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Abstract: Metal halide perovskites (MHPs) exploitation represents the next big frontier in photo-
voltaic technologies. However, the extraordinary optoelectronic properties of these materials also call
for alternative utilizations, such as in solar-driven photocatalysis, to better address the big challenges
ahead for eco-sustainable human activities. In this contest the recent reports on MHPs structures,
especially those stable in aqueous solutions, suggest the exciting possibility for efficient solar-driven
perovskite-based hydrogen (H;) production. In this minireview such works are critically analyzed
and classified according to their mechanism and working conditions. We focus on lead-free materials,
because of the environmental issue represented by lead containing material, especially if exploited in
aqueous medium, thus it is important to avoid its presence from the technology take-off. Particular
emphasis is dedicated to the materials composition/structure impacting on this catalytic process.
The rationalization of the distinctive traits characterizing MHPs-based Hj production could assist
the future expansion of the field, supporting the path towards a new class of light-driven catalysts
working in aqueous environments.

Keywords: metal halide perovskites; lead-free; photocatalysis; solar-driven hydrogen evolution;
aqueous solutions; water-stable; materials properties

1. Introduction

Nature, through plant photosynthetic processes, demonstrates the viability of directly
converting sunlight into fuels, which involves the storing of the energy from the incident
solar irradiation in the form of chemical bonds [1]. We benefit from such long-lasting
processes to power our ever-growing energy needs, even if the consequences of an out
of equilibrium utilization of such resources is threatening the very fabric of our society.
Today, more than the 80% of total energy supply comes from thermoelectric conversion of
fossil fuels leading to harmful environment alterations [2]. The desirable modification of
such scenario involves a large use of renewable energies, both for the direct production of
electricity (solar, wind, hydroelectric, etc.) and for the generation of green fuels.

Hydrogen (H;) have been envisaged as one of the most promising energy vectors,
due to its high energy content, the highest among any common fuel by weight [3] but also
because it can be consumed to produce energy releasing only water as reaction outputs [4].
At present, H, production relies on fossil fuels and it is mostly based on methane steam
reforming [3,5]. Alternatively, it can be produced via electrolysis and the electricity used to
drive such process can come from photovoltaic (PV) devices or wind turbines, reducing
the reliance on fossil fuels. The straightforward approach on this line is the water splitting
in which semiconductor materials are submerged in aqueous solution to directly split
water into oxygen (O;) and Hj using sunlight [6,7]. The capability of the semiconductor to
efficiently run the reaction, to sustain numerous cycling and, ideally, to be derived from
eco-friendly and economic manufacturing procedures is central in this promising approach.
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In the last decade, a newcomer in the field of semiconductors for optoelectronics
has raised great interest as potential next generation reference material. In fact, metal
halide perovskites (MHPs) have revolutionized the field of emerging PV reaching in few
years the status of silicon best competitor, impacting as well on light emitting and detector
technologies [8]. This disruptive effect is a direct consequence of the superior properties
of such hybrid semiconductors, namely high optical absorption in the visible region,
tunable band-gap, high defects tolerance leading to long carrier lifetimes, withstanding
straightforward deposition processes at mild conditions [8]. The easy tunability of their
electronic band structure potentially places the band edges of many MHPs in excellent
positions to perform also photocatalytic reactions, such as the above cited H, generation, the
carbon dioxide reduction and the organic dye degradation under visible-light irradiation [9].
However, these photocatalytic processes, which are among the most interesting ones,
often require the use of water or alternative polar solvents, representing a conundrum
foreseeing MHPs utilization. It is well known, in fact, that MHPs are highly unstable upon
moisture and water exposure, therefore those media are hardly compatible with most of
the currently known MHPs [9]. Despite these intrinsic constraints, different strategies have
been used to overcome the issue, in particular three main paths have successfully been
exploited [9]. The first one (Figure 1a) foresees the encapsulation of the active perovskite
layer with barriers capable of avoiding water exposure but allowing carrier flow. Field’s
metals and carbon derivates were successfully used for the task [10]. This approach
allowed the inclusion, for the first time, of MHPs in complete photoelectrochemical (PEC)
cells. Herein, only lead-based (Pb-based) perovskites have been used so far, although
there are not intrinsic obstacles for the use of lead-free MHPs in such kind of devices.
The second strategy, used for the first time in 2016, foresees the exploitation of complex
dynamic equilibria between perovskite precursors and perovskite powders dispersed
in solution (Figure 1b) [11]. In order to sustain the continuous formation of suitable
perovskite crystalline phases, a high concentration of hydrohalic acids (e.g., HI or HBr)
has to be present in solution [9,12-14]. Indeed, their dissociation, leading to high halogen
concentration, shifts the solubilization equilibrium towards the formation of MHPs. In
addition, the hydrohalic acid can directly give the reagents for H, formation in a particular
mechanism in which the halide ions function as hole scavenger. The last strategy implies the
use of water-stable MHPs [9,14] (Figure 1c). The very recent conception of such materials
allowed the first seminal utilization of MHPs directly in water for the solar-driven H;
evolution [15-17].

Perovskite — e~ +h™ 1

2¢e” +2H" — H, 2)
HO+h' — %02 +HT @)
RCH,0H + 2h" — RCHO +2H* 4)
37 +2h" — 13 (5)

The use of MHPs in aqueous solution gives serious concerns about the presence of
Pb in the most performing ones. In fact, atoms of this element in the perovskite structure,
particularly for their outermost s electrons with a 6s? electronic configuration, represent one
of the key ingredients for the obtainment of the material superior optoelectronic properties,
especially the one related to charge dynamics [18,19]. At the same time, the use of Pb salts
in the material manufacture can have a dramatic impact on the environment and on human
health [20,21]. Indeed, Pb is a toxic metal, which accumulates in the vital organs of men
and animals and it enters in the body through air, water and food. It can cause cumulative
poisoning effects, such as serious hematological damage, anemia, kidney malfunctioning
and brain damage. Moreover, chronic exposure to Pb causes severe lesions in kidney, liver,
lung and spleen. This aspect is already an obstacle foreseeing large scale manufacturing
of perovskite-based photovoltaic devices but is even more pressing for photocatalytic
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application [22]. In fact, in this case an intimate contact of the active material and the
reaction media is present, thus in conditions where leakages into the ambient could easily
happen. Related to this central issue, a recent work by Li et al. showed how the Pb from
perovskite, leaking into the ground, can enter plants and consequently the food cycle ten
times more effectively than other Pb-based contaminants already present as the result of
human activities [23].
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Figure 1. Solar-driven perovskite-based H, production systems: (a) photoelectrochemical (PEC) cell; (b) particulate
photocatalyst system in dynamic equilibrium; (c) particulate water-stable photocatalyst system. (d) Schematic representation
of the processes on the perovskite photocatalyst surface under irradiation and possible reactions involved in the different
systems (Equations (1)—(5)).

For these reasons and with the aim of deepening the study on the MHPs application
for the H; evolution in aqueous solutions, we believe it is really important to focus on lead-
free (Pb-free) materials at the initial stage of the research in this field. Thus, this minireview
is centered on the application of Pb-free MHPs for H; evolution from aqueous media,
whose performances, measurement conditions and references are collected in Table 1
preceding the concluding remarks. Particular attention is placed here on the relationship
between material structure/composition and reaction efficiency, by which we depict some
potential strategies for the future development of the field. The work is organized in
different sections: a first one in which the mechanisms and the possible reactions for the Hp
evolution involving Pb-free perovskites in aqueous solutions are introduced and discussed,
as well as the figures-of-merit for comparing different systems; the main section that deals
on the different Pb-free perovskite materials successfully used for the task, followed by a
conclusive and perspective part.
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2. General Mechanisms and Figures of Merit

In the process of Hj evolution, the photocatalytic system requires reactants, photocat-
alyst, photoreactor and light source. In details, the following steps are involved: (1) light
harvesting, (2) charge formation, (3) charges separation and transfer and (4) catalytic
reactions on the photocatalyst surface or redox reaction (Figure 1d).

Firstly, incident light with energy greater than or equal to the band gap (Eg) of the
photocatalyst strikes over the perovskite surface. For most of the MHPs-based photocat-
alytic systems, visible-light is efficiently absorbed. Secondly, when light strikes over the
perovskite, electronic transitions are initiated, resulting in generation of electron/hole
couples (Equation (1) in Figure 1d). Thirdly, electrons and holes are separated, due to the
excitation of electrons from the valence band (VB) to conduction band (CB), leaving holes
in the VB. Lastly, redox reaction takes place on the surface of perovskite photocatalyst when
the reduction potential of perovskite is above the CB and oxidation potential is below the
VB of the photocatalyst [24]. Within the redox process, electrons are involved in converting
protons (i.e., H*) into H; over the surface of photocatalyst (Equation (2) in Figure 1d) [25],
while holes are involved in the oxidation of water (Equation (3) in Figure 1d) or of a sacri-
ficial agent (Equation (4) in Figure 1d). Indeed, this depends on the media in which the
reaction takes place: it can be pure water, water mixed with a sacrificial agent or an acidic
solution of HI or HBr (Figure la—c).

Photocatalytic water splitting is a challenging task because the entire process starting
from charge carrier generation to surface catalytic reactions for producing H, requires ap-
propriate light energy and intensity. In fact, the reaction requires energy (AH = 286 kJmol 1)
and multiple electron transfer steps [26]. However, most challenging task is the fast recom-
bination of photogenerated charge carriers due to short lifetime. Electrons generated in
the CB can recombine with the holes inside the volume of photocatalyst or at the surface
(i.e., volume and surface recombination), to generate unproductive energy as a heat [27].
Therefore, for successful water splitting, the redox reaction and charge separation in the
photocatalyst must proceed within the lifetimes of the photo-excited charge carriers [28].
Herein a prominent role is played by sacrificial agents or electron donors/hole scavengers
such as alcohols, triethanolamine (TEOA) and sodium sulfide/sodium sulfite which are the
most typically used to capture the photo-generated holes with great oxidizing properties,
allowing the H* reduction to proceed more smoothly. An example of alcohol oxidation is
illustrated in Equation (4) of Figure 1d. Most of the photocatalytic systems reported in this
review are characterized in the presence of TEOA as sacrificial agent (Table 1).

It is worth noticing that, at this early stage of research on Pb-free catalytic systems,
most of the developed perovskite photocatalysts are not intrinsically stable in water but, as
previously mentioned, they are stabilized as particulate in a hydrohalic solution, usually of
HI or HBr. Generally speaking, by controlling the I~ or Br~ and H* concentrations, pow-
dered perovskites undergo a continuous dissolution and precipitation under a dynamic
equilibrium, which allowed a stable photocatalytic HI or HBr splitting and evolution of
H; as of I3~ (Equation (5) in Figure 1d) or Br3~. As can be simply observed in Table 1,
H3PO; is often added to the hydrohalic solution with the purpose to reduce I3~ or Brs ™
generated during the HI or HBr splitting, that would otherwise interfere with light absorp-
tion [11,29-33]. Only a few perovskite systems have been reported up to now to possess an
intrinsic stability in water, namely DMASnBr; [17,34], DMASnNI; [15] and PEA,;SnBry [16],
which are extremely promising for future developments.

The performances of a system for Hj evolution can be quantified in different ways,
depending also on the analyzed system.

The most complete figure of merit is the Solar-to-Hydrogen conversion efficiency
(nstH), expressed for a full electrochemical system comprising two electrodes, such as
the one sketched in Figure 1a. It is generally defined as the amount of chemical energy
(stored in Hj) produced against the incident solar energy [35], by which all H; evolving
devices can be reliably compared [35-41]. By using standard solar irradiation, for instance
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generated with the Air Mass 1.5 global (AM 1.5 G) filter or one sun (100 mW cm~2), with
no applied biased [35] the Equation (6) can be applied to determine it.

__ [ Chemical energy produced| _ [ Rate of Hy production X AGpoo_s 12 + 1/, 02
NSTH = Solar energy input - Total incident solar power x Electrode Area

(mol Hy pers) x (237,000 J molfl)
Protal (W cm’z) x Area (cm?)

(6)

} AM1.5G

The rate of H, production can be directly measured by gas chromatography or mass
spectrometry as mmol cm~2 h~! for the PEC systems. Alternatively, it can be determined
from the generated photocurrent density (Jsc) as follows:

Joo (MAem™2) x (1.23V) xng
Prrotal (MW cmfz)

NsTH = l ] AM1.5G )

where nr is the Faradaic efficiency of H, production, that is, the efficiency with which
charges contribute to H; evolution reaction.

For the particulate systems, where a powder is dispersed in aqueous media (e.g.,
Figure 1b,c), the quantification is much more straightforward and much less standardized.
Very often the comparison is made among the rate of H, production. Particularly, the pho-
tocatalytic activity for most of the perovskite-based systems, developed at this preliminary
stage of development and discussed in this review (Table 1), is reported in mass unit per
time, that is, pmol g’l h—1.

If the measurement is normalized for surface and light irradiance, an apparent quan-
tum efficiency (AQE) can also be calculated according to Equation (8), where the photon
flux of the incident light is determined using a spectroradiometer [32,42].

2 x number of evolved H, molecules
AQE (%) = 1
QE (%) number of incident photons X100 ®

It is worth noting that light irradiation should ideally be standardized and widely
accepted within the community, however the measurements conditions employed are still
very scattered. Other important information that have direct impact on the photocatalytic
performance and which are often missing in the reviewed works, are the one related to the
morphology/dimension of the particulate. Those features should be ideally highlighted in
future works due to their impact on the MHPs properties. On one hand, crystal dimension
influence material optics, on the other hand morphology determines the surface exposed
to the reaction thus the photocatalyst activity.

3. Pb-Free Perovskites for H, Evolution

MHPs have the general chemical formula ABX3, where A is a monovalent organic or
inorganic cation (e.g., MA* = methylammonium, FA* = formamidinium, DMA* = dimethy-
lammonium, Cs*), B is a metal cation (e.g., Pb%*, Sn?*, Ge?*) and X is a halide ion (e.g., Br—,
I7,C17) [9,12,43]. In a typical perovskite structure a cubic three-dimensional (3D) network
in which the B cation coordinates with six X sites to form [BX4]*~ octahedra, is neutralized
by the A cations filling the 12-fold generated cavities counterbalancing the charge of the
extend inorganic framework [12,44,45] (Figure 2a). Generally, the cation that occupies the
A-site is defined the responsible for the orientation cage within the 3D structure, affecting
its symmetry [46]. It has no direct contribution toward the electronic properties. However,
its size can cause the tilting of [BX¢]*~ octahedra as well as the strain of the B-X bonds
which control the above cited properties [13,46,47]. Indeed, both the B- and X-site play a
relevant role in constructing the MHP band structure, fundamental for the electronic and
optical properties of this material [13,46,48]. The B-site is typically occupied by metals that
belong to the IVA group of the periodic table of elements, in a divalent oxidation state.
Upon proceeding up in the IVA group (i.e., from Pb to Ge) a variation of the optoelectronic
properties and structure can be observed, a reduction in stability of the divalent oxidation
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Double

A,B'B”X,

state is verified as an effect of reduced inert electron pair effects. This also corresponds to
an enhancement of its electronegativity, which implies a reduced difference with respect
to the halogen, turning in a decrease of the material band gap [46,47]. With respect to the
X-site upon proceeding down in the VIIA group (i.e., from Cl to I), the ionic size increases
and the MHP absorption spectra shifts to longer wavelengths as well as to lower energy
(i-e., red-shift). This effect can be attributed to the reduced ionic and increased covalent
character of the bond [46,47].

Figure 2. Examples of schematic crystal structures with the related chemical formula of (a) 3D, (b) 2D, (c) 0D and (d) double
MHPs used for H; evolution from aqueous solutions.

Considering all ions as rigid spheres, the formation of a stable ABX3 perovskite is
related to the size of its ions, as described by the Goldschmidt’s tolerance factor in the
Equation (9):

ra + rx
P = —/————— 9

V2 (B + 1x) ©)
where rp, rg and rx are the radii of A, B and X ions, respectively [49,50]. Particularly, it was
demonstrated that the t factor should be in the range 0.8-1.0 for 3D cubic frameworks, with
a t value of 1.0 indicating an ideal one [12,13,44,45,47,49]. In addition, the semiempirical
geometric parameter reported in Equation (10) can be utilized to predict the stability of the

octahedral structure. g
o= — (10)

rx

Its value should be in the range 0.4-0.9 for stable [BX¢]*~ [12,13]. Although it is
important to underline that the perovskites stability can be affected by external parameters



Nanomaterials 2021, 11, 433

7 0of 23

such as illumination, thermal stress, exposure to ambient air, moisture and the previously
mentioned immersion in water or other solvents as solutions, which can cause the collapse
or the transformation of the crystalline network [12,51]. Specifically, the detrimental
action of water on perovskites structures is well known and can be summarized by the
degradation pathway of the referential 3D MAPbI; one, reported in Equation (11), that
leads to the intermediated (MA)4Pbls x 2H,O hydrated phase as Pbl,.

4 MAPbI; + 4H,0 — 4[MAPbI;xH,0] — (MA)Pblgx2H,0 + 3Pbl, + 2H,O  (11)

In particular, it has been proved that the degradation pathway is triggered by the
water molecule entrance in the cavity hosting the organic cation (i.e., MA") following a nu-
cleophilic attack of the halogen, which causes the reversible formation of the monohydrate
phase from here the reaction path foresees the release of one of the material precursors and
the collapse of the structure. The nature of the organic cation but, also, the strength of the
bond between the central bivalent cation and the halide, have therefore a huge impact on
these degradation path. Logically hydrophobic cations could protect the structure from
the water entrance and strong metal halide bonds could offer superior resistance to the
attack [52].

By introducing a large cation in the A-site of the 3D ABXj structures, those become
instable and a transformation of the materials towards low-dimensional (i.e., two-, one-
or zero-dimensional) species can be triggered [12,44,45,50]. The low-dimensional MHPs
derivatives can be obtained by cuts or slices along different crystallographic directions
in ABXj3, in those systems [BX¢]*~ octahedra are no longer corner-shared [12,44]. Among
them, two-dimensional (2D) perovskites consist of multiple or single inorganic sheets
sandwiched between bulky organic cations (i.e., spacers) held together by Coulombic
forces (Figure 2b) [44,51,53,54]. The layered framework enables the organic spacers cations
to be accommodated between inorganic sheets and it relaxes the limits on the cation
sizes imposed by the Goldschmidt’s tolerance factor. Therefore, a wide choice of these
cations it is possible, as they can be designed to attain desired perovskite features [53,54].
Additionally, a pure 2D structure is formed when single layers of the inorganic framework
are isolated by the bulky cations, while multi-layered structures are created by increasing
the number of these layers and they converge to 3D structures for an infinite number of
them [51,53]. One-dimensional (1D) perovskites consist of linear [BXs]*~ octahedra chains,
whereas zero-dimensional (0D) ones are compounds in which octahedra are singularly
isolated (Figure 2c) or generate isolated dimers with a face-shared and can easily shift
in relative position [44,55,56]. The dimensional reduction has a significant impact on the
MHPs properties. For instance, the band gap typically increases as the dimensionality of
their structure is lowered and the stability of low-dimensional materials is higher than
that of the 3D ones [13,44,51]. Consequently exciton binding energies and carrier transport
capabilities are also modified by the dimensionality reduction, with the former increasing
as dimensionality is reduced due to dielectric confinement, while conduction become
directionally dependent due to the non-continuous inorganic framework distribution [53].

Low-dimensional halide perovskite derivatives can also be obtained by replacing in
ABX; the divalent metal cation of the B-site with trivalent cations (e.g., Sb*, Bi®*) [57-59].
In fact, due to their +3 oxidation state these cations are not able to form a corner-sharing
octahedra 3D continuous structure, therefore a change from ABXj3 to A3BXg or A3ByXg
is observed and these latter have OD or 2D structures with strongly bound excitons and
low carriers mobilities which are the main causes for the poor efficiencies of A3ByXg
perovskite-based solar cells [57].

Beyond the earlier mentioned MHPs, double ones have been also reported in litera-
ture [57,60,61]. They can have the general formula A;B’'B”Xg in which A is a monovalent
cation, B” and B” are a pair of heterovalent (i.e., monovalent and trivalent) metal cations
to give an average +2 valence state (e.g., Ag* and Bi®*), while X is a halide [60-62]. These
kind of perovskite derivatives provide an avenue for easy substitution and incorporation of
metal cation in B’- and B”-site, the possibility to use various organic or inorganic species in
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the A-site and a variation of the halide composition in the X-site [60]. Ideally, their structure
is very similar to that of ABX3 perovskites, with [B'Xs]*~ and [B”X¢]*~ octahedra formed
by B” and B” cations coordinated with six X anions, respectively and A cations occupying
the octahedral cavities (Figure 2d). An alternating arrangement of [B'X¢]*~ as [B"Xg]*~
octahedra can be observed, known as rock salt ordering [60,61]. Another general formula
of the double perovskites can be ABXg, in which the B-site is occupied by a tetravalent
cation as a vacancy while A and X have the same features of the other cited materials [57].

Therefore, the immense number of composition and structural variation implies the
generation of a plethora of MHPs and their derivatives, with wide different properties such
as Eg, exciton binding energy, carrier’s mobility and effective mass of the carriers. Envision-
ing MHPs utilization as photocatalysts, based on the reaction thermodynamics, a suitable
match is required between the electronic band structure of these semiconductor and target-
ing reactions redox potential. The potentials of typical photocatalytic half-reaction involved
in water splitting are shown in Figure 3, alongside the relative position of CB and VB of
some representative MHPs. In the Figure some of the traditional photocatalysts, namely
TiO; and Fe,Os are also reported [7,9]. Clearly, many other examples of efficient alternative
photocatalytic materials could be found in literature, (e.g., metal dichalcogenides and ox-
ides [63] as well as hybrid structures [64—-66]) however the discussion of those alternatives
lies outside the focus of this minireview. Figure 3 highlights the excellent tunability of
Pb-free MHPs properties, in particular the water reduction ability related to the relative
position of their CB; typically, negative enough for H, generation. Moreover, other MHPs
(e.g., chloride- or bismuth-based) materials have the possibility to even oxidize water, thus
suggesting a route for full water splitting by MHPs. Although strong efforts are placed in
the research front, Pb-based perovskites are hardly replaceable for photovoltaic exploita-
tion due to a combination of unique, highly advantageous properties [57,59]. The MHPs
features required for H, photocatalytic evolution from aqueous solution can be somehow
different, allowing the exploration of a wide range of materials. Among the key needs,
one should include for sure stability under operative conditions, preventing the structure
collapsing after the contact with the solutions, allowing for highly process cyclability and
avoiding environment contamination. For these reasons, as previously mentioned, the use
of Pb-free MHPs needs to be wholeheartedly pursued. Thus the few examples of lead free
MHPs used so far for the H, generation in water and/or in its solution will be discussed
and classified according to their chemical composition and structure as follows: (i) 3D
tin-based (Sn-based) MHPs, (ii) 2D Sn-based MHPs, (iii) 0D bismuth-based (Bi-based) as
antimony-based (Sb-based) MHPs and (iv) double MHPs.

3.1. 3D Sn-Based MHPs

3D Sn-based MHPs have the general chemical formula ASnX3 in which Sn is an
environmentally friendly element of the IVA group with an ionic radius comparable to
that of Pb (Sn2* 1.35 A and Pb?* 1.49 A) [47,58]. These materials possess properties similar
than Pb-based ones, with narrower band gaps and potentially higher carriers mobilities.
However, Sn?* cation is only relatively stable, as the most common oxidized state is
the tetravalent one, reason why they are usually instable under exposure to ambient air,
moisture and/or water, limiting thus their practical applications [58,59].
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Figure 3. Redox potentials of TiO, and Fe,O; taken as example of traditional photocatalysts, Pb-based halide perovskites
and Pb-free MHPs already exploited for hydrogen evolution processes.

To address this stability problem and to make these 3D perovskites suitable for the
H, production in water solutions, Pisanu et al. [34] synthesized bulk powder samples
of MA;_DMA,SnBr; perovskite in which x varies in the range 0-1, that reflected in a
clear and progressive color change from intense purple (for x = 0) to off-white (for x = 1).
MASNBr3 sample has a cubic crystal structure, by introducing DMA into the MASnBrj
lattice a cubic cell is retained up to x = 0.60, above this value samples are a mixture of
cubic and orthorhombic phases as DMASnBr3 has an orthorhombic distorted structure
(Figure 4a). The replacement of DMA for MA leads to a blue-shift of the absorbance
edge, from about 2.0 eV for x = 0 to 2.9 eV for x = 1. Aging tests combined with X-ray
photoelectron spectroscopy (XPS) analyses demonstrated that DMASnBrs is highly tolerant
to air-exposure in terms of both crystal structure as optical properties representing an
intriguing example of highly stable ASnX3 perovskite. Stability could be related to the
presence of large organic hydrophobic cations in the 3D structure, to the hydrogen bonding
network and/or related to the electronic structure [34,53,59]. The effects of the immersion
into deionized (DI) water on DMASnBr; samples was were subsequently tested [34]. The
formation of an opalescent solution without the dissolution of the perovskite was observed
and preliminary tests for H, production were performed. 2 g L~! of DMASnBr; were
suspended in DI water, the suspension was deoxygenated by Ar, then it was irradiated
under simulated solar light, using a Solar Box (500 W m~2) with an UV outdoor filter, for
5 h and the evolved gas was quantified by gas chromatography coupled with thermal
conductivity detection (GC-TCD). A H, photoproduction of about 6 pmol g~! h=! was
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observed [34]. An additional experiment was performed in the presence of 10% v/v
of TEOA as typical sacrificial agent and 1 wt% of Pt, which acts as co-catalyst leading
to a more efficient separation of generated charges [11,42,67] and a H, production of
11 umol g~! h~! was measured [34]. These performances were quite low respect to the
most active photocatalysts for this application but represented a very encouraging seminal
achievement in this innovative field of the research [14,46,68,69].

DMASNBr3 H20 .
CcB 2
0.80 r -2 76

P, e- o . 12F
6.00( h+ 5 (TEOA/TEOA )5.63 1.07)
- 6.50 (1.94)
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H, Evolution Rate (umol h” g”)
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Figure 4. (a) Schematic representation of DMASnBr3 crystal structure, (b) valence band (VB) to conduction band (CB)
edges of g-C3Ny and DMASnBrj; aligned with the band edges of liquid water and with the H" /H; and triethanolamine
(TEOA)/TEOAY redox level through the vacuum level. Values (eV) are referred to the vacuum level (black) and to the
standard H electrode (SHE, grey), (c) H, evolution rates for DMASnBr;@g-C3Ny composites at different percentages of
MHP loading in 10% v/v TEOA aqueous solution. Reproduced from [17], with permission from Whiley, 2020.

Aimed to improve the Hj evolution reaction performance of water-stable DMASnBr3
perovskite, Romani et al. [17] developed a novel approach based the synthesis of compos-
ites between the MHP and graphitic carbon nitride (g-C3Njy). The latter is a well-known
photocatalyst, acting under visible-light, characterized by a conduction and valence band
positions suitable for oxidation and reduction processes as well as a relatively narrow
band gap (2.7 eV), this allows also the favorable band alignment with the DMASnBr;
(Figure 4b) [16,17,70]. The composites [17] were synthesized by the ball-milling method [71]
at MHP loading from 1 to 33 wt% and exhibited an overall amorphous-like structure. Hp
evolution experiments demonstrated an efficient photocatalytic activity for the composite
based on a 3D lead-free MHP in water. Specifically, these experiments were firstly carried
out by suspending samples in distilled water containing 10% v/v of TEOA, with deoxy-
genation by Ar and solar light irradiation using a Solar Box (500 W m~2), equipped with an
UV outdoor filter, for 6 h. Reported results showed that the composites performances are
significantly better than g-C3Ny alone and the highest Hy evolution rate (19 pumol g~ ' h™1),
measured by means of gas chromatography coupled with GC-TCD, was obtained with a
MHP amount of 33 wt%, corresponding to a 10-fold improvement with respect to the pure
polymeric material (Figure 4c) [17]. By including 3 wt% of Pt, the 33 wt% MHP composite
reached an impressive H production of 1730 umol g~! h™!. To assess the positive effect
of the TEOA as sacrificial agent, the 33 wt% MHP sample with Pt was also tested in pure
water and an Hj production of 14 umol g~! h~! was obtained. H, evolution tests carried
out in distilled water containing glucose (0.1 M), as biomass-derived sacrificial agent,
demonstrated that the same MHP composite in presence of 3 wt% Pt shows a H; evolution
rate of 300 umol g~! h~!, 100-fold improved with respect to the pure g-C3Ny [17].

A similar approach foreseeing the use of DMA cation was also proposed by Ju et al. [15].
They prepared DMASNI; single crystals by means of a temperature lowering method
and observed an interesting reversible band gap narrowing with excellent water phase
stability. Particularly, the as synthesized perovskite crystals exhibited a rod-like yellow
morphology with a length of about 0.3 mm, an orthorhombic crystal system and an Eg value
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of 2.5 eV. Once the exposure to air they turned to black with a band gap of 1.3 eV keeping
their morphology as well as crystalline phase unchanged, after wetting with distilled
water they self-heal from black to yellow. This peculiar behavior was explained with the
formation of iodide vacancies that can lead to the band edge reconstruction as the band
gap decrease [15,72]. Moreover, since the trap-state density increases, the single crystal
transform into poly-crystals and the treatment with water allows the crystals to recover
to their original state. Remarkably, DMASnI3 samples remained stable [15] when they
were immersed in distilled water for 16 h and presented long carrier lifetimes (11 =22 ns,
T, = 495 ns), showing a potential as photocatalyst for H, evolution in water rather than
in hydrohalic acid solutions [9,14]. Indeed, photocatalytic H, evolution measurements
performed on perovskite powder immersed in distilled water, irradiated with a 300 W Xe
lamp for 5 h at a reaction temperature of 10 °C, showed a H; evolution rate, quantified
using a gas chromatograph, of 3 umol g~! h~! with good recycling properties (4 cycles
tested) [15]. In this case due to the formation of O, after the evolution of H;, the peaks
related to the formed Snly were detected by X-ray diffraction (XRD).

3.2. 2D Sn-Based MHPs

The intrinsic instability of 3D MHPs to air, moisture and/or water exposure has been
addressed in solar converting devices by introducing large hydrophobic cation, which
break the inorganic network reducing their dimensionality to 2D structures. Noticeably
these 2D perovskites were the first to be exploited in optoelectronics by Mitzi in the
80s [73]. They have the general formula RyAj,.1BnX3n4+1 where n indicates the number of
inorganic layers held together, R is the bulky organic cation and A, B and X are the typical
monovalent cation, the metal cation and the halide, respectively [16,53,54]. The bulky R
species can occupy the surface sites and protect the inorganic layers from water thanks to
their hydrophobic nature [53,74], therefore they can be considered suitable for applications
in water.

In this respect, Romani et al. [16] reported a novel Pb-free 2D perovskite, namely
PEA;5nBry, having the requisite of water stability with suitable optical properties for the
photocatalytic applications and no environmental concern. The PEA;SnBr, bulk material
was synthesized by a wet-chemistry method and it presented an orthorhombic crystal
structure. The measured Eg was around 2.7 eV and the positions of the valence band
minimum (VBM) as of the conduction band minimum (CBM) appeared suitable for the
visible light photoinduced H, generation in water. The water stability was evaluated
by dispersing the powder in DI water under stirring, recovering them by filtration and
measuring the concentration of tin in the water after the perovskite removal (i.e., leaching
test). The XRD pattern of samples after 4 h of immersion in DI water, the XPS results
(Figure 5a), the absorbance spectra as well as the leaching test confirmed the extraordinary
perovskite stability and the absence of any Sn oxidation. H, photogeneration experiments,
carried out by immersing the PEA;SnBr, in DI water containing 10% v /v of the sacrificial
agent TEOA and 3 wt% of the co-catalyst Pt, with deoxygenation by Ar, under simulated
solar light using a Solar Box (500 W m~2) provided with a UV filter for 6 h, showed that
the perovskite evolves 4 umol g~ h™~! of Hy, measured by means of gas chromatography
coupled with GC-TCD. In order to obtain a more efficient photocatalyst, the authors
investigated the creation of composites with the previously cited g-C3Ny [17] In fact, it
owns a band gap that well matches with that of PEA;SnBr, forming a heterojunction
that reduces the recombination rate of the photogenerated electron-hole pairs (Figure 5b).
Particularly, composites were synthesized at MHP loading of 5 or 15 wt% by means
of wet-chemistry and exhibited an overall amorphous-like structure with the possible
formation of small perovskite particles on the carbon nitride. The H; evolution rates,
determined in the same experimental conditions used for the perovskite alone, correspond
to 1613 umol g~ ' h~! and 963 umol g~ h~! for 5 wt% and 15 wt% MHPs, respectively,
showing a significant improvement of the photoactivity with respect to PEA;SnBr, but
also to g-C3Ny alone (81 pmol g~ h~1) [16].
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Figure 5. (a) Sn 3d high-resolution X-ray photoelectron spectroscopy (XPS) spectra of the as-prepared PEA;SnBr, and after

storage in water; (b) Calculated band edge positions (continuous lines) for g-C3Ny and PEA;SnBr, relative to Normal

Hydrogen Electrode (NHE) potential; the dashed lines indicate the water redox reaction potentials. Reproduced with
permission [16] Copyright 2020, Royal Society of Chemistry.

3.3. 0D Bi-Based and Sb-Based MHPs

In recent times, the substitution of the typical divalent metal cation of Pb with trivalent
ones of Bi or Sb in has taken over the field of MHPs photovoltaic owing to the lead-like
inactive outer shell s-orbital electrons of the latter [57]. Specifically, Bi** is isoelectronic
to Pb?*, adopts a similar valence shell electron lone pair 6s2 and has a nearly equivalent
effective ionic radius to Pb?* [30,57,58]. However, as previously mentioned these trivalent
cations are not able to form a continuous 3D structure and they lead to the formation of
perovskites derivatives with low dimensionality (i.e., 2D or 0D) characterized by a very
significant structural flexibility [44,55]. These MHPs derivatives can possess features not
suitable for photovoltaic exploitation, such as indirect band gaps but very interesting
for the photocatalytic production of H; in aqueous solutions (e.g., long living excited
states) [14,57,58].

A Bi-based 0D perovskite for H, evolution was synthesized by Zhao et al. [31] by
means of a solvothermal method. The obtained DMA3Bil¢ single crystals showed a smooth
surface as a rod-like shape with a length of 2 mm and a structure that belongs to the rhombo-
hedral system. Particularly, the building units of DMA3Bilg are isolated [Bil4]>~ octahedra
surrounded by three DMA* cations. The onset of the band gap is approximately 2.3 eV,
considering that DMA3Bilg is an indirect gap semiconductor and the fluorescence lifetime
is 1.94 ns that is suitable for photocatalytic applications [75]. The photocatalytic measure-
ments were performed by dispersing the perovskite powder in an aqueous HI-H3PO,
solution (1:4 volume ratio), connected to a vacuum system before the irradiation to exclude
the oxygen, irradiating with a commercial light emitting diode and measuring the pro-
duced H; after 6 h with a gas chromatograph equipped with a GC-TCD [31]. The formation
of a transparent stable solution without any precipitation was observed also after 200 days,
the stability of the perovskite in it was assessed by XRD analyses. Under irradiation at
425 nm with a light intensity of 8 mW, the highest H; evolution rate (3.5 umol g~ ! h=1)
was measured with a catalyst amount of 500 mg (i.e., 20 mg/mL). The photocatalytic
performance was enhanced by photodeposition of Pt (0-1 wt%) on DMA3Bilg crystals.
Particularly, results showed the highest Hy evolution rate (46 pmol g_l h1) related to the
MHP loaded with 1 wt% of Pt and a photocatalytic activity up to 100 h. The photocatalytic
mechanism of this system can be explained considering the reactions in the HI-H3PO,
solution [31]. As reported in Figure 6a, the HI molecules are surrounded by the HyPO,™
ions to form colloidal particles, after the introduction of the perovskite crystals the DMA*
ions react with the exposed HyPO,™ ions to form another charged layer (Step 1) and Pt
ions (i.e., Pt**) are anchored on the surface of the colloids thanks to weak bond (Step 2).
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The inorganic [Bilg]>~ ions harvest the incident visible light, consequently the formation of
electrons and holes is induced. Subsequently, these electrons may transfer to the Pt** and
then react with H* to generate H; (Figure 6b). Therefore, the absorption properties of this
photocatalytic system are dominated by the inorganic framework of the MHP, since in it
the organic cation mainly plays a structural role [31,44,76]. In addition, it is important to
evidence that the isolated characteristic of this well-dispersed system can inhibit the back

reactions and enhance the charge separation important to have an efficient photocatalytic
process [31,77].
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Figure 6. Schematic illustration of (a) the conversion process in the colloidal HI-H3PO, aqueous
solution and (b) the proposed mechanism for the H, generation. [(CH3),NH,]* ions correspond to
DMA™ ones. Reproduced from [31], with permission from Elsevier, 2018.

The DMA;Bilg perovskite was also employed by Tang et al. [78] to carry out the in-situ
generation of heterojunctions with another Bi-based MHP, namely MA3Bi;lg, enhancing the
photoinduced charge separation as well as the photocatalytic activity for H, generation in
aqueous HI solution. A solvothermal technique was used for the synthesis of the powered
composite by adding different volume percentages (0%—-10%) of dimethylformamide (DMF)
in an isopropanol (IPA) solution. Experimental results showed that without the addition
of DMF (BBP-0) the precursors originate the 0D MA3Bilg with a sheet-like morphology
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and the crystal structure comprising two isolated face-sharing Biylg>~ octahedra. By using
a DMF volume percentage of 10% (BBP-10) DM A3Bilg perovskite is created with single
rod-like morphology and the crystal structure containing isolated Bilg>~ octahedra. While
by employing a volume percentage of 1% (BBP-1) or 5% (BBP-5) MA3Biylg/DMA;Bilg
heterojunctions are obtained with morphologies and XRD patterns resembling the ones of
BBP-0 and BBP-10, respectively. All samples exhibited visible-light absorption in the range
300-650 nm with an indirect band gap (Figure 7a) and the positions of the VBM as of the
CBM suitable for the visible-light photoinduced generation of H, in an aqueous HI solu-
tion [9,14,78]. As schematically illustrated in Figure 7b, a driving force for the separation of
photogenerated charge carriers is provided by the band alignment of the MA3Bilg and
DMA;Bilg in the heterojunction. Electrochemical impedance spectroscopy (EIS) measure-
ments, performed on a photoelectrode prepared by depositing the perovskite on FTO glass
with the blade-coating method and photoluminescence (PL) investigations demonstrated
the improvement of the charge separation and transfer between the heterojunction inter-
face as well as a reduction of the nonradiative recombination [78]. The photocatalytic Hy
production tests were performed by immersing the photocatalysts in an aqueous saturated
HI solution maintained at 15 °C, irradiating the system with a 300 W Xe lamp (A > 420 nm)
for 10 h and measuring the generated H, with a gas chromatograph. Results confirmed that
the Bi-based MHPs allow the HI splitting and the consequent H, production. In particular,
the BBP-5 composite shows the highest H, production rate (198 umol g~' h™1), 15- and
8-fold increased with respect BBP-0 and BBP-10, respectively, which is stable 100 h under
illumination [78]. Therefore the formation of the MA3Bi;lg/DMA3Bilg heterojunction
provides interesting insights into the H, technology.
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Figure 7. (a) Indirect band gap Tauc plot of as synthesized samples; (b) Energy level diagram of a
MA;3Biylg /DMA3Bilg heterojunction for the photocatalytic HI splitting. Reproduced from [78], with
permission from Wiley, 2020.

The possible application of the MA;3Biylg MHP alone in this field of the research was
investigated by Guo et al. [29]. They synthesized the Bi-based material with a simple
hydrothermal route. XRD patterns indicated that its structure agrees with the hexagonal
phase and it remains stable in aqueous HI solution at different concentrations (i.e., different
HI and water volume ratio). This result is relevantly different from that obtained for a
MAPDbI; perovskite which is less stable in aqueous HI solution, creating a hydrated phase
at low concentration of it [11]. This phenomenon could be related to the oxidation state
of Bi®*, which is more stable than Pb?*, as to relativistic effects occurring in compounds
containing heavy metals that limit their sensitivity to water [29,79]. The synthesized
MA;Bilg powder [29] showed a lamellar structure, with a smooth surface, of a bright red
color with high absorbance in the visible light. Particularly, in accordance with the study
previously mentioned [78], an Eg of about 2.0 eV was measured with the VBM as CBM
values suitable for H, reduction and iodine oxidation. The photocatalytic H, evolution
experiments were carried out by dispersing the lead-free perovskite in an aqueous saturated
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HI solution to which H3PO, was added as reduction agent for I3, irradiating with a
300 W Xe lamp (A > 400 nm) at 15 °C and quantifying the evolved H, after 10 h with gas
chromatography [29]. The obtained results showed a Hj evolution of 13 umol g~ h~!
confirming that Hj is a product of the MA3Bilg powder in aqueous HI solution. Specifically,
under visible-light irradiation, the photogenerated electrons in the perovskite are excited
into the CB, separated from the photogenerated holes, where H* of dissociated HI is
reduced to H; by these electrons. Meanwhile, the photogenerated holes in the VB are used
to oxidize I~ to I3~ which is reduced from H3PO; to achieve stable long-term reactions [29].
To optimize the efficiency of the system, photoreduction was utilized to deposit Pt on the
perovskite surface. A Hy evolution rate of about 169 pmol g~! h~1, 14 times enhanced than
that of the as synthesized MHP, was determined. This rate showed no significant decrease
after 70 h of repeated experiments.

For the H; evolution in aqueous HI solutions also Pb-free totally inorganic 0D MHPs
were investigated by Chen et al. [42]. Particularly, they prepared CszBiylg, Cs3Sbolg (and
Cs3BipySbyoxlg (x equals to 0.1, 0.3, 0.5, 0.7 or 0.9) powder samples, with particles of
irregular shapes (5-10 um in size), using a co-precipitation method. The XRD patterns
revealed that they have a hexagonal structure, even if for Cs3BiySb.oxlg the diffraction
peaks shift to higher 20 values because the Sb®* ion is smaller than the Bi** one [42]. The
UV-vis diffuse reflectance spectra showed that Cs3Biy,Sby-oxlg samples possess a smaller
band gap than Cs3Bizlg and Cs3Sbylg (1.9 eV) with the smallest value (1.6 eV) related
to Cs3BipySbyoxlg with x = 0.3 (i.e., Cs3Big ¢Sb1.419) which exhibits a high absorption in
the visible light region. Preliminary H; evolution experiments performed on Cs3Bi,lo,
in aqueous saturated HI solution containing H3PO; (9:1 volume ratio), at 15 °C, under
visible light irradiation (300 W Xe lamp with an AM 1.5 cut-off filter) for 10 h, showed
a very low efficiency (2 umol h™! g~!) due to the presence of Bi** ions. Indeed, the
dissolution of the Bi-based material in solution creates (Biylg)>~ anions which produce Bi**
cations. These latter capture electrons, generated by the absorption of light, more readily
than H* protons creating elemental Bi as well as hindering the H; production [42,80]. To
reduce this phenomenon, Cs,CO3 was added to the employed solution. In fact, due to
the reaction of the (BizIg)®~ anions with the added Cs* ions, a decrease of the formed
Bi** was obtained and a higher H, evolution (22 umol h=! g~!) was measured by gas
chromatography [42]. The H; evolution tests carried out for CszBixSbo.oxlg samples
showed that they exhibit a higher photocatalytic activity than CszBizlg but also than
Cs3Sb,lg (about 60 pumol h—! ¢~1) with the maximum for Cs3Big gSby 419 (157 pmol h=1 g=1)
without significant decline after 50 h of activity. Under the same photocatalytic reaction
conditions with irradiation light through a band-pass filter of 420 nm and a masked area of
7t cm? (light irradiance at 100 mW cm~2), the AQE was also calculated. For Cs3Big ¢Sby 419
an AQE of 1.21% was determined. To further improve the HI splitting performance of
Cs;3Big Sby 41, Pt was loaded using the photoreduction method. A Hj evolution rate of
926 umol h™! g_1 and an AQE of 0.319% were so determined. In order to better explain the
measured catalytic performances of samples, their photoelectrochemical properties were
examined by using thin films produced by spin-coating in dichloromethane containing
0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6). The photocurrents of Cs3Bisl,
Cs3Sbylg and Cs3Big ¢Sbj 419 films, measured at 0 V versus Ag/AgCl electrode, indicated
that reduction reactions take place on their surfaces and that much more photocarriers are
accumulated on the surface of Cs3Big Sbq 419 than on that of Cs3BisIg as CszSbslg films. In
addition, Cs3BizxSb.oxlg showed stronger PL intensity than Cs3Biplg or Cs3Sbyly indicating
that nonradiative recombination is suppressed in these MHPs, as confirmed by surface
photovoltage measurements. The PL decay times revealed that Cs3BiySby-p«I9 has a more
rapid charge transfer as a more efficient electron-hole separation than Cs3Biylg or Cs3Sbylg
which is beneficial for the photocatalytic activity [42].
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3.4. Double MHPs

Double perovskites have been synthesized since the 1970s, however, only a few types
of them have been applied so far in solar cells [57,60,62]. In particular, the most popular
double perovskite used in PV applications is the inorganic Pb-free Cs; AgBiBrs which is
characterized by properties similar to those of the typical MAPbl; and MAPbBr; 3D MHP
(e.g., high defect tolerance) [57]. It has an indirect band gap of about 2.0 eV and good
moisture as well as thermal stability. Its structural network is ideally composed of corner
shared octahedra, alternately formed by the Ag* and Bi** metal cations with the Br~ anions
and inorganic Cs* ions that occupy the generated octahedral cavities [60-62]. Due to the
good stability as to the optoelectronic properties, nowadays Cs, AgBiBrg perovskite has
been also investigated for the photocatalytic H, generation from aqueous solutions [30,32].

Shi et al. [30] synthesized Cs,AgBiBrs powder by using the method of supersaturated
precipitation in HBr solution containing an excess of precursors. The exact crystal structure
of the realized perovskite was resolved by XRD analyses and confirmed the formation of a
typical cubic 3D structure with Ag* and Bi®* cations that alternately occupy the centers of
octahedra formed with Br~ anions. In these octahedra the lengths of Ag-Br and Bi-Br bonds
are comparable due to the larger ionic radius of Ag* than Bi®* [30,81]. The powder [30]
appeared orange presenting an absorption onset at 590 nm with the attended indirect band
gap of 2.0 eV. Additionally, XRD patterns and UV-vis spectra demonstrated an excellent
stability in air as well as under light exposure up to 28 days. Ultraviolet photoelectron
spectroscopy (UPS) characterization demonstrated that the atomic orbitals of Ag partic-
ipate in the band structure composition of the obtained material. The binding energy of
electrons around the different elements, evaluated with XPS, showed a well dispersed
electronic distributions indicating good carrier transport. To obtain information on the
photoelectric properties of Cs;AgBiBrg, various factors were calculated by using a three-
electrode configuration workstation, containing an electrolyte solution of dichloromethane
containing 0.1 M TBAPF6, characterized by perovskite deposited on FTO glass by spin-
coating, a Pt plate and Ag/Ag* (0.01M AgNOj; in acetonitrile) as counter, reference and
working electrodes, respectively. An exciton binding energy of 85 meV, an electron mo-
bility of 120 m? V! s71, a hole mobility of 3.6 m?> V=1 s71, an electron relaxation time of
2.3 x 10° fs and a hole relaxation time of 4.8 x 10° fs were specifically determined. The
PL peak of the Csy AgBiBrg exhibited an apparent red-shift relative to its optical band gap
probably originated from emission of defect states [30,82]. The average PL lifetime of
73 ns [30], is favorable for photogenerated charge separation and transfer to be involved in
subsequent surface reactions. The photocatalytic H; evolution tests were carried out by
dispersing the perovskite powder in aqueous saturated HBr or HBr-H3PO, (5:1 volume
ratio) solutions, irradiating with a 300 W Xe lamp (A > 420 nm) for 3 h, at 15 °C. Exper-
imental results showed a photocatalytic H, evolution activity of about 0.7 umol g~ h~!
and 18 umol g~ ! h~! in the HBr solution and HBr-H3PO,, respectively [30]. Moreover,
the perovskite exhibited an excellent photocatalytic stability throughout several cycles
(13 h) in terms of H, production in both HBr and HBr-H3PO, solutions. As attended, an
enhanced Hj, evolution rate of about 22 pmol g_1 h~! and 55 pmol g_l h~! in the HBr and
HBr-H3PO; solution, respectively, was measured by preparing Pt-loaded Cs, AgBiBrg.

Wang et al. [32] combined the same Pb-free double perovskite with reduced graphene
oxide (RGO), an amorphous material with good electron transfer properties and stabil-
ity to acids, to obtain an efficient composite for H, evolution in saturated aqueous HBr
solution. Specifically, the authors synthesized Cs;AgBiBrg from aqueous solution and
prepared Csp AgBiBrg /xRGO (x = 1%, 2.5% or 5% mass ratio) via photoreduction. The XRD
patterns showed the high crystalline cubic double perovskite structure of Cs; AgBiBrg that
is maintained in Csy AgBiBrg /xRGO composites. Cs; AgBiBrg particles showed an irregular
bulk shape in the range of several micrometers, while in composites winkled RGO and
staked perovskite grains were observed. The double MHP displayed an absorption onset
at about 750 nm and the absorption increased sharply between 500 and 600 nm because
of its indirect bandgap nature. With the raise RGO loading, the composite samples look
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appeared darkened with more visible light absorption than pure orange perovskite, which
is beneficial for visible light photocatalytic Hy evolution. The photocatalytic activity of
synthesized materials was evaluated by immersing them in aqueous saturated HBr and
H;3PO; solutions (5:1 volume ratio) under visible light irradiation by a 300 W Xe lamp
(A > 420 nm) for 10 h at 5 °C. Preliminary results showed that Cs; AgBiBrg produced
0.6 pmol g~ h~! of H, indicating a poor activity that was increased at 1 umol g~! h~1 after
the photodeposition of Pt [32]. The H, production was significantly increased by using
CsAgBiBrg /xRGO composites and the highest value (49 umol g~! h~!) was measured
for Csp AgBiBrg /2.5%RGO. Furthermore, the production of Hy by employing 2.5% RGO
alone was only 4 pmol g~! h~!, demonstrating the synergistic effect between the double
perovskite and the graphene oxide. The effect of H3PO, concentration in the saturated
HBr solution containing Cs; AgBiBrs /2.5% RGO was also investigated by repeating the Hp
evolution experiments with the same experimental conditions but varying their volume
ratio (i.e., HBr:H3PO, = 1.6:1, 3:1, 5:1 or 7:1). The best photocatalytic performance was
obtained for 5:1 ratio. In this case an AQE of 0.16% was determined, under 450 nm incident
light irradiation. The photocatalytic stability of Cs;AgBiBrg/2.5% RGO was studied and
no significant decrease in the H; evolution was observed after 120 h of photoreaction
demonstrating the composite stability in strong acid solution. In order to clarify the great
improvement on H; evolution attributable to the preparation of perovskite/RGO compos-
ites, PL analyses and photoelectrochemical measurements on a working electrode obtained
by the deposition of catalysts on FTO glass located in a workstation containing Ag/AgCl
3M as reference electrode and Pt mesh as counter electrode in an electrolyte solution of
dichloromethane containing 0.1 M TBAPF6 were performed. Results allowed to conclude
that for Cs; AgBiBrs /xRGO samples, a rapid transfer of photogenerated electron from the
perovskite to the RGO is verified, suppressing the charge recombination and leading to the
improvement of the H, production [32,83,84]. The Csp AgBiBrg/2.5% RGO sample exhib-
ited the highest photocurrent as the lowest charge-transfer resistance than other samples,
corresponding to the best photocatalytic Hy evolution activity [32]. Therefore, based on the
obtained results, the mechanism schematized in Figure 8 was proposed. In the saturated
acid solution, where the Cs;AgBiBrg experience the dynamic precipitation-dissolution
equilibrium process, RGO acts as an attachment for perovskite particles. Under visible
light irradiation, the latter generate electrons and holes. The generated electrons transfer to
conductive RGO and reduce H* to produce H,. Meanwhile, Br~ is oxidized to Brz~ by the
holes on Cs; AgBiBrg particles. Thus, continuous photocatalytic H, evolution from HBr
splitting occurs.

. Cs OAg Bi > Br
Br-
( 5 B3
pe 2 ’ . .",' .
e - RGO
[ & -
/' ‘\\ -t P
7% g < retibn

H,

Figure 8. Schematic mechanism of H; evolution in aqueous HBr solution by Cs,AgBiBrg
(CABB)/RGO composite under visible-light irradiation. Reproduced from [32], with permission
from Elsevier, 2020.
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Table 1. Summary of the photocatalytic metal halide perovskite (MHP) systems discussed in this review.

Photocatalyst Aqueous Media Measurement Conditions (umlzf tgi‘jilt}}’rl) Ref.
DMASnBr;/Pt10wt%  DIwater + 10% v/p TEOA ~ Simulated Sglﬁréislgitlfio W for 111 [34]
¢-C3Ny/DMASnBr; 33 wt% DI water + 10% 0/o TEOA ~ Simulated Sglﬁréiglglfeoro Wm™ for 19 [17]
g'Cﬁ%}/ﬁ %\fﬁf’ﬁgf 3 Diwater+10%0/o TEOA Smulated Sglﬁréiglglfeoro Wm™? for 1730 [17]
g-C3v\1>{(%’ /i 1/3;\,(/[?325:3 33 DI water + glucose 0.1M simulated sglﬁréiglglf)e()ro Wm~2 for 300 [17]
DMASNI; DI water 300 W Xe lamp for 5ha 10 °C 3 [15]
PEA,SnBr, /Pt 3 wit% DI water + 10% v/p TEOA ~ Smulated sglﬁréigff‘itlfeoro Wm™ for 4 [16]
g—C‘iII:I;O// 1;]?63;2‘/33/1301‘4 5 DI water + 10% /0 TEOA simulated solar lég}}:t 500 W m~2 for 1613 [16]
wApi omginl s conmeriUIDEreh 55y
ouagi /e, Ommbnaeons  ommesiLIDIGh By
DB s st 0WXelmp0 20y
DUABI A, OS] Wm0z 0 gy
e e adil SwWXelm0znm g
I e N TR
Cs3Biyl aqueOﬁ:PaCt)lzrg:cfd HI + 300 W Xe li‘?lc) uft(?f) flfOﬁIllt:’; 15°C AM 5 [42]
gl SWWSehmplr oA, g
st lls | SOWXelmprObIIEN
ooy el WXl i 5EN gy
Ctisn/m el WXl orIhtTEN gy
Cs, AgBiBre aqueouz Osﬁ;[;;i[ed HBr 300 W Xe lam};tf?; S’Ch (A > 420 nm) 0.7 [30]
Comgpit,  pdiensatied | 00WXelmpirohOZ B0 gy
Comghitep sl 00X mp sz mm)
Congan el | AWWelmp i oh0z @y
Cs,AgBiBrg aqlg:;cs) se;t)lllfﬁzi 15—11131‘ + 300W Xe lampafto; 32: h (A > 420 nm) 0.6 [32]
Cs,AgBiBrs /Pt aqlll{e;);(s) zsastoulfigii 15-1113r + 300W Xe lampaftOSr 32 h (A > 420 nm) 1 [32]
CspAgBiBrg/2.5 wt% RGO aq‘g:;gigﬁgi I;]fr * 300WXe lampaicg 1g h (A 2 420nm) 19 [32]

4. Conclusions and Perspectives

In the last decade MHPs have brought an unprecedent revolution to the field of pho-
tovoltaics, reason why many efforts within the scientific community have been devoted
toward the maximization of their potential for this application, mainly targeting the obtain-
ment of compact and uniform thick polycrystalline films characterized by excellent and
anisotropic charge transport and long charge diffusion length. The ideal candidates for
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this purpose are Pb-based perovskites, particularly MAPbI; and closely related materials.
However, the potential of halide perovskites is emerging for alternative applications as well.
Among them the solar-driven H; production employing perovskites as photocatalyst is
one of the most interesting and unexplored. In this paper we reviewed some of the seminal
perovskite structures that were able to sustain the H; evolution in aqueous solutions under
solar irradiation. We specifically focused on Pb-free perovskites, thus on materials that
would be sustainable in terms of environmental impact.

In this contest the high structural and compositional variability represents a powerful
tool aiming to reach material stability in water and consequently at high photocatalytic
activity towards Hy production, with much less constrains with respect to the material
exploitation for PV, opening almost endless possibilities. In fact the suitability to work as
photocatalyst is not strictly contingent upon the charge transport within the layer nor the
obtainment of a uniform film, allowing the exploitation of many more metal (e.g., Bi, Sn,
Ge) cation combinations replacing Pb?*, of Cs*, Ag*, DMA™ and so forth, replacing MA*
and of different halides (I™, Br—, C1™) within the structure, also leading to low dimensional
structures different synthetic/deposition methods. We underlined the importance, foresee-
ing a practical and scalable application of this materials for Hy evolution, of developing
intrinsically stable MHPs to overcome the dynamic dissolution/precipitation equilibrium
requiring strongly acidic conditions, clearly source of problems such as corrosion of reac-
tors, safety and so on. In fact, to date the majority of perovskite-based photocatalysts have
been employed in HI or HBr solutions, while only a few perovskite systems have been
reported to possess an intrinsic stability in water, DMASnBr3 [17,34], DMASnI; [15] and
PEA;SnBry [16], which are extremely promising for future developments. It seems that
the hydrophilic ammonium cation of MA* may be the cause for water instability issues,
by triggering the water ingress in the perovskite structure. Based on this hypothesis, the
change of the monovalent cation with one less prone to interact with water, such as Cs*,
FA* or DMAT™ or better with one water repulsive such as PEA™, could importantly impact
on the interaction with water, thus on the material stability, in such environment. However,
it is necessary to deepen the study of these materials to fully understand the reasons behind
these characteristics and, consequently, to develop a wide range of perovskite materials
with these same features. Additional key advantages would come from the development of
intrinsically water-stable MHPs and derivatives. Among them (i) the possible exploration
of different pH conditions, (ii) the combination of MHPs with co-catalysts materials with
the aim of compartmentalize the catalytic processes improving the efficiencies, (iii) the
possibility of depositing MHPs with various technique aiming at superior exposed surface,
thin porous film thus photoelectrode preparation can be distinguished.

It is worth noticing that at this seminal stage of research, none of the developed water-
stable Pb-free materials have been characterized in film but only as powder dispersed in
water. Thus, besides the obtainment of intrinsically water-stable materials, a necessary next
step toward the development of this technology is to translate the perovskite powders into
polycrystalline film supported on conductive transparent substrates (e.g., ITO or FTO) as
part of a PEC cell. As mentioned above, a wide range of techniques can be employed, from
sputtering to doctor blading, powder pressure, single step coating, since the film flatness
here is rather an unwanted complication hindering the obtainment of extended contact
surface between the photocatalyst and the reaction aqueous media. Those approaches
would allow more degree of freedom in engineering the material deposition. Perovskites
are also well known for the high compatibility with different material, for example for their
capability of growing upon different substrates, therefore as discussed within the review
it is possible to combine them with partner co-catalysts (e.g., g-C3Ny, TiOy, Fe;O3, etc.),
in different layouts, for example meso- and/or nanostructured composites thus further
improve the Hj evolution efficiency.

The very preliminary results discussed in this review and the research directions
foreseen pave the way to the realization of a completely new class of photocatalysts
with the potential to bring a significant contribution to the field of solar to fuel, sup-
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porting the transition towards communities grounded on eco-sustainable carbon-neutral
energy supplies.
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0D Zero-dimensional

1D One-dimensional

2D Two-dimensional

3D Three-dimensional

AM15G Air Mass 1.5 Global

AQE Apparent Quantum Efficiency
Bi Bismuth

CB Conduction Band

CBM Conduction Band Minimum
DI Deionized

DMA Dimethylammonium

DMF Dimethylformamide

Eg Energy of Band Gap

EIS Electrochemical Impedance Spectroscopy
FA Formamidinium

g-C3Ny Graphitic Carbon Nitride
GC-TCD  Thermal Conductivity Detection

H, Hydrogen

IPA Isopropanol

Jsc Photocurrent Density

MA Methylammonium

MHP Metal Halide Perovskite

NHE Normal Hydrogen Electrode

O, Oxygen

Pb Lead

PEC Photoelectrochemical

PL Photoluminescence

PV Photovoltaic

RGO Reduced Graphene Oxide

Sb Antimony

Sn Tin

TBAPF6  Tetrabutylammonium Hexafluorophosphate
TEOA Triethanolamine

UPS Ultraviolet Photoelectron Spectroscopy
VB Valence Band

VBM Valence Band Minimum

XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction

TSTH Conversion Efficiency
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