.
From [35]

an upper limit of 50 V in FA and NMF electrolytes. This is consistent with a more
difficult oxygen donation in comparison with water, requiring higher overvoltages
to occur. However, higher anodization potentials also imply a greater driving force
for both electronic and ionic conduction within the oxide layer, both factors
favoring nanotube formation and growth.

The comparison between the anodization current recorded in an aqueous
electrolyte and that obtained in FA-NMF solvents is indeed striking (Fig. 20):
while in aqueous environment passivation is almost immediately established,
causing a quick drop in current, in FA-NMF the current remains at a high and
constant level for at least 100 s, which is consistent with the formation of a thin
oxide layer of high conductivity and a low titanium oxidation rate. It is the high
conductivity of the oxide layer which enables a faster inward movement of the
Ti/TiO, interface, resulting in an improved nanotube length. Also, DMSO is a
suitable solvent for inducing long nanotube growth (Fig. 21), probably due to its
protophilic properties which moderate the activity of HF. This minimizes the loss
by chemical dissolution from the tube mouth, allowing the tubes to grow deep into
the titanium foil.

3.2 Photoelectrochemical Properties of NT Arrays

Although the amount of solar light that can be absorbed by TiO, is limited by a
band gap of about 3.2 eV, nanotubular titania (anatase and rutile) structures
display interesting properties with respect to the photocleavage of water. First,
due to light scattering within a porous structure, incident photons are more
effectively absorbed than from a flat electrode; second, and more important,
compared to nanocrystalline electrodes made of sintered nanometer sized
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Fig. 21 FESEM images of
anodically grown nanotubes
in a FA based electrolyte at
35 V for 48 h showing the
cross section (top) and the top
view (bottom) of the surface
with nanotube mouths.

From [35]

nanoparticles, tubular domains with wall thickness of 30-50 nm may also sustain
a relevant electric field, which, inducing a depletion layer, may assist the charge
separation at the interface.

This is experimentally indicated by the linearity between the squared photo-
current and the applied potential (particularly under a low potential bias) suggest-
ing that the photogenerated charge carriers are, as a matter of fact, being separated
by the electric field in the depletion layer. This feature, coupled with a large
effective photoactive area in close proximity to the electrolyte, which enables a
shortened diffusional path (ca. 20 nm, compared to a hole diffusion length of
about 100 nm) of photogenerated holes to oxidizable species in the electrolyte,
stands as a forecast of an efficient photoanode: in fact, all the minority carriers
that are generated within a distance equal to the sum of the depletion layer
thickness with the hole diffusion length are able to escape from recombination
and reach the electrolyte, contributing to the enhancement of external quantum
efficiencies which can reach reported values of up to 70% under a strong positive
polarization (1 V vs Ag/AgCl) [30].

Transient photovoltage decays (in both 1 M KOH and H,SO,) and electro-
chemical impedance spectroscopy under illumination are also indicative of better
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Fig. 22 Electron lifetime calculated from 7 = "‘—T (%) for a series of nanotube electrodes

obtained by anodization in different solvents compared to a nanoparticle film obtained from a
commercial TiO, paste (Dyesol). Full Xe, 0.3 W/em? illumination

photoelectrochemical properties with respect to more conventional nanoparticle
substrates: the electron lifetime [36] found for anodized tubular arrays under
intense full Xe illumination (Fig. 22) is in fact from five to ten times longer than
in a sintered nanoparticle titania film ca. 6 um thick, due to less efficient (slower)
photogenerated electron/hole recombination processes. At the same time, the inter-
facial charge transfer resistance (Fig. 23) in nanotube electrodes is strongly reduced
(at least by a factor of five), evidencing an improved hole transfer to the electrolyte,
leading to remarkable IPCE values (Fig. 24).

All these factors explain water photoelectrolysis efficiencies that have reached
values of the order of 15-16% under 0.1 W/cm? UV (320-400 nm) illumination,
where limiting photocurrents exceeding 20 mA/cm? are observed at 1 V vs Ag/AgCl;
however, under simulated sunlight (AM 1.5) the performances are obviously lower,
due to intrinsic limitations in visible light absorption, and the maximum photo-
currents are generally of the order of 1 mA/cm?.

3.3 Functionalization of Titania Photoelectrodes with
Group VI Semiconductors

Group VI semiconductors, where a metal M™* (M = Cd**, Bi**, Cu?*, Pb*") is
combined with S, Se?”, Te*” to form an Ms(S,Se,Te), solid, may offer
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Fig. 24 IPCE spectra of a titania nanotube array obtained by anodization in H,O/KF (black)
compared to a sintered nanoparticle electrode (red) in 1 M H,SO,4 under 500 mV vs SCE applied
potential bias

interesting possibilities when employed in photoelectrolytic or photoelectrosyn-
thetic devices applied to solar hydrogen production. Although in many of these
semiconductors the quasi-Fermi energy of the photogenerated hole is too low to
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drive an efficient water oxidation, they can be advantageously used for the
photoinduced oxidation of Na,S or of other easily oxidizable molecules or ions
resulting in the concomitant production of hydrogen at the cathode of the PEC
[37-39].

It must be noted that H,S and sulfides are common, abundant, and harmful
contaminants present in fossil fuels and in natural gas, where H,S alone can account
for up to 30% of their total volume [40].

Thus, by exploiting solar energy and chalcogenide semiconductors, sulfides can
be photoelectrochemically converted to less dangerous oxidized forms (i.e., poly-
sulfides, S,”") and to molecular hydrogen thanks to an energy storing cycle which
can be proposed as an interesting method for the photodegradation of H,S wastes
according to the following simplified photocatalytic scheme, where CdS is chosen
as an example of photoactive semiconductor:

H,S + 2NaOH — Na,S + 2H,0
CdS + hv — h*(CdS) + e (CdS) (anode)
2h* (CdS) + 8™ (aq) — S +2CdS (anode)
2¢” +2H,0 — Hy(g) + 20H (aq) (cathode)

Thus, the overall reaction is the splitting of H,S into S (or more appropriately in
S, given the excess of S*~ in solution) and H,. At the end of the photoelectrolysis
one also retrieves the base which has been initially used to convert H,S into a water
soluble sulfide salt, which is obviously easier and safer to handle.

Generally, group VI semiconductors are characterized by a relatively small band
gap (from 2.4 eV for CdS to 1.4 eV for Bi,S3) and by intense direct transitions
which allow for an efficient visible light absorption from relatively thin (few
hundreds nm) layers of photoactive substrate [41]. Since, in the presence of $*~
and at an appropriate pH, the Fermi level of these semiconductors is more
negative than that of TiO,, they can be used as photosensitizers to extend the
spectral sensitivity and responsivity of TiO, electrodes which merely act as
electron gathering media (Fig. 25a). The possibility of obtaining interparticle
electron transfer has possible important implications: the deposition of group VI
semiconductors onto nanocrystalline porous TiO, substrates (roughness coeffi-
cient 100-1,000) leads to an effective light absorption from a relatively thin
absorber layer (Fig. 25b), in which the photogenerated electron (e™) and hole
(h™) pairs are relatively close to both the electrolytic solution containing S*~
(hole acceptor) and to the electron collector, with the subsequent reduction of the
probability of charge recombination.

Besides this effect, the coupling to TiO, may also have a relevant stabilizing
effect against the photochemical degradation of semiconductors like CdS or CdSe.
While the self oxidation of the lattice sulfides by photogenerated holes can be



Hydrogen Production with Nanostructured and Sensitized Metal Oxides 65

m hv hv

-1 Group VI
semiconductor

<

Ti0, TiO,

Fig. 25 Sensitization of TiO, by a visible absorbing semiconductor

a b
80 -
30 1
70 A
Cds + TiO, Pure CdS
25 A 60
50 A
20 A o
R before irradiation 2 40 = before irradiation
o after irradiation (20) CC

after irradiation (20")

20 A

200 300 400 500 600 700 800 200 300 400 500 600 700 800
nm nm

Fig. 26 Diffuse reflectance spectra of CdS based electrodes before (black) and after (red) 20 min
of continuous irradiation under simulated sunlight. (a) Mixed electrode: 50 wt% nanocrystalline
TiO, and CdS (Aldrich 99%). (b) Pure CdS 99% (Aldrich)

controlled by using a high concentration of hole scavengers, like S*, the trapping
of electrons, responsible for the irreversible caz° reduction, can be avoided by
activating the electron transfer to TiO,. Figure 26 can be taken as an illustrative
example of the improvement in the photoelectrode stability obtained by coupling
CdS to a TiO, substrate: while the fundamental CdS absorption at 500 nm is
maintained in CdS/TiO, systems, it is lost in pure CdS substrates after 20 min of
intense irradiation in a sulfide-containing electrolyte. The decreased reflectance at
longer wavelength is indicative of the development of a gray coloration of the
photoelectrode, consistent with the formation of Cd’.

In a similar way, the sensitization of tubular titania structures could be equally
promising, since the cylindrical geometry of the TiO, core may allow for the
generation of the charge carriers at a short distance from the electron collector,
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Fig. 27 (a) TiO, nanotubes functionalized with group VI semiconductors; (b) generation and
collection of charge carriers

regardless of the penetration depth of the radiation, leading to an enhancement in
electron collection efficiency as is pictorially illustrated in Fig. 27.

3.4 Methods of Functionalization of Titania Substrates

Sulfur, selenium and tellurium have very similar chemical properties: many sulfides
and selenides are insoluble compounds (ks(CdS) = 1072, ks(Bi,S3) = 107%%
e ky(CdSe) = 107, hence it is possible to obtain the functionalization of titania
electrodes by a simple chemical bath deposition.

Many methods of obtaining a CdS deposition on a variety of substrates have
been devised [42—44] and all of these reside in the in situ reaction of S2~ with Cd**,
which can be obtained by alternated repeated immersion of the photoelectrodes in
separate solutions containing Na,S and Cd(NOj3), or CdCl,. An analogous proce-
dure can be adopted for depositing Bi,S;, starting from Bi(NOj); or Bi(Ac);
(Ac = acetate) solutions. A convenient and stable selenide source for CdSe depo-
sition can be represented by sodium selenosulfite (Na,SeSO;) which can be
obtained by reaction of elemental selenium with a fourfold excess of Na,SO; at
70-80 °C. In the presence of Cd**, SeSO;>~ gives a grayish precipitate which
quickly decomposes, particularly under moderate heating (ca. 50 °C), to give red-
brown CdSe [45, 46].
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In general, a thermal treatment in air improves the performance and the stability
of the photoelectrodes, leading to an enhancement in crystallinity, in electrical
connections between the nanostructures, and to an increased hole diffusion length.
In the case of CdSe, a partial sublimation of the photoactive film is observed
starting from 260 °C. A post treatment with CdS can be helpful for encapsulating
CdSe, making it more stable at elevated temperatures, at the same time improving
the photon to electron conversion at shorter wavelengths.

Bi,S; (bismuthinite, orthorhombic) electrodes thermally degrade inairat 7 > 260°C
to form white bismuth oxide sulfate (BizgO3,(SO4)10) due to reaction with atmospheric
oxygen. In nitrogen atmosphere the annealing can be carried out at 400 °C without
observing decomposition. However, the best photoelectrochemical results were
observed with photoelectrodes annealed in air at 220 °C for 15-20 min, in agreement
with conditions reported by other authors in the preparation of TiO, (Degussa P25)
supported Bi,S3 nanoparticles for environmental remediation [47].

The electrochemical methods of TiO, surface modification by growth of lower
band gap semiconductors rely on principles analogous to the chemical deposition,
i.e., the electrochemical generation, of the anion (Szf, Sezf, Tezf) in a cation
(Cd2+, Bi2+) containing electrolyte, according to the following reactions:

S+2 — S
Cd*" (Bi*") + $* — CdS(BixS;) |
Se(Te)O, + 6e~ +4H" — Se*” (Te*”) + 2H,0
Cd*" + Se*” (Te*”) — CdSe(Te) |

Compared to chemical impregnation methods, the electrodeposition may lead to
more homogeneous surfaces and to a better control of the sensitizing semiconductor
growth, since the anions are directly electrogenerated on the oxide surface with the
desired rate.

The precursor electrolytes for CdS and Bi,S; deposition are very similar, con-
sisting in a saturated sulfur solution in DMSO to which 0.3 M Cd(NOs), or Bi
(NO3); are added. The CdSe precursor is composed by a selenium oxide solution in
sulfuric acid in the presence of Cd(NOs), [48]. Our preferred concentrations were
107> M SeO, and 0.3 M Cd(NO3), in 4 x 107> M H,S0,.

The deposition can be performed by either potentiostatic, potentiodynamic
(multiple scan) or galvanostatic procedures. In our case we have adopted a multiple
scan deposition technique where the potential was linearly varied on subsequent
cycles at cathodic potentials, usually between —0.3 and —1.1 V vs SCE, with a scan
rate of 50 mV/s until strongly colored electrodes were obtained.

The deposition was considered complete when the maximum optical density
(absorbance or, in the case of opaque substrates, spectral absorption) allowed for
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the absorption of at least 70% of the incident photons. A direct reliable estimate of
the amount of deposited material from the integration of voltammetric waves was
either difficult or impossible due to the capacitive TiO, contribution, to the irre-
versible nature of the electrochemical process, and to the lack of any clearly defined
diffusion limited peak.

3.5 Bi,S;/TiO, Photoelectrodes

The absorption spectrum of Bi,S; chemically deposited on TiO, nanoparticles
shows a featureless continuous absorption in the whole visible region, with an
estimated optical band gap of 1.4 eV (Fig. 28) [47, 49]. Repeated (up to 40)
chemical bath deposition from Bi(Ac); and Na,S leads to intensely colored electro-
des with a maximum absorbance of the order of 4, allowing for an almost quantita-
tive light absorption. Despite this, the chemical impregnation appears to be
characterized by a scarce reproducibility, even by considering the same number
and duration of the deposition steps, and the photoelectrochemical response in
0.1 M Na,S is promising but also highly variable: in the presence of a 0 V vs
SCE potential bias, photocurrents ranging from 7 to 4 mA/cm® (Fig. 29) were
observed under a 0.2 W/cm? visible light irradiation (HID lamp). A modest positive
polarization results, however, in a strong enhancement of the photocurrent, which is
superimposed to the contribution of the direct electrochemical oxidation of sulfides,
whose onset is located at about 0.2 V vs SCE.

The electrodeposition process quickly leads (two to four potential scans) to good
quality Bi,S; films with a good reproducibility. Although the optical density is
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Fig. 28 Absorption spectrum of Bi,S3 chemically deposited on a TiO, nanoparticle film
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lower than that obtained by chemical impregnation (Fig. 30), the light harvesting
efficiency (LHE) of the photoelectrodes varies between 95 and 50% in the spectral
region between 400 and 850 nm, with a sharp rise below 400 nm due to TiO,
absorption. The maximum photocurrent at 0 mV vs SCE is in the order of 5 + 1
mA/cm? in the presence of an incident irradiance of 0.12 W/cm? (AM 1.5 G).
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10 + — 02 W/cm?HID
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Fig. 29 J-V characteristics under illumination (black) (0.2 W/cm? HID lamp) and in the dark
(red) of a Bi,S3/TiO; electrode in 0.1 M Na,S
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Fig. 30 Typical absorption spectrum of electrodeposited Bi,S; on a nanocrystalline titania
electrode
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Fig. 31 JV curves of electrodeposited Bi,S; with (red) and without (black) 420 nm cut-off filter.
0.1 M Na,S

The advantage of having a panchromatic absorber is clearly evident from Fig. 31,
where the UV component has been completely removed from the excitation light
with a 420-nm cut-off filter. Under these conditions the photoelectrode does not
undergo a substantial decrease in its performance, still reaching values of more than
3 mA/em® at 0 V vs SCE, showing that Bi,S is effectively injecting into the
conduction band of TiO,.

Interestingly, despite the good performances, the J-V curves recorded under
shuttered illumination show a notable difference between front (electrolyte) side
and backside (FTO contact) illumination, evidence of a more effective photocurrent
generation by backside illumination (Fig. 32). The effect is even more dramatic in
thick electrodes, where the transients in front irradiation are about half of those
recorded in backside mode, corroborating the indication of limitations arising from
charge transport and collection. Although the J-V curves do not show dark cathodic
features, usually originated from charge recombination mediated by surface states,
the existence of a certain amount of electron recombination is also clearly sug-
gested by the nonideally rectangular shape of the transients.

The IPCE under a potential bias of —0.5 V vs SCE is relevant when the
photoelectrode is illuminated through the FTO (collector) side (backside) reach-
ing values in the order of 30—10% in the 350—450 nm region and extending to
830 nm (Fig. 33). Although the UV contribution of TiO, cannot be completely
neglected, the sharp decrease in IPCE is in contrast with the absorption spectrum
of Bi,S3, which declines smoothly and maintains high LHE values by moving
from shorter to longer wavelengths, suggesting that high energy photons with a
smaller penetration depth, being absorbed in closer proximity of the back contact,
are more effectively converted into electrons flowing through the external circuit.
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Fig. 32 Shuttered J-V curves of Bi,S3/TiO, systems in 0.1 M Na,S under AM 1.5 G illumination.

(a) Thinner layer (20 deposition scans from 1073 Bi** solution); (b) thicker Bi,S; layer (100
deposition scans from 107> Bi** solution)
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Fig. 33 IPCE spectra of Bi,S3/TiO, system biased at —0.5 V vs SCE. The negative bias is chosen
from minimizing the dark background from electrochemical oxidation of sulfides
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By contrast, illumination to the front side leads to an almost negligible photon to
current conversion, indicating that only a small fraction of electron/hole pairs
generated in the outer Bi,S; layer is effectively capable of escaping from recom-
bination. Actually, the difference between the photocurrent measured in front and
back illumination mode under full AM 1.5 (~100 mW/cm?) is smaller than what
could be anticipated by observing the photoaction spectra recorded under a low
intensity (~1 mW/cm?) monochromatic light. The reason is most probably related
to the fact that, due to the low excitation intensity, nearly all of the monochro-
matic photons in the incident beam are absorbed by the most external layers of the
black absorber, where the charge collection is poor, and by a lower conductivity
of Bi,S; itself, which, under a sufficiently high light intensity, exhibits a photo-
conductor behavior object of recent investigations in the field of sensor devices
[50, 51].

In order to improve charge collection, the electrodeposition of Bi,S; on titania
nanotubes can be successfully performed, as demonstrated by the SEM images
of the top Bi,S;/nanotube structure (Fig. 34). The multiple scan deposition at
10 mV/s from a diluted (10~ M Bi*") precursor electrolyte in DMSO leads to a
quite homogeneous decoration of tubular nanostructures with Bi,S;, clearly evi-
denced by a considerable thickening of the nanotube walls, reaching a size of about
50 nm, resulting, in many cases, in the complete occlusion of the nanotube mouth.
The presence of some spherical agglomerates of Bi,S; with a diameter variable
between 200 nm and 1 pum is also evident.

The photoaction spectra of the Bi,S;/nanotubes photoelectrodes (Fig. 35) have
distinct characteristics when compared to those found for Bi,Ss/nanoparticle sys-
tems: although the absolute IPCE are of the same order of magnitude, with values of

Mag = 50.97 KX 200 nm = o Vacuem blode = High Vacuum
vt To = Diaplayiie WD=65mm  EHT=2000kv Signal A=SE1 Daee 5 Ox1 2008

Fig. 34 Bi,Ss/titania nanotubes surface obtained by multiple scan (45, 10 mV/s) electrodeposition
of Bi,S; from 1073 M Bi** electrolytes. Sample annealed in air at 220 °C for 30 min
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Fig. 35 Normalized photoaction spectra: Bi,S;/titania nanotubes (black) compared to Bi,S3/TiO,
nanoparticle substrates (blue and green)

10—15% under —0.5 V vs SCE potential bias, a substantially constant photoconver-
sion in the whole visible region is observed, as would reasonably be expected for a
black absorber in which the LHE approaches unity. In other words, while in the
planar Bi,S3/TiO, electrodes the light collection efficiency drops dramatically,
depending on the photon penetration depth and ultimately on the distance from
the collector at which electron/hole pairs are generated, in Bi,S;/nanotubes the
electrons are collected with analogous efficiency in both the blue and red parts of
the spectrum. This is consistent with the coated nanotube geometry where, without
respect to the penetration depth of the visible radiations, the charge carriers diffuse
or migrate orthogonally to the tube axis [52], traversing in all cases nearly the same
thickness of Bi,S3 before reaching the charge collector.

3.6 CdS and CdSe/TiO, Photoelectrodes

The chemical bath deposition of CdS on titania nanotubes leads to photoelectrodes
characterized by satisfactory photoelectrochemical properties. SEM micrographs
taken at x9,700 and at x51,370 indicate that, after the annealing at 400 °C,
chemically deposited CdS forms a nanocrystalline network which covers and
incorporates the anatase nanotubes which have a mouth diameter of about 100 nm
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Fig. 36 CdS modified nanotubes by (a, b) chemical bath deposition and (c) electrodeposition.
(d) Diffuse reflectance spectrum of the electrodeposited CdS/titania nanotubes (NT) surface
compared to the unmodified titania NT surface. Titania NT were obtained from DMSO/HF
anodization procedures

(Fig. 36). Single CdS nanostructures cannot be resolved in SEM mode; however,
higher resolution transmission microscopy (HRTEM) studies carried out by Sun
et al. have confirmed that the initially formed CdS network consists of quantum dots
the size of which varies between 2 and 10 nm [53]. By contrast, the electrodeposi-
tion of CdS produces a much more homogeneous coating, which is actually difficult
to detect in SEM imaging, simply resulting in a thickening of nanotube walls
(Fig. 36c). Nevertheless, the diffuse reflectance spectrum (Fig. 36d) confirms
without any doubt the presence of CdS, showing the typical steep and intense
transition with onset located at about 600 nm, leading to a significant extension
of the spectral sensitivity of the photoanode, with an effective absorption (75-80%)
of the photons in the 510-300 nm range.

The photoaction spectrum of the CdS sensitized nanotubes recorded in 0.1 M
Na,S at 0 V vs SCE shows a good conversion, approaching 50% at 500 nm, in good
agreement with the absorption spectrum of CdS, testifying an effective charge
injection into TiO, (Fig. 37a). The good performance is confirmed under AM 1.5
irradiation, where photocurrents of the order of 6-9 mA/cm? are recorded in 0.1 M
Na,S (Fig. 37b). The electrodeposited CdS substrates generate higher currents
(ca. 20% higher with respect to chemically deposited substrates), but display
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Fig. 37 (a) Photoaction spectrum of chemically impregnated CdS/TiO, nanotubes at 0 V vs
SCE. (b) J=V curves under AM 1.5 illumination (0.12 W/cm?) in the presence of Na,S
(black chemically deposited CdS, blue electrochemically deposited CdS) and in 1 M 1/1 formate
buffer (red)

a lower fill factor. In both cases the open circuit photovoltage is >1 V vs SCE. In
the presence of a formate buffer as a sacrificial donor, the photocurrents are more
than doubled, reaching 1618 mA/cm? due both to a more effective hole scaveng-
ing which can be originated by HCOOH/HCOO™ adsorption onto the CdS/TiO,
surface, and by secondary electron injection by highly reducing HCOO- intermedi-
ates which are known to inject into the conduction band of TiO,.

Although in this case the sensitization of nanotubes with CdS produces good
performances, comparable photocurrent densities (/ ~ 6 + 1 mA/cm?) can be
found through the sensitization via electrochemical deposition of more conven-
tional transparent nanocrystalline electrodes made of sintered titania nanoparticles.
The use of transparent CdS based electrodes has the advantage of allowing for the
assembly of tandem configurations, in which two spectrally complementary photo-
electrodes can be connected in parallel to sum the photocurrents (Fig. 38a). For
example, a tandem photoanode made by a CdS/TiO, and by Bi,S3/TiO, hetero-
interfaces biased at 0 V vs SCE can generate photocurrents in the order of
12-14 mA/cm? in 0.1 M Na,S (Fig. 38b) thanks to the simultaneous exploitation
of the high photon to current conversion of CdS in the blue part of the spectrum
(300-550 nm) and of the extended spectral sensitivity of Bi,S;, which is able to
capture and convert photons where CdS does not absorb, starting from 830 nm.

A panchromatic sensitization as well as a considerable efficiency in photon to
electron conversion can be obtained by functionalizing titania nanostructures
(nanotubes as well as nanoparticles) with CdSe. In this case both chemical and
electrochemical deposition leads to morphologically similar surfaces where CdSe
can be observed to decorate each nanotube. As previously observed, the electrode-
position is the preferred method for obtaining a more homogeneous coating of each
nanostructure, where CdSe covers almost completely the entire length of every
nanotube, also occluding their mouths (Fig. 39).
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Fig. 38 (a) Scheme of a tandem photoelectrochemical cell based on CdS/TiO, and Bi,S3/TiO,
heterointerfaces; (b) resulting J—V characteristic

Although a relevant loss of photoactive CdSe coating occurs by sublimation
during the 400 °C annealing stage in air or under inert atmosphere (N,), the thermal
treatment was found to be beneficial for both performance and stability of the
photoelectrode. The optical band gap evaluated from the absorption spectrum
(Fig. 40a) was found to be 1.65 eV, in good agreement with the literature reported
values [54, 55]. The IPCE extends from 310 to 750 nm, keeping an almost constant
plateau value which, with the annealed samples, can reach 40% (Fig. 40b). The red
shift in IPCE onset between untreated and annealed substrates is in agreement with
the absorption spectra where, upon 400 °C treatment, a bathochromic shift of the
absorption threshold to about 750 nm can be observed. The increased IPCE indicate
an efficient charge carrier transfer and a suitable band alignment at the CdSe/TiO,
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Fig. 39 SEM micrographs of (a) CdSe/titania nanotube heterostructures obtained by chemical
bath deposition ~x19,000; (b) CdSe functionalized nanotubes from electrochemical deposition
at x5,630; (c) higher magnification (x23,460) of (b)

a b s

40 ] o\ /Ovo-o-o
o—'\.
35
—— as deposited

3 .
—— 400°C annealing 30 1 —m— as deposited \
2 * 25 —e— 400°C annealing »
= W
S 2+ o ..--l\
20 - -
s E i '.'.'.'I
X 15 T
1 10 -
5 .
0 0+
350 400 450 500 550 600 650 700 750 80 300 350 400 450 500 550 600 650 700 750 800
A(nm) A (nm)

Fig. 40 (a) Diffuse reflectance spectra (KM units) of chemically deposited CdSe on titania
nanotubes; (b) IPCE spectra. 0.1 M Na,S, 0 V vs SCE
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Fig. 41 JV curve under AM1.5 G illumination (0.12 W/cm?) of CdSe/TiO, NT photoanodes in
0.1 M Na,S

interface. These features have been observed by other authors in CdSe/ZnO hetero-
interfaces [56], and have been explained by the loss of quantum confinement in
CdSe nanoparticles which, due to the thermal formation of larger crystals, might
facilitate the charge transport through the CdSe coating to the inner nanotube
collector. Besides thermal sintering of the CdSe nanocrystals, other authors have
attributed the increased reproducibility and durability of the photoelectrochemical
response in cadmium chalcogenide-based PEC cells to the transition from cubic
zinc blende to wurtzite structures, which becomes the dominating phase at tem-
peratures >350 °C [57].

The performances under white light are satisfactory for both chemically and
electrochemically deposited CdSe substrates, showing photocurrents in the
10-11 mA/cm?® range at 0 V vs SCE and a V. > 1 V (Fig. 41).

Sensitization by sequential electrodeposition of CdSe and CdS can be achieved
with both colloidal (TiO, nanoparticles) and nanotube surfaces; however, as
previously observed with Bi,S3/TiO, heterointerfaces, the comparison with the
IPCE spectrum recorded for colloidal substrates in back (FTO collector) side
illumination is consistent with a more favorable electron collection in nanotubular
substrates, causing a broader photon to electron conversion and a significant IPCE
maximum in the red part of the spectrum (650-700 nm) clearly absent in colloidal
electrodes, which, in contrast, show a rather steep decrease in IPCE by moving
from shorter to longer wavelengths (Fig. 42). Thus, also in this case, limitations
arising from the relatively short hole diffusion length (~1 pm in air annealed
samples) [58] in CdSe may be overcome by exploiting the geometry of nanotube
arrays.
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Fig. 42 IPCE spectra in mixed CdS/CdSe/TiO, interfaces: nanotubes (squares) compared to
nanoparticles (circles). 0 V vs SCE, 0.1 M Na,S

3.7 CdTIe/TiO,

The interest in CdTe arises from its ideal band gap for solar photoconversion
(1.5 eV) which, coupled with nanotube arrays, thanks to an improved charge
separation and collection and to a large junction area, may lead to interesting
advancements in the light to electricity (and ultimately to hydrogen) conversion.
It has already been shown that in many cases, being diffusionally favored, the
electrodeposition of cadmium chalcogenides results in the clogging of the pores
before attaining a complete coverage of the internal surface of the tube with the
photoactive material, thus limiting the active area which would be otherwise
available for the photoelectrochemical reactions. For this reason, Grimes and cow-
orkers devised a deposition method [59] which, in principle, can be generally
applied every time that a certain selectivity in the deposition of a given material
has to be attained on conductive porous substrates.

Essentially, the new approach (Fig. 43) consists in the dipping of the nanotube
electrodes in the precursor electrolytes (0.1 M CdSO,4 and 0.1 mM TeO, in dilute
sulfuric acid at pH 1.4), where the capillary forces draw the electrolyte inside the
pores. The electrode is then transferred in an inert supporting electrolyte where the
electrodeposition is carried out at constant cathodic potential (—0.4 V). The proce-
dure can be repeated until a desired amount of CdTe is deposited into the pores
(Fig. 44).
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Fig. 43 Schematic procedure of nanotube functionalization with CdTe: (a) conventional
approach; (b) dipping and deposition approach. From [59]

light light

Fig. 44 Schematic comparison of CdTe/TiO, heterojunctions created by dipping and deposition
(a) and conventional electrodeposition (b)

The successful formation of a CdTe/TiO, nanotube heterojunction is testified by
its n-type behavior, suggesting that electrons are more effectively transferred to the
TiO, than to the electrolyte. The stability and the magnitude of the photoanodic
current generated by the interfaces built with the newly modified procedure under-
goes a general improvement, reaching 0.44 mA/cm® and nearly doubling the
photoresponse of the conventional interfaces (Fig. 45).

Given that both (a) and (b) interfaces in Fig. 45 display a similar light absorption
capability, the observed improvement is attributed to a reduced electron—hole
recombination resulting from a thinner CdTe layer with a more even and more
intimate contact with titania nanotube. For the same reason the improvement in
photostability would result from the minimization of the self photooxidation of
CdTe (CdTe + 20H™ + 2h* — HCdO,~ + H" + Te) which would follow from
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Fig. 45 Photocurrent transients in 0.6 M Na,S under short circuit conditions and visible light
illumination: (a) dipping/deposition (20 cycles); (b) regular deposition (30 min at —0.4 V vs
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a more effective hole transfer to the electrolyte, as a result of the enhanced
electrolyte/CdTe/TiO, junction areas.

4 Photoelectrodes Based on Anodically Grown WO;

4.1 Formation of Anodic WOj3 Films by Electrochemical
Oxidation of Metallic Tungsten

Tungsten (together with Al, Ti, Zr, Bi, Ta, and Nb) belongs to the group of the so-
called valve metals, which passivate and show a very high corrosion resistance in
most common aqueous media. The composition of naturally or anodically produced
oxide films is essentially identical to WOs;.

Due to its electrochromic properties, i.e., a reversible color change upon appli-
cation of suitable electric potential, tungsten trioxide has been employed and
widely used in electronic displays, smart windows, sunroofs, and rear and side
view mirrors [60—-63]. More recently, due to its chemical stability in acidic aqueous
media and interesting photoelectrochemical properties, it has been proposed as a
promising candidate in water photoelectrolysis processes [64—68].

Thanks to its many possible technological applications, considerable work has
been carried out to investigate the detailed mechanistic aspects of electrochemical
tungsten oxide growth in aqueous media, but there is no universally accepted model
that accounts completely for the experimental evidence [69]. The typical voltam-
mograms obtained for tungsten in 1 M HCl in the —0.5 to +3 V region are shown in
Fig. 46.
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Fig. 46 CV of a tungsten electrode in 1 M HCI at various scan rates (10-90 mV/s). From [69]

At least two anodic peaks depicting the initial stages of oxide formation are
observed, followed by a very wide plateau at potentials >1 V.

According to the electrochemical and XPS evidence [70], it has been proposed
that the anodic oxidation of tungsten may result in the initial formation of a mixture
of oxides, namely WO,, W,0s, and WO3;, according to the equations

W 4+ H,0 — WO, +4H" + 4e™
2WO0, + H,0 — W,0s5 + 2H' + 2e~
W,05 + H,O — 2WO;5 + 2H" + 2¢

However, at higher anodization potentials, corresponding to the plateau of
Fig. 46, the dominating species is W After the anodic peak, the current densities
are practically constant, indicating that the thickening of the amorphous barrier
layer takes place during the positive sweep. The fact that passivity can still be
observed in the absence of an outer/precipitated oxide layer indicates that passiv-
ation of tungsten can be attributed to a barrier layer between the metal and the outer
layer in which transmission of ions occurs essentially by vacancy motion. EIS
analysis performed during the potentiostatic anodization also suggests that the
migration of oxygen vacancies is the main charge transport mechanism across the
growing WOj; oxide film and that it is eventually enhanced by the accumulation of
negative charges (corresponding to cation vacancies) at the film/solution interface.

Thus, electrochemical anodization of metallic tungsten can be a convenient
method for preparing porous photoactive substrates in which the oxide structures
are tightly interconnected and strongly bound to the metal collector, both factors
concurring to increase the photogenerated charge collection efficiency. It has
already been shown that, by this approach, it is indeed possible to obtain interesting
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nanostructures that can find application in the field of solar energy conversion. The
most common route for the anodic preparation of porous films involves the appli-
cation of a constant potential to a metallic tungsten lamina in the presence of
aqueous electrolytes containing fluoride anions which establish mild oxide dissolu-
tion conditions. It is the achievement of a steady state between oxide dissolution
and formation which leads to nanotubular or nanoporous structures. Some authors
[71] also achieved a porous oxide structure (and even some small nanotubular WO3
domains) by careful application of an appropriate overvoltage intended to reach
oxide breakdown conditions in fluoride free electrolytes. Basically, in order to
reach breakdown conditions, made possible by the presence of a strong applied
field strength, a harsh treatment consisting in the application of a sudden step
potential of several tens of volts has to be adopted. Electrolyte temperature and
compositions are, however, also important for reaching reproducible results and a
reasonable surface coverage.

Nevertheless, from the photoelectrochemical point of view, most literature
reports deal with nanocrystalline WOj3 substrates which display a high photoactiv-
ity in the UV region but give a limited response in the visible frequencies. This is
consistent with reported WOj3; band gaps ranging from 3.25 to 2.9 eV [72, 73].
Indeed, we have also experimentally verified in our laboratories that, by following
or slightly modifying literature approaches, relevant IPCEs in the order of 50%
could be reached in the UV region, but no substantial photoactivity could be
observed beyond 430 nm. However, by following the pioneering work of Grimes
et al. (see Sect. 3), it has also been found that, among many solvents and electrolytic
compositions, efficient WOj3 substrates characterized by an extended spectral
response could be obtained by potentiostatic anodization in a two W electrode
cell in the 30-40 V range by using an electrolyte comprised of N-methyl-formamide
(NMF)/water 8:2 in the presence of 0.05 wt% NH4F. Also, in this electrolytic
composition, water is required to act as an oxygen donor and allow for oxide
formation, as indicated by the cyclic voltammograms reported below. From
Fig. 47a, during the first scan at 1 V/s an anodic current is clearly observable
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Fig. 47 Cyclic voltammograms of metallic W in the electrolyte comprised of (a) NMF/water
8/2 + 0.05% NH,F; (b) NMF + 0.05% NH,F. The solutions were not purged with inert gas
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which drops dramatically on subsequent scans as a result of the metal surface
passivation induced by the formation of an oxide layer, whereas different behavior
is observed in the water free electrolyte, where a current, about one order of
magnitude higher (Fig. 47b), assigned to the anodic dissolution of the metal is
recorded with no appreciable changes upon subsequent scans.

The potentiostatic anodization is usually carried out with an unstirred solution at
room temperature (20 £ 5 °C) for several hours (48—72). At present, in our condi-
tions, 72 h at a constant applied voltage of 40 V constitutes the longest practical and
convenient anodization time, since it has been observed that no photoelectro-
chemical improvement results from prolonging the electrolysis beyond this limit.
Figure 48 is indicative of the typical behavior of the current recorded during an
anodization in NMF/H,0 8/2 and 0.05 wt% NH4F at room temperature (17 °C). The
anodization current shows alternating minima and maxima probably determined by
the competition between oxide formation and dissolution rates: when the oxide
formation overcomes the dissolution the current drops due to a more complete
passivation of the metal surface. In contrast, the oxide dissolution leads to the
exposure of fresh metal surface, which undergoes oxidation causing a new incre-
ment in the anodic current. The typical average current density during the anodiza-
tion is 8—10 mA and the total charge exchanged, obtained by integration of the i—¢
curve, is 150 = 18 C.

The anodization procedure results, after 72 h, in the formation of an irregular
porous oxide layer 3—5 pm thick, with bundled up structures (Fig. 49), particularly
evident in AFM imaging, ca. 300 nm wide, longitudinally crossed by cracks which
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Fig. 48 Anodization current recorded during electrochemical tungsten oxide formation in NMF/
H,O 8/2 and 0.05% NH,F at 40 V
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Fig. 49 SEM (fop) and AFM (bottom) micrographs of anodically formed WOj after the annealing
process at 550 °C for 1 h in air

give to the surface an overall worm-like appearance. After a thermal treatment at
550 °C in air, necessary both to induce crystallinity and to establish good electrical
connections between the nanostructures, small angle XRD confirmed the presence
of the expected monoclinic phase of WO; (Fig. 50). In many samples a strong
morphological anisotropy manifests itself as a preferential orientation of the oxide
along crystallographic planes (111 and 200). Although this feature has also been
documented by other authors in different anodization conditions [72], at present we
have not been able to establish any clear correlation between crystallographic
anisotropy and photoelectrochemical properties of the metal oxide which, within
experimental error, do not vary appreciably.
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Fig. 50 Small angle XRD pattern of the anodically grown WOj; film obtained in NMF/water
8/2 + NH4F 0.05%

4.2 Photoelectrochemistry

As demonstrated by the J-V characteristic recorded in 1 M H,SO, (Fig. 51), the
typical photoelectrochemical performances of the anodically grown oxides are
relevant: under varying AM 1.5 G incident irradiation the photocurrent, whose
threshold at pH 0 is located at +0.3 V vs SCE, varies in a reasonably linear fashion
with the incident irradiance, showing maximum values exceeding 9 mA/cm” under
0.37 W/cm? with an average slope of 0.013 A/(cm” V). The advantage of the
electrochemically grown WO; over a more conventional WOj3 electrode, obtained
by standard sol-gel methods (colloidal) made by sintered nanoparticles, can be
clearly appreciated from Fig. 51b: while the performances of the two electrodes are
quite similar at low power intensities, under strong illumination the anodically
grown substrate does not show saturation and clearly outperforms the colloidal
almost fourfold.

In the presence of an electrolyte composed of 1 M H,SO,/CH;0H 8/2 the
plateau photocurrents are nearly doubled, approaching, under strong illumination
(ca. 0.3 W/cmz), 16 mA/cm?>. Concomitantly, a negative shift of the photoanodic
onset of ca. 100 mV can be observed: both effects are consistent with an improved
hole scavenging by CH3;OH and/or by a known mechanism of secondary electron
injection from surface adsorbed highly reducing CH;O- intermediates. The J—V
curves were found nearly independent from the scan rate in an ample interval
ranging from 2 to 500 mV/s (Fig. 52): although this is a typical behavior of a
kinetically controlled process, it is also indicative of a relatively facile interfacial
charge transfer, in which the steady state is maintained, even in the presence of a
rapidly changing potential.

Referring to Fig. 52, the diffusional “bell” shaped peak at low potential (0-0.2 V
interval) which, in contrast, shows a marked scan rate dependence, is ascribed to the
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Fig. 51 J-V curves in 1 M H,SOy black (a) as a function of the incident irradiance (AM 1.5 G);
(b) photocurrent density taken at 1 V vs SCE vs incident irradiance: anodically grown (black);

sol/gel (red)

20
18—- 2mvV/s
J 20mV/s
16 ——50mV/s
14 4 100mV/s
1 ———200mV/s
121 500mV/s
& ]
E 10
E 8-
\_—J/ 4
6 -
4_
2 -
O_
-2 T T T T T T T T T T T T T 1

T T
0.0 0.2 0.4 06 08 1.0 1.2 1.4
V (V vs SCE)

Fig. 52 J-V curves of anodically grown WOs3 in 1 M H,SOy4 under 0.3 W/cm?> AM 1.5 G
irradiation as a function of the scan rate (2-500 mV/s interval)

reversible W — W oxidation, responsible for the known electrochromism of
the WOs;: in fact, since the flat band of WO; at pH < 1 is located at positive
potential (ca. 0.2 V vs SCE, in reasonable agreement with the photocurrent onset at
300 mV vs SCE), a certain amount of W?>* is created each time the cell is switched
on at 0 V vs SCE, a potential at which light electron accumulation conditions in the
oxide are established. W>" is then reoxidized as the potential is increased towards
more positive values.
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Fig. 53 Manually shuttered J-V curves in 1 M H,SO, (black) and 1 M H,SO,/CH;0H 8/2 (red).
Incident irradiance 0.120 W/cm?

Further evidence of effective charge transfer to the electrolyte, as well as of
photocurrent doubling in the presence of methanol, which is a known hole scaven-
ger, can be obtained from the J-V curves recorded under modulated (on/off)
~0.1 W/cm? intensity, in which the rectangular shape of the transients, the presence
of small photoanodic transients in the immediate proximity of the flat band poten-
tial, and the lack of cathodic features are all indicative of efficient photoinduced
charge separation and transport [74] (Fig. 53). The evolution of hydrogen from the
cathode of the PEC can be visually assessed in the presence of photocurrents
>1 mA/cm?®. Under such conditions it is easy to collect hydrogen in a pneumatic
syringe and calculate the electrolysis yield (R%) from the ratio of the moles of
collected hydrogen and those theoretically predicted on the basis of the Faraday
law. The rate of production of hydrogen in 1 M sulfuric acid can be calculated as
2 mL/(cm2 h), which is nearly tripled in the presence of CH3;0H [~6 mL/(cm2 h)], in
agreement with the enhanced photocurrent and the higher electrolysis yield which
approaches 100%. It must be noted that in the presence of MeOH, due to a
decreased surface tension, the detachment of hydrogen bubbles from the Pt surface
of the counter electrode was faster than in pure water/sulfuric acid, where at the end
of the electrolysis bubbles were still observed to adhere to the platinum spiral.

The photocurrent spectrum (Fig. 54) recorded under monochromatic light under
a potential bias of 1 V shows a maximum of 380 uA/cm” around 390 nm and its
subtended area gives an integrated photocurrent in the order of 2.5 mA/cm?,
consistent with the photoanodic plateau observed under polychromatic light under
1 sun illumination.
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Fig. 55 Left: Photoaction spectra (IPCE vs A) in 1 M H,SO,4 of a WOj5 film grown in NMF under
1V (black) and 1.5 V (red) potential bias, compared to a WOj5 substrate electrochemically formed
in water (1.5 V) (blue) and to a nanocrystalline electrode produced by sol—gel methods (violet)
(1.5 V). Voltage referred to SCE. Values not corrected for the transmittance of the electrochemical
cell. Right: Band gap determination from the relation (IPCEhv)”2 = A(hv — E,) where E, is the
band gap energy

The photocurrent action spectra (IPCE = number of electrons/number of inci-
dent photons) (Fig. 55) recorded in sulfuric acid indicate a high photon to current
conversion, approaching 70% in a broad region in the UV and extending deeply into
the visible region, thanks to a secondary maximum at 400 nm (IPCE,,x = 45% at
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Fig. 56 Photoaction spectra of WOj3 in the presence of sacrificial electron donors: (a) 20%
methanol in 1 M sulfuric acid; (b) 1 M formic acid/l M sodium formate; squares and circles:
anodically grown WOj; films in the presence of a bias equal to, respectively, 1.5 and 1 V vs SCE
compared to a sol/gel WOj film biased at 1.5 V vs SCE (triangles)

1.5 V vs SCE) whose onset is located at 490 nm. This leads to a calculated indirect
band gap of 2.66 eV, which is significantly lower (by at least 0.15-0.3 eV) than
values commonly reported for other nanostructured anodically grown WO; sub-
strates and approaches those reported for monoclinic WO; films obtained by
exploiting high vacuum technologies like thermal evaporation or radio frequency
sputtering [75, 76]. As a comparison, WO5 films electrochemically produced in
water/HF/NH4F according to a procedure described by Guo et al. or by sol gel
methods do not show a relevant photoconversion beyond 430-440 nm.

The IPCE undergoes a significant enhancement in the presence of sacrificial
hole scavengers like methanol or formic acid, reaching a value close to 100% in
the UV region, where the light absorption is complete (Fig. 56). The secondary
maximum nearly doubles in intensity, approaching values of the order of 80%.
Since, to a first approximation, the presence of a scavenger cannot influence the
charge transport through the solid phase to the interface, the observed increase in
IPCE is most probably the result of a more facile charge (hole) transfer process to
the electrolyte (expressed by the interfacial charge transfer efficiency term 7).
This also implies an almost unitary charge transport efficiency (7)) at the inter-
face given that, at least in the UV region, APCE = 1 = 0, n; [77] and that, in pure
water, limitations in interfacial kinetics may eventually represent, in this case, the
primary loss mechanism.

In fact, the impedance spectroscopy of the WO; photoanodes under strong
illumination (ca. 0.3 W/cm?) reveals that the photoelectrode is essentially domi-
nated, in the complex plane, by a kinetic loop: the single semicircle with a
maximum in the 1-10 Hz interval (depending on the potential) can be reasonably
attributed to the charge transfer across the semiconductor—electrolyte interface
(Fig. 57). It can be well fitted by a single R(QR’) equivalent circuit [78], where R
is the ohmic contribution, Q is the constant phase element which takes into account
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non-idealities in the capacitance of the Helmholtz layer, and R’ is the charge
transfer resistance. The inverse of the charge transfer resistance (cm?/ohm) plotted
as a function of the applied potential (Fig. 58) is in good agreement in both shape
and magnitude with the derivative (slope) of the J-V curve, corroborating the
correctness of our assignment. Moreover, as would be expected in the case of an

40

35

30

25

20

—2Z"” (ohm)

07, Msd.
o Z, Calc

9 4117 3.49
] 4.97 2.92
] nal c & 8 @ 2.45
] = [*) ] lter #:1
] 8 72
] 10.1 5.93 205 © Chsq:
] o a5 . 8 121 2.30E-04
] 14.4) ® 144 @ # of pars with
] o 12 € 848m rel. std. errors
1 205 ® 1.018 [ 710m
] o 171 8 o) -
1oo o © 499m >10%:0/4
] o 244 S95mra >100%:0/4
] @ 350m
] 418
1 34.8 ™ & 206m
1 g 59 246m g
] g1 20 %. 59.7m
0 10 20 30 40 50 60 70 80
Z’ (ohm)

Fig. 57 Nyquist plot of an anodically grown WOj3 photoelectrode in 1 M H,SO,4 at 0.7 V vs SCE.
Red dots experimental data, green dots calculated. AM 1.5 G irradiation, 0.3 W/cm?
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Fig. 59 Nyquist plot of anodically grown WO; (red) and nanocrystalline WO; (black) obtained
from a sol-gel route (black) under 0.3 W/cm? AM 1.5 G illumination and 0.7 V vs SCE potential
bias in 1 M H,SO,

interfacial process, the charge transfer resistance is dependent upon electrolyte
composition, and decreases in the presence of methanol acting as an electron
donor, confirming that, effectively, the observed impedance loop is originated by
the hole transfer to the electrolyte. When compared to a sol-gel nanocrystalline
WO; substrate sintered on FTO [79] (Fig. 59), the anodically grown substrate
exhibits substantially decreased interfacial hole transfer resistance (64 vs
240 ohm) and lack of the small high frequency loop (>10* Hz) attributed to the
FTO/WOj; interface, suggesting an excellent ohmic contact with the metal electron
collector. Besides its higher spectral sensitivity, both factors contribute to explain
the good performance of the anodically grown WO; electrodes, when compared to
more conventional WO; films obtained from sol-gel routes: a smaller charge
transfer resistance can be particularly important under intense illumination, when,
in order to sustain the photocurrent, large number of photogenerated minority
charge carriers have to be injected efficiently into the electrolyte.

To conclude, the potentiostatic anodization of metallic tungsten in an appropri-
ate electrolytic composition provides a simple wet electrochemical tool [80] to
produce highly efficient WO; photoanodes, which, combining spectral sensitivity,
highly electrochemically active surface, and improved charge transfer kinetics
outperform, under simulated solar illumination, most of the reported nanocrystal-
line substrates produced by sol gel methods and are, at the very minimum, compa-
rable to substrates produced with vacuum technologies (i.e., RF sputtering) recently
reported in the literature.
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Surface Nanostructures in Photocatalysts
for Visible-Light-Driven Water Splitting

Kazuhiko Maeda and Kazunari Domen

Abstract Overall water splitting to form hydrogen and oxygen over a heteroge-
neous (particulate) photocatalyst with solar energy is a promising process for clean
and recyclable hydrogen production on a large-scale. In recent years, numerous
attempts have been made for the development of photocatalysts that work under
visible-light to utilize solar energy efficiently. This chapter describes recent research
progress on heterogeneous photocatalysis for water splitting with visible light,
particularly focusing on the development of nanostructured cocatalysts made by
the authors’ group.

Keywords Cocatalyst - Nanoparticle - Photocatalyst - Solar energy conversion -
Water splitting
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1 Introduction

Hydrogen has attracted considerable interest as a clean and renewable energy carrier
offering both high-energy capacity and minimal environmental impact. Large-scale
hydrogen production using solar energy is therefore an ultimate goal for the supply
of clean and renewable energy, and several types of reaction schemes have been
proposed [1-4]. Direct overall water splitting to form hydrogen and oxygen using a
particulate photocatalyst is one of the most promising candidates, and is also
potentially applicable over a wide area. The first step in the development of a
technology that makes efficient use of solar energy is the discovery of a photocata-
lyst that becomes highly active under visible light (4 > 400 nm). Extensive efforts
have already been made in the search for such a material [5-8], and some have
achieved overall water splitting, although the quantum efficiency still remains low.

Our group has recently reported the discovery and refinement of a new material
for stable overall water splitting under visible light — a solid solution of GaN and
ZnO that is expressed as (Ga;_,Zn,)(N;_,O,) [9-29]. Both GaN and ZnO are
well-known III-V and II-VI semiconductors that have been the target of extensive
research as functional materials in light-emitting diodes and laser diodes [30-32].
As shown in Fig. 1, the (Ga,_,Zn,)(N;_,O,) solid solution possesses a wurtzite
crystal structure similar to GaN and ZnO, and is typically synthesized by nitriding a
mixture of Ga,O3 and ZnO powders. As both GaN and ZnO have band-gap energies
of greater than 3 eV, neither can absorb visible light in the pure form. Interestingly,
however, the solid solution (Ga;_,Zn,)(N;_,0O,) has a band gap smaller than 3 eV
and a steep absorption onset in the visible region. As shown in Fig. 2, the band-gap
energy (light absorption edge) is dependent on the compositional parameter (x)
that is controllable by modifying the preparation parameters, and the decrease in
band-gap energy in the solid solution is due to the electronic behavior of the
constituent Zn and O species [19, 33, 34].

As shown in Fig. 3, overall water splitting on a semiconductor photocatalyst
occurs in three steps: (1) the photocatalyst absorbs photon energy greater than the
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Fig. 2 UV-visible diffuse
reflectance spectra for
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band gap energy of the material and generates photoexcited electron—hole pairs in
the bulk, (2) the photoexcited carriers separate and migrate to the surface without
recombination, and (3) adsorbed species are reduced and oxidized by the photo-
generated electrons and holes to produce H, and O,, respectively. The first two
steps are strongly dependent on the structural and electronic properties of the
photocatalyst. In general, high crystallinity has a positive effect on activity, since
the density of defects, which act as recombination centers between photogenerated
carriers, decreases with increasing crystallinity. The third step, on the other hand, is
promoted by the presence of a solid cocatalyst. The cocatalyst is typically a noble
metal (e.g., Pt, Rh) or transition metal oxide (e.g., NiO,, RuO,) and is loaded onto
the photocatalyst surface as a dispersion of nanoparticles to produce active sites and
reduce the activation energy for gas evolution. It is thus important to design both the
bulk and surface properties of the material carefully so as to obtain high photo-
catalytic activity for this reaction.
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For (Ga,_,Zn,)(N;_,0,), much effort has been devoted to improve the prepara-
tion method that allows one to produce high-quality (Ga,_,Zn,)(N;_,O,) samples
[10, 20, 22, 24, 28]. Although the preparation conditions of (Ga;_,Zn,)(N;_,O,)
have been shown to be critically important for obtaining enhanced photocatalytic
activity, the activity of this photocatalyst can also be improved significantly by
loading a proper cocatalyst. In this chapter, therefore, we would like to focus on
nanostructured cocatalysts loaded on the (Ga;_,Zn,)(N;_,0,) surface. In the fol-
lowing sections we start with some basic aspects of cocatalysts for photocatalytic
water splitting and then introduce new types of cocatalysts that have recently been
developed by our group. For simplicity, (Ga;_,Zn,)(N;_,0O,) will be referred to as
“GaN:ZnO” hereafter.

2 General Role of Cocatalysts in Photocatalytic Water Splitting

Figure 4 shows a schematic illustration of a photocatalyst loaded with a cocatalyst,
where the H, evolution reaction process is assumed. It is believed that the loaded
cocatalysts play the roles of extracting photogenerated electrons from the photo-
catalyst (process 1) and of hosting active sites for gas evolution (process 2).
Therefore, the overall efficiency of a given photocatalytic system is dependent
on the loaded cocatalyst. In particular, structural characteristics and the intrinsic
catalytic property for hydrogen (or oxygen) evolution are important factors. For
example, Pt is well known as an excellent catalyst for reduction of protons to give
hydrogen molecules. However, a photocatalyst loaded with Pt cocatalyst does not
always exhibit the highest activity among analogs loaded with other metals (e.g., Ru
and Rh). This is the evidence that the contribution of process (1) to the overall
efficiency is more important than that of process (2). For example, Ru-loaded TaON
exhibits higher activity for H, evolution from aqueous alcohol solution than
Pt-loaded TaON [35]. Although it has been reported that various factors (e.g.,
band edge potential [36] and work function [37] of the photocatalyst and the loaded

H,

H+
Process (1)
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illustration of the electron

transfer from a photocatalyst

to the loaded cocatalyst Y
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species) affect the efficiency of process (1), none have yielded a systematic under-
standing. Anyway, one has to consider both process (1) and (2) when designing a
more efficient photocatalytic system.

3 Preparation of a Cocatalyst/Photocatalyst Composite

As shown in Fig. 5, there are two representative methods for introducing cocatalysts
onto a semiconductor photocatalyst. One is an impregnation method, where proper
precursor species are impregnated with a photocatalyst, followed by thermal
annealing at a given condition to produce a desired form of cocatalyst. In this
method there are a lot of choices of precursors and solvents for the impregnation
procedure as well as final treatment conditions. This kind of loading method is well
known in the field of heterogeneous catalysis. The other is an in situ photochemical
deposition method, originally developed by Bard and Kraeutler who demonstrated
that nanoparticles of metals (e.g., Pt, Pd) can be prepared by irradiation of aqueous
solution containing semiconductor powder (e.g., TiO,, WO3), metal ions, and an
electron donor [38]. Metal cations with appropriate redox potentials can be reduced
by electrons generated through the photoexcitation of a semiconductor powder.
Such photochemical deposition has been studied extensively over the past 30 years
for applications in photocatalysis [39-41], catalysis [42—44], the recovery of noble
metals [45], and the removal of heavy metals from waste water [46].

In general, photocatalytic activity of a given material (cocatalyst/photocatalyst
composite) for water splitting is dependent on the loading method of cocatalysts,
as it determines the physicochemical characteristics of the loaded cocatalyst
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Fig. 5 Schematic illustrations of an impregnation and a photodeposition method
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(e.g., valence state and dispersion). It is a general trend in heterogeneous (photo)
catalysis that highly dispersed nanoparticles contribute to increasing the rate of
catalytic reactions, and an excess loading leads to lowering catalytic activity. In the
case of photocatalysis, excessively loaded cocatalysts hinder light absorption by the
base photocatalyst and can also work as recombination centers for photogenerated
electrons and holes. Accordingly, there is a volcano-type trend between the loading
amount of a given cocatalyst and the activity in most cases (regardless of the kind of
preparation method, the base photocatalyst, and the loaded cocatalyst). Therefore,
refinement of the preparation condition that allows for optimal distribution of
cocatalysts on a photocatalyst is an important aim to construct a highly efficient
photocatalytic system for overall water splitting.

4 Nanoparticulate Mixed Oxides as New Cocatalysts

4.1 Motivation for Applying Mixed-Oxides as Cocatalysts

Although some of the photocatalysts developed to date (e.g., layered compounds
and tantalates) can decompose water without a cocatalyst [7], most require the
loading of a suitable cocatalyst (such as NiO, and RuQ,) to obtain a high activity
and reasonable reaction rates. It is believed that the cocatalysts provide reaction
sites and decrease the activation energy for gas evolution. Noble metals such as Pt
and Rh are excellent promoters for H, evolution, but can also catalyze a backward
reaction, forming water from H, and O,, limiting their usefulness as cocatalysts for
photocatalytic overall water splitting. To avoid the backward reaction, transition
metal oxides that do not exhibit activity for water formation from H, and O, are
usually applied as cocatalysts for overall water splitting. However, no cocatalyst
more effective than NiO, or RuO, had been found, until recently.

Our group has previously reported that the photocatalytic activity of Ni-loaded
K,La,Ti30,¢ for overall water splitting is improved by coloading with Cr, while
modification with Cr alone did not result in appreciable evolution of H, or O, [47].
This result suggests that the increase in activity is attributable to interaction
between Ni and Cr in the cocatalyst, motivating further investigation of Cr as a
cocatalyst in combination with other transition metals [13—16].

The cocatalyst, a combination of Cr and one other metal component, was loaded
onto the as-prepared GaN:ZnO by a co-impregnation method. In a typical prepara-
tion, the co-impregnation was performed by suspending 0.3-0.4 g of the photo-
catalyst powder in an aqueous solution containing an appropriate amount of Cr
(NO3)3-9H,0 and the nitrate or chloride of the paired metal. The solution was then
evaporated to dryness over a water bath followed by calcination in air at 623 K for
1 h. In the case of Ni or Ni—Cr cocatalysts, the impregnated catalyst was reduced by
exposure to H, (20 kPa) at 573 K for 2 h and then oxidized by exposure to O,
(10 kPa) at 473 K for 1 h in a closed gas circulation system to produce an Ni/NiO
(core/shell) double structure [48].
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Table 1 lists the photocatalytic activities of GaN:ZnO loaded with Cr and another
transition metal for overall water splitting under UV irradiation (A > 300 nm), along
with data for samples loaded with just one transition metal. Although loading the
cocatalysts by this method is expected to produce the oxide form, the cocatalyst
components are simply referred to here by the respective transition metal. The
photocatalytic activity of the transition metal-loaded catalysts was markedly
improved by coloading with Cr. All of the examples except for the Ag—Cr system
achieved stoichiometric evolution of H, and O, from pure water. The photocatalytic
activity of GaN:ZnO loaded with Cr and a transition metal was found to be strongly
dependent on the amount of loaded Cr. Taking Ni—Cr and Rh—Cr systems for
example, the activities increased with Cr content to a maximum at a certain loading
amount, above which the activity decreased. The highest activities were obtained at
0.125 wt% Cr with 1.25 wt% Ni, and 1.5 wt% Cr with 1 wt% Rh. These results
suggest that the optimal Cr loading differs according to the coloaded transition
metal, and it is expected that a similar enhancement of photocatalytic activity will
be realized by other transition metal/Cr combinations as cocatalysts for GaN:ZnO,
because the loading amount of Cr in Table 1 may not be optimal except for Ni—Cr
and Rh—Cr systems. The improvement in activity is attributed to the formation of
suitable reaction sites by intimate interaction between Cr and the paired metal
component. The largest improvement in activity was obtained by loading the base
catalysts with a combination of 1 wt% Rh and 1.5 wt% Cr. The activity of this
catalyst system was two orders of magnitude higher than for the catalysts loaded
with 1 wt% Rh under the same reaction conditions. It should be noted that even
though loading with Fe, Co, Cu, Pd, or Ag alone did not activate the GaN:ZnO
catalyst for overall water splitting (see Table 1), coloading with Cr and one of these

Table 1 Photocatalytic activities of GaN:ZnO loaded with a transition metal oxide and Cr oxide
for overall water splitting under UV irradiation (4 > 300 nm)*

Entry  Cocatalyst Activity/umol h™! Coloading  Activity of coloaded
amount catalysts/pmol h™!
Element® Loading H, 0, of Cr/wt%  H, 0,
amount/wt%

1 None 0 0

2 Cr 1.0 0 0

3 Fe 1.0 0 0 1.0 73 36

4 Co 1.0 2.0 0 1.0 48 24

5 Ni 1.25 126 57 0.125 685 336

6 Cu 1.0 2.0 0 1.0 585 292

7 Ru 1.0 71 27 0.1 181 84

8 Rh 1.0 50 1.6 1.5 3,835 1,988

9 Pd 1.0 1.0 0 0.1 205 96

10 Ag 1.0 0 0 1.0 11 23

11 Ir 1.5 9.3 3.1 0.1 41 17

12 Pt 1.0 0.9 0.4 1.0 775 357

“Catalyst (0.3 g); distilled water (370—400 mL); light source, high-pressure mercury lamp (450 W);
inner irradiation-type reaction vessel made of Pyrex
Transition metal species are expressed as metallic form for simplicity
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Fig. 6 A typical HR-TEM
image of GaN:ZnO loaded
with Rh,_,Cr,O3 cocatalyst

GaN:ZnO

inactive metal components resulted in measurable photocatalytically activity.
Coloading Cr is considered to facilitate charge transfer from the GaN:ZnO bulk to
the cocatalyst, and/or promote the creation of catalytic gas evolution sites on the
cocatalyst surface.

Scanning electron microcopy (SEM), high-resolution transmission electron
microscopy (HR-TEM), energy dispersive X-ray spectroscopy (EDS), X-ray photo-
electron spectroscopy (XPS), and X-ray absorption fine-structure spectroscopy
(XAFS) analyses confirmed that the loaded Rh and Cr species interact to form
mixed-oxide (Rh,_,Cr,03) nanoparticles of 10-30 nm in size with a trivalent
electronic state [16]. A typical HR-TEM image of Rh,_,Cr,03/GaN:ZnO is
shown in Fig. 6. The photocatalytic performance of the Rh,_,Cr,Os-loaded GaN:
ZnO is strongly dependent on the pH of the reactant solution [15], as in the case of
RuO,-loaded GaN:ZnO [9]. The photocatalyst exhibits stable and high photocata-
Iytic activity in an aqueous solution at pH 4.5 for as long as 3 days. The photo-
catalytic performance at pH 3.0 and pH 6.2 is much lower, attributable to corrosion
of the cocatalyst and hydrolysis of the catalyst. It has also been confirmed by XRD,
XPS, and XAFS that the crystal structure of the catalyst and the valence state of both
the surface and bulk do not change even after reaction for 3 days at optimal pH (4.5).

4.2  Unique Property of Rh,_,Cr,03 Cocatalyst for Photocatalytic
Overall Water Splitting

The performance of the Rh,_,Cr,O3 catalyst for overall water splitting is an order
of magnitude higher than that obtained by the previously optimized catalyst con-
sisting of a conventional RuO, cocatalyst, giving an apparent quantum yield of ~5%
at 410 nm under the optimal preparation and reaction condition. To investigate the
origin of the higher activity of the Rh,_,Cr,O5 catalyst, the photocatalytic activity
of Rh,_,Cr,03/GaN:ZnO for H, or O, evolution from aqueous solutions containing
methanol and silver nitrate was examined. For comparison, the same experiments
were carried out using an RuO,-loaded sample. The reactions using sacrificial
reagents are not “overall” water splitting reactions, but are often carried out as
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Fig. 7 Basic principle of Potential
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Table 2 Photocatalytic activities of GaN:ZnO loaded with various cocatalysts at various reaction
conditions under visible light (2 > 400 nm)*

Entry Cocatalyst Reactant solution Activity/umol-hf1

H, 0,
1 None 10 vol.% MeOH agq. 0 -
2 Rh,_,Cr,0; 10 vol.% MeOH agq. 358 -
3 RuO, 10 vol.% MeOH agq. 35 -
4 Rh° 10 vol.% MeOH agq. 280 -
5 None 0.01 M AgNO;3 aq. - 548
6 Rh,_Cr,0; 0.01 M AgNO; agq. - 307
7 RuO, 0.01 M AgNO; aq. - 597
8 Rh,_,Cr,0; H,SO,4 (pH 4.5) 264 132
9 Rh,_Cr,0; HNO; (pH 4.5) 255 127
10 Rh,_,Cr,0; HCI (pH 4.5) 166 83
11 RuO, H,SO, (pH 3.0) 58 29
12 RuO, HNO; (pH 3.0) 6.7 24
13 RuO, HCI (pH 3.0) 60 30

ICatalyst (0.3 g); reactant solution (370400 mL); light source, high-pressure mercury lamp
(450 W); inner irradiation-type reaction vessel made of Pyrex with aqueous NaNO, solution
2 M) filter

©0.25 wt% loaded by an in situ photodeposition method

test reactions for overall water splitting [6, 7]. The basic principle of photocatalytic
reactions using sacrificial reagents is depicted schematically in Fig. 7. When the
photocatalytic reaction is conducted in the presence of an electron donor such as
methanol, photogenerated holes in the valence band irreversibly oxidize methanol
instead of H,O, thus facilitating water reduction by conduction-band electrons if the
bottom of the conduction band of the photocatalyst is located at a more negative
potential than the water reduction potential. On the other hand, in the presence of an
electron acceptor such as silver cations, photogenerated electrons in the conduction
band irreversibly reduce electron accepters instead of H*, thereby promoting water
oxidation by valence-band holes if the top of the valence band of the photocatalyst
is positioned at a more positive level than the water oxidation potential.

The photocatalytic activities of loaded and unloaded GaN:ZnO in the presence
of sacrificial reagents under visible light irradiation (4 > 400 nm) are summarized
in Table 2. GaN:ZnO alone exhibited no activity for H, evolution even in the
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presence of methanol as a sacrificial electron donor (Entry 1). H, evolution was
observed after modification with Rh,_,Cr, O3 (Entry 2) and RuO, nanoparticles
(Entry 3). Rh-loaded GaN:ZnO also evolved H, from an aqueous methanol solution
(Entry 4). It is thus clear that the loaded Rh,_,Cr,O3 and RuO, nanoparticles have
the same function as Rh that is a well-known H, evolution cocatalyst, and that GaN:
ZnO itself can oxidize methanol on its surface, but does not possess an H, evolution
site. Accordingly, loading of cocatalysts that work as an H, evolution site is
indispensable for achieving the H, evolution by GaN:ZnO. The rate of H, evolution
observed on the Rh,_,Cr,O3-loaded sample (Entry 2) was ten times higher than that
achieved on the RuO,-loaded sample (Entry 3), indicating that the Rh,_,Cr,O;
cocatalyst functions more efficiently as a H, evolution site. In contrast, GaN:ZnO
displayed the activity for O, evolution from an aqueous silver nitrate solution
without modification (Entry 5), whereas the Rh,_,Cr,O3-loaded sample achieved
lower O, evolution than the bare sample (Entry 6). Interestingly, the RuO,-loaded
sample exhibited slightly higher activity for O, evolution from an aqueous silver
nitrate solution compared to the bare sample (Entry 7). In this case, it appears that
RuO; nanoparticles on the GaN:ZnO have some positive effect on the O, evolution
reaction, presumably due to the functionality as a water oxidation catalyst [49, 50].

On the basis of these results, it is most likely that the Rh,_,Cr,O5 loaded on the
GaN:ZnO catalyst functions not as an O, evolution site but rather as a H, evolution
site. Considering the inactivity of bare GaN:ZnO for H, evolution and appreciable
activity for O, evolution in the presence of sacrificial reagents, the relatively slow
step for overall water splitting on GaN:ZnO is considered to be the water reduction
process. Therefore, one of the reasons for the improvement in photocatalytic
activity achieved by loading the GaN:ZnO catalyst with Rh,_,Cr,O5 is the
promotion of the H, evolution reaction, that is, an increase in the activity of the
rate-determining step for overall water splitting.

The reaction behavior was also dependent on pH-adjusting reagents [23]. Table 2
also lists the rates of H, and O, evolution (average over 5 h) in overall water splitting
using Rh,_,Cr,03- and RuO,-loaded GaN:ZnO under visible light (A > 400 nm)
from various aqueous solutions. The pH of the solutions was adjusted by the reagent
shown. As mentioned earlier, the optimal reaction pH for overall water splitting is
4.5 for Rh,_,Cr,O3-loaded GaN:ZnO and 3.0 for the RuO,-loaded catalyst (when
adjusted with H,SO,) [15], with both catalysts exhibiting steady and stoichiometric
H, and O, evolution [9]. The present reactions were therefore carried out at these
respective pH levels. The Rh,_,Cr,Os-loaded GaN:ZnO produced H, and O,
steadily and stoichiometrically (i.e., overall water splitting) regardless of the pH-
adjusting reagent employed. Almost identical activity was obtained when the pH
was adjusted using H,SO,4 (Entry 8) and HNOs3 (Entry 9). However, the use of HClI as
the pH-adjusting reagent resulted in an approximately 60% drop in activity
(Entry 10) compared to the reactions performed using H,SO,4 (Entry 8) or HNOj;
(Entry 9). In contrast, RuO,-loaded GaN:ZnO displayed almost the same activity in
aqueous HCl solution (Entry 13) as in aqueous H,SO, solution (Entry 11), although
stoichiometric H, and O, evolution was not achieved over any period of reaction
when the reaction pH was adjusted using HNOj (Entry 12). As mentioned earlier,
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the higher activity of Rh,_,Cr,Os-loaded GaN:ZnO in aqueous H,SO, solution
compared to the RuO,-loaded catalyst is attributable to the superior H, evolution
ability of Rh,_,Cr,O3. It was thus found that the photocatalytic activity of GaN:ZnO
for overall water splitting is dependent not only on the cocatalyst employed but also
on the reagent used to adjust the pH.

These characteristic gas evolution properties can be explained in terms of the
different reactivities of each catalyst with respect to redox-active species in the
aqueous solution. Inorganic ions can react with photogenerated electrons and/or
holes on photocatalysts, thereby inhibiting the efficiency of overall water splitting,
which is primarily dependent on the redox potential of ions and the band-edge
positions of the photocatalyst. Photoelectrochemical measurements using a porous
GaN:ZnO anode suggest that the bottom of the conduction band of GaN:ZnO lies at
ca. —0.92 V vs NHE (at pH 4.5) [51]. Accordingly, electrons photogenerated in the
conduction band of GaN:ZnO are unable to reduce SO427 to SO327 thermodynami-
cally, since the thermodynamic reduction potential of SO4* (SO4*7/SO5*~, —1.22V
vs NHE at pH 4.5) is more negative than the conduction band bottom of GaN:ZnO
[52]. Therefore, the reduction of SO42_ by GaN:ZnO does not take place.

NO; ™, which is more susceptible to reduction than H" (NO3;/NO, ™, +0.54 V;
H*/H,, —0.27 V vs NHE at pH 4.5) [52], can compete with the reduction of H" by
conduction-band electrons, thereby lowering the overall water splitting activity. It
has been reported that NO3; ™ can be catalytically reduced during the water splitting
reaction when using a semiconductor photocatalyst [53]. The non-stoichiometric
evolution of H, and O, by the RuO,-loaded catalyst in HNO5 solution (Entry 12) is
thus attributable to the competition between the reduction of NO3; ™~ and the reduction
of H" to H,. Analysis of the reactant solution by ion chromatography indicates that
NO, ™ and NHj3; are generated as reaction products in the reaction over RuO,-loaded
GaN:ZnO. In contrast, the reduction of NO;~ does not appear to occur over the
Rh,_,Cr,O3-loaded catalyst, as indicated by the similarity of the overall water
splitting activity for the HNO;3 (Entry 9) and H,SO,4 (Entry 8) solutions and the
stoichiometric ratio of H, to O, evolution achieved using this system. It was also
confirmed that the H,/O, evolution ratio remains stoichiometric even in the presence
of 10 mM NO;~ (pH 4.5), although the absolute rates of gas evolution are 10-15%
lower. This result indicates that the photoreduction of NO3;~ over Rh,_,Cr,O3-
loaded GaN:ZnO proceeds very slowly compared to the reduction of H*.

Another difference between these two catalysts is the drop in activity of
Rh,_,CryOs-loaded GaN:ZnO in HCl-adjusted solution (Entry 10), whereas the
activity of the RuO,-loaded catalyst using HCIl (Entry 13) remained similar to that
of the H,SO,4-adjusted solution (Entries 11 and 13). Chloride ions in the reactant
solution thus appear to have a negative effect on the activity of Rh,_,Cr,O3-
loaded GaN:ZnO, but not on the RuO,-loaded catalyst. In the case of Rh,_,Cr,O3-
loaded GaN:ZnO, water reduction takes place on Rh,_,Cr,O3; nanoparticles and
oxidation occurs on GaN:ZnO, as mentioned earlier. Although the oxidation of
CI" is thermodynamically more difficult than the oxidation of H,O (Cl,/Cl™,
1.39 V; O,/H,0, 0.96 V vs NHE at pH 4.5) [52], the photooxidation of CI™ to
Cl, involves a relatively simple two-electron redox process and is thus likely to
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proceed more readily than the photooxidation of H,O to O,, which involves
a complex four-electron redox process. If Cl, is produced as a result of the
photooxidation of C1™ in photocatalytic overall water splitting, the ratio of H, to
O, evolution should become larger than that expected from the stoichiometry (i.e.,
H,/O, = 2) at the normal rate of H, evolution. However, the ratio of H, to O,
evolution over Rh,_,Cr,0Os3-loaded GaN:ZnO in aqueous HCl solution satisfies the
stoichiometry (Entry 10), with the rates of both H, and O, evolution obviously
lower than in the H,SO4-adjusted solution (Entry 8). The concentration of HCI in
the solution (pH 4.5) is approximately 0.03 mM, corresponding to 12 pmol CI™.
Assuming that all of the C1™ in the solution undergoes oxidation to produce Cl,,
the maximum rate of Cl, production is only 1.2 umolh™' (average over 5 h),
which is much lower than the observed rate of O, evolution. Competitive Cl,
production therefore does not appear to affect the rate of O, evolution. The
stoichiometry of the H,/O, ratio would thus be maintained even if the photooxi-
dation of Cl™ proceeds in this system. Given this situation, the suppression of the
rates of H, and O, evolution in the HCl-adjusted solution indicates that solved C1™~
in the reactant solution hinders not only water oxidation but also water reduction.
Although the detailed action of Cl™ in this reaction is not well understood, one
possible explanation is the reduction by photogenerated electrons of intermediates
produced by the photooxidation of C1™. Such a process would result in lower water
reduction activity, and explains the simultaneous suppression of the rates of both
H, and O, evolution while maintaining stoichiometry. There are some reports
describing a negative effect of ClI~ on photocatalytic oxidation of organic com-
pounds, which are claimed to be attributable to hindrance of active sites in the
catalyst surface by adsorption of CI™ [54, 55]. In contrast, the fact that the activity
of RuO;-loaded GaN:ZnO in an aqueous HCI solution is almost the same
(Entry 13) as that in an aqueous H,SO, solution (Entry 11) indicates that there
is no negative effect of ClI, and implies that oxidation of C1~ does not take place
on this catalyst. RuO, is well known as a good oxidation catalyst for O, evolution.
In the case of water splitting, RuO, has been demonstrated by many researchers to
be effective as an oxidation site for the evolution of O, [49, 50]. In the GaN:ZnO,
however, the primary role of nanoparticulate RuO, is to provide catalytic active
sites for H, evolution, as mentioned earlier [15]. It therefore appears that nano-
particulate RuO, functions as both an H, evolution site and an efficient O,
evolution site in the presence of CI ™. This is also supported by the results of
photocatalytic reactions using sacrificial reagents.

4.3 Effect of Gases in the Reaction System on Activity

It is known that gaseous oxygen can suppress water splitting over a photocatalyst,
as exemplified by NiO-loaded SrTiO; [56], Pt-loaded TiO, [57], and ZrO, [58].
This is because oxygen molecules can act as an electron accepter that reacts
with photogenerated electrons in the conduction band of a photocatalyst. The
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thus-reduced O, species (e.g., O, ) are presumably oxidized by the valence band
holes, thereby lowering the utilization efficiency of photogenerated charge carriers
for water splitting. This phenomenon is known as photoreduction of oxygen.

To investigate the possibility of O,-photoreduction, overall water splitting reac-
tions were conducted using GaN:ZnO modified with RuO, or Rh,_ Cr,O3 nanopar-
ticles in the presence of various gases. In advance, it was confirmed that water
formation from H, and O, does not occur on these catalysts. As shown in Fig. 8, the
introduction of Ar gas (30 kPa) into the reaction system before irradiation sup-
pressed the photocatalytic activity of the RuO,-loaded sample by about 30%, which
can be explained as due to the effect of gas pressure. The introduction of O, gas
(30 kPa) had an even more pronounced suppression effect. It is thus clear that the
activity of the RuO,-loaded sample is suppressed by the effects of gas pressure
and O,, suggesting that photoreduction of O, occurred on the RuO,-loaded sample
during the overall water splitting reaction. In contrast, the photocatalytic activity of
the Rh,_,Cr,O3-loaded sample remained largely unchanged with respect to gas
pressure and gas composition, indicating that O,-photoreduction on this sample is
negligibly slow, which should contribute to the higher activity of the Rh,_,Cr,0O5-
loaded sample than the RuO, sample. The inertness of Rh,_,Cr,Os-loaded GaN:
ZnO for the photoreduction of O, also suggests that the catalyst is suitable for use at
atmospheric pressure. In fact, gas evolution from the reactant suspension dispersed
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Fig. 8 Effect of gases in the reaction system on photocatalytic activity of (a) RuO,- and (b)
Rh,_Cr,05-loaded GaN:ZnO for overall water splitting under visible light (4 > 400 nm), with
schematic illustrations of reaction mechanism for each system. Catalyst (0.3 g); an aqueous H,SO4
solution adjusted at pH 3.0 for RuO,-loaded sample and at pH 4.5 for Rh,_,Cr,03-loaded sample
(370 mL); light source, high-pressure mercury lamp (450 W); inner irradiation-type reaction vessel
made of Pyrex with an aqueous NaNO, solution (2 M) filter
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with Rh,_,Cr,O3-loaded GaN:ZnO powder was observable as bubbles at atmo-
spheric pressure under irradiation by a high-pressure mercury lamp via Pyrex
glass, as reported previously [13]. This is a very useful property for the purpose of
practical application.

5 Noble Metal/Chromia (Core/Shell) Nanoparticles

5.1 |Initial Concept for Designing Core/Shell-Structured
Nanoparticles as Cocatalysts

A noble metal in general functions as an efficient cocatalyst for H, evolution due to
the high exchange current density and low overvoltage for the H, evolution
reaction. However, it also catalyzes water formation from H, and O,, limiting its
usefulness as a cocatalyst for overall water splitting on a particulate photocatalyst
[59]. Several approaches have been taken in attempts to solve this problem. Sayama
and Arakawa [57] and Abe et al. [60] reported that water formation on a Pt-loaded
TiO, catalyst during overall water splitting is suppressed by conducting the reaction
in Na,COj or Nal aqueous solution.

At that time, we thought that the reverse reaction would be suppressed if
nanoparticulate noble metal cocatalysts could be coated by a certain shell, forming
a core/shell-like configuration, as shown in Fig. 9. More specifically, it was expected
that the access of H, and O, molecules to the noble metal core would be suppressed
upon such a shell coating. As such a shell component, we paid attention to Cr,O3
that has been reported to function as catalyst for some hydrogen-related reactions
(e.g., (de)hydration) [61, 62] and to be deposited through photochemical reduction
process from Cr(VI) species as the precursor. Photoreduction of Cr(VI) ions over
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Fig. 9 Initial concept for designing a core/shell-structured noble-metal/Cr,O5 cocatalyst
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a photocatalyst has been reported by several researchers as a potential method for
detoxification of hexavalent chromium species in environmental water [63]. The
thermodynamic potential for the reduction of Cr(VI) into Cr(IIl) is more positive
than that for water reduction, meaning that reductive deposition of Cr(IIl) species
onto noble metals is possible when a photocatalyst having band gap positions
suitable for water splitting is employed.

5.2 Preparation, Characterization, and Functionality

Preparation of noble metal/Cr,O5 (core/shell) nanostructures on GaN:ZnO was
conducted through a stepwise photodeposition under oxygen-free conditions [17,
18]. The scheme is shown in Fig. 10. First, noble metal nanoparticles were depos-
ited using a proper metal salt complex under band gap irradiation of GaN:ZnO
(4 > 400 nm). The as-prepared noble metal/GaN:ZnO sample was then treated
with K,CrOy, in a similar manner. The final product was washed thoroughly with
distilled water and dried overnight at 343 K.

Figure 11 shows TEM images of GaN:ZnO loaded with Rh nanoparticles
followed by treatment with K,CrO, and visible light. The primary particle size of
the introduced Rh nanoparticles is 2—3 nm, although some of them aggregate to
form larger secondary particles. On the other hand, the HR-TEM images of the
samples after K,CrO, treatment show that the noble metal nanoparticles have been
coated with a shell layer about 2 nm thick to form a core/shell nanostructure.
Although some of them form large agglomerates, the shell thickness is almost
constant (ca. 2 nm). The same phenomenon was observed regardless of the kind
of the noble metal nanoparticle and the size of such nanoparticles. Examining over
50 particles irradiated with visible light in an aqueous K,CrO4 solution showed that
all the particles had a core/shell structure. In the case of Rh as the core, it was
confirmed by XAFS and XPS that the core and the shell consist of metallic Rh and
Cr,03, respectively.
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Fig. 10 A schematic illustration of the preparation of noble-metal/Cr,O5 (core/shell) nanoparti-
cles through a stepwise deposition of metal cations and Cr(VI) ions (E, represents the band gap
energy of GaN:ZnO, while D and A indicate electron donor and acceptor, respectively)
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Fig. 11 HR-TEM images of GaN:ZnO loaded with photodeposited Rh and Rh/Cr,Oj3 (core/shell)
nanoparticles

Figure 12 shows water splitting activity of some GaN:ZnO samples under visible
light (4 > 400 nm), with schematic illustrations. Rh-loaded GaN:ZnO exhibited
little photocatalytic activity for overall water splitting even for extended periods of
irradiation, most likely due to rapid water formation on Rh nanoparticles [59].
However, GaN:ZnO loaded with the Rh-core/Cr,Os-shell cocatalyst exhibited
stoichiometric H, and O, evolution from pure water, indicating the occurrence of
overall water splitting. Addition of the Rh-loaded catalyst to the reactant suspension
containing the Rh/Cr,O3-loaded catalyst, however, resulted in a marked decrease in
the rates of both H, and O, evolution. It is thus clear that water formation from H,
and O, on unmodified Rh nanoparticles is significant in the overall water splitting
reaction, and that the suppression of water formation is essential for achieving
efficient evolution of H, and O, in this system. It was confirmed that the use of other
noble metals, such as Pd and Pt, as a core with the Cr,O3 shell in the same manner
achieves the same function as observed here for Rh.

The thickness of the Cr,Oj3 shell could be controlled by changing the initial
concentration of K,CrO, in the preparation process, although the precise control
remained a challenge [18]. With increasing the K,CrO, concentration, the shell
thickness became thicker and more homogeneous and the water splitting rate was
enhanced. After the thickness reached ca. 2 nm, further shell deposition did not
occur and the activity was saturated. The thickness of the Cr,O; shell was also
dependent on the pH of the solution in which the photoreduction of K,CrO,4 was
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Fig. 12 Time courses and schematic illustrations of overall water splitting under visible light (1 >
400 nm) using modified GaN:ZnO samples. Catalyst (0.15 g); distilled water (370 mL); light source,
high-pressure mercury lamp (450 W); inner irradiation-type reaction vessel made of Pyrex with an
aqueous NaNO; solution filter. For the reaction data shown in the right panel, a mixture of 0.15 g of
the Rh/Cr,03 (core/shell) loaded catalyst and 0.15 g of a sample loaded with only Rh was used

conducted [27]. As a result, the water splitting activity of samples prepared at
different pH were different. When the deposition pH ranged from 3.0 to 7.5, there
was almost no change in activity, and stoichiometric H, and O, were produced
under visible light. As the pH decreased from 3.0 to 2.0, however, the rates of H,
and O, evolution both decreased significantly. TEM observations showed that, in
the Rh-photodeposited GaN:ZnO treated with K,CrO, and visible light at pH 2.0,
almost no core/shell-like structure could be identified, in contrast to the sample
treated at pH 7.5. At pH below 3.0, the photoreduction of Cr(VI) ions did occur,
judging from the fact that the yellow color of the initial solution, which was due to
K,CrO,, disappeared completely, and turned a faint dark-blue, the typical color of
Cr(III) sulfate. At this pH condition, the Cr(IIl) ions could not precipitate as Cr(III)
hydroxide or oxide. Therefore, a relatively neutral pH is a better choice when
coating nanoparticulate cores with Cr,O;5 shells.

It is very important to understand the reaction mechanism at the nanometer scale
in order to design better photocatalytic systems. The mechanism of hydrogen
evolution on core/shell-structured nanoparticles was therefore investigated using
electrochemical and in situ spectroscopic measurements of model electrodes that
consisted of Rh and Pt plates with electrochemically deposited 1.8- to 3.5-nm-thick
Cr,05 [64]. For both Cr,03-coated and bare electrodes, proton adsorption/desorp-
tion and H, evolution currents were observed, and an infrared absorption band
assigned to Pt-H stretching was apparent. Therefore, the Cr,O; layer did not
interfere with proton reduction or hydrogen evolution, and proton reduction took
place at the Cr,O5/Pt interface. However, the reduction of oxygen to water was
suppressed only in the Cr,O5-coated samples. It was concluded that the Cr,O5 layer
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is permeable to protons and evolved hydrogen molecules, but not to oxygen. The
reaction mechanism of H, evolution on core/shell-structured nanoparticles (with
a noble metal or metal oxide core and a Cr,Oj5 shell) in photocatalytic overall water
splitting is illustrated in Fig. 13.

5.3 Reason for the Successful Preparation of the Core/Shell
Structure

Since CrO4* isa strong oxidizing reagent [52], it had been expected that the anions
would act as efficient electron acceptors to facilitate O, evolution on the GaN:ZnO
catalyst (Fig. 7). However, when bare GaN:ZnO was used instead of the Rh-loaded
sample, no appreciable O, evolution was detected in aqueous K,CrO, solution.
On the other hand, appreciable O, evolution as well as H, evolution was observed
when Rh/GaN:ZnO was reacted in the presence of K,CrO,, indicating the occur-
rence of overall water splitting. These results indicate that no catalytic active sites
are available for the reduction of CrO42* anions on the bare GaN:ZnO surface,
and that Rh nanoparticles are the active sites for reduction of CrO,>~ anions.
GaN:ZnO exhibits relatively high photocatalytic activity for water oxidation in
the presence of Ag™ cations as an electron accepter [21], indicating that electrons
photogenerated in the conduction band of GaN:ZnO can efficiently reduce Ag*
cations. It is thus of interest that GaN:ZnO is unable to reduce CrO427 anions even
though, thermodynamically, CrO4>~ anions are more readily reduced than Ag*
cations (Cr®*/Cr’*, 1.33 V; Ag*/Ag, 0.8 V vs NHE) [52]. To clarify the origin of
the inactivity for CrO4>~ reduction by GaN:ZnO, the adsorption of K,CrO,4 on the
GaN:ZnO surface under conditions similar to that of the photocatalytic reaction was
examined [18]. However, no adsorption was observed at K,CrO,4 concentrations
lower than ca. 0.4 mM, which is the preparation condition of the core/shell-
structured nanoparticles. It has been reported that the adsorption of CrO,>~ anions
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on a photocatalyst is essential for achieving the reduction of CrO,>~ anions [65],
as this process requires direct electron transfer from the photocatalyst to CrO4>".
Therefore, reduction of Cr042_ anions onto the GaN:ZnO surface will be unable
to take place due to the lack of adsorption sites, contributing to the successful
preparation of Rh/Cr,O; (core/shell) nanoparticles on the GaN:ZnO.

Another noticeable feature of this Rh/Cr,O5 (core/shell) system is that Cr,O;
shell deposition only occurs up to a thickness of ca. 2 nm, and is independent of
the Rh core size [18]. The reason for the inhibition of CrO427 reduction onto
Cr,03 shells of more than 2 nm thickness remains unclear, and the detailed mecha-
nism by which the Cr,Oj3 shell is formed is complex and requires further investi-
gation. One possible explanation for the self-limiting nature of the Cr,Oj3 shell
formation is the difference in reduction process between Cr®*/Cr** and H*/H,.
It appears that the photoreduction of Cr®" into Cr’* involving a complex three-
electron redox process [66] is more difficult to achieve than kinetically simpler
processes, such as H" reduction. Bard et al. reported that electron tunneling can
take place across an electrochemically passivated oxide layer with a thickness of
0.5-2.5 nm on a Cr electrode, and the tunneling electron transfer is hindered as
the thickness of the passivated oxide layer increases [67]. The same tendency has
been observed in an Rh/Cr,O3; model electrode system [64]. It is therefore
considered that the present electron penetration through the Cr,Oj; shell is due to
such a tunneling electron transfer phenomenon, but the efficiency of electron
transfer from the Rh core to the external surface of Cr,O5 shell decreases with
increasing the thickness of the Cr,Oj; shell. As a result, with increasing the
thickness of Cr,Os5 shell, the reduction of CrO42* into Cr,0Oj3, involving three-
electron transfer, would be difficult to achieve. Finally, when the thickness of
Cr,0O5 shell reaches about 2 nm, the reduction of CrO427 ceased and the H,
evolution as a result of H' reduction proceeded preferentially.

5.4 Enhancement of Activity of the Noble Metal/Cr,0;
Core/Shell System by Improving the Dispersion
of the Core Component

Among the noble metals examined as nanoparticulate cores, Rh was the most
effective for enhancing activity. However, in the original preparation method, the
Rh-based nanoparticles tended to aggregate on the catalyst [17, 18]. As the activity
of a catalytic system is, in general, dependent on the surface area available for
reaction, the activity of this system should improve further if aggregation of the
cocatalyst nanoparticles can be prevented. Therefore, attempting to increase the
dispersion of cocatalysts in a given system is a reasonable strategy for improving
the photocatalytic activity.

Highly dispersed Rh nanoparticles were successfully loaded on GaN:ZnO with-
out aggregation by adsorbing Rh nanoparticles that were stabilized by 3-mercapto-
1-propanesulfuric acid (prepared by a liquid-phase reduction method) onto GaN:
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Fig. 14 Procedural flow of proposed LPR-based method. (a) Rh nanoparticles are stabilized by
organic ligand molecules before cation exchange. (b) Stabilized Rh nanoparticles after cation
exchange. (c) Electrostatic adsorption on GaN:ZnO catalyst. (d) Removal of organic ligand
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Fig. 15 Rates of H, and O, evolution under visible light (A > 400 nm) over Cr,O3/Rh/GaN:ZnO
prepared by the adsorption method, and the previous photodeposition method. Almost the same
amount of Rh (0.3-0.4 wt%) is loaded on each catalyst. Catalyst (0.15 g); distilled water (400 mL);
light source, high-pressure mercury lamp (450 W); inner irradiation-type reaction vessel made of
Pyrex with an aqueous NaNO, solution (2 M) filter

ZnO, followed by calcination under vacuum at 673 K for 30 min [26]. The scheme of
introducing highly dispersed Rh nanoparticles onto the surface of GaN:ZnO is
shown in Fig. 14. The average size of these Rh nanoparticles was calculated to be
1.9 £ 0.6 nm, approximately one-fourth the size of particles prepared by photo-
deposition. After the Rh nanoparticles were coated with a Cr,O3-shell, the photo-
catalytic activity for overall water splitting was tested under visible-light irradiation.

Figure 15 displays the rates of H, and O, evolution over GaN:ZnO modified with
the as-prepared highly dispersed Rh nanoparticles and Cr,O; shell under visible
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light, with the HR-TEM image of the catalyst. As expected, the sample with a better
dispersion of Rh exhibited activity three times higher than an analog containing
poorly dispersed Rh nanoparticles. This follows the general trend in heterogeneous
(photo)catalysis; highly dispersed catalytic species generally provide higher reac-
tion rates. It is also noted that the activity increased with the amount of Rh added,
with the maximum activity obtained with Rh addition of 45 umol (1.5 wt%) or
higher, as shown in Fig. 16. The saturation behavior observed with Rh additions
higher than 45 pmol (1.5 wt%) suggests that adsorption—desorption equilibrium is
achieved in the preparation procedure. In fact, it was confirmed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) analysis that the actual
loading amount of Rh remains unchanged (0.3-0.4 wt%) at addition levels higher
than 45 pumol (1.5 wt%). Therefore, during the loading process, Rh nanoparticles
stabilized by organic ligands are introduced onto GaN:ZnO via adsorption—desorption.
Specifically, hydrogen bonding and/or acid—base interaction between sulfonic acid
groups on the Rh nanoparticles and surface hydroxyl and amino groups on the GaN:
ZnO both play important roles. XPS analysis for GaN:ZnO suggested that the
material possesses N—H groups on the surface [10]. Therefore, it is reasonable to
presume that sulfonic acid groups on the Rh nanoparticles interact with hydroxyl
and/or amino groups on the GaN:ZnO surface via hydrogen bonding and/or acid—
base interaction. This idea is further supported by the observation that sulfonate-
terminated Rh nanoparticles do not adsorb onto GaN:ZnO. As a result, the amount
of Rh thus introduced onto the surface of GaN:ZnO is limited to a certain level.

5.5 Application of Cr,03-Modification to Metal Oxide
Core Systems

It was thus found that the “core/shell” strategy is promising for noble-metal/
photocatalyst systems to allow for H, and O, evolution from water, because
H,—O, recombination is effectively suppressed by Cr,O5 shell surrounding noble
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metals. Although this functionality is essential for a noble metal loaded photocata-
lyst to achieve overall water splitting [17, 18], it is not necessarily required for
metal oxide loaded photocatalysts because metal oxide cocatalysts generally
exhibit negligible catalytic activity for water formation [15]. In some cases, how-
ever, metal oxide cocatalysts sometimes undergo degradation due to a change in the
cocatalyst state by exposure to the reactant solution, and catalyze O,-photoreduc-
tion (another backward reaction of water splitting), which leads to a decrease in
activity [15, 68]. Some examples were also shown in early sections. When the
loaded metal oxide nanoparticles are covered with Cr,Os, this deactivation and
O,-photoreduction should be suppressed by a reduced accessibility of the loaded
metal oxides to the reactants. This idea stimulated our investigation of the activity
of a metal oxide-loaded photocatalyst modified with Cr,Os; photodeposits for
overall water splitting.

Three metal oxide/photocatalyst systems (GaN:ZnO loaded with NiO,, Rh,03,
and RuO,) are briefly introduced here to demonstrate the effectiveness of Cr,O3-
modification toward the enhancement of water splitting rate [27]. It has been pointed
out that the activity of NiO,-loaded photocatalyst for overall water splitting can be
degraded in some cases because of the hydrolysis of NiO, into Ni(OH), and/or peeling
off [68]. Actually, the rates of H, and O, evolution over NiO,-loaded GaN:ZnO were
decreased with reaction time. Interestingly, however, modification of NiO,/GaN:ZnO
with Cr,0Oj; resulted in suppressing deactivation, yielding stable H, and O, evolution
with enhanced rates, although uniform deposition of Cr,Oj shell, as observed in noble
metal/Cr,O5 systems, was not observed. In the case of Rh,O5 cocatalyst, while the
deposition of this cocatalyst onto GaN:ZnO did not lead to any activity for water
splitting, Cr,O3/Rh,03/GaN:ZnO produced measurable amounts of H, and O, with
a stoichiometric ratio. Experimental results showed that the enhancement of activity
by Cr,Os-modification is attributed to the suppression of O,-photoreduction. A
similar activity enhancement was also observed for Cr,Oz-modified RuO,-loaded
GaN:ZnO that was demonstrated to catalyze O,-photoreduction (Fig. 8).

Thus, photodeposition of Cr,O; was shown to be an effective approach to
improve the activity for overall water splitting under visible light. Suppressing
undesirable chemical changes of a cocatalyst and/or O, photoreduction is likely to
contribute to this enhanced photocatalytic activity. Therefore, Cr,O5; photodeposi-
tion can improve H, evolution, not only on noble metals but also on metal oxides.
Another core/shell cocatalyst for photocatalytic overall water splitting, Ni-core/
NiO-shell nanoparticles, has been applied to many heterogeneous photocatalytic
systems [7, 48, 56]. Compared with Ni/NiO, the present core/shell cocatalyst has
several advantages, including (1) the possibility of using various noble metals and
metal oxides as a core for the extraction of photogenerated electrons from the
photocatalyst bulk, (2) the possibility of selectively introducing active species for
overall water splitting at reduction sites on the photocatalyst, and (3) elimination of
the need for activation treatment by oxidation or reduction. The latter two advan-
tages are effective when the core is introduced by an in situ photodeposition method.
The elimination of activation procedures involving heat treatment is especially
beneficial for non-oxide photocatalysts, which tend to be less heat-resistant.
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6 Summary and Future OQutlook

Recent research on nanostructured cocatalysts with GaN:ZnO for visible light-driven
water splitting, developed by our group, has been highlighted. Experimental results
have revealed that the water splitting activity is significantly enhanced by combining
a proper H, evolution cocatalyst with GaN:ZnO. Since our report on nanoparticulate
Rh and Cr mixed-oxide with a solid solution of GaN:ZnO in 2006 highlighted the
important role of cocatalysts in photocatalytic water splitting, additional research
on such cocatalysts was stimulated, increasing the variety of effective cocatalysts
especially for water reduction [69—72]. In the case of GaN:ZnO photocatalyst,
however, the apparent quantum yield is at most ~5% in the visible light region,
necessitating more research not only on cocatalysts but also on the improvement of
GaN:ZnO itself. The latter subject is of course now ongoing in our laboratory.

In future research on water splitting cocatalysts, it is expected that not only
searching for a new cocatalyst material and improving the preparation method but
also elucidating the reaction mechanism and interaction of the loaded cocatalyst
with the base photocatalyst will become more important. Some attempts to investi-
gate the mechanistic aspect on water splitting and the cocatalyst/photocatalyst
interface by means of kinetic analysis, spectroscopic and (photo)electrochemical
measurements, and computational approach have been reported so far [19, 25, 73,
74]. Specifically, understanding the interfacial property between a photocatalyst
and the loaded cocatalyst would be the major challenge in this research field.

It is also considered that facilitating both H, and O, evolution by introducing two
different cocatalysts onto a given photocatalyst is an important subject for enhancing
water splitting activity. As described earlier, most cocatalysts developed so far
function as water reduction sites. However, it would be natural to expect that loading
both H, and O, evolution cocatalysts onto the same photocatalyst would improve
water splitting activity, compared to photocatalysts modified with either an H, or O,
evolution cocatalyst. Very recently we demonstrated a proof of concept, using GaN:
ZnO loaded with Rh/Cr,05 (core/shell) and Mn3;0, nanoparticles as H, and O,
evolution promoters, respectively, under visible light irradiation (4 > 420 nm) [29].
The activity of GaN:ZnO modified with both Rh/Cr,0; and Mn;0, provided a
higher activity than modification with either Rh/Cr,O3 or Mn30,. This demonstrates
the validity of the above idea, and suggests a new strategy for improving photo-
catalytic activity for overall water splitting.
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Artificial Photosynthesis Challenges: Water
Oxidation at Nanostructured Interfaces

Mauro Carraro, Andrea Sartorel, Francesca Maria Toma,
Fausto Puntoriero, Franco Scandola, Sebastiano Campagna,
Maurizio Prato, and Marcella Bonchio

Abstract Innovative oxygen evolving catalysts, taken from the pool of nanosized,
water soluble, molecular metal oxides, the so-called polyoxometalates (POMs),
represent an extraordinary opportunity in the field of artificial photosynthesis.
These catalysts possess a highly robust, totally inorganic structure, and can provide
a unique mimicry of the oxygen evolving center in photosynthetic II enzymes. As a
result POMs can effect H,O oxidation to O, with unprecedented efficiency. In
particular, the tetra-ruthenium based POM [Ru" 4(u-OH),(1-0)4(H,0)4(y-SiW
056)21'"", Rug(POM), displays fast kinetics, electrocatalytic activity powered by
carbon nanotubes and exceptionally light-driven performance. A broad perspective
is presented herein by addressing the recent progress in the field of metal-oxide
nano-clusters as water oxidation catalysts, including colloidal species. Moreover,
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the shaping of the catalyst environment plays a fundamental role by alleviating the
catalyst fatigue and stabilizing competent intermediates, thus responding to what are
the formidable thermodynamic and kinetic challenges of water splitting. The design
of nano-interfaces with specifically tailored carbon nanostructures and/or polymeric
scaffolds opens a vast scenario for tuning electron/proton transfer mechanisms.
Therefore innovation is envisaged based on the molecular modification of the hybrid
photocatalytic center and of its environment.

Keywords Artificial photosynthesis - Carbon nanotubes - Oxidation catalysis -
Oxygenic metal oxides - Photo-induced electron transfer - Polyoxometalates -
Water splitting
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1 Introduction

1.1 Water Splitting

Photosynthesis is a light driven process in which carbon dioxide and water are
converted into sugar and dioxygen:

nCO, + nH,0 2 (CH,0), + n0,

In this process, H,O is the renewable multi-electron source, providing a total of
four electrons/mol by the oxidative half reaction (2H,0O — O, + 4H'" 44 ¢~
E° = 1.23 V vs NHE). Although this multi-electron pathway generates O, at the
lowest thermodynamic barrier, if compared to the stepwise one-electron, it poses
severe kinetic and thermodynamic challenges.

In green plants and some bacteria, water oxidation occurs with unmatched
efficiency at the heart of the Photosystem II (PSII) enzyme, a homodimer protein
of 650 KDa, where O, evolution is catalyzed by a polynuclear metal-oxo cluster with
four manganese and one calcium atom held together by oxygen bridges (CaMn4Oy).
The structure of the Oxygen Evolving Centre in PSII has been recently addressed by
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a combined crystallographic, spectroscopic and computational approach (Fig. 1)
[1-3]. The more recent topology involves a CaMn;0, fragment, with a trigonal
pyramidal arrangement, featuring a “fused-twist” motif, with the fourth “dangling”
Mn center bridged via three Mn-di-p-oxo-Mn (Fig. 1).

The adoption of such a catalytic core, featuring adjacent multi-transition metal
centers and multiple-p-hydroxo/oxo bridging units, is thus the winning strategy to
master a four-electron/four-proton mechanism through sequential redox steps with
high efficiency and minimal energy cost. Although several mechanistic details still
need to be clarified, a light induced four electron process, involving five oxidation
states S, (n = 0—4), seems to be responsible for the catalytic cycling of the
oxygenic CaMn4Oy core [4-7]. In this scheme, S is the most reduced state and
S4 the four-electron oxidized state, whereby the latter reacts quickly (1 ms) to
release O,, returning to the initial Sy form of the enzyme (Kok cycle, Fig. 2) [8].

The global photo-oxidation cycle is driven by Pego”, a chlorophyll pigment
radical cation, generated upon illumination (680 nm is the optimal absorption
wavelength) and which is by far the strongest oxidizing agent known in living
systems (Pgso/Peso = 1.2—1.25 V). In the natural system, Pego" is generated in close
proximity to a redox active tyrosine (TyrZ), in turn located at ca. 7 A distance from
the manganese cluster. Such a donor—acceptor sequence is pivotal to ensure a
photo-induced electron flow in the sequence Peso — TyrZ +— CaMn,O,, to
power the So — S, evolution within a nano- to microsecond time domain. On the
other hand, the coupled four proton release, compensating for charge increase,
involves water molecules coordinated at the manganese core and via hydrogen-
bonding within the organic domains of the surrounding proteins.

In such an optimally merged hybrid nano-environment, oxygenic photosynthesis
turns out to effect successfully a solar-activated 4e /4H" catalytic routine at a
moderate overpotential (ca. 0.3-0.4 V at physiological pH), with multi-turnover
(TON) efficiency yielding up to ca. 400 TON per second and an overall quantum

Fig.1 Schematic view of the
oxygen evolving center in
PSII. The figure was kindly
provided by Professor James
Barber (Imperial College,
London, UK) based on the
coordinates PDB file 1S5L for
the crystal structure of PSII
isolated from the
cyanobacterium,
Thermosynechococcus
elongatus (2]
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Fig. 2 The Kok cycle of the

oxygen evolving center in Psso
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yield close to 10%. However, despite some elaborate control/protection strategies,
under turnover regime the PSII enzyme undergoes to fatal damage, thus requiring a
perpetual self-healing reconstruction, occurring every 30—60 min.

Artificial photosynthesis is a Holy Grail of modern science [9-14]. Actually, the
effective production of high-energy content chemical species, to be used as fuels,
by exclusively using solar irradiation would revolutionize modern society, giving
access to a virtually inexhaustible energy source, equally distributed on Earth [15].

A major goal is to convert solar energy into chemical energy, by means of the
light-driven splitting of water into its high-energy constituents, that are molecular
oxygen and hydrogen (2H,O — O, + 2H,), an endoergonic process by 4.92 eV
(113.38 kcal). In analogy to the natural photosynthetic scheme, an artificial system
should thus integrate the following functional components, in a “modular”
approach: (1) light-harvesting antennae; (2) charge separation units; (3) multi-
electron transfer catalysts [16, 17]. Whereas the design of light-harvesting antenna
systems, as well as of charge separation units, has been extensively pursued in the
last few decades [13, 18-23], the bottleneck of research in artificial photosynthesis
remains the design of synthetic catalysts able to drive efficiently light-induced
multielectron transfer processes, in particular for the water oxidation semi-reaction
[5, 24-27].

2 Oxygen Evolving Catalysts

Suitable oxygen evolving catalysts (OECs) must respond to the requirements of (1)
availability of different oxidation states, (2) ability of transferring protons, and (3)
possibility to form metallo-oxo species, responsible for the oxygen—oxygen bond
formation.



Artificial Photosynthesis Challenges: Water Oxidation 125

Since robust molecular OECs have been elusive species for a long time, most
research has been focused on metal oxides, including their colloidal form, and some
results are presented below.

2.1 Metal Oxides

Ruthenium based catalysts have attracted interest as water oxidation systems, since
the discovery, by J. Kiwi and M. Gratzel [28, 29], that nano-RuQ, particles with
average hydrodynamic radius of 28 nm, stabilized by polyvinyl alcohol as additive,
exhibit oxygen evolution activity when added to a solution of cerium(I'V) as oxidant.
The resulting oxidation rate exceeded by two orders of magnitude that achieved with
RuO, powder, despite an excess of about 40 times being used in the latter case.
RuO; colloids were then integrated in a redox system to allow catalytic light driven
splitting of water into hydrogen and oxygen, in the presence of [Ru"(bpy)s]*"
(bpy = 2,2’-bipyridine) as the photosensitizer and dimethylviologen as the electron
acceptor, responsible for H, production [30]. Colloidal RuO, was also co-deposited
on nanoparticles of TiO,, with Pt(0) as the hydrogen evolving catalyst [31].

A crucial parameter affecting RuO; activity is the hydration grade, to be assessed
at ~12-14%, to avoid (1) anodic corrosion of highly hydrated samples or (2)
decreasing of surface area in the poorly hydrated batches. This is generally con-
trolled upon heating at 150 °C for 2-5 h [32-35]. Mills et al. reported a simple
procedure for photodeposition of RuO, nanoparticles onto TiO,, starting from a
perruthenate solution. The resulting material, featuring evenly distributed coverage
with 2-3 nm catalyst particles was tested as a catalyst for water oxidation in the
presence of Ce(IV), where it exhibited a fairly low TON > 16 for oxygen evolution.

Interaction with visible light of Ru(Il) polypyridine sensitizers [36], and in
particular [Ru(bpy)3]2+, has been achieved both in homogeneous solution and
under heterogeneous conditions [37, 38].

Pillai et al. reported electrocatalytic water oxidation by using an electrode
prepared by deposition of a dilute Nafion solution containing colloidal RuO,, and
subsequent dipping of the electrode surface in an [Ru(bpy)s]*" solution, resulting in
a composite containing 0.1-1% of RuO, and 0.03% of [Ru(bpy)_g]2+ [38]. Water
oxidation in acetate buffer (pH = 4.6), was observed at 0.9 V vs SCE, corres-
ponding to 0.2 V overpotential.

Yoshida et al. reported oxygen evolution by a soft material containing RuO,
nanoparticles dispersed by sodium dodecyl sulfate and embedded into a polymer of
poly(N-isopropylacrylamide), cross-linked and sensitized with [Ru(bpy)s]*" deri-
vatives, in the presence of [Co(NH3)5Cl]2+ as the sacrificial oxidant [37].

The gel structure allows the organization of the catalytic and sensitizer domains
into a functional material with high surface area where trapped water pools are
faced to such catalytic domains.

Colloidal iridium oxide IrOy is still one of the most efficient catalysts for water
oxidation to date [39]. Bulk IrO, powder and colloidal IrO, -xH,O have been found
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to be more stable than RuO,, which suffers for anodic corrosion in the presence of
strong oxidants [40—42]. Nanostructured IrO, presents an implemented surface area,
and exhibits a low overpotential once deposited on ITO [43]. In this case, citrate-
stabilized nanoparticles (50—100 nm) can form a monolayer upon formation of ester
bonds between the carboxylate groups and hydroxyl groups on the ITO surface.
Water oxidation occurred at 1 V vs SCE (pH 5.3), the overpotential observed
was 0.325 V, with an estimate TOF up to 6.9 s~ ' at = 0.625 V. Smaller nanopar-
ticles (1.6 £ 0.6 nm) were used to prepare an IrOy film (2 nm thickness) on glassy
carbon electrodes upon controlled potential electro-flocculation at pH 13 [44, 45].
Overpotentials of 0.15 — 0.25 V were observed in a wide pH range, showing a 100%
current efficiency at n = 0.25 V.

In 2000, T. E. Mallouk and coworkers reported the combination of citrate
stabilized colloidal IrO, and [Ru(bpy)3]2+ photosensitizer to achieve water oxida-
tion in aqueous Na,SiF¢-NaHCO; buffer [41]. A heterogeneous setup was obtained
by anchoring the sensitizer to a cationic polymer [40, 46]. At high concentration of
the photosensitizer and low loading of the IrO, catalyst, a turnover frequency of
160 s~ per surface iridium atom was observed [40]. A further improvement of the
system was achieved by using well dispersed, small (1-5 nm) IrO, nanoparticles,
stabilized by bidentate carboxylates, which can also be introduced on the ancillary
ligands of the sensitizer [42]. The photoinduced electron transfer from Ir(IV) to [Ru
(bpy)s]*" occurs concomitantly with oxygen production in the milliseconds time-
scale, following second order kinetics with k = 1.3 x 106 Mgt [40], and
therefore this has been recognized as the rate determining step of the process.
Direct tethering of the IrO, nanoparticles to the sensitizer molecules containing
pendant succinate or malonate groups results in an improvement of the electron
transfer rate, occurring with a first-order rate constant k = 8 x 10*s™ .

These results have set the basis for an advanced proof-of-principle concerning
the artificial leaf functional assembly (Fig. 3). In this case, the photosensitizer-IrO,
assembly was covalently bound to nanoparticulate TiO, (anatase) through phos-
phate ester bonds [47]. Nevertheless, despite the covalent binding between the
photosensitizer and the catalyst, the electron transfer between the Ir(IV) and the
oxidized photosensitizer remains slow, occurring in the milliseconds timescale, still
limiting the production of intense photocurrents.

In comparison with [Ru(bpy)3]2+, the tetranuclear Ru(Il) dendrimer [Ruf{(p-dpp)
Ru(bpy),}51** (dpp = 2,3-bis(2'-pyridyl)pyrazine) features higher molar absorptiv-
ity, with a significant extension towards the red portion of the visible of the spectrum,
as well as a more positive redox potential (1.70 V and 1.26 V vs NHE in water, for
the tetranuclear compound and [Ru(bpy)3]2+, respectively) [48]. Upon irradiating
(A > 550 nm) a solution of [Ru{(pt-dpp)Ru(bpy)2}3]8+ and iridium oxide nanoparti-
cles (20 nm diameter), stabilized by citrate anions, in the presence of Na,S,0g as the
sacrificial electron acceptor, the observed oxygen evolution was six times higher with
respect to that obtained by an equimolar solution of [Ru(bpy)s]*", with overall
quantum yield, ¢ = 0.015 (expressed as mol O,/photon). By using malonate-stabi-
lized IrO, nanoparticles and [Ru{(p-dpp)Ru(bpy), }3]8+, the photochemical quantum
yield for oxygen production, calculated at the fixed excitation wavelength of 550 nm,
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bias voltage

I =) |
Dye- /| + H,O
sensitized | 1102 - TiO, H =
TiO, film o" N AN 2

TiO, |

Fig. 3 The water splitting dye sensitized solar cell proposed by Mallouk et al. (reproduced from
[47] with authorization from ACS)

was 0.055 [48]. Moreover, it could be inferred that the system using [Ru{(p-dpp)Ru
(bpy)2}3]8+ as the sensitizer instead of [Ru(bpy)3]2Jr should be more stable, due to the
more efficient hole scavenging on the oxidized photosensitizer, thus leading to a
decreased attack of the oxidized photosensitizer by the produced O, [49]. Actually,
lower irradiation energy and faster ET rates could be pivotal to avoid sensitizer
degradation.

In 2008, H. Han and H. Frei reported the assembly of Ir oxide nanoclusters
within a totally inorganic photocatalytic unit on mesoporous silica AIMCM-41,
where the sensitizer is a binuclear TiOCr charge-transfer chromophore [50]. When
exciting the chromophore with visible light (A = 460 nm), a metal-to-metal charge-
transfer Ti(IV)OCr(Ill) — Ti(III)OCr(IV) occurs. Cr(IV) is then reduced by Ir
oxide, and in the presence of persulfate as sacrificial acceptor, oxygen evolution
is observed with an estimated quantum efficiency of 13%.

IrO, nanoparticles of 2 nm diameter were also deposited by electrophoresis onto
an Fe,05 photoanode, yielding an unprecedented 3 mA cm 2 value of photocurrent
at 1.23 V vs reversible hydrogen electrode, under simulated sunlight conditions.
However, decreased performances were observed after repetitive scans, likely due to
the degradation of the electrode surface and loss of the catalytic components [51].

The interest in cobalt as a water oxidation catalyst stems from its abundance on
Earth and its low cost, compared to second row transition metals.

Cobalt oxide and soluble aquo or hydroxo complexes have been known as water
oxidation catalysts since the early 1980s, under heterogeneous and homogeneous
conditions [52, 53]. However, cobalt ions in aqueous solution present poor stability,
showing detrimental separation as insoluble oxides, these latter being characterized
by very low activity.
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D. Nocera and M. Kanan reported the in situ formation of a catalytic film
composed by Co(IIl) phosphates, hydroxides, and oxides (with Co:P ratio of ca 2:1)
upon application of positive potentials to indium tin oxide (ITO) and fluorine tin
oxide (FTO) electrodes in neutral aqueous solutions containing Co(II) and phos-
phate ions [54-56]. At pH = 7, room temperature and in air atmosphere, electro-
chemical oxygen generation is observed at 280 mV overpotential, while 8 h of
electrolysis at 1.29 V (corresponding to 470 mV overpotential) leads to prolonged
oxygen generation, corresponding to 5.2 turnovers per Co center.

X-Ray Absorption Near-Edge Structure (XANES) experiments indicated an
octahedral coordination environment for the cobalt centers, with six oxygen ligands,
Co(IIl) being the major oxidation state [57]. Extended X-Ray Absorption Fine
Structure (EXAFS) revealed four metal-metal interactions per Co ion with a mean
Co—Co distance of 2.81 A, typical of a di-p-oxo bridge connection, specifically in
Co-oxo cubanes that share Co corners with phosphate not directly bound to Co.

The authors proposed a catalytic cycle in which Co(II)-water moieties undergo
proton coupled oxidation, with phosphate being the proton acceptor, to form adjacent
Co(IV)-oxo units, finally responsible for oxygen generation [58]. Important insights
on the reaction mechanism come from Electron Paramagnetic Resonance (EPR)
evidence of low-spin Co(IV) formation (g.;r = 2.27) upon preparation of the film at
potentials of 1.14 and 1.34 V [59].

An outstanding feature of Nocera’s catalyst is its self-healing attitude, in the
presence of proton accepting electrolytes, in analogy with the oxygen evolving
center in Photosystem II enzyme [60]. Furthermore, oxygen evolution is not limited
by the presence of chloride anions (no Cl™ oxidation to chlorine is observed), also
allowing efficient oxygen evolution from sea water.

More recently, Nocera’s catalyst was electrodeposited onto mesostructured
hematite (a-Fe,O3) [61], and photochemically deposited, as 10-30 nm nanoparti-
cles, on a semiconductor photoanode of ZnO [62], leading to performance and
fabrication improvements. The resulting photoanodes show >0.35 V and 0.23 V
reduction, respectively, of the bias voltage required for promoting water oxidation,
with respect to bare oxides [63].

Another excellent example of an inorganic Co-based water oxidation catalyst
was recently reported by Jiao and Frei [64] dealing with immobilization of nanos-
tructured Co;04 clusters in mesoporous silica (SBA-15) by means of wet impreg-
nation methods. Transmission electron microscopy (TEM) confirmed the integrity
of the silica structure, after formation of the Co3;0,4 nanoclusters inside the channels
of 8 nm diameter. Structural characterization revealed spheroid-shaped bundles of
parallel Co30,4 nanorods of spinel structure inside the silica. Light driven oxygen
evolving catalysis was performed in aqueous suspension (pH = 5.8, with laser at
476 nm), using the [Ru(bpy)3]2+/820827 system described above. The nanostruc-
tured material (4.2% loading) showed an increased catalytic activity with respect to
commercially available micrometer sized Co3O, particles, with estimated turnover
frequencies TOF = 0.01 s~ per Co surface center compared to TOF = 0.0006 s~
for the commercial catalysts. The much larger surface area provided by the internal
structure of the silica channels is probably a major factor for the high turnover
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frequency observed for the nanoclusters. The quantum yield of the process, reported
as the number of oxygen molecules per photons, was 18%.

A third selected example of cobalt based water oxidation material was reported by
Wu et al., with the growth of Ni,Co;_,0O, nanowire arrays on conductive titanium
foils, showing the advantage of great surface area and improved conduction [65].
While pure Co;04 nanowires have a 400 nm diameter and 15-20 pum length, increas-
ing the nickel amount they become thicker and rougher, providing an increase in
surface area. The spinel crystal structure of Co;04 was maintained after doping. Such
deposited materials were used as oxygen evolving anodes in basic conditions (1 M
NaOH), and water oxidation was observed at ca. 0.4 V overpotential. At the same
overpotential value the current is six times higher with doped nanowires with respect
to pure Co30y4. Besides the increase in the number of active sites on the nanowires
surface, the electrical conductivity was also increased up to five orders of magnitude.

Being the metal present in the natural oxygen evolving center of Photosystem II,
manganese oxides have been widely investigated as catalysts for water oxidation [32,
33, 66]. Manganese is about 30 times more abundant than cobalt, while displaying a
decreased toxicity. Mn,O5 exhibits oxygen evolution activity under photochemical
conditions, coupled with the light/[Ru(bpy);]**/S,0s>~ system, but the particles
display a low surface area (1.1 m* g~ "). Using a similar procedure adopted for the
Co;04 nanoclusters described above, Frei et al. were able to prepare nanostructured
Mn oxide clusters (7090 nm diameter) in mesoporous KIT-6 silica (8% loading) [67].
The Mn,0; clusters were formed inside the silica upon calcinations at 600 °C, with
retention of the cubic mesoporous structure. Oxygen evolution was performed by
irradiation with visible light of an aqueous solution (Na,SiFs/NaHCO; buffer,
pH = 5.8) of Na,S,0g4 and [Ru(bpy)3]2+ as the photosensitizer, in the presence of
the Mn oxide nanoclusters. Oxygen evolution was observed until total consumption of
the persulfate sacrificial oxidant, while restoring the initial reaction conditions showed
unchanged activity of the catalyst, confirming no-deactivation of the Mn centers.

A bio-inspired, all inorganic, OEC based on calcium—-manganese oxide particles
was proposed by Kurz et al. [68]. Particles of a-Mn, 03 and CaMn,0, - H,O with high
surface area were obtained by careful oxidation of Mn(Il) ions in basic aqueous
solution, with or without Ca, respectively, after calcination at 600 and 400 °C.
Scanning electron microscopy (SEM) analysis confirmed the formation of particles
of 5-50 pm size and surface area of 16.6 and 205-303 m* g~ were measured for a-
Mn, 05 and CaMn,0, - H,0, respectively. Both «-Mn,05 and CaMn,0, - H,O were
observed to catalyze oxygen evolution in the presence of sacrificial oxidants and also
in the light driven [Ru(bpy)3]ZJ’/[CO(NH3)5C1]2+ system (acetate buffer at pH 4).
Observed rates, expressed in mmolg,molyy, s~ were 0.325 and 0.350 for CaMn,O,
- 4H,0 and CaMn,0, - H,O. The high surface area of the CaMn,0, - H,O samples is
not the only factor enhancing the catalytic properties of these materials, since a sample
of CaMn,0, - H,O with low surface area (14.8 m’ gfl) still yielded an impressive
oxygen evolution rate of 0.225 mmolg; mollel s~ 1. Drawbacks are the poor stabil-
ity of the calcium manganese oxide catalysts in acetate buffer, and the strong influence
of the hydration grade on the turnover performance, as the anhydrous CaMn,0O,
obtained after extensive calcination (marokite) is inactive.
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2.2 Polyoxometalates

Catalysts based on metal oxides have several related drawbacks, including low
turnover frequencies since the active metal sites are usually on the surface of the
material, slow electron transfer to photogenerated oxidants, limited possibility of
tuning the electronic properties of the catalyst, and inherent difficulties in the
comprehension of the reaction mechanism. This is why the development of molec-
ular OECs has attracted much attention over the last few decades.

The first synthetic, non-proteic molecular catalyst capable to oxidize water was
reported about 30 years ago [69]. This was the so-called “blue dimer,” [(bpy),Ru
(HZO)(u-O)Ru(HzO)(bpy)2]4+. Once electrochemically or chemically activated, the
blue dimer undergoes the stepwise loss of four electrons and four protons, produc-
ing an intermediate reactive species that oxidizes water [70, 71]. Unfortunately, the
blue dimer loses its catalytic efficiency after a few cycles due to the degradation of
the organic ligands. However, the blue dimer paved the way to the discovery of
other water oxidation catalysts, most of them still based on ruthenium centers
[72-78]. In the last few years, molecular catalysts based on iridium centers [79]
as well as on cheaper metals such as manganese [80-84], cobalt [85], and iron [86]
were also developed.

In recent years, a breakthrough in this field concerned the adoption of totally
inorganic transition metal substituted polyoxometalates (POMs) as molecular cat-
alysts for water oxidation.

POMs are characterized by molecular, discrete, nanosized multi-metal oxide
polyanionic scaffolds, with a structural motif being at the interface between molec-
ular complexes and extended oxides. Therefore, they show the reactivity of metal
oxides with, in addition, the tunability of a molecular species.

The first paper dealing with POMs in Oxygen Evolving Catalysis was reported
in 2004 [87] when Shannon et al. observed electrochemical oxygen generation at
low potentials, (E0 = 0.756 V vs NHE), from a 2 pM aqueous solution of
Na4[Ru,Zn,(H,0),(ZnWo0O34),] in phosphate buffer at pH = 8.0, using pulsed
voltammetry. The proximity of the two ruthenium centers was considered a key
factor, but studies concerning the reaction mechanism were not performed.

In 2008, simultaneously and independently, two groups reported the tetra-
ruthenium POM {Ru4(p-OH)»(11-0)4(H>0)4[7-SiW 100361} '*~ (Ruy(POM)) as a
high efficient water oxidation catalyst [77, 78]. The structure of Ruy(POM) is
reported in Fig. 4, being two staggered y-[SiW¢036]® ™ units which coordinate an
adamantane like tetraruthenium-oxo core, which evidences strict analogies with
the tetramanganese oxygen evolving site of Photosystem II. Indeed, in both cases,
four redox-active transition metals are connected through p-oxo or p-hydroxo
bridges, with the metal centers coordinating a water molecule as the terminal
ligand.

Activity of Ruy(POM) in water oxidation catalysis was initially studied in
the presence of sacrificial oxidants such as Ce(IV) and [Ru(bpy)3]3+[77, 78].
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Fig. 4 (a) Structure of Ruy(POM). (b) Representation of the tetraruthenium-oxo core in
Ruy(POM)

In the presence of excess of Ce(IV), up to 500 catalytic cycles for oxygen
evolution were observed (calculated as moles of oxygen produced per mole of
catalyst employed), with an initial turnover frequency of 0.125 s~ ', while a second
recharge in Ce(IV) induces an equivalent oxygen production.

When [Ru(bpy)3]3+ is used as the sacrificial oxidant, up to 18 turnovers are
obtained in 3040 s of reaction, corresponding to a turnover frequency of
0.45-0.60 s~ .

The full comprehension of the reaction mechanism of water oxidation catalyzed
by Ruy(POM) is still under investigation [88-90]. A common conclusion among
the studies reported to date is that this species undergoes several consecutive single
electron oxidation steps, finally yielding a high valent intermediate responsible for
oxygen production in a single four electron step. From the cyclic voltammetry held
in acidic aqueous solution, the shift of the redox potentials by changing the pH of
the media seems to confirm a contemporary exchange of one proton per redox event
[89]. The proton coupled electron transfer also seems to be supported by resonant
Raman spectroscopy of high valent derivatives of Ruy(POM), generated in situ by
stoichiometric addition of Ce(IV): indeed, bands in the 450-550 cm ! spectral
region were attributed to stretchings of Ru"-OH moieties, generated upon oxidation
of the Ru'V-OH, in the parent species [88]. It is worth noting that these studies were
performed in acidic aqueous solution (pH = 0.6-2.0), and then the related conclu-
sions cannot also be directly transferred for the catalysis held at neutral pH.
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Fig. 5 Representation of the structure of [Co4(H20)2((x-PW9034)2]107

The species Ruy(POM) has also been extensively studied in light driven water
oxidation that will be presented in the next paragraph.

The iridium based POM [(IrCl4)KP2W20072]14_ was prepared upon isomeriza-
tion of [0t,-PaW,0¢;1'"" in the presence of IrCl; and WO, at pH 6.8, followed by
addition of 1M NaOH, resulting in one IrCl, unit supported on one of the two bridged
PW (03¢ subunits. The complex catalyzes the reduction of [Ru(bpy)3]3+ ina 20 mM
sodium phosphate buffer solution (pH 7.2), with 30% O, yield. However, the similar
reactivity of IrCl; suggests that the complex dissociates into [IrCl4(H,O),]™ and
[KP,W2007,]" [91].

The tetracobalt substituted POM [Co4(H,0),(0-PWo034),]'" was recently
reported to be an actual water oxidation catalyst [85]. This species features a
Co,40, core, again resembling the active site of the natural enzyme Photosystem II
(Fig. 5). Water oxidation was studied in phosphate buffer (pH = 7.5-8.0), using
[Ru(bpy);]** as sacrificial oxidant: despite a reduced reactivity of the POM with
respect to Co(NOs3), (19.5 and 23.4 turnovers per cobalt atom, respectively), the
complex presents an interesting structural stability. Using very dilute catalyst con-
centrations, up to 1,000 turnovers were observed in 3 min, corresponding to an
outstanding turnover frequency >5 s~

2.3 Light Driven Water Oxidation by POMs

Most of the molecular OECs reported to date have been investigated by electro-
chemical or chemical activation, while only a few of them take advantage of
photoactivation [92-99].

The following equations illustrate a possible general scheme for photoinduced
water oxidation assisted by a sacrificial electron acceptor. In such equations, P and
SA are the photosensitizer and the sacrificial oxidizing agent (primary electron
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acceptor), respectively. Once formed by sunlight (1), *P undergoes oxidative
electron transfer in the presence of a primary acceptor, the sacrificial agent SA,
which can be a molecular species as well as a semiconducting surface, leading to
the formation of the oxidized photosensitizer, P* (2). Equation (3), decay of *P to
the ground state P, is a competing reaction, and the ratio between (2) and (3) rate
constants determines the efficiency of P production, which can be optimized (i.e.,
made close to 1) by adjusting the concentration of SA. Equation (4), back electron
transfer between P* and SA™, is a poisoning reaction for the overall process;
however, it can be eliminated if the sacrificial agent decomposes quickly upon
reduction, as is the case with the persulfate anion (520827).

P+ hy —*P (1)
*P4+SA — PT + SA™ (2)
*P — P + hv'and/or heat 3)
P" +SA™ — P+ SA 4)
SA™ — products ®))
P" + OEC — P+ OEC* (6)

Once formed, P* reacts with OEC, leading to the restoration of the ground state
P, which is ready for another cycle, and to the formation of the mono-oxidized
catalyst (6).

P™ + OEC' — P + OEC** (7
Pt + OEC?" — P + OEC*" ®)
P* + OEC*" — P 4+ OEC** 9)
P + OEC™" — P* 4 OEC"~ 1+ (10)
OEC*" +2H,0 — OEC + O, + 4H" (11)

Equations (7)—(9) are the successive, stepwise oxidations of OEC* by P* ulti-
mately leading to OEC*, the needed active catalyst that can oxidize water (11).
Thermodynamics factors are expected to be different for the various stepwise
mono-oxidation processes shown in (6)—(9). Equation (10) is another poisoning
reaction, which can involve any OEC"* species (with n = 1-3) and could compete
with (2); (10) can be minimized by keeping low the concentration of OEC.
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It has to be noted that, since four photoinduced cycles are needed to produce the
active OEC** catalyst form, the photochemical quantum yield of molecular oxygen
produced, ® (O,), per moles of adsorbed photons, can reach a limiting value of
0.25, unless some radicalic process is involved. Actually, in the specific (but quite
common) case when persulfate ion is used as the sacrificial agent SA, the limiting
value can reach 0.5, as the product of the reaction in (2) is the sulfate radical anion,
which can promptly react with P to generate another molecule of oxidized photo-
sensitizer P* or could directly react with OEC”~"* to form OEC™*. In both cases,
two photons are needed for producing a molecule of oxygen.

In light driven water oxidation, the first requirement of a good photosensitizer
P is that it absorbs as much visible light as possible. Then it has to undergo a fast
and efficient photoinduced electron transfer leading to its oxidized form P". To this
end, a long-lived excited state of "P is highly desired. It is also required that the
reducing power of 'P and the oxidizing power of P* must be thermodynamically
favorable to accomplish the electron transfers.

In this regard, the most common photosensitizer used is [Ru(bpy)s]**, although
porphyrins have also been employed [100]. The choice of [Ru(bpy)3]2+ as the
photosensitizer is due to the quite interesting and convenient properties of such a
species, including absorption in the visible region, relatively long-lived excited-state
lifetime, reversible redox processes, and stability in the ground and excited states
[101, 102]. Actually, the excited state of [Ru(bpy)s;]** is a triplet metal-to-ligand
charge-transfer CMLCT) state, having an excited-state energy of about 2.12 eV with
a lifetime close to 0.5 ps and a luminescence quantum yield of 0.028 in air-
equilibrated aqueous solution [101, 103]. Such excited-state properties indicate
that the decay processes leading to the ground state in [Ru(bpy);]** are relatively
slow. In fact, the >MLCT state of [Ru(bpy)s]** can be involved in many efficient
electron transfer processes, also owing to the mild and reversible redox properties of
the compound. Noticeably, the oxidation potential of [Ru(bpy);]** in aqueous
solution is 4+ 1.26 V vs NHE, high enough to access catalytic water oxidation.

In the first example of light driven water oxidation catalyzed by Ruy(POM), [Ru
(bpy)3]2+ was used as the photosensitizer (A,,x = 454 nm, ¢ = 14,000 M cmfl)
with persulfate as sacrificial acceptor in phosphate buffer [104]. With this system, up
to 350 turnovers and an initial turnover frequency of 8 x 10~% s~ ' were observed
for the tetraruthenium POM, while the quantum yield was found to be 0.045.
Similar results were observed for the isostructural catalyst {Ru4(p-O)s(n-OH)
(H,0)4(y-PW¢036)2}°~, where phosphorus instead of silicon is present as the
central heteroatom of the POM units. The reaction with photogenerated [Ru
(bpy)3]3+ in the presence of peroxodisulfate in Na,SiF¢/NaHCO; buffer (pH 5.8)
affords O, with 25% yield (vs 50% with the silicon analog), with turnover
frequency reaching 0.13 s~ ' and total turnover number up to 120 [105].

Besides the excellent features of RusPOM as an OEC, its good performance in
light driven water oxidation with [Ru(bpy)s]** as the photosensitizer is also ascribable
to fast reaction kinetics of the electron transfer from the catalyst to the photogenerated
oxidant (6). This was investigated by using [Ru(bpy);]**, photochemically generated
by [Ru(bpy)s]*" in the presence of persulfate anions [106]. In a typical nanosecond
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laser flash photolysis experiment (excitation, 355 nm; FWHM, 8 ns), the recovery of
the bleach at 450 nm, due to the regeneration of [Ru(bpy)3]2+, is accelerated by
increasing Ruy(POM) concentration. The kinetics of the hole scavenging, see (6),
are pseudo-first order when [[Ru(bpy)3]3+] << [Ruy(POM)], depending on the
catalyst concentration, and are characterized by a bimolecular rate constant of
(2.1 £ 04) x 10° M~ ! s7!, close to the diffusion-controlled limiting rate.

A serious drawback of [Ru(bpy)_;]2+ as a photosensitizer is its limited absorption
in the visible region. In order to take full advantage of solar radiation, sensitizers
having a larger cross section with solar light are desired. In the last 20 years,
promising multinuclear Ru(II) and Os(II) dendrimers based on 2,3-bis(2'-pyridyl)
pyrazine (dpp) and other related bridging ligands have also been developed
[107-113].

First, second, and third generation dendrimers — containing 4, 10, and 22 metal
centers, respectively — based on Ru(Il) metal centers, bpy as peripheral ligands, and
dpp as bridging ligands have been prepared (Fig. 6). For this series of compounds,
the absorption spectrum extends beyond 700 nm, due to MLCT bands involving
both peripheral bpy and bridging dpp ligands as acceptors, with molar absorption
increasing accordingly to the number of chromophores. Interestingly, the first
oxidation potential of such compounds occurs around +1.70 V vs NHE, and
involves the practically simultaneous one-electron oxidation of all the equivalent
peripheral metal centers.

Coupling [Ru{(p-dpp)Ru(bpy), }31** with Ru,(POM) has given quite interesting
results [114]. The time-profile of oxygen evolution during continuous irradiation of
a phosphate-buffered solution (pH = 7.2) containing [Ru{(p-dpp)Ru(bpy),} 3]8+,
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Fig. 6 Schematic representations of dendrimeric ruthenium based polypyridine photosensitizers
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Ru4(POM), and persulfate is represented by linear kinetics, maintained up to ca.
80% reaction within the overall experimental time (180 min), achieving 80 turn-
overs with an initial turnover frequency of 8 x 10~ s™'. In this time frame, the O,
evolution accounts for a persulfate conversion >90% (average yield over three
runs). Similar results are obtained by using different buffers and pH conditions
(Na,SiFg, 2.6 x 107> M/Na,B,0, 1.14 x 1072 M; pH = 5.8).

Besides the outstanding stability of the system (about 5% of photosensitizer
degradation within the overall experimental time takes place), the most intriguing
result obtained by this experiment is probably the photoreaction quantum yield.
Indeed, a quite impressive quantum Yyield for oxygen production of 0.3 was calcu-
lated by irradiating at 550 nm [114]. This value, to the best of our knowledge, is the
highest photoreaction quantum yield ever reported for photoinduced water oxida-
tion. The ion pairing between the positively charged Ru-polypyridine sensitizers
and the negatively charged Ruy(POM) catalyst could favor the rate constant of hole
scavenging processes.

3 Carbon Nanotubes Potential in Water Splitting Catalysis

A key component for the preparation of Oxygen Evolving (Photo)Anodes is the
templating and conductive substrate which is expected to drive the electron flow
from the OEC toward the electrode. A wide surface area, displaying multiple sites
for the grafting of the OEC as well as of the sensitizer is a fundamental requisite to
allow easy assembly of the molecular components in a modular approach. With this
aim, carbon nanotubes have been extensively used [115, 116]. An overview of their
use to manage charge transfer processes, including their successful applications in
water splitting, will be presented in the next paragraphs.

3.1 Carbon Nanotubes as Active Components in Charge
Separation Dyads

Very soon after their discovery both fullerene and carbon nanotubes (CNT), thanks
to their extended m-system, were employed for photonic applications spanning from
photochemical activated water splitting to CO, reduction. Light driven water
splitting and reduction of CO, still represent some of the main challenges in the
field of renewable energy; but, as far as CNTs are concerned, one of the major
obstacles to their use is represented by the complete lack of solubility in most
organic and aqueous solvent. Many different attempts to produce chemical modifi-
cation of CNT skeletons are still a hot topic in carbon nanostructure chemistry
[117-119]. Two main pathways, involving non-covalent and covalent chemistry
(fig. 7), are pursued, but it is renowned that 1,3 dipolar cycloaddition of azomethine
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ylides [120, 121] has paved the way towards the fabrication of CNT-based donor—
acceptor ensembles (Fig. 7).

Besides the first report by Nakashima et al. [122] using porphyrins to solubilize
single-walled CNTs (SWCNTs), Guldi et al. reported the functionalization of carbon
nanotubes employing a ferrocenyl derivative [123]. Ferrocene is a well-known
electron donor that is able to promote multi-electron charge transfers. Afterwards,
the same group worked on the non-covalent immobilization of porphyrins onto CNTs
[124, 125]. In this case, the first step is represented by the solubilization of single-
walled CNTs (SWCNTs) upon grafting a poly(sodium 4-styrenesulfonate) polymer
(PSS), followed by the immobilization through electrostatic binding of an octapyr-
idinium free base porphyrin salt (SWCNT-PSS~/H,P"). This compound was inves-
tigated by cyclic voltammetry and fluorescence, pointing out the possibility to
produce, upon excitation, long- (10.2 ns) and short-lived (0.3 ns) charge separation
intermediates [124]. On the other hand, porphyrins can be trapped onto the CNTs
surface exploiting supramolecular chemistry [125]. Water soluble pyrene salts are
known to promote solubilization of CNTs in aqueous solvent thanks to m—r intermo-
lecular interactions. Indeed, trimethyl ammonium acetyl pyrene can be used to
suspend CNTs and tailor the binding of an anionic electron donor Zn-porphyrin
(ZnP) systems in a hierarchical fashion (SWCNT/pyrene*/ZnP®"). A complete spec-
troscopic characterization highlights the potential of CNTs for light driven systems as
efficient electron acceptors. Both systems were proposed to realize a device for solar
energy conversion [126]; SWCNT-PSS /H,P* and SWCNT/pyrene*/ZnP*~ were
deposited onto ITO electrodes and the internal photoconversion efficiencies (IPCE)
were measured. The material was deposited exploiting electrostatic interaction and
sodium ascorbate was employed to restore the oxidized porphyrins in order to increase
the photocurrent. The maximum values of ICPE obtained for the SWCNT-PSS ~/H,P*
and SWCNT/pyrene*/ZnP® ™ are 1.0% and 4.2% respectively, compared with 0.15%
and 0.08% for a PDDA™/Cg,’~/ZnP** cell (where PDDA stands for poly diallyl
dimethyl ammonium) or PSS"~/ZnP®* respectively.

Admittedly, covalent functionalization may strongly affect the extended n-system,
dramatically changing the electronic properties of SWCNTs. Therefore, in order to
maintain the contact between the donor and the acceptor and, at the same time, to
preserve the electronic structure of SWCNTs, polymer wrapping constitutes an eligi-
ble alternative. Interestingly, with this idea, Guldi et al. proposed the functionalization

Fig. 7 Examples of modification of CNT skeleton by (a) non covalent or (b) covalent approaches
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of CNTs via the supramolecular association of SWCNTs with linear porphyrin
polymers and found efficient charge separation [127]. The polymer was obtained via
transesterification of 5-(4-hydroxyphenyl)-10,15,20-tris (4-sulfonatophenyl)porphy-
rin (H,P) with methyl methacrylic acid, and subsequent polymerization occurred in
the presence of methyl methacrylate (polyH,P). Purified SWCNT were mixed with
the polymer at high temperature with different intervals. Then SWCNT-polyH,P was
characterized by means of several techniques, such as transmission electron micros-
copy (TEM) or atomic force microscopy (AFM) and absorption spectroscopy. Using
the latter technique, the authors proved that the Van Hove absorptions are still
preserved, while new characteristics in the spectra appeared, due to mutual interac-
tions between the m electrons of the porphyrin and SWCNT. Porphyrin Q bands
underwent a red shift and the Soret band became weaker and broader. Therefore, the
excited-state interactions were investigated by means of time-resolved fluorescence,
finding the coexistence of two components with different lifetimes, one long-lived
(10 £ 1 ns) and one short-lived (0.8 4 0.4 ns).

Similar studies using differently functionalized pyrene and iron or cobalt por-
phyrins were proposed to obtain integrated SWCNT nanohybrids [128] and, very
interestingly, the use of multi-walled CNTs (MWCNTs) produced remarkable
results as well [129, 130]. Complexes of MWCNTSs and pyrene were obtained
and combined with metallo-porphyrins, giving rise to charge separated species
upon photoexcitation. MWCNTs are easier to process and their electronic structure
is more suitable to achieve charge transfer and transport due to the presence of
concentric internal graphitic layers.

On the other hand, in order to reduce the number of functional groups attached
onto the CNT surface, a more elegant procedure involves the synthesis of SWCNTSs
functionalized polyamidoamide dendrimers. In this way, the extended conjugated
m-system is not irreversibly perturbed and it is possible to modify further the
periphery of the dendrimer with electron donor molecules to mediate the electron
transfer process [131]. Also in this case, the fluorescence kinetic studies brought
about the existence of short-lived (0.04 £ 0.01 ns) and long-lived (8.6 £ 1.2 ns)
excited states. This kind of construct plays the unambiguous role of antenna system
on the nanotube surface.

Control over the electron transfer process has been achieved by binding tetra-
thiafulvalene derivatives to shortened SWCNTSs through their esterification, using
spacers with different length [132]. In this way, a fine-tuned donor acceptor
conjugate was produced with successful control over the recombination process,
as a function of the donor—acceptor separation.

Two different approaches were also adopted to bind phthalocyanines to carbon
nanotubes using 1,3-dipolar cycloaddition reaction [133] or amidation of carbox-
ylic residues [134] with the same goal to achieve efficient charge separation mimi-
cking the PSIIL.

Stemming out of this background, there are several contributions by Ito and
D’Souza and collaborators who also proposed the functionalization of SWCNTSs
using porphyrins to promote the photoinduced electron transfer and charge separa-
tion. In 2007, these authors proposed an elegant nanohybrid system fully based on
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supramolecular chemistry: SWCNTSs were solubilized with an alkyl ammonium
derivatized pyrene which interacts through H-bonds with an [18]crown-6 ether
porphyrin derivative [135]. In detail, porphyrins were modified with one up to four
crown ether substituents, which interact with alkyl ammonium pyrene attached, in
turn, to SWCNTSs (Fig. 8a). In this assembly, the ammonium ion-crown ether motif
displays high importance in the formation of H-bonds, thus tailoring the interaction
of porphyrin-SWCNT system and the consequent photoinduced electron transfer
and charge separation (Fig. 8b).

It was found that the radical ion pair lifetime was around 100 ns and it was
possible to use the nanohybrids to perform the reduction of hexyl viologen dication
and the consequent oxidation of 1-benzyl-1,4-dihydronicotinamide in an electron-
pooling experiment. In a very similar manner, SWCNTSs were also functionalized
through the use of a modified imidazole pyrene, with Zn-naphthalocyanine or
Zn-porphyrin to achieve donor—acceptor nanohybrids for photoinduced electron
transfer [136]. In this case, the authors used the imidazole moiety on pyrene to tailor
the axial coordination to the Zn atom. Other assemblies relate to the use of positively
or negatively charged pyrene moieties, namely pyrene-COO~ or pyrene-NH;3™,
linked to SWCNTs by means of n—n interactions and, in turn, positively or negative
charged porphyrin, respectively. Porphyrins were substituted with N-methyl-pyridyl
(positive) or sulfonatophenyl (negative) moieties and interacted with (opposite)
charged pyrene by means of electrostatic interactions [137]. Recently D’Souza
and coworkers proposed the use of similar functionalization utilizing chiral enriched
semiconductor SWCNTs [138]. They also fabricated a solar cell employing a
pyrene-tetrasubstituted porphyrin able to link SWCNTs, the higher efficiency
being obtained with CNT bearing a narrower band gap. Noteworthy, even though
the electron transfer could occur on both the chiralities tested (7,6 narrow band gap

Charge
separation

hv

Charge
recombination

1

Fig. 8 Schematic representation of a carbon nanotube dyad: (a) a possible structure of
porphyrin—-CNT complex and (b) generation mechanism of photoexcited species [135]
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and 6,5 wide band gap), the tetra-substituted pyrene porphyrin likely acts as a
tweezer and maximizes its interactions with a selected CNT chirality.

Other attempts have recently been proposed regarding the use of phthalocyanine
or complex systems of phthalocyanines and/or porphyrins. Phthalocyanines absorb
in the red spectral region and phthalocyanine—pyrene conjugates were used to
propose new carbon nanotube-based solar cells [139]. SWCNTSs were functiona-
lized with a phthalocyanine unit bearing a pyrene moiety and used to build a solar
cell with a stable and reproducible photocurrent, among the highest reported with
this kind of system (ICPE = 15% and 23% without and with an applied bias of
0.1 V, respectively). To achieve higher yields, other complex systems were eval-
vated, such as CNTs functionalized with diporphyrin moieties [140]. Lin et al.
reported the covalent functionalization of SWCNTs with meso—meso linked dipor-
phyrins, proving the photoinduced electron transfer through steady state emission
spectroscopy and calculating the lifetime (145 ns) of the transient ([H,P],**—
SWCNTs*") through transient absorption spectroscopy. Finally, Zn-porphyrin/
Zn-phthalocyanine dendron functionalized SWCNTSs have also been reported in
order to increase the absorption spectra of chromophores to achieve higher perfor-
mance in light harvesting [141].

Towards the fabrication of a device for the efficient light harnessing and
harvesting, the possibility to obtain an electrophoretically deposited optically
transparent electrode based on SWCNTs for photoelectrochemical cells was
reported. After exciting with visible light (1 = 400 nm), the generation of
photocurrent was observed with an IPCE of 0.15%. A threefold increase in the
yield was obtained by adding a layer of SnO, to increase the surface area of the
electrode. In this system, the generation of the photocurrent is due to the
conductive properties of SWCNTSs, while the photogenerated holes at the CNT
electrode surface are transported to the counter electrode through an external
circuit [142]. Based on the work proposed by Nakashima and collaborators [122],
the supramolecular assembly of SWCNTs with protonated porphyrin through
non-covalent interaction [143] was successfully achieved, followed by deposition
onto nanostructured SnO, [144]. The authors first proved the electron transfer
between porphyrin and SWCNTs enabling efficient charge separation. Then the
electrochemical deposition of a photoanode was accomplished, using an optically
transparent electrode/SnO,/SWCNT-protonated porphyrin together with the redox
couple I"/I;~ and a Pt counter electrode. An IPCE of 13% was obtained under an
applied voltage of 0.2 V. Besides the use of the chromophore, semiconductor
particles can be dispersed on the CNT surface generating photocurrents. Interest-
ingly, upon excitation, charge separation was facilitated by the presence of CNT
for charge collection and transport. This material was then supported onto an
electrode surface with an IPCE of 14% and of 16% using functionalized (COOH)
SWCNTs [145]. In a similar work, TiO, nanoparticles were employed to obtain
an SWCNT composite material with a nominal ICPE of 16% [146]. More
recently, Kamat and collaborators proposed a nanohybrid architecture composed
of Ru(Il) trisbipyridyl complex onto TiO,, where SWCNTs reduce charge
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recombination. However, the conversion efficiency was not very high because of
a more positive Fermi level of SWCNT/TiO, composite with respect to pure TiO,
[147].

3.2 Carbon Nanotubes Applied to Water Splitting

CNTs are also widely used to fabricate nanostructured electrodes, due to the
possibility (1) to increase the (active) surface area, and (2) to act as electrical
wires owing to their conductive properties. Indeed, two recent relevant contribu-
tions have been reported concerning the use of CNTs as electrodes in water splitting
reaction.

In 2009 Le Goff et al. [148] produced an electrode based on CNT functionalized
with a catalyst for H, production. This work is based on two main challenges: the
first is related to the general need to find high performance substrates to put forward
in the research for inter-conversion of water and H, in fuel cells, the second is
focused on the use of synzymes to avoid Pt based catalysts for hydrogen production.
Bioinspired catalysis represents an emerging approach to address this latter issue
and enzyme catalytic centers may offer a source of inspiration to design new
synthetic catalytic systems. Microorganisms able to metabolize H, are known as
hydrogenases, and in principle they could be used in fuel cells. Despite their high
efficiency, they are oxygen sensitive and consequently present a low stability. In
addition, even if several advantages arise from recent developments in biotechnol-
ogy for enzyme production and purification, their use could be hardly scaled up.

For example, in this case the authors proposed the synthesis of a bisdiphosphine
nickel complex inspired to the NiFe hydrogenases and, binding this synzyme to
CNTs, they were able to achieve high yield in electrochemical H, production. The
catalyst was covalently attached to MWCNTs and cyclic voltammetry was exten-
sively employed to characterize fully the performance of the resulting nanostruc-
tured electrode. First of all, they were able to immobilize a twofold quantity of
catalyst using CNTs with respect to a non-nanostructured electrode, then they also
achieved a low overvoltage (200 mV) with a TON for H, evolution of 20,000
(£30%) in 1 h. Moreover, they reproduced the same condition of state-of-the-art
proton exchange membrane (PEM) electrolyzers, usually obtained with Pt. In this
case, the authors ran the experiments for 10 h with 100,000 (+30%) TON. Finally,
the possibility to employ the same derivative in the reverse reaction for hydrogen
oxidation was investigated. Again, after 10 h, they obtained a high TON, 35,000
(£30%). All in all, this is an example of a promising result for PEM technology and
for biomimetic catalysis as well.

More recently, positively functionalized carbon nanotubes were modified by a
covalent synthetic route with polycationic dendrimeric chains, fostering the suc-
cessive decoration with a multi-metallic and polyanionic water oxidation catalyst,
the Ruy(POM), with a complementary combination of covalent/non-covalent
approaches (Fig. 9) [149].
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Fig. 9 (a) Dendron functionalized-MWCNT complexed with Ruy(POM) molecules and
(b) scheme of a complete electrochemical cell. Adapted from [149]

Using this methodology, the conjugated m-system of CNTs remained basically
unperturbed. In addition, in contrast to SWNTs, MWCNTs allow one to exploit the
conductive properties of the CNT internal layers. Thanks to this approach, CNTs
conserved their electrical properties and were in close contact with Ruy(POM),
enabling electrocatalytic water splitting and leading to high efficiency at low over-
potentials. In detail, the authors proceeded with the divergent growth of a poly-
amidoamine dendrimer onto MWCNTs achieving second generation bearing free
amino groups, further functionalized with positively charged ammonium moieties.
Prior to the deposition with polyoxometalates, the CNT derivatives were fully
characterized by means of several techniques (TEM, TGA, Raman spectroscopy,
AFM), proving the efficiency of functionalization. Afterwards, owing to the resident
positive charges, functionalized MWCNTs could serve to scavenge efficiently
polyanions via electrostatic interactions. Straightforward techniques in water solu-
tions were adopted to anchor the catalytically active Ruy(POM) to the positively
charged PAMAM-modified MWCNTs. By rRaman (resonant Raman) spectra, it
was demonstrated that the catalyst maintains its own structure once immobilized
onto the CNT surface, while, by means of high-resolution TEM analysis, the
presence of metal-centered domains ascribed to Ruy(POM) on CNTs was con-
firmed. These Ruy(POM)-CNTs were deposited onto ITO electrodes to probe the
catalytic activity by cyclic voltammetry. Electrodes doped with Ruy(POM) deriva-
tives exhibited an oxidation at 0.9 V, followed by the onset of a catalytic wave at
applied voltages >1.10 V, due to water oxidation. The superior performance of the
nanostructured electrode is likely due to coupling of the redox features of
Ruy(POM) with the MWCNT, enabling electrical wiring of the hybrid material.
Indeed, turnover frequency values in the range 36-306 h™' were achieved depending
on the applied overpotential: an appreciable catalytic current with a remarkable TOF
(36 h ') was observed beginning at n = 0.35 V, and reached a peak performance of
306 h™" at n = 0.60 V. These results address the importance of hybrid interfaces/
contacts to control and promote electron transfer events at heterogeneous surfaces.



Artificial Photosynthesis Challenges: Water Oxidation 143

4 Conclusions and Outlook

Artificial photosynthetic methods represent the future of solar fuel production. The
key concept is not to reproduce the exact copy of the natural system in vitro. This is too
complex and inefficient to some extent; our mission is rather to capture and transpose
the same principles in smaller, simpler, more robust, and more efficient man-made
arrays. According to bio-inspired guidelines, H, photo-production requires a modular
organization of functional molecules/materials solving some fundamental tasks: (1)
collection/harvesting of solar light, (2) light-to-“electricity” conversion by a charge
separation center, and (3) scavenging of the separated charges by catalytic manifolds
where H, and O, evolution occur separately. In this chemistry, H,O is the renewable
multi-electron source, providing a total of four electrons/mol by the oxidative half
reaction. The key question around the artificial solar-to-energy equation (2H,O + 4
hv — 2H, + O,) stems from the multi-electron/photon requirement, while any
photo-induced charge separation occurs generally as a one electron/photon step.
Therefore, the crucial points are: (1) the repetition of light absorption/electron transfer
events and (2) the interplay of efficient/robust catalysts managing such sequential
evolution at a sustainable rate that is fast enough to overcome the competing charge
recombination/deactivation dead-end. In this vision, the sequence of light collection,
charge separation, and catalytic events calls for a precise architectural control and
manipulation at the nanoscale level. The final aim is to devise the optimal matching of
catalytic domains/photoactive and conductor materials, integrated in a functional
geometry/multi-arrays, so as to boost the catalytic performance and enhance the
interfacial charge transfer rate. The engineering of these diverse components in a
single operating device is one of the greatest challenges in contemporary chemistry
and remains one of the most ambitious goals towards a sustainable hydrogen econ-
omy.
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Abstract We are facing three serious problems related to fossil resources, i.e.,
shortage of energy, shortage of carbon resources, and the global worming problem.
Development of practical systems for converting CO, to useful chemicals using
solar light, i.e., photocatalytic CO, reduction systems, should be one of the best
solutions for these problems. In this article, we review photocatalytic CO, reduc-
tion systems, which are classified in two categories: (1) homogeneous reaction
systems mainly using transition metal complexes, and (2) heterogeneous systems
mainly using inorganic semiconductor as a light absorber.
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P Quantum yield

BNAH [-Benzyl-1,4-dihydronicotinamide

bpy 2,2'-Bipyridine

bpz Bipyrazine

CB Conduction band

dmb 4.,4'-Dimethyl-2,2'-bipyridine

H>A Ascorbic acid

MES 2-(N-Morpholino)ethanesulfonic acid

MLCT Metal-to-ligand charge transfer

OER One-electron reduced species

phen 1,10-Phenanthroline

Phen Phenazine
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TEOA  Triethanolamine

TF Turnover frequency
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TP p-Terphenyl

H,TPP  5,10,15,20-Tetraphenyl-21H,23H-porphyrin

VB Valence band

1 Introduction

We human beings are facing three serious problems related to fossil resources, i.e.,
shortage of energy, shortage of carbon resources, and the global warming problem.
In the biosphere, photosynthesis has been employed for both conversion of CO, to
organics and conversion of solar energy to chemical energy. However, human
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activities have used a lot of oil, coal, and natural gas, which were produced by
photosynthesis in ancient times, as both major energy resources and chemical
resources. These are finally burnt, which releases a tremendous amount of CO, to
the atmosphere. For solving all three of these problems at once, one of the best
solutions is the development of practical systems for converting CO, to useful
chemicals using solar light, i.e., artificial photosynthesis.

Artificial photosynthetic systems for CO, utilization have to have the following
essential features:

1. They must efficiently utilize visible light because only 5% of the solar light that
reaches Earth’s surface is in the UV region.

2. Water is used as an electron source.

3. Mechanisms for highly efficient reduction of CO, are required because CO,
represents fully oxidized carbon and is very stable.

Photocatalysts for CO, reduction are one of the most important aspects of
artificial photosynthesis. Consideration of the thermodynamics of CO, reduction
gives an important strategy for constructing these photocatalysts [1-3]. Equation
(1) indicates that the one-electron reduction of CO, (at pH 7 in an aqueous solution,
vs NHE) is highly endothermic and that the product (CO, ") is too reactive to
handle with ease. On the other hand, the multi-electron reduction of CO, can give
stable and useful products with much lower energies, as shown in (2)—(6). However,
one photon can usually induce the transfer of only one electron in photochemical
reactions. Overcoming this obstacle is a key goal in the design of efficient photo-
catalysts for CO, reduction.

CO, +e” — COy ™~ E'=—-19V (1)
CO, + 2H" 4+ 2¢~ — HCO,H E'=—-061V 2)
CO, 4+ 2H" 4+ 2¢~ — CO + H,0 E°=-053V 3)

CO, + 4H' 4+ 4e~ — HCHO + H,0  E’=-048V )
CO, + 6H" 4+ 6e~ — CH;0H +H,0  E°=—-0.38V (5)
CO, +8H' 4+ 8¢~ — CH; +2H,0  E°=—-0.24V (6)

Many reported photocatalysts are constructed with both a photosensitizer, which
initiates photochemical one-electron transfer, and a catalyst which converts one-
electron transfer to multi-electron reduction of CO,. As the photosensitizer compo-
nent, metal complexes, organic compounds, and semiconductors have been used.
These have been combined with various catalysts, such as metal complexes, metal
particles, and enzymes. Some exceptional photocatalysts can fill both roles, such as
rhenium(I) complexes (see Sect. 2.1.1) and TiO, (Sect. 3.2).
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In this review, we classify the reported photocatalysts for CO, reduction into two
categories, i.e., homogeneous and heterogeneous systems. Typically, the former are
transition metal complexes and the latter are semiconductors.

The photocatalytic activities for CO, reduction can be evaluated by the follow-
ing factors:

1. Product selectivity. This is usually evaluated as the ratio of the specified product
to total amount of all of the products. In many cases, H, is generated as a
byproduct during the photocatalytic reactions.

2. Quantum yield (®). The definition of quantum yield is shown in (7). In some
cases, the input number of electrons is used as the numerator in (7). It is
noteworthy that stable reduction products of CO, require multi-electron transfer,
as described above.

& = [product/mol]/[absorbed photons/einstein] )

3. Turnover number (TN). The stability of the photocatalyst is given by its TN,
which is defined using (8). In the case of TN < 1, this is not a photocatalytic
reaction.

TN = [product/mol]/[photocatalyst/mol or unit mass] 8)

4. Turnover frequencies (TF). The speed of the photocatalytic cycle is given by
the photocatalyst’s TF, which is defined using (9).

TF = TN/|[reaction time/min or hour] 9

2 Photochemical CO, Reduction by Metal Complexes

2.1 Single-Component Systems

The structures and abbreviations of the compounds discussed in this section are
shown in Scheme 1, and the photocatalytic properties of these compounds are
summarized in Table 1.

2.1.1 Rhenium(I) Diimine Carbonyl Complexes

Lehn et al. reported for the first time that a rhenium complex can work as a photo-
catalyst for CO, reduction [4, 5]. A solution containing fac-Re(bpy)(CO);Cl (1) and
a sacrificial donor, triethanolamine (TEOA), was irradiated using > 400-nm light
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—|n+ _|+ —|+
@Re ~ 0 ~N- o —CO Ve =0
<N | CcO v ~ N— e\CO X | (e]6]
co co PR,
1 :X=C",n=0 2a:Y=H 8 :R=p-FPh, R =p-FPh
2a : X = P(OEt);, n=1 2b:Y = MeO 9 :R=0Pr, R’=O’F(’)ri
Y = 10: R = p—FPh, R" = OPr
3a :X=PPhy,n=1 2¢ Y =CFy P

3b : X=P(n-Bu);,n=1

3¢ :X=PEty, n=1 O O

4 :X=py,n=1
5 :X=NCS, n=0 Q Q Q
6 :X=CN,n=0
7 :X=DMFor TEOA,n=1 O O 15
13:M=Fe
14:M=Co

Scheme 1 Structures and abbreviations of the compounds used in single-component systems

Table 1 Products, catalytic activities and quantum yields of photocatalytic CO, reduction using
single-component systems

Photocatalyst Donor® Product(s) & TN TFh™' E,,°YV vs Ag/AgNO; Ref.

1 TEOA CO 0.14 27 11 —1.67 [4, 5]
2a TEOA CO 038 7.5 - —143 [6, 7]
2b TEOA CO 0.33 - - —167 (8]

2¢ TEOA CO 0.005 0.10 - 103 [9]

3a TEOA CO 0.05 - - 156 [10]
3b TEOA CO 0.013 0.65 —~1.39 (7]

3c TEOA CO 0.023 0.83 —~1.39 [7]

4 TEOA CO 0.03 - - - [11]
5 TEOA CO 0.30 - - -161 (8]

6 TEOA - 0 - - —167 (8]

7 TEOA CO 0.04 - - —157(X = DMP), 8, 10]

—1.64 (X = TEOA)
8 TEOA CO 0.20 - - 173 [12, 13]
9 TEOA CO 0.02 - - —186 [12-14]
10 TEOA CO 0.09 - - - [12, 13]
13 TEA CO - 70 - - [15]
14 TEA HCOOH, - >300 - - [16]
Cco
15 TEA HCOOH 0072 4 - - [17]

“TEOA triethanolamine, TEA triethylamine

to produce CO efficiently and selectively. The product selectivity was very high,
and little HCOOH and H, were detected. The quantum yield for CO formation was
0.14, and this was the highest efficiency for CO, reduction at the time.
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As the CI™ ligand of 1 can be easily exchanged for various other ligands [18], a
number of photocatalytic thenium(I) mononuclear complexes have been reported
[6-11, 19]. For example, fac-[Re(bpy)(CO);{P(OEt);}]* (2a, bpy = 2,2-bipyri-
dine) reduces CO, with an efficiency (@co = 0.38) more than twice that of 1 [6].
On the other hand, the quantum yield for CO formation using fac-[Re(bpy)
(CO)3(PPh3)]* (3a) fell to 0.05 [10]. fac-[Re(bpy)(CO)s(py)]* (4, py = pyridine)
also exhibited little photocatalytic ability [11]. Among the complexes with an
anionic ligand, fac-Re(bpy)(CO);(NCS) (5) produced CO with a high efficiency
(Pco = 0.30), while fac-Re(bpy)(CO)3(CN) (6) was inactive as a photocatalyst [8].

The substituent groups on the bpy ligand are also important for the photo-
catalytic properties of these rhenium complexes. The complex 2¢, in which
electron-attracting CF3 groups are introduced to the bpy ligand, exhibited a low
photocatalytic ability (@co = 0.005) [9]. By contrast, introducing electron-
donating MeO groups (2b) did not significantly impact the photocatalytic reaction
(Pco = 0.33) [8].

It has been found that the one-electron reduced forms of 3a and 4, produced by
photoinduced electron transfer reaction [(10) and (11)], released their monodentate
ligand, i.e., PPh; or py, to produce rapidly [Re(bpy)(CO)3(S)]I* (7, S = DMF or
TEOA) by the chain reaction shown in (12) and (13) [10, 11].

[Re' (bpy)(CO);X]™ + hv — [Re' (bpy™)(CO);X]" (X = PPhsorpy)  (10)
[Re" (bpy ™) (CO),X]" + TEOA — [Re'(bpy ™ )(CO);X] + TEOA™ (11)
[Re' (bpy ~)(CO);X] + S — [Re'(bpy )(CO),S] + X (12)

[Re' (bpy ) (CO)5S] + [Re' (bpy)(CO);X] " — 7 + [Re'(bpy 7)(CO);X]  (13)

The photocatalytic ability of 7 is low because its excited state lifetime is short.
The reason why 6 is catalytically inactive will be discussed later.

The photocatalytic competencies of these rhenium complexes are strongly
correlated with their first reversible reduction potentials [9]. Specifically, rhenium
complexes whose El/zred > —1.4 V vs Ag/AgNOs, i.e., 2¢, 3b, and 3¢, exhibited
only low photocatalytic quantum yields (Table 1).

The photocatalytic properties of rhenium biscarbonyl bisphosphine complexes
cis,trans-[Re(dmb)(CO),(PR3)(PR’3)]" (dmb = 4,4'-dimethyl-2,2-bipyridine) have
also been reported [12—14]. The complexes with two triphenylphosphine derivatives
(8, 9, 10) are able to reduce CO, photocatalytically. Notably, complex 8, in which
electron-attracting F groups are introduced to p-positions of the phenyl groups of the
phosphine ligands, efficiently produced CO with a quantum yield of 0.20 [12, 13].

The initial step in the photocatalytic cycle has been illuminated by laser flash
photolysis experiments. These experiments have shown that reductive quenching of
the triplet metal-to-ligand charge transfer *MLCT) excited state by a sacrificial
donor occurs to generate a one-electron reduced (OER) species of the rhenium
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complex [20-22]. The OER species of fac-[Re(NAN)(CO)3(PR3)]" (NAN =
a-diimine) complexes are especially stable, and the accumulation of their OER
species can be observed in solution, even during photocatalytic CO, reduction
reactions [6, 7, 9, 23].

Three rhenium complexes with different anionic ligands (1: L = C1™, 5: NCS™,
6: CN") have been noted to have similar photophysical and electrochemical proper-
ties to each other [8]. However, their photocatalytic abilities differ substantially
[8, 19]. The photocatalytic ability of § was better than that of 1, while 6 was not
photocatalytically active (Table 1). Such differences can be ascribed to the relative
lability of the anionic ligands in the corresponding OER species [8]. The OER
species of 1 loses its C1™ ligand rapidly, and thus can participate in subsequent steps
in the catalytic cycle. In contrast, the OER species of 5 and 6 accumulate in
considerable concentrations in the reaction solutions since dissociation of the
SCN™ or CN™ ligand occurs slowly (5) or not at all (6). This prevents complex
6 from entering the catalytic cycle. For catalytically-competent complexes, the
17-electron species produced by dissociation of the anionic ligand from the OER
species reacts with CO, giving a CO, adduct (Scheme 2). The CO, adduct receives
a second electron from another OER species producing CO, and the starting
complex recovers by re-coordination of the dissociated anionic ligand.

The structure of the CO, adduct, an important intermediate for CO, reduction,
has yet to be determined, but some candidates have been proposed, i.e., a CO,
bridging rhenium dimer (CO);(dmb)Re-CO,-Re(dmb)(CO); (11) [24, 25] and a
rhenium carboxylate complex Re(bpy)(CO);(COOH) (12) [26].

Fujita et al. reported that irradiation of a dry THF solution containing
(CO);(dmb)Re-Re(dmb)(CO); under a CO, atmosphere gave the 17-electron spe-
cies [Re(dmb)(CO);], which reacted with CO, to produce 11. Irradiation of 11
under a CO, atmosphere gave CO and CO5*~ quantitatively.

12 was produced from the reaction of [Re(bpy)(CO)4]* and OH™. This reaction
is reversible, i.e., the dissociation of OH™ from 12 produces [Re(bpy)(CO)4]*. It is

NCS m:
?‘R'Q/CO \/
N"1">co

co

5

[CO, adduct] NCS™

+
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co / /N \v

SMLCT
excited state

NCS 1 TEOA
E : 1@3 Nos ]
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Scheme 2 Photocatalytic reaction mechanism by 5 [8]
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known that irradiation of [Re(bpy)(CO)4]* efficiently stimulates the dissociation of
a CO ligand to give fac-[Re(bpy)(CO);S] (S = solvent).

However, these complexes have not been detected in photocatalytic reaction
solutions yet.

2.1.2 Metallo Porphyrins

Irradiation of iron and cobalt porphyrins (13: Fe(TPP), 14: Co(TPP), H,TPP =
5,10,15,20-tetraphenyl-21H,23H-porphyrin) in the presence of triethylamine
(TEA) using > 320-nm light caused the photocatalytic reduction of CO, [15, 16,
27-31]. When 13 was used as a photocatalyst, CO was detected with TNco = 70
after 180-h irradiation [15]. Formic acid was the main product when 14 was
employed as a photocatalyst [16]. The reaction mechanism proposed on the basis
of UV-vis absorption changes during photolysis and radiolysis, and electrochemi-
cal measurements are shown in Scheme 3. MY(TPP) is reduced to MI(TPP) by
photoinduced electron transfer from TEA, which subsequently disproportionates to
M(TPP), the proposed catalytically-active species.

2.1.3 p-Terphenyl
Irradiation using > 290-nm light of a mixed system of p-terphenyl (TP) (15) and
TEA gives TP . Because TP~ has a very strong reduction power (E° = —2.2 V vs

NHE), TP~ can directly reduce CO, and formation of HCOOH is observed
(Pacoon = 0.072, TNycoon = 4) [17]. This photocatalytic system, however,

TEA —|+

,N_|_Ph TEA™
Ph—> N mlIN~
@Ph hv
PH :
_—— TEA TEA™ P |
Ph v, M Ph m Ph
- Ph

+TEA || - TEA HCOOH Ph Ph
.
P "
Ph
Ph [CO, adduct]
Ph

130r14 > 0
. pho | o
co; Phph + Phph
Ph Ph

Scheme 3 The proposed mechanism of photocatalytic CO, reduction by 13 and 14 [15, 16, 32]
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was deactivated quickly because 15 itself was reduced to the corresponding dihydro
form by photo-Birch reduction.

2.2 Multi-Component System

As described above, photocatalysts for the two-electron reduction of CO, should
have both a photosensitizing component for initiating photoinduced one-electron
transfer and a catalyst component for activating and introducing two electrons
to CO,. The structures and abbreviations of compounds using for the double-
component systems, in which the two functions are carried out by two distinct
molecules, are shown in Scheme 4. Data relating to their efficacy as a photo-
catalysts for the reduction of CO, are summarized in Table 2.

2.2.1 Ruthenium(II) Diimine Photosensitizers

Photosensitizers are required to have long-lived excited states and to be stable in
either oxidized or reduced form. The photosensitizers most frequently used are
[Ru"(NAN);]**. These complexes absorb visible light efficiently and the lifetimes

Photosensitizers
_ —|2+ N —|2+ —|+
~A ) meo.__ PoEy, OO0
SN N SN NS "N.F{ _Cco 15
/Ru\ /Ru\ ~ N— e\CO
WA TND O NGy Meo |
AN N\‘/\(, ﬂ Cco N,
< N SHe
2b N
16 17 28
Catalysts
N
n+ n+ 2+
- B H\ | IV, h NocH,
N ™ o S
~p  —~CO N a <N co
SRul N N N N |
X HN—H H co

2 | /
%
< 23:M=Ni,n=2 27 25

26: M=Co,n=3

20:X=CO,n=2 -
21:X=ClI,n=1
22:X=H,n=1 N/_©

H—H &N

N, _N —

(¥
N N
H\—H
24

Scheme 4 Structures and abbreviations of the compounds used in multi-component systems
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Table 2 Products, catalytic activities, and quantum yields of photochemical CO, reduction using
multi-component systems

Photosensitizer Catalyst Donor Product(s) (] TN TFE/h™' Ref.

16 18,19 TEOA H,, CHy 1073 (Hy), - - [33]
107* (CH,)

17 18 TEOA CH, 107* - - [33, 34]

16 20 TEOA HCOOH 0.14 155 20 [35, 36]

BNAH CO, HCOOH 0.15 (CO), 270 80 [36, 37]

0.03
(HCOOH)

16 21 TEOA HCOOH - 163 - [38]

16 22 TEOA HCOOH 0.15 161 - [38]

16 23 H,A H,, CO 0.001 <1 - [39, 40]

16 24 H,A H,, CO 0.005 ~2 - [41]

2b 25 TEOA CO 0.59 - - [8]

15 26 TEOA CO, HCOOH, H, 0.25 - - [42, 43]

15 27 TEA  CO, HCOOH, H, - - - [44]

28 26 TEA  HCOOH 0.07 - - [45]

TEOA triethanolamine, TEA triethylamine, BNAH 1-benzyl-1,4-dihydronicotinamide, H,A ascor-
bic acid

of their *MLCT excited states are usually long, typically 1 ps. Moreover, one-
electron oxidized and reduced forms [Ru™(NAN);]** and [(NAN),Rul(NAN )]*
are comparatively stable.

Mixed systems comprising [Ru(bpy)s;]** (16) or [Ru(bpz);]** (17, bpz =
bipyrazine) as the photosensitizer, Ru colloid (18) or Os colloid (19) as the
catalyst, TEOA as a sacrificial donor, and a viologen derivative as an electron
relay were irradiated with > 400-nm light to produce H, (Py, = 1073) and CHy4
(Pepa = 107%) [33, 34).

Tanaka et al. have reported the electrocatalytic reduction of CO, using [Ru
(bpy)z(CO)2]2+ (20) as a catalyst [46—48]. They have also investigated the photo-
catalytic CO, reduction using a mixture of photosensitizer 16 and catalyst 20
[35-37]. The product distribution was strongly dependent on the pH of the reaction
solution [36, 48]. The mixed system of 16, 20 (5:1), and TEOA was irradiated
using > 320-nm light giving HCOOH selectively. The quantum yield for HCOOH
formation in the initial stages of the conversion was 0.14 [35, 36]. Replacing TEOA
by 1-benzyl-1,4-dihydronicotinamide (BNAH) as the sacrificial donor leads to the
production of CO and HCOOH. The quantum yields in H;O — DMF (1:9, v/v) were
0.15 for CO production and 0.03 for HCOOH production [36, 37]. Emission from
SMLCT excited state of 16 was quenched by neither CO, nor 20, but it was
quenched by both TEOA and BNAH [36]. These results indicate that the photo-
catalytic reaction cycle is initiated by electron transfer from TEOA or BNAH to
SMLCT excited state of 16 (14), not from the *MLCT state to CO, or 20 (15).

[(bpy),Ru"™ (bpy~)]*" + TEOA or BNAH — [(bpy),Ru" (bpy )]
+ TEOA "or BNAH* (14)
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[(bpy):Ru"(bpy")]** + CO, or 20 > [Ru(bpy)s]** + CO, or [(bpy)Ru"(bpy )(CO).]" (15)

The reduction of CO, is thought to proceed via electron transfer from the OER
species [(bpy)zRuH(bpy'_)T to 20. However, the source of the second electron,
which is necessary for CO or HCOOH production, has not been clarified yet. These
photocatalytic systems have a problem of generating a black precipitate, which is
presumed to be [Ru(bpy)(CO),], [49], upon prolonged irradiation (16). This pro-
cess deactivates the catalyst.

bpy

o €. ) o Fum)CO, ()

Mixed systems containing 16 as a photosensitizer, [Ru(bpy),(CO)X]* (21: X =
Cl7, 22: X = H") as a catalyst, and TEOA as a sacrificial donor can also produce
HCOOH with similar efficiencies [38]. The TNycoon values using 21 and 22 are
163 and 161, respectively.

The mixed system of 16, [Ni(cyclam)]2+ (23, cyclam = 1,4,8,11-tetraazacyclo-
tetradecane), and ascorbic acid (H,A) was irradiated under a CO, atmosphere using
340-600-nm light. This mostly evolved H, along with a small amount of CO. The
TN and quantum yield for CO production were TNco < 1 and o = 0.0006 [39,
40]. Control experiments carried out in the dark or without 16, 23, H,A or CO,
produce no CO [39]. A labeling experiment using '*CO, revealed that the CO is
produced from CO, [40]. This photocatalytic reaction cycle is also initiated by
reductive quenching of the *MLCT excited state of 16 by HA ™.

As an improvement to the 16 + 23 system, 23 was replaced by 24, which has a
pyridinium cation as an electron acceptor covalently linked to the cyclam [41]. The
photocatalytic performance of a mixed system of 16, 24 and H,A was better than
that of the 16 + 23 system; TNy, and TNco were 22 and 2, respectively. Because
the reduction potential of the pyridinium cation unit is more positive than that of [Ni
(cyclam)]** unit, the pyridinium unit is supposed to function as the initial electron
acceptor (17).

_l 3+ 2+
~0

aV - N
H—H N [(bpy),Ru'(bpy )] NERWIRG)
<:N_ N + <: ‘Nlil. (17)
Ni, N N

NN
H\—H

24

Willner and co-workers reported interesting applications of enzymes to the
reductive fixation of CO, into organic substrates. In these experiments, 16 was
employed as the photosensitizer, thiols (RSH) as an electron donors, methylviolo-
gen (MV>") as an electron carrier, an NADP/enzyme combination as le /2e ™~ relay,
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CH4CCO,H + CO,

OH
hv !
NADPH HO,CCH,COH
R 1l b 2+ 2 H
1/2 RS-SR [Ru'(bpy)s] MV2* ﬁ
1
6 ; s HO,C(CH,),CCO,H
+CO,
NADP H o
4 Heo,” HO,CCH,C-CCOH
H
RSH [Ru" (bpy)]** ViV CO, + H* COH

1 : ferredoxin-NADP-reductase (FDR), 2 : malic enzyme
3 : isocitrate dehydrogenase (ICDH), 4 : formate dehydrogenase (FDH)

Scheme 5 Photocatalytic CO, fixation by 16 + enzymes system

Table 3 Turnover numbers of the components in photocatalytic CO, fixation experiments in the
presence of 16, RSH, MV>*, NADP, and enzymes

Product 16 MV?>* NADP FDR FDH Malic enzyme ICDH
Malic acid 1074 117 62.2 2.3 x 10* - 7.4 x 10° -
Aspartic acid 174 25 6.3 1.6 x 10° - 6.3 x 10* -
Isocitric acid 272 23 1.4 25 x 10° - - 5.5 x 10*
Formic acid 67 2 - - 2 x 10° - -

and other enzyme(s) as a catalyst, as shown in Scheme 5 [50, 51]. Table 3
summarizes the results.

2.2.2 Rhenium(I) Diimine Photosensitizer

As described above, the OER species of rhenium complexes have two roles in the
photocatalytic CO, reduction reaction. (1) They are one-electron reductants, and (2)
they produce 17-electron species by dissociation of a ligand, which subsequently
react with CO, to produce the CO, adduct. There is a dilemma in optimizing the
OER species to fulfill these two roles. The OER species should be stable for role (1)
and unstable for role (2). On the basis of this consideration, a mixed system
composed of two rhenium(I) complexes optimized to each role was developed. A
24:1 mixed system of 2b as a photosensitizer and fac-[Re(bpy)(CO);(CH;CN)*
(25) as a catalyst with TEOA was irradiated under a CO, atmosphere using 365-nm
light. This produced CO with highest efficiency of known homogeneous photo-
catalytic systems (DPco = 0.59) [8]. The photosensitizer 2b can be efficiently
converted to the corresponding OER species (@ = 1.6), which has a strong reduc-
ing power (E;,°% = —1.67 V vs Ag/AgNOs). The CH;CN ligand of the OER
species of 25 rapidly dissociates to allow the complex to react with CO,.
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2.2.3 Organic Photosensitizers

Irradiation of the mixed system containing 15 as a photosensitizer and [Co(cya-
clam)]** (26) as a catalyst with TEA as a sacrificial donor using > 290-nm light
gave mainly CO [42, 43]. As described in Sect. 2.1.3, 15 itself can function as a
photocatalyst for CO, reduction [17]. However, the addition of 26 improved the
stability of 15 and the photocatalytic performance of the system considerably. This
is because the TP~ produced by photochemical electron transfer donates an extra
electron to 26 quickly (k = 1.1 x 10'°M~'s™"). Using TEOA instead of TEA also
improved the photocatalytic process (Pco = 0.15, Pycoon = 0.10).

A mixed system using [CO(HMD)]2+ (27, HMD = 5,7,7,12,14,14-hexamethyl-
1,4,8,11-tetraazacyclotetradeca-4,11-diene) as a catalyst instead of 26 also
photocatalyzes CO, reduction. The reaction mechanism of this system has been
investigated in detail by Fujita et al. [44]. One-electron reduction of 27 by TP
produces [CoI(HMD)]+. An adduct between [CoI(HMD)]+ and CO, produces
CO, while a H" adduct gives HCOOH and H, (Scheme 6).

A photocatalytic system using phenazine (Phen, 28) as a photosensitizer instead
of 15 has been reported. A solution containing 28, 26, and TEA was irradiated
using > 290-nm light under a CO, atmosphere to produce HCOOH selectively
(Pycoon = 0.07) [45]. Since the oxidation potential of Phen'™ produced by photo-
chemical electron transfer is —1.18 V vs SCE, Phen'~ can reduce Co™ to Co!
(E, (Co"™™) = —0.69 V) but cannot reduce Co" to Co' (E, (Co™") = —1.9 V).
Time-resolved spectroscopy and pulse radiolysis studies showed that Phen'™ was

| L s

,_,
[EEE—
|

HCOOH

COz v co2 '
e §+ — bl

Scheme 6 Catalytic cycle for the reduction of CO, by the mixed system of 15 and 27 [32, 44]
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Scheme 7 Photocatalytic reaction mechanism using the 28 + 26 mixed system [45]

protonated giving PhenH’, which is supposed to donate hydrogen to [Co"(cyclam)]**
giving [Co(cyclam)-H]**. [Co(cyclam)-H]** reacts with CO, to produce HCOOH
(Scheme 7).

2.3  Supramolecular Photocatalysts

Structures and abbreviations of the supramolecular photocatalysts are shown in
Scheme 8, and data relating to their photocatalytic performance are summarized in
Table 4.

2.3.1 Ru(II)-Ni()

The first supramolecular system for photochemical reduction of CO, was reported
by Kimura et al. in 1992 [52, 57]. The supramolecular complex 30, composed of
[Ru(phen)3]2+ (29, phen = 1,10-phenanthroline) derivative as a photosensitizer unit
and 23 as a catalyst unit, was irradiated in the presence of H,A using > 350-nm
light to reduce CO, to CO [52]. Although 30 produced CO less efficiently than
a mixed system of the corresponding mononuclear complexes (29 + 23) in the
initial stages of the reaction, 30 eventually produced more CO than the mixed
system. The selectivity of CO formation over H, formation using 30 (CO/H, = 2.5)
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Scheme 8 Structures and abbreviations of supramolecular complexes

Table 4 Photocatalytic activities of supramolecular complexes for CO, reduction

Photosensitizer Catalyst Donor Product(s) [0 TN TFh™! Ref.
29 23 H,A H,, CO - <1 - [52]
30 H>A CO, H, - <1 - [52]
16 24 H,A H,, CO 0.005 2 - [41]
31 H,A H,, CO - <1 - [41]
16 33 TEOA H,, CO - 25 - [53]
32a TEOA CO, H, - 4 - [53]
32b TEOA CO, H, - 6 - [53]
35 36 BNAH CO 0.06 101 9.7 [54]
34a BNAH (60) 0.12 170 20 [54]
34b BNAH CO - 50 - [54]
34c¢ BNAH CcO - 3 - [54]
37 BNAH (¢0) - 28 - [54]
38 BNAH co - 14 - [54]
39a BNAH CO 0.13 180 66 [55]
39b,c BNAH CO 0.11 120 48 [55]
40a BNAH (6[0) 0.21 232 56 [56]
40b BNAH (6[0) - 97 19 [56]

H,A ascorbic acid, TEOA triethanolamine, BNAH 1-benzyl-1,4-dihydronicotinamide

was higher than that using the mixed system (CO/H, = 0.6). However, the
TN for CO formation using 30 was less than 1, indicating 30 does not work as
a photocatalyst.

The attachment of a pyridinium cation as an electron acceptor unit between
the photosensitizer and catalyst units (31) did not induce catalysis (TNco < 1),
and the TN remained lower than that of the mixed system of the corresponding
model complexes, 16 and 24 (TNco = 2) [41].
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2.3.2  Ru(ID-Co(III)

The supramolecular complexes 32, constructed with Ru(Il) and Co(IIl) metal
centers, was irradiated in the presence of TEOA under a CO, atmosphere using
400-750-nm light to give CO and H,. The photocatalytic performances of the
supramolecules (32a: TNco = 3, TNy, = 1, 32b: TNco = 5, TNy, = 1), how-
ever, is not as good as system comprising the isolated components 16 and
[Co(bpy)s]** (33) (TNco = 9, TNy, = 16) [53].

2.3.3 Ru(I)-Re(I)

As described in Sect. 2.1.1, thenium(I) diimine carbonyl complexes exhibit high
photocatalytic abilities for CO, reduction. However, thenium complexes have some
disadvantages such as (1) low absorbance in visible region and (2) low TN. To
overcome these problems, various supramolecular complexes (34, 37-40) wherein
the Re(I) catalyst unit(s) is/are linked with the Ru(II) photosensitizer unit(s) have
been developed [54-56, 58—60]. The Ru(Il) units can strongly absorb visible light,
and some of the Ru(Il)-Re(I) supramolecules can photocatalyze CO, reduction to
CO with high product selectivity, high quantum yield, and high durability.

The supramolecular complex (34a) bridged by a —CH,CH(OH)CH,- chain
with two dmb units as a peripheral ligands on the Ru center exhibited a high
photocatalytic ability for CO, reduction to CO (@co = 0.12, TNco = 170). This
supramolecule was a much better photocatalyst than the 1:1 mixed system
of mononuclear model complexes [Ru(dmb);]** (35) and fac-Re(dmb)(CO);Cl
36) (Pco = 0.062, TNco = 101). Supramolecule 34a was the first example
of a supramolecular photocatalyst exhibiting a high catalytic activity for this
reaction [54].

On the other hand, supramolecules wherein two diimines are conjugated in the
bridging ligands (37, 38) showed lower photocatalytic abilities than that of the
corresponding mixed system (35 + 36) [54]. This is because the extended conjuga-
tion of bridging ligand lowers the * orbital energy of the diimine ligand coordinat-
ing to the rhenium unit, which is reflected in the first reduction potential of the Re(I)
unit [E;5"Y = —1.10 V vs Ag/AgNO5 (37) and —1.33 V vs Ag/AgNO5 (38)]. This
decreases the reducing power of the OER species of the Re(I) unit. As described in
Sect. 2.1.1, only the rhenium complexes with E;,"? < —1.4 V vs Ag/AgNO; have
high activities for CO, reduction.

The propensity of the peripheral ligands coordinating to the ruthenium ion to
accept electrons also affects photocatalytic abilities of the supramolecules [54]. As
described above, the supramolecular complex with two dmb peripheral ligands (34a)
had a high photocatalytic ability, while the complexes with bpy (34b, TN¢o = 50)
and 4,4'-bis(trifluoromethyl)-2,2’-bipyridine (34¢, TNco = 3) were not as cataly-
tically active as 34a. This indicates that the unpaired electron in the OER species of
the Ru(Il) unit produced by photochemical electron transfer is mainly localized
on the bridging ligand. In the case that the electron is located on the peripheral
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ligands of the Ru(Il), electron transfer from the reduced Ru(II) unit to the Re(I) unit
probably does not occur or is not fast enough for efficient CO, reduction.

The peripheral ligand of the Re(I) unit also affects the photocatalytic reaction [56].
Introduction of triethylphosphite as a peripheral ligand (40a) instead of C1™ improved
the photocatalytic ability (Pco = 0.21, TNco = 232), while introduction of a pyri-
dine ligand (40b) lowered the photocatalytic performance (TNco = 97).

Among supramolecules linked with an alkyl chain, 39a, which has an ethylene
chain, exhibits the higher catalytic activity (Pco = 0.13, TNco = 180). Other
supramolecule systems with 3-, or 4-, or 6-carbon alkyl chains were less effective
and similar to one another [55].

3 Photocatalytic Systems with Inorganic Semiconductor

Fujishima et al. reported pioneering studies on photocatalytic CO, reduction using
various inorganic semiconductor photocatalysts in 1979 [61]. Since that time,
various other photocatalytic systems that employ semiconductors have been studied
[62-71]. Although there remain many problems, such as low selectivity of the
products and low quantum yield, further development of semiconductor photoca-
talysts is a useful goal due to the durability of inorganic semiconductors, typically
metal oxides, and their light harvesting properties. In this section, we review
reported photocatalytic systems that utilize inorganic semiconductors for CO,
reduction. Important data are summarized in Table 5.

3.1 Operating Principles

The operating principle of semiconductor photocatalysts is illustrated in Fig. 1.
Absorption of light by a semiconductor electrode or particles causes the transition
of an electron from the valence band (VB) to the conduction band (CB). Both an
excited electron () and a hole (h™) are generated concurrently in the CB and VB,
respectively [66, 134—137]. The photo-generated excited e~ can potential be used
for CO, reduction. Because protons can also accept the excited electron, hydrogen
evolution often competes with CO, reduction, and this remains as one of the most
serious problems to be solved in the field. On the other hand, the photo-generated h*
is quenched by electron injection from a reductant such as organic molecules or
water. For the use of water as a reductant, the potential of the VB must be more
positive than the oxidation potential of water. Considerable amounts of various
organic molecules, such as acetic acid, can be adsorbed on the surface of semi-
conductors that have not undergone any pre-treatment. Because such organic
adsorbates can work as reductants and/or carbon sources for the products, removal
of the organic contamination is essential prior to photocatalytic CO, reduction
experiment.
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Fig. 1 Reaction mechanism Reduced
of inorganic semiconductor Product(s)
photocatalysts

Conduction
Band (CB)

Valence

H,0, CH5OH, etc:
20. OHOH, tc Band (VB)

3.2 TiO, and Related Materials

Photocatalytic reduction of CO, in aqueous solutions using various semiconduc-
tors, i.e., TiO,, ZnO, CdS, GaP, SiC, and WO;, was reported for the first time in
1979 [61]. Figure 2 shows the correlation between the yield of methanol as a major
product and the CB potential of the semiconductor catalyst. A larger amount of
CH;0H was obtained from semiconductors with more negative CB potentials,
while CH3;0H was not generated from semiconductors with more positive CB
potentials than the redox potential of CH;0H/H,COs. It was suggested that water
works as reductant because no reducing regent was added to the reaction solution
[(18) and (19)]. The authors proposed that the reduction proceeds in a stepwise
manner, and two-, four-, six-, and eight-electron reduction products, i.e., formic
acid, formaldehyde, CH;OH, and methane are produced according to (20)—(23).
The reported quantum yields of production were 5 x 10™* and 1.9 x 10~ for
HCHO and CH30H, respectively.

Cat.+hy — e +h' (18)

H,O + 2h* — 1/20, + 2H* (19)
CO,(aq) + 2H" + 2¢~ — HCOOH (20)
HCOOH + 2H" 4 2¢~ — HCHO + H,0 @1)
HCHO + 2H" + 2¢~ — CH;0H 22)
CH;OH + 2H" + 2¢~ — CH, + H,0 23)

In 1983, Halmann et al. evaluated the CO, reduction ability of prototype solar
collector systems by using the photocatalytic properties of TiO,, SrTiO5, and
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Fig. 2 Correlation between the yield of methanol and the conduction bands of semiconductor
catalysts. The dashed line denotes the standard redox potential of the CH;0OH/H,CO; couple vs
NHE. (Reprinted from [61] with permission by the Nature Publishing Group)

CaTiO5; semiconductors (Fig. 3) [138]. The light energy conversion efficiencies
were estimated to be 0.001-0.016% in these systems.

Because one possible rate determining step is the water oxidation process, the
photocatalytic reduction of CO, has been tried in the presence of sacrificial electron
donors, such as alcohols [94, 118, 121, 133, 139]. It has been reported that
photocatalytic CO, reduction by TiO, in the presence of 2-propanol selectively
gives CH,4 [121]. Acetone was also detected as an oxidation product of 2-propanol.
However, only a slight increase in the reaction efficiency was observed following
the addition of 2-propanol. The reported TN and TF of CH, production are TN =
1.3 pmol (g cat.)” ! and TF = 0.43 pmol (g cat.) ! h![121].

A photocatalytic CO, reduction system with TiO, and Cu powders was found
to produce CH3;0H, HCHO, CH,, and CO [132]. Because no reduced products of
CO, were observed in the absence of Cu, Cu is thought to function as a reductant
and co-catalyst for the photocatalytic reaction.

The photocatalytic reduction of CO, by Cu-, Cu,O-, and CuO-doped TiO, were
compared in aqueous dispersions in the absence of a sacrificial electron donor
[100]. In all cases, CH30H was the only reaction product, and the best result was
obtained using 3.0 wt% CuO doped TiO, (3%CuO/TiO,). The reactivity of bare
TiO, was determined to be TF = 809 pmol (g cat.) ' 6 h~' and @ = 0.586, while
3%CuO/TiO, exhibited TF = 2,655 pmol (g cat.)"' 6 h™', & = 0.19, which is
about three times higher than that using bare TiO,.
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Fig. 3 Photochemical solar
collector. (Reprinted from
[138] with permission by
the Elsevier)

The UV-light induced photocatalytic reduction of CO, to CH, using various
metal-deposited (Pd, Rh, Pt, Au, Cu, and Ru) TiO, particles in aqueous dispersion
has been investigated [130]. The Pd-deposited TiO, (Pd-TiO,) was the most
efficient photocatalyst in such systems (Table 6). Organic contaminants on the
photocatalyst were thoroughly removed before the photocatalytic reactions. Photo-
chemical reactions carried out under '*CO, using Pd-TiO, gave '*CH, as a product.
Therefore it was concluded that CO, is the carbon source. TiO, without any added
metal could not produce CHy, and therefore Pd is thought to act as a co-catalyst for
the multi-electron reduction of CO,. Water is probably the reducing regent in this
system (Fig. 4), because after photocatalytic reactions of 4 h duration, oxidized
products of Pd were not detected.

Photocatalytic CO, reduction using Ti**-doped zeolites or mesoporous silica has
been reported [70, 104, 106, 107, 109, 116, 117, 123, 140-147]. In these systems,
some of the Si** centers were isomorphously substituted with Ti**. The doped Ti**"
was tetrahedrally coordinated and was highly isolated within the SiO, framework.
The doped Ti** species do not exhibit semiconductor properties, and can emit from
the 0>~ — Ti* charge-transfer (CT) excited state (Fig. 5) [70]. The emission was
quenched in the presence of CO,. By using this system, CO, was photocatalytically
reduced to CH3;0OH and CHy. The selectivity was strongly affected by the hydro-
phobicity of the surface of the supports, for example, a higher hydrophobicity led to
greater selectivity in the formation of CH3;OH. With a Ti4+—doped mesoporous
silica thin film made by sol—gel techniques, which had good transparency, the total
quantum yield of CH4 and CH5OH formation was 0.3 [104].

Photocatalytic CO, reduction using TiO, or Cu/TiO, deposited in mesoporous
silica (SBA-15) cavities was found to produce CH;OH [79]. A photocatalytic
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Table 6 The photocatalytic reduction of CO, using metal-deposited TiO," (reprinted from [130]
with permission by Elsevier)

M-TiO, Amount of the following products (1078 mol)
CH,4 C,Hg CH;0H HCO,H CH;CO,H

TiO, 0.7 0.1 <1 <0.5 <1
Pd-TiO, 24.7 1.4 <1 <0.5 <1
Rh-TiO, 10.0 0.9 <1 <0.5 5.0
Pt-TiO, 5.0 <0.1 <1 <0.5 <1
Au-TiO, 33 0.6 <1 <0.5 <2.8
Cu-TiO, 1.9 0.2 <1 0.6 4.1
Ru-TiO, 0.6 <0.1 <1 <0.5 2.0

A suspension of metal-deposited TiO, (150 mg) in water (1.5 mL) was irradiated at > 300 nm for
5 hunder a CO, atmosphere

Fig. 4 Photocatalytic CO,
reduction mechanism using hV

Pd_TiO, Cco, @ 'O

Fig. 5 Photoluminescence a
spectra of Ti** in Y-zeolite EX

catalyst; (curve a) under
degassed condition and
(curve b) in the presence of
CO, at 77 K. The
corresponding excitation
spectrum is indicated with Ex.
(Reprinted from [70] with
permission by the Elsevier)

Intensity/arb.unit

1 1 Il

200 300 400 500 600
Wavelength/nm

system using (2 wt% Cu/Ti0,)/SBA-15 showed the most efficient photocatalytic
activity in this series, and the TF for CH;OH formation reached 627 umol (g cat.) '
h™'. The authors supposed that the origins of such high catalytic activity are the
high dispersion of the anatase type TiO, nano-crystals in the SBA-15 cavities,
and the Cu that works as an efficient electron capture catalyst.
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3.3 Other Semiconductors

Photocatalysis employing various metal oxide semiconductors [71] such as Ga,0;
[76, 148], GaP [86], InTaO, [88], MgO [76, 103, 108], ZrO, [76, 92, 110-112, 120,
126, 129], BiVO, [84], and ATaO; [75] (A = Li, Na, K) have been reported.

Monoclinic crystals of BiVO, photocatalyzed CO, reduction to C,HsOH in aque-
ous solution without a sacrificial electron donor [84]. BiVO, can act as visible-light
responsive photocatalyst, and photocatalytic activity improved under intense light
irradiation. The maximum TF reached ca. 1.5 mmol (g cat.)”' h™'. The authors pre-
sumed that the intense irradiation enhances the production of reaction intermediates.

Irradiation of a photoelectrochemical cell constructed with a p-GaP electrode
[149] selectively produced CH3;0H from CO, in aqueous solution (pH = 5.2)
containing pyridine (10 mM) [86]. Both the yield of CH;0OH formation and the
faradaic efficiency were strongly dependent on the bias potential (E) vs SCE.
Quantitative faradaic efficiency could be obtained at £ = —0.2 V, and the maxi-
mum quantum yield was 0.44 at E = —0.5 V (Table 7). The authors have proposed
the reaction mechanism shown in Scheme 9 [150]. A photoelectrochemically-
generated pyridinium radical initially reacts with CO, to give a CO, adduct. Further
multistep reduction of the CO, adduct by pyridinium radicals produces formic acid,
formaldehyde, and CH;OH.

Metal sulfides such as ZnS, CdS, and Cd,Zn,,S can work as CO, photore-
duction catalysts in the presence of a sacrificial electron donor [119, 124, 125, 127,
128, 151]. Although the reaction products of CO, are formic acid and CO in dry
conditions, H, is also generated in the presence of H,O. The quantum yields of CO,

Table 7 Photoelectrochemical conversion of CO, to methanol using p-GaP with pyridine
(reprinted from [86] with permission by the American Chemical Society)

E (V)* Under J Faradaic Quantum Quantum OCE®
potential® (mA/ eff. CH;0H yield eff. CH;OH" 1 (%)
(mV) cm?) & (%) P (%) Prteon (%)
465 nm
—0.70 1.1 56 8.3)¢ 4.6)¢ 1.3)¢
—0.60 1.0 51 ;.1 2.6)¢ 1.3)¢
—0.50 20 0.46 78 3.4 2.65 1.05
—0.40 120 0.33 83 23 1.9 1.05
—0.30 220 0.27 90 1.6 1.35 0.84
365 nm
—0.50 20 0.92 62 71 44 10.9
—0.40 120 0.48 89 38 34 8.9
—0.30 220 0.28 92 16 15 5.8
—0.25 270 021 96 12 11.5 4.65
—0.20 320 0.21 9 13 12.5 4.8

“All potentials references vs SCE. Underpotentials stated are vs the standard potential of —0.52 V
for the reduction of CO, to methanol at pH 5.2

°As defined by (1) to be (mol methanol x 6)/mol photons

As defined by (4) to be (chemical power out — electrical power in)/light power in

9These values were obtained at an overpotential, and thus external electrical power was also used
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Scheme 9 Proposed reaction mechanism of the pyridinium-catalyzed reduction of CO,.
(Reprinted from [150] with permission by the American Chemical Society)

= Co,

Scheme 10 Proposed mechanism for the photocatalytic reduction of CO, to CO on CdS with
sulfur vacancies

reduction range from 0.1 to 0.4. Because CdS can absorb < 480-nm light, it can be
used as visible light-driven photocatalyst for CO, reduction to CO in the presence
of TEA as reductant. Sulfur vacancies on the surface of the CdS particles were
revealed by EXAFS and emission measurements [124]. The proposed reaction
mechanism is shown in Scheme 10. The vacant site and the neighboring Cd atom
strongly interact with CO, molecules and its reduction gives a CO, anion radical in
the adsorption site. The CO, anion radical accepts a further electron and oxygen is
captured by another CO, to give CO and CO5>". ZnS can also work as a photo-
catalyst of CO, reduction to formic acid using TEA as a reductant [127, 128]. The
addition of Cd** enhanced the photocatalytic ability of ZnS, and the quantum yield
of formic acid production is 0.375.
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3.4 Polyoxometalates

Various polyoxometalate (POM) oxygen bridged clusters with metals such as W,
Ti, and Ru have been reported, and some of them can function as photocatalysts
under UV-light irradiation. Photocatalytic CO, reduction to CH, was achieved
using K;[PTi,W9040] 6H,O or Ks[BW,,049] 15H,0 as photocatalyst in the
presence of CH3OH as a sacrificial donor [133]. Another POM [Ru'(H,0)
SiW,,030] [(C¢H;3)4N"]5 photocatalyzes CO, reduction to CO in toluene contain-
ing various amines [77]. Isotope labeling experiments using '*CO, revealed that
after [RUHI(HQO)SiW11O39] eliminates the water ligand in dry toluene, CO, can
interact with [Ru™SiW,,050] to give ([Ru"(CO,)SiW,,030]). The authors pro-
posed that a 1:1 adduct of [Ru™(CO,)SiW ;03] and the amine is formed in the
solution, and the CO, ligand is reduced to CO by irradiation to the adduct
(Scheme 11). The efficiency of the reduction of CO, was found to depend strongly
on the added amines, and the highest yield of CO was obtained using TEA as
reductant (TNcg = 3, @co = 0.02).

3.5 Hybrid Systems

In recent years, novel photocatalytic CO, reduction systems, which combine
semiconductor photocatalysts and other functional units, have been reported. Visi-
ble light driven photocatalysis of CO, was achieved using CdSe quantum dots as a
photosensitizer and Pt/TiO, as the catalyst unit [78]. Electron injection from bulk
CdSe to TiO, does not proceed because bulk CdSe has a more positive CB energy
than TiO,. However, because the CdSe quantum dots exhibit a negative shift of the
CB energy, electron injection to the TiO, can proceed. Visible light irradiation of
the CdSe/Pt/TiO, hybrid catalyst in an aqueous solution gave CH, and CH;0OH with

Q
H\ ’H /,C ..... NEts
Q CO, +
i PhCH 2
"— -1—
o] o
\..NEty 't‘: -NEt; O=C—NEt, 0=C— NEtg
o” cnH | aiH kH

Ru

Ru
U -— U —— U—*U — )
+ CH3CHO +CO + HNEt,

Scheme 11 Proposed mechanism for the photocatalytic reduction of CO, by [Ru(H,0)

SiW,039]
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TF = 48 and 3.3 ppm (g cat.) ' h™', respectively, without formation of CO or H,.
Interestingly, when Fe was used instead of Pt as co-catalyst, only H, evolution was
observed upon irradiation (> 55 ppm (g cat.)”' h™h).

Combined photocatalytic systems of TiO, with metal complexes have been
reported [95]. Visible light irradiation of Cu—Fe/TiO, chemically combined with
Ru(4,4'-(COOH),-bpy),(NCS), (N3 dye: bpy = 2,2-bipyridine) under a CO,
atmosphere in the presence of water as a reductant gave C,Hg and CH, [87]. A
mixed photocatalytic system with Pt deposited on a TiO, catalyst and [Ru(bpy)s]**
(16) have also been reported. There CH, was detected and the reductant was
supposed to be water [89]. A three-component system with [Ru(bpy),(4,4'-
(PO3H2)2-bpy)]2+, TiO, nanoparticles, and an enzyme (CODH I) from Carboxy-
dothermus hydrogenoformans (Ch) has been recently reported (Fig. 6) [72]. CODH
I has an [Ni4Fe-4S] active site for CO, reduction. Selective CO production was
observed upon visible light irradiation in a buffer aqueous solution containing 2-
(N-morpholino)ethanesulfonic acid (MES) as reductant. At pH 6 and 20 °C the
visible light sensitized system produces ~ 5 umol CO during a 4 h period of irradia-
tion. The TF of CO formation was 250 pmol (g of TiO,) "' h™! on the basis of TiO»,
and 530 (mol ' of CODH I) h™' on the basis of CODH I, which changed dramati-
cally with the temperature. The TF at 50 °C was 2 ~ 3 times higher than that at 20 °C.

A newly-designed photoelectrocatalytic (PEC) reactor for CO, reduction, which
combines photocatalysis by TiO, and electrocatalysis by carbon nanotubes (CNT),
has recently been proposed (Fig. 7) [152]. A proton-conductive Nafion™ membrane
connects the TiO, and CNT. Irradiation of the combined system of nano-structured
TiO, deposited on a metal Ti electrode with Pt modified CNT deposited on carbon
sheet caused water splitting to H, and O,. A half-cell for the cathodic electrode,
i.e., Pt or Fe modified CNT electrode, produces various organic molecules such as
2-propanol due to electrocatalytic reduction of CO, on the electrode. The proposed
PEC reactor is incomplete in its present state. However, these systems are expected
to couple water splitting and CO, reduction, and thus it may establish a new
artificial photosynthetic system.

Active site
[Ni4Fe-4S]

Fig. 6 A photocatalytic system for CO, reduction using TiO, nanoparticles with CODH I and a
Ru(Il) complex. (Reprinted from [72] with permission by the American Chemical Society)
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4 Summary

Photocatalysis using both homogeneous and heterogeneous systems for CO, reduc-
tion have been reviewed.

In homogeneous systems, some photocatalysts using transition metal complexes
show outstanding performance, such as high absorbance in the visible region, high
quantum yields, and high product selectivities. However, no metal complex which
can use water as the reductant for CO, reduction has been reported so far.

Recently, the number of reports about CO, reduction using semiconductor
photocatalysts has been increasing rapidly. Some metal oxide semiconductors,
typically TiO,, have advantages over molecular catalysts, in that they can use
water as a reductant. However, the efficiencies of many of the semiconductor
photocatalysts for CO, reduction remain quite low, mainly because of competition
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with hydrogen evolution from water. It should be noted that, in many cases, the
carbon source of the photoproducts has not been identified. Recently, it has been
pointed out that the organic contaminants become both carbon sources and reduc-
tants of the reaction products for photocatalytic reduction of CO, using TiO, [153].
Careful experiments should always be undertaken to clarify this point, such as
isotope-labeling experiments using '*CO, (Table 5).
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Design of Heterogeneous Photocatalysts
Based on Metal Oxides to Control
the Selectivity of Chemical Reactions

Andrea Maldotti and Alessandra Molinari

Abstract Photocatalysis is particularly relevant in order to realize chemical trans-
formations of interest in synthesis and, at the same time, to move towards a
“sustainable chemistry” with a minimal environmental impact. Heterogeneous
systems with well-defined textural characteristics represent a suitable means to
tailor the selectivity of photocatalytic processes. Here, we summarize and classify
the significant features of photocatalysts consisting of photoactive metal oxides
dispersed on high-surface-area solid supports, or constrained inside their porous
network. These systems are based on the use of titanium dioxide, highly dispersed
oxides of titanium, chromium, vanadium, and polyoxotungstates. They share simi-
lar primary photoprocesses: light absorption induces a charge separation process
with formation of positive holes able to oxidize organic substrates. A great number
of the papers discussed here concern oxidation reactions carried out in the presence
of O, for inducing partial oxidation of alcohols and monooxygenation of hydro-
carbons. We also devote some attention to photocatalysis in the absence of O,.
In these conditions, the photogenerated charge separation offers the possibility
to induce the formation of C—C and C—N bonds. We emphasize that the optimal
tailoring of photoactive materials for synthetic purposes can be achieved by com-
bining recent advances in the preparation of nanostructured materials with mecha-
nistic knowledge derived from surface science and molecular level investigations.
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oxidations - Titanium dioxide
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1 Introduction

The term photocatalysis is often used to refer to processes carried out in the
presence of semiconductor materials and aimed at wastewater decontamination or
water splitting for the generation of hydrogen as a fuel. However, the idea that
photocatalysis can provide an alternative to more conventional synthetic pathways
has been gradually emerging [1-12]. In its broadest sense, photocatalysis for
synthetic purposes concerns the use of light to induce chemical transformations
of organic or inorganic substrates that are transparent in the wavelength range
employed. The radiation is absorbed by a photocatalyst, whose electronically
excited states are able to trigger the chemical reactions of interest. The overall
process can be considered photocatalytic when (1) the photoactive species is
regenerated in its initial state at the end of a reaction cycle, just as happens in
thermal catalysis and (2) the photocatalyst is consumed less than in stoichiometric
amounts, while light is a stoichiometric reagent. Photocatalysis is particularly
relevant in order to realize chemical transformations of interest in synthesis and,
at the same time, to move towards a “sustainable chemistry” with a minimal
environmental impact. In fact, photochemical reactions require milder conditions
than thermal processes, may allow the conception of short and efficient reaction
sequences, minimizing side processes, and may employ sunlight as a completely
renewable source of energy leaving no residue.

Selectivity is a key issue in photocatalytic processes aimed at the production of
functionalized intermediates of interest in fine chemistry. In order to pursue this
objective, all steps of the catalytic process must be optimized. Heterogeneous
systems represent a suitable means to tailor efficiency and selectivity of photo-
catalytic processes through the control of the microscopic environment surrounding
the photoactive center, which is located on the catalyst surface, inside pores, or in a
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thin liquid film at the surface. In particular, type and textural characteristics of the
material employed may affect important physical and chemical properties of the
photocatalytic system that act as rate determining steps: absorption of light,
adsorption—desorption equilibria of reaction intermediates, and control of the dif-
fusion of reactants and products in or out of catalytic sites located inside of a porous
network. It is in this context that recent developments in the discovery of new
synthetic routes for the preparation of materials with well-defined structures at the
nanometer scale may afford better design of active sites for selective catalytic
processes, including photocatalytic processes [13]. Of course, another main role
of a solid support is that the photocatalysts become more easily handled and
recycled.

Herein we summarize and classify the significant features of photocatalytic
systems based on the use of titanium dioxide, highly dispersed oxides of titanium,
chromium, vanadium, and polyoxotungstates. They share similar primary photo-
processes: light absorption induces a charge separation process with formation of
positive holes that are able to oxidize organic substrates. A great number of the
works discussed here concern oxidation reactions carried out in the presence of O,,
whose role is not only that of scavenging the photogenerated electrons but also that
of producing active oxygen species. Among oxidation reactions, most of the
photocatalytic processes concern the conversion of alcohols to carbonylic com-
pounds and the monooxygenation of hydrocarbons. In this connection, it is to
underline that the search of new catalysts able to induce the oxidation of organic
substrates with an environmentally friendly and cheap molecule like O, represents
a major target from the synthetic and industrial points of view [14-16]. We also
devote some attention to photocatalysis under anaerobic conditions since, in the
absence of O,, the photogenerated charge separation offers the possibility to induce
redox-combined processes leading to the formation of C—C and C-N bonds.
We emphasize that the optimal tailoring of the photoactive materials for synthetic
purposes can be achieved by combining recent advances in the preparation of
nanostructured materials with mechanistic knowledge derived from surface science
and molecular level investigations.

2 Titanium Dioxide

Titanium dioxide is certainly the most investigated semiconductor in photocatalysis
since it combines unique and attractive characteristics, such as high photocatalytic
activity, stability, and environmental tolerance. There is an ever increasing atten-
tion to tailoring the reactivity of TiO,-based photocatalysts to drive reactions of
interest from the synthetic point of view [1-11]. It is generally accepted [1-11,
17-21] that excitation of TiO, with supra bandgap photons causes a charge separa-
tion in the semiconductor solid according to Fig. 1: electrons are promoted to the
conduction band (e”) and holes are left in the valence band (h*). Subsequent
interfacial electron transfer processes may then occur with adsorbed substrates. In
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particular, oxidation of an organic substrate (RH) to radical species can take place
through either direct electron transfer to the photogenerated positive holes or
hydrogen atom abstraction by OH" radicals, which are formed as a consequence
of hole capture by adsorbed OH™ groups. Because of its considerable oxidizing
capability, TiO, is able to photooxidize further partially oxygenated products up to
full mineralization of the starting organic substrate. This over-oxidation process,
which has contributed to the development of many studies focusing on environ-
mental cleanup, may be a problem when photoexcited TiO, must be employed for
synthetic purposes.

Due to its unlimited availability, O, is usually employed as scavenger of the
photogenerated electrons, undergoing reductive activation to O, * or HO,". These,
in turn, may yield other reactive oxygen species that contribute to the final product
distribution. Under anaerobic conditions, the conduction band electrons can be
transferred to various organic or inorganic substrates (Ox in Fig. 1), whose reduction
intermediates may take part effectively in the formation of useful products. While in
an n-type photoelectrode electrons can be conveyed through an external circuit, in a
suspension of the same semiconductor both charges have to be transferred through
the interface to independent (acceptor and donor) species. This means that, for
charge transfer to compete with recombination, capture of at least one of the
photogenerated charges by species in solution must be a fast process.

There are now a number of studies indicating that it is possible to control activity
and selectivity of photoexcited TiO, in order to accumulate partially oxidized
products with only negligible over-oxidation and mineralization of the substrate.
In particular, it is becoming evident that the photocatalytic activity of TiO,-based
photocatalysts is governed by several important parameters including (1) crystallo-
graphic and morphological characteristics, (2) adsorption phenomena, (3) surface
modification, and (4) composition of the reaction medium.

2.1 Oxidations

2.1.1 Alkanes

Catalytic oxidation of alkanes represents a fundamental process for the production
of fine chemicals [22-24]. Unfortunately, many of these processes are characterized
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by several drawbacks, such as low selectivity, poor catalyst stability, and the
employment of large amounts of pollutant chemical oxidants. Therefore, there is
a strong demand for the development of robust heterogeneous catalysts that can
promote selective oxygenation of C—H bonds by O, under mild temperature and
pressure conditions. In this context, the liquid-phase oxygenation of cyclohexane
by photoexcited semiconductors such as TiO, continues to be the object of intense
research for two main reasons. On the one hand, the study of this representative key
reaction can provide insights on the oxygenation mechanism of non-activated C—-H
bonds; on the other hand, the conversion of cyclohexane to cyclohexanone is
important since this ketone is a precursor in the synthesis of adipic acid and
caprolactam, which are ultimately used in the production of monomer for nylon
66 and nylon 6.

A number of articles indicate that the photocatalytic oxidation of cyclohexane at
room temperature and atmospheric pressure yields cyclohexanone as the main
product (selectivity higher than 80%) and minor amounts of cyclohexanol and
carbon dioxide [25-37]. Figure 2 summarizes the main steps of the reaction
mechanism. The photogenerated cyclohexyl radicals are able to react with O,
under a diffusion-controlled rate to give peroxy radicals. Since hydrogen atom
abstraction by cyclohexyl-peroxy radicals is energetically unfavorable due to the
high C—H bond dissociation energy in cyclohexane, the fate of these radicals is
strongly determined by the competition between their reaction with the photogen-
erated electrons and their bimolecular radical disproportionation. This competition
affects the final yields to cyclohexanone and cyclohexanol [29, 31, 32, 35]. Cyclo-
hexanol may also be formed on the surface of the semiconductor as a consequence
of the reaction between cyclohexyl radical and OH" radicals. Consecutive photo-
catalytic oxidation of adsorbed cyclohexanol is a likely additional source of cyclo-
hexanone [26]. Further over-oxidation processes may yield strongly adsorbed
carboxylates and carbonates that, likely, are a main cause of TiO, deactivation
[30, 38] and that, finally, lead to the formation of carbon dioxide.

00’
TiO,
h(OH'), .
*(H 20)

h(OH) "

5 fiﬁ

00"

ZOH[

Fig. 2 Photocatalytic é

oxidation of cyclohexane



190 A. Maldotti and A. Molinari

Several investigations report that adsorption equilibria of cyclohexanol and
cyclohexanone strongly affect the final product distribution of the photocatalytic
process [25-27, 30, 35, 39]. More specifically, it has been demonstrated [27, 30]
that cyclohexanol is preferentially adsorbed onto the hydrophilic surface of TiO,
with respect to both cyclohexane and cyclohexanone and, therefore, it undergoes
facile over-oxidation ultimately to CO,. On the other hand, cyclohexanone is less
adsorbed than cyclohexanol, thus explaining, at least in part, its accumulation in the
solution bulk. The competitive interaction of the oxygenated intermediates on the
semiconductor is also affected by the nature of the dispersing medium. Research in
our laboratories [26] shows that the presence of CH,Cl, as co-solvent inhibits
cyclohexanol interaction with TiO,, so improving the final yield to this photoprod-
uct. Other authors provide evidence that the effect of CH,Cl, may also be ascribed
to its direct participation in the photocatalytic redox process [27, 39]. The influence
of other dispersing media on the photocatalytic oxidation of cyclohexane by TiO,
has been investigated [27]. It has been found that isopropanol and chloroform are
preferentially adsorbed in comparison to cyclohexane and that they form radicals
that react with other solvent molecules more readily than with cyclohexane.

In addition to adsorption phenomena, the photoreactivity of TiO, towards
cyclohexane can be controlled by textural effects. We have recently reported that
a TiO,-based mesoporous material, prepared by templating preformed TiO, nano-
particles, is a robust photocatalyst for inducing cyclohexane photooxidation to
cyclohexanone with only traces of cyclohexanol [32]. This high selectivity has
been ascribed to a different reactivity of O, and CgH; ;00" towards trapped and free
conduction band electrons of the semiconductor: the structure of this material,
constituted exclusively of arrays of sintered TiO, particles, favors an inter-particle
electron connection which would entail a better utilization of electron traps.
According to a previous investigation [29], once trapped, electrons are removed
by CgH;,00" radicals to yield cyclohexanone (Fig. 2) rather than being scavenged
by O,. This statement is confirmed by the observation that the selectivity to
cyclohexanone decreases significantly when the mesoporous material contains
silica domains able to inhibit the inter-particle electron mobility.

Very recently, novel insights into the effect of crystallinity, availability of holes
and electrons, and the amount of surface OH-groups of anatase TiO, in the presence
of cyclohexane have been reported [33, 35]. In those works, it has been shown that,
upon increasing the crystallite size, productivity decreases, due to the smaller OH-
group concentration and the cyclohexanol/cyclohexanone ratio increases. The
influence of particle size and crystallinity on this ratio is explained in terms of
lifetime of the photogenerated conduction band electrons. In particular, relatively
large TiO, crystals (10-25 nm) are characterized by high effective hole concentra-
tion and, consequently, by accumulation of cyclohexyl peroxy radicals, which, in
turn, undergo disproportionation to both cyclohexanone and cyclohexanol. The
presence of Au on the TiO, surface gives similar effects [34]: the enhanced lifetime
of the photogenerated electrons stabilized by Au particles allows a higher effective
hole concentration and, consequently, a higher cyclohexanol formation rate as
compared to unmodified TiO,.



Design of Heterogeneous Photocatalysts 191
2.1.2 Aromatics

The search for new reaction pathways for the selective oxidation of aromatics
continues to be of great interest in applied synthesis, since the main followed routes
present several drawbacks in terms of cost and environmental impact. The ability of
photoexcited TiO, to induce oxidation of aromatic substrates has been well recog-
nized [40—44]. Alkylaromatics mainly undergo oxidation of their alkyl chain
according to the mechanism reported in Fig. 2 for cyclohexane. Direct hydroxyl-
ation of the aromatic ring via electrophilic addition of the photogenerated OH: is
possible when the substrate is benzene. This process occurs with a relatively low
selectivity (about 15%) since phenol is easily decomposed through its subsequent
reaction with OH" radicals. Hydroxylation of mono-substituted benzene derivatives
by photoexcited TiO, depends on the electron withdrawing properties of the
substituents [45, 46]. In particular, photoexcitation of TiO, suspended in water
containing benzene derivatives with an electron donating group leads to the forma-
tion of ortho and para hydroxylated isomers, in agreement with the directing
properties of the substituent. In contrast, with substrates containing an electron
withdrawing group, the OH- radical attack is non selective. Other investigations
show that photocatalysis with TiO, can be employed for inducing the oxidation of
naphthalene [47, 48]. Irradiation of TiO, suspended in water containing O, and 1%
acetonitrile leads to the conversion of naphthalene to the corresponding 2-formyl-
cinnamaldehyde and 1,4-naphthoquinone with 16% yield and about 50% naphtha-
lene conversion. TiO, has also been employed for the photooxidation of
phenanthrene [49]. A coumarin derivative is obtained as the main product when
the dispersing medium is an acetonitrile solution containing 8% of water. The
production of a coumarin derivative is attractive since its formation from phenan-
threne opens new synthetic routes by a one-pot process.

There are many recent examples of how yield and selectivity of photocatalytic
oxygenation of aromatics can be improved by designing TiO,-based materials with
specific morphology and surface properties [S0-53]. A mesoporous photocatalytic
system showing high conversion of benzene to phenol has been prepared by
conventional particle aggregation or surfactant-templating methods [50]. The
observed selectivity is ascribed to the fact that the sequential hydroxylation of
phenol by OH® radicals is suppressed due to competitive adsorption phenomena.
Other works give evidence that the hydrophobic nature of the photoactive surface is
beneficial for the selective oxidation of aromatic compounds. It has been shown that
the high affinity of benzene for the surface of TiO,-loaded ZSM-5 zeolites [51], for
TiO,-pillared clays [52], and for mesoporous silica containing TiO, nanoparticles
[54] contributes to increasing its conversion rate to phenol when the photocatalytic
experiment is carried out in aqueous solution.

A TiO, pillared montmorillonite clay (Ti-PILC) has recently been investigated
as photocatalyst for the selective oxygenation of several alkylaromatics [53]. As
shown in Table 1, accumulation of valuable carbonylic derivatives is possible since
their over-oxidation to CO, is negligible. In particular, proper reaction conditions
are found for obtaining carbonylic compounds with about 90% selectivity, a value
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Table 1 Photocatalytic oxidation of alkylaromatics by Ti-PILC and TiO,-P25

Photocatalyst Substrate 1 moles of product/gram p moles of CO,/gram
of TiO, of TiO,
Ti-PILC Hs CHO 2.7 <04
Ti0,-P25 © 36 45
CH, CHO
Ti-PILC 6.4 <04
TiO,-P25 | A | o 18 13
[ [
CH; CH;

CH CHO
Ti-PILC 3 - o 22 <04
3 3
Ti0,-P25 N NS 23 25
= =

significantly higher than that obtained with commercial TiO, Degussa P25. The
physical chemical characterization of the photoactive material indicates that its
large and hydrophobic surface is beneficial for the alkylaromatics to reach the
photoexcited TiO, inside the micropores of the sheet. The same surface character-
istics inhibit the adsorption of the more polar carbonylic photoproducts, which,
therefore, are free to diffuse in the solution bulk, so preventing their further over-
oxidation to CO,. A series of Y, beta, mordenite and ZSM-5 zeolites containing
nanosized TiO, clusters has been prepared by ionic exchange between Na* with
titanyl cations (Ti:Oz+) followed by condensation [55]. The maximum loading of
TiO, is determined by the cavity size and by the number of exchangeable cations.
TiO,/Y and TiO,/mordenite show higher photoactivity than commercial anatase for
the photooxygenation of thianthrene to thianthrene oxide (A = 254 nm).

2.1.3 Alcohols

The partial oxidation of alcohols to carbonylic derivatives is another demanding
chemical transformation for the production of fine and specialty chemicals. In this
context, a vast number of studies have been devoted to the selective oxidation of
alcohols catalyzed by photoexcited TiO, [56-73]. It is generally accepted that
direct adsorption of the alcohol onto the semiconductor surface is a compulsory
requirement for its oxidation; in particular, it is proposed by many authors to be a
dissociative adsorption of the alcohol as an alkoxide intermediate [60, 72—74]. Two
different oxidation pathways have been proposed: oxidation of the adsorbed alkox-
ide by direct electron transfer to the positive holes [60, 73] or oxidation of the
adsorbed alkoxide mediated by OH® radicals formed by the reaction between holes
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and superficial OH™ [75]. Subsequent coupling reactions may lead to the formation
of partial oxidation products or to total combustion. Through current efficiency
measurements, obtained from the photoelectrochemical oxidation at TiO,/Ti
anodes, it has been established that, in deaerated medium, two electrons are
captured by the semiconductor from the alcohols under consideration. In contrast,
in aerated conditions the number of TiO,-captured electrons can be reduced to one
because the alcoholic radical can be competitively captured by oxygen [63].

It has been demonstrated that oxidation mechanism, efficiency, and selectivity of
the photocatalytic oxidation of alcohols by TiO, Degussa P25 strongly depend on
the nature of the dispersing medium. Indeed, as evidenced by ESR-spin trapping
investigation, addition of small amounts of water to CH3;CN strongly inhibits
alcohol adsorption and its subsequent oxidation [60]. The reactivity of alcohols
on the surface of photoexcited TiO, is also affected by the nature of their hydro-
phobic aliphatic chain [60]: geraniol and citronellol are more susceptible to the
water content than their short analogues trans-2-penten-1-ol and 1-pentanol. Proper
reaction conditions have been found for the photocatalytic oxidation of geraniol,
citronellol, trans-2-penten-1-ol, and 1-pentanol to the corresponding aldehydes
with good selectivity (>70%). These results are important in applied synthesis
considering that citral, obtained through the partial oxidation of geraniol, is widely
used in perfumes and flavorings.

In another study, it has been reported that the polar surface of TiO, favors the
preferential adsorption of the primary OH group of diols such as 1,2 propanediol,
1,3 butanediol, and 1,4 pentanediol, thus favoring the subsequent oxidation of this
alcoholic functionality [61]. In particular, it has been found that more than 75% of
4-hydroxypentanal from 1,4 pentanediol can be obtained with very low mineraliza-
tion to CO, also under high conversion conditions. The regioselective oxidation of
diols can also be achieved in water by photoexcitation of a composite system in
which the natural enzyme glucose oxidase is adsorbed on the surface of TiO,
Degussa P25 [62, 76]. Electrochemical measurements show that the enzyme is
adsorbed on TiO, without changing the flat band potential [62]. The main role of
glucose oxidase is to mediate the electron transfer process from photoexcited TiO,
to O,, leading to the formation of H,O, [76]. ESR spin trapping investigations
indicate that the enzyme favors the formation of OH® radicals due to inhibition of
electron-hole recombination and H,O, reduction by conduction band electrons. The
photooxidation of 1,2-propandiol with this photocatalytic system is regioselective,
in that partial oxidation to hydroxyacetone is observed and no mineralization to
CO, occurs [62].

Anatase, rutile, and brookite TiO, can be prepared with a simple sol-gel
procedure that allows one to avoid any calcination treatment. These materials
have been extensively studied in the partial oxidation of aromatic alcohols in
aqueous medium [65-70]. Their electronic properties have been investigated by
diffuse reflectance spectroscopy and quasi-Fermi level measurements [70]: the
values of band gap, valence band, and conduction band edges are almost identical
for all the samples in which anatase phase is predominant, whereas appreciable
differences can be noticed in the presence of high amounts of rutile. ATR-FTIR
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results indicate that these TiO,-based materials show a very dissimilar hydrophilic-
ity and different ability for adsorbing reaction intermediates in comparison to
commercial TiO, Degussa P25 [70]. The anatase samples are significantly more
selective than commercial TiO, in the oxidation of 4-methoxybenzyl alcohol to the
corresponding aldehyde [68], which is a fragrance and an intermediate in many
industrial processes. CO, is the other main oxidation product together with traces of
4-methoxybenzoic acid and open ring compounds. Subsequent investigations give
evidence that the rutile samples are also able to photocatalyze the partial oxidation
of benzylic alcohols [67, 69]. More specifically, with this material, the selectivity of
the conversion of benzyl and 4-methoxybenzyl alcohols to the corresponding alde-
hydes maintains a value not less than 40% even when the conversion reaches 50%,
with a carbon balance higher than 95% [69]. The physical chemical characterization
of rutile samples points to a primary influence of crystallinity on selectivity. The
photocatalytic properties of anatase, rutile, and brookite TiO, have been compared
in the oxidation of 4-methoxybenzyl alcohol in water [59]. Rutile exhibits the
highest yield to aldehyde at a rate of the same order of magnitude of that shown
by the other materials. In another study, the photocatalytic oxidation of benzyl, 4-
methylbenzyl, and 4-nitrobenzyl alcohols has been carried out in order to investigate
the influence of -OCHj3 and —-NO, substituents on oxidation rate and selectivity [65].

Visible light illumination of nitrogen-doped TiO, prepared by a sol-gel method
brings about the selective oxidation of benzyl and cinnamyl alcohols to the
corresponding aldehyde [59]. The reaction takes place in oxygenated dry nitrile
solvents and is totally inhibited in the presence of water. The alcohols are shown to
be weakly adsorbed and interaction of acetonitrile with the surface is demonstrated
by its quenching of luminescence from band gap energy levels introduced by
nitrogen. It is proposed that the formation of active oxygen species is a key channel
leading to aldehyde formation.

2.2 Reductions

Photocatalysis by TiO, has attracted the attention of several researchers interested
in developing new photocatalytic processes which can compete with conventional
chemical reductions. The conduction-band-assisted reduction of nitro-aromatics to
the corresponding aniline products by photoexcited TiO, is usually carried out in
the presence of suitable electron donors such as alcohols [77-81]. The final product
distribution is affected by several parameters: (1) the polarity of the reaction
medium, which likely controls the stability of the charged intermediates [79],
(2) adsorption phenomena involving reaction intermediates [80], and (3) steric
effects and acid sites on the semiconductor [81]. The photocatalytic reduction of
nitroaromatics by TiO, is usually carried out after removal of the competitive
electron scavenger O,. However, it has been recently reported that small amounts
of O, can favor the conversion of nitrobenzene to aniline when TiO, is irradiated in
aqueous solutions containing oxalic acid as hole scavenger [82]. More specifically,
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30 min irradiation in the presence of 5% O, leads to the formation of aniline with
95% yield.

Loading with silver is a suitable means for enhancing the reactivity of TiO,
towards nitroaromatics. A photocatalytic system formed of Ag clusters deposited
on TiO, particles converts nitrobenzene to aniline with good selectivity in the
presence of methanol [83]. The Ag clusters favor both the charge separation inside
the semiconductor and the interaction of nitrobenzene with the photogenerated
reducing centers. A turnover number of 1,230 molecules per second has been
found, assuming that the reduction sites are the Ag atoms of the clusters. Nitro-
aromatics can be chemoselectively reduced to the corresponding amines by using
N-doped TiO; and KI as photocatalysts in the presence of methanol and upon solar-
light photoexcitation [84]. This process is very efficient with short reaction time
(<20 min) and excellent yields (>90%).

In recent years, much attention has been devoted to chemical reactions in
microreactors characterized by short molecular diffusion distance, fast mixing,
laminar flow, and large surface-to-volume ratio. Moreover, microreactors are
expected to exhibit very important properties in photocatalysis: higher spatial
illumination homogeneity and better light penetration through the entire reactor
in comparison to large-scale systems [85]. The possible advantages of this kind of
reactors in applied synthesis have been investigated. In particular, TiO, layers have
been deposited on the bottom and side walls of microchannels of 500 pm width,
10-500 pm depth, and 50 mm length. It has been found that, in this microreactor,
the photoreduction rate of p-nitroacetophenone to p-aminoacetophenone in the
presence of ethanol increases with increasing the residence time up to 45% yield
of amine with a residence time of 60 s [85].

2.3 Coupling Reactions

The charge separation occurring on the photoexcited surface of TiO, offers the
possibility to induce redox-combined processes in which intermediates generated by
one redox center become the substrates for another. In this context, the ability of TiO,
to generate alkyl radicals as a consequence of organic substrate oxidation is of great
interest for the formation of C—C bonds via conjugate alkylation [7]. Benzylation of
conjugated acids, esters, and carbonyls has been carried out employing TiO, as
photocatalyst [86—88]. Benzyl radicals are generated using precursors such as benzyl-
trimethylsilanes or phenylacetic acids, since these species are characterized by the
presence of a good “electrofugal group,” which is easily able to leave the initially
formed radical cation. Maleic and fumaric acids, as well as the corresponding anhy-
dride and nitriles, are monobenzylated in 40-80% yield. Figure 3 reports the mecha-
nism for the functionalization of tetracyanoethylene to the corresponding benzylethane
upon TiO, photocatalysis in the presence of a benzyltrimethylsilane [86].
Photoexcited TiO, can work as a catalyst for radical addition of tertiary amines
to electron deficient alkenes. In particular, N-methylpyrrolidine containing o,
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B-unsaturated lactones can be converted to the corresponding C—C coupling pro-
ducts with good yields [89, 90]. Photoexcitation of TiO, in aqueous solutions
containing heterocyclic bases and an amide gives the corresponding amide-func-
tionalized heterocycles [91]. It is proposed that photoexcitation yields an amide
radical which attacks the heterocyclic base to yield the C—C coupling products. The
presence of H,SO,4 and H,0, favors the radical formation. An analogous photo-
catalytic experiment carried out in the presence of ethers produced various hetero-
cycle-ether conjugates [92]. C-N coupling reactions may occur between
nitroaromatics and alcohols [93, 94]. 2-Methylimidazole is obtained from o-dini-
trobenzene by photoexcitation of TiO, in deaerated solutions of ethanol [93].
Moreover, ethanol solutions containing m-nitrotoluene produce a tetrahydroquino-
line derivative in high yield [94].

The reactive species generated by both the conduction band electrons and the
valence-band positive holes may be precursors of stable final products [95, 96].
Photoexcited TiO, can be successfully employed to convert p-nitrotoluene to the
corresponding carbamate with a selectivity higher than 80%, using ethanol as
carbonylating species and without the employment of harmful reagents such as
phosgene and CO. It is proposed that the process originates from cross reactions
among transient species formed from both the conduction-band-assisted reduction
of p-nitrotoluene and the simultaneous hole-assisted oxidation of ethanol [95]. The
photochemical and photocatalytic reduction of nitrobenzene in the presence of
cyclohexene has been investigated [96]. Table 2 shows the results obtained during
irradiation of cyclohexene/nitrobenzene solutions with or without TiO,. It is seen
that the presence of the semiconductor yields mainly the azo-derivative. This
product is likely formed via coupling reactions among reduction products of
nitrobenzene and cyclohexenyl radicals, which have been evidenced by ESR
spectroscopy.
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Table 2 Results of photocatalytic reaction of nitrobenzene in the presence
of cyclohexene with or without TiO,

Catalyst Product distribution (%)
Q Q O L
N—0 I“] NH
o
Without TiO, 32 21 32 15
With TiO, 11 47 23 19

The combination of TiO, and p-sulfonic acid as co-catalyst has been success-
fully applied for the reduction of nitrobenzene derivatives in O,-free ethanol
solutions to substituted quinolines and tetrahydroquinolines [97]. The ratio of the
cyclization products depends on the position or the type of the substituents present
on the nitrobenzene employed. A reaction mechanism is proposed comprising the
photocatalytic formation of methylanilines and acetaldehyde and their subsequent
reaction to quinolines and tetrahydroquinolines via a Schiff base as an intermediate.

A number of articles show that the photocatalytic activity of TiO, in C—C and
C-N coupling processes can be improved using organized multicomponent sys-
tems. TiO,-loaded Hf zeolite (SiO,/Al,03 = 20) dispersed in oxygenated CH;CN
solutions is able to catalyze several kinds of C—N coupling reactions [98—100]. The
proposed mechanism is summarized in Fig. 4 for the reaction between ethylene-
diamine and propylene glycol to give dihydropyrazine [98]. Propylene glycol is
oxidized to the corresponding dicarbonylic derivative, which, in turn, couples with
ethylenediamine to form dihydromethylpyrazine. This species supplies an electron
to the photogenerated hole forming a radical cation stabilized by zeolite. Then,
subsequent reaction with O, leads to demethylation and yields dihydropyrazine.
A similar photocatalyst, which is based on the use of a mixture of TiO, and
K10 montmorillonite, converts 1,2-phenylenediamine and propylene glycol to
2-methylbenzimidazole and benzimidazole with good selectivity [101].

Irradiation of aqueous solution containing powdered mixtures of TiO, and Pt
black induces the conversion of primary amines to secondary amines through C-N
coupling [102]. Electron transfer from the amine to positive holes leads to a radical
cation that is able to react with another amine molecule to form an imine whose
subsequent hydrogenation on the photocatalyst leads to the formation of the final
product. This process has been employed for the one-pot synthesis of L-pipecolinic
acid from L-lysine [103, 104]. A TiO,-based microreactor has been fabricated to
implement the photocatalytic synthesis of L-pipecolinic acid from r-lysine [105].
The conversion rate in this microreactor is 70 times higher than that in a cuvette
using nanometer-sized TiO, particles with almost the same selectivity and enantio-
meric excess. It has also been found that irradiation of TiO,/Pt mixtures dispersed
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in alcohol solutions containing primary or secondary amines forms the
corresponding secondary or tertiary amines [106, 107]. The formation of benzyl
radicals is more efficient when TiO, is loaded with platinum or silver salts [87, 88,
108, 109] which enhance the photocatalytic efficiency, working as traps of elec-
trons and inhibiting the charge recombination inside the semiconductor. In this way
it has been possible to photocatalyze the synthesis of diarylethanes from alkylben-
zenes, aryl-2-propanols, or benzyltrimethylsilanes [108, 109]. A new strategy based
on the combination of photocatalytic and catalytic reactions has recently been
developed for the one-pot synthesis of benzimidazoles [110]. This process employs
nanoparticles of TiO, loaded with platinum, which are able to promote the conver-
sion of alcohols to aldehydes through a Pt-assisted photocatalytic oxidation and the
catalytic dehydrogenation of the benzimidazoline intermediates. The conduction
band electrons are captured by H* to give H..

3 Highly Dispersed Oxides

3.1 Titanium

Highly dispersed oxides loaded on inorganic supports exhibit interesting photocata-
Iytic activities for synthetic purposes. In particular, these “single-site” photocatalysts
can often promote more selective transformations with respect to bulk semiconductor
oxides [5]. Upon photoexcitation of isolated Ti-oxide species, a localized excited
state is produced [Fig. 5 (I)]. Yoshida and co-workers report that silica containing
isolated Ti-oxide species is able to perform the photocatalytic epoxidation of light
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Fig. 5 Photoinduced redox processes on isolated Ti-oxide species and subsequent reaction
with O,

alkenes [111-113]. Trradiation of the catalyst T—S(0.34), with Ti/(Ti + Si) =
0.34 mol% in the presence of propene and O,, leads to the corresponding epoxide
with 57.5% selectivity, CO, 6.6%, and other products such as acrolein and acetalde-
hyde. It should be noted that the use of bulk TiO, does not produce epoxide and the
main product is CO, with 96.2% yield. Another catalyst containing isolated Ti-oxide
species has been employed for gas phase photocatalytic epoxidation of styrene with
O, [114]. The products obtained are styrene oxide (62%), benzaldehyde (23%), and
CO, (15%), with 18% styrene conversion. In contrast, when TiO, Degussa P-25 is
used, no styrene oxide is accumulated, benzaldehyde selectivity is only 2%, and the
main product is carbon dioxide.

Extensive studies concerning the mechanism of the above photocatalytic pro-
cesses have been reported [112, 113]. T-S(0.34) and T-S(0.1) show a narrow
absorption band centered at 210 nm that is assigned to a ligand-to-metal charge
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transfer of highly dispersed tetrahedral titanium species. So, when isolated
[Ti**—0.*7] absorbs UV light (A < 250 nm), a charge transfer from O*~ to Ti**
occurs and the excited state [Ti’ *—O"]* is formed [Fig. 5 (I)]. Then both O ~
and Ti** react with O, to produce O3~ and O, respectively [Fig. 5 (II) and (IIT)].
O3 has an electrophilic nature and is responsible for the attack on the electron rich
C=C bond of alkenes to produce epoxides, while O, attracts the electron on Ti*,
so preventing the otherwise very fast charge recombination with the hole on the
lattice oxygen and stabilizing O3~ . Increasing the Ti content causes important
variations in the UV spectra of the samples obtained: in addition to the absorption
band below 250 nm, new bands above 250 nm are present, likely due to aggregated
titanium dioxide species. As a consequence, (1) conversion of propene increases,
(2) yield to propene oxide decreases, and (3) side reactions for production of other
products and CO, are favored. Shiraishi and co-workers report that addition of
CH;CN to a Ti-containing mesoporous silica, forming a conventional liquid-solid
system, markedly improves epoxide selectivity (>98%) upon irradiation [115,
116]. Authors conclude that acetonitrile, a weak base, stabilizes the alkene by
solvation, inhibiting the proton transfer from olefin to Oy~ [Fig. 5 (III)] and
preventing the formation of radical species that afford undesirable allylic oxidation
products. Moreover, highly stereo-retentive (>99%) epoxidation is achieved in
these conditions: reaction of cis- and trans-2-hexene affords the corresponding
epoxides retaining the C=C moiety of the olefin in the resulting epoxide. In order
to improve the conversion yields, Ti-containing mesoporous organosilicas, synthe-
sized by a surfactant-templating method using an organosilane precursor, have also
been prepared [116]. The hydrophobicity of these materials enhances the access of
hydrophobic alkenes to the photoexcited Ti-oxide species, as expected, but a
destabilization of the active oxidant O; * for olefin epoxidation is observed. This
destabilization counteracts the enhanced olefin access to the excited species, result-
ing in almost no improvement in olefin conversion.

An interesting example of “size screening” photocatalytic activity has been
reported by Shiraishi et al. [117]. The photocatalysts consist of titanosilicate
molecular sieve zeolites containing isolated Ti-oxide species, such as titanium
silicalites TS-1 and TS-2. They promote the selective conversion of “appropriate”
size molecules, i.e., with a size close to the pore of the catalyst. A slim molecule
diffuses smoothly inside the pore and is scarcely trapped by [Ti>*—Op "]*. A fat
molecule cannot enter the pore, thus showing zero conversion. In contrast, diffusion
of a molecule with size close to the pore is restricted by the pore wall, trapped by
[Ti**~O_"]* and converted. Authors highlight a successful application of this
activity to a selective transformation of molecules that is associated with a size
reduction, the so-labeled “molecular shave” transformation. Photoirradiation of
TS-1 or TS-2 in chlorohydroquinone containing water gives rise to the
corresponding 1,2,4-trihydroxybenzene derivative with high selectivity at about
70% substrate conversion (Table 3). This reaction is particularly interesting since
the product is non-toxic and valuable. The size of chlorohydroquinone is similar to
the catalyst pore, thus allowing effective conversion. In contrast, the size of 1,2,4-
trihydroxybenzene is smaller than the pore, leading to smooth diffusion inside the
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Table 3 Photocatalytic properties of TS-1, TS-2 and of bulk TiO, in the
transformation of chlorohydroquinone to 1,2,4-trihydroxybenzene

System Substrate Product
conversion (%) selectivity (%)

TS-1 67 85

TS-2 74 99

TiO, 99 1

pores and avoiding subsequent reactions of this molecule. When bulk TiO, is used,
1,2,4-trihydroxybenzene is initially formed but it is subsequently completely
decomposed (Table 3).

A microporous titanosilicate ETS-10 has recently been used for selective
organic transformations [118]. This photocatalyst has Ti—-OH groups at the defect
sites exposed on the external surface, whereas these groups are scarcely present on
the channel walls. When the material is illuminated, OH® radicals, formed at the
titanol groups on the external surface, behave as active species. As a consequence,
small substrates that can diffuse inside the pore system are protected from the
photocatalytic reaction and, in contrast, large substrates that cannot enter the pores
react efficiently at the defect site on the external surface. Moreover, since the inner
pore environment is highly polarized, the material is able to discriminate among
small molecules on the basis of their polarity. This peculiar ability of ETS-10 to
control photocatalytic activity by size and polarity of substrates is employed for the
hydroxylation of benzene to phenol. The reactant is a non-polar molecule that can
react efficiently with OH® radicals on the external surface to give phenol, which is,
in contrast, a polar product. This can enter into the pores of ETS-10 where it is
protected from reaction with OH®. The sequential oxidation of phenol is therefore
suppressed and it can be accumulated with a high selectivity (65%) when the
benzene conversion is 40%.

Design of visible light-responsive Ti/SiO, has been accomplished by applying an
advanced metal ion implantation method [119-122]. Introduction of Cu(I) or Sn(Il)
centers in Ti-MCM-41 leads to metal to metal charge transfer moieties (Ti' '—O—Cu’
and Ti"V—O-Sn") that absorb in the visible region (around 620 nm) [119]. Irradiation
at these wavelengths allows the formation of Ti(IIl), showing that the assembly of
MMCT sites inside mesoporous silicas, with each metal in a preselected oxidation
state, opens the possibility of initiating photocatalytic processes by visible light.
More recently, Ti'V—0—-Ce' bimetallic assembly on mesoporous silica is employed
for the photooxidation of 2-propanol to acetone by O, under 4 = 460 nm [121] and
V-containing Ti-MCM-41 shows an enhanced photoactivity in the conversion of
propane to acetone with respect to Ti-MCM-41 [120].

3.2 Chromium

Different types of Cr—Si binary oxides are able to induce the partial photooxidation
of cyclohexane and of aliphatic and aromatic olefins by O, under visible light
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(4 > 400 nm) [123-126]. Highly dispersed Cr-oxide species show three absorption
bands centered at 245, 330, and 460 nm, which are assigned to the LMCT (from
0”" to Cr®) transitions of chromate species. A series of photocatalysts, with the
same Cr content, but prepared by different procedures, has been studied: (1) sol-gel
method (Cr-Si0,), (2) impregnation method on amorphous silica (Cr/SiO,), and (3)
templating method (Cr/MCM-41). All the catalysts are active in the partial photo-
oxidation of the investigated hydrocarbons by visible light, and, in contrast to TiO,,
they do not produce significant amounts of CO,. Among them, Cr—SiO, shows the
highest activity. ESR analysis reveals that photoirradiation of the chromate species
with tetrahedral coordination on Cr/SiO, and Cr/MCM-41 leads to the formation of
an excited state (Cr +*) that is different from that produced in the case of Cr-SiO,
(Cr**™). The oxygen (O) adjacent to the highly reduced Cr** has greater electro-
philicity than the O~ close to Cr’*. This fact produces an enhanced interaction with
the hydrocarbon, resulting in higher oxidation activity. The rate of cyclohexane
oxidation by Cr/MCM-41 photocatalyst is improved by introducing, during the
synthesis of the material, 10% of 1,2-bis(triethoxysilyl)ethane (BTESE), whose
role is that of making the surface of the mesoporous silica more hydrophobic thanks
to the presence of organic fragments [124]. Access of cyclohexane to the photo-
active chromate species is favored, leading to improved yields. The selectivity to
cyclohexanol and cyclohexanone with respect to CO; is maintained around 90%.

3.3 Vanadium

Vanadium-containing mesoporous silica with highly dispersed and tetrahedrally
coordinated V-oxide species (V¥Oy) has been prepared by a modified surfactant
templating method [127]. This catalyst shows high photocatalytic activity (A >
300 nm) even in water, while other V-containing silica catalysts, prepared by impreg-
nation or conventional templating methods, have no activity in the presence of water
due to hydrolysis of the V" O, species. Retention of activity in water is due to the fact
that VYO, species are confined within the silica layer and not exposed on the surface.
Despite its confined structure, this photocatalyst is able to oxidize cyclohexane mainly
to its alcohol and ketone with only traces of CO,.

Rubidium-ion-modified V,05/SiO, is a good catalyst for the selective photooxi-
dation of propane to acetone [128]. The presence of the alkali ion leads to
an improvement of the photocatalytic activity. The rate determining step is the
reaction of propane on the lattice oxygen of the photoexcited VO4Rb species to
yield the vanadium isopropoxide species. Vanadium supported on mesoporous
silica SBA-15 is used for the selective oxidation of methane to formaldehyde
under UV irradiation [129]. Selectivity in formaldehyde is very high (about 90%)
whereas methanol is formed in very small amounts. Moreover, a strong dependence
of the selectivity to formaldehyde on the vanadium content is clearly observed.
Selectivity is high (>90%) when V loading is below 2.65 wt% and decreases for
higher vanadium loadings in favor of carbon oxides formed by overoxidation of the
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aldehyde. Photoexcited V-MCM-41 is able to catalyze the selective photooxidation
of methane by nitric oxide (4 < 300 nm) [130]. Methanol (80% selectivity) and N,
are the main products, while small amounts of CO,, CO, C,H,, and N,O are
observed. Interestingly, when O, is employed in place of NO, the complete oxida-
tion of methane to CO, and H,O is obtained. Charge transfer excited triplet state of
the tetrahedrally coordinated V-oxide species is the active site.

4 Polyoxotungstates

Polyoxotungstates, tungsten—oxygen anionic clusters, can be considered soluble
models of semiconductor metal oxide surfaces. These oxides have been intensively
studied over the past 20 years because they exhibit interesting properties as
catalysts and photocatalysts [6, 8, 131-133]. In particular, the ability to undergo
photoinduced multielectron transfers, without any change in structure, makes
polyoxotungstates a very attractive class of photocatalysts. Among them, the poly-
oxotungstate W 003, presents an absorption spectrum that partially overlaps the
UV solar emission spectrum, opening the possibility to carry out benign solar-
photoassisted applications [134, 135]. The cascade of events that follow light
absorption by W;¢03,"" has been deeply investigated and is described in the
following (Fig. 6) [136—139]. Excitation of W1003,*~ (4 = 323 nm) leads to an
oxygen to metal (0% = W] charge transfer excited state [W1003% 7, Fig. 6 (a)],
in analogy to the photoinduced charge separation processes that occur in TiO, and
highly dispersed oxides [8, 140, 141]. Then Wi003, decays in less than 30 ps to
a very reactive non-emissive transient, indicated as wO [Fig. 6 (b)]. This species
has an oxyradical-like character due to the presence of an electron deficient oxygen
center and has a lifetime of 65 & 5 ns and a quantum yield of formation of 0.57. wO
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possesses a very high reactivity towards any organic substrate RH: quenching of
wO may occur either by hydrogen-atom abstraction or electron transfer mechanism,
depending on the chemical nature of RH. In any case, both mechanisms lead to the
one electron reduced form of decatungstate (HW,003,"") and to the substrate
derived radical (R®) [Fig. 6 (c)]. At this stage, O, can regenerate the starting
W 1003,*~ with parallel formation of peroxy compounds [Fig. 6 (d)].

4.1 Heterogenization by Impregnation

The first attempts to prepare heterogeneous photocatalysts through impregnation
of polyoxotungstates (POT), such as (n-BuyN),W 903, and H;PW;,04¢, on amor-
phous silica go back to about 10 years ago [142—-146]. The main features of these
photoactive materials are that they are easily handled and recyclable and that they can
be employed in reaction media where the polyoxotungstates are insoluble. It has been
reported that photoexcitation of heterogenized (n-BuyN),W 003, and H3PW ;049
dispersed in neat cyclohexane leads to the formation of cyclohexanol and cyclohexa-
none [142]. The heterogeneous photocatalysts can be recycled without leaching and
any loss in photoactivity. Moreover, in contrast to what was obtained with photoex-
cited TiO,, they do not cause any mineralization of cyclohexane to CO,, indicating
that they are very promising photocatalysts for applied synthetic purposes. Further
research developments have been devoted to improve the selective conversion yield of
cyclohexane to cyclohexanone. It has been found that, depending on the nature of the
cation, the heterogenous photocatalysts show different and tunable photoreactivities
(Table 4) [143]: n-BuyN" cations enhance the efficiency of cyclohexane photooxida-
tion, likely because they create a hydrophobic environment around the photoactive
species, favoring the approach and the subsequent oxidation of the cycloalkane.
NH," and Na* cations improve the chemoselectivity, since the concentration ratios
cyclohexanone/cyclohexanol are 1.8 and 2.3 respectively. Likely, cyclohexanol,
remaining close to the polar surface of these materials, is easily oxidized to cyclohex-
anone. In 2002 we reported on the immobilization of (n-BuyN);W;003, on the
mesoporous silica MCM-41, (mesopores ranging from 20 to 100 A and surface area
of ~1,000 mz/g) [144]. Thanks to the large surface area of MCM-41, decatungstate is
well dispersed, providing a great number of photocatalytic sites that lead to an

Table 4 Surface areas, polarity measurements” and photocatalytic properties of (n-BuyN),
W10032/Si05, (NH4)4W 19035 and of NayW 003,

Material Surface area ER® Cyclohexanol + Cyclohexanone/
(m?/g) cyclohexanone (M) cyclohexanol
SiO, 95 +2 0.93 - -
NayW003,/Si0, 83 £2 083 03 x107° 23
(NH4)4W10032/Si0; 83+ 2 080 0.6 x 107> 1.8
(n-BugN)sW0035/Si0, 54 +2 0.51 1.7 x 1073 1.0

#Polarity measurements are carried out following a reported procedure using Reichardt’s dye.
E¥ values ranges from O to 1 with surface polarity increase
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enhancement of photochemical efficiency. Concerning the chemoselectivity in the
photocatalytic oxidation of cyclohexane, the maximum value of ketone/alcohol ratio
is 2.6. Authors report that the polar surface of MCM-41 favors the accumulation of
cyclohexanol formed at the interfaces and, consequently, its subsequent oxidation to
ketone by the photoexcited decatungstate.

The photocatalytic properties of (n-BuyN),W 003, impregnated on amorphous
silica have also been investigated in the oxidation of cycloalkenes, (cyclohexene
and cyclooctene). This study has been carried out in the presence of Fe'[meso-
tetrakis(2,6-dichlorophenyl)porphyrin] chloride (Fe(TDCPP)Cl) as a co-catalyst
[145]. Cycloalkenes are mainly oxidized to the corresponding hydroperoxides by
the photoexcited decatungstate according to Fig. 6. The iron porphyrin reacts with
the allylic hydroperoxides to give the corresponding alcohols as main products.

Photooxidation of benzyl alcohols by W,,03,*~ impregnated on silica and on
v-alumina has been studied by Orfanopoulos and co-workers [147]. These photo-
catalysts have been investigated in the oxidation of a series of p-alkyl-substituted
benzyl alcohols, 1-7 (Fig. 7). These substrates bear two distinguishable benzylic
hydrogen atoms, one on the alcohol carbon and one on the p-alkyl substituent, both
of which can potentially be cleaved under photooxidation conditions to give aryl
ketones 1a—7a or dioxygenated products 1b—7b respectively. A strong preference
for the hydrogen atom abstraction from the alcohol carbon is observed: selectivity
for 1a—7a compounds is, in most cases, higher than 80%. This can be ascribed to the
surface polarity of the supports that probably favors accumulation of the polar
alcohol moiety. Shen and co-workers report that H;PW,,0,4, impregnated on
MCM-41 is able to photooxidize several alcohols to the corresponding carbonylic
derivatives in the presence of O, [148]. In particular, an enhancement in activity is

H H H o OOH H
R, OH catalyst R, // ) R, OoH
; ( ) \ O,/CH;CN/hv > < > .
R, R, R; R, R, R,
1-7 1a-7a 1b-7b
R, R, R,

H H  CH,
CH; H CH,4
CH, CH, CH,
Ph  H CH,
Ph Ph  CH;
CH; H Ph

CH; CH; Ph

N N N R W N =

Fig. 7 Photocatalytic oxidation of p-substituted secondary benzyl alcohols by decatungstate
supported on silica and y-alumina
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observed if an ionic liquid is used as dispersing medium instead of CH3;CN.
Although this work has some interest from the synthetic point of view, a deeper
investigation is needed in order to establish which is the photoactive species and the
role of the ionic liquid in the reaction mechanism. Zeolite Y (in the Na* form) has
been used as a solid support for H,NaPW 5,049, HsSiW 5,049, and H3PMo0,,04¢
[149]. The photocatalytic activities of these systems have been investigated
choosing 1,2-dichlorobenzene as oxidizable probe. The constrained environment
is responsible for a rate enhancement of the reaction, since it increases the encoun-
ter probability between photoexcited polyoxometalate and 1,2-dichlorobenzene,
suppressing back electron transfer reaction.

4.2 Heterogenization by Sol Gel Procedure

Some years ago Hu et al. set a new heterogenization procedure, where a POT, such
as H3PW 5,040, H4SiW 5,040, (n-BuyN)4W;003;,, or NayuW;(0O3,, is encapsulated
inside a silica network via a sol gel technique [150, 151]: CH;CN/H,O solution of
the chosen POT, adjusted to pH 2, is added dropwise to a solution of tetraethy-
lortho silane (TEOS) and 1-butanol. After some hours of stirring and gentle
warming, the hydrogel is dried and calcined to fasten the formation of the silica
network. Structural integrity of W;¢O3,*" is preserved and protonated silanol
groups act as counter-ions for the polyoxoanion. Following this procedure, Farhadi
and Afshari have entrapped (n-BuyN);W 003, and H3PW;,0,4 in a silica matrix
and have used these photocatalysts in the oxidation of benzylic alcohols in the
presence of O, [152, 153]. They performed a screening study choosing a variety of
ring-substituted primary and secondary benzylic alcohols. These substrates are
efficiently oxidized to the corresponding carbonylic compounds, without overox-
idation of benzaldehydes to carboxylic acids. This result is in contrast to what was
reported by Orfanopoulos with decatungstate immobilized on silica by impregna-
tion [147], thus indicating that different preparation methods lead to a completely
dissimilar morphology of the photocatalyst and, consequently, to a different photo-
reactivity.

In 2010 we reported about the photochemical characterization of two heteroge-
neous photocatalysts prepared by entrapment of (n-BuyN)4W 903, in a silica
matrix through sol gel procedure: SiO,/W30%, with 30 wt% of decatungstate,
and SiO,/W10%, obtained after the removal of the decatungstate not firmly
incorporated inside the silica network and weakly adsorbed on the external surface
[154]. These two heterogeneous photocatalysts are characterized by the presence of
both micropores (7 and 15 A) and mesopores (25 A), but, due to different prepara-
tion procedures, SiO,/W10% presents a more remarkable porous network than
Si0,/W30%. Moreover, morphological features of SiO,/W30% and SiO,/W10%
differ from those of their parent material SiO,/W0%, indicating that incorporation
of decatungstate induces a significant modification of the porous texture of the
siliceous material. Both photocatalysts are robust and able to induce the O,-assisted
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oxidation of 1-pentanol and 3-pentanol to pentanal and 3-pentanone, respectively.
A very strong effect of the solid support on the relative reactivity of the two
alcoholic substrates is observed. In fact, oxidation of 1-pentanol with SiO,/
W10% is about four times faster than in homogeneous solution. Preferential
adsorption effects are of great importance in controlling the nature of the products
and conversion yields of the photocatalytic process. It has also been observed that
other textural parameters, related to the microporous structure of the heterogeneous
photocatalysts, differentiate the relative reactivity of the two alcohols investigated,
favoring the approach to the surface of the less hindered primary OH group of
1-pentanol. These findings are of particular importance since the selective oxidation
of aliphatic primary alcohols at the aldehyde stage without further oxidation still
remains a challenging transformation.

Zirconia-supported NayW 005, and H;PW,04, have been prepared via sol-gel
procedure by the Farhadi’s group [155, 156]. Nay,W¢03,/ZrO, is more active than
the homogeneous NasW (O3, in the photooxidation of primary and secondary
benzylic alcohols. This fact is tentatively attributed to a synergistic effect between
the polyoxoanion and the support that is a semiconductor. Interestingly, in the
H3PW ,040/ZrO, system, the absorption band typical of H;PW,0,4¢ at 270 nm is
not present and a new broad band, shifted to the visible region, is observable.
Authors attribute the photocatalytic activity of the nanocomposite system to the
existence of this broad band. NaysW;(03,/ZrO, has also been employed for the
reductive cleavage of a series of substituted azobenzenes into their corresponding
amines using 2-propanol as hydrogen source under a nitrogen atmosphere [157].
Amines are obtained in high to excellent yields (76-94%) and with short reaction
times. Efficiency of the photocatalytic process is influenced by steric factors:
substituents in ortho- or meta- positions to the N=N functional group decrease
the reaction rate. Interestingly, no other reducible substituents, such as —-NO,, are
affected by the photocatalyst.

Colloidal Cs3PW,040, synthesized by metathesis of H;PW,049 and CsCl in
water, has been supported on silica via sol gel procedure using tetraethoxy ortho-
silane (TEOS) [158]. The material obtained is extremely porous (pore size
centered at 23 A) and with a very large surface area. It is effective in the
photooxidation of aqueous solutions of 2-propanol to acetone and it does not
undergo any leaching of polyoxometalate. A deep investigation of the factors
influencing the efficiency of this heterogeneous photocatalyst, such as events that
follow the absorption of light and substrate adsorption, has been published by the
same authors in 2000 [159].

4.3 Heterogenization by lonic Exchange

As an alternative to the conventional impregnation or sol—gel entrapment procedures,
it has been reported that W,¢03," " can be supported on a silica matrix previously
functionalized with different ammonium cations, covalently bound on the solid
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support [160]. The polyoxoanion is firmly held on the support by ionic bond with
tetraalkylammonium cations in Si-(alkyl);NW, with trialkylammonium cations in Si-
(alkyl);NHW and with monoalkylammonium cations in Si-alkyINH;W (Fig. 8).
These materials have been employed as photocatalysts for the O,-assisted oxidation
of 1,3-butanediol and 1,4-pentanediol. For both the investigated diols, the only
products obtained are the hydroxy-aldehyde and the hydroxy-ketone. The ratio
between aldehyde and ketone depends on the nature of the alkyl-ammonium cations;
in particular, it increases markedly (from 0.06 to 0.63 for 1,3-butanediol and from 3.0
to 7.5 for 1,4-pentanediol) as the alkyl chains are substituted by hydrogen atoms. This
substitution enhances the polarity of the environment surrounding W,¢05,* ", favor-
ing the preferential adsorption of primary OH group of the more hydrophilic head of
diol molecule with respect to the secondary OH group placed in the more hydropho-
bic tail. Concerning the stability, these photocatalysts are robust and reusable at least
five times without leaching of polyoxotungstate anion. The decatungstate Wy03,"~
has been immobilized on a hydrophobically organomodified mesoporous silica SBA-
15 by the Cao’s group [161]. Introduction of a hydrophobic organic fragment onto the
silica surface, which is intrinsically hydrophilic, produces a photocatalyst where the
active sites are more easily accessible to hydrocarbon molecules. The organo-mod-
ified SBA-15 is prepared by initial insertion of alkyl groups of chosen length using
C,-Si(OEt); (n = 2, 4, 8, 16), followed by grafting of 3-aminopropyl groups. The
resultant material is acidified and then ion exchange by decatungstate is carried out.
3-Ammoniumpropyl groups (—(CH,);NH3") immobilize W,003,* " on the pore
walls, while the alkyl chains form hydrophobic regions around decatungstate.
These novel photocatalysts have been investigated in the oxidation of some aryl
alkanes to the corresponding phenones by O,. Length of alkyl chains affects the
photocatalytic efficiency, with the octyl-grafted (n = 8) showing the best perfor-
mance. Interestingly, this photocatalyst is also able to convert cyclohexane to cyclo-
hexanone with very high yield, complete selectivity, and high stability.

A simple ion-exchange procedure allowed Fornal and Giannotti to immobilize
W1005,*~ on poly(4-vinylpyridine), cross-linked methyl chloride quaternary salt
[162]. The ionic interaction is strong enough to prevent the release of the polyox-
oanion into the solution. This material has been investigated in the photooxidation of
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Table 5 Photocatalytic properties of Amb/W 10032 and of W,¢03,*™ in the bromide-assisted
functionalization of alkenes

Alkene System Alkene products distribution (%)
EP + BrOH* BrBr* OMP?

Cyclohexene Amb/W 1003247 36 42 22

Wi003* 24 7 69
1-Methyl-1-cyclohexene Amb/W; 003247 69 5 26

W ;005" 38 4 58
Styrene Amb/W 403, 44 2 50

Wi0052" 22 0 70

4EP epoxide, BrOH bromohydrin, BrBr dibromoalkane, OMP other monooxygenated products,
such as allylic alcohols and ketones

cyclohexane in the presence of O,. Cyclohexyl hydroperoxide is the main product but
cyclohexanol and cyclohexanone are also formed. The selectivity depends on
the decatungstate loading: cyclohexanone production is promoted by lower loadings,
whereas cyclohexyl hydroperoxide formation is favored by higher loadings.
Amberlite IRA-900 in the chloride form has been employed as support for
(n-BuyN)4;W 003, by our research group [163]. The ion exchange of CI™ with
W,003," is favored by the soft character of -N(CH3)5" cations. This photocatalytic
system promotes the conversion of olefins to the corresponding bromohydrins and
dibromoalkanes in the presence of NaBr. By simply adjusting the pH value, bromo-
hydrins can be quantitatively transformed into epoxides, which are important inter-
mediates in organic synthesis. Photoexcited (n-BuyN),;W 003, causes the reductive
activation of O, to alkyl hydroperoxides (Fig. 6). These, in turn, reacting with
bromide ions, give a brominating species that attacks the C=C double bond of
olefins. A nucleophile such as H,O or Br~ leads to bromohydrin and dibromo-
derivative respectively. Under analogous experimental conditions, phenol and anisole
are converted to their monobrominated derivatives, a transformation of particular
interest if one considers the otherwise difficult monobromination of activated arenes.
As shown in Table 5, the polymeric matrix increases the yields to epoxides and
bromohydrins and inhibits undesirable autooxidation processes leading to monoox-
ygenated products. It is evident that the crucial role of the resin is fostering the
enrichment of Br~ ions close to the surface, promoting their reaction with photo-
generated alkyl hydroperoxides before their diffusion in the solution bulk.

4.4 Heterogenization with Membranes

Among the different techniques for the immobilization of decatungstate, the occlu-
sion in polymeric membranes offers new developments in aqueous photocatalysis.
In fact, in water, the choice of an appropriate hydrophobic support may be the key
to discriminate among reactants. In this context, Bonchio and co-workers have
embedded W;,O3,*" in several polymeric membranes, using a phase inversion
technique or a hydrosilylation reaction [164, 165]. Polyvinylidene fluoride (PVDF)
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and polydimethylsiloxane (PDMS) are the most resistant membranes in terms of
self-induced degradation upon irradiation in water. These systems have been
studied in the photooxidation of several water soluble alcohols (n-pentanol, cyclo-
hexanol, cyclopentanol). Carbonyl products accumulate in solution up to a substrate
conversion in the range 10-30% and then they undergo consecutive oxidation. In
comparison with homogeneous NaysW(0O3,, the heterogeneous photooxidation is
slower but proceeds to completion in a few hours. Interestingly, heterogeneous
matrix exerts a specific substrate recognition, a key factor to achieve selective
processes: the preferential interaction with the polymeric membrane promotes
the oxidation, favoring adsorption equilibrium and leading to a substrate enrich-
ment on the surface close to the photoactive sites. Concerning the stability, the
PDMS—W,OO324_ photocatalyst is the most stable and effective in multiple runs,
probably thanks to an optimal surface dispersion of decatungstate and to a better
substrate supply. The same group of researchers has prepared a new hybrid photo-
catalyst by embedding the fluorous-tagged decatungstate (ReN)4W1003, (ReN=
[CF3(CF,)7(CH,)3]5CH;N™) within fluoropolymeric films, like Hyflon® [165,
166]. The perfluoropolymer has thermal and oxidative resistance and high perme-
ability of O,. The resulting hybrid materials exhibit remarkable activity in the
solvent-free oxygenation of benzylic hydrocarbons. As an example, with tetraline
and indane high turnover numbers (>6,000) are obtained.

A very new generation of catalytically active membranes has been developed by
using a low-temperature-plasma surface modification technique, which allows one
to modify or functionalize by grafting, in a controlled way, only the topmost few
layers of membranes while retaining their mechanical, physical, and bulk proper-
ties. Poly(vinylidene fluoride) (PVDF) membrane is modified by plasma treatment
to graft amino groups at its surface, which, in turn, are used as anchor groups for the
immobilization of decatungstate and of phosphotungstic acid (H;PW,04¢) in a
highly precise way [167, 168]. These novel heterogeneous systems, used for the
complete aerobic degradation of phenol, exhibit improved photocatalytic perfor-
mances with respect to the corresponding homogeneous systems. Although no
applications for synthetic purposes are present in the literature to date, we consider
these results as a first successful example of plasma treatments applied for the
heterogenization of polyoxotungstates on polymeric membranes.

4.5 Heterogenization with Photoactive Semiconductors

Addition of PW,040° to a TiO, suspension greatly enhances the hydroxylation
reaction of benzene to phenol [169]. This effect is attributed to the dual role of the
polyoxometalate, which can act as a photocatalyst itself and as an electron shuttle,
scavenging electrons of the conduction band of photoexcited TiO, and inhibiting
the charges recombination reaction. H;PW,049 has been incorporated into a
titanium exchanged zeolite and into TiO, colloids [170, 171]. These two systems
have been studied in the photoreduction of methyl orange. Photoreduction of
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PW,,040° " is synergistically enhanced by the coupling with TiO,, which transfers
electrons directly to the polyoxoanion. This, in turn, as a heteropoly blue, absorbs
visible light and is able to catalyze the reduction of methyl orange.

5 Conclusions

In this chapter we have provided evidence that heterogeneous photocatalysis is
emerging as an innovative and green method for achieving chemical transforma-
tions of interest in synthesis. An important advantage in the use of solid photo-
catalysts is that they can be easily removed from the reaction vessel by simple
filtration and, in a large number of cases, they can be reused without significant loss
of activity. However, our main objective in this contribution has been to demon-
strate that the use of heterogeneous systems with well-defined textural character-
istics and adsorption properties represents a suitable means to tailor the selectivity
of photocatalytic processes. Examples are reported of organized assemblies on
matrix surfaces, of adsorption-controlled reactions, of grafting on modified
surfaces, and of nanostructured photoactive materials with well defined sizes and
shapes. We have illustrated both the basic principles that govern the primary
photochemical steps of these systems and the textural effects on the overall photo-
catalytic process.

In this framework photoactive metal oxides are of great interest. The necessity to
optimize the performance of TiO, has stimulated researchers on its modification. In
particular, control of its crystallographic and morphological characteristics, use of
constrained systems, surface modification, and loading with inorganic elements are
successful strategies to obtain TiO,-based photocatalysts with predictable proper-
ties. The photochemical reactivity of metal oxides is influenced by their degree of
dispersion on inorganic supports. Highly isolated metal oxides loaded on silica,
mixed oxides, and zeolites induce the occurrence of organic transformations that
are not observed with the bulk metal oxides. Photocatalytic efficiencies that are
comparable to that of TiO, and good selectivity are achieved with polyoxotung-
states heterogenized with polymeric membranes or micro- and mesoporous inor-
ganic materials. These systems do not cause mineralization of the substrate to
carbon dioxide.

The organic substrates considered here are important starting materials for
producing a variety of chemicals. In particular, the selective oxidation of alcohols
and the monooxygenation of C—H bonds with molecular oxygen at room tempera-
ture and atmospheric pressure represent attractive synthetic routes. The possibility
to photocatalyze the formation of C—C and C—N bonds in mild conditions is another
important contribution of photocatalysis in organic synthesis. As a concluding
remark, we believe that further efforts in both fundamental photochemical studies
and new synthetic methodology is needed to optimize the photocatalytic properties
of metal oxides in order to achieve levels of efficiency and selectivity suitable for
high scale applications.
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Benzyltrimethylsilanes, 198
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C
Calcium—manganese oxide, 129
Carbon nanotubes (CNTs), 122, 179

potential, 136
Carboxydothermus hydrogenoformans 179
Catalysts, 39
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CdSe, 178
CdTe/TiO, 79
Ce(IV) water oxidation, 47
Chlorohydroquinone, 200
Chromia, 108
Chromium, 201
Chronoamperometry, 52
Citral, 193
CO,, photocatalytic reduction, 151, 173
Cobalt oxide, 127
Cobalt porphyrins, 158
Cocatalyst/photocatalyst, 99
Cocatalysts, 95
CODH I, 179
Core/shell, 108, 112
Coupling reactions, 195
Cr—Si binary oxides, 201
Cyclohexane, 201

photocatalytic oxidation, 189
Cyclohexanone, 189
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D
Decatungstate, 204
immobilization, 209
Diarylethanes, 198
Dopants, p-type, 22
Dye-sensitized solar cells (DSSCs), 3,
50, 127

E

Electrodes, composite, 30

Electron transfer, 151
photoinduced, 122

Ethylenediamine, 198

F

Ferric oxide, Si-doped, 23
Fluorine tin oxide (FTO), 128
Fluoropolymeric films, 210
2-Formylcinnamaldehyde, 191

G
GaN:ZnO, 96, 104
Geraniol, 193

H
Hematite, 2, 17, 19, 23, 128
tetraethyl orthosilicate, 23
Heteropoly blue, 211
Hydrocarbons, monooxygenation, 185
Hydrogen, 1, 39, 111, 124
gas sensors, 10
production, photoelectrochemical, 1, 16,
19, 39
water splitting, 186
Hydrogenases, 141

I

Indane, 210

Indium tin oxide (ITO), 128

Indium vanadates, 28

Iridium oxide, 125

Iron oxide, doping, 18
photoanode, 1, 16

Iron porphyrins, 158, 205

Index

K
Kok cycle, 124

L
Lactones, ff-unsaturated, 196
Lanthanum titanium oxynitride, 29

M
Manganese oxides, 129
Membranes, catalytically active, 210
Metal complex photocatalyst, 151
Metal oxides, 125, 185

binary, 26

mixed, 1, 27, 100

nitrogen-doped, 29

oxygenic, 122

semiconductors, 39
Metal (oxy)nitrides, 1, 26
Metal sulfides, 176
Metal-to-ligand charge transfer, 156
Metallo porphyrins, 158
4-Methoxybenzyl alcohol, 194
Methyl orange, 210, 211
Methylanilines, 197
2-Methylimidazole, 196
N-Methylpyrrolidine, 195
Mn-di--ox0-Mn, 123
Montmorillonite clay, TiO,pillared, 191
Multi-walled CNTs (MWCNTs), 138

N

Nanoparticles, 95

Nanorods, 10

Nanotubes, 1, 10, 39, 122

1,4-Naphthoquinone, 191

Nitrobenzene, 194
photocatalytic reduction, 196

4-Nitrobenzyl alcohols, 194

Noble metal/chromia (core/shell)

nanoparticles, 108
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