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Abstract: Metal halide perovskites (MHPs), in particular lead-based halide perovskites have earned 
a recognized fame in several fields for their outstanding optoelectronics properties including direct 
generation of free charge carriers, optimal ambipolar charge carrier transport properties, high ab-
sorption coefficient, point-defect tolerance, and compositional versatility. Nowadays, this class of 
materials represents a real and promising alternative of silica for the photovoltaic technologies. This 
worthy success led to a growing interest in the exploration of MHP materials in other hot research 
fields such as the solar-driven photocatalytic water splitting towards hydrogen production, CO2 
reduction to CO and CH4, useful organic reactions such as organic synthesis (formation of C-C, C-
N, and C-O bonds), and pollutants and dye degradation. Nevertheless, many of these perovskite 
materials showed air and moisture instability problems that considerably hinder their practical ap-
plication for photocatalytic water splitting and photodegradation of CO2. Moreover, if the chemical 
instability is a problem that can be in part mitigated by the optimization of the lattice structure, the 
presence of lead represents a real problem for the practical application of these type of materials in 
commercial devices. To successfully overcome this problem, lead-free metal halide perovskites 
(LFMHPs) have gained increasing interest thanks to their promising optoelectronic properties, com-
parable to lead-based materials, and their eco-friendly nature. Among all the lead-free perovskite 
alternatives, this mini review will focus the attention on the bismuth-based perovskites and perov-
skite derivatives with specific focus on solar-driven photocatalysis application for H2 evolution. 

Keywords: metal halide perovskites; photocatalysis; hydrogen generation 
 

1. Introduction 
The World Energy crisis and the environmental pollution that has led to the well-

known climate change, are the main problems faced by scientists nowadays. In a such 
scenario the development of renewable and green energy has become inevitable. Consid-
ered that solar energy is continuous and inexhaustible and it strikes the earth’s surface 
constantly, the effective utilization of this source of energy is one of the main goals to 
succeed in alleviate the energy crisis and the wicked consequences of the excessive use of 
fossil fuels of the last century.1–3 In nature is it possible to observe the perfect example of 
conversion of sunlight into fuels; the photosynthetic processes that occurs in plants is the 
exact representation of the storing of the energy from the incident solar irradiation in the 
form of chemical bond.4–6 On this path, looking for an efficient semiconductor material 
that can emulate the natural conversion of sunlight into fuels that take place in the leave’s 
plants, is the main focus of the solar-driven photocatalysis research field. Metal halide 
perovskites (MHPs) with general formula ABX3 (A is a monovalent organic o inorganic 
cation such as methylammonium MA, formamidinium FA, Cs etc.; B is a bivalent metal 
such as Pb, Sn, Ge, and X is the halide anion, Cl, Br, and I) represent a revolutionary class 
of materials for photovoltaics and optoelectronics fields thanks to their outstanding and 
scalable optoelectronics properties as well as their low cost, and ease of synthesis.7,8 Tra-
ditionally, most of the best performing photovoltaics materials in the recent years have 
been applied to photocatalytic hydrogen production processes, and the same happened 
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to the metal halide perovskite materials due to the tunability of their electron band struc-
ture which can place the band edges in good positions to perform photocatalytic reac-
tions.2–5,9–13 Although Pb-based perovskites have showed interesting achievement, the sub-
stitution of toxic Pb, well-known to be harmful to the human health and environment, has 
gradually but rapidly become another challenge.9–13 The Pb presence is already an obstacle 
envisioning large scale production and distribution of perovskite-based photovoltaic de-
vices but become even more pressing for photocatalytic application.2,9–15 The interest in 
the lead-free perovskites is born to overcome the Pb presence but nowadays we can affirm 
that the Pb-free perovskites represents a real and promising class of semiconductors ma-
terials standalone. The bivalent Pb cation can be replaced by other metal ions with lower 
toxicity, such as divalent Sn2+ or Ge2+, trivalent Bi3+ or Sb3+, tetravalent Sn4+ or Ge4+. Unfor-
tunately, Sn2+ and Ge2+ ions are extremely sensitive to air and moisture and easily oxidated 
to Sn4+ and Ge4+ respectively, which currently hinders their practical application in semi-
conductor materials for water splitting.4,5,14 A promising way to overcome the instability 
problem faced by the Ge and Sn based perovskites is the replacement of two Pb2+ cations 
with one tetravalent cation (or one monovalent and one trivalent cation) to form the dou-
ble perovskite with formula A2B(IV)X6 or otherwise substitute three Pb2+ cations with two 
trivalent cations to form A3B(III)2X9 stoichiometry. In Figure 1 are reported the main ex-
amples of crystal structures with the related chemical formula.4 Beyond the classic stoi-
chiometry for the 2D perovskites, 2D perovskite can also show AB2X5 and A3B2X9 stoichi-
ometries consisting of the alternation of A+ ions and [B2X5]- polyhedra and [B2X9]3- isolated 
clusters, respectively. In order to maintain charge neutrality, it can be easily understood 
that ordered metallic vacancies will be formed, resulting in a reduced electronic dimen-
sionality (0D or 2D). Among all the possible substitutes for Pb cations, being the Bi3+ isoe-
lectronic with Pb2+, it adopts a similar valence shell electron lone pair 6s2 and has a nearly 
equivalent effective ionic radius to Pb2+ and for these reasons the interest in these types of 
Bi-based perovskites is still growing. In most crystal structure of Bi-based perovskite ma-
terials, there are corner-sharing BiX6 octahedra located at the surface of perovskite crys-
tals, and trivalent cations generally form A3M2▢X9 (▢ is the vacancy) structure with 2/3 
occupancy of the M sites A3M2▢X9 perovskite. Therefore, the Bi-based halide perovskites 
have gained special attention in very recent years. On the other hand, the trivalent cations 
Bi3+ are not able to form a continuous 3D structure and lead to the formation of derivatives 
with low dimensionality.4,6,16,17 These halide perovskites Bi-based derivatives can show in 
many cases indirect band gap, that leads to poor photovoltaic performance but which may 
be of interest for the photocatalytic production of H2 in aqueous solution.3–5 Based on these 
considerations, this mini-review will be focused on the research efforts exploiting the use 
of Bi-based perovskite and perovskite derivatives for the H2 generation by showing recent 
outstanding achievements as well as their main limits and reporting promising future 
perspectives. 
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Figure 1. Listorti et Al. reported a complete examples of schematic crystal structures with the related 
chemical formula of a) 3D, b) 2D, c) 3D and d) double metal halide perovskites used for H2 evolu-
tion..4 

The photocatalytic processes mentioned, that occurs under visible-light irradiation, 
often require the use of water environment and this represents a serious obstacle for metal 
halide perovskites utilization due to their intrinsic instability in aqueous media. Air (oxy-
gen and moisture), illumination and polar solvent can rapidly decompose MHPs, and, in 
order to improve the stability of these materials, the photocatalytic reactions were often 
performed in halogen acids medium where halide perovskites can reach a dissolution-
recrystallization equilibrium. In addition, the substitution of organic cations (MA and FA) 
with all inorganic ions showed an interesting increase in stability. Obviously, the collec-
tive goal should be performing H2 generation from pure water splitting but, unfortu-
nately, very few examples of water-stable metal halide perovskite have been reported to 
date. In Figure 2, Listorti et al. reported the solar-driven perovskite-based systems showing 
the different medium exploited to generate H2.4,6 
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Figure 2. Solar-driven perovskite-based H2 production system: a) photoelectrochemical (PEC) cell; 
particulate photocatalyst system in dynamic equilibrium with the corresponding halogen acid; 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 (Equation 1-5)..4 

Considering the intrinsic water instability of metal halide perovskites and the rapid 
recombination of the charge carries, during these lasts years several strategies have been 
applied to solve these problems, and one of the most explored has been the construction 
of heterojunctions to boost the extraction of photogenerated electrons and holes.18–25 In 
Figure 3 it is reported a schematic illustration showing the electron-hole pathways in a 
photocatalytic process and the different types of heterojunctions that can be devised 
through the coupling of two semiconductors. Since a single semiconductor rarely meets 
all the stringent requirements for an efficient photocatalytic reaction, a second phase is 
specifically designed to couple to the semiconductor, which will form an effective hetero-
junction or provide a support to the main semiconductor. Compared to the single semi-
conductor, the heterojunction experiences higher light adsorption ability, more efficient 
charge separation and transfer as well as better stability.6 To improve the photocatalytic 
performances, halide perovskites were included in heterojunction with various common 
and efficient semiconductor materials such as graphene oxide (GO), g-C3N4, TiO2, metal-
organic frameworks (MOFs). 4,6,26 
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Figure 3. (A) Schematic illustration showing the electron-hole pathways in a photocatalytic process. 
(B) Schematic illustration showing three different types of semiconductor heterojunctions for photo-
generated charge separation. (C) Schematic illustration of a Z-scheme photocatalytic system under 
light illumination.6,26,27 Source A reprinted with permission from ref 26: Copyright 1995 American 
Chemical Society. 26 B, C reprinted with permission from ref 27: Copyright 2017, Jhon Wiley & Sons., 
Inc.27 

After a deepen inspection of the recent literature on the Bi-based halide perovskite 
applied for photocatalytic H2 evolution, we will report a series of fascinating results orga-
nized in terms of perovskite stoichiometry exploited for the reaction, and considering any 
realization of heterojunction with other semiconductor materials. Highlighting the envi-
ronment where the photogeneration of hydrogen is carried out, since this aspect determi-
nates the experimental setup and the materials and device engineering. 

2.1. 0D and 2D Bi-BASED HALIDE PEROVSKITES  
In 2018 Zhao et Al. reported for the first time a Bi-based 0D perovskite for H2 produc-

tion exploiting a solvothermal method. 28 One of the main challenges is still developing 
photocatalysts with high efficiency in a wide range of visible light, and the obtained or-
ganic-inorganic hybrid PtIx/[(CH3)2NH2]3[BiI6] for photocatalytic hydrogen production 
from hydroiodic acid harvested a wide range of visible light (up to 630 nm) proving to be 
a highly active system stable for more than 100h. For the first time, they succeeded in the 
use of a hybrid Bi-based perovskite as photocatalyst in a well-dispersed system for hydro-
gen evolution. Moreover, they showed a facile solvothermal method to synthesized a 
lead-free organic-inorganic hybrid perovskite, followed by decoration with platinum, 
which forms a well-dispersed systems in the HI-H3PO2 solution for H2 generation. The 
authors attributed the superior photocatalytic performance to the collision between [BiI6]3- 
and Pt ions (Pt2+ and Pt4+) since this mechanism could be responsible for an efficient charge 
separation. The photocatalytic H2 evolution process was evaluated in HI solution and due 
to the possible interference of I3- ions (generated during photocatalytic HI splitting) H3PO2 
was added to the reaction solution. The introduction of [(CH3)2NH2]3[BiI6] powders in the 
HI-H3PO2 solution did not show any precipitation demonstrating an outstanding stability 
even after 200 days as demonstrated by XRD measurements before and after the photo-
catalytic process. To obtain the highest photocatalytic activity of [(CH3)2NH2]3[BiI6] the 
optimization of the amount of the photocatalyst was performed under illumination 
around 425 nm. The authors showed that the optimal rate of H2 evolution was achieved 
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with a concentration of photocatalyst of 20 mg/mL, and since it is well known that Pt is a 
good co-catalyst for H2 production in photocatalytic process, Pt was introduced in order 
to improve the performances of their system at varying amounts from 0 to 1 wt%. The 
photocatalytic activities of Pt/[(CH3)2NH2]3[BiI6] showed a dramatic enhance after Pt load-
ing reaching a H2 production of 186.5 μmol g-1 for the sample with 1% of Pt, which is 12.3 
times higher than that of the non-loaded [(CH3)2NH2]3[BiI6]. Inspired by these results, the 
authors proposed the possible photocatalytic mechanism in the present system in Figure 
4. While the photocatalytic mechanism shown does not seem to be the traditional one that 
takes place in heterojunctions semiconductors applied for H2 photogeneration, this paper 
represents a milestone for future effective application of lead-free Bi-based perovskite in 
photocatalysis.3,28  

 

 
Figure 4. Schematic illustration of a) the conversion process in the colloidal solution and b) the pro-
posed mechanism for photocatalytic hydrogen generation.2.8 

In 2019 Guo et Al. obtained the environmentally friendly hybrid lead-free perovskite 
MA3Bi2I9 (MA=methylammonium) by employing as well as facile solvothermal method. 29 

The authors proved the excellent phase stability of MA3Bi2I9 in hydriodic acid aqueous 
solution with different concentrations under visible light irradiation, with this phase 
showing satisfactory cycle stability after 70h of repeated H2 evolution without any degra-
dation. With the addition of Pt as cocatalyst, the photocatalytic rate for H2 evolution was 
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about 169.21 μmol g-1 h-1, resulting 14 times improved compared with the bare perovskite, 
and with a solar chemical conversion efficiency of 0.48%. In order to investigate the phase 
stability of MA3Bi2I9, different volume ratios of hydroiodic acid and deionized water were 
mixed to prepare HI aqueous solutions, and from the XRD diffraction patterns the author 
demonstrated that MA3Bi2I9 maintained a satisfactory phase stability when transferred in 
each solution with different concentrations of HI. This result differed from previously re-
ported phase conversion of MAPbI3 and the improved stability of MA3Bi2I9 could be at-
tributed to the oxidation state of bismuth (III).29 The MA3Bi2I9 powder exhibited a bright 
red colour with a high absorbance in the visible light leading to a large number of ab-
sorbed solar photons. Under visible-light irradiation (λ ≥ 400 nm), the photogenerated 
electrons in MA3Bi2I9 were excited into the conduction band, separated from the photo-
generated holes, providing the path for H+ reduction to H2, and at the same time, the pho-
togenerated holes in the valence band were used to oxidize I- to I3-. However, the authors 
needed to add hypophosphorous acid (H3PO2) to the saturated solution systems because 
the oxidation product I3- anion could interfere with the light absorption of the perovskite 
powder, as was already previously experienced. The hypophosphorous acid had the role 
of selective reducing agent for I3- to achieve stable long term H2 evolution without inter-
fering with the UV-vis absorption spectrum, confirming its crucial role in the reduction of 
I3- ions.  Among the MA3Bi2I9/Pt samples loaded with different amounts of Pt, the results 
from the MA3Bi2I9/Pt with 40 mg of MA3Bi2I9 and 2 mg of H2PtCl6·6H2O exhibited the most 
favourable hydrogen generation, showing about 169.21 μmol g-1h-1 H2 production rate. 
These systems maintained a good crystallinity even after the photocatalytic HI splitting 
reaction which resulted to be 14 times enhanced compare to the pristine MA3Bi2I9.29 

In 2020 Tang et Al. reported a successful in situ growth of heterojunctions developed 
at the interface of MA3Bi2I9 and tri(dimethylammonium)hexa-iodobismuthate (DMA3BiI6) 
by a facile solvent engineering technique.30 They confirmed that air-stable 
MA3Bi2I9/DMA3BiI6 perovskite heterojunctions can reinforce the efficiency of photogener-
ated carrier separation and transport, eventually enhancing solar HI splitting efficiency in 
the absence of noble metal co-catalysts. The authors prepared several samples exploiting 
a solvothermal synthesis where isopropanol (IPA) was employed as a solvent with DMF 
added as co-solvent. Ultraviolet-visible diffuse reflectance spectroscopy and XPS valence 
band spectroscopy were carried out to construct the band structure of all the prepared 
powder samples, labelled as BBP-x (bismuth-based perovskites with x=0, 1, 5 and 10 vol-
ume percent of DMF in IPA). All the samples exhibited visible light absorption ranging 
from 300 to 650 nm. Through a Tauc plot (Figure 5a) they determined the optical bandgap 
energy of all the powder samples showing that those values were suitable for visible light-
induced photocatalytic reaction and from 5b is it possible to observe the results for the 
energy level diagram of the BBP-5 with a heterojunction of MA3Bi2I9 and DMA3BiI9 for the 
HI splitting showing an efficient Type II heterojunction.30 
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Figure 5. a) Indirect-bandgap Tauc plot for all as-prepared samples. b) Energy level diagram of the 
BBP-5 with a heterojunction of MA3Bi2I9 and DMA3BiI6 for the photocatalytic HI splitting. Reprinted 
with permission from ref 30: Copyright 2020, Wiley-VCH GmbH..30  

The driving force for the separation of photogenerated charge carriers could there-
fore be provided by the heterojunction band alignment of MA3Bi2I9 and DMA3BiI6 with 
the transfer of the photogenerated electrons from the conduction band of DMA3BiI6 to that 
of MA3Bi2I9, with the contemporary migration of the holes in the opposite direction (see 
Figure 4d). The BBP-5 perovskite with MA3Bi2I9/DMA3BiI6 heterojunctions showed high 
potential for hydrogen reduction and iodine oxidation as a result of enhanced spatial 
charge separation. It was confirmed that HI could efficiently be split into H2 and I3- by all 
the precipitated Bi-based perovskite photocatalysts under visible light (λ≥420 nm) illumi-
nation as a result of the suitable band structure, and among all the Bi-based perovskites 
samples, BBP-5 exhibited the best performance, providing a photocatalytic H2 evolution 
rate of 198.4 μmol h-1 g-1 without the addition of any metal co-catalysts. The outstanding 
results could be explained due to the relative positions of VB and CB of MA3Bi2I9 and 
DMA3BiI6 leading to a well-matched type II heterojunction and the consequent interfacial 
charge transfer pathway at the interface of MA3Bi2I9 and DMA3BiI6.30  

In 2020, Liu et Al. synthetized a 0D Bi-based perovskite (EtbtBi2I10(Etbt=3-
ethylbenzo[d]thiazol-3-ium) which contains dimeric (Bi2I10)4- formed by edge-sharing 
(BiI6) octahedra being different from the binuclear cluster in the previously studied 
MA3Bi2I9. In this work, the authors demonstrated a hydrogen-bond-free strategy to syn-
thetize moisture-stable hypo-toxic hybrid perovskite for photocatalytic application by re-
placing traditional protonated counter-cations with alkylated one in a Pb-free hybrid sys-
tem, which prevents water eroding hybrid perovskites via strong hydrogen bonds (see 
Figure 6).31  
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Figure 6. Zero-dimensional Bi-based perovskite (3-ethylbenzo[d]thiazol-3-ium)4Bi2I10 photocatalytic 
mechanism schematic representation. Reprinted with permission from ref 31: Copyright 2020, Amer-
ican Chemical Society. .31 

The photocatalytic performance of the powdery sample of EtbtBi2I10 was first evalu-
ated under a simulated sunlight irradiation where the bare EtbtBi2I10 was used as the pho-
tocatalyst and evolved 6.8 μmol of H2 after 5h. After loading 0.5 wt% Pt nanoparticles on 
EtbtBi2I10, the evolved H2 from HI and H3PO2 saturated solution was increased to 9.2 μmol 
and this could be ascribed to the Pt that acts as the active sites for H2 evolution in a pho-
tocatalytic system, which greatly speeds up the reaction. Considering that HI cannot gen-
erate hydrogen alone, the evolved H2 is ascribed to the photocatalytic reactions on the 
EtbtBi2I10 semiconductor.31 This novel system shows effective photocatalytic performance 
in HI splitting to generate hydrogen with performance comparable with MAPbI3. It is al-
ready known that the charge recombination on a hybrid perovskite semiconductor greatly 
decrease the photocatalytic performance, and in this work a charge transportation modu-
lation strategy was used with the aim of improving the photocatalytic performance of 
EtbtBi2I10. The hybridization strategy consists in introducing electron and/or hole 
transport pathways that could lead to a more effective photo-generated charge separation 
and transfer on the photocatalysts. The EtbtBi2I10 was hybridized first with the electron 
transfer agent TiO2 as well as SnO2 and Ta2O5 respectively, then Pt was loaded on the na-
noparticles of TiO2 via a photo-reduction method and then hybridized with EtbtBi2I10 par-
ticles. After dispersion in HI saturated solution the systems reached an H2 generation after 
5h of 59.9 μmol when adding Pt (1.25 wt%)/TiO2 nanoparticles to the perovskite. Finally, 
encouraged by the electron transportation promotion strategy, the rGO hole transporta-
tion channel was introduced into Pt/TiO2- EtbtBi2I10 system, showing that when the 
amount of rGO is 1.0 mg, the evolved H2 from the systems reached 83.8 μmol. The long-
term stability is a vital quality for photocatalyst and the cycling test for Pt/TiO2-EtbtBi2I10-
rGO confirmed a good system stability. Aside from showing a promising moisture-stable 
bismuth(III)-based hybrid perovskite for HER application, here the authors demonstrated 
ad effective synthesis via towards water-stable and nontoxic hybrid perovskites for prac-
tical applications.31 

During 2020, it was possible to observe an intense growing interest in Bi-based per-
ovskite systems for photocatalytic application and Cheng et Al. demonstrated an efficient 
co-precipitation method to obtain a series of full inorganic lead-free perovskites, namely 
Cs3Bi2xSb2-2xI9 (x=0.1, 0.3, 0.5, 0.7, 0.9), and determined their photocatalytic performance for 
hydrogen production in aqueous HI solution. Bi-based halide perovskites Cs2Bi2I9 (CBI) 
and its Sb-analogue (CSI) have been examined for photovoltaic application, but this was 
the first time that this class of perovskites was tested for hydrogen evolution reaction 
(HER). Through theoretical calculation, the authors showed how the introduction of Sb in 
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the Cs3Bi2xSb2-2xI9 (CBSI) solid solution could reduce the contribution of Bi metal ions to 
conduction band, thus weakening the impact of defects and reducing the mid-gap states, 
quite common for phase containing Bi3+ cation.32 The photocatalytic H2 evolution over CBI 
was evaluated in HI solution saturated with CBI and showed a quite low photocatalytic 
activity (1.12 μmol h-1) and to further improve the performance, Cs2CO3 was added to the 
CBI HI solution to increase the Cs+ ions. Compared to the pristine solution, the addition 
of Cs2CO3 lead to an increase in H2 evolution by a factor 5. As it was mentioned above, the 
authors noticed that the doping of Sb in CBSI effectively abated the impact of Bi vacancy 
on the band structure, it was evaluated the photocatalytic activity of CBSI demonstrating 
that the H2 evolution activity of CBSI-0.3 (Cs3Bi0.6Sb1.4I9) was greatly improved, moreover 
with the adding of Cs2CO3, the amount of H2 evolution for the solution increased almost 
linearly with increasing the reaction time. At any given reaction period, CBSI-x had a 
higher H2 evolution activity compared with CBI or CSI and the activity of the solid solu-
tion CBSI-x changed gradually as a function of x reaching the maximum at x≈ 0.3 (78.6 
μmol h−1). Moreover, CBSI-0.3 samples showed no significant decline in H2 evolution ac-
tivity even after five consecutive cycles of the H2 evolution experiments (10h for each cy-
cle), and the apparent quantum efficiency of CBSI-0.3 was found to be 1.206% under irra-
diation at 420 nm light. The satisfactory system stability was confirmed by comparing the 
XRD patterns of CBSI-0.3 after being used for H2 evolution with standard XRD pattern of 
CBI. In order to further improve the H2 evolution of CBSI-0.3, Pt nanoparticles were 
loaded as co-catalyst using a photo-reduction method during the photocatalytic process. 
The authors showed that the H2 evolution activity of CBSI-0.3/Pt is similar to that of the 
two best Pb-based photocatalysts for H2 evolution, and in the case of the Cs3Bi0.6Sb1.4I9 
powder with Pt deposition, 463 μmol of H2 were generated after 5h of light irradiance at 
100 mW cm-2 with a solar HI splitting efficiency of 0.319%. 

The photoelectrochemical properties of CBI, CSI, and CBSI-x were examined by us-
ing films and the performance results indicated that much more photocarriers are accu-
mulated on the surface of the CBSI-x films and participate in surface reduction reactions 
than on the surface of CBI or CSI, proving that the doping represents a promising way to 
boost the photocatalytic performance.32  

Concerning the intrinsic instability of the hybrid metal halide perovskite, in 2021 
Zhao et Al. reported an interesting strategy to stabilize DA3Bi2I6 in water using dime-
thylammonium iodide (DAI) without the assistance of acids or coatings. They proved that 
the perovskite remains stable for at least 2 weeks in water. Through the combination with 
Pt as cocatalyst in form of PtCL4 to construct Pt-DA3BiI6 material it was possible to achieve 
a HER of 5.7 μmol g-1 h-1 from HI and DAI solution, with an apparent quantum efficiency 
(AQE) of 0.83% at 535 nm. Even if the amount of hydrogen evolved is quite low, this paper 
could represent an inspiring work for achieving stabilized hybrid halide perovskite for H2 

evolution form aqueous solution.33 
Shortly thereafter, in 2021 Malavasi, Romani and coworkers reported an experimental 

and computational study on the synergic coupling between Cs3Bi2Br9 perovskite deriva-
tive and g-C3N4. As we previously shown, a few perovskites have been employed as het-
erogeneous photocatalysts for hydrogen evolution, but since most MHPs are unstable in 
aqueous environment, the majority of experiments have been conducted in hydrohalic 
acids that prevent the complete dissolution of the perovskites by common-ion effect. 
However, the development of water-stable photocatalysts is becoming an imperative 
common goal to achieve a greener and sustainable energy production road. On these ba-
ses, the authors of this paper attempted for the first time the application of a Bi-based 
perovskite for effective photocatalytic hydrogen evolution in aqueous media.34 They re-
ported the synthesis and characterization of a new heterogeneous photocatalyst, labelled 
Cs3Bi2Br9/g-C3N4, obtained by coupling the semiconductor Cs3Bi2Br9 perovskite to the al-
ready known photocatalyst g-C3N4, quite active under visible light irradiation.34 

The solar-driven catalytic efficiency of the prepared composites has been determined 
in terms of HER by employing usual protocols reported from the literature, in 10% v/v 
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aqueous triethanolamine (TEOA), as a typical sacrificial agent, and with Pt (3% wt) as 
metal cocatalyst. In Figure 7a they clearly showed the impressive enhancement of the HER 
from pure g-C3N4 (81μmol g-1 h-1) to 1% and 2.5% Cs3Bi2Br9/g-C3N4 composites, reaching at 
the 2.5% loading, the highest HER of about ≈1050 μmol g-1 h-1 and also, in Figure 7b they 
reported the kinetics of H2 of the optimal 2.5% composite, indicating a linear increase of 
the hydrogen production as function of time. The authors underlined that the pure 
Cs3Bi2Br9, under the same experimental condition, generated ≈22 µmol g-1 h-1 of H2. Further 
perovskite loading in the composites (>2.5%) lead to a progressive reduction of the effi-
ciency of hydrogen photogeneration. This outstanding result clearly indicates a strong 
and effective synergy between the two semiconductors in the composites. 

 
Figure 7. a) Hydrogen evolution rates for Cs3Bi2Br9/g-C3N4 composites (1 g L−1) at different percent-
ages of MHP loading in 10% v/v TEOA aqueous solution with Pt 3wt%, under simulated solar light. 
b) Hydrogen evolution profile over irradiation time for the 2.5% wt% Cs3Bi2Br9/g-C3N4 composites, 
under simulated solar light.3.4 

The alignment of the band edges between the constituents of the composite, showed 
in Figure 8, should boost the efficient charge separation, therefore, photogenerated holes 
in the valence band (VB) of g-C3N4 may migrate to that of Cs3Bi2Br9 while, in turn, photo-
excited electrons in Cs3Bi2Br9 are transferred to the conduction band (CB) of g-C3N4. The 
efficient separation and transport of photoinduced electrons and holes induced by such 
an advantageous alignment of energy levels may hider bimolecular recombination of the 
charge carriers, thus enhancing the photocatalytic activity of the composite with respect 
to the separated materials. 
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Figure 8. Valence band (VB) and conduction band (CB) edges of g-C3N4 and Cs3Bi2Br9 aligned with 
the band edges of liquid water and with the H+/H2 and TEOA/TEOA+ redox level through the vac-
uum level.3 The (-1/0) charge transition level of the electron polaron calculated for Cs3Bi2Br9 is also 
reported. Values are referred to the vacuum level (black) and to the standard hydrogen electrode 
(SHE, grey) using the computational alignment achieved in ref (Y. Fu, H. Zhu, 2019). .34 

This work, in addition to the remarkable results, further consolidated the promising 
route toward the application of lead-free MHPs as active photocatalytic materials for the 
realization of efficient heterojunctions with application for H2 photo-evolution in aqueous 
medium.34 

2.2. DOUBLE 3D Bi-BASED HALIDE PEROVSKITE: 
In the first part of this mini review, we reported some approaches that have been 

explored in order to overcome the problematic presence of the toxic lead, with a special 
focus on 0D and 2D Bi-based perovskites, as well as the intrinsic instability of the majority 
of hybrid metal halide perovskite.13–15,35 In the present section, we will give an account of 
the most appealing achievement regarding photocatalytic H2 generation exploiting dou-
ble perovskites that, as we already mentioned above, are easily obtained by the substitu-
tion of two toxic lead ions with one monovalent and one trivalent less toxic metal ions. 
The 3D double perovskites, which crystal structure is shown fig 1, are a singular exception 
for Bi3+ ions because, as already reported, for this specific electronic configuration is more 
common the formation of low dimensional configurations.35 The double perovskites pre-
sent A2B(I)B(III)X6 stoichiometry, a modification of the classic 3D ABX3 perovskite, with 
[BX6]4- octahedra that share all the corners, while the A+ cations filling the spaces created 
by the alternated octahedra.4,6  

In 2020, Wang et Al. reported for the first time, the application of Cs2AgBiBr6 (CABB) 
natural lead-free double perovskite for hydrobromic (HBr) splitting under visible light 
irradiation. The reduce graphene oxide (RGO) cocatalyst, already employed in hetero-
junctions realization, with good electron transfer properties and acid stability, was intro-
duced here to further improve the H2 production.36 The photocatalytic activities of the 
CABB-based catalyst for H2 evolution were evaluated in aqueous saturated HBr and 
H3PO2 solutions under visible light irradiation (λ≥ 420 nm) and, in Figure 9, the authors 
reported the proposed mechanism for CABB/2.5% RGO photocatalytic H2 evolution. The 
photo-deposition of Pt on CABB provided slight improvement, on the other hand, when 
RGO was applied as co-catalyst, the production of H2 increased greatly and reached 489 
μmol g-1 when using the optimized CABB/2.5% RGO sample, which is 80 and 51 times 
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higher than that of CABB and CABB/2.5% Pt, respectively.36 To confirm the superior ac-
tivity of CABB/2.5% RGO composites, 5 mg of GO was photo-reduced and tested for H2 

evolution. The amount of hydrogen using 2.5% RGO alone was only 7.8% of CABB/2.5% 
RGO, further demonstrating the synergistic effect between CABB and RGO. The authors 
noticed that the content of RGO in CABB/xRGO composites and the concentration of 
H2PO3 in saturated solution have great influence on HBr splitting. In particular, 
CABB/2.5% RGO showed an extraordinary stability in saturated solution maintaining its 
high activity under 120 h of continuous photocatalytic H2 evolution. In conclusion, they 
proved that RGO accelerated the separation of photo-generated excitons and the electron 
transfer from CABB to RGO, thus reducing the charge recombination and improving H2 

production. These remarkable results opened the route for the application of naturally 
lead-free double perovskite as promising candidate for heterojunctions construction for 
photocatalytic application.36  

 
Figure 9. Schematic mechanism of H2 evolution by CABB/RGO under visible light irradiation. Re-
printed with permission form ref 36: Copyright 2019, Elvisier B.V. .36 

In 2021, He et Al. demonstrated the application of a modified Cs2AgBiBr6 perovskite 
for the photocatalytic hydrogen evolution. They reported a post-synthesis visible light ir-
radiation of Cs2AgBiBr6 to form a defect-rich surface showing that the formation of surface 
defects can promote surface charge separation by tuning the local atomic arrangement 
and electronic structure leading to an important boosting in the photocatalytic efficiency 
of the defect-rich Cs2AgBiBr6. The authors explored different strategies to improve the 
poor efficiency and stability of the double perovskites and showed that the introduction 
of surface defects in Bi-based perovskite materials can both improve the photocatalytic 
performance, by enhancing surface charge separation and decrease the number of coordi-
nated active sites, which is favourable for numerous photocatalytic reactions.37 With the 
enhancement of charge separation, the photocatalytic performance of H2 generation is in-
creased by 5.27, 5.51 and 5.48 times relative to bulk Cs2AgBiBr6, Cs2AgBiBr6/Pt, Cs2Ag-
BiBr6/Mo3S132-, respectively. In addition, the as prepared surface defective samples exhib-
ited strong stability with no performance decrease even after 80h of activity.37 These re-
sults are clearly showed in Figure 10 where it is possible to observe (10a) the amount of 
H2 evolved from the different prepared samples and more importantly, from 10b it is clear 
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that the defect-rich Cs2AgBiBr6 presents strong stability with no performance decrease 
even after an 80h photocatalytic reaction. 

 
Figure 10. H2 evolution activity under visible light irradiation (a). Photocatalytic stability of the de-
fect-rich Cs2AgBiBr6, Cs2AgBiBr6/Pt, Cs2AgBiBr6/Mo3S132- (b). Schematic illustration of H2 evolution 
over the defect-rich Cs2AgBiBr6 (c). Reprinted with permission from ref 37: Copyright 2021, Ameri-
can Chemical Society. .37 

The formation of the defect-rich surface was carried out by a simple irradiation of the 
perovskite solution with a 300 W Xe-lamp fitted with a 420 nm cut-off filter. Cs2AgBiBr6, 

after irradiation treatment, showed no additional diffraction peaks, confirming a high 
phase purity of the obtained sample, a result further corroborated by SEM and TEM meas-
urements. The H2 generation of the defect-rich Cs2AgBiBr6 was investigated exploiting a 
light intensity of 332.5 mW cm-2 with a visible light irradiation λ> 420 nm and evolved 4.06 
μmol g-1 of H2 within 10h, much higher compared with the amount generated by the pris-
tine Cs2AgBiBr6 (0.77 μmol g-1). However, once the photocatalyst was deposited together 
with Pt or Mo3S132- nanoclusters as co-catalyst, the photocatalyst activity of the defect-rich 
Cs2AgBiBr6/Pt and defect-rich Cs2AgBiBr6/Mo3S132- increased up to 7.33 and 24.7 μmol g-1. 
Therefore, as shown in Figure 8c, the induction of surface defects can greatly improve the 
photocatalytic activity and stability of Cs2AgBiBr6.37 

Following a similar path of Wang et Al., in 2022 Jiang et Al. presented an interesting 
way to enhance the photocatalytic performance of Cs2AgBiBr6 by forming composites ma-
terials supported on nitrogen-doped carbon (N-C) thorough a facile one-pot method. As 
we already mentioned, there are several semiconductors active in visible-light which can 
be used in heterojunction formation and here the authors showed how nitrogen-carbon 
(N-C) materials can be a suitable candidate for efficient H2 evolution. They used N-C as 
cocatalyst and substrate for the in-situ one-step growth of Cs2AgBiBr6 to obtain Cs2Ag-
BiBr6/N-C composites (Figure 9) which was then used for H2 evolution in HBr-saturated 
solution. They found that the optimal system, namely Cs2AgBiBr6/N-C-140 (140 label rep-
resents the hydrothermal process temperature), exhibited the best photocatalytic activity 
compared to pristine Cs2AgBiBr6 nanoparticles and the conventional physical mixture of 
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Cs2AgBiBr6 and C-N-140. The HER of Cs2AgBiBr6/C-N-140 was 380 μmol g-1 h-1 under vis-
ible light irradiation (λ≥420 nm, 300 W Xe lamp) dispersing 0.01 g of amount of photo-
catalyst in a solution mixture containing 10 mL of saturated aqueous HBr and 2 mL of 
H3PO2, showing satisfactory stability for six cycles of photocatalytic H2 evolution.38 

 
Figure 11. Preparation procedure of Cs2AgBiBr6/N-C photocatalyst. Reprinted with permission 
from ref 38: Copyright 2021, American Chemical Society. .38 

The key passage that represents the deep difference between the physical mixture of 
the two catalysts and the one-pot in situ formation of the heterojunction consists in the 
dispersion of N-C substrates into aqueous HBr solution under ultrasonication, followed 
by mixing specific amounts of Cs2AgBiBr6 precursors and heating the mixture to 110°C 
for 2h (see Figure 11). The morphology and the structure of the as obtained samples were 
characterized by TEM and SEM, and the Cs2AgBiBr6/N-C-140 composite showed a wrin-
kled and folded morphology compared to bare Cs2AgBiBr6 presenting a smooth surface, 
which may have a positive impact on the photocatalytic performance. Finally, the energy 
band study of the Cs2AgBiBr6/N-C-Th composites showed how the CB of Cs2AgBiBr6 (-4.26 
eV) is higher than the Fermi level of N-C-Th, and as a consequence the photoexcited elec-
trons could be transferred from the CB of Cs2AgBiBr6 to N-C-Th. The photoinduced elec-
tron transfer process results in effective separation of electrons and holes, which effec-
tively hinders electron-hole recombination and prolongs electron lifetime for efficient HBr 
reduction. The photocatalytic performances of Cs2AgBiBr6/N-C-Th composites with N-C 
prepared at different hydrothermal temperatures were measured without addition of any 
noble metals and the performance of Cs2AgBiBr6/N-C-Th decreased with increasing hy-
drothermal process temperature, from 140°C to 200°C. Moreover, the photoactivity of 
Cs2AgBiBr6/N-C-140 composite increased with increasing the N-C-140 content from 2 to 5 
wt %. It is interesting to note that Cs2AgBiBr6/ N-C-140 exhibits a better performance with 
respect to the system supported on Pt (Cs2AgBiBr6/Pt), and that the photocatalytic perfor-
mance severely dropped without the addition of H3PO2, thus confirming the stabilizing 
role of H3PO2 to complete photocatalytic process. The reported study represents a prom-
ising and general strategy to design and explore novel perovskite composites for H2 evo-
lution.38 
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To conclude this section, a very recent work of Huang et Al., reported the successful 
synthesis, for the first time, of the NiCoP/Cs2AgBiBr6 (NCP/CABB) composite via electro-
static coupling.39 Transition metal phosphides have shown great utility in the field of elec-
trocatalysis due to their outstanding electron transfer ability, and since materials are good 
cocatalyst, they could represent a good alternative to noble metals for the promotion of 
electron transfer and electron-hole pair separation. In particular, NiCoP has recently at-
tracted significant interest thanks to its outstanding electrochemical performance. The 
loading process of NCP on the surface of CABB broadened the visible light absorption 
range and, under visible light (λ ≥ 420 nm) irradiation, the NCP/CABB composite dis-
played excellent photocatalytic cycling stability, and HER of the 12.5% NCP/CABB com-
posite reached 373.16 μmol g-1 h-1, exactly 88 times higher than the pristine CABB. Based 
on the extensive measurements and analysis, the authors reported the potential mecha-
nism of photocatalytic H2 production, showing how, under visible light, electron and holes 
were readily activated and jumped from VB of CABB to its CB, and, once the photogener-
ated electron-hole pairs were separated, most of electrons from CABB were rapidly trans-
ferred to the CB of NCP promoting an efficient H2 generation reaction. The improvement 
of the performance of this system was ascribed to the load of NCP nanoparticles which 
dramatically enhanced the visible light absorption and, at the same time, the excellent 
electron transport ability of NCP allowed an effective charge separation and transfer be-
tween CABB and NCP. This work demonstrated the feasibility and broad application pro-
spects of synergistic effect realized between of Pb-free perovskites and transition metal 
phosphides.39 

Table 1. Summary of the photocatalytic Bi-based halide perovskite systems discussed in this re-
view. 

System  Reaction Environment H2 (µmol g-1 h-1) Ref. 

[DMA]3[BiI6]/PtIx   

Pt 1 wt%  

  H3PO2, HI (1:4) 186.5 28 

MA3Bi2I9/Pt  HI, H3PO2, MABI saturated 

solution 

169.21 29 

DMA3BiI6/MA3Bi2I9  HI saturated solution 198 30 

(EtbtBi2I10)/Pt 

TiO2- EtbtBi2I10/Pt 

TiO2- EtbtBi2I10-rGO/Pt 

 HI, H3PO2 saturated solution 9.2 

59.9 

83.8 

31 

Cs3Bi0.6Sb1.4I9/Pt  HI, CBI saturated solution and 

Cs2CO3 

926 32 
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DMA3BiI6/Pt  HI, DAI solution 5.7 33 

g-C3N4/Cs3Bi2Br9 2.5% 

wt%/Pt 3 wt% 

 Aqueous solution with 10% 

v/v TEOA 

1050 34 

Cs2AgBiBr6/2.5%RGO  HBr, H3PO2 saturated solution 489 36 

Defect-rich 

Cs2AgBiBr6/Mo3S13
2- 

Cs2AgBiBr6 

Defect-rich Cs2AgBiBr6 

Defect-rich 

Cs2AgBiBr6/Pt 

 CABB saturated solution 24.7 

 

0.77 

4.06 

7.33 

37 

Cs2AgBiBr6/N-C-140   HBr, H3PO2 saturated solution 380 38 

Cs2AgBiBr6/NiCoP  HBr, H3PO2 saturated solution 373.16 39 

 

3. Conclusions and Future Perspectives 
In this Mini-Review we reported state-of-the-art applications of Bi-based metal hal-

ide perovskites as photocatalysts in the hydrogen evolution reaction under visible light. 
Table 1 summarizes all the various systems described in this work, considering the envi-
ronment medium and the amount of H2 produced. In addition to hydrogen generation 
reaction, Bi-based metal halide perovskite and derivatives have further shown promising 
applications in several photocatalytic reactions such as CO2 reduction, pollutant and dye 
degradation, and novel photochemical organic synthesis.40–50 From the examples reported 
above, perovskite instability in aqueous media is still a major concern and most of the 
results refer to hydrohalic acid splitting.22,51 However, some examples of materials with 
enhanced water-stability are starting accumulating in the literature where different chem-
ical strategies are explored to afford this superior stability which allows a direct hydrogen 
production from water. This aspect represents an important breaking point for the future 
research in the field of perovskite-mediated photocatalysis. In this contest the high struc-
tural and composition variability represents a powerful tool to exploit the design of fur-
ther perovskite and perovskite derivatives with improved water stability. Future research 
should also focus on the development of novel and improved heterojunctions between Bi-
based MHPs and other semiconductors and/or metal nanoparticles to boost the photo-
catalytic activity. Although many important progresses have been achieved, there are still 
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routes to be explored for further improvement of the photocatalytic performance, and the 
very preliminary results discussed in this work laid the basis for the realization of an en-
tirely novel class of photocatalyst materials with the potential to play an essential role in 
the energetic transition and reach an eco-sustainable carbon neutral energy production 
society.3,4,6 
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