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Abstract: Photocatalytic water splitting and organic reforming based on nano-sized composites are
gaining increasing interest due to the possibility of generating hydrogen by employing solar energy
with low environmental impact. Although great efforts in developing materials ensuring high specific
photoactivity have been recently recorded in the literature survey, the solar-to-hydrogen energy
conversion efficiencies are currently still far from meeting the minimum requirements for real solar
applications. This review aims at reporting the most significant results recently collected in the field
of hydrogen generation through photocatalytic water splitting and organic reforming, with specific
focus on metal-based semiconductor nanomaterials (e.g., metal oxides, metal (oxy)nitrides and metal
(oxy)sulfides) used as photocatalysts under UVA or visible light irradiation. Recent developments for
improving the photoefficiency for hydrogen generation of most used metal-based composites are
pointed out. The main synthesis and operating variables affecting photocatalytic water splitting and
organic reforming over metal-based nanocomposites are critically evaluated.

Keywords: hydrogen; solar fuels; water photosplitting; photoreforming; solar energy; nanotechnology;
nanomaterials; heterojunction photocatalysis

1. Introduction

Hydrogen is an attractive green energy vector due to its energy content and the lack of greenhouse
gas emission after its combustion. At present, the main technologies of hydrogen production involve
fossil fuels: hydrogen is mainly produced through steam reforming and water gas shift processes [1].
Further side technologies for its production include chemical, electrochemical, biological and thermal
processes [2—4].

The possibility of producing energy by employing solar energy has gained increased interest in
the last few years [5]. Especially, thermochemical [6], photoelectrochemical [7-10] and photochemical
processes [11,12] can be employed for solar hydrogen generation. Photocatalytic hydrogen generation
can be achieved through water photosplitting [13] or photoreforming of organic species [14]. Solar
photocatalytic processes for Hy production need catalysts able to absorb radiation in the visible range
and efficiently use it to promote electrons to the energy level required for hydrogen formation [15].

Photocatalytic water splitting consists of water decomposition into hydrogen and oxygen by
reaction with photogenerated charge carriers. Photocatalytic reforming is based on the ability of
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selected organic species (i.e., sacrificial agents) to be oxidized by photogenerated positive holes and to
release protons, which in turn generate hydrogen by reacting with photo-electrons.

2. Photocatalyst Properties

2.1. Thermodynamic and Kinetic Requirements for Water Splitting Reaction

Water splitting (1) is an endergonic reaction. The change in Gibbs free energy for water dissociation
at standard conditions is 237 kJ /mol H,.

H20(1) — H, + 0.50, 1

Such a value of Gibbs free energy corresponds to (i) a minimum cell voltage of +1.23 Vrequired
to perform water splitting in electrochemical cells and (ii) light radiations with wavelengths shorter
than 1100 nm to employ photochemical processes. Consistently, a minimum band gap of 1.23 eV in
semiconductor photocatalysts is required.

However, as water molecules are kinetically stable under irradiation with a wavelength of about
1100 nm, a more stringent kinetic requirement related to the activation energy for H-O bond cleavage
(500 kJ/mol) occurs. Indeed, a maximum wavelength of 250 nm (UV-C radiation) [16] is required.
Thus, a suitable photocatalyst should (i) possess a band gap higher than 1.23 eV and (ii) be able to
promote H-O bond cleavage by decreasing the reaction energy barrier (500 k] /mol) (Figure 1).
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Figure 1. Photocatalytic and non-catalytic energy requirements for water splitting.

2.2. Hydrogen Generation Efficiency

The efficiency for hydrogen generation through photocatalytic water splitting can be expressed
as [17,18]:

OutputenergyasH, B er’AGIO{zOO/

QE = Inputenergy (incidentlight) T I-S

where ry, (220, AG}yo (miol), I (%) and S (cm?) are the hydrogen production rate, the standard
Gibbs free energy needed to produce one mole of hydrogen from water (237 kJ /mol), the specific
power of the light source and the irradiated area, respectively.

In the case of photocatalytic reforming of organics, a different expression of light-to-hydrogen
conversion efficiency can be adopted:

Ry, - 2-H°
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where AH? , is the standard enthalpy change for the combustion reaction between oxygen and
hydrogen (—282 kJ/mol). Overall, only a minor fraction of the available papers dealing with
photocatalytic hydrogen generation estimated the quantum efficiency (QE). In most cases, the adopted
catalyst load is not taken into account; however, any direct comparison between the photoactivity (umol
Hp /(8- 8catalyst)) of various materials can be drawn due to different operating conditions (i.e., effective
specific light source).

An efficient photocatalyst should meet several requirements. First of all, an efficient catalyst
should be (i) photo-hydrostable in aqueous solution without undergoing photocorrosion [19] and (ii)
easily recoverable from the aqueous mixture at the end of thephotocatalytic process.

Secondly, an efficient photocatalyst should reduce the likelihood of photogenerated electron/hole
recombination (reaction time range 10~!2-10~° s) and promote the migration of photogenerated charge
carriers to the surface of the photocatalyst (migration time scale: 10~8-10"! s) where they may be
involved in the half reactions of interest. The following strategies are widely employed in order to
achieve such targets:

e  size and shape tuning of the photocatalyst particles (water photosplitting and photoreforming);
e band gap engineering of the photocatalysts (water photosplitting and photoreforming);
e use of suitable sacrificial electron donors (photoreforming).

Thirdly, the band gap value and the energetic levels of the conduction/valence bands in the
photocatalyst should be suitable for the occurrence of redox reactions between photogenerated
charge carriers and water or organic molecules [20]. In photocatalytic water splitting, after catalyst
photoactivation (2), photogenerated holes oxidize H,O molecules releasing protons (3), which are
reduced to H; by reacting with photogenerated electrons (4):

Semiconductor ﬂ ep + h:,“b (2)
H,O + 2hj, -+ 050, + 2H" En,o0/0, =123V 3)
2H' + 2e, — H By, =0V 4)

The valence band of the photocatalyst should therefore be more positive than the redox potential
of Oyg)/H2Oq) (1.23 V vs. NHE at pH = 0), whereas its conduction band has to be more negative than
the redox potential of the couple H*/ Hy() (0 V vs. NHE at pH = 0). In addition, an over potential
of —0.41 V is required for the generation of hydrogen in aqueous solution [21], and consequently,
the conduction band of the photocatalyst should be more negative than —0.41 V.

Therefore, in order to meet such energetic requirements, an efficient photocatalyst should possess
a band gap larger than 1.6-1.8 eV. Besides, the band gap should be narrower than about 2.2 eV in order
to efficiently activate under natural solar light irradiation (Figure 2).

Catalyst
NHE (V)
Conduction band
0O b---fcom e ____
-1.8eV<AE<2.2eV
PR _ _ __ ______—-—-c-cc==o
Valence band

Figure 2. Band potentials and energy gap required for solar-driven photocatalytic water splitting.
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On the other hand, photocatalytic reforming is based on the oxidation of organic sacrificial agents
by photogenerated holes forming protons, which are reduced by photogenerated electrons to generate
hydrogen gas (Figure 3). In this case, the valence band should be more positive than the redox potential
of the sacrificial species.

Catalyst H*

Reduction

Sacrificial
organics

Oxidation

co,

Figure 3. Photocatalytic reforming of organic species.

In accordance with microscopic reversibility, catalysts promote both direct (i.e., water dissociation
in photosplitting and organic oxidation in photoreforming) and reverse reactions. In such
photocatalytic systems, oxygen competes with protons in photogenerated electron capture, thus
impairing hydrogen generation. In order to avoid the presence of oxygen in the reacting mixture and
also suppress hydrogen-oxygen recombination reaction, purging the reacting system with an inert gas
is an effective strategy.

A number of heterogeneous semiconductors possessing some of the above-mentioned
requirements has been so far developed for the photocatalytic hydrogen generation. The most
commonly-used metallic elements are mainly in the form of oxides or sulfides [17,22]. It should
be observed that such elements are adopted in their highest oxidation state (Ti**, Zr*t, Nb°*, Ta®,
WO, Ce**, Ga’*, In3*, Ge**, Sn**, Sb°*) [19].

Transition-metal cations with empty d or f orbitals have a d° and f electronic configuration,
respectively, whereas metal cations with filled d orbitals possess a d'’ electronic configuration.

In order to develop novel visible-light-active photocatalysts with increased quantum efficiency,
doping semiconductor materials with selected transition-metal elements, acting as co-catalysts
inazero-valent (Au, Ag, Cu, Pt, etc.) or higher oxidation state (Cr3*, Ni%*, Rh3*, Ru*?), represents an
effective approach.

It is important to note that some metal compounds with a d" (0 < #n < 10) electronic configuration,
such as CdS and ZnO, although expected to exhibit remarkable photoefficiency, are not commonly
employed due to their poor photochemical stability in aqueous solution ((5) and (6)) [22]:

.
cds ™y cd?t + s )
Zn0 2 Zn?t 4 %02 ©)

The use of zero-valent metals as co-catalysts on the semiconductor leads to a “metal-semiconductor
heterojunction”, whereas coupling various semiconductors results in a “semiconductor-semiconductor
heterojunction” [23].



Energies 2017, 10, 1624 5o0f 21

3. Configurations of Photocatalytic Materials for Hydrogen Generation
3.1. Photocatalytic Water Splitting

3.1.1. Metal-Semiconductor Heterojunctions

Due to its high physicochemical stability in aqueous solution, great availability, low cost and
limited toxicity, titanium dioxide is the most widely-used photocatalyst in water splitting processes [24].
However, two major drawbacks limit the use of titanium dioxide in full-scale applications. Firstly,
due to its wide band gap (3.2 eV), titanium dioxide requires light irradiation with wavelengths shorter
than 387 nm (UV-A) for its photoactivation. As the UV-A component accounts for only about 5% of the
total solar spectrum at sea level, this aspect constitutes a severe limitation for solar implementations.

Secondly, poor photonic efficiencies due to prompt recombination of photogenerated
electron/hole pairs are recorded for water photosplitting over TiO;-based catalysts.

Several metals have been so far employed as cocatalysts in order to (i) extend the light absorption
of TiO; to the visible range of the solar spectrum and (ii) decrease the recombination of photogenerated
charge carriers, thus allowing one to achieve higher quantum yield values. For instance, increased
photoefficiencies have been recorded when noble metal nanoparticles with a wide work function
(dm, generally larger than 5.0 eV), such as Ag [25,26], Au [27], Cu [28,29], Pt [30-32] and Pd [33], are
deposited on the TiO; surface. In the cases of Cu, Pt and Pd, such a result has been associated with
a minor electrons/holes recombination due to the creation of Schottky barriers at the metal/TiO,
interface [34] (Figure 4). More to the point, electrons move from the conduction band of TiO; to
the metal until the Fermi level (Ep) equilibration occurs, as the work functions of selected noble
metals (¢m) are higher than titanium dioxide (¢s). As a consequence, the Fermi levels of both the
metal and semiconductor turn out to be aligned with the conduction band of titanium dioxide [35].
As a result of this process, excess negative charges and more negative energy levels promote proton
ion reduction from a kinetic and thermodynamic point of view, respectively. On the other hand,
a Schottky-type potential barrier and excess positive charges occur in the semiconductor. The resulting
potential barrier (Vp) at the noble metal-TiO; interface (heterojunction) acts as an active electron trap,
thus limiting photogenerated charge carriers’ recombination and increasing the photoefficiency for
hydrogen generation. Platinum has proven to be one of the most suitable metals to form a Schottky
barrier with titanium dioxide, therefore promoting hydrogen production [29].

Before heterojuction heterojuction
EVBC
E’\IBC
e
¢ ¢s ¢ e
m
Ecb ] f\
oY - Ecb
I O 2 _ EF,S ________________________ EF,eq
EF,m
[
Evb
metal semiconductor metal semiconductor
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Figure 4. Metal/semiconductor Schottky junction with energy level equilibration. (a) Before
heterojunction; (b) after heterojunction.
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Incorporating nanosized metal particles on titanium dioxide can also lead to an increased
photoactivity under visible light irradiation. Such a phenomenon, also known as “Local Surface
Plasmonic Resonance” (LSPR) [36,37], occurs when the electromagnetic field has an oscillation
frequency in phase with free electrons on the metal [38]. Thus, nanosized metal particles (i) act
as antennas by promoting visible light absorption and (ii) sensitize titanium dioxide by favoring
the flux of charge carriers on to the conduction band of the semiconductor in the so-called “Process
of Plasmon-Induced Resonance Energy Transfer” (PIRET) [39]. In recent years, a great effort has
been recorded among researchers in sensitizing the most widely-adopted metal oxides, such as
TiO, [40,41], with the aim of employing the visible light range of natural solar light. Nevertheless,
“metal-semiconductor” heterojunctions mostly provide photoactivation under light irradiation
with wavelengths shorter than 400 nm. Amongst recently-developed “metal-semiconductor”
heterojunctions with a narrow band gap and band edges suitable for water photosplitting,
Pt/PbBipNb,Og [42], (V,Rh)/SrTiO3 [43], (Zn,Rh,Cr)/GayOs [41], (La,Rh,Au)/SrTiO; [44], Au/CeO; [45],
(Mo,Au)/BiVOy [46], sulfide-based materials [22], CoO [47] and cadmium chalcogenides [48] have to
be noted.

3.1.2. Semiconductor-Semiconductor Junctions

Coupling two semiconductors with the same bandgap yields semiconductor-semiconductor
homojunctions. In this respect, P25-TiO, with its crystalline phase composition accounting for 80%
anatase (band gap 3.2 eV) and 20% rutile (band gap 3.0 eV) is a representative case [32].

Compared to pristine anatase or rutile TiO,, P25-TiO, exhibits higher photoefficiency attributed to
asynergistic effect of the mixed phases enhancing photogenerated electron/hole pairs’ separation [49].
As regards the electron flux direction within the P25-TiO;, structure (rutile-to-anatase or vice
versa), conflicting hypotheses have been found in the literature review [50-53]. Further possible
semiconductor-semiconductor homojunctions, such as «-Gap;O3/p-GayO; [54] andx-CaTayOg/
-CaTayOg [55], are reported.

When materials with different electronic structuresand bandgapscome into contact, such as
n-type and p-type semiconductors, “semiconductor-semiconductor” heterojunctions occur [56]. Based
on the relative band energies of the n- and p-type semiconductors, three different heterojunction
configurations can be identified as follows: the “type-I or straddling gap”, the “type-II or staggered
gap” and the “type-III or broken gap” [57] (Figure 5).
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Figure 5. Three possible configurations of n-p heterojunctions.

Type-I (straddling-gap): The band edges of one of the two semiconductors lie wholly within the
other ones (i.e., AEg1> AEg). Both photogenerated holes and electrons shift from Semiconductor 1 to
Semiconductor 2.
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Type-II (staggered-gap): Band gaps of the two semiconductors intersect. In particular, both band
edges of one semiconductor are higher than the other material. Photogenerated holes move from Ey,;
to Eyp1, whereas photogenerated electrons flow from E 4,1 to Eqpp.

Type-III (broken-gap): No overlap of band gaps occurs. As illustrated in Figure 5, photogenerated
charge carriers move as in the case type-II.

As shown in Figure 6, further distinction based on morphology has been made. The following
structures can be distinguished: “core/shell” and “Janus type”.

Figure 6. Core shell (a) and Janus type (b) structures.

In the case of core/shell structure, an outer semiconductor completely envelops a second material.
Only charge carriers available on the external semiconductor are therefore involved in half reactions of
interest. On the other hand, in the Janus type structure, both semiconductors are exposed to aqueous
solution, thus allowing the respective charge carriers to perform chemical transformations at the surface.
Higher likelihood of charge carriers’ separation and transfer at the semiconductor-liquid interface is
ascribed to the Janus type-II n-p heterostructure. In such a case, charge carriers with increased lifetime
can undergo redox reactions and enhance hydrogen generation [58]. Several metal-based nanoparticles
with n-p heterojunctions have been recently developed for different photocatalytic applications [59-64].
Some of those that have been successfully employed for solar-driven hydrogen generation through
water photosplitting are reported in Table 1 [29,58,65].

Table 1. Selected photocatalytic systems recently developed for water photosplitting under UV-A
(A > 300 nm) and visible light (A > 400 nm) irradiation.

Photocatalyst Band Gap (eV) Wavelength (nm) Ref.
TiO, (anatase)-TiO, (rutile) 2.78 A > 300 [50,66]
Tantalates—NiO 3.6-4.0 A > 310 [67]
Perovskites—NiOx 3.2-4.7 A <350 [22]
Noble metal /TiO,—CdS N/A A > 400 [68]
(Gag g3Zng.12)(Np.8§00.12)-RhyxCrxO3 26 A > 400 [22]
Cuq.945-ZnyCdS(0 < x < 1) 2.57-3.88 A > 420 [69]
CdS—ZnS N/A A > 420 [70]
CdSe/CdS-MoS3 1.75-2.44 450 [71,72]
MoS, /CulnS; N/A A>420 [73]
CuO/CuO 1.54-2.01 A > 400 74

[74]
Ni3N/CdS 2.54 A> 420 [75]
BaZrO3/BaTaO,N 1.8 A > 420 [76]
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Table 1. Cont.

Photocatalyst Band Gap (eV) Wavelength (nm) Ref.
Ir/CoOy /TagN5-Rh,Ru/SrTiO3 ~2.1 A> 420 [77]
Pt/BaZrO3-BaTaO,N

TaOxN: Tantalum oxynitride 18-19 A>420 [78]
Ru,Rh/SrTiO3-BiVO, N/A A > 420 [79]
WO;3/BiVOy ~2.4 A > 420 [80]

RGO: riiiscjin;g;?e?le oxide N/A A > 400 [81]
CdS-TaON/RGO 24-25 A > 420 [82]
Sulfide based semiconductors 2.0-2.3 A>420 [22]

Exhaustive overviews of the heterostructures for water photosplitting have been produced from
the literature review [83,84]. Bandgap values for many semiconductors have been listed by Luque and
Balu [85].

Under UV light irradiation, Na, SrTiO3-RhyCr,, O3 (>2.2 x 10* umoles H, /h-g [86]), NiO-NaTaOj3
(>2.9 x 10* pmoles Hy /h- g [83]) and Pt-decorated Cuy.945-Zng 23Cdg77S (>1.3 X 10* umoles H, /h- g [69])
exhibit the highest specific rates of hydrogen generation. On the other hand, ZnFe;O4-5rTiO3
(>4.0 x 10° umoles Hy/h-g [87]), ZnS-InyS3-CuS (3.6 x 10° pmoles Hy/h-g [88]) and CdS/ZnS
(2.4 x 10° umoles H, /h-g [70]) allow one to obtain the best specific productivities under visible
light irradiation. However, the comparison between the specific rates of hydrogen generation,
reported above, does not take into account the different effective specific light source used in the
experimental runs.

Despite n-p heterostructures helping to enhance charge carriers’ lifetime, water photosplitting
efficiency is still undermined by photogenerated electron/hole recombination. In order to curtail
such a phenomenon and eventually avoid photocorrosion of metal sulfides used as semiconductors,
the adoption of selected inorganic ions acting as redox mediators [22], such as Ce*t /Ce3t [89],
S/ SO%f [90] and IO5 /1™ [91], is an effective approach. Indeed, such ions offer a two-fold advantage.
On the one hand, low oxidation state species react with holes photogenerated in one of the two
semiconductors, thus allowing photogenerated electrons to reduce protons and generate hydrogen.
On the other hand, high oxidation state species capture electrons photogenerated in the second
semiconductor, whereas photogenerated holes oxidize water, releasing oxygen [92].

Photocatalytic systems involving selected redox mediators in the presence of multiple n- and
p-type semiconductors are also known as “Z-schemes”. As shown in Figure 7, the Z-scheme
configuration allows a more efficient use of solar light irradiation due to lower energy required
for water dissociation.

Besides traditional metal oxide-based photocatalysts, several new complex nanocomposites based
on nitrides, oxynitrides, metal sulfides, metal oxysulfides and tantalates have been studied [93].
Photocatalytic water splitting can be also achieved by coupling catalysts for oxygen (i.e., BiVO,) and
hydrogen (i.e., doped SrTiO3) production [94].

Metal co-catalysts may sometimes lower the photoefficiency of such systems, as the formation of
charge trapping sites inhibits the transfer of photogenerated electrons and holes to the surface [22].

Overall, amongst the highest photoefficiency for hydrogen generation so far recorded, the
quantum yield values reported by Kim et al. (50%, alkaline pure water, UV light [95]) over Ba-doped
SrpNb,O7 and Kato et al. (56%, pure water UV light [96]) over NiO/NaTaOj3 should be noted. However,
such efficiencies were recorded under UV light irradiation and have limited significance for solar
implementations. The highest quantum yields recorded under visible light irradiation (e.g., <3%) are
still far from reaching the benchmark value (>10%) suggested for real applications [97,98].
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Figure 7. Schematic illustration of the Z-scheme.

3.2. Photocatalytic Reforming of Organics

3.2.1. General Remarks

Straddling water photosplitting and organic photo-oxidation [99], photocatalytic reforming
usually employs short chain alcohols (i.e., methanol, ethanol and glycerol), carboxylic acids (i.e., formic
acid and oxalic acid) and carbohydrates (i.e., glucose) or biomass-derived substrates [14,100,101]
as sacrificial organic species. As biomass-derived species may be often found in paper and food
industry effluents [102,103], photoreforming may be regarded as an outstanding approach combining
wastewater treatment and the generation of a high added value energy carrier.

3.2.2. Reaction Mechanism

In photocatalytic reforming of organics, photogenerated holes oxidize sacrificial agents releasing
protons, which are reduced to hydrogen by photogenerated electrons. In such a case, no oxygen gas is
produced, thus enhancing overall process efficiency.

Alcoholic molecules are usually adsorbed on the photocatalyst surface in the non-dissociated
form or by creating alkoxy species [104,105].

Higher hydrogen production rates are reported in the literature review with increasing the
amount of OH groups of the organic molecule: polyols (i.e., glucose and glycerol) exhibit remarkable
photoefficiency for hydrogen generation [106]. Such a phenomenon has been related to the ability
of hydroxyl groups to enhance substrate adsorption on active sites of the photocatalyst. A possible
reaction mechanism of alcohols photoreforming is reported in Reactions (7) and (8).

R — CH,OH '3 R — CHOH + H* @)

. -
R—CHOH = R—CHO + HT (8)

Photogenerated holes oxidize the organic species via alfa-hydrogenabstraction, thus generating a
RCH-OH radical (7), which is further oxidized to aldehyde (8) [107]. Moreover, carboxylic acids can be
formed through oxidation of hydrated aldehydes.

The oxidation of long chain alcoholic molecules leads to the formation of hydrogen and carbon
dioxide, as well as alkanes as undesired by-products. On the other hand, short chain carboxylic acids
(i.e., formic acid) and dicarboxylic acids (i.e., oxalic acid) are promptly mineralized to water and
carbon dioxide ((9) and (10)). Subsequently, protons derived from the oxidation process (9) react with
photogenerated electrons, thus generating hydrogen gas.
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R — COOH "™ R — COO" + H' )

R—COO — CO, + R (10)

As regards photoreforming of carbohydrates, a lack of clarity has been recorded so far
about the reaction mechanism. The reaction pathway of glucose oxidation has been investigated
by several authors [108,109]. Further efforts in elucidating glucose oxidation were made by
Balducci [110], according to whom it proceeds via bridge adsorption on the photocatalyst surface
through hydroxyl groups.

Photocatalytic reforming of further organic molecules, such as aldehydes [111,112], carboxylic
acids [113,114], cellulose [115] and azodyes [116], has been also reported in the literature review.
An extensive classification of organic compounds that could be used as sacrificial agents has been
recently drawn up [14].

3.2.3. Materials

Heterojunction-based nanosized photocatalysts have been widely investigated in the literature
review for photoreforming of several organic compounds [14,22,29,48]. Different preparation methods
were adopted by researchers, such as the sol-gel method, photodeposition, photoelectrochemical
deposition, wet impregnation, thermal, solvothermal and hydrothermal methods, precipitation,
chemical vapor deposition, etc. [28,83].

Despite their high cost, noble metals are extensively employed as co-catalysts in photocatalytic
reforming. In particular, the highest photoefficiencies for hydrogen production have been achieved
in the presence of platinum, followed by palladium and gold [117,118]. An effective and low-cost
substitute for noble metals is represented by a selected group of Earth-abundant metals including
cobalt [119], nickel [120] and copper. In particular, remarkable photoefficiencies were achieved
over copper-based metal oxides tested for photocatalytic reforming of several sacrificial organic
species [18,121] and in the presence of aqueous matrix with excess chloride ion [122] and nitrate
ion [123].

Under equal testing conditions, photoreforming of organics leads to hydrogen generation rates
more than two orders of magnitude higher than photocatalytic water splitting [124]. In this respect,
some of the most relevant results collected in the literature review are reported in Table 2. At present,
the most effective photocatalysts for photoreforming under visible light irradiation are CdS-based
materials [125].

Table 2. Selected relevant hydrogen production rates recorded during photoreforming of organics over
various materials.

ra, (umoles Hy/h-g) Material Sacrificial Agent Irradiation Type Reference
>4.3 x 10* metal/niobates methanol UV-A [126]
1.1 x 10* Sr/tantalates methanol UV-A [127]
6.3 x 10* Ni/CdSnanorods ethanol visible light [128]
5.6 x 10* CdS/RGO lactic acid visible light [129]
4.0 x 10* Pt/CdSe-CdS isopropanol visible light [130]
>3.7 x 104 N/Zn,Ga-mixed methanol visible light [131]

OXide-Rh/CIQ 03

4. Operating Conditions Affecting Photocatalytic Hydrogen Generation

Photocatalytic hydrogen production through water splitting or reforming of organics may be
substantially affected by the following operating variables: particle size, shape, morphology, structure
and crystallinity; band gap energy; co-catalyst nature and preparation method; type and concentration
of sacrificial agent; pH of the solution; presence of oxygen; operating temperature [13,17,132].
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4.1. Particle Size

Particle size is a key aspect of effective photocatalytic materials, as it mainly affects
bandgap [133,134] and surface area [17]. Secondly, the occurrence of bulk recombination between
photogenerated charge carriers is promoted in large-sized particles. The optimal particle size,
depending on the composition and structure of the photocatalyst, is about 10 nm for pure TiO; [135].

The number of inner surface defects is also proportional to particle size. Large particles may be
described as multi-aggregates of ideal crystals with different two- or three-dimensional structures [136].
On the other hand, small particles exhibit broad sections of highly crystalline phases. Nanosized
particles consist of an ideal single crystalline particle with finite size.

4.2. Structure and Morphology

The structure and morphology of the photocatalyst strongly depend on the preparation method
adopted. Temperature and reagents employed for the synthesis define particle size, shape, morphology
and crystallinity. Eventual calcination phases after synthesis may also affect surface area and
crystallinity. Theoretically, significant increases in photocatalyst stability and crystallinity are amongst
the primary targets of an effective calcination. However, in practice, beyond an optimum calcination
temperature, lower photoefficiencies due to agglomeration and sintering damage decreasing surface
area, leading to phase transition (i.e., anatase to rutile in the case of titanium dioxide), are reported [137].

As regards the electronic properties of such materials, it is important to stress that the nature of
the crystallographic phase may influence the bandgap value [134]. Furthermore, structural defects in
the photocatalyst bulk can create localized electronic states acting as traps for photogenerated charge
carriers [22,138], thus impairing the photoefficiency for hydrogen generation.

4.3. Surface

The influence of the specific surface pattern of photocatalysts on the hydrogen generation is
quite controversial. A high specific area would increase not only the number of active catalytic
sites, but also the number of superficial defect sites, which promote the recombination of free charge
carriers [139]. For example, it has been reported that a high surface area for metal chalcogenides
promotes the recombination processes through a “non-radiative” decay [140]. On the contrary, other
studies demonstrated that an increase in the surface area of nanostructured titania does not generate
an enhancement of the recombination rate of photogenerated charges [141].

Large specific surfaces of nanostructured materials also reduce the reflection losses and increase
the radiation scattering. In some cases, the efficiency of the photocatalyst can be enhanced with
particular chemical treatments [142]. For example, fluoride ions can adsorb on TiO; substituting the
surface hydroxyl groups, and consequently, the number of surface hole traps is decreased [5]. It has
been reported that a chlorine passivation decreases the electron trap surface states in CdSe nanocrystals
for photocatalytic hydrogen generation, measuring an increase of photoluminescence quantum yield
(from 9-22% after the Cl treatment) [143].

The deposition of selected noble metals on the surface of the photocatalyst also decreases the
electron-hole pair recombination. However, a high load of noble metal atoms favors the formation of
surface metal clusters, which act as recombination centers [144].

From a theoretical point of view, some efforts using computational chemistry calculations
have been made for the analysis and optimization of the surface design of suitable heterogeneous
photocatalysts in order to increase the rate of hydrogen production [145,146]. However, new
insights in computational modeling of active materials for water photosplitting have been recently
reviewed [65,147,148].
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4.4. Co-Catalyst

The amount and loading method of co-catalyst are crucial operating variables affecting
hydrogen production. Co-catalyst nanoparticles with a uniform distribution can increase hydrogen
production rate. However, excess loading may hinder radiation absorption and, in some cases,
promote photogenerated electron/hole recombination [149], thus lowering process photoefficiency.
An optimumco-catalyst load should be therefore identified. The same goes for the overall catalyst load,
for which, after a threshold value depending on the case, hydrogen production stops increasing due to
particle agglomeration and radiation shadowing phenomena in highly turbid suspensions [150].

4.5. pH of the Solution

The pH of the solution may significantly impact both the photocatalytic process and
photocatalyst stability. Variation in pH may also influence the band edge position in semiconductor
photocatalysts [151,152].

The photocatalyst surface changes its charge status at varying pH values of the solution depending
on the pH of the zero point of charge (pH_pc) of the semiconductor. If the surface is made of amphoteric
groups, as in the case of TiO,, the following equilibria (11)—(12) should be considered [153], where
>OH,*, >OH and >O~ are the positive, neutral and negative surface hydroxyl groups, respectively:

> OH + H* "&'s OH,* (11)
> OH + OH™ "2~ 0~ + H,0 (12)

The zero point of charge can be estimated through the following Equation (13):

1
PH,pe = 5 (PKar + pKaa) (13)

When pH < pHyp., the photocatalyst has a positively charged surface. If pH > pH;pc, negative
charges prevail. Finally, neutral conditions stand for pH of the solution equal to pHzpc. Extensive
surveys reporting the pHypc values for most used metal oxides and other semiconductors can be found
in the literature review [154,155].

As regards water photosplitting, hydrogen generation is promoted under acidic conditions
over RuO;-loaded oxynitrides [156,157] and in alkaline conditions by using NiOx-loaded
perovskites [158,159]. Even for the same base photocatalyst, the optimal pH depends on the co-catalyst
due to hydrolysis and corrosion phenomena [156,160].

Changes in charge of the solid surface may affect electrostatic interactions between photocatalyst
and reagents (i.e., sacrificial agents, redox mediators) [161]. In the case of photoreforming, hydroxyl
groups on the surface act as adsorption centers for sacrificial agents and scavenging sites for
photogenerated holes [162]. It is reported that hydrogen production increases with increasing
concentration of sacrificial agents [163], although very high concentrations of organics result in being
detrimental for hydrogen generation as the adsorption sites of the photocatalyst are saturated [16,164].

4.6. Operating Temperature

The effect of temperature on photocatalytic processes has to be taken into account due to different
activation energy values for each physico-chemical step involved.

Moderate increases in operating temperature enhance the hydrogen production rate [134,165,166].
Indeed, high temperatures promote charge carrier mobility, thus reducing the occurrence of
photogenerated electron/hole recombination [13].
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5. Conclusions

Photocatalytic hydrogen generation through water photosplitting or organic photoreforming
isgaining increasing interest due to the possibility of producing an energy carrier through clean and
sustainable processes based on solar energy.

As emerged in the literature survey, despite significant efforts having been made in developing
effective metal-based materials for hydrogen generation, the photoefficiency of such composites is still
far from satisfying the minimum requirements for commercial applications. Indeed, no metal-based
semiconductors suitable to perform photocatalytic water splitting or organic reforming under visible
light with photonic efficiency higher than the threshold value suggested for practical applications
(>10% at 600 nm) have so far been found. Recent literature findings still indicate low efficiencies for
visible-light-to-hydrogen conversion (<3.0%) for water photosplitting.

Opverall, effective photocatalytic composites for visible light water splitting and organic reforming
should possess the following features:

e  proper band gap energy and band potentials,

e photostability in aqueous solution;

e  high crystallinity;

e  high specific photoactivity (>10*umoles Hy /h-g).

In particular, a band gap larger thanl.6 eV and narrower than 2.2 eV is required in order to
allow hydrogen generation through photocatalytic water splitting and to activate under natural solar
light irradiation, respectively. Specifically, promising results were obtained for BaZrOs;/BaTaO;N,
tantalum oxynitrides and copper oxides with band gaps shorter than 2 eV. Further efforts should be
made adopting such materials by taking into account the relative positions of energy bands and redox
potentials of the involved species.

At present, the most effective results under visible light irradiation were obtained forNi/CdS
nanorods and CdS/RGO with specific rates of hydrogen generation of about 6 x 10* umol/h-g.
Interesting photoactivities higher than 4x 10* umol/h-g were recorded over metal /niobates under
UV-A irradiation. In general, the few reported data on light-to-hydrogen energy conversion efficiency
are difficult to compare due to different adopted light source powers.

As emerged in the literature survey, no metal-based semiconductors suitable to perform
photocatalytic water splitting or organic reforming under visible light with photonic efficiency higher
than the threshold value suggested for practical applications (>10% at 600 nm) have so far been found.
Recent literature findings still indicate low efficiencies for visible-light-to-hydrogen conversion (<3.0%)
for water photosplitting. A key challenge for future advances in hydrogen generation efficiency could
rely on the combination of materials engineering with the design of proper reactor configurations.
In particular, the adoption of specific solar collectors could allow employing the beneficial effect of
higher operating temperatures on hydrogen evolution.

Moreover, with the aim of implementing photocatalytic hydrogen production in real applications,
cost reduction and toxicity assessment of the photocatalytic composites should be also considered.

Conflicts of Interest: The authors declare no conflict of interest.
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