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Abstract

Visible light-driven production of fuels and value-added chemicals is currently one of the most
intensely investigated research topics across various scientific disciplines, due to its potential to ease
the World’s dependence on fossil fuels. In this perspective, we recapitulate some of the main
features of dye-sensitized photocatalytic systems aimed at solar H, production, focusing in
particular on TiO,-based three-component assemblies with organic sensitizers. Relevant aspects
include the structural and electronic properties of the sensitizers, the nature of the semiconductor
and the hydrogen evolution catalysts, the role of the sacrificial donor and the effect of the reaction
parameters on H, production rate and stability. Besides presenting the most significant recent
developments of the field, we also analyse some of its common practices in terms of experimental
design, laboratory procedures and data presentation, trying to highlight their weaknesses and
suggesting possible improvements. We then conclude with a short paragraph discussing the
possible future development of this exciting research area.

1. Introduction: visible light absorption and the relationship with dye-sensitized solar
cells (DSSCs)

Due to the urgent need to replace fossil fuels as the World’s main energy source, the conversion of solar
radiation into chemical energy in the form of so-called ‘solar fuels’, often referred to as ‘artificial
photosynthesis’ [1], is currently of utmost scientific and technological relevance [2]. Among the different
artificial photocatalytic processes, H, production through water splitting (WS) has probably been the most
intensely studied, since H, is endowed with high volumetric energy density, no carbon footprint and can be
either directly burned or used in fuel cells to produce electricity, thus constituting an almost ideal energy
carrier [3, 4].

In 1972, the pioneering work of Honda and Fujishima demonstrated that WS into H, and O, could be
achieved by irradiating a TiO, photoanode connected to a platinum cathode in an electrochemical cell [5].
The main drawback of such system was the use of a wide band-gap (>3.0 eV) semiconductor (SC) as the
light-harvesting material, which hampered absorption and conversion of visible light (A > 400 nm) and
made it necessary to use UV radiation to drive the reaction forward.

To solve such an issue, several possible approaches to modify inorganic heterogeneous photocatalysts have
been investigated [6], including the use of narrow band-gap SCs [7, 8] the chemical modification of large
band-gap materials to impart them the ability to absorb visible light [9], or the application of more complex
photocatalytic assemblies such as Z-schemes [10, 11]. Besides, another effective strategy has been the
sensitization of SCs with molecular dyes, able to harvest light in the desired wavelength range and inject the
resulting photogenerated electrons into the SC conduction band (CB) [12]. This concept was first established
in DSSCs, in which, after excitation and charge injection, electrons are collected at a TiO, photoanode while
holes are transferred to the reduced form of a suitable redox mediator (typically I /1), which is then
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Figure 1. Schematic representation of the working mechanisms of (a) a DSSC and (b) a DSP.

regenerated at the cathode to close the cycle and produce an electric current (figure 1(a)) [13]. Due to the
analogy with DSSCs, such photocatalytic systems are usually called dye-sensitized photocatalysts (DSP).

DSSC and DSP share the same dye/SC interface but, in the latter, photogenerated electrons in the CB are
transferred to an electrocatalyst (such as Pt) for solar fuel production, instead of being used for electricity
generation. Accordingly, in DSP the oxidized dye molecules must be reduced by a suitable hole scavenger to
allow the process to continue (figure 1(b)). In a proper WS procedure, electrons would be supplied by water
itself, allowing coupling of H, production with O, evolution without formation of any other by-product.
However, water oxidation demands combining the sensitizers with appropriate catalysts, often a synthetically
demanding operation [14], and is usually affected by significant drawbacks, such as the need for a large
overpotential [15], the quick recombination of photogenerated charge carriers, and the rapid back reaction
between H, and O, [16]. Consequently, to achieve a high yield of H, production, but also to better
determine the photocatalyst intrinsic activity, dye regeneration is more commonly carried out by means of a
sacrificial electron donor, usually abbreviated as SED (see below) [17]. From the above discussion it is clear
that, despite the similarities between the two systems, the materials used in DSSC or DSP, such as dyes and
SCs, must work under different conditions and thus will need to be developed independently to provide
optimal performances in each application.

In this perspective, the main features of selected DSP systems especially developed for H, production will
be critically presented, trying to highlight their strengths as well as the areas where there is still room for
improvement. Although the concept of dye-sensitization has been applied to different kinds of materials
[18], inorganic [19] as well as organic [20, 21], we will focus on TiO,-based systems, since they are by far the
most investigated in the literature and thus can be more easily compared. In the majority of such systems,
TiO; is used as the anatase crystalline form, or as the commercially available 80:20 anatase/rutile mixture
known as P25 [22], but alternatives have also been described.

Before starting the discussion, we will briefly introduce the topic of the correct presentation and
comparison of photocatalytic data, as the adoption of a more homogeneous and shared standard will be of
crucial importance for the future development of the field.

2. How to properly compare data

The criticality of correctly evaluating the merits of a new proposed photocatalyst is one of the contemporary
topics of discussions within the photocatalysis community [23, 24]. In this respect, the importance of
introducing more comprehensive and diligent practices when assessing and comparing photocatalysts
performances has been recently highlighted [25]. As an example, for heterogeneous photocatalysts it is very
common to report the rate of evolved product per mass of photocatalyst, which gives also an idea of how
stable it is, but does not take into account the contribution of its textural features. Hence, adding a rate
normalized by the material surface area provides a more thorough screening and is therefore recommended
[26].

Turnover numbers (TON), or in alternative turnover frequency (TOF), are two other classic catalytic
parameters, which in the specific case of DSP are calculated over the number of moles of dye covering the SC
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nanoparticles. Hence, the catalytic sites are assumed to be equal to the number of molecules of dyes, which
may in principle lead to underestimated TON or TOE, if not all the dye molecules are in the right spatial
configuration for electron transfer to the SC (e.g. formation of aggregates, intermolecular charge transfer).
Moreover, apart from depending on several conditions such as temperature and pH, TOF is a
kinetic-dependent parameter, so that it should be evaluated at low conversions (or at least the reactant or
product concentrations should be provided), or ideally as an instantaneous value measured at specified
product (or reactant) concentrations [27]. Most studies on heterogeneous photocatalysts, however, compare
them in terms of quantum yield (QY), quantum efficiency, or photonic efficiencies, where instead of the
number of catalytic sites (which for DSP is assumed to be the number of dye molecules), the number of
incident photons is considered [23]. While the adoption of this parameter seems to remove the uncertainty
on the effectiveness of the adsorbed dye to transfer electrons, it also introduces an element of ambiguity
related to the heterogeneous nature of the photocatalyst. In fact, for heterogeneous systems, not all the
incident photons are necessarily absorbed, with scattering phenomena taking place and decreasing the
amount of utilized photons. For heterogeneous photocatalysts, the term apparent QY (AQY) is therefore
more sensible [28]. As a result, the AQY is almost always an underestimation of the real QY. Moreover, as the
AQY is a function of the excitation wavelength [29], a fact that is at times ignored, the comparison between
DSP with different absorption characteristics may be affected by inaccuracies, causing false esteems. A good
practice will therefore be to plot the wavelength-dependent AQY profile by measuring it at successively
increasing wavelengths, and then verify that the pattern follows that of the photocatalyst or sensitizer
absorption spectrum.

3. Charge transfer processes in DSP

As shown in figure 1, the photocatalytic cycle in DSP is initiated by the two steps of light absorption and
charge separation, which are of pivotal importance to determine the efficiency of H, generation. Two main
mechanisms have been proposed for the charge separation process involving a photoexcited dye, the SC
(most commonly TiO,) and the SED, classified as reductive quenching and oxidative quenching, respectively
[30]. Following light absorption (equation (1)), the reductive quenching mechanism proceeds with an
electron transfer from the SED to the excited dye, which is thus converted into a radical anion (D*~,
equation (2)). Subsequent electron injection into the SC CB restores the dye in its ground state and
completes charge separation (equation (3)). In the oxidative quenching mechanism, on the other hand, the
first electron transfer step involves charge injection from the excited dye to the SC, with concomitant
formation of a dye radical cation (D*™, equation (4)). The latter is then reduced by the SED, and the same
charge separation state is reached (equation (5)). Finally, the electrons in the CB of the SC will be used for H,
generation by proton reduction (equation (6)). Besides these productive electron transfer events, however, it
must be pointed out that detrimental, reverse charge transfer processes can also take place, such as charge
recombination between injected electrons and the dye cation or the oxidized SED. The ratio between the
rates of forward and backward electron transfer processes is what ultimately dictates the efficiency of the
photocatalytic system [12].

Photoexcitation : Pt/TiO,/D + hv — Pt/TiO,/D* (1)
Reductive quenching:  Pt/TiO,/D* + SED — Pt/TiO,/D*~ + SED* (2)

Pt/TiO,/D*~ — Pt/TiO, (¢”) /D (3)
Oxidative quenching : Pt/TiO,/D* — Pt/TiO, (e”) /D** (4)

Pt/TiO; (¢7) /D** + SED —Pt/TiO; (e~) /D + SED*  (5)
Proton reduction : Pt/TiO; (¢7) /D + H" — Pt/TiO,/D + 1/2H,. (6)

In general, the oxidative quenching mechanism is considered to be predominant for almost all dye classes
(see below), in analogy with what happens in DSSCs. The reductive quenching mechanism is probably
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relevant only in the case of poorly reducing, cationic dyes (e.g. thionine, methylene blue, nile blue A), and
has been suggested to provide inferior results in terms of H, production [30]. The efficiency of the charge
transfer process between the dye and the SC is usually assessed by means of photoluminescence decay
studies: by comparing the excited state lifetime of the dye in solution to that of the dye/SC assembly the rate
constant for electron transfer can be calculated with good approximation [31].

4. Design of dye scaffold for application in DSP

Dye design is certainly one of the most important factors affecting light harvesting and charge transfer
efficiency in DSP systems. As mentioned in the introduction, the concept of dye-sensitization in DSP was
originally derived from that of DSSCs. Consequently, the main classes of dyes employed in photocatalysis
resemble those already applied in solar cells, namely (a) metalorganic complexes, especially based on
ruthenium with bi- o terpyridine ligands; (b) porphyrins and phthalocyanines bearing different central
metals; (c) metal-free organic dyes. This latter class of dyes has been the subject of the largest number of
studies in recent years [32, 33], and can be further divided into sub-categories, such as emissive dyes
traditionally used in chemical biology, or donor (D)—acceptor (A) structures, where electron-donating
groups are connected to electron-accepting units via conjugated sections of various nature. Such an
arrangement allows extending and strengthening the absorption spectra of the resulting compounds,
improving their light-harvesting ability. In their simplest form, these compounds are usually denoted as
D—m—A dyes, with the electron acceptor also fulfilling the role of anchoring group to the SC [34]; from them,
more complex architectures such as D-A-m—A, D-D-7—A and others [35] have been derived by the insertion
of additional donor or acceptor units in various parts of the structure.

A comprehensive review on the use of all the above classes of sensitizers in DSP is beyond the scope of
this manuscript, and has already been presented elsewhere [12]. Here, we will focus our attention on the
employment of organic dyes, since they have provided the best results in DSP systems. Moreover, the fact
that they do not contain precious or toxic heavy metals makes them more sustainable than metalorganic
complexes, which is particularly relevant in the field of renewable energy technologies. Finally, they are
usually accessible through simple and modular synthetic processes, allowing to efficiently tune their
stereoelectronic properties. Accordingly, they constitute an ideal platform to analyse how the dye structural
and compositional changes can affect the overall performances of DSP systems.

Despite their similarities, organic dyes used in DSP have evolved independently from those employed in
DSSCs, due to the different conditions in which they must operate. For example, they have to work efficiently
in the aqueous environment used in DSP, while DSSC usually contain organic solvents and are
moisture-sensitive. In addition, they must be regenerated by SED molecules, which are different from the
redox couples commonly used in DSSCs, thus requiring a different alignment of their energy levels
(especially the HOMO level). Finally, the fact that DSSCs are self-contained devices in which the photo- and
electroactive materials are supported onto electrodes while DSPs operate in heterogeneous suspension bears
different requirements in terms of dyes molar absorptivity and loading onto the SC. For the above reasons,
although DSP and DSSC dyes usually have similar light harvesting properties, they can present significant
differences in the way they are attached to the SC surface, in the balance of their hydrophobic and hydrophilic
characteristics, and in their electrochemical properties. Some of these features will be discussed below.

To work efficiently in a DSP system, any sensitizer has to fulfil two obvious requirements: (a) it should be
able to absorb light efficiently in the visible region of the spectrum (where solar radiation is maximized); (b)
it should transfer easily the photogenerated electrons to the CB of the SC. Thanks to the extensive experience
accumulated in the field of DSSC, it has been relatively straightforward to build a library of organic
photosensitizers for DSP applications having both these properties [12, 32]. By changing the nature of the
main chromophore and adjusting the length of the conjugated section, compounds have been reported with
the main absorption band going from around 400 nm (as in the case of simple D—A structures, figure 2(1))
[36, 37] to almost 700 nm, close to the near-IR region (as in the case of porphyrin- or BODIPY-containing
species, figure 2(2)) [31, 38, 39]. On the other hand, insertion in the structure of additional
electron-donating or accepting fragments can serve to modulate the frontier orbitals energy levels and thus
alter the rate of the intermolecular charge transfer processes [40, 41]. It should be noted that all such
properties can be efficiently modelled by means of DFT calculations [42].

Nevertheless, there are other characteristics the sensitizers must possess to boost the activity of a
three-component photocatalytic system. First, to be able to transfer electrons quickly to the SC, they should
have a robust anchoring to its surface. Due to the analogy with DSSC dyes, most compounds bind the SC
through a carboxylic acid group (either simple or as a part of a cyanoacrylic function) [43]. However, the
aqueous conditions employed for H, production and the different pH levels associated with different hole
scavengers (see below) motivate the look for alternatives. A systematic study was conducted by Reisner and
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Figure 2. Structures of organic dyes having very different UV—Vis absorption maxima in solution.
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Figure 3. Structures of organic dyes with different anchoring groups.

co-workers, who compared the performances of perylene monoimide (PMI) dyes endowed with different
anchoring groups (figure 3(a), table 1) in acidic, neutral and basic conditions, using two hole scavengers
(triethanolamine (TEOA) and ascorbic acid (AA)) [44]. Their main finding was that while a dye bearing the
carboxylic group was very active and sufficiently stable under acidic conditions, moving towards higher pH
the use of a phosphonic acid anchor became clearly preferable; interestingly, a dye with a hydroxyquinoline
anchoring group (PMI-HQui) proved also very efficient under acidic conditions, but underwent fast
deactivation as a result of detachment from TiO, surface.

A peculiar result was reported by Singh et al, who compared the efficiency of two photocatalytic systems
obtained with analogous dyes bearing a cyanoacrylic or a malononitrile anchoring group (figure 3(b)).
Surprisingly, it was the latter (DPP-CN) that produced the better result in terms of H, production in typical
conditions (dye loading 25 pimol g1, TEOA 10% vol. in H,O, pH 7, 2.0 Sun irradiation, A > 400 nm), with a
TON 0f 9664 in 10 h (corresponding to 1208 pumol of evolved H;) compared to 6720 recorded for DPP-CA
(840 pmol of evolved H,) [45]. Although the authors did not provide details on the anchoring mode of
malononitrile to TiO, it is supposedly similar to that of dicyanomethylene compounds reported as
sensitizers for DSSC [46, 47]. Nevertheless, the latter were used as Type-II sensitizers and have a much
simpler molecular structure, and therefore the working mechanism is hardly comparable in the two cases:
given the excellent results reported, it seems that a deeper investigation of dyes with malononitrile or related
anchoring groups could be useful to shed light on their behaviour and further improve their performances.

Another key point is that the sensitizer, after photoexcitation and charge injection, should be readily
regenerated by the reductant present in solution (either water in WS processes or a SED). Once again, this
process has been thoroughly characterized in DSSC, and the main properties that a dye must possess to
undergo efficient regeneration by a certain redox mediator are known in sufficient detail (driving force of the
reaction i.e. dye HOMO position [48], presence of certain functional groups on the donor section [49]). In
the case of DSP systems, the situation is much less clear: an obvious requirement is for the sensitizer to have a
more positive ground-state oxidation potential (Eg+ - ) than the standard redox potential of the reducing
agent. However, this condition is not met in every case: for example, TEOA redox potential is reported to be
+0.82 to 1.07 V vs. normal hydrogen electrode [17], but an efficient H, production was found also when
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Table 1. H, generation efficiency of PMI dyes with different anchoring groups [44].

Dye loading Conditions H; produced Retained activity
Dye (pmol gfl) (SED, pH)? (umol) (24 h) TON (24 h) after 24 h®
AA, pH 4.5 53.7+6.2 6461 1+ 749 78%
PMI-CO;H 13.3 TEOA, pH 7.0 3.9+0.5 471 £ 63 33%
TEOA, pH 8.5 41+14 490 £+ 170 35%
AA,pH 4.5 21.7+£2.2 2146 £ 203 80%
PMI-AcAc 16.2 TEOA, pH 7.0 1.3£0.1 133 £13 51%
TEOA, pH 8.5 3.0£0.7 294 + 67 52%
AA, pH 4.5 42.5+6.3 3546 £ 523 70%
PMI-PO;H; 19.3 TEOA, pH 7.0 3.6 £0.4 303 £ 30 46%
TEOA, pH 8.5 85+ 1.3 708 + 107 48%
AA, pH 4.5 53.3+59 4928 + 549 44%
PMI-HQui 17.3 TEOA, pH 7.0 25£0.5 232 4+ 26 38%
TEOA, pH 8.5 2.8£0.4 262 + 36 41%
AA, pH 4.5 414+29 3943 £+ 394 54%
PMI-DPA 16.8 TEOA, pH 7.0 3.8+0.2 366 £ 37 55%
TEOA, pH 8.5 47 £0.7 444 £ 62 56%

2 1.25 mg Dye/TiO,/Pt in 3 ml 0.1 M SED solution, UV-filltered simulated solar irradiation (AM 1.5 G, 100 mW cm™2, A > 420 nm,
25°Q).
b Calculated by comparing TOF values after 1 h and after 24 h.

employing it as a SED in combination with dyes having oxidation potentials in the 4+-0.64 to 0.74 range

[45, 50]. Conversely, despite an apparently appropriate driving force for regeneration, many organic dyes
with triphenylamine donors were found inactive when used together with ethanol as a hole scavenger [51].
Such apparent contradiction is probably due to two main reasons: first, dyes Eg+ ¢« values are usually
measured on diluted organic solutions in CH,Cl, or CH5CN, a very different environment compared to that
in which they are actually used (adsorbed on TiO, in aqueous environment); second, different hole
scavengers may work according to different reaction mechanisms and their redox potentials usually vary with
pH [17], which affects dye regeneration rates and thus photocatalytic turnover frequencies. In addition, the
relative dye hydrophobicity/hydrophilicity could also influence its regeneration process (see below). To better
evaluate the ability of organic dyes to work in DSP systems, it would be therefore advisable to investigate
their electrochemical properties in more detail and in conditions more relevant to their actual application.
Furthermore, the reference electrode against which potentials are measured and the formalism used to
convert such values to orbital energies (vs. vacuum) should be clearly indicated, as incomplete information
often hinders comparison of data reported in different studies.

As a final point of this paragraph, spatial organization of dye molecules on the SC surface should also be
precisely controlled, to maximize the photocatalyst light absorption ability and reduce losses due to energy
dissipation. Such a parameter has also often been associated with the relative hydrophobicity/hydrophilicity
of the dyes, controlling their interactions with the solvent and the SC surface (see below). Ahn, Son and
co-workers found that by decorating phenothiazine dyes with alkyl chains of different length (figure 4,
P1-P5) a macroscopic effect on H, production efficiency could be observed, with the best result provided by
dye P5 featuring the largest substituent (TON after 5 h increasing from 380 for P1 to 1026 for P5); the
authors claimed that ‘alkyl groups on nitrogen can induce a favorable orientation of dyes on TiO,, which
may result in the efficient electron injection from excited dyes to TiO,’ [52].

Such a concept was further developed by Abbotto, Fornasiero and co-workers, who modified the same
class of dyes and placed different hydrophobic and hydrophilic chains on the nitrogen atom (figure 4) [54].
They found that dye PTZ-ALK, featuring an n-octyl chain, showed a much higher H, production efficiency
compared to its hydrophilic counterparts (PTZ-TEG and PTZ-GLU) at low dye loading, but such a difference
was largely reduced when the loading was increased up to 30 umol g™! (table 2). According to the authors, at
high loadings the organization of PTZ-GLU is ‘similar to that of PTZ-ALK, with the PTZ units interacting
with the Pt/TiO; surface and the bulky lateral chains avoiding intermolecular quenching’; when the loading is
decreased, though, ‘the glucose unit could interact directly with the TiO, surface through the remaining OH
groups and it might change the orientation of the PTZ scaffold affecting the electron transfer to TiO;” [54].

The importance of having a correct disposition of sensitizers molecules on the SC surface was later
confirmed when the same group studied the effect of combining PTZ-GLU with different co-adsorbents,
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Figure 4. (a) Structures of phenothiazine-based photosensitizers and GLUA additive; (b) DFT computational analysis showing
the H-bond interaction between dye PTZ-GLU and GLUA (in the red circle). Reprinted with permission from [53]. Copyright
(2018) American Chemical Society.

Table 2. Photocatalytic data for PTZ dyes in combination with different coadsorbents [53, 54]°.

H, produced

Dye loading (mmol g~ ") TON
Dye (pumol g_l) Coadsorbent (20 h) (20 h) LFEy (%)b AQY (%)¢
PTZ-GLU 1 — — 678 0.008 —
30 — 0.88 59 0.024 0.071
30 GLUA (1:1) 1.37 91 0.037 0.139
30 CDCA (1:1) 0.73 48 0.020 0.077
PTZ-ALK 1 — — 1232 0.017 —
30 — 0.96 64 0.026 0.081
30 GLUA (1:1) 0.66 44 0.018 0.062
30 CDCA (1:1) 0.84 56 0.023 0.073
PTZ-TEG 1 — — 396 0.005 —
30 — 0.421 29 0.013 —

2 Conditions: TEOA 10% v/v solution in H,O, pH 7.0, 20 h irradiation, visible light (A > 420 nm).
b L FE,: light-to-fuel efficiency after 20 h; for details on its calculation, see [32].
¢ Obtained with light irradiation at 450 nm.

including in particular glucoronic acid (GLUA, figure 4) [53]. It was found that using the sensitizer and
GLUA in a 1:1 ratio clearly increased the TON of the photocatalyst; remarkably, this was not the case when a
different and more hydrophobic co-adsorbent (chenodeoxycholic acid, CDCA) was used (table 2). By
employing DFT computational analysis, the authors found that a ‘directional and selective’ interaction was
established between PTZ-GLU and GLUA, which helped stabilizing the dye—SC assembly and was effective in
hindering dye—dye intramolecular interactions, minimizing unproductive energy transfer phenomena. This
was confirmed by the fact that, when PTZ-ALK was combined with either CDCA or GLUA in the same ratio,
no improvement was observed, since no selective interaction could be established between the coadsorbents
and the bare alkyl chain.

In summary, although dye design principles for DSSC and DSP may be similar, sensitizers for the latter
application should be developed in response to specific requirements to allow performance improvements.
While maintaining a wide and intense light absorption in the visible spectrum, charge injection rates into the
SC should be improved, for example by investigating new anchoring groups exploiting unusual charge
transfer mechanisms. Dye regeneration rates should also be enhanced by exact tuning of the sensitizers
HOMO levels towards use with a specific electron donor; this operation should be assisted by measuring the
dyes electrochemical properties under more realistic conditions, and by performing time-resolved
spectroscopic analysis of dye regeneration by different species, as already done in DSSC [55]. Finally, dye
organization on the SC surface should be optimized by exploiting the formation of ordered supramolecular
structures, either using the dyes alone or by interaction with co-adsorbent species, not limited to those
traditionally employed in DSSCs.
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Figure 5. Structures of (a) dyes DF15, MB25, AD418 and (b) OB1-3, and the H, production curves of the corresponding Pt/TiO,
dye-sensitized photocatalysts in the presence of TEOA as hole scavenger. [51] John Wiley & Sons; reprinted with permission from
[60]. Copyright (2019) American Chemical Society.

5. Hydrophobicity vs. hydrophilicity of the photocatalyst surface

Variation of the dyes relative hydrophobicity and hydrophilicity can have a significant impact on the
photocatalyst performances. However, the simple question if it is better, in terms of H, production efficiency,
to use a more hydrophobic or hydrophilic sensitizer has not yet been definitively answered. Clearly, dye
optimization should not only aim at improving the individual properties of the molecules (structural,
spectroscopic, electrochemical), but should also take into account the specific conditions in which the
photocatalytic reaction is conducted, including solvent, pH, presence and nature of a hole scavenger, type of
illumination and so on; in this regard, it is then possible that the optimal sensitizer in one case will be
outperformed by a different compound in another, if the reaction conditions are not the same.

As mentioned above, some early studies examined the effect of placing alkyl chains of different lengths on
the donor section of the sensitizers, usually finding that photocatalysts based on dyes with long (up to Cy¢)
substituents provided the best results [52, 56, 57]. In a further refinement, the issue of where it is best to
place such hydrophobic groups has also been recently investigated. Although comparing reports on different
classes of dyes is not always straightforward, it has emerged that putting alkyl chains on the middle part of
the organic dye structures can also be advantageous [58, 59], and even lead to enhanced results, as shown in
figure 5(a), where the TON values for dyes MB25 and AD418 are compared to that obtained for dye DF15
(TEOA as SED, pH 7) [51]. Such an effect was attributed to a more efficient shielding of TiO, coupled with a
higher dye regeneration rate, due to the lack of steric bulk on the donor group. Indeed, further increase of the
dyes hydrophobicity by installation of alkyl chains both on their donor and intermediate sections can even be
detrimental, as exemplified by the data collected for Pt@TiO,/OB1-3 photocatalysts (figure 5(b)): after an
initial improvement going from OB1 to OB2, performances with the OB3-based system were almost back to
the initial level, probably as a consequence of an excessive steric bulk and non-optimal interaction with the
hole scavenger [60].

Moving to the opposite direction in terms of dye polarity, Kang and co-workers investigated the impact
of changing the hydrophilic and steric properties of a series of organic dyes in sensitized H, generation using
Pt/TiO, photocatalysts (figure 6) [61, 62]. When using ethylenediaminetetraacetic acid (EDTA) as sacrificial
donor at acidic pH, it was found that hydrophilic methoxymethyl substituents at the 4,4’-positions of the
diphenylamino end group enhanced the photocatalytic activity compared to both the parent compound
(without substituents) and a hydrophobic counterpart. Differently from what seen above for hydrophobic
chains, introduction of hydrophilic substituents also in the middle conjugated section of the molecules did

8



I0P Publishing J. Phys. Energy 3 (2021) 031001 L Zani et al

R
r? Y\
N AW W
1©/ \ /S )
R R2
HD,R'=R’=H
MOD, R' = -CH,0CH,, R? = H
PD, R" = -(CH,),CH,, R?= H
MO4D, R' = R = -CH,0CH,
18
—=— MOD »
i MO4D
144 HD
12] 7 FD
o A0
B
6 4
44
24
04
0 50 100 150 200 250
Time (min)

Figure 6. (Top) Structures of the hydrophilic sensitizers designed by Kang and co-workers, and of the corresponding hydrophobic
dye. (Bottom) TON of the H, production reaction of the corresponding Pt/TiO, DSP in the presence of EDTA as a hole scavenger.
[62] John Wiley & Sons.

not bring any further improvement. By applying both transient spectroscopy techniques and DFT
calculations, the authors concluded that the different performances of the photocatalysts were due to a
different organization of solvent molecules around the hydrophilic or hydrophobic substituents, coupled
with steric effects that determined the amount of dye adsorbed on the SC surface, which collectively
influenced the kinetics of charge transfer processes across the SED/dye/SC interfaces. For the best sensitizer,
MOD, an AQY value of 0.27% =+ 0.03% was measured under monochromatic light irradiation at 436 nm.

Despite their obvious interest, the above results turned out to be quite specific, as shown by the previously
mentioned work by Abbotto, Fornasiero and co-workers on phenothiazine dyes [54], in which they reported
that dyes with hydrophilic substituents on the donor section were actually less efficient than that featuring a
simple alkyl chain; it should be noted that their experiments were conducted in water at neutral pH and
using TEOA as SED, thus in very different conditions compared to those performed by Kang et al.

The importance of correctly matching the sensitizers structure with the actual reaction conditions was
further demonstrated in a recent study, in which a series of ten organic dyes based on the benzothiadiaziole
core and featuring a different number of hydrophobic and hydrophilic chains were used as sensitizers for
Pt/TiO, in H, production experiments with three different hole scavengers (TEOA, AA, EtOH), at different
pH levels (figure 7) [63]. The best performances with TEOA at pH 7 were obtained with highly hydrophobic
dyes BB2a and BB2d (TON up to 295), whereas introduction of hydrophilic substituents on the donor
section was not beneficial. Remarkably, when employing AA as SED at pH 4, the situation was significantly
changed, with the highest H, amount produced by the photocatalysts based on hydrophilic dyes BB2e and
BB3e (TON up to 2266). Although the exact reason for the reversal in relative performances is not known,
the improved interaction of the hydrophilic dyes with the polar SED molecules, coupled with a better
matching of their ground-state oxidation potentials (compared to TEOA) and the easier proton reduction at
lower pH clearly contributed to the observed outcome.

In general, the results of all the above-mentioned studies suggest that no such thing as an ‘ideal dye’ for
DSP generation of H, exists, and that optimization of sensitizers properties must always be assessed in
relation to the specific reaction conditions applied. In particular, choice of the sacrificial donor and of the pH
level at which the reactions are conducted appear especially decisive in determining the H, production
efficiency. In this context, it will be imperative in future years to improve dye design by introducing on the
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irradiation time 15 h).

donor section functional groups able to interact efficiently with the selected SED molecule, which, together
with appropriate tuning of the energy levels (see previous section), should help increase regeneration rate
constants. To this end, we think that investigation of dyes with combined hydrophobic/hydrophilic sections
should be continued, trying to favour structures able to provide a significant hydrophobic barrier against
recombination near the SC surface, while at the same time bearing hydrophilic groups of carefully tuned
steric bulk near the region where interaction with SED is thought to happen.

6. Effect of dye loading on photocatalytic performances

The effect of dye loading on photocatalyst performances is usually evaluated in two different ways, either by
saturation of the SC surface with dye molecules or by adsorption of a precise amount of sensitizers. In the
first approach, the SC nanoparticles are suspended in a solution containing a large amount of dye, so that
adsorption is maximized: as a consequence, different sensitizers will be adsorbed in different amounts,
depending mostly on their size and on their geometrical properties. In this way, it is possible to evaluate the
relative H, production abilities of the corresponding photocatalysts, but no precise information on the
individual dye efficiency and on its optimal loading can be obtained.

For example, this was the case in the above-cited work by Liu et al [59], where the maximum possible
amount of ‘starbust’ dyes DH1-4 was loaded on Pt/mc-TiO, (an especially-developed anatase cubic
‘microcage’ TiO, material). The TONS registered after 20 h for dyes DH3-4 were higher than that obtained
for dye DH2, but the latter had a much higher adsorption density on the SC surface, and thus the
corresponding photocatalyst produced a higher H, amount (figure 8 and table 3).

In the second approach, a solution containing a precise quantity of sensitizer is used to stain the SC, so
that after sensitization a colourless supernatant solution is obtained. In this way, a precise amount of dye can
be loaded on the photocatalyst, allowing to determine the effect of different dye loadings and to assess the
relative TON values of the dyes at the same level of superficial concentration. A common finding in this kind
of experiments is that the overall amount of generated Hj, initially increases with the increasing dye loading,
but then reaches a maximum and starts decreasing again above a certain dye concentration. For example,
such an effect was observed in several studies by Pal et al examining organic sensitizers with different
structures and anchoring groups [45, 50, 57, 64], and was attributed to the fact that initially the fraction of
incident light absorbed by the dye increases with increasing dye loading, but then the photocatalytic activity
starts to decline due to dye aggregation (accompanied by unproductive intermolecular energy transfer) and
shielding effects reducing the penetration depth of incident light.
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Figure 8. Structures of dyes DH1-4 [59].

Clearly, since the maximization of dye loading on the SC surface does not always lead to improved
performances, this second approach appears preferable and a screening of the effect of dye concentration is
recommended to obtain photocatalysts with optimized efficiency.

7. Impact of TiO, crystal structure: which phase is the best?

In the case of DSP, the SC basically acts as an electron transporter from the sensitizer to the catalytically active
site, so that, as mentioned above, one of the main requirements to be met by the sensitizer is that the injection
of the excited electron into the SC CB is allowed. Usually, such thermodynamic restriction is condensed into
the need for ‘correct band alignment, namely the potential energy of the LUMO level of the dye must be
more negative than that of the SC CB. The widespread prominence of TiO, is often jeopardized by critical
factors that compromise its performance, and decrease it to an unacceptable level. From the point of view of
the SC, some of the setbacks, particularly pronounced for first row transition metal oxides, include a fast
charge recombination, poor charge mobility, surface effects, size of the band-gap and others [65, 66]. One
additional aspect is the relationship between the metal oxide crystal structure and the performance, which
can be usefully exploited for better photocatalyst design. TiO,, which is stable under ambient conditions in
the three polymorphs rutile, anatase and brookite, is the best case study to fathom such a relationship. The
three phases exhibit different photocatalysis-relevant properties such as charge recombination rate, band gap,
density of states and mode of charge carrier transport. Although such differences have been correlated to
variations of photocatalytic efficiency [67], establishing an univocal trend is a complex matter, because there
is a strong dependence on the nature of the catalyst, being a single crystal, a thin film or a powder [68]. For
example, while a recent study conducted on different anatase, brookite, and rutile single-crystal wafers with
only one exposed surface showed that the anatase surfaces are generally more active than those of rutile and
brookite for methanol photooxidation [69], investigation of composite materials for alcohol photoreforming
(PR) revealed that the hydrogen production relative to the surface area increased with brookite content,
suggesting that brookite facets were more active for proton reduction under those conditions [70].

Based on the catalyst nature, the presence, type and distribution of defects plays a very important role,
whereby CB electrons can be trapped and stabilized to different extents, with the specific TiO; crystal
structure being a powerful determinant [71]. Furthermore, additional factors come into play as well, such as
complex charge transport kinetics within TiO, [72] or varying particle size distribution [73], making it
difficult to shape a comprehensive and reliable paradigm related to predicted activity of each material.

Despite such a complexity, the built knowledge on TiO; crystal structure/photocatalytic dependence has
resulted in very interesting new outputs, arising from the wise exploitation of advanced techniques. For
instance, the once overlooked brookite, long considered an inactive phase, has recently gained attention due
to its peculiar physico-chemical properties [74, 75], whose assessment was made possible by the emergence
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Table 3. Photocatalytic data for DH1-4/Pt/mc-TiO, three-component systems [59]°.

Dye Dye loading (umol g™") H, produced (mmol g~!) (20 h)® TON (20 h)°
DH1 47.18 46.42 984
DH2 59.11 84.75 1434
DH3 47.80 75.68 1583
DH4 32.77 74.88 2285

2 Conditions: 50 mg of dye/Pt/mc-TiO, in 100 ml of a 10% TEOA solution in H,O. Irradiation with a 300 W Xe
lamp equipped with a cut-off filter (A > 420 nm).
b Experiments were run in triplicate, only the best result is shown.
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Figure 9. (a) H, production per photocatalyst surface area of OB2-sensitized P25/Pt (red circles) and brookite/Pt (black hollow
circles) over 20 h visible light irradiation (A > 420 nm, dye loading, 10 umol g~!); (b) H, production relative to surface area of
OB2@brookite/Pt photocatalyst over 170 h of visible light irradiation. All experiments were performed with TEOA as SED.
Reprinted with permission from [60]. Copyright (2019) American Chemical Society.

of new strategies for its synthesis in a pure form [76]. In the context of DSP, it was recently demonstrated that
photocatalysts obtained by sensitization of nanocrystalline brookite/Pt with the above-mentioned sensitizer
OB?2 (figure 5) provided better performances in H, production experiments compared to their P25-based
counterparts (figure 9(a)), being also characterized by a remarkable stability (figure 9(b)) [60]. This result
was attributed to a reduction in charge recombination rate due to the lower reactivity of CB electrons of
brookite compared to anatase [71], in agreement with previous studies conducted on DSSCs [77].

In addition, the morphology of the TiO; is to be taken into careful consideration. Several groups have
reported the use of anatase-based SCs with tailor-made morphology for use in DSP systems, such as cubic
‘microcage’ materials [59] or hierarchical porous structures [31, 39, 50], showing enhanced performances
compared to the commercial TiO, sources, owing to improved electronic features or larger surface area.
Cargnello et al demonstrated how the geometrical anisotropy of brookite nanorods was instrumental for
improving charge separation, with the possibility to tune the photocatalytic activity for H, evolution by
controlling the nanorods length [78].

In view of the interesting results already obtained, investigations on the combination of dyes with
different TiO,-based materials should be continued. In particular, studies should concentrate on the
development of SCs with tailored morphology to speed up charge transport and transfer to the hydrogen
evolution catalyst (HEC), while minimizing charge recombination rates. In addition, studies should be
conducted on the sensitization of polymorph mixtures other than the common P25, such as for example
brookite/anatase mixtures, to take advantage of both the higher reactivity towards hydrogen reduction and
the enhanced degree of charge separation thanks to the presence of phase boundaries.

8. Approaches to improve stability

Being as important as activity, the photocatalyst stability requires attention, and when optimizing a system
for H, production all possible phenomena contributing to its deactivation should be investigated. In the
specific case of DSP, the typical deactivation mechanisms observed in non-sensitized SC photocatalysts, such
as surface passivation or photocorrosion processes [79], can be accompanied by additional sensitizer-related
degradation pathways, which can be related both to the strength of their bond with the SC and their intrinsic
chemical and photochemical stability.
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Figure 10. (a) Eosin Y anchored to TiO, through an aminosiloxane linker; (b) stable H, production along consecutive
photocatalytic experiments. Reprinted from [83], Copyright (2000), with permission from Elsevier.

First, photocatalyst deactivation can occur due to partial or complete detachment of the dye from the SC
surface, which clearly depends on the kind of anchoring group placed on the sensitizer structure. We have
already alluded to this aspect when discussing the work of Reisner et al on PMI dyes endowed with different
anchoring groups (see above) [44], although there we mostly focused on photocatalytic performances. In
general, it has been reported that the carboxylate linkage may not be an optimal choice when employing DSP
in aqueous environment, due to accelerated hydrolysis of the titanate ester linkage, especially at basic pH. For
this reason, the use of more robust anchors, such as phosphonate derivatives, has become increasingly
popular, although it is still more common for Ru-based organometallic dyes [80, 81] than for metal-free
organic structures [82]. In this regard, an interesting alternative could be represented by the use of a silane
coupling reagent to covalently anchor the sensitizer to TiO,: such approach was demonstrated in a seminal
paper by Arakawa and co-workers, who reported that chemical fixation of Eosin Y through amide coupling
with Pt/TiO, functionalized with y-aminopropyl-triethoxysilane yielded a stable and efficient photocatalytst
for H, production from TEOA (figure 10) [83]. To the best of our knowledge, such strategy has not been
applied further in DSP systems, although dyes with silane and silatrane anchors were later used to sensitize
metal oxide electrodes for photoelectrochemical cells [84, 85], and were shown to give DSSCs with high
power conversion efficiencies [86]. Further studies could help establish how the siloxane anchoring group
should be connected to the sensitizer structure to provide optimal charge transfer rates, a matter that has
undergone in-depth scrutiny in the field of DSSC [87].

Furthermore, the anchoring stability of the dye can be improved by increasing the number of anchoring
groups as studied in detail by Park and co-workers, who prepared three triphenylamine-based sensitizers,
D1-3 bearing one, two or three cyanoacrylic anchoring groups, respectively, and studied their possible
binding modes on TiO, (figure 11(a)) [88]. Although in situ IR studies suggested that simultaneous binding
of all three carboxylic acids was hardly possible, dyes D2 was observed to give both mono- and
bis-coordinated complexes on TiO,, while D3 was bound mostly in bis-coordinated fashion. Consequently,
in photocatalytic experiments dyes D2-3 gave better efficiency and stability compared to D1 probably as an
effect of their more robust anchoring on TiO, (figure 11(a)). Similar observations were made in the
already-cited work by Son et al, who observed that bidentate phenothiazine dyes yielded consistently better
performances compared to their analogues with only one anchoring unit (figure 11(b)) [52], aswell asin a
study by Watanabe, Tani and co-workers, investigating porphyrin derivatives with mono- or multi-pyridyl
anchoring groups [89].

Another key aspect to consider to enhance photocatalyst stability is preventing the intermolecular
quenching that follows agglomeration of the dye molecules. A common approach to solve the issue, often an
indispensable requirement, is to endow the dye molecule with an encumbered steric environment; indeed, it
has been repeatedly demonstrated that placing alkyl chains of sufficient length in the intermediate section of
the sensitizers can provide the necessary steric bulk to avoid dye aggregation [51, 59, 60, 64, 90]. A
remarkable example was provided by Abbotto, Fornasiero and co-workers, in their work on H, production
by DSP featuring phenothiazine dyes (figure 12) [91].

They found that, at the beginning of the photocatalytic experiment dye PTZ1 provided a better
performance than all other analogues named PTZ2-6; however, after a prolonged period of time, the overall
amount of gas produced by dye PTZ5 was higher, as a result of a superior photocatalytic stability, as visible
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Figure 11. (a) mono-, bis- and tris-cyanoacrylic dyes D1-3, and the performances of the corresponding photocatalysts in H,
evolution experiments with TEOA and EDTA as sacrificial donors. Reprinted from [88], Copyright (2012), with permission from
Elsevier; (b) photocatalytic data for mono- and bis-coordinating phenothiazine dyes. Reproduced from [52]

with permission of The Royal Society of Chemistry.

by its constant H; evolution rate. Although the reasons for this result are not completely clear, the presence of
n-butyl chains in the middle part of PTZ5 surely helped to reduce dye agglomeration and limit undesired
energy transfer processes between dye molecules. As mentioned above, another strategy to optimize the dye
geometry on the SC surface and hinder dye—dye interactions is to use co-adsorbents, especially by exploiting
the formation of directional hydrogen bonds with the sensitizer molecules [53], but a definite effect on DSP
stability for such systems has not been reported.

The instability of DSP can also derive from the degradation of the dye over time by reaction with
chemical quenchers present in solution or reactive species formed during photocatalysis, such as H; itself.
Indeed, it was observed early [83], and confirmed subsequently [92], that emissive dyes such as Eosin Y can
undergo irreversible hydrogenation by H, in the reaction conditions, giving species characterized by a lower
degree of conjugation and as such less able to absorb visible light, thus hindering photocatalytic activity.

The different stability of the above-mentioned dyes MB25 and AD418 (figure 5 (a)) was interpreted in
terms of their different resistance to degradation during photocatalysis. MB25 presented an
electron-donating propilenedioxythiophene ring next to a double bond, which activated a decomposition
pathway starting with dye protonation and nucleophilic attack by water; AD418, in which the double bond
was substituted by a thiophene ring, could not undergo the same side reaction and therefore gave rise to a
much more stable photocatalytic system, resulting in a far higher TON [51]. Finally, in a recent paper Lai
et al studied the degradation process of multicarbazole-based organic dyes to understand the issues related to
stability of Pt/TiO, photocatalysts for H, evolution. Supported by combined UV-Vis, FT-IR, 'H and *C
NMR, and MS techniques, it was suggested that the decline of activity matched the progressive removal of
the electron acceptor unit (consisting of cyanoacrylate moiety), via initial decarboxylation reaction followed
by removal of the CN™ group, a mechanism previously unreported for DSP systems [93].

Thanks to the advances in dye design and in the investigation of photocatalyst deactivation pathways,
several DSP systems, including some of those cited above, have been demonstrated to achieve prolonged
stability in H, production experiments, with the best examples being still noticeably active after more than
100 h under continuous illumination (table 4). Unfortunately, setup of such experiments is nontrivial,
especially for those groups having access to only one photochemical reaction apparatus, and thus extended
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Table 4. Stability data of some selected DSP systems.

Reaction Dye loading H, produced
Dye Time (h) (umol gfl) (mmol gfl) TON SED (pH) Ref.
Alizarin 80 2.5 7.91° 6326° TEOA (9) [92]
Alizarin Red 92 2.5 7.93° 6342° TEOA (9) [92]
PTZ5 90 59.6 — — TEOA (7) [91]
S1 48 6.25 63.75 102004 AA (4) [40]
Dimer 2 83 28.3 84.91 28601 AA (4) [89]
OB2 170 7.5 15.75 4201° TEOA (7) [60]
Calix-3 50 37.3 630.97 169274 TEOA (11.8) [94]
DH4 105 32.8 547.22 16 6994 TEOA (n.d.?) [59]
BB3e 72 2.5 29.11 23285° AA (4) [63]

? Calculated based on the TON and dye loading data presented in the original paper.

b In these references, TON values are calculated with the formula TON = (2 x amount of produced H,)/dye loading amount.

¢ Exact values were not provided; figure S9 in the supporting information of the original publication shows a constant H, production
rate of approx. 250 umol g~! h~! for the entire experiment.

4" In these references, TON values are calculated with the formula TON = (amount of produced H,)/ dye loading amount.

¢ The authors report that the solution pH was adjusted by addition of perchloric acid.

stability studies (at least >48 h) are still lacking in some of the recently published works. Given the
importance of the photocatalyst stability parameters, however, they appear indispensable for a complete and
fair assessment of new DSP systems and should be always included whenever possible.

In view of the above discussion, improvement of DSP stability should be first pursued by making the
dye/SC assembly more robust. Accordingly, a more thorough exploration of structures with multiple binding
sites to TiO; should be carried out. On the other hand, care shall also be placed in designing dyes not
incorporating labile functional groups in their central section. In this regard, it will be preferable to prepare
compounds with directly connected (hetero)aromatic rings, without the presence of multiple (double/triple)
bonds, and without excessively electron-donating moieties, as they could be progressively oxidized during
the H, evolution reaction.
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different transition metal oxides/hydroxides used as HEC. Reprinted from [102], Copyright (2014), with permission from Elsevier.

9. Nature of the HEC

Usually, in dye-sensitized photocatalytic systems for H, production, proton reduction is carried out by metal
nanoparticles adsorbed on the SC surface, with platinum being by far the most common choice [12]. Clearly,
this is due to the excellent properties of platinum as a heterogeneous catalyst for H, evolution, guaranteeing
high activity and stability, but also to the fact that most of the studies focus on the investigation of other
components of the system (such as the dye or the SC) and therefore need to use the same catalyst to obtain
results comparable with those already reported in the literature.

Nevertheless, several studies have focused on finding more readily available and cheaper catalysts than
platinum, in the perspective of an industrial scale-up of the system. Indeed, it has even been shown that H,
production with dye-sensitized TiO, can proceed also in the absence of adsorbed metals [95], but usually gas
evolution rates were not sufficient for practical purposes. In addition, the possibility to use dissolved
homogenous metal catalysts, not anchored to TiO,, has also been explored: for example, Kruth et al reported
the employment of commercially available PdCl,(CH3CN), and Pd(PPhs;),Cl, as catalysts in combination
with polymer-capped titania nanoparticles sensitized with ruthenium complex N3 [96]. Although a
moderate and stable H, evolution was obtained, the authors mention that the results were inferior to those
previously reported for other composite TiO, photocatalysts.

More commonly, transition metal or metal salt nanoparticles adsorbed on the SC surface have been
reported as catalysts for DSP systems. Although this has been done more often for purely inorganic
photocatalytic assemblies [97-99], several examples exist also in the dye-sensitized field. Already in 2007, Lu
and co-workers described the use of an Eosin Y-sensitized CuO/TiO, nanocomposite, in which cuprous
oxide played the double role of SC and catalyst for water reduction, being able to collect electrons directly by
injection from the sensitizer or through electron transfer from titania; its employment allowed to obtain a
much higher H, production rate compared to that observed in its absence [100]. More recently, the use of
elemental Co was also reported in a similar system, in which Rhodamine B was used as the sensitizer;
remarkably, the authors reported the possibility to achieve a full WS process, avoiding the use of any
sacrificial donor, thanks to the synergistic effect of the sensitizer and the neighbouring cobalt atoms. The fact
that the reaction proceeded through the desired mechanism was supported by the production of nearly
stoichiometric amounts of the two gases (H,:0O; ratio was approximately 2.3) [101]. Du and co-workers
examined several first-row transition metal-based oxide/hydroxide materials, such as cobalt oxide (CoQ,),
cobalt hydroxide (Co(OH),), nickel oxide (NiO,), nickel hydroxide (Ni(OH),), ferric hydroxide (Fe(OH)3)
and copper hydroxide (Cu(OH),), as catalysts in a three-component photocatalytic system with TiO, as the
SC, Eosin Y as the sensitizer and TEOA as SED (figure 13). They found that Ni(OH), exhibited the best
performance, which was about 90 times higher than that of pure TiO, under the same conditions and was
kept stable for several hours through repeated illumination/evacuation cycles [102].

A series of studies was published by Patir and co-workers on the use of Cu; WS4 nanocubes as HEC in
combination with TiO, sensitized by a variety of different metal-free organic sensitizers [41, 103—-105]. The
new catalyst was synthesized by a hot injection method that produced nanocubic structures with
100-500 nm long edges and characterized by a single crystalline phase. Photocatalytic studies revealed that
use of Cuy; WS, caused an increase in the H, production rate compared to the catalyst-free dye-sensitized SC,
but its performances were lower than those of Pt nanospheres. The system was also sufficiently stable under
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Figure 14. Structures of molecular complexes used as HEC in dye-sensitized systems.

irradiation, although XPS measurements conducted both before and after the experiments indicated a partial
hydrogenation of the Cu, WS, structure during the photocatalytic reaction.

Finally, it should be mentioned that several examples of supported molecular catalysts have also been
reported in DSP systems for H, production. Many of these studies have been conducted by Reisner’s group,
who focused especially on the development of Co- and Ni-based complexes (figure 14), used in combination
with both Ru-containing sensitizers and metal-free organic dyes. Earlier work concerned the employment of
cobaloxime complexes such as CoP! [106, 107], whose attachment to the SC was allowed only by an axial
pyridine ligand endowed with a phosphonate anchoring group. Later, the catalyst design was improved by
preparing complex CoP?, featuring a single ligand incorporating both the diamine-dioxime equatorial unit
and the axial pyridine [108]: accordingly, the authors reported that ‘CoP? displays significant advantages
over previously reported immobilized Co catalysts as it shows a higher catalytic proton reduction activity and
provides a strong and more stable anchoring to metal oxides surfaces’ At the same time, DuBois-type
[Ni(P,R N,R), ]2 complexes were also investigated in combination with Ru tris(bipyridine) dyes, and it
was shown that they could work in water reduction reactions both in homogenous phase or adsorbed on a
SC, albeit with different electron transfer mechanisms [109]. In general, the performances provided by these
molecular catalysts were good, but inferior to those obtained with Pt nanoparticles [44, 82].

Despite that, we consider studies on alternative HECs of high relevance in the perspective of a potential
future large-scale deployment of DSP technology, and recommend that they will be expanded in the future
also by other research groups. Finding reliable catalytic species based on cheaper and more available metals
than Pt could significantly reduce the projected cost of DSP systems, while at the same time eliminate (or
largely reduce) the risk of shortages of critical materials in the long term.

10. Sustainability of the sacrificial donor

As explained in the introduction, during photocatalysis on DSP (not differently from purely SC-based
photocatalysts), charge separation following light irradiation generates two reactive sites, where the newly
formed holes and electrons can promote oxidation and reduction reactions, respectively. The development of
new photocatalysts is heavily based on the detailed understanding of their intrinsic activity. Hence, it is
convenient to simplify the investigation of the photocatalysts features by focusing on one half-reaction only,
relying on the use of SED or sacrificial electron acceptor (SEA respectively) that readily react with the
photogenerated charge carriers, thus not placing kinetic restrictions that would affect the half-reaction of
interest [110]. For example, such a practice is common in the photocatalytic WS field, where most studies
focus on either the H, evolution or on the water oxidation, using sacrificial agents for the other half-reaction.
Focusing on the H; evolution process, obviously the choice of the SED is subject to stringent thermodynamic
requirements for the reaction to proceed efficiently. Among them, the most important is that the HOMO of
the dye must suitably match the redox potential of the SED,.q4/SEDx couple to ensure the rapid regeneration
of the oxidized dye (i.e. the HOMO of dye must be more positive than the oxidation potential of the SED).
Typical SED include triethylamine, TEOA, EDTA, AA, S,7, I” and others [17].

However, while alleviating the complexity demands of photocatalyst developments from fundamental
perspective, this approach does not match sustainability concepts. To address this aspect of photocatalysis, an
increasing load of research has moved towards more useful SED, whose oxidation can be associated with
other processes relevant for sustainability [111]. For example, alcohols can act as efficient donors for many
inorganic SC photocatalysts including TiO, [112], with potential oxidation to industrially relevant
compounds, as recently demonstrated for ethanol and glycerol [113]. Despite that, the use of alcohols as hole
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scavengers in DSP systems is still in its infancy, and has been reported only in a handful of studies,
investigating the employment of MeOH [114], EtOH [51, 63] or glycerol [50]. Unfortunately, the
performances obtained with such sacrificial donors are generally lower than those registered with TEOA or
AA, and the structural and electronic requirements of the dyes to work efficiently with them have not yet
been fully clarified. Probably, one key issue is that small alcohol molecules can adsorb on the SC surface,
reducing the H' reduction rate and enhancing charge recombination [115]; therefore, they should be used
in combination with dyes able to efficiently shield the photocatalyst surface but at the same time small and
hydrophilic enough to allow good interaction with the SED. Achieving such a structural design is nontrivial
and therefore studies on sensitizer optimization are still in progress. In addition, alcohol oxidation could be
promoted by combining the dyes with appropriate molecular catalysts [116], also in an integrated dyad
design, as already demonstrated in photoelectrochemical cells [117].

Another promising research direction would be to explore the PR of biomass-derived materials, such as
lignin and lignocellulose, as hole scavengers, opening the way to the production of clean fuels from abundant
and cheap raw materials, or even waste [118]. Despite their favourable thermodynamics, however, such raw
materials are often characterized by limited solubility, brown-dark colour and slow oxidation kinetics,
making it necessary to apply pre-digestion procedures and use appropriate catalysts for their efficient
photoconversion. Due to such issues, no DSP system for lignocellulose PR has been reported as of yet, but
given its great potential such approach should definitely be pursued in the future.

11. Perspectives

In this article, we have highlighted some key aspects of the visible light-driven H, production mediated by
heterogeneous DSP. Compared to the other two main technologies currently employed for the production of
solar H,, namely tandem photovoltaic-electrolysis systems and photoelectrochemical cells, the photocatalytic
approach is still characterized by an inferior solar-to-hydrogen efficiency, but at the same time is
comparatively simpler, less expensive and easier to scale-up [4]. However, to be able to replace, at least
partially, H, generation methods based on more mature technologies (such as hydrocarbon reforming or
water electrolysis), photocatalytic processes still need to overcome some serious obstacles. In general, the
major factors currently restricting large-scale application of DSP systems towards a possible industrialization
can be traced back to their insufficient efficiency and stability and their excessive cost.

Focusing on the first aspect, it will be mandatory to improve the performances of DSP systems by further
optimization of their active materials. In terms of dyes, although a picture is starting to emerge regarding the
need to precisely control their lipophilicity/hydrophilicity balance, as well as the precise position of their
energy levels, more detailed design principles are required to develop structures able to work efficiently in the
aqueous environment typical of DSP applications. Crucial aspects to be considered are the development of
improved anchoring groups, able to ensure a rapid charge injection rate into the CB of the sensitizer, the use
of panchromatic chromophores, to enhance light harvesting in the entirety of the visible spectrum, the
attainment of a precise organization of dye molecules on the SC surface (also by the use of co-adsorbents), as
well as the establishment of more efficient interactions with hole scavenger species present in solution,
beyond the simple manipulation of orbital levels.

In parallel with the discovery of more efficient dye sensitizers, improvements are also required
concerning the SC structure. Significant results have already been obtained by exploring different TiO,
polymorphs (either in pure form or as mixed phases) as well as precisely controlled titania nanostructures.
Despite that, several problems still remain, such as the excessive rate of charge recombination favoured by the
interaction of the hydrophilic TiO, surface with the aqueous reaction environment. They could be overcome
by designing composites with improved dye/SC/water interfaces, as well as by introducing SCs with tailored
morphology to speed up charge transport and transfer to the HEC, thanks to the help of more refined kinetic
models [72].

Requirements of efficiency enhancement and cost reduction are closely linked to the need for shifting
from model SEDs, such as TEOA or EDTA, to more realistic species in terms of sustainability. As discussed
above, this could be achieved by employing simple alcohols (e.g. EtOH, iPrOH) or biomass-derived reducing
compounds (e.g. from glucose to more complex sugars, all the way to lignocellulose), either as intermediate
solutions towards the ultimate goal of WS, or as platforms for coupling H, generation with production of
value-added, oxidized compounds.

In terms of stability, a crucial aspect will be once again the development of improved anchoring groups,
capable to ensure a robust attachment of the dye to the SC surface with negligible hydrolysis, without an
excessive limitation of performances, also by exploration of multi-branched structures. At the same time, it
will also be necessary to design dyes devoid of labile functional groups, to avoid their oxidation or
decomposition during the photocatalytic reaction.
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Figure 15. Recent advances and potential future developments of DSP research.

Regarding cost reduction, a crucial step in this direction would be the replacement of platinum
nanoparticles, usually employed as HEC, with cheaper and more readily available catalytic materials. Such
modification would also eliminate the risk of shortages of catalytic material in the hypothesis of a future
large-scale deployment of DSP technology. Although such work has already been done extensively in PR
studies using fully inorganic systems [119], it has not yet been explored in depth in the field of DSP. Of
particular interest is the work on supported molecular catalysts, as their structure can be tailored to make
them very specific, opening the way to the development of parallel processes able to produce more than one
compound at the same time: one such example is the dye-sensitized photocatalytic production of syngas
(H, 4+ CO) recently published by Kang and co-workers [120].

A summary of the most important recent advances in the fields and the possible directions of future
development, as discussed in the above paragraphs, is provided in figure 15.

Finally, it is important that researchers working in the DSP field will try to adopt more consistent
standards for experimental procedures, laboratory setups and data reporting. Despite significant efforts by
publishers to promote ‘best practices’ to perform measurements and data analysis, large discrepancies still
remain in the way materials and devices properties are reported, sometimes preventing a meaningful
comparison of results. It is mandatory to overcome these difficulties to ensure a correct future development
of this research area.

As can be seen by the above discussion, despite the recent achievements documented in this article, many
unsolved problems and open questions still wait to be addressed in the field of DSP H, production. With so
much work to do, we have little doubt that it will remain a very active field of research for many years to
come.
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