Chapter 2

Semiconductor-Based Photocatalytic
Systems for the Solar-Light-Driven Water
Splitting and Hydrogen Evolution

The research and development of new technologies for the conversion and storage
of inexhaustible solar light energy were boosted several decades ago by the 1970th
fuel crisis and a strategic need for sustainable power sources that can serve as
alternatives to the fossil fuels. The basic idea was to accumulate the solar light
energy as the electricity as well as to store it in the form of highly endothermic and
eco-friendly fuels, in particular, molecular hydrogen produced by the photochem-
ical splitting of water.

Direct photochemical water splitting to gaseous hydrogen and oxygen can occur
only under the illumination with highly energetic quanta at the wavelength A shorter
than 240 nm [1]. However, such irradiation is completely absorbed by the atmo-
sphere and does not reach the Earth surface. To overcome this obstacle, the water
splitting is realized in the presence of photocatalysts—the substances capable of
absorbing longer-wavelength light quanta (A > 300 nm) and inducing chemical
transformations of water molecules.

Inorganic semiconductors are probably the most broadly studied photocatalysts
of water splitting. The semiconductor photocatalysts combine a high photosensi-
tivity with a photochemical activity, stability, availability and relative simplicity of
practical implementation. It should be noted that the photocatalytic and
electro-photocatalytic (photoelectrochemical) processes with the participation of
semiconductor nanomaterials are very similar by the nature and start with the same
primary act of light quantum absorption resulting in the generation of an
electron-hole couple. Differences between photocatalytic and photoelectrochemical/
photoelectrocatalytic processes arise mainly on the secondary steps of the charge
carrier migration to the reaction participants. By this reason, both types of processes
can be regarded as photocatalytic ones occuring in “usual” and electrochemical
regimes and discussed together.

Molecular hydrogen can be produced in photocatalytic systems of two types:
(a) water splitting systems where stoichiometric amounts of H, and O, are pro-
duced simultaneously, and (b) systems with a so-called “sacrificial” donor which is
consumed irreversibly supplying electrons for the water reduction.
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Stoichiometric (total) water splitting is accompanied by the energy accumulation
and a free energy increment AG = 238 kJ/mole [2, 3]. Such process requires a
semiconductor photocatalyst with a valence band (VB) potential more positive than
the water oxidation potential (1.23 V vs. normal hydrogen electrode (NHE) at
pH 0) and a conduction band (CB) potential more negative than the NHE potential
(E =0.0 V at pH 0). Therefore, a minimal light quantum energy required for the
semiconductor-driven water splitting is 1.23 eV. Invariable losses accompanying
interfacial charge transfers as well as over-voltages of the H, and O, formation
increase this minimal energy to 1.7-1.9 eV [2, 3]. Therefore, the photocatalytic
conversion of solar light energy should be the most favorable from the energetic
viewpoints for semiconductors with a band gap (E,) around 1.7-1.9 eV and a
corresponding fundamental absorption band edge at Ay, = 650-730 nm.

The wider-band-gap semiconductors with Ay < 400 nm can also be used for the
water splitting. However, due to a relatively small fraction of the UV light in the
solar flux at the Earth surface, the conversion efficiency in such systems is typically
not higher than 1-2%. Therefore, successful application of wide-band-gap semi-
conductors for the water splitting can be achieved only by expansion of their light
sensitivity range to the visible domain of the spectrum. This effect can be achieved
either by doping with metal/non-metal additives during the semiconductor synthesis
or by various post-synthesis modifications.

It should be noted that the semiconductors-based systems for the total water
splitting have not yet showed reasonably high conversion efficiency as a result of a
fast recombination of the oppositely charge photogenerated charge carriers as well
as of primary intermediates—hydrogen atoms and hydroxyl radicals. A much
higher conversion efficiency was achieved in the photo-catalytic systems with
sacrificial donors. The range of sacrificial donors is very broad including inorganic
sulfur compounds (H,S and alkali metal sulfides, sulfites, thiosulfates, thionates,
etc.), hydrazine and aliphatic amines (triethylamine, triethanolamine (TEA), etc.),
aliphatic alcohols (methanol, ethanol, 2-propanol), carboxylic acids (formic acid,
ethylenediaminetetraacetic (EDTA) acid, etc.), carbohydrates and other organic
substances, in particular those abundant in the broadly available and sustainable
source—the fermented bio-mass.

In the donor-based systems the photocatalytic process includes following typical
stages: (i) excitation of a semiconductor photocatalyst by a light quantum with a
proper (typically above-band-gap) energy, (ii) the interfacial transfer of a CB
electron to an adsorbed water molecule followed by its reduction
(e + H,O — H" + OH)), (iii) filling of a VB hole with an electron from a sacri-
ficial donor (h" + D — D*"). This cycle requires the CB potential of a semicon-
ductor photocatalyst to be more negative than the water reduction potential in given
conditions and the VB potential—to be more positive than the oxidation potential
of a sacrificial donor (or water molecules). Figure 2.1 provides a graphic review of
band edge positions for a series of semiconductor materials relative to the standard
potentials of water reduction and oxidation. The figure shows separately the
semiconductors suitable (a) and unsuitable (b) for the evolution of the solar
hydrogen from water.
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Typically, the semiconductor-based photocatalytic systems for the hydrogen
production include a co-catalyst, that has no inherent photochemical activity but is
capable of increasing dramatically the efficiency of semiconductor photocatalysts.
Metal particles (Pt, Pd, Rh) deposited either on the semiconductor surface or on the
surface of an inert carrier are typical co-catalysts for the semiconductor-based
photocatalytic systems. The co-catalyst accepts and accumulates the charge carriers
photogenerated in the semiconductor crystals inhibiting their recombination as well
as contributes to a lowering of the water reduction overvoltage.

In recent years the studies of new light energy conversion systems based on
semiconductor photocatalysts and photoelectrodes have bloomed in leading
research centers [5-34]. The research focused also on the photosynthetic
microorganisms and other photoactive bio-systems capable of the molecular
hydrogen evolution [35-37]. The present chapter obviously cannot encompass the
whole variety of papers reporting on the photochemical water splitting. It aims
mainly to highlight typical and most important directions of the recent research as
well as to give the reader a notion of the current state of the area and its future
development.

2.1 Photocatalytic Systems Based on the Wide-Band-Gap
Semiconductors and Sensitizers

The wide-band-gap semiconductors, mostly metal oxides, belong to a large group
of light-sensitive materials broadly studied as photocatalysts of the water reduction.
The spectral sensitivity range of such materials can be expanded to longer wave-
lengths by combining them with dyes-sensitizers that absorb strongly UV and near
IR light.



42 2 Semiconductor-Based Photocatalytic Systems ...

Upon absorption of the visible and near IR light a sensitizer gets excited from the
ground singlet state SY into the first (or a higher) singlet excited state St (S™. The st
state can either return to S° via emitting fluorescence or via the radiationless internal
conversion. It can also convert into the first triplet excited state T' or inject an
electron into the conduction band (CB) of a semiconductor. After that, the water
reduction occurs either on the semiconductor surface or (most often) on the surface
of a metal co-catalysts (Fig. 2.2). The role of spectral sensitizers is typically played
by organic dyes or metal complexes (Fig. 2.3). The basic operation principles and
the state-of-the-art of the photocatalytic H, evolution with the dye-sensitized
semiconductors are comprehensively outlined in a recent review [38].

The most studied sensitized systems are based on titanium(IV) dioxide. For
example, the hydrogen evolution under the illumination with the visible light
(Vis-illumination) was observed in the presence of TiO,/Pt heterostructures mod-
ified by eosin [39, 40], derivatives of phenothiazine [41, 42], triphenylamine [43]
and perylene [44], by various complexes of PtV [45], Zn" [46] and Ni" [47], copper
phthalocyanine and ruthenium bipyridyl complexes [39]. Eosins adsorbed on the
surface of Na,Ti,O4(OH), nanotubes (NTs) or MCM-41 zeolite modified by TiO,
nanoparticles (NPs) in the presence of the photodeposited Pt NPs act as spectral
sensitizers of the hydrogen evolution from aqueous TEA solutions [48, 49].
A sensitization effect was also observed in a similar system based on eosin Y and
N-doped TiO, NPs [50].

Hydrogen generation from water/acetonitrile/KI occurs at the expense of T
oxidation under the Vis-illumination of the platinized titania and layered K4;NbsO7
sensitized by adsorbed coumarin and merocyanine dyes [51]. In the latter case, an
effect of Pt NP localization on the photocatalyst activity was observed. The
hydrogen formation rate over the K4;NbgO;,/Pt composites with Pt NPs formed
inside the interlayer space was found to be much higher than in similar systems
where the metal NPs were distributed evenly between the inner and outer surface of
the semiconductor or deposited only onto the outer semiconductor surface. The
effect is caused by a side reaction of I; complex with the CB electrons.

The eosin Y acts as a “universal” sensitizer for a series of layered wide-band-gap
magnesium, calcium and strontium titanates [52]. The highest photocatalytic
activity in the hydrogen evolution from aqueous diethanolamine solutions was
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Fig. 2.2 Scheme of a photocatalytic system for the hydrogen evolution based on a TiO,/Pt
heterostructure and a sensitizer (S). SO S!, S*sensitizer in the ground state, excited state and
oxidized state, respectively, D—sacrificial donor
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Fig. 2.3 Structure of some molecular sensitizers used in the semiconductor-based photocatalytic
systems for hydrogen evolution

observed for SrTiO3 modified by 0.5 wt.% Pt. Co304 NPs sensitized by eosin Y
showed a high activity in the water reduction under the Vis-illumination in the
absence of any additional co-catalysts [53].

Adsorption of 1,1’-dinaphtyl-2,2"-diol on the surface of TiO, NPs results in the
formation of a charge-transfer complex with an intense absorption band centered at
550-600 nm. The photoexcitation of the complex into a charge-transfer absorption
band leads to the hydrogen evolution from aqueous TEA solutions with a quantum
yield (QY) of 0.02% [54]. The photocatalytic hydrogen evolution from aqueous
glycerol solutions was observed for TiO,/Pt nanoheterostructures sensitized by
inorganic tungsten-containing heteropolyacids [55, 56].

Molecular and metal complex dyes were successfully used to sensitize not only
metal oxide photocatalysts but also semiconductors of other types, such as cad-
mium sulfide [57] and graphitic carbon nitride (g-C3N4, GCN) [58]. The
Vis-illumination of aqueous GCN suspensions in the presence of eosin Y, TEA, and
Pt NPs resulted in the hydrogen evolution with a QY of around 19% [58]. In similar
photocatalytic systems, g-C3;N, was sensitized by erythrosin [59, 60] and copper
phtalocyanine [61]. GCN sensitized by Zn" phthalocyanines revealed a compara-
tively high quantum yield of H, evolution reaching 3.05% and a spectral sensitivity
of up to 750 nm [62].

Starting from 1980th, various Ru complexes with bipyridyl ligands were
broadly studied as sensitizers of the hydrogen production and the studies in this
direction are still advancing. For example, a photocatalytic system for the hydrogen
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production comprising Ru?* tris-bipyridyl complexes, TiO, NPs and hydrogenase
as a co-catalyst was reported [63]. The hydrogen evolution under the
Vis-illumination of aqueous solutions of sacrificial donors (methanol [64, 65] or
TEA [66]) was observed in the presence of mesoporous TiO, modified by Pt NPs
and mono- and bidentate Ru®* bipyridyl complexes.

A strong electrostatic interaction between Ru(bpy)3* cation and the negatively
charged surface of K4NbsO;; nanoscrolls produced by the exfoliation of the bulk
potassium niobate results in efficient electron phototransfer from the excited sen-
sitizer to the semiconductor CB. The rate of photocatalytic hydrogen evolution from
aqueous EDTA solutions is by an order of magnitude higher in the case of
K4NbgO;7 nanoscrolls than for the bulk semiconductor [67]. The H, evolution QY
from EDTA solutions in the presence of HsNbsO; and HCa,;Nb;O;y nanoscrolls
modified by platinum NPs and Ru(bpy);" and Ru(bpy),(4,4’-(POsH,),bpy)**
complexes reached 20-25% [68].

New sensitizers of titanium dioxide—binuclear Ru™ complexes with separate
fragments connected by an azobenzene “bridge” were reported in [69]. As opposite to
“classical” sensitizers of such type that typically adsorb strongly on the semiconductor
surface, the bonding between the sensitizer and the photocatalyst is weak in this case.
The weak coupling allows for the photooxidized sensitizer to desorb from the semi-
conductor surface inhibiting a reverse electron transfer and accelerating the photo-
catalytic hydrogen evolution from aqueous solutions of methanol or TEA.

A recent extensive review of the sensitized H, evolution in the semiconductor-
based systems [38] outlined principal challenges that still need to be met in this
area. Most dyes have relatively narrow absorption bands, typically in the Vis range
and an expansion of the light-harvesting range into the near IR is a vital challenge
to be addressed. Some strategies aimed at resolving this problem include
co-sensitization of semiconductor nanomaterials with combinations of dyes having
complementary absorption spectra; fabrication of heterostructures with dyes,
narrow-band-gap semiconductors, and conductive polymers; search for ligands
capable of bonding to the semiconductor surface and forming intense ligand-to-
metal charge transfer absorption bands, etc.

The second challenge lies in a typically low stability of the molecular sensitizers.
The organic dyes suffer from the photodegradation as a result of alternative reac-
tions involving the singlet and triplet excited dyes, while the metal complexes are
prone to photoinduced ligand exchange and photosolvation reactions resulting in
the deterioration of their light-harvesting ability. Attempts of abating this problem
include a proper modification of the semiconductor surface to mitigate secondary
reactions as well as a rational design of the dye structure to reduce the possibility of
the excited state relaxation pathways competing with the charge injection.

In recent years, a new research direction formed focusing on the
visible-light-induced photocatalytic activity of heterostructures of wide-bandgap
semiconductors with noble metal NPs, the latter exhibiting a surface plasmon
resonance in the visible spectral range. This effect was christened as “plasmonic
photocatalysis” [16, 70, 71] and was first accepted sceptically, but a number of
reports on various photocatalytic transformations and photoelectrochemical
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processes that can be performed by illuminating the semiconductor/metal NPs with
the visible light was growing steadily, showing good perspectives of this phe-
nomenon for the solar light harvesting [16, 34, 70-73].

The NPs of noble metals—gold, and silver reveal intense absorption bands in the
visible spectral range as a result of electron gas oscillations in a surface layer of the
metal NPs that is referred to as surface plasmon resonance (SPR). The SPR effect
can be observed only for NPs (roughly smaller than 100 nm) and not for the
corresponding bulk metals. The spectral parameters of SPR absorption band depend
on the metal type, NP size and shape, dielectric parameters of the dispersive
medium (solvent), nature of species adsorbed on the NP surface, on the proximity
of neighboring metal NPs and many other factors [70-72]. For spherical
non-aggregated silver and gold NPs the SPR maxima can be found around 390—400
and 530-550 nm, respectively.

The SPR absorption of gold NPs, though being quite intense and fitting to the
solar spectrum, does not result in an interband electron transition and generation of
additional free charge carriers, as it happens at the above-bandgap photoexcitation
of semiconductors. Therefore, the Au NPs cannot act similarly to conventional
molecular spectral sensitizers that inject an electron into the wide-bandgap semi-
conductor after the photoexcitation. The fact fed the skepticism concerning the
reality of the “plasmon photocatalysis” phenomenon when it was only emerging in
the field of solar light harvesting. Meanwhile, more and more reports on the pho-
tocatalytic transformations occurring under excitation into the SPR band of various
gold/semiconductor heterostructures were steadily accumulated, some reports pro-
viding photoaction spectra (dependences of the QY of a photoreaction on the
excitation wavelength) coinciding with the absorption spectra of Au NPs [74-79].
In attempts to interpret these processes, several alternative mechanisms were pro-
posed including the heat transfer from Au NPs to the semiconductor resulting in the
interband electron transition, ionization of the surface states of semiconductor NPs
under the influence of the electromagnetic field of SPR-excited Au NPs, and others.
However, a number of recently reported scrupulous and sophisticated studies
showed that Au NPs excited into the SPR band can indeed inject “hot” electrons
into the CB of wide-bandgap semiconductors, such as titania, in the cases when the
Fermi level of photoexcited metal NPs shifts higher than the Schottky barrier on the
semiconductor-metal interface (Fig. 2.4) [13, 34, 70-73].

For the plasmonic NPs smaller than 20 nm the hot electrons exhibit a broad
spectrum of energies falling within the range from Egy; to Eg v + hv, while larger
particles exhibit much smaller hot electron energies close to Egy; and therefore for
the larger metal NPs the probability of the hot electron injection is much lower.

The electrons with an energy lower than the Schottky barrier relax through the
electron-electron and electron-phonon interactions. After the hot electron injection,
a metal NP recompenses via a hole transfer to a water molecule (resulting in the O,
evolution) or to another sacrificial donor, similarly as it happens with the pho-
toexcited molecules of dye sensitizers or the photoexcited semiconductor NPs. The
hot electron injection probability depends also on the distance to the semiconductor
surface that should be covered by a hot electron before the internal relaxation
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Fig. 2.4 Plasmonic energy conversion: electrons from occupied energy levels are excited above
the Fermi energy. Hot electrons with energies high enough to overcome the Schottky barrier
@sB = Pm — s are injected into the conduction band E. of the neighboring semiconductor, where
¢@wm 1s the work function of the metal and Y is the electron affinity of the semiconductor. DOS is
the density of states, Epy and Epg—Fermi level of the metal and metal/semiconductor
heterojunction, E,—valence band of semiconductor. Reprinted with permissions from Ref. [72].
Copyright (2014) Macmillan Publishers Limited

occurs, as well as on the density of states on the semiconductor surface that can
accommodate a hot electron [71]. In this chapter, the effect of plasmonic light
absorption in the semiconductor-based photocatalytic for the hydrogen evolution
will be discussed only concisely. A series of recent reviews covers the issue of
plasmonic photocatalysis much more extensively and can serve as a perfect guide
for further development of this area [13, 16, 34, 70-73, 80].

The most popular plasmonic photocatalyst for hydrogen production is probably a
TiO,/Au combination. The SPR-enhanced H, evolution under illumination with the
visible light (typically with A > 420-450 nm) was observed in the presence of
nanocrystalline TiO,/Au heterostructures [74, 81-84], N-doped TiO, decorated
with Au NPs [78], mesoporous TiO,/Au composites [75] and aerogels [77], porous
flat TiO,/Au electrodes [85], TiO,/Au photonic crystals [86]. Mixed Au/Pt NPs
deposited onto the surface of TiO, nanosheets can play a double role, the gold
providing SPR for the visible light harvesting, while Pt acting as a co-catalyst of
hydrogen evolution [87]. The photoaction spectrum of TiO,/Au composite as a
photocatalyst of H, evolution was found to be very similar to the absorption
spectrum (Fig. 2.5) indicating unambiguously on the participation of SPR-excited
gold NPs in the photochemical transformations.

Direct participation of Au NPs in the photocatalytic reaction was clearly
demonstrated for a mesoporous TiO,/Au heterostructure evolving hydrogen from
aqueous solutions of ascorbic acid when excited into narrow spectral windows of
500 £ 20 and 550 + 20 nm [75]. No H, was detected in such conditions for the
pure titania. It is notable that the excitation into the 500 £ 20 nm window results in
a higher rate of hydrogen evolution because the energy of hot electrons depends on
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the excitation energy and the probability of injection is higher for the
shorter-wavelength light.

The effect of SPR-induced enhancement of the photocatalytic/
photoelectrochemical H, evolution is of general nature and can be observed for
other photoactive semiconductors, such as nanocrystalline CdS [88] and Ta,Os/
TasN5 [89], ZnO nanorods (NRs) [76, 90], La,Ti,O; nanosheets [77]. The CdS/Au
heterostructures exhibited not only an enhanced activity in the photocatalytic water
reduction but also a much higher photostability in aqueous Na,S/Na,SO;5 solutions
as compared to the individual CdS [88].

A spectacular plasmon enhancement of the photocatalytic/photoelectrochemical
H, evolution was also observed for branched ZnO nanowires (NWs) decorated with
gold NPs [76]. The deposition of Au NPs onto a highly developed surface of
branched ZnO NWs resulted in a much broader spectral response extending to
700-750 nm. The incident-photon-to-current-efficiency (IPCE) spectra (analogs of
photoaction spectra) of ZnO and ZnO/Au NWs excited by UV light (Fig. 2.6,
panel 1) are roughly the same revealing no appreciable spectral differences and
corresponding to the direct interband electron excitation of the semiconductor
photocatalyst. However, the ZnO/Au heterostructures, as opposite to bare ZnO
NWs, revealed a spectral response in the visible range with the band shape mim-
icking closely the SPR band shape of gold NPs (Fig. 2.6, panel 2).

Recently, the family of “plasmonic” photocatalysts was joined by GCN/Au
nanoheterostructures. Graphitic carbon nitride absorbs only a limited portion of the
visible light up to 460-470 nm and can be sensitized to longer-wavelength irra-
diation by the deposition of Au NPs [91, 92].

Similarly to gold, Ag NPs exhibit an intense SPR band in the visible spectral
range and can induce the effect of spectral sensitization when excited into the SPR
band, however, in this case the sensitization effect is not so obvious, as for gold,
because the SPR band maximum of Ag NPs is closer or even overlapped with the
absorption spectra of the most photoactive semiconductors. The effect of
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Fig. 2.6 IPCE spectra of P-ZnO, B-ZnO, Au/P-ZnO, and Au/B-ZnO NW photoanodes collected at
1.23 V versus NHE in a wavelength window of 300420 nm (panel 1) and 420-850 nm (panel 2).
Reprinted and adapted with permissions from Ref. [76]. Copyright (2014) American Chemical
Society

plasmon-enhanced H, evolution was reported for N-doped TiO,/Ag heterostruc-
tures [78], ZnO/Ag [93], GCN/Ag [94]. The ZnO NRs decorated with triangular Ag
nanoprisms revealed a higher plasmon-activated photoactivity as compared with
similar heterostructures based on regular spherical Ag NPs as a result of a strong
electromagnetic field generated on the prism edges [94].

2.2 Photocatalytic Systems Based on the Binary and More
Complex Semiconductor Heterostructures

Absorption of the visible light by a narrow-band-gap component of binary semi-
conductor composites also results in the electron injection to the CB of a
wide-band-gap component, where, with the participation of a co-catalyst, hydrogen
formation occurs. The photogenerated hole remains separated from the electron and
reacts with a donor. Such spatial separation of the charge carriers is a reason for
typically high rates of the photocatalytic hydrogen evolution over binary
hetero-structures composed of narrow-band-gap metal sulfides and wide-band-gap
metal oxides [95-100]. Figure 2.7 shows a scheme of charge transfers in a
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photocatalytic system based on a very popular TiO,/CdS composite. In the further
discussion we will define binary and more complex heterostructures by listing their
components one after other separated by a *“/”” symbol. Typically we will put to the
left of the slash a “basic” component of the heterostructure, for example, a
wide-bandgap semiconductor (TiO,) onto which another component, such as a
narrow-bandgap sensitizer (CdS) is deposited or attached.

One of the most broadly studied semiconductor sensitizers for the hydrogen
evolution is cadmium sulfide as well as related solid solutions, such as cadmium
zinc sulfide. For example, Vis-sensitive photocatalysts of the hydrogen evolution
from aqueous solutions of 2-propanol or Na,S—-Na,SO; were formed by the
deposition of CdS NPs on the surface of nanocrystalline titania [101, 102]. The
photoactivity of the heterostructures increases remarkably with a decrease of the
CdS NP size as a result of a size-dependent increase of the CB energy of CdS NPs
[103, 104]. The photocatalytic activity of such systems can be further boosted by
modification with fullerenes acting as photoelectron acceptors [105].

Ternary TiO,/CdS/Pt heterostructures can be used for the photocatalytic H,
evolution directly from the sea water after addition of sacrificial donors (Na,S and
Na,SO3) [106]. An important factor governing the photocatalytic properties of
ternary TiO,/CdS/Pt composites in the water reduction is a “correct” spatial orga-
nization of components [107-109]. A photocatalyst produced by the Pt NP pho-
todeposition on the surface of preliminarily formed binary TiO,/CdS
heterostructure showed by an order of magnitude lower photoactivity than similar
composites prepared by the CdS NP deposition onto pre-formed TiO,/Pt
heterostructure [107]. The same photocatalytic behavior is typical for a broad range
of ternary TiO,/CdS/M composites, where M = Au, Ag, Pd, Pt [110].

TiO,/CdS/Pt heterostructures produced by the impregnation of TiO,/CdS com-
posites with chloroplatinic acid followed by the thermal Pt(IV) reduction exhibited
a higher photoactivity in the H, evolution than similar composites produced via the
photocatalytic Pt(IV) reduction [108]. In this case, the difference in photoactivity
also owes to the fact that the thermally deposited Pt NPs are attached mostly to the

Fig. 2.7 Scheme of spatial

separation of the e B
photogenerated charge I J
carriers in a CdS/TiO,

H2 §
heterostructure and the H, Lol =
formation under the H,0 f 20
Vis-illumination g
Pt VB

_E F +o

o8 :

3 CdS D

Energy

TiOzl n fg -



50 2 Semiconductor-Based Photocatalytic Systems ...

TiO, surface, where the water reduction takes place, while the photo-deposited
metal NPs are distributed randomly between the CdS and TiO, NPs.

Ternary WO3/CdS/Au heterostructures built on the basis of inverted WO;5 opals
are more active photocatalysts of the water splitting than their analogs produced
from randomly structured tungsten oxide. An advanced photoactivity of the
opal-based photocatalysts stems from a more efficient light absorption due to the
multiple scattering and refraction of light in the regular pores of the opals [111].

A shape anisotropy of zinc oxide NRs [112] and nanobelts [113] favors to the
spatial charge carrier separation in ZnO/CdS heterostructures reflecting in a high
photocatalytic activity in the H, evolution from water/methanol mixtures.

The ion exchange capability of a Ti(IV)-modified MCM-41 zeolite was used to
form 2.5-nm CdS NPs in the zeolite pores [114]. After the Pt NP photodeposition
such heterostructure exhibits a high photocatalytic activity in the hydrogen evo-
Iution from aqueous sodium sulfite solutions exceeding strongly that of bulk cad-
mium sulfide. The photocatalytic H, evolution from aqueous TEA solutions was
also observed in the presence of CdS NPs immobilized on MCM-41 with a fraction
of Si atoms replaced with Zr and Ti [115].

The heterostructures of CdS NPs [116-118] and CdysZngsS NPs [119] with
TiO, NTs are efficient Vis-sensitive photocatalysts of the hydrogen evolution from
aqueous Na,S/Na,SO; solutions. The CdS NP deposition the surface of TiO,
nanoplates [120] and meso-porous microspheres [121] with prevailingly exposed
{001} facets yields efficient photocatalysts of the water reduction by lactic acid
[120]. The photoactivity of such heterostructures exceeds that of similar composites
produced from conventional titania crystals because the {001} lattice face of titania
exhibits a relatively higher efficiency of the interfacial electron transfer [120, 121].

Spatial separation of the photogenerated charge carriers between the host
titanosilicate matrices ETS-4 and ETS-10 comprising ultra-thin (—-O-Ti—O-Ti—0O-),
“quantum wires” and CdS NPs deposited into the host pores results in a high pho-
toactivity of such heterostructures in the H, evolution from aqueous Na,S/Na,SO3
solutions [122]. Similar approaches were used to introduce CdS NPs into the inter-
layer galleries of layered titanates [123—127], niobates [128—130] and tantalates [129,
131, 132], as well as layered mixed Zn" and Cr't hydroxides [133]. In such com-
posites, the water reduction to H, occurs on co-catalyst NPs (Pt, Ni or RuO,) deposited
on the outer photocatalyst surface, while the oxidation of a sacrificial donor (Na,S or
Na,SOj3) involves CdS NPs attached to the inner surface of the layered host material.
Due to the spatial separation of the charge carriers the photocatalytic activity of the
composites exceeds strongly that of individual cadmium sulfide or a mechanical
mixture of CdS and a layered metallate [123, 124, 128].

To achieve favorable conditions for the formation of CdS NP-based
heterostructures and to promote photocatalytic processes with their participation,
a preliminary treatment of layered host materials is often performed aimed at an
expansion of the interlayer galleries. For example, the intercalation of propylamine
and [Pt(NH;3)4]Cl, complex into the interlayer space of HNbWOg expands con-
siderably the inner voids between the layers favoring to the secondary intercalation
with Cd" and Zn" [134]. The annealing and sulfurization of such material resulted
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in a HNbWOg/Cdg gZng ,S/Pt heterostructure exhibiting a Vis-light-driven photo-
catalytic activity in the hydrogen evolution from aqueous solutions of sodium
sulfite.

A treatment of co-deposited CdS and TiO, NPs with titanium(IV) chloride
followed by he annealing [135] assures the formation of TiO,/CdS heterostructures
with a good mechanical and electronic contact between the CdS and TiO, NPs
favoring to the charge transfers between the components. The highest photocurrent
and photocatalytic activity in the hydrogen generation were observed at 80 wt.%
titania content [135].

Directed migration of the photogenerated charge carriers—from a layer of
cadmium selenide to TiO, NTs through an intermediary CdS layer in ternary TiO,/
CdS/CdSe heterostructures contributes to their high photoelectrochemical activity
in the hydrogen evolution from aqueous solutions of Na,S/Na,SO; or ethylene
glycol with QY reaching ~9.5% [136]. A similar effect was observed for
nanoheterostructures formed by CdS “nanoflowers” grown on the surface of TiO,
NT arrays (Fig. 2.8a) [137].

A very efficient charge transport from the visible-light-sensitive CdSe NPs to the
thin (~5 nm thick) titania NSs results in a strong non-additive enhancement of the
photocatalytic hydrogen evolution from aqueous Na,S/Na,SO; solutions [138].
Coupling of the TiO, NSs to CdS NPs via a molecular bridge—bifunctional
mercaptopropionic acid (MPA) anion allows to double the H, evolution efficiency
as compared to the bare CdSe NPs, while direct (without linkers) deposition of the
sensitizer NPs onto the TiO, NSs increases the efficiency by another ~ 100%
(Fig. 2.8b). An electron paramagnetic resonance (EPR) study showed that Ti** ions
can be converted into Ti** by the photogenerated CB electrons and act as charge
transfer mediators to the CdSe NPs. Due to the fact, the annealing of TiO, NSs that

Ho evolution (rnmc:lg“1 h‘1) T

Tio, TiO, CdSe TiO,/CdSeTiO,/CdSe

Fig. 2.8 a A scheme of the photoelectrochemical H, evolution with “TiO, nanotube/CdS
nanoflower” heterostructures; b The rate of photocatalytic hydrogen evolution in the presence of
TiO, nanosheets and NS/CdSe heterostructures. Reprinted with permissions from Ref. [137]
(a) and [138] (b). Copyright (2015, 2016) Elsevier (a) and American Chemical Society (b)
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caused their aggregation and a loss of the surface area had a detrimental effect on
the photocatalytic activity of both bare TiO, NSs and TiO, NS/CdSe nanocom-
posites [138].

The sol-gel deposition of 10-20-nm titania NPs on the surface of microcrys-
talline cadmium sulfide followed by the photodeposition of Pt NPs results in a
ternary CdS/TiO,/Pt composite that reveals photocatalytic properties in the
hydrogen evolution from aqueous Na,S/Na,SOj; solutions [139]. Other platinum
group metals can also act as co-catalysts of this process forming the following
activity sequence: Pt > Rh > Pd > Ru. Isotopic studies in a similar system, where
H,S was used as a sacrificial electron donor, showed that H, is evolved at the
expense of the decomposition of both H,O and H,S [140].

CdS/TiO, heterostructures based on cadmium sulfide NWs [141] exhibited a
much higher photocatalytic activity in the H, evolution from aqueous Na,S/Na,SO;
solutions than non-modified CdS NWs. Spatial separation of the photogenerated
charge carriers between the heterostructure components results in the separation of
oxidative and reductive steps of the process—the water reduction to H, occurs on
the TiO, NPs, while the sacrificial donors are oxidized on the surface of CdS NWs.

Despite the fact that sacrificial donors, especially sodium sulfide and sulfite can
efficiently quench the oxidative photocorrosion of cadmium sulfide, some inevitable
release of inherently toxic Cd" ions can be expected for the CdS-based photocatalysts.
This hazard stimulates a constant search for other less toxic narrow-bandgap sensi-
tizers capable of competing with cadmium sulfide in the hydrogen evolution
efficiency.

A particular attention in this search is paid to ternary and quaternary
metal-chalcogenide NPs, such as indium-based chalcopyrite CulnS, and AglnS,
(AglInsSg) NPs and quaternary kesterite Cu,ZnSnS, NPs. These compounds have
relatively narrow bandgaps of around 1.4-1.8 eV and reveal strong absorption
bands covering the entire visible spectral range thus making such NPs ideal light
harvesters for the photocatalytic hydrogen evolution systems.

The CulnS,/TiO, [142, 143] and TiO,/AglnsSg [144] heterostructures revealed a
photocatalytic activity under the photoexcitation over almost the whole visible
spectral range. The sensitization of Ag NP-decorated ZnO NW arrays with CulnS,
NPs results in ~ 100-fold enhancement of the photoelectrochemical hydrogen pro-
duction efficiency under the Vis-illumination as compared to the original NWs [145].

The quaternary kesterite NPs were successfully employed as a light harvester for
the photoelectrochemical hydrogen production over a ZnO/CdS/Cu,ZnSnS,
heterostructure based on ZnO NWs [146]. The mutual positions of the CB and VB
levels of the components are ideally suitable for a cascade transfer of the photo-
generated electrons from the outer kesterite layer to the CdS buffer layer to the ZnO
NW layer (Fig. 2.9a). After the cascade the electrons are collected into the electric
circuit and transferred to a Pt counter electrode, where the H, evolution occurs,
while the CdS/Cu,ZnSnS, (CZTS) light-harvesting layer is regenerated via the
oxidation of a sacrificial donor (Na,S/Na,;SO5;) [146]. The photocurrent (and cor-
respondingly, H, on the counter electrode) is generated under the illumination in the
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Fig. 2.9 a A scheme of charge transfers in ZnO NW/CdS/Cu,ZnSnS, (CZTS) system; b IPCE
spectra of ZnO NW-based heterostructures with CdS and CZTS NPs. Reprinted with permissions
from Ref. [146]. Copyright (2015) The Royal Society of Chemistry

entire visible range (400-700 nm) with the light-to-current conversion efficiency
reaching ~45% (Fig. 2.9b).

Quaternary NPs of other types, such as Cu—Ga—In-S NPs [147], are also cur-
rently probed as spectral sensitizers with the aim of combining a high absorptivity
in the visible spectral range and a “suitable” band positions for the efficient charge
transfer to TiO,.

Among the binary non-toxic semiconductor sensitizers, a special attention is
focused on bismuth and antimony chalcogenides that combine a high sensitivity to
the visible light, a relative stability and band positions favorable for the charge
injection into TiO,, ZnO, and other wide-bandgap semiconductor materials.
Thermal hydrolysis of thiourea in the presence of Bi(NO;); and nanocrystalline
TiO, yields TiO,/Bi,S3 heterostructures manifesting a photocatalytic activity in the
Vis-light-driven H, production from aqueous Na,S/Na,SO;5 solutions [148]. The
photoactivity of the composite was found to be much higher than that of bismuth
sulfide alone and maximal—at the equimolar content of the components [148]. The
TiO,/Bi,S; composites produced by a solvothermal method from 10 to 15-nm
titania NPs exhibited photocatalytic properties in the hydrogen evolution from
water/methanol mixtures [149].

Spatial separation of negative and positive charge carriers in the
nanoheterostructures of titania and copper(LII) oxides as well as the capability of
copper oxides of accumulating electrons and decreasing the water reduction over-
voltage allowed to carry out the photocatalytic H, evolution under the illumination
with the visible light [138, 150-160]. A p/n heterojunction also forms on the
interface between TiO, and copper phosphide CusP NPs enabling efficient sepa-
ration of the photogenerated charge carriers and the water reduction with an
apparent QY (measured at a certain wavelength) of 4.6%, which is by an order of
magnitude higher than for sole titania NPs [161].
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The photocatalytic Vis-light-driven formation of hydrogen was observed also in
the presence of In,O3/In,S5 [162], CuO/ZnO [163], In;—,Ga,N/ZnO [164], CuFeO,/
SnO, [165], RuO,/TiO, [166], and CuAlO,/TiO, [167] nanoheterostructures.

Along with the development of photocatalytic systems based on traditional
semiconductors, a search is also performed for new photosensitive semiconducting
materials combining the visible light sensitivity with a capacity to act as spectral
sensitizers for wide-band-gap semiconductors. At that, a special attention is paid to
carbon materials—fullerenes, carbon NTs, etc. For example, a composite of mul-
tiwall carbon NTs with titania modified by Ni NPs exhibited a photocatalytic
activity in the water reduction when excited by the visible light [113, 168]. It was
assumed that the photoexcitation of carbon NTs results in the electron injection into
the TiO, CB followed by the electron transfer to the Ni NPs where the final act of
the water reduction occurs. The oxidized NTs are then regenerated at the expense of
methanol oxidation.

Recently, good perspectives were shown for the sensitization of wide-bandgap
semiconductor materials with carbonaceous nanostructured species, such as carbon
NPs and nanodispersed carbon nitride. The carbon NPs can be produced by
thermal/electrochemical decomposition of a variety of organic precursors and
contain a partially aromatic carbon core and an outer shell abundant with various
functional groups [169, 170]. They absorb light in broad and intense bands
extending throughout the visible range and can strongly bind to the most of the
photoactive wide-bandgap semiconductors typically used for the photocatalytic
processes. A comprehensive account of recent successes and challenges associated
with the utilization of carbon NPs in the photocatalysis can be found in [169]. For
example, the nanocrystalline titania can be sensitized to the visible light by the
carbon NPs [171, 172] produced via hydrothermal treatment of vitamin C [171] or
by the electrochemical destruction of graphite [172, 173]. Such heterostructures
exhibited almost by an order of magnitude higher photocatalytic activity in the H,
evolution from water/methanol mixtures under the illumination with the “white”
light (A > 400 nm) as compared to the bare titania.

Graphitic carbon nitride is often called a “rising star” of the semiconductor
photocatalysis as it combines a unique set of properties including chemical stability,
sensitivity to the visible light, “appropriate” positions of CB and VB energies
allowing both for the water reduction and oxidation to occur simultaneously. This
material will be discussed in details later in the section devoted to new photoactive
materials. Here, we only mention the role of GCN as a component of composite H,
evolution photocatalysts. It was found that spatial separation of the photogenerated
charg carriers imparts TiO,/GCN heterostructures with a photocatalytic activity in
the Vis-light-driven hydrogen evolution from water with no sacrificial donors [174—
176] as well as from aqueous solutions of methanol [177] or TEA [178].

The exfoliation of GCN into a-few-layer or even single-layer CN sheets
increases strongly its activity as a hydrogen evolution photocatalyst, both in the
individual state and when incorporated into complex nanoheterostructures. It is
reported that the photocatalytic activity of composites of titania NRs with the GCN
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nanosheets produced by an ultrasound treatment of the bulk GCN is by far higher
than the photoactivity of a mixture of TiO, NRs and the unexfoliated GCN [179].
As GCN has a bulk bandgap of 2.7 eV it can also be a subject to the spectral
sensitization. Such effect was achieved for CdS/GCN [180] and ZnIn,S,/GCN
[181] composites, as well as for CdSe NP-decorated hollow GCN spheres [182].
The GCN NSs can be used as a “mat” to accommodate wide-bandgap semi-
conductor NPs. For example, GCN/TiO, heterostructures produced by the
solvothermal deposition of titania NPs onto GCN NSs demonstrated the rates of
photocatalytic hydrogen evolution by ~10 and ~20 times higher than those
observed in the presence of sole TiO, and the bulk GCN [183]. A similar effect was
also achieved for ~20-nm InVO, nanocrystals grown on the GCN sheets [184].

2.3 Photocatalytic Systems Based on the Metal-Doped
Wide-Band-Gap Semiconductors

Doping of the wide-band-gap semiconductors with metal ions introduces new
occupied local states in the band gap that can be excited by the visible light and
supply electrons to CB (Fig. 2.10). The CB electrons participate then in the water
reduction while the holes localized on the dopant states get filled by electrons from
a sacrificial donor or water [137, 185-189].

Visible-light-sensitive photocatalysts of the hydrogen evolution from aqueous
solutions of sodium sulfite were prepared by doping ZnS with Pb" [190], Ni [191]
and Cu" [192]. Such photocatalysts can function without additional co-catalysts.
The visible-light absorption by these compounds originates from the photoinduced
electron transition from the local dopant states in the CB of zinc sulfide. The pho-
tocatalytic activity of ZnS:Pb" is maximal at 1.4 wt.% lead content and decreases
considerably at a higher dopant concentration (more than 2%) as a result of the
formation of a separate PbS phase. Additional co-doping of the photocatalyst with
halogen anions results in a 3-fold increase of the photoactivity, the effect originating
from a relaxation of the lattice strain and a decrease of the number of non-radiative
recombination sites [192]. At an optimal dopant concentration of 4.3 wt.% the
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ZnS:Cu"-based photocatalytic system exhibits an apparent hydrogen production QY
of 3.7% [192]. A maximal increment of the photocatalytic H, evolution rate after
doping of zinc sulfide with Cu(Il)—by a factor of 11 is observed after the intro-
duction of ~5 mol% copper [193]. At the same time, for ZnS:Ni" the peak
photocatalytic activity in the water reduction was achieved already at 0.1 mol% Ni
content [191].

Doping of titania with Bi~ imparts this semiconductor with a photocatalytic
activity in the H, evolution from water/ethanol mixture under the Vis-illumination
[194]. In a similar way, doping of SrTiO3 with Cr [195, 196] and Rh ions [197,
198] yields Vis-light-sensitive photocatalysts of the hydrogen evolution from
aqueous methanol [195, 196] and pure water splitting [197, 198].

The substitution of Ti** with Cr’* or Fe* in titania crystals requires a com-
pensation of the excessive negative lattice charge and induces self-oxidation of Cr™
to Cr'" and the release of molecular oxygen [199-202]. The recombination of
charge carriers at anion vacancies forming after the O, subtraction decreases the
photocatalytic activity. To balance the charge and to increase the stability and
activity of Cr-doped titania an equimolar amount of Ta>* or Nb>* should addi-
tionally be introduced into the lattice. An increase of the photocatalytic activity of a
doped semiconductor as a result of the charge compensation was also observed
for the co-doping of TiO, and SrTiO; with combinations of Ni**/Ta>* [199] and
Cr’*/Sb™ [200].

A strong doping-induced photoactivity enhancement of a semiconductor host in
the water reduction was observed after the introduction of Bi** into NaTaO5 [203],
Zn** into SrTiO3 and BaTiO5 [204], Ag* into BiVO, [205], cations of Y, La, Ce or
Yb into NaTaO5 [206], and Zn%" into Ga,05 [207].

The photocatalytic water reduction to H, under Vis illumination was reported for
ZnS and SrTiO; doped with La** [208], Ni**-doped InTaO, and InNbO, [209].
After the deposition of a co-catalyst (Pt, RuO,, NiO,) the latter two systems
demonstrated an apparent QY of up to 0.66% (at . = 400 nm). Besides doping with
Ni**, InTaO, can be turned into a Vis-sensitive photocatalyst of the H, evolution by
introducing Mn, Fe, Co, and Cu cations [210]. Doping with chromium turns a
BayIn,0s/In,O5 heterostructure into a “universal” photocatalyst capable of the
hydrogen evolution from water and water/methanol mixtures in the presence of Pt
or Ni as well as of the O, evolution from aqueous AgNOj; (electron acceptor)
solutions [211].

A broad range of dopants—CrVI, Fem, COH, NiH, RuH, and Pd" was used to
convert nanocrystalline Bi,O3 (E, = 2.8 €V) into a Vis-sensitive photocatalyst of
the water reduction [212]. Doping with palladium(II) resulted in the best charac-
teristics, the fact apparently originating from in situ Pd(II) photoreduction Pd°
which can act as a co-catalyst.

Almost in each system based on doped semiconductors there exists an optimal
dopant concentration range where the maximal photoactivity is observed, while a
higher dopant amount deteriorates the semiconductor activity in the water reduc-
tion. For TiO, doped with Ni** [213, 214] or Bi’* [194], the maximal rate of the
photocatalytic hydrogen evolution from water/alcohol mixtures was observed at a
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1% mol. dopant content [213]. This effect is typically associated with a hindrance of
the free migration of photogenerated charge carriers in the bulk of highly-doped
semiconductor crystals because of an abundance of the local dopant states acting as
charge traps.

In some cases doping results in a fusion of the dopant states and a “top” of the
host VB. The effect narrows the band gap (and increases the Vis-light sensitivity of
a semiconductor) without the emergence of additional local states in the forbidden
band. For example, doping of indium titanate with a mixture of nickel and chro-
mium cations results in a fusion of Ni3d, Cr3d, Ti3d/In5sp, and O2p orbitals
yielding a Vis-light-sensitive In;>NiCr,Ti;0O4, photocatalyst (E, = 2.14 eV) of the
H, evolution from water/methanol mixtures [215, 216], more efficient than
“mono-doped” IngNiTicO, (E, = 2.48 €V) and In3CrTi,0, (E; = 2.00 eV) [215].

Sometimes a variation in the metal dopant nature allows switching the semi-
conductor activity between the water reduction and the water oxidation. For
example, doping of SrTiO; with Mn?* or Ru®* impart this semiconductor with a
photocatalytic activity for the Vis-light-driven oxygen evolution from aqueous
AgNO5 solutions [217]. At the same time, doping of strontium titanate with Ru, Rh,
or Ir (1 wt.%) cations and the deposition of 0.1 wt.% Pt converts this wide-band-gap
semiconductor into a Vis-light-sensitive photocatalyst of the water reduction by
methanol demonstrating an apparent H, evolution QY of 5.2% at 420 nm [217].

The radio-frequency magnetron sputtering technique is typically used [218-224]
to produce titania films that exhibit a visible light sensitivity originating from a
stoichiometry deviation, that is a gradient of the O/Ti atomic ratio from the surface
to the bulk of the films. A post-synthesis hydrothermal treatment of the films
enhances considerably their photocatalytic activity in the water reduction as a result
of an increase of the film crystallinity and the specific surface area [222]. This
method was also applied to produce Ti foils decorated with titania nano-columns
oriented normally to the film surface [225] with an O/Ti ratio changing from 2.00
on the column top to 1.93 at the site of the column contact with the substrate. After
the modification of an opposite side of a Ti/TiO, foil with Pt NPs, it was used as a
Vis-light-sensitive photocatalyst of the total water splitting in a combined reactor
with membrane-separated compartments for the water reduction to H, and the water
oxidation to O, (Fig. 2.11a) [218, 225]. Such design allows avoiding the recom-
bination between primary products of the reduction (H atoms) and the oxidation
(OH radicals), which is one of the main factors limiting the H, evolution efficiency.

Recently, a so-called “black” titania emerged as a new visible-light-sensitive
photocatalyst of the water reduction [29]. The “black” TiO, is typically produced
by treating titania with hydrogen or aluminium resulting in a massive reduction of
Ti** to Ti**, the latter imparting the material with a characteristic blackish-gray to
black color (Fig. 2.11b, insert).

According to [226], reduction with Al yields much deeper reduced TiO,_
samples with the absorbance extending to longer wavelengths as compared to the
hydrogen-processed titania (HP-TiO,), the absorption band encompassing the entire
visible and near IR ranges (Fig. 2.11b). A strong light-harvesting capability of the
“black” TiO, results in much higher photocurrents/H, evolution rates in the
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Fig. 2.11 a A combined photocatalytic reactor for simultaneous evolution of H, and O, from
water in the presence of a “Pt/Ti foil/Ti NTs” heterostructure; b absorption spectra of original TiO,
and products of titania reduction with hydrogen (HP-TiO,) and aluminium (TiO,—,). Yellow
background—solar AM1.5 irradiation spectrum. Insert: photographs of conventional nanocrys-
talline titania (Evonik P25) and black TiO,_, produced by the reduction with Al. Reprinted with
permissions from Refs. [222] (a) and [226] (b). Copyright (2008, 2015) Elsevier (a) and American
Chemical Society (b)

photoelectrochemical/photocatalytic systems as compared to those with conven-
tional nanocrystalline TiO, powders [226], NTs [227] or mesoporous TiO, [228].

2.4 Photocatalytic Systems Based on the Nonmetal-Doped
Wide-Band-Gap Semiconductors

A partial oxygen substitution in a metal oxide semiconductor lattice by other
non-metals—nitrogen, carbon, sulfur, etc., was found to be one of the most versatile
methods of tailoring the band gap of semiconductor photocatalysts. The p-orbitals
of a dopant typically have a higher energy than the p-orbitals of oxygen, so the
dopant introduction results in a narrowing of the band gap without appreciable
shifts of the CB edge (Fig. 2.12). The effect is explored by a so-called “band
design” concept, that is, tailoring of the band gap and the VB position of semi-
conductor photocatalysts by non-metal dopings [2, 137, 185, 187-189].

The introduction of nitrogen into the lattice of titanium dioxide NPs achieved by
TiO, synthesis in the presence of ammonia [50], results in a retardation of the NPs
growth during the calcination, a decrease of the average NP size from 20 to 14 nm,
and a shift of the light sensitivity threshold of titania to longer wavelengths. Also,
the doping generates oxygen vacancies on the TiO, NP surface that promote
adsorption of a sensitizer—eosin [50]. Such sensitized TiO,:N NPs showed a
3-times higher photocatalytic activity in the hydrogen evolution from aqueous TEA
solutions as compared to undoped TiO, NPs.
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N-doped TiO, produced by the titania calcination with urea [229, 230] absorbs
the visible light with A < 600 nm and exhibits a photocatalytic activity in the
Vis-light-driven H, production from aqueous solutions of Na,SO; [229] and
methanol [230]. Of two forms of surface nitrogen—the chemisorbed N and the
nitrogen substituting O atoms in the oxide lattice, it is the latter that imparts titania
with a Vis-sensitivity and the enhanced photocatalytic activity. Among N-doped
titania materials a higher photocatalytic activity in the Vis-light-induced water
splitting is typically observed for the mesoporous TiO, [231-233]. The photocat-
alytic activity of TiO,:N in the water reduction can be further enhanced by com-
bining it with Pt NPs [234] or other electron acceptors such as graphene derivatives
[235, 236].

Annealing of tantalum oxide in a stream of ammonia and water vapors (to prevent
the formation of tantalum nitride) yields tantalum oxynitride TaON absorbing visible
light in a range of A < 500 nm (Fig. 2.13a) [236-239]. The material demonstrates a
high photocatalytic activity in the water oxidation to O, (with an apparent QY of 30%
at 420-500 nm excitation), but possesses a negligible photoactivity in the water
reduction, even in the presence of Pt (QY of 0.2% at420-500 nm). Oppositely to pure
oxide semiconductors, for which platinum is typically the best co-catalyst of hydrogen
evolution, for the N-doped semiconductors a much higher activity is observed for a
ruthenium co-catalyst (QY of 0.8% and 2.1% in the presence of methanol and ethanol,
respectively). The photocatalytic deposition of Ru NPs produces 2—4-nm particles
exhibiting a higher catalytic activity than 20-50-nm Ru NPs formed by the conven-
tional impregnation/annealing [237]. Complete substitution of O with nitrogen yields
tantalum nitride TazNs with E, = 2.1 eV (Fig. 2.13a) that is also an active photo-
catalyst of the water splitting [238].

The annealing in ammonia stream was used to produce zirconium oxynitride
Zr,ON, from ZrO, [240]. The fusion of N2p-orbitals and O2p-orbitals in the VB of
zirconium oxynitride results in the bandgap shrinking to 2.6 eV. After the pho-
todeposition of 5 wt.% Pt, Zr,ON, crystals exhibited a photocatalytic activity in the
H, evolution from aqueous solutions of methanol as well as the O, evolution from
silver nitrate solutions under the Vis-illumination. Solar-light-sensitive photocata-
lysts of the water reduction/oxidation were prepared by a partial nitridation of ZrO,/
Ta,Os composite [241]. In a similar way, layered LaTaON, and Y,Ta,OsN,
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Fig. 2.13 Diffuse reflectance spectra of Ta,Os, TaON, and Taz;Ns; b a layout of the
photoelectrocatalytic system for water splitting based on C-doped and Pt-decorated TiO, NTs.
Reprinted with permissions from Refs. [238] (a) and [251] (b). Copyright (2003, 2007) Elsevier
(a) and American Chemical Society (b)

perovskites were produced [242] exhibiting a photocatalytic activity in the
hydrogen evolution from water/ethanol mixtures in the presence of Pt and Ru NPs.

The introduction of a nitrogen dopant into the Sr,Nb,O, perovskite yields a
series of Sr,Nb,O,_N, compounds that preserve the layered structure and, due to a
contribution of the N2p-orbitals into the VB, exhibit a photocatalytic activity in the
hydrogen evolution from water/methanol mixtures under the Vis-illumination
[243].

A nitrogen-doped solid solution of gallium and zinc oxides (Ga;—xZny)(N;—xOx)
with x = 0.18 was used as a photocatalyst of the water reduction that, in a com-
bination with a mixed co-catalyst Rh, ,Cr,O;, exhibited a QY of 6% at 420-
440 nm [244]. The co-catalyst was produced in situ via the photocatalytic reduction
of KCrO,4 over a (Ga;—4Zn,)(N;—xOx)/Rh composite that, in turn, was synthesized
by the photocatalytic deposition of Rh NPs [245]. A layer of chromium oxide on
the metal surface prevents reverse reactions between H, and O, allowing the
(Ga;_«Zn,)(N|—4O4)/Rh,_,Cr,O3 heterostructure to function as a photocatalyst of
the total water splitting. Active co-catalysts for this system were also produced by
the semiconductor impregnation with a mixture of rhodium salts and ruthenium
carbonyl Ru;(CO);, followed by annealing [246-248]. The nitridation of a mixture
of germanium and zinc oxides yields a compound (Zn;,xGe)(N,O,) that exhibits a
photocatalytic activity in the water reduction under illumination with the visible
light [249].

N-doping of indium oxide narrows its band gap from 3.5 to 2.0 eV and imparts
the semiconductor with a sensitivity to the visible light [250]. The photocurrent
(proportional to the water reduction rate) generated under the Vis-illumination by
the In,O3:N electrode is by a factor of 2 higher than that for the undoped indium
oxide, and by a factor of almost 50—than the photocurrent generated by a TiO,:N
reference photoelectrode [250].

The photoelectrochemical hydrogen generation was realized in a system, where
a TiO, NT array incorporated with Pt NPs acted as a cathode, while a photoanode
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was formed by the carbon-doped TiO, NTs (Fig. 2.13b) [251]. The photoanode
was produced by the sonoelectrochemical anodization of titanium foil in a mixture
of NH4F with ethylene glycol followed by the annealing in the H, atmosphere. The
cell demonstrated a photocurrent QY of 8.5% [251].

By the calcination of titanate NTs at 600 °C in a CO stream, 8-42 mol% carbon
can be introduced without the formation of a separate titanium carbide phase [252].
The fusion of O2p- and C2p-orbitals in the VB results in the bandgap shrinking to
2.2 eV and a corresponding expansion of the spectral sensitivity range. By com-
bining the carbon-doped TiO, NTs (a photoanode) with Pt (a cathode) the
Vis-light-driven water splitting to H, and O, was achieved [252, 253].

An alternative approach to the C-doped TiO, consists in the burning of Ti foils
in the carbon-enriched flame [254, 255]. The carbon doping results in a bandgap
reduction from 3.20 to 2.65 eV as well as in the formation of a filled sub-band
1.6 eV above the VB top. This material was tested as a photoanode for the pho-
toelectrochemical water splitting and showed a QY of 13% under the illumination
with “white” light in aqueous 5.0 M NaOH solution. The C-doping increases
electrode surface porosity favoring additionally to the photoelectrochemical reac-
tion [254, 255].

Sulfur-doped TiO, nanocrystals produced by a mechanochemical treatment of a
mixture of titania with Sg were used for the photoelectrochemical water splitting under
the Vis-illumination [256]. The photocatalytic water reduction or oxidation (depending
on the type of co-catalyst—Pt or IrO,) under the Vis-illumination (420480 nm) with
the participation of indium-lanthanum oxysulfides was observed in [257].

2.5 Photocatalytic Systems Based on the Metal-Sulfide
Semiconductors

Among the “solar” hydrogen production systems based on narrow-band-gap
semiconductors a leading role is evidently played by metal-sulfide photocatalysts,
mainly CdS, that is, however, photochemically unstable and liable to the photo-
corrosion. By this reason, a further development of the photocatalytic systems for
the hydrogen production based on metal-sulfide semiconductors requires new
methods of the photocorrosion mitigation. Also, a search is performed for new
metal-sulfide materials that do not contain cadmium, lead, and other acutely toxic
metals. Among the challenges in this field is also a search for new co-catalysts that
do not contain precious platinum group/noble metals. New ways of photoactivity
enhancement of the metal-sulfide semiconductors are constantly probed via a
careful design of composite materials and harnessing of the quantum size effects
inherent in the nanocrystalline metal-chalcogenide semiconductors.

The anti-corrosion stability can be achieved via a combination of metal-sulfide
NPs with various photochemically passive carriers. For example, CdS NPs formed
in the pores of zeolites were found to be photochemically stable when used as a



62 2 Semiconductor-Based Photocatalytic Systems ...

photocatalyst of the hydrogen evolution from water/alcohol mixtures [128, 258—
263]. The photoactivity of such heterostructures depends considerably on the carrier
structure and increases from zeolite L to SBA-15 to zeolite Y [258].

A combination of a high photocatalytic activity and photostability was observed
for CdS NPs stabilized by the colloidal silica [264] and organic polymers [265,
266], as well as for CdS NPs deposited on the surface of carbon nanofibers [267],
aluminium oxide [268], silica gels [269-271], and glasses [272, 273]. The
glass-incorporated CdS NPs revealed a high photostability and can be used as
visible-light-sensitive photocatalysts for the hydrogen evolution from aqueous H,S
solutions with a QY of 17-18% [272].

Interaction between cadmium(Il) salts and polyvinylidene sulfide yields
5-30-nm CdS NPs regularly dispersed over the polymer surface [274]. Such
composite exhibits photochemical stability and a high (up to 20%) QY of the
hydrogen evolution from aqueous H,S solutions.

The interest to nanocrystalline cadmium sulfide is greatly stimulated by a strong
dependence of the electron properties of CdS NPs on the crystal size (d) at d < 5—
6 nm. A variation of the CdS NP size in this range is accompanied by pronounced
changes of the optical and photochemical NP properties allowing for a tuning of the
spectral sensitivity range and efficiency of the NP-based photocatalytic systems.
This feature is excellently exemplified by the photocatalytic systems for the
hydrogen production based on size-selected CdS NPs decorated with Pt NP
co-catalyst [275]. The H, evolution QY decreases from around 17 to ~ 11%, as the
CdS NP size increases from 2.8 to 4.6 nm. The dependence was interpreted in terms
of a size-dependent driving force of photoinduced charge transfer from CdS to
vacant states of Pt NPs (Fig. 2.14a). However, the photoactivity increase is
counter-weighted by a “blue” shift of the absorption band edge of CdS NPs as their
size is reduced (Fig. 2.14b), resulting in a partial loss of the solar light harvesting
ability. To compensate for this detrimental effect, a double-chamber photocatalytic
reactor was proposed [275], where shorter-wavelength light is absorbed selectively
by smaller and more active 2.8-nm CdS NPs, while a longer-wavelength portion of
the light passes through the first chamber and is absorbed in the second chamber by
larger CdS NPs. In this way, a 50% increment of the H, evolution efficiency can be
achieved for the double-chamber systems as compared with a single photocatalytic
reactor with a mixture of smaller and larger CdS NPs [275].

Similarly to cadmium sulfide, a reduction in the size of MoS, NPs from 15-25
to ~5 nm was found to result in almost doubled photocatalytic activity in the H,
evolution, both types of NPs being much active than bulk molybdenum sulfide [276].

Alternatively to CdS, bismuth, indium, iron, ruthenium, zirconium and silver
sulfides, as well as related solid solutions can be used as water reduction photo-
catalysts. For example, RuS, NPs immobilized on thiol-modified polystyrene beads
exhibited a photocatalytic activity in the hydrogen evolution from water/2-propanol
[277].

The earth abundant pyrite FeS, was shown to be a suitable candidate for the
Vis-light photo-electrochemical H, generation [278].
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A solvothermal synthesis of tin sulfide starting from Sn(Il) salts yields a mixed
SnS,/SnS nanostructure with the intertwined tin(IV) and tin(II) sulfide layers.
A lattice mismatch between the layers generates inherent sulfur vacancies resulting
in a E, narrowing by around 0.3 eV (to ~2 eV) as compared with pure SnS, [279].
Such composite showed an excellent activity in the H, evolution under illumination
with a “blue” LED source (400-500 nm).

Layered zinc indium sulfide and its composites with metal NPs exhibited
a photocatalytic activity in the Vis-light-driven H, evolution from aqueous
Na,S/Na,SO;5 solutions [280-292]. The photoactivity of ZnIn,S, was found to
increase proportionally to the post-synthesis hydrothermal treatment duration as well
as to the concentration of cetyltrimethyl ammonium bromide acting as a template.
The dependence was assumed to originate from a deformation of the ZnIn,S, crystal
lattice resulting in a dipole moment in the semiconductor interlayer space that favors
to the photogenerated charge carriers separation. The copper(Il) doping of ZnIn,S,
expands its spectral sensitivity to around 800 nm, the maximal rate of photocatalytic
hydrogen production registered at 0.5 wt.% copper content [293].

Good perspectives as Vis-sensitive photocatalysts of the water reduction could
be envisaged for a number of ternary/multinary metal sulfides with a narrow band
gap that suit perfectly as visible light harvesters and can potentially induce the water
photodecomposition—Caln,S, with a band gap of 1.76 eV [294, 295], AgGaS,
(Eg = 2.48 V) [296], CuGaS, [297], Culn,_Ga,S [298], (CuGa);—Zn,S, [299,
300], Zn;—x(CuGa),Ga,S, [301], CuzSnS, (1.38 eV) [302], and Cu,ZnSnS,
(Eg = 1.75 V) [303-307]. Some of these materials were studied as nanocrystalline
materials, while for others the effects of nano-scaling are still to be explored.

A photocatalytic activity in the hydrogen evolution from aqueous Na,S/Na,SO;
solutions under the Vis-illumination was observed for mesoporous agglomerates of
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CulnS, NPs (E, = 1.53 ¢V) modified by Pt NPs [308], for CulnsSg [309] and
Culng ;Gag 3S; films [310], CulnS,/NalnS, nanoheterostructures [311], (Culn),Zn,
(1-x52 (x = 0.01-0.50) microspheres [312-317], non-stoichiometric Cu—In-Zn-S
NPs attached to reduced graphene oxide (RGO) sheets [318], as well as for the
nanocrystalline (CuAg)xIn,,Zny—2x)S, solid solutions [319-322]. The Vis-light
sensitivity of these materials originates from a contribution of Cu3d- and
S3p-orbitals into the VB and In5s5p- and Zn4s4p-orbitals—into the CB of mixed
sulfide semiconductor.

Nanoporous ZnS—In,S;—Ag,S solid solutions demonstrated a photocatalytic
activity in the water reduction without additional co-catalysts [323]. Similarly,
ternary sulfide AgInZn,Sy (E, = 2.3 €V) is capable of the photocatalytic hydrogen
evolution from water with no co-catalysts and electron donors present in the system
[324]. When used together with Pt NPs and a sacrificial donor (Na,S/Na,SO3), this
quaternary photocatalyst showed an H, production QY of ~15%. CdIn,S; NTs
revealed the photocatalytic properties in the water reduction with no additional
sacrificial donors with a QY of up to 17% [325]. A high photocatalytic activity in
this process was also observed for ZnIn,S,/CdIn,S4 [326, 327], In,S3/ZnIn,S,
[328], and CdS/ZnIn,S4/RGO heterostructures [329]. A mixed sulfide AglnsSg
(Eg = 1.77 eV) modified by Pt NPs was used as a Vis-sensitive photocatalyst of the
hydrogen evolution from aqueous sulfide/sulfite solutions with a QY of 5.3% [330].

Various layered metal-sulfide nanomaterials, both in the form of nanometer
grains and especially as a few-layer (single-layer) NSs are of a great potential for
the solar H, production. For example, layered NalnS, (E, = 2.3 eV) was found to
be an efficient photocatalyst of the water reduction with a QY of 6% [331], while
bulk indium sulfide remains inactive in this reaction. The 2.5-nm In,S; NPs pro-
duced by ion exchange/sulfidation in the pores of titania-containing Ti-MCM-41
zeolite exhibited pronounced photocatalytic properties in the water reduction [332].
The activity stems from an efficient photoinduced electron transfer from In,S3; NPs
to the zeolite host and inhibition of the subsequent electron-hole recombination.

First-principles calculations showed perspectives of single-layer and a-few-layer
zirconium sulfide as a visible-light-sensitive photocatalyst (E, = 1.9-2.0 eV) of the
water splitting [333], though these predictions still require an experimental
verification.

A comprehensive review of the photochemical water splitting on layered tran-
sition metal dichalcogenides (TMDs) can be found in [334]. The exfoliation of
some of TMDs into single-layer sheets can result in a dramatic increase of the
optical bandgap thus providing an additional driving force for the water splitting
processes as illustrated in Fig. 2.15a for MoS,. A band diagram, shown in
Fig. 2.15b for a series of reported single-layer TMDs, provides a notion of possible
candidates for the utilization in the photocatalytic/photoelectrochemical systems for
the water splitting.

Ultra-thin sheets of MnSb,S; with E, = 1.9 ¢V and a thickness of 0.76 nm
produced by the spontaneous thermal exfoliation of hydrazine-intercalated bulk
materials revealed promising properties as a photocatalyst of the water reduction
with a peak QY of 0.14% [335].
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The films of layered Bi,S; with E, = 1.28 eV produced by the electrodeposition
can be used as an efficient and stable photocatalyst of the Vis-light-driven hydrogen
evolution from aqueous Na,S solutions [336]. In a similar photocatalytic system
based on a Bi,Ss/zeolite Y composite the QY of H, evolution reached 0.12% [337].

Mixed sulfides Cd,Zn;_,S are typically capable of the photocatalytic water
reduction without additional co-catalysts [338—341]. For these semiconductors, as a
rule, a dome-shaped relationship between the photocatalyst composition (the
parameter x) and the rate of hydrogen evolution is observed. Such dependence is
quite non-trivial because both CB and VB potentials of Cd,Zn;_.S solid solutions
increase as the Cd is gradually substituted with Zn (Fig. 2.16) and, therefore, a
monotonous dependence of the photocatalytic activity of cadmium-zinc sulfide
crystals on their composition should be expected.

The exact position of the maximum on this relationship still remains contro-
versial, most probably, due to differences in synthesis methods of CdyZn;_,S solid
solutions that can affect considerably their photochemical behavior. For example, it
was found [338] that a maximal apparent QY of hydrogen evolution from aqueous
sulfide/sulfite solutions, 10.2% at 420 nm, corresponds to x = 0.8. According to
[339], the highest H, production QY with the participation of CdyZn;_,S crystals
can be observed in a range of x = 0.25-0.30. Studies of the photocatalytic activity
of cadmium-zinc sulfides precipitated on paper revealed two distinct photoactivity
maxima corresponding to x = 0.5 and 0.2 [342]. The peak activity of Cd,Zn;—S
microspheres produced by hydrothermal synthesis [343] was found at x = 0.1.

A detailed transient flash photolysis study [344] showed that a dependence
between the capability of Cd,Zn;—S NPs to accumulate an excessive negative
charge (photoinduced polarization of NPs) and the NP composition also has a
dome-shaped character. The maximum position on this dependence corresponds to
a maximum position on the dependence between the composition of Cd,Zn;_,S
NPs and the QY of hydrogen evolution (Fig. 2.17). Therefore, a direct relationship
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between the photocatalytic activity of CdyZn;_,S NPs and their electric capacitance
can be concluded from these dependences.

The photocatalytic water reduction by electron donors was reported for more
complex semiconductors based on cadmium-zinc sulfide, such as Cdg1Sn,Zngo
—oxS solid solutions [345]. The compound with x = 0.01 exhibited a 1.5-fold higher
photocatalytic activity than undoped Cd ;ZngoS. Doping of Cdj sZng sS with Bi'
increased considerably the QY of photocatalytic H, evolution from aqueous
Na,S/Na,SO;, solutions that reached ~10% at 0.1 mol% dopant [346].

Along with the stability issue, various strategies are probed to enhance the
photoactivity of metal-sulfide narrow-bandgap semiconductors suitable for the solar
water splitting. At that, the most fruitful approaches include using (i) loosely
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aggregated nanocrystalline and mesoporous metal sulfides; (ii) biphase nanocrys-
talline metal-sulfides and materials with a graded (gradient) composition;
(iii) chemical/photochemical treatment of a nanocrystalline metal-sulfide aimed at
the elimination of the surface defects/ligands; (iv) metal-sulfide NPs with an ani-
sotropic shape; (v) composites with the water oxidation and reduction processes
separated in space.

This list and selected examples given below provide a mere illustration of a
variety of the possible ways of influencing/enhancing the photoactivity of
metal-sulfide semiconductors. The attractiveness of the metal-sulfide photocatalytic
systems for the solar H, production can be also enhanced by using broadly avail-
able raw materials and contaminants as sacrificial donors.

An ultrasound treatment of reaction mixtures during deposition of cadmium
sulfide on the surface of aluminum and magnesium oxides favors to the formation
of mesoporous CdS with an average pore diameter of 5.5 nm and a particle size of
4-6 nm [347]. Such materials exhibited a high photocatalytic activity in the
hydrogen evolution from Na,S/Na,SOj3 solutions in the presence of Pt group metals
with the catalytic activity of metals increasing from Rh to Pd to Pt.

The photocatalytic activity of nanocrystalline CdS can be boosted by a photo-
chemical treatment in aqueous air-saturated solutions of formic acid [348]. The
treatment decreases the NP size as a result of the oxidative photocorrosion.
Simultaneously, the cleavage of a surface NP layer eliminates the surface defects
participating in the electron-hole recombination and thus the overall photocatalytic
activity of CdS NPs is increased by more than 2 times (Fig. 2.17b) [348].

A ligand shell on the surface of colloidal cadmium sulfide NPs is necessary to
ensure the individual character of each NP and prevent their aggregation. However,
the ligands even as small as MPA can present an obstacle for the photoinduced
electron transfer to water molecules and inhibit the photocatalytic hydrogen evo-
lution. As shown in [349], the CdS NPs “stripped” from the surface ligands and
stabilized only by a surface charge reveal a two orders of magnitude higher pho-
toactivity in the H, evolution from aqueous Na,SOj; solutions as compared to the
MPA-capped NPs with the same NP size. The colloidal CdS NPs stabilized elec-
trostatically by an outer shell of sulfide ions revealed a 8-9 times higher efficiency
of the photocatalytic H, evolution from water/hydrazine mixtures than similar NPs
capped with MPA [350].

Typically, different crystalline modifications of a semiconductor differ in the
band energies and can be combined to produce heterostructures, where efficient
separation of the photogenerated charge carriers becomes possible. The most
well-known example of such a heterostructure is the commercially available
nanocrystalline titania Evonik P25, consisting of 70-80% anatase and 20-30%
rutile, that is extensively used as a benchmark photocatalyst for comparing the
photoactivity of different (and not only oxide) semiconductor materials. The anatase
and rutile have slightly offset CB potentials enabling a one-way migration of the
photogenerated electrons from anatase to rutile.

Similar heterostructures can be composed of different-phase metal sulfide
semiconductors. For example, cubic CdS NPs (E, = 2.6 eV) can be deposited on
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the surface of hexagonal microcrystalline cadmium sulfide with E, = 2.3 eV [351].
The charge separation occurring in this system due to a difference in the CB
positions imparts the composite with a high photocatalytic activity in the hydrogen
evolution from aqueous sodium sulfite solutions. Similarly to the above-discussed
CdS/TiO,/Pt system [107], here also the co-catalyst localization plays an important
role. The highest activity was observed for a composite produced by the photo-
catalytic deposition of Pt NPs on the microcrystalline CdS prior to the formation of
a layer of cubic CdS NPs.

A dramatic acceleration (by around 500 times) of the photocatalytic H, pro-
duction was observed after the deposition of a thin (~2.5 nm) shell of cubic CdS
on the surface of hexagonal CdS NRs [352]. The concentric core/shell CdS NRs
also exhibited unrivaled photostability and even the possibility of hydrogen evo-
lution in aerobic conditions, indicating a very efficient spatial separation of H, and
O, generation events on different locations of the photocatalyst surface.

Mixed-phase elongated CdyZn;—,S NRs with thin hexagonal wurtzite layers
“sandwiched” between thicker cubic zinc blend domains were reported to be an
efficient hydrogen evolution photocatalyst [341]. The CB and VB edge offsets and
an internal electric field existing in such heterostructures result in a directed flow of
the photogenerated CB electrons from wurtzite (WZ) to zinc blend (ZB) and the VB
holes—in the opposite direction (Fig. 2.18a). In this way, the water reduction and
sulfite oxidation occur at different sites and the electron-hole recombination is
efficiently suppressed without additional metal co-catalysts [341]. In the case of
ZnIn,S,4, the CB potential of a cubic modification (—1.5 V vs. NHE) is more
negative than that of a hexagonal phase (—1.1 V vs. NHE) and thus, a combination
of the ZB and WZ NPs results in a flow of the photogenerated electrons from the
cubic to the hexagonal zinc indium sulfide phase [291]. As a result, the ZB/WZ
ZnIn,S, composite is a highly superior photocatalyst of the water reduction as
compared to individual ZB and WZ phases (Fig. 2.18b).

A number of photochemically active metal chalcogenides can form solid solu-
tions with almost ideally mixed components. As discussed above, cadmium and
zinc sulfides form solid-solution compounds with the composition varying from
pure CdS to pure ZnS via intermediate CdyZn,—,S phases with intermixed metal
cations and a joint S*~ sublattice. As Cd" and Zn" have a different reactivity to
sulfide-ions and the sulfides of cadmium and zinc have a different solubility, it is
possible, by properly adjusting the synthesis conditions, to form Cd,Zn;_,S crystals
with a gradient of cadmium or zinc concentration, for example, the crystals enriched
with Cd" on the surface.

The cadmium and zinc sulfide possess quite different bandgaps (2.4 and 3.8 eV
for bulk cubic CdS and ZnS, respectively) and differ also in the CB and VB
energies, the CB level changing from —0.8 V versus NHE for CdS to —1.8 V versus
NHE for ZnS [8]. In a graded Cd,Zn;_,S crystal with a Cd"-enriched outer layer
the CB potential on the crystal surface is, therefore, lower (closer to that of pure
CdS) than in the bulk of the crystal, where it grows and shifts closer to the CB
potential of pure ZnS. The CB level gradient directs the photogenerated electrons to
the surface and prevents their recombination with the photogenerated VB holes.
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Fig. 2.18 a Upper panel: HRTEM image of a typical Cd,Zn;_,S NR. The blue squares and green
arrows index the segments of WZ and ZB structures. Lower panel: migration of charge carriers in
CdyZn, S ZB/WZ nanojunctions; b kinetic curves of the hydrogen evolution in the presence of
sole ZB and WZ ZnlIn,S, as well as a ZB/WZ nanojunction. Insert: an HRTEM image of the
ZB/WZ nanojunction. Reprinted and adapted with permissions from [341] (a) and [291] (b).
Copyright (2016) Americal Chemical Society (a) and Elsevier (b)

This charge separation principle was realized for a CdyZn;_,S/SiO,
heterostructure produced by the sulfurization of a graded CdyZn;_,O/SiO, com-
posite [271]. The surface area of CdyZn;—,S crystals can be cleaved layer by layer
via the bombardment with heavy Ar" ions thus allowing to reveal with the XPS a
graded structure of such crystals, the Cd to Zn molar ratio decreasing from ~ 1 to 2
on the surface to ~ 1-3 in the bulk of the crystals (Fig. 2.19a).

The graded crystal structure favors to the directed flow of photogenerated
CB electrons along a Ecg downfall, that is, toward the crystal surface, where they
can react with water evolving gaseous hydrogen. Due to this effect, the graded
Cd,Zn;_S/Si0; heterostructure showed a high photocatalytic activity in the water
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Fig. 2.19 a Illustration of a graded structure of Cd,Zn;_,S crystals; b photocatalytic H, evolution
activity of ZnS/SiO,, CdS/SiO,, CdyZn;—,S/SiO, and Cd,Zn;_,S with different structures under
the visible light irradiation. Reprinted and adapted with permissions from Ref. [271]. Copyright
(2016) The Royal Society of Chemistry
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reduction leaving behind both the individual sulfides and cubic/hexagonal Cd,Zn,
—xS NPs with a regular non-graded structure (Fig. 2.19b). The electron flow
arriving on the crystal surface reduces undercoordinated surface cadmium species
to Cd° that acts as a metal co-catalyst of the photoprocess and therefore, no
additional co-catalyst is necessary [271].

The liability of metal-sulfide semiconductors to the photocorrosion can be used
to transform the surface layer of the sulfide crystals into a metal oxide or a mixed
oxide/sulfide composition with a tunable band structure. For example, the photol-
ysis of ZnS microcrystals under 254-nm UV light at the ambient air pressure and
moisture converts the surface layer of the microcrystals into a graded ZnS,O;—
interface [353]. A combination of the surface etching with Auger spectroscopic
probing revealed that the surface layer of such photochemically treated ZnS
microcrystals is composed of a zinc oxysulfide solid solution NPs with the oxygen
content decreasing from the surface to the crystal bulk (Fig. 2.20a). The graded
region extends to 80—100 nm matching the depth of light penetration into the zinc
sulfide microcrystals.

As the CB level of pure ZnO (~—0.5 V vs. NHE at pH 7) is lower than the CB
level of ZnS, the CB electrons photogenerated within the graded ZnS,O,—, layer
are directed toward the surface, where they can participate in the water reduction.
Similarly to the case of CdyZn;_,S, this effect results in a drastic enhancement of
the hydrogen evolution, that proceeds also without additional co-catalysts due to a
partial reduction of surface Zn species to Zn® [353]. The photocatalytic activity of
the photoproduced ZnS,O,—_, layer depends on the duration of photolysis
(Fig. 2.20b), most probably, due to a balance between the thickness of oxidized
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Fig. 2.20 a Distribution of Zn, S, C, and O atoms in the photolyzed single ZnS crystal derived
from the Auger spectroscopic data. The etching time of 10 min roughly corresponds to a 100-nm
etching depth. The signal of adventitious carbon stems from surface contaminations. b The rate of
the photocatalytic H, evolution (Ry) from water/ethanol mixture under UV illumination
(A > 320 nm) in the presence of microcrystalline ZnS, ZnS/ZnS,O,_, heterostructures produced
by the photolysis and a mechanical mixture of ZnS and ZnO. Reprinted with permissions from
Ref. [353]. Copyright (2016) Elsevier
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layer and the light penetration depth, and supersedes by an order of magnitude the
activity of a mechanical mixture of ZnS and ZnO of the same composition.

A photocatalytic activity increase can be achieved by using semiconductor
crystals with an anisotropic (non-spheric) shape, where the charge migration rate is
different depending on the crystal axis. For example, CdS NWs with a length of
3—4 pum and a diameter of 50 nm act as a more efficient photocatalyst of H, evolution
from aqueous Na,S/Na,SO; solution than isotropic nanocrystalline CdS [354].

The commercial attractiveness of the photocatalytic systems for the hydrogen
production based on the narrow-band-gap semiconductors can be enhanced by a cut
in the costs of sacrificial donors. For example, a CdS/LaMnO; heterostructure can
be used as a Vis-sensitive photocatalyst for the hydrogen production either from
conventional sulfide/sulfide donors [355] or from the broadly available biomass
[356]. The rate of hydrogen evolution from the biomass under the poly—chromatic
illumination is comparable to that observed in the sulfide/sulfite/containing systems
due to the presence of perfect donors—methanol and formic acid in the partially
fermented biomass.

A special interest is evoked by the issue of the utilization of various industrial
wastes as sacrificial donors for the water reduction. This approach can be illustrated by
the photocatalytic hydrogen evolution from hydrogen sulfide solutions in ethanola-
mine and other aliphatic amines in the presence of CdS/Pt nanoheterostructures [357].
Such solutions are abundantly produced as wastes of the carbon and natural gas
industries as well as in the technologies of crude oil desulfurization. The amines
readily dissolve hydrogen sulfide and favor its ionization and proton release that can
be reduced to the molecular hydrogen. At the same time, a high solubility of poly-
sulfide anions as products of the S*~ oxidation promotes desorption of Si’ from the
photocatalyst surface and prohibits reverse reactions between polysulfide and the
photogenerated CB electrons.

The sulfide-capped colloidal CdS NPs were found to be an excellent photocat-
alyst of H, evolution by using aqueous hydrazine as a sacrificial electron donor
[350]. The hydrazine contains 12 wt.% of hydrogen and is considered as a
promising liquid hydrogen carrier with N, as a sole product of the oxidative
decomposition.

2.6 Emerging Semiconductor Photocatalysts for the Solar
Hydrogen Production

A constant search for new photocatalysts of the water splitting is currently under way.
Each new compound emerging within the focus of attention of possible photocatalytic
applications is typically tested as a hydrogen evolution photocatalyst. The emerging
photocatalysts are of exceedingly broad scope making almost impossible their rig-
orous classification, the most trend-making of them being new narrow-bandgap
semiconductors with a lattice formed by metal ions and oxygen (oxides, metallates,
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etc.), metal-chalcogenide semiconductors, carbonaceous species like graphitic carbon
nitride and carbon nanoparticles, and metal-organic frameworks.

Some of the new semiconductor photocatalysts can be referred to as “exotic”
because they have only recently entered the attention spotlight of the photocatalysis
community and only a little is known about the potential and perspectives of such
materials. The following subsection provides an account of the photocatalytic
hydrogen evolution systems based on the semiconductor materials that can be
currently characterized as “emerging” photocatalysts.

Photocatalysts with a chalcogenide lattice. The examples of hydrogen-evolving
photocatalysts with a chalcogenide-based lattice are confined mostly to the
above-discussed sulfide semiconductors because metal selenide and telluride
semiconductors have typically too low bandgaps to induce the water
reduction/oxidation reactions and reveal an unacceptably low photostability even in
the presence of sacrificial electron donors.

The photocatalytic hydrogen evolution from sulfide/sulfite solutions under the
Vis-illumination of CdSe nanobelts [358] was a rare example of the photochemical
activity of cadmium selenide and, probably, the first evidence of its capability to
induce the water reduction. Later, size dependences of the photocatalytic activity of
CdSe NPs in the water reduction were reported [359, 360]. The bandgap of CdSe
NPs is broadened considerably as the NP size decreases from 3.1 to ~ 1.8 nm due
to the QSEs resulting in a steep growth of the photocatalytic activity with a NP size
reduction (Fig. 2.21a). No activity is typically observed for the CdSe NPs larger
than 3—4 nm.

As the size of CdSe NPs is reduced, a strong “blue” shift of the NP absorption
band edge is observed (Fig. 2.21a, insert) resulting in a drastic loss of visible light
harvesting capability. Nevertheless, smaller CdSe NPs still reveal a high photo-
catalytic activity (when the H, evolution rate is normalized to the light absorbance)
as a result of a larger driving force of the CB electron transfer to water molecules
[361]. This example again illustrates that a reasonable trade-off between the light
harvesting capacity and the CB energy should be maintained for the quantum-sized
semiconductor NPs to attain the maximal QY of the solar hydrogen production
[359, 360]. Also, the control of surface chemistry of the nanocrystalline CdSe plays
a crucial role in the photocatalytic water reduction. For example, passivation of the
surface defects of CdSe NRs tipped with Pt NPs with an atomically-thick CdS layer
increases the H, production rate by a factor of 67 [362].

Nanocrystalline CdSe was used as a light-harvesting material in a photoanode
designed for the water oxidation to O, with the hydrogen evolution occuring on a
counter electrode [363]. The cadmium selenide was protected against the corrosion/
photocorrosion by a sputtered layer of metallic cobalt that was partially converted
into a water oxidation co-catalyst—CoPQO, by the oxidative etching in a phosphate
buffer [363].

The reported assortment of other (Cd-free) metal selenide photocatalysts of
water reduction is apparently limited to the nanocrystalline y-In,Se; (a Pt NP
co-catalyst, TEA as a sacrificial donor, E, ~ 1.6 V) [364].
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Fig. 2.21 a The
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participation of size-selected
CdSe NPs. Insert: absorption
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Photocatalysts with oxygen-containing lattice. A broad range of various
visible-light-sensitive oxides, both stoichiometric and mixed-valence, as well as
numerous metallates (ferrites, aluminates, cuprates, stannates, borates, etc.) can be
used as photocatalysts of the solar H, production in the bulk and nanocrystalline
forms. Among these compounds a special attention was paid to layered perovskites
(tantalates, niobates, titanates, ferrites, etc.) used as bulk materials, NPs, NRs,
nanofibers, hollow spheres, etc. and exhibiting a lucrative combination of a high
stability and activity in the hydrogen evolution.

The CuGa,0O, and CuGa,_,Fe,O, spinels were recently introduced as
Vis-sensitive photocatalysts of the H, evolution from aqueous H,S solutions in the
presence of a NiO/RuO, co-catalyst [365]. A photocatalytic activity in the hydrogen
evolution from aqueous sulfide/sulfite solutions was observed for CulLaO,
(Ey = 2.33 V) modified with the photodeposited Pt NPs [366], as well as for
CuLaO, 4, [367] and CuAlO, [368].

Ultra-thin (~3 nm) tin niobate NSs produced by the hydrothermal exfoliation of
thicker 2D SnNb,Og particles showed a remarkable photocatalytic activity in the
visible-light-driven water reduction, which is 4 and 14 times higher than the activity
of the 50-nm thick particles and bulk niobate, respectively [369].

Nanocrystals of CuFe,O,4 and ZnFe,O,4 [370, 371] were successfully tested as
photocatalysts of the water reduction under the illumination with the visible light.
The photocatalytic properties in similar systems were reported for MnO, [372],
Ga,05 [373], NiO [374], Sn304 [375], nanocrystalline LaFeO3; [376, 377] and
LaMg,Ta;xO143xNo—3x (x > 1/3) perovskites [378], nanoparticles of SrSnOj
[379] and MnCo,0, [380], copper borate [381], a family of M,BiSbO; (M = Ga,
Fe, Gd) [382], as well as for ZnAg;SbO, [383]. Also, a number of new
UV-light-sensitive semiconductor photocatalysts for the water reduction was
reported in recent years, such as titanium phosphate [384], gallium borate [385],
Zn,GeOy, [386, 387], LaCO3;0H [388], Sm,GaTaO, [389], that can potentially be
sensitized by molecular dyes and narrow-band-gap semiconductor NPs.
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A new family of In-based photocatalysts of the water reduction under the
Vis-illumination [370] includes InVO, (E; = 1.9 V), InNbO, (E, = 2.5 V), and
InTaO, (E, = 2.6 €V). Differences in the band gap among these compounds
originate from a contribution of the V3d-, Nb4d- and Ta5d-orbitals in the respective
CB positions. Mesoporous InVO, produced by a template synthesis exhibited a
higher photocatalytic activity in the hydrogen evolution than the non-porous
nanocrystalline indium vanadate [390].

A recently reported series of homologous compounds Zn,In;O3,, (x = 4, 5, or 7)
showed a unique combination of a strong light harvesting capability with a high
mobility of the photogenerated charge carriers [391]. A layered structure of such
compounds comprised of light-absorbing Zn(In)Oys, layers alternated with InOg
layers provides abundant charge collection sites and transport channels (Fig. 2.22a).
An enhanced sensitivity of these compounds to the visible light as compared to
individual ZnO and In,O5 (Fig. 2.22b) originates from a hybridization between the
O2p and In4d orbitals in the Zn(In)O4s) layers resulting in an upward shift of the VB
edge and a reduced bandgap (2.57-2.67 eV depending on x) [391]. Under the
full-spectrum illumination the mixed compounds revealed an almost 5-fold higher
photocatalytic activity in the water reduction than the parent zinc and indium(III)
oxides (Fig. 2.22¢).

Photocathodic _production _of solar hydrogen. In conventional photoelectro-
chemical systems for the solar hydrogen production a visible-light-sensitive
semiconductor/heterostructure attached to a conductive substrate acts as a pho-
toanode. The light-excited photoanode oxidizes water or a sacrificial donor present
in the electrolyte and injects a photogenerated electron into the conductive
substrate-collector, that transfers it to an outer electrical circuit. Afterward, the
electrons come to a cathode, where the water reduction to molecular hydrogen takes
place. In such a system, the reduction and oxidation half-reactions are separated in
space and the H; evolution efficiency is determined by the catalytic properties of the
cathode and the photoactivity of the anode responsible for the donor oxidation.

Inrecent years, alternative photoelectrochemical systems emerged where the target
reaction—the water reduction to H, takes place as a direct consequence of the light
absorption by a photocathode, while the photogenerated VB holes are transferred into
the electric circuit to a counter anode, where the water oxidation and O, evolution
occur. An account of the current progress in this field can be found in [392].

The assortment of semiconductor materials suitable for the photocathode
applications is rather limited, because they should comply with a set of rigorous
requirements, in particular, the sensitivity to the visible light (that is, have a rela-
tively narrow enough bandgap) and a high conduction band potential, that is, Ecg
negative enough to induce the water reduction (Fig. 2.23) [392]. Also, a photo-
cathode should be coupled with an appropriate oxygen-evolving electrocatalyst to
ensure the cyclic performance of the photoelectrochemical system and the efficient
regeneration of the photocathode.

As compared to the photoanodes comprised typically of n-type semiconductors
and prone to the photocorrosion, the photocathodes usually use p-type conducting
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semiconductor materials that appear much more stable toward the photocorrosion
provided that the photogenerated electrons are efficiently transferred to water
molecules.

Copper oxides are very promising visible-light-sensitive materials for the pho-
tocathodes of the hydrogen-evolving photoelectrochemical systems [393]. To
achieve efficient light harvesting with copper oxides it is suggested to use Cu,O
(CuO) NW arrays rather than conventional planar semiconductor electrodes [393,
394]. A mixed Cu,O/CuO heterostructure can be easily sensitized with a layer of
copper sulfide via the ion exchange reaction and additionally decorated with a
Pt NP co-catalyst exhibiting quite spectacular 3.6% efficiency of the solar light
conversion [395]. The reduced graphene oxide (RGO) was found to be an efficient
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co-catalyst for 1D Cu,O photocathodes and a promising candidate to replace the
conventional noble metal co-catalysts [394].

Another promising and stable photocathode material is nickel oxide. As NiO has
a weak absorbance in the visible spectral range it can be coupled with other robust
and strongly-absorbing semiconductors, for example, graphitic carbon nitride. Due
to a band edge offset in the NiO/GCN heterostructure, the nickel oxide layer accepts
the photogenerated VB holes from GCN while the CB electrons of GCN reduce
water to H, [396]. A similar cascade hole transfer from GCN to a p-type semi-
conductor is observed in a GCN/CoSe, composite attached to the top of a Si
microwire array photocathode [397].

As Fig. 2.23 shows, silicon can also be utilized as a photocathode material for
the solar hydrogen production. The Si photocathodes are typically designed as NW
arrays [397—-400] that can be additionally decorated with other semiconductors
[397, 399] and metal co-catalysts (Pt) [399], and covered with a titania layer to
protect the photocathode from the photocorrosion [399]. The activity of silicon can
be boosted by making porous photocathodes with a highly developed surface area
from Si NPs [401]. Amorphous silicon coupled to a triple Ni-Mo—Zn alloy as a
hydrogen evolution catalyst and a Co-containing water oxidation catalyst forms a
photoelectrochemical cell for the hydrogen evolution with a QY of 4.7% under the
1 Sun illumination [402].

The visible-light-induced H, evolution was observed on a photocathode formed
by the CulnS, nanodisks grown epitaxially on cubic Au NPs (Fig. 2.24a) [403]
coupled to a Pt counter-electrode. The water reduction process was assumed to
involve both the photogenerated CB electrons of CulnS, and the “hot” electrons
injected into the semiconductor from the plasmon-excited Au NP seeds. A search
into other possible ternary/quaternary narrow-bandgap metal-chalcogenide materi-
als for the Hj-evolving photocathodes is still performed resulting in ever more
complex and highly tunable compositions, like Cu—In-Ga—Se-S [404] and Zn—Cu—
In-Ga-Se [405].

A combination of a photocathode and a photoactive anode allows constructing a
water splitting system functioning without any externally applied bias. For exam-
ple, a titania oxygen-evolving photoanode can be combined with a hydrogen-
evolving photocathode comprised of the visible-light-sensitive composite of Zn
phthalocyanine and fullerene Cgq decorated with Pt NPs (Fig. 2.24b) [406].

A photoelectrochemical system for the H, evolution with no external bias was
assembled from a CuGaS,/RGO photocathode and a BiVO,/CoO, photoanode
[297]. The RGO layer was deposited by the direct photocatalytic reduction of
graphene oxide on the surface of CuGaS, photocathode enhancing dramatically its
photoresponse to the visible light.

New “exotic” inorganic _photocatalysts. Some new photocatalysts for water
reduction were recently reported that can be referred to as “exotic” because of their
quite rare (or otherwise unreported) photoactivity in the redox-processes. Many of
such new compounds were only tested as bulk (microcrystalline) powders to date,
but are nevertheless discussed here because a strong enhancement of the
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(a) —

Fig. 2.24 Schemes of the photoelectrochemical water splitting using Au/CulnS, (a) and Zn"
phthalocyanine (ZnPc)/fullerene Cgo/Pt (b) heterostructured photocathodes. Reprinted with
permissions from Refs. [403] (a) and [406]. Copyright (2016) American Chemical Society
(a) and The Royal Society of Chemistry (b)

photocatalytic activity can be anticipated for such compounds in the nanocrystalline
state thus posing a challenge for further studies.

For example, a recently discovered fibrous modification of the red phosphorus
was reported to have photocatalytic properties in the water reduction [407]. The
photoactivity of such materials can be enhanced considerably by decreasing the
crystal dimensions via the growth restriction on the silica fibers or by an ultrasound
treatment of the bulk material [407]. The red P was reported to have the CB
potential around —0.25 V versus NHE at pH 0 which is sufficient for the water
reduction, while the VB holes (Eyg > 1.5 eV) can oxidize either water or a broad
range of sacrificial electron donors [408].

A community of rare photocatalysts of hydrogen evolution was recently joined
by silicon carbide [409—414] capable of the water reduction even in the absence of
sacrificial donors, as well as by gallium nitride with a CB potential by 0.5 V more
negative than the water reduction potential [415]. Such difference appeared to be
sufficient to overcome the hydrogen evolution overvoltage and produce H, from
aqueous solutions of methanol and Na,S/Na,SO; under the Vis-illumination
without additional co-catalysts.

Iron silicide B-FeSi, revealed a photocatalytic activity in the hydrogen evolution
from aqueous dithionite solutions even under the illumination with the near-IR light
[416]. A Vis-sensitive photocatalyst of the H, evolution from aqueous solutions of
formic acid was prepared via the deposition of Pt NPs on the surface of poly-
crystalline Si [417]. The photocatalytic water reduction was also observed for
macroporous silicon [418], mesoporous Si coupled to a noble-metal-free
non-stoichiometric cobalt phosphate co-catalyst [419], and Si nanowires loaded
with an iron phosphite co-catalyst [420].

Layered siloxene NSs (Fig. 2.25a) produced by a topotactical transformation of
calcium silicide in water revealed photocatalytic properties in the water reduction
without additional co-catalysts and sacrificial electron donors [421]. The siloxene is
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Fig. 2.25 A schematic molecular structure (a) and band structure (b) of siloxene. Reprinted and
adapted with permissions from Ref. [421]. Copyright (2016) The Royal Society of Chemistry

a direct bandgap semiconductor with a strong visible light harvesting capability and
a suitable bandgap of 2.5 eV. The position of both CB and VB bands of the
siloxene are respectively negative and positive enough for both water reduction and
oxidation to occur on the photocatalyst surface under the photoexcitation with the
visible light (Fig. 2.25b) [421].

Iron silicide was reported to be able to evolve hydrogen from aqueous solutions of
sodium dithionite even when illuminated with the NIR light [416]. It is a unique
semiconductor material because it combines a narrow band gap of 0.8 eV with a CB
position of around —0.65 V (vs. NHE) which is unprecedently high for such a
narrow-bandgap material. Titanium disilicide is a narrow-bandgap semiconductor
that can harvest light over the entire visible spectral range and serve as a stable
photocatalyst for the hydrogen production without additional sacrificial donors [422].

Carbon NPs. Carbon NPs (CNPs) have recently shown a high promise for
applications concerning with the light emission and absorption, including the
photocatalytic solar light harvesting [169, 170]. The CNPs can be synthesized quite
easily by the thermal decomposition of a single or mixed organic precursor at 200—
300 °C. The structure of CNPs is still a subject of discussions, as numerous XPS
studies showed them to contain simultaneously aliphatic sp*-hybridized and aro-
matic sp-hybridized carbon, sometimes also the amine- and pyridine-like nitrogen.
The surface of CNPs is typically decorated with hydroxyl and carboxyl groups. The
CNPs are often called carbon quantum dots (QDs), however, the usage of this term
seems not to be justified as no information on the possibility and character of QSEs
is available for CNPs.

The CNPs can emit bright and broadband PL in the visible spectral range with a
broad gamut—from blue to red, the fact determining the perspectives of the CNPs
for luminescent bio-labeling. Similarly to the exact internal structure of the CNPs,
the PL origins and mechanisms are also a subject of vivid discussions. A special
class of CNPs is constituted by graphene quantum dots, that is, small pieces of
graphene functionalized with oxygen-containing groups and N dopants that reveal a
strong dependence of the spectral properties on their lateral size [169, 170].

The synthesis of CNPs typically requires very simple and available precursors
making them an excellent candidate for the mass-scale photocatalytic applications.
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For example, the carboxylate-terminated 2-3-nm CNPs can be produced via the
pyrolysis of sodium salt of ethylenediaminetetraacetic acid (EDTA) at 350 °C. The
CNPs can be then coupled to Pt NPs and the CNP/Pt heterostructure and used as an
efficient visible-light-sensitive photocatalyst of the H, evolution from aqueous
solutions of dihydronicotinamide adenine dinucleotide (NaDH) which is a conve-
nient electron/proton sources frequently used in a biochemical research practice
[423].

The CNPs produced by a hydrothermal treatment of flower pollens was suc-
cessfully used to sensitize GCN NSs, the GCN/CNPs assembly evolving hydrogen
under the illumination with the visible light from methanol/water mixtures with a
Pt NP co-catalyst [424].

Pure CNPs produced from multi-wall carbon NTs were found to possess the
capability of reducing water to hydrogen in water/methanol mixtures without
additional co-catalysts [425]. In the presence of Pt NPs, the CNPs revealed a
superior photoactivity as compared with the nanocrystalline TiO, Evonik P25.

The electrochemical etching of graphite electrodes is another convenient method
of the CNPs production yielding stable suspensions of 4—5-nm CNPs. Such NPs are
crystalline with a lattice regularity of 0.321 nm typical for the parental graphite
indicating the CNPs to be small fragments of graphite stabilized by an outer shell of
functional groups (mostly COOH as revealed by the XPS) [426]. The CNPs can be
coupled with layered MoS, into a material with a pronounced photoelectrochemical
activity in the water reduction process [427].

The scalable and benign carbonization of vegetable raw materials (such as
spinach, peas, and others) was reported to produce CNPs capable of strong
adsorption on the surface of nanocrystalline titania [428]. The CNPs/TiO, com-
posites were tested as a photocatalyst of the hydrogen evolution from methanol/
water mixtures.

Graphitic carbon nitride. The graphitic carbon nitride is probably one of the first
artificially synthesized organic polymers but it emerged only relatively recently as a
universal and visible-light sensitive photocatalyst with brilliant perspectives in the
domains of the solar energy harvesting and the environmental photocatalysis [429—
433].

Similarly to graphite, GCN is formed by planar infinite single layers that have an
aromatic character and are stacked by the van-der-Waals forces (mm-interactions)
with an interplanar distance of around 0.34 nm. The term “carbon nitride” does not
reflect exactly the structure of single layers as they are composed of heptazine
(tris-s-triazine) heterocycles bounded through tertial amine N atoms into an infinite
network with an intra-network periodicity of around 0.68 nm.

Two alternative structures of the single layer carbon nitride (SLCN) are pro-
posed, one describing its as a regular net-like polyheptazine (Fig. 2.26a), the other
postulating that a SLCN is composed on infinite 2D polyheptazine ribbons bound
together by numerous hydrogen bonds (Fig. 2.26b) [429-435]. The exact structure
of SLCN still remains a subject of discussion, however, the second structure seems
to be more realistic. It can be seen that the term “carbon nitride” is only a con-
venient approximation to describe the stacked multilayer polyheptazine structure
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Fig. 2.26 Alternative models of the single layer carbon nitride structure. Reprinted with
permissions from Ref. [435]. Copyright (2014) American Chemical Society

because the composition of the bulk undoped material is close C3N4, however, this
term does not reflect the exact chemical nature of this material, though used broadly
by the historical reasons and convenience.

GCN is a direct bandgap semiconductor with the VB and CB formed respec-
tively by filled and vacant C2p and N2p orbitals. The bandgap of bulk GCN is
around 2.7 eV and can vary by 0.1-0.2 eV as a result of differences in the syn-
thesis, possible adventitious doping, and structural defects and, therefore, GCN
absorbs the UV and a portion of the visible light in a range of A < 460 nm. Also,
the GCN has a very ‘“suitable” position of both CB and VB levels that are
respectively negative and positive enough to allow the photogenerated charge
carriers to participate in a variety of redox-processes, including the reduction and
oxidation of water [429, 431-434]. Reported data on the exact position of CB and
VB levels of GCN reveal some scatter, most probably due to the above-mentioned
differences in the synthesis nuances and structural imperfection and, most often, can
be found at around —1.0 and +1.7 V versus NHE [431-433].

The GCN has comparatively high thermal, chemical and photochemical stability
as well as a low toxicity that distinguish this material from other inorganic semi-
conductors with similar £y, Ecg and Eyg parameters. The bulk GCN can be pro-
duced in copious amounts from a variety of affordable precursors, such as melamine
(1, 3, 5-triaminotriazine), dicyandiamide, and urea by the thermal treatment at 400—
600 °C. By introducing various heteroatomic additives GCN can be doped with P,
S.B etc. on the stage of the material formation [436]. Alternatively, the GCN can be
annealed or treated with aggressive oxidizing/reducing agents after the synthesis to
vary the C/N ratio and thus to modify its spectral and photochemical properties
[429, 431-434, 436]. Various supramolecular assemblies of triazine derivatives
with other carbocyclic and heterocycles compounds can be used for the synthesis of
GCN with tailored electron properties, for example with an increased hydropho-
bicity or a more extended aromatic system [436—439]. By performing the thermal
condensation of precursors in the presence of templates the GCN can be produced
as porous solids. Finally, similarly to graphite, GCN can be exfoliated to form
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a-few-layer and single-layer moieties or, alternatively, subjected to a partial
cleavage to produce GCN NPs.

A comprehensive account on the photocatalytic systems for hydrogen evolution
and other processes based on GCN can be found in reviews [430-432, 436, 440].

The compact GCN has a relatively low specific surface area of 5-15 m?/g thus
limiting the efficiency of the charge carrier transfer from the photoexcited GCN to
other components of the photocatalytic system. To increase the GCN surface area
various ‘“hard” (for example silica NPs [182, 441, 442]) and “soft” (organic
polymers [443], sucrose [444]) templates are used resulting in the mesoporous
GCN samples active in the photocatalytic H, evolution.

Using of uniform SiO, micro-beads as a hard template allows producing hollow
GCN spheres with a wall thickness of around 50 nm and an inner void of several
hundred nm in diameter [182, 442] (Fig. 2.27a). The wall can then be modified with
a co-catalyst, like layered MoS, [442] or Pt NPs [182] as well as with a sensitizer,
for example, CdS NPs [182], forming a complex photocatalyst for the solar
hydrogen evolution. The “hollow sphere” architecture is favorable for the photo-
catalytic process as the co-catalyst is typically localized on the outer walls and thus
the water reduction/water oxidation half-reactions can be spatially separated. Also,
the hollow spheres (HSs) are well known for the ability of a more efficient light
harvesting as a result of multiple light scattering in the inner voids of the spheres.

Alternatively, the GCN can be grafted to the developed surface of a photo-
chemically inert carrier, such as mesoporous [445] and macroporous silica [446] or
a zeolite [447, 448].

As in the case of inorganic semiconductor photocatalysts of the water reduction,
GCN typically requires a co-catalyst to efficiently evolve hydrogen. For example,
metal NP (Pt [444, 449-451], Au [91, 92], Cu [452], Ni [453]) and alloys (Au—Pt
[448], Ni-Pt [454]) co-catalysts can be attached to the GCN surface or formed
in situ by the chemical/photochemical deposition. Similarly to titania, GCN can be
coupled with Au NPs to form plasmonic photocatalysts for the H, production [91,
92]. GCN can interact with MoS, NSs [442, 455, 456], RGO [457], and multiwall

Fig. 2.27 TEM image (a) and EDX element mapping (b) of a GCN hollow sphere decorated with
MoS, nanosheets. ¢ TEM image of a CdS-decorated GCN hollow sphere. Reprinted with
permissions from Refs. [442] (a) and [182] (b). Copyright (2015-2016) Elsevier
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carbon NTs [458-460] via the mr interactions forming visible-light-sensitive lay-
ered “dyads” for the hydrogen production. The assortment of sacrificial donors that
can be applied in the GCN-based systems for H, evolution is also quite broad [436]
including traditional TEA [449-451, 453], carbon acids [448], hydrazine [454], and
Na,S/Na,SOj3 [180].

Similarly to other wide-bandgap semiconductors that can harvest only a part of the
visible spectrum, GCN can be sensitized to longer wavelengths by organic dyes and
narrower-bandgap semiconductor NPs. The interactions between organic dyes and
GCN are especially strong due to the possibility of a multiple bonding between a dye
and GCN via functional (carboxyl) groups present of the edges and outer planes of the
GCN particles and via the mr-stacking between the extensive aromatic systems of the
dye and outer sheets of the multilayer GCN particles. In this way, visible/
NIR-light-sensitive photocatalysts for the H, evolution were produced by coupling
GCN with eosin Y [461, 462], erythrosin B [463], thiazole orange [464], and Zn
phthalocyanines (an apparent QY of around 3% was observed at 730 nm) [62].

As GCN has a band structure similar to that of cadmium sulfide it can be
introduced into various binary heterostructures with inorganic semiconductors,
where offsets between the CB and VB edges of the components favor to an efficient
spatial separation of the photogenerated charge carriers [436]. For example, the
photocatalytic activity of TiO, NRs increases by an order of magnitude after the
decoration with GCN NSs [179].

A large variety of oxide/metallate semiconductor photocatalysts can be produced
by a solvothermal treatment in supercritical conditions. Introduction of GCN into
the reaction mixtures offers a surface for the nucleation/deposition of oxide semi-
conductors and typically results in a decreased crystal size as compared to the
conventional solvothermal synthesis. In this way, the heterostructures of GCN with
C,-N-doped TiO, [183], CuFe,O,4 [449], CdS [180, 465], ZnIn,S, [181] were
produced with an enhanced photocatalytic activity in the H, evolution as compared
to both individual GCN and the inorganic component.

A prolonged thermal treatment of GCN at 550-650 °C can also generate
numerous lattice defects (“pinholes™) as a result of the residual ammonia elimina-
tion and splitting of the intra-layer bonds. The distortion of single layers results also
in the expansion of the GCN and a partial exfoliation to NSs [466]. The formation
of point defects, new surface edges and reduction in the GCN particles thickness
typically result in an increase of the photocatalytic activity of this material in the
water reduction [466].

The ultrasound-assisted exfoliation of bulk GCN in 2-propanol produces 2-nm
thick NSs revealing an enhanced photocatalytic activity in the solar hydrogen
production as compared to the compact g-C3N,4 [467]. The exfoliation of GCN can
be facilitated by the preliminary intercalation with sulfuric acid [468] in this case
leading to the predominant (around 60 mass%) formation of SLCN. The SLCN
showed a 3-times higher photoactivity than the non-treated GCN.

The GCN nanoribbons around 2 pm in length, ~200 nm in width and 3 nm
thick were produced by “chemical scissors”, that is by the treatment with a mixture
of concentrated HNO3/H,SO, [469]. The molar C/N ratio decreases to ~0.63
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versus 0.76 for the stoichiometric C3N, indicating the formation of carbon
vacancies that can act as charge traps retarding the electron-hole recombination. As
a result, the nanoribboned GCN showed a 20 times higher photocatalytic activity in
the H, evolution as compared to the starting bulk material [469].

GCN can be effectively disintegrated by adding water to the bulk GCN mixed
with the concentrated H,SO,4 due to a strong exothermic effect (Fig. 2.28a) [450].
Following ultrasound-assisted exfoliation produces 2-3-nm thick NSs exhibiting a
much higher photocatalytic activity in the H, evolution from aqueous TEA solu-
tions (Fig. 2.28b) [450].

Atomically thin carbon nitride nanomeshes can be produced by the solvothermal
exfoliation of mesoporous GCN intercalated with 2-propanol [451]. Along with a
highly developed surface area, the holey SLCN revealed a higher bandgap of 2.75 eV
(as compared to 2.59 eV for the starting material) and a CB level by ~0.5 eV more
negative than that of mesoporous GCN. Due to these favorable factors, the SLCN
nanomeshes showed an apparent QY of the H, production of 5.1% at A > 420 nm,
which is the highest reported for the exfoliated carbon nitrides [451].

Alternatively to the conventional polyheptazine-based GCN, formed by poly-
heptazine networks, a special attention is currently brought to polytriazine networks
that can be produced by versatile synthetic approaches and additionally doped to
obtain visible-light-harvesting photocatalysts of the hydrogen production [470-474].

Metal-organic frameworks (MOFs). The metal-organic frameworks can also be
rated as an “emerging star” of the semiconductor photocatalysis with a number of
reports on various redox-processes catalyzed by the photoexcited MOFs increasing
drastically in recent years [475, 476]. MOFs are formed by metal-organic complex
units linked by “bridge” bi- or tri-functional ligands into the 2D/3D continuous
networks. Typical bridge ligands for the construction of the 2D and 3D frameworks
are aromatic bi- and tri-carboxylic acids. MOFs combine a high light sensitivity
with an almost unlimited versatility of possible building blocks and substituents that
can alter/modify the MOF structure in a desirable manner. High-intensity
ligand-to-metal (metal-to-ligand) electron transitions impart them with a strong
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Fig. 2.28 a Schematic illustration of the GCN disintegration and exfoliation with H,O/H,SOy;
b kinetic curves of the H, evolution over the bulk and nanosheet GCN. Reprinted and adapted with
permissions from Ref. [450]. Copyright (2015) The Royal Society of Chemistry
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light harvesting capability, while the 2D/3D networks are favorable for the directed
charge transport and form a system of regular pores that can be accessed by the
water and sacrificial donors. The current state-of-the-art in the photocatalytic
applications of MOFs is highlighted by comprehensive reviews [475, 476].

Similarly to the photocatalysis with inorganic semiconductors, no definite
models were proposed allowing to predict a photocatalytic activity for a given MOF
or a class of MOFs and therefore the quest for new photoactive MOFs is performed
mostly empirically. As with photoactive inorganic semiconductors, there is a “club”
of selected MOFs exhibiting a high photocatalytic activity and by this reason
appearing most frequently in the researchers’ spotlight.

One of such MOFs is UiO-66 formed by ZrOg¢ octahedra linked with p-dibenzoic
acid and its derivatives (Fig. 2.29a) [477—480]. The UiO-66-type MOFs combine
regular 3D porous structure, a high stability and sensitivity to the visible light. The
introduction of functionalities into the bridge molecules opens a way of affecting the
pore characteristics.

For example, 3 nm Pt NPs can be introduced into the inner voids of
UiO-66-NH, MOF acting as a co-catalyst of the photocatalytic water reduction
[480]. Such MOF/Pt heterostructure reveals a much higher photoactivity as com-
pared to an analog with Pt NPs attached to the outer surface of the MOF grains.
A spectral response of the UiO-66 MOF can be extended by the sensitization with
dyes [483], CdS NPs [481, 482] and Cd,Zn;_S NPs [484]. After modification with
RGO, a CdS/UiO-66 assembly becomes a much more active photocatalyst of the H,
production from aqueous Na,S/Na,SO;5 solutions as compared with the “classical”
TiO,/CdS heterostructure (Fig. 2.29a).

Similar 3D structures can be assembled using oxo-zirconium units with a
tetracarboxylate-derived zinc porphyrine ZnTCPP (Fig. 2.30) [482]. The MOF
contains a relatively large inner channel where a hydrogenase-biomimetic
metal-organic co-catalyst can be placed. The assembly shows a photocatalytic
activity in the solar H, production from the aqueous ascorbic acid solutions [482].
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Fig. 2.29 a Schematic structure of UiO-66 MOF; b rate of the H, evolution using various
photocatalysts. Reprinted with permissions from Refs. [483] (a) and [479] (b). Copyright (2014—
2015) The Royal Society of Chemistry
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Fig. 2.30 a Structural building units of ZrgOg(CO,)g(H,0)g, and b structural building unit of
ZnTCPP. ¢ Model MOF structure. d Structure of the co-catalyst. € Model structure of the MOF/
co-catalyst assembly. Color scheme: Zr, green; Zn, dark gray; C, light gray; O, red; N, blue; Fe,
light green; S, yellow. Reprinted with permissions from Ref. [484]. Copyright (2014) The Royal
Society of Chemistry

A key step in the photoprocess is a charge transfer from the singlet excited state of
Zn porphyrinate bridges to the incorporated co-catalyst, where the subsequent
proton reduction occurs.

A popular family of photoactive MOFs includes a number of MIL-100 com-
plexes formed by various central ions and tricarboxylic acids (like 1,3,5-
benzenetricarbioxylic acid) [484, 485].

A Fe**-based MIL-100 has a broad spectral response in the visible range and can
be used as a photocatalyst of the H, evolution from water/CH;OH mixtures
enhanced by the additional deposition of Pt NPs [484]. A La**-based 3D MOF is a
wide-bandgap compound with E, = 3.7 eV that can be sensitized to the visible light
by CdSe NPs [485]. The MOFs with a high sensitivity to the visible light and
photocatalytic activity in the H, evolution can be produced by using derivatives of
azo-dyes [486] and rhodamines [487] as bridge ligands.

Another face of the application of MOFs in the photocatalysis is in using them as
precursors for the preparation of highly dispersed visible-light-sensitive H,-evol-
ving materials, for example, C,H-doped iron oxides [488].

2.7 New-Generation Co-Catalysts for the Photocatalytic
Hydrogen Production

The most reported semiconductor-based photocatalytic systems for the hydrogen
production contain obligatorily a co-catalyst, typically, a noble metal (Pt, Pd, Rh)
that is characterized by a much lower water reduction over-voltage as compared
with the semiconductor photocatalysts. The co-catalyst accepts the photogenerated
CB electrons from the photocatalyst and then participates in the water/protons
reduction, atomic hydrogen accumulation and recombination to the molecular
hydrogen. In the photoelectrocatalytic systems where the photoexcitation of a
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semiconductor anode results in the oxidation of water with simultaneous hydrogen
evolution on a counter electrode the photoanode is typically coupled with appro-
priate oxygen evolution catalysts [489—491].

Recent studies showed that the “conventional” noble metal co-catalysts can be
successfully substituted with much less expensive and more available compounds,
in particular, iron group metal NPs [492], molybdenum sulfide [426, 455, 456, 493—
504], oxide [505], and nitride [506], nickel oxide [507, 508] and hydroxide [408,
509], nickel sulfide [510, 511], nitride [512] and phosphide [513], tungsten carbide
[514], as well as with cobalt oxide [515, 516], phosphate [176], and phosphide
[517]. For example, in the CdS-based systems, the introduction of mere 0.2 wt.%
MoS, results in a rather drastic 36-fold increase of the rate of photocatalytic
hydrogen evolution from aqueous lactic acid solutions [493]. The catalytic activity
of MoS, in the water reduction is typically associated with an efficient charge
carriers separation between CdS and MoS,, as well as with a well-known capability
of molybdenum disulfide to the hydrogen activation.

The catalytic activity of MoS, can be boosted by the exfoliation of bulk layered
material into single or a-few-layer NSs [502, 518]. As the layers of bulk MoS, are kept
together by relatively weak van-der-Waals forces the exfoliation can be achieved by a
conventional ultrasound treatment. The sonication of bulk MoS, in the presence of
CdS NRs results in a composite photocatalyst of the H, evolution from aqueous lactic
acid solutions that is far more active than bare CdS NRs or a mechanical NR mixture
with unexfoliated molybdenum disulfide (Fig. 2.31a) [502].

Apart from the most stable semiconducting 2H-phase of MoS,, it can form an
allotropic 1T modification that is characterized by the metallic conductance. The
exfoliation of 1T-MoS, was found to produce an even more efficient co-catalyst of
the hydrogen evolution for the CdS NR photocatalyst, than conventional exfoliated
2H-MoS, [503] (Fig. 2.31b).

A similar catalytic activity in the H; evolution in the presence of nanoparticulate
CdS was observed for ultrathin composite cobalt selenide/reduced graphene oxide
NSs that revealed a half-metallic character [519].

The in situ photodeposition of Ni, Co, or Cu NPs on the surface of Cdj4Zng ¢S
resulted in a 5-fold acceleration of photocatalytic hydrogen evolution from aqueous
Na,S/Na,SO; solutions [492]. The modification of nanocrystalline Cdg,ZnggS
with 3 wt.% CuS increases strongly the photocatalytic water reduction QY up
to ~37% at A = 420 nm [520]. The catalytic properties of copper sulfide were also
observed in a photocatalytic hydrogen production system based on a visible-light-
sensitive CuO/Al,O5; composite [521]. Nickel sulfide can act as a co-catalyst of the
photocatalytic water reduction on the nanocrystalline CdS [522, 523], Cdg sZng sS
[524], and a ZnS;—4—5,0(OH),/ZnO heterostructure [525]. Cobalt sulfide
revealed a catalytic activity in the photocatalytic water reduction on GCN [526].

Nickel phosphide Ni,P NPs were proven to act as a “universal” co-catalyst of the
hydrogen evolution for a broad range of semiconductor photocatalysts including
TiO,, CdS and GCN (Fig. 2.31c¢) and different sacrificial agents, such as lactic acid,
TEA, and methanol [527].
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Fig. 2.31 a, b Rate of the photocatalytic hydrogen production in the presence of CdS NRs, a
mechanical mixture of bulk 2H-MoS, (BM) and CdS NRs and a composite of CdS NRs with
ultrathin 2H-MoS, NSs (UM) and 1T-MoS, NSs produced by the sonication. ¢ Rate of the
photocatalytic H, production from aqueous solutions of sacrificial donors with the participation of
nanocrystalline TiO,, CdS, GCN and their composites with Ni,P NPs. Reprinted with permission
from Refs. [502] (a), [503] (b), and [527] (c). Copyright (2016) The Royal Society of Chemistry

Various biological molecules, for example, hydrogenase [63, 528] as well as iron
complexes mimicking an active center of the hydrogenase [482, 529], have also
good perspectives as co-catalysts in the photocatalytic systems for the H, genera-
tion. A recent account on the hybrid artificial photosynthesis systems based on the
semiconductor light harvesters and biomimetic metal-complex co-catalysts can be
found in [530].

The reduced graphene oxide is often used as a hydrogen evolution co-catalyst,
however, it can play other unique roles, such, for example, as a conductive 2D
“mat” for assembling of various components of a photocatalytic system [531]. GO
is typically produced by the ultrasound-assisted exfoliation of layered graphite
oxide which, in turn, can be obtained by treating graphite with strong oxidizing
agents such as KMnO4/H,SO,4 or KCIO3/HNO;. The single (or a-few-layer) GO
derived by the exfoliation can then be reduced by a variety of agents, like NaBH,
and hydrazine, or via a photochemical/electrochemical/microwave treatment [531].
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RGO bears residual functional groups such as —COH and —COOH that can
interact with semiconductor NPs and metals bringing then together on the surface of
RGO NSs. At the same time, the RGO sheets typically possess a good conductivity
close to that of pristine graphite. Thus RGO enables a good electric contact among
the components of a photocatalytic system that are assembled but spatially sepa-
rated on the 2D RGO mat. The intermediatory role of RGO NSs ensuring the
electric contact between spatially separated semiconductor and metal NPs was
observed for TiO,/RGO/Ag [532] and TiSip/RGO/RuO, [422]. Thiolated RGO NSs
can strongly interact both with CdS NPs and dendritic Pt nanocrystals assembling
them into a photocatalytic system for the hydrogen production from aqueous lactic
acid solutions [533].

RGO can also substitute noble metal co-catalysts revealing in some cases an
appealing catalytic activity for the hydrogen generation. For example, the rate of
hydrogen evolution in binary TiO, NS/RGO NS heterostructure is more than 40
times higher than for the individual titania [534]. A catalytic effect of RGO was also
observed in the photocatalytic H, evolution systems based on nanocrystalline CdS
[500, 535, 536], Zn-doped CIS NPs [500], ZnIn,S, [292], Cu,O [537], Caln,O4
[538], BiPO4 [539], Bio,WOg [540], K4NbgO7 [541], and GCN [457].

2.8 Stoichiometric Water Splitting Under the Illumination
with the Visible Light

One of the conditions for the successful total water splitting consists in the spatial
separation of the water reduction and water oxidation processes necessary to pre-
vent reverse reactions between hydrogen and oxygen [2]. This challenge is typically
addressed by using two separate electrode cells connected with a membrane. In the
first cell the water reduction proceeds at the expense of a mediator oxidation, then
the oxidized mediator diffuses through the membrane into the second cell where it
participates in the water oxidation to O, (Fig. 2.32).
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Such coupled systems are often compared to the Z-scheme of the natural pho-
tosynthesis [2, 137, 187-189, 542, 543]. The scheme is very convenient as it allows
to design separately the cathode and anode cells and then combine them by an
appropriate redox-pair, for example, Fe**/Fe** or I~ / 105. The photocatalytic
hydrogen evolution can occur on the surface of SrTiO5/Pt doped with Cr**/Ta’* at
the expense of the iodide ions oxidation to I05. The oxygen is evolved in a
complementary cell with the regeneration of I on the surface of a WO;/Pt
heterostructure. Such system showed an apparent QY of around 0.1% at 420 nm
[544, 545]. In the same manner, a hydrogen evolution cell based on a
visible-light-sensitive GalnP,/Pt composite was coupled with an oxygen evolution
cell based on AgCl sensitized with silver bromide [546].

A number of cathode/anode cells connected by the iodide/iodate mediator was
proposed, for example TiO,(anatase)/Pt (H, evolution)—TiO,(rutile)/Pt (O, evo-
lution) [547], TaON/Pt (H, evolution)—WQO3/Pt (O, evolution) [548], ATaO,N/Pt,
A = Ca, Sr, Ba (Hy)—WO3/Pt (O,) [549], TaON/Pt (H,)—TaON-RuO, (O,) [550],
TaON/ZrO,/Pt,Ru (H,)—WO3/Pt (O,) [241], sensitized layered H4NbsO{/Pt (H,)
—WOs3/Pt (O,) [551], BiVOs (H)—Rh-doped SrTiOsz/Ru (O,) [198, 552],
BaZrO3/BaTaO,N (H,)—WO5/TiO, (O,) [553]. In the most part of such systems,
the selective water oxidation takes place as a result of efficient IO5 adsorption on
the semiconductor surface despite the presence of a large excess of I [547].

In a cell, where the photocatalytic water reduction occurs on the surface of
rhodium-doped SrTiO3/Pt and the water oxidation proceeds with the participation
of BiVOy,, Fe**/Fe** redox couple is used as a mediator [554, 555]. The system
performs under the Vis-illumination (A < 500 nm) with an apparent QY of 0.3% at
440 nm. The Fe**/Fe®* couple was also employed as an electron carrier in a total
water splitting system based on Rh-doped SrTiO3 and WO;3 [556].

Alternatively, the Z-scheme can be realized by combining an H,-evolving and an
O,-evolving cell by a conducting bridge. For example, the RhCrO,-loaded LaMg;,
3Ta,;30,N crystals, acting as an H, evolution photocatalyst can be combined with
Mo-doped BiVO, crystals as an oxygen-evolving photocatalyst on a shared gold
substrate (Fig. 2.33a) [557]. Both components are capable of absorbing the visible
light. Such composite exhibits a 5-times higher photocatalytic activity in the water
splitting than a combination of corresponding suspensions. The Au substrate acts as
a transport layer enabling filling of the tantalate holes with the electrons photo-
generated in bismuth vanadate [557].

A similar role of an electron mediator in a Z-scheme photocatalyst can be played
by the photoreduced GO (Fig. 2.33b) [558]. As opposite to the RGO, produced by a
conventional reduction with hydrazine, the photoreduced RGO showed a much
more expressed hydrophilic character binding strongly both to an H,-evolving
photocatalyst (Rh-doped SrTiO; decorated with Ru NPs) and to an O,-evolving
photocatalyst (BiVOy).

By using spatially organized semiconductor materials—NRs, NTs, layered
substances, etc. a spatial separation of the water reduction and water oxidation sites
can be achieved within a single photocatalyst, and in such a way a short-circuited
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Fig. 2.33 a Schematic band diagram of the (RhCrO,/LaMg;,3Ta,;30,N)/Au/BiVO,:Mo photo-
catalyst; b scheme of the water splitting in a photocatalytic system based on Rh:SrTiO3/Ru and
BiVO, coupled via RGO sheets. Reprinted with permissions from Refs. [502] (a) and [558] (b).
Copyright (2011, 2016) American Chemical Society

photo-electrochemical cell can be designed. For example, in a system based on a
composite of titania NTs with Pt NPs [559, 560] the water reduction and oxidation
half-reactions occur on different components—on Pt NPs and TiO, NTs, respec-
tively, allowing to reach a water splitting QY of 0.6% [559]. In the case of a
Ni/NiO,/Ing oNij ; TaO,4 heterostructure, the co-catalyst (Ni/NiOy) particles act as a
hydrogen evolution cathode, while the surface of the Ni-doped indium tantalate—as
an oxygen evolution anode [561]. A QY of the total water splitting in such system
reached 0.66%. A separation of the cathodic and anodic water cleavage processes
was also realized in the case of a composite photo-catalyst produced by the inter-
calation of Fe,O3 NPs into the interlayer voids of HTiNb(Ta)Os [562].

The hydrogen evolution and oxygen evolution processes become naturally
separated in the case of two-sided nanocrystalline titania films produced by the
magnetron sputtering with one side of the film decorated by Pt NPs. The photo-
catalytic hydrogen evolution from aqueous H,SO, solution occurs on the TiO,/Pt
side of the film under the Vis-illumination, while on another side the water oxi-
dation in the presence of NaOH takes place [221].

By oxidizing titanium foil in the presence of water vapors and NaF thin films of
F-doped titania were prepared, exhibiting a photoelectrochemical activity in the
total Vis-light-driven water splitting [563]. The photoelectrochemical water split-
ting under the Vis-illumination was also observed in the case of nanocrystalline
TiO, films etched in HF solution [564] and was attributed to the formation of
Vis-light-absorbing titanium oxyfluoride species on the film surface.

Along with the above-described complex systems where the spatial separation of
cathodic and anodic processes is organized intentionally, alternative semiconductor
compounds capable of simultaneous water oxidation and reduction under the
Vis-excitation are explored continuously. One of the first “universal” photocatalysts
of the kind was a solid solutions of gallium nitride and zinc oxide (Ga;—xZny)(N;—xOx)
with E, varying in arange of 2.58-2.76 eV. Gallium-zinc oxy-nitride exhibited a high
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photochemical stability and, in the presence of RuO,, acted as a photocatalyst of the
water splitting to H, and O, under the Vis-illumination [565]. A solid solution of
bismuth and yttrium tungstates, BiYWOg (E; = 2.71 €V) was also used as a total
water splitting photocatalyst that showed an apparent QY of 0.17% at 420 nm in the
presence of RuO, and Pt/Cr,O5 co-catalysts [566]. Porous films of BiVO, produced
by the thermal decomposition of vanadium oxyacetyl acetonate [567] and BiVO,/
Cu,0 heterostructures [568] showed a photocatalytic activity in the water splitting
under external bias [567]. The photoelectrochemical water splitting was realized on
the surface of nanocrystalline hematite a-Fe,O3 films synthesized by the thermal
decomposition of ferrocene or iron pentacarbonyl [569, 570].

A visible-light-sensitive photoelectrochemical cell for the total water splitting
was tested [571], where a Ru" bipyridyl complex served simultaneously as an
“antennae” and as a “bridge” connecting to the titania NPs via phosphate groups
and simultaneously—to the IrO, NPs via COOH groups. The sensitizer photoex-
citation results in the electron transfer through the following chain (Fig. 2.34):
water molecules (water oxidation to O,) — IrO, NPs — sensitizer — TiO,
NPs — Pt cathode — water molecules (water reduction to H»).

Three new types of total water-splitting photocatalysts functioning under the UV
and a portion of visible light were proposed in [572-574]: BIMNbO, (M = AI'™,
Ga", In""), InMO, (M = Nb", Ta") and BiMO, (M = Nb", Ta") with E, in a
range of 2.4-2.7 eV. The photoactivity of the compounds increases considerably in
the presence of NiO or Pt co-catalysts. The stoichiometric water splitting under the
Vis-illumination was also observed in the presence of CaTaO,N perovskite [575],
complex solid solutions In—-Ni-Ta—O-N [576] and Bi-Y-V-0O [577], as well as
gallium borate GayB,0q [385].

A feasibility of the photocatalytic decomposition of water confined in an inner
volume of the single-wall carbon NTs was shown in [578]. Illumination of the NTs
results in the evolution of a gaseous mixture with 80% hydrogen fraction.

Currently, studies are underway aimed at the search and development of new
semiconductor materials capable of acting as photocatalysts of the stoichiometric
water splitting, for example, GCN [579, 580], GCN/TiO, nanoheterostructures
[176], composites of the CNPs with BiVO, [581], etc.

Concluding the discussion of the large massif of experimental data on the
photocatalytic systems for hydrogen production based on nanocrystalline semi-
conductor materials, we outline very generally the principal directions, where the
highest efforts are currently applied and where a future progress could be expected.

New principles of functioning of the photocatalytic systems can open rich and
unexpected directions of progress. For example, utilization of the quantum size
effects allowed to create much more efficient systems for the solar water splitting
based on conventional semiconductor materials, to design highly efficient
nanoheterostructures based on the same materials but in different phase composi-
tions and grain size, and to “invoke life” into some semiconductor materials that are
passive in the bulk form but reveal pronounced photocatalytic properties in the
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water reduction/splitting when introduced in a nanocrystalline form. Also, the
phenomenon of plasmonic photocatalysis is a vivid example of the new principle of
light energy harvesting making a great impact on the development of
semiconductor-based photocatalytic light-harvesting systems.

New photocatalysts should be continuously searched for, in particular, among
the available and Earth-abundant materials. The example of graphitic carbon
nitride, that was known since the middle of 19th century but discovered as an
excellent photocatalyst only at the end of 20th century, shows that new solutions for
the challenges of the solar light harvesting can be just before our eyes and wait to be
discovered and realized. Very high expectations are currently associated with
inexpensive and abundant materials based on carbon NPs, that can be produced
from a variety of available natural sources, as well as with ternary and more
complex metal chalcogenides based on broadly available copper, tin, zinc and other
elements, that can act as excellent harvesters of the visible and near IR solar
irradiation.

New co-catalysts are continuously discovered and such materials can enhance
dramatically the performance of conventional semiconductor-based photocatalytic
systems as well as to reduce a need for expensive noble and platinum-group metals.

Finally, new sacrificial donors derived from sustainable sources, such as bio-
mass, when coupled to the above-discussed benefits of new photocatalysts and
co-catalyst can make the photocatalytic water splitting a really competitive and
lucrative process and assist to its broad implementation in our everyday life. This
road should be paved by simultaneous development of the theoretical backgrounds
of the solar-light-induced water splitting and predictive modelling of the most
optimized designs and constructions of the photochemical reactors and water
splitting solar cells as well as their operational regimes [582].
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