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Abstract: Inspired by natural photosynthesis, the photocatalytic CO2 reduction reaction (CO2RR) stands
as a viable strategy for the production of solar fuels to mitigate the high dependence on highly polluting
fossil fuels, as well as to decrease the CO2 concentration in the atmosphere. The design of photocatalytic
materials is crucial to ensure high efficiency of the CO2RR process. So far, perovskite materials have
shown high efficiency and selectivity in CO2RR to generate different solar fuels. Particularly, bismuth
halide perovskites have gained much attention due to their higher absorption coefficients, their more
efficient charge transfer (compared to oxide perovskites), and their required thermodynamic potential
for CO2RR. Moreover, these materials represent a promising alternative to the highly polluting lead
halide perovskites. However, despite all the remarkable advantages of bismuth halide perovskites,
their use has been limited, owing to instability concerns. As a consequence, recent reports have offered
solutions to obtain structures highly stable against oxygen, water, and light, promoting the formation of
solar fuels with promising efficiency for CO2RR. Thus, this review analyzes the current state of the art in
this field, particularly studies about stability strategies from intrinsic and extrinsic standpoints. Lastly,
we discuss the challenges and opportunities in designing stable bismuth halide perovskites, which open
new opportunities for scaling up the CO2RR.

Keywords: bismuth halide perovskites; stability strategies; CO2 photoreduction; solar fuels;
extrinsic approach; intrinsic approach

1. Introduction

The continuous increase in the concentration of CO2 in the atmosphere is driven by the
high global electricity demand, estimated at approximately 1400 Terawatt-hours per year [1].
In 2021, the CO2 emissions derived from the energy sector were 36.3 Gt, the highest annual
quantity ever registered, caused by the sudden rebound from the global pandemic lockdown in
2020 [2]. Therefore, the pollution related to the increased CO2 concentration in the atmosphere
continues to be a matter of concern that requires action and global decision making.

Several solutions have been proposed to mitigate the environmental impact of the high
CO2 concentration in the atmosphere. The efforts have been diverse, and there are certain
approaches that stand out. For instance, the promulgation of environmental regulations
focuses on carrying out preventive actions to avoid the emission of pollutants into the
atmosphere. Another option to reduce CO2 emissions is to improve the energy efficiency of
the already-established fossil fuels, since this would result in a better use of these energetic
resources [3,4]. Likewise, it is possible to use renewable fuels whose combustion reaction
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generates products with a lower environmental impact, e.g., natural gas, methanol, biogas,
or alternative energy sources that do not involve the use of fossil fuels. However, these
fuels are commonly obtained through the use of nonrenewable and highly polluting fossil
fuels. Alternatively, some technologies allow the use of CO2 as a raw material in different
processes in order to synthesize many industrial utility products (commodities) [5–9]. One
of these processes is the production of short-chain hydrocarbons (solar fuels) through
heterogeneous photocatalysis from CO2 reduction [10–15]. This is one of the most promising
technologies to help mitigate CO2 pollution, since it can make use of sunlight to reduce
CO2, employing semiconductors and water. In this process, it is possible to capture and
transform CO2 into nonharmful products that, in some cases, can serve different purposes.
However, the implementation of this technology at higher scales has been limited by the low
efficiency of the photocatalysts. Nonetheless, materials with perovskite structure have been
reported to exhibit an outstanding efficiency in CO2RR. Thus, in this work, we discuss recent
advancements, challenges, and improvement strategies using a family of compounds which
have been little-explored despite their interesting properties: bismuth halide perovskites
(A3Bi2X9; ABi3X10, etc.; where A = monovalent cations and X = halogens). This review aims
to propose innovative strategies to design promising materials for photocatalytic CO2RR
that could serve in helping close the gap in current efforts to reach global sustainability and
reduce the excessive concentration of CO2 in the atmosphere.

2. Photocatalytic CO2 Reduction

The photocatalytic CO2 reduction reaction (CO2RR) is an attractive option due to the
simplicity of the process, which requires CO2, H2O, and a photocatalyst as raw materials to
generate solar fuels. These materials are introduced to a batch or continuous photocatalytic
reactor with CO2, H2O, and in some cases, additional sacrificial agents. Then, the reactor is
irradiated with natural or artificial sunlight to promote the formation of the electron (e−)
and hole (h+) pair that reacts with the adsorbed chemical species (e.g., CO2) on the catalyst
surface, carrying out its reduction to different solar fuels. This process can generate a variety
of C1 and C2 compounds with value on the market, such as formic acid (HCOOH), carbon
monoxide (CO), formaldehyde (HCHO), methanol (CH3OH), acetic acid (CH3COOH),
methane (CH4), ethanol (C2H5OH), or ethane (C2H6), as shown in Figure 1 [10,15].
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Figure 1. Schematic illustration of the photocatalytic CO2 reduction to different solar fuels and their
reduction potentials.

Among the aforementioned products, one that requires a lower thermodynamic po-
tential for its formation is CH4, while the production of CO and HCOOH both demand
the lowest number of electrons, which can be easily generated by kinetic energy. However,
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other factors can modulate the photocatalytic activity of material and the production of a
specific solar fuel, among which the following stand out:

• The energy of photoexcitation. The energy and density of photons significantly affect the
distribution of photoexcited electrons, resulting in different reaction mechanisms and
influencing their C1 and C2 selectivity [16]. It has been shown that strong light reception
of the material, higher photon energy, and high light intensity favor the generation of a
higher number of electron–hole pairs during the photocatalytic CO2 reduction.

• Band engineering. Engineering the band structure of photocatalysts allows for the
modulation of reduction potentials in the semiconductor materials, which can influence
the selectivity of a generated product. For this matter, doping is one of the simplest and
most effective ways to modulate the band structure of photocatalysts, along with the use
of heterojunctions, which harness the reduction potentials of various photocatalysts [17].

• Intermediate products. A weak interaction of the by-products with the photocata-
lyst will result in a faster desorption to the reaction medium. In this manner, the
selectivity of the desired product could be modified through the nonintervention of
by-products [18–20]. Previous work demonstrated that weak physical adsorption
between CO and C promotes its desorption and improves the selectivity towards CO.
On the other hand, a strong chemisorption between CO and N-containing groups on
carbon can promote the photocatalytic CO2 reduction to CH4 [18].

• The separation of photogenerated charges. The density of photogenerated electrons on
the surface of photocatalysts can influence surface reactions and affect the selectivity of
a given generated product. This density mainly depends on the separation efficiency of
photogenerated electrons and holes in the photocatalysts. This can be modulated with
metal charging, heterojunctions, the adjustment of intrinsic charge carrier mobilities,
and the construction of an internal electric field [21–23].

• CO2 affinity. The CO2 adsorption on the photocatalyst’s surface significantly affects
the reaction efficiency and product selectivity. The CO2 molecule in the gas phase
is an inert linear molecule with an ∠OCO angle of 180◦ and a length of C–O bonds
close to 1.1 Å. Upon adsorption on photocatalysts, CO2 is activated into negatively
charged CO2

δ– species, and the ∠OCO angle is decreased to 140◦, while the length of
C–O bonds is stretched up to 1.3 Å. CO2

δ– is a key intermediate for producing carbon-
containing products from photocatalytic CO2 reduction [24]. Thus, CO2 adsorption
is one of the most critical steps during the photocatalytic reaction. Recent works
suggest that the type of CO2 binding on the photocatalyst’s surface influenced the
selectivity for the generation of CO, CH4, CH3OH, and HCOOH in continuous and
batch reactors [25]. Moreover, studies show that the CO2 affinity of the photocatalysts
is promoted by favoring basic sites on their surface [26,27], N-functionalization [28],
and oxygen vacancy engineering [25,29]. Likewise, it is possible to improve CO2
adsorption by modifying the reaction conditions; for instance, lowering reaction
temperature and increasing partial pressure [30].

• Surface area. Porous materials are superior candidates for enhancing the CO2 ad-
sorption on the photocatalysts’ surfaces for their photocatalytic conversion, which is
normally achieved by loading active components onto porous supports [31–33]. This
property can influence the selectivity of the photocatalytic CO2 reduction to obtain
products of higher molecular weight. For example, the selectivity of the reaction for
CH3OH and HCOOH generation can be increased by supporting Cu2O nanoparticles
on porous materials [31]. At the beginning of the reaction, unidentate CO2 species
are adsorbed in bare and supported Cu2O nanoparticles, which can be converted to
the carboxyl radical (COOH•) under irradiation. Then, the carboxyl radical reacts
with H+ to form HCOOH, which is dehydrated to HCO•. This intermediate is easily
adsorbed on the photocatalyst surface, and it could determine the selectivity of the
reaction. Lower surface areas promote an easier desorption of HCO•, favoring the
formation of HCOH; meanwhile, higher surface areas can maintain this compound
hydrogenated until the formation of CH3OH.



Catalysts 2022, 12, 1410 4 of 23

3. Photocatalysts with Outstanding Performances for CO2RR

Scaling CO2RR at pilot and industrial levels requires the design of photocatalyst
materials with outstanding efficiencies and stabilities over extended periods. Other require-
ments may include chemical stability, low toxicity, high CO2 conversion efficiency, high
surface area, cost-effectiveness, accessibility, resistance to photocorrosion, and adequate
redox potential to generate different solar fuels [8,10,34].

Inoue et al. were the first research group to report the photocatalytic CO2RR using
different photocatalysts (e.g., TiO2, WO3, ZnO, CdS, GaP, and SiC) suspended under
UV-Visible irradiation [35], generating HCOOH, HCOH, CH3OH, and CH4 as reaction
products. Some of these photocatalysts are still used for CO2 reduction; however, to
obtain higher efficiencies, it is necessary to implement certain modifications. Some of these
variations may include heterojunctions, anion functionalization, or encapsulation using
porous materials [36–40].

Titanium dioxide (TiO2) has been the most widely used photocatalyst since the earliest
reports. It has many valuable properties: high photocatalytic activity, stability, inertness to
chemical corrosion, and low toxicity. In addition, TiO2 can perform CO2RR to generate value-
added products with good efficiencies, such as formic acid (HCOOH; 2954 µmol g−1 h−1)
and formaldehyde (HCHO; 16,537 µmol g−1 h−1), under UV irradiation; however, to achieve
these high efficiencies it was necessary to use high pressures (7–20 bar), a high temperature
(80 ◦C), and Na2SO3 as a sacrificial agent [41].

Alternatively, other photocatalytic materials have also been utilized for CO2RR
with promising efficiencies. Some examples of these photocatalysts are scheelites
AMO4 (A = Ca, Sr, Ba) [42], AV2O6 (A = Ca, Sr, Ba) [43], rGO-CuO [44], Ti-MOF [45],
Ni/BaTiO3 [46], Cu/In2O3 [47], simple perovskites (ABO3, A = Li, Na, K, B = Ta, Nb) [48,49],
SrTiO3 [50], LaCoO3 [51], and recently, halide perovskites ABX3 (A = formamidinium, FA,
methylammonium, MA, or Cs; B = Pb, Bi, or Sn; and X= Cl, Br or I) [52]. The aforemen-
tioned materials have stood out because they exhibit remarkable properties for use in
photocatalytic CO2RR, such as:

(i) Ease of synthesis. These materials are distinguished by their low enthalpy of for-
mation, which often grants them facile synthesis processes at normal temperatures
(~25 ◦C) and pressures (~1 atm). Also, it allows for the formation of different mor-
phologies with a high number of active sites [53,54].

(ii) Structure modulation. It has been demonstrated that perovskites can modulate their
crystalline structures and energy bands by incorporating anions or cations from
different groups [55–58]. In addition, the polarization refinement structure can induce
an intensive internal electric field, which facilitates charge migration to the surface,
improving the efficiency of CO2RR [59]. On the other hand, the structure modulation
can be carried out by variation of the morphology (e.g., bulk, nanoplates, nanorods,
quantum dots, etc.) [60–62].

(iii) Light harvesting. The modulation of the composition of a halide perovskite can
significantly alter its band gap, which can make it an excellent light harvester com-
pared with other semiconductors. At an atomic level, the most common strategies for
light-harvesting enhancement include extending the absorption range via band gap
engineering, applying the plasmonic resonance enhancement effect, and the arrange-
ment of light absorption using tandem absorber devices [63]. Recently, Jian et al. have
proposed the formation of CsPbBr3 nanocrystals with O-defective WO3 composites
as a solution for stable and highly efficient materials that can harvest the broadest
solar spectrum possible [64]. This strategy increases CO2RR efficiency up to 7-fold
compared to pristine materials.

(iv) Exciton generation. The efficient generation of electron–hole pairs under excitation
can enhance the photoconversion efficiency in CO2RR and other applications, such
as photovoltaics and photon detection [65]. This phenomenon is mainly seen in
narrow-band perovskites, which can promote multiple exciton generation (MEG).
Perovskite materials can exhibit a variety of exciton species under different excita-
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tion conditions, including biexciton and triple exciton [66]. The surface defects of
perovskite are the main source of the production of charged excitons. Under weak
light excitation, this is mostly generated by single exciton recombination; mean-
while, at medium excitation intensity, biexciton recombination is favored. On the
other hand, by using strong light excitation, Auger recombination dominates the
generation of charged excitons, and perovskite materials are mainly characterized
by their recombination of these excitons. Lin et al. demonstrated that the decay
time of single excitons and biexcitons in Mn–CsPbBr3 perovskites can be modified by
applying an external magnetic field (300 mT), suppressing the recombination of the
photogenerated charges and subsequently improving the efficiency of CO and CH4
generation from CO2RR [67].

(v) Long carrier diffusion lengths. Long carrier lifetime makes halide perovskite materials
high-performance photovoltaic materials. Chen et al. proposed that the band-edge
carrier lifetime increases when the system transitions from a lower rotational entropy
to another phase with higher entropy [68]. These results suggest that the recombina-
tion of the photogenerated pair is inhibited by screening, leading to the formation of
polarons and thereby extending their lifetime.

(vi) Band structure. Generally, perovskite materials have adequate redox potentials in
their valence and conduction bands for CO2RR. Figure 2 shows the band structures of
selected perovskite-structured materials. The bands were calculated by Equations (1)
and (2), considering the band gap (Eg) of each material, the absolute electronegativity
(X), and the energy of free electrons (Ee) on the hydrogen scale (4.5 eV). In general,
halide perovskites exhibited less negative conduction potentials than the simple
perovskites; however, they have the thermodynamical potential required to reduce
the CO2 to different solar fuels.

EVB = X− Ee + 0.5Eg (1)

ECB = X− Ee − 0.5Eg (2)
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Figure 2. Band structure of some selected materials with perovskite structure Figure 2. Band structure of some selected materials with perovskite structure.

4. Metal Halide Perovskites for CO2RR

Perovskite materials exhibit several promising features that have recently brought atten-
tion to their field of study. Perovskite structures are isostructural configurations to calcium
titanate (CaTiO3; a mineral commonly found in nature) and other cation variations (e.g., Ta or
Nb). The general formula of perovskite materials is ABX3, where A stands for organic or inor-
ganic cations (e.g., MA+, FA+, NH4+, K+, Sr2+, Ca2+, etc.) having larger radii than B (e.g., Ti4+,
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Bi3+, Pb2+, Ta4+, Nb4+, etc.) and X are anions, either oxides (O2
−) or halogens (I−, Br−, Cl−, or

F−) [69–71]. In these structures, the central atom is not in direct contact with its neighboring
coordination atoms, commonly giving these compounds the rare property of ferroelectric-
ity [72] and other promising optoelectronic characteristics. Additionally, the use of organic
ions on the A- and X-sites of perovskites leads to several geometric and structural degrees of
freedom, which allows for detailed studies on the composition–structure–property relations of
these materials [73]. Hydrogen bonds commonly assemble amino groups and halide ions in
hybrid organic–inorganic perovskite structures; in which case, their ionic bonding facilitates
their synthesis at low temperatures [74].

There are several factors that bolster the photovoltaic properties of metal halide per-
ovskites, such as their high symmetry, the periodicity of their crystal structure (commonly
referred to as 1D, 2D, or 3D perovskites), the arrangement of their polar organic cations, the
ionic energy of their halides’ anions, and the electronic configuration of the B-site cation
of their structure [75]. These characteristics also increase their likelihood to obtain high
photocatalytic yields [76]. More specifically, lead halide perovskites (LHP) have shown
outstanding efficiencies for CO2 photoreduction [77], owing to their narrow band gaps and
adequate band structure suitable for carrying out the photocatalytic CO2RR. In addition,
these materials have good charge transport properties [78], which allows charges to be
efficiently separated and transferred within LHP band structure [79].

4.1. Lead Halide Perovskites (LHP)

The general formula of LHPs is APbX3, where A = organic and inorganic cations (e.g., Ca,
K, Cs, Na, CH3NH3, or CH(NH2)2) and X = halides (e.g., I, Br, Cl, or F). Inorganic cations are
preferable, as they are more stable [80]. The unit cell of the APbX3 crystal lattice usually has a
cubic geometry in which the Pb2+ cation is in the center of the octahedra, coordinating with
six X anions to form [BX6]4 ions, while the A-site cation is located at the vertices.

CsPbBr3 perovskites have a particularly high photocatalytic performance for CO2
photoreduction [77,81,82]. The highest yield registered to date for this metal halide per-
ovskite was described by Chen et al., who reported the generation of CO/CH4 with effi-
ciencies up to 1724 µmol g−1 under UV light [81]. Other authors have also reported the
activity of this perovskite to produce CO from CO2RR in heterojunctions with graphitic
carbon nitride (149 µmol g−1 h−1) [82], Bi2WO6 (CO+CH4; 503 µmol g−1) [77], and
MXene (CH4, 27 µmol g−1 h−1) [83]. Also, the CsPbBr3 perovskite demonstrated high
stability in 10 cycles of consecutive CO2RR evaluation for CO/CH4 generation [84].

4.2. Lead-Free Halide Perovskites (LFHP)

Despite the promising activity of LHPs, the presence of lead in their structure could
generate environmental toxicity problems. Therefore, various efforts have been made to
replace this metal without sacrificing its superior performance, leading to the development
of lead-free halide perovskites (LFHP). One of the most frequent ones is the alteration
of the periodicity in the crystalline arrangement of LHP materials, which is achieved by
modifying their layers to optimize their optical properties [85]. For this purpose, different
synthesis methods have been developed using various reactants, solvents, and ligands
that allow for the obtention of desired optical properties in these materials and a high
environmental stability [86]. As a result, many elements have been used to form various
perovskite structures.

Different families of chemical elements can form LFHP structures, such as some
transition metals (Pd [87], Cd [88]), chalcogenides (Zr, Hf) [89], and La [90]. There is great
potential in replacing Pb with group 14 metals; however, Sn2+ and Ge2+ cations tend to
undergo oxidation due to the high-energy 5s orbitals, which promotes a highly unstable
structure at ambient exposure [91]. There are also reports on the use of mixed or trivalent
cations to form structures of the A3B2X9 or A2B+B3+X6 types. Alternatively, Bi3+ and Sb3+

ions are promising candidates to replace Pb2+ and develop stable, lead-free perovskites.
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In some cases, these structures exhibit low-dimensional A3M(III)2X9 structures whose
properties have not been extensively studied, especially in photocatalytic CO2RR.

The perovskite structures possess the general formula of ABX3, as discussed above.
The optical properties of the perovskite materials can be tuned by changing the A, B, or X
ions present in the ABX3 structure. The size of A, B, and X should satisfy the Goldschmidt
tolerance factor (t), as shown in Equation (3):

t =
rA + rX√
2(rB + rx)

(3)

In this equation, variables rA, rB, and rX are the ionic radii of each element in the ABX3
structure [92]. The perovskite materials show good stability when the tolerance factor is
equal or close to 1. In the case of LFHPs, bismuth has a similar ionic radius to lead (as
well as comparable properties), the tolerance factor rule is satisfied, and the stability of the
Bi-based perovskite materials is enhanced when the substitution takes place. Moreover,
it was found that Bi-based perovskite materials possess a higher absorption coefficient,
which renders them an efficient light-absorbing material for solar cell applications and,
recently, for photocatalytic applications [92–97]. This is supported by reports on the use of
Cs3Bi2I6Br3 films as solar cells, for which the highest power conversion efficiency (PCE)
reported so far was 1.15% [93]. In addition, bismuth halides have been demonstrated to
be good candidates for oxidizing a variety of organic compounds, such as thiamazole [94],
vanillyl alcohol [95], rhodamine B [96], phenol [97], etc.

5. Bismuth Halide Perovskites

Among the different options for replacing the Pb2+ cation, bismuth provides an
attractive option due to its nontoxic nature and chemical stability [98]. Its trivalent (3+)
oxidation state causes materials to form an A3Bi2X9 structure, where A can be K+, Rb+,
Cs+, or methylammonium MA+, and X can be I, Br, or Cl. Some of them have shown
low toxicity, stability in air, and ease of synthesis [99]. In addition, as shown in Figure 2,
this family has the required thermodynamic potentials to reduce CO2 to different fuels,
such as HCOOH, CO, CH3OH, CH4, C2H5OH, or C2H6, which positions bismuth halide
perovskites as promising materials to carry out the photocatalytic CO2RR.

5.1. Crystal Structure of the A3Bi2X9 Family

The A3Bi2X9 family of materials crystallize in different systems, depending on the
halide anion used. For example, Cs3Bi2Cl9 has a monoclinic unit cell; meanwhile, Cs3Bi2Br9
and Cs3Bi2I9 have hexagonal structures (Figure 3a) [100]. Particularly, the structure of
Cs3Bi2I9 is composed of bioctahedral (Bi2I9)3− clusters surrounded by Cs cations, which
are situated between these clusters in such a way that a nearly ideal hexagonal-type close
packing of the cesium and iodine atoms takes place. Each layer in the close packing has the
same configuration, with three iodide atoms for each Cs atom.

Figure 3b shows the structure of MA3Bi2I9 for reference purposes. This structure has
a hexagonal symmetry (P63/mmc) with face-sharing BiI6 dioctahedral (Bi2I9)3− clusters
isolated by MA+. One MA+ group is surrounded by six metal halide octahedra [101].
Figure 3c shows the unit cell of the Rb3Bi2I9, which contains corrugated layers of corner-
connected BiI6 octahedra [102]. The crystal structure of Rb3Bi2I9 can be described as a
distorted defect variant of the perovskite type (P21/n) in which only two-thirds of the
octahedral sites are occupied. An ordered cubic close packing of Rb and I also occurs, where
the BiI6 octahedra are coordinated by eight Rb atoms in a distorted cube, the unit cell of the
perovskite type. On the other hand, another set of perovskite materials can be formed using
K+ as the A cation. The K3Bi2I9 perovskite crystallizes in a monoclinic structure with a P21/n
space group [103]. This forms a 2D-layered structure with distorted BiI6 corner-sharing
octahedra. However, there are no reports about its use in photocatalytic applications.
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5.2. Performance of A3Bi2X9 Family in CO2RR

So far, most of the reports related to CO2RR using this family employ Cs+ as the
A-site cation. Shen et al. reported the photocatalytic activity of quantum dots (QD) of the
Cs3Bi2X9 (X=Cl, Br, and I) family from the perspective of surface engineering. They mainly
studied the effect of the type of halogen associated with surface regulation [104]. The results
showed that Cs3Bi2Br9 displayed the highest activity for CO production (135 µmol g−1),
with 98.7% selectivity after 5 h of artificial solar light; meanwhile, Cs3Bi2I9 exhibited poor
activity, possibly due to its intrinsic instability under irradiation (Figure 4a). The highest
activity of the Cs3Bi2Br9 perovskite was attributed to a more efficient charge transfer with
longer lifetimes, which often grants more free charges for CO2RR, as shown in Figure 4b.
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Since band structures influence the reactivity of a photocatalyst, a more negative
potential in CB would indicate a higher capacity for photogenerated electrons to reduce
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CO2 to different fuels. Figure 4c shows that both Cs3Bi2Br9 and Cs3Bi2Cl9 possess suitable
bandgaps and adequate band-edge potentials to carry out the CO2RR to CO. Remarkably,
the band-edge positions exhibit a VB upshift with halogen substitution from Cl to Br, while
there was little change on CB. These results confirm that the presence of Br in Cs3Bi2X9
promoted an enhanced solar energy utilization and photoreduction capability due to
its profitable electronic band structures. Moreover, the density functional theory (DFT)
method was used to clarify the internal electron transfer direction change in using Br or Cl
in the Cs3Bi2X9 perovskite. As is shown in Figure 4d, Bi atoms are depleted, and X atoms
are charge-accumulated, which reflects thicker electron cloud density in the Cs3Bi2Br9
perovskite (mainly in the Br-site). Additionally, the authors demonstrated a higher CO2
affinity in Cs3Bi2Br9 than in the rest of the samples, according to the b-CO3

2− signals
obtained by FTIR. These results confirm that the selection of Br as the anion in the Cs3Bi2X9
structure is the best pathway to design a new and more efficient photocatalyst for CO2RR.

On the other hand, the effect of modifying the A-site with Rb+, Cs+, and CH3NH3
+

(MA+) in the A3Bi2I9 structure was investigated by Bhosale et al. [98]. The origin of the
application of bismuth halide perovskites derives from the promising performance of Cs3Bi2I9
and MA3Bi2I9 in solar cells of 1.15% and 3.17%, respectively [93,105]. The A3Bi2I9 (A = Rb,
Cs, and MA) perovskites were synthesized by a top-down ultrasonic method that favored
the formation of nanoparticles with diameters lower than 20 nm. Interestingly, Cs3Bi2I9 and
MA3Bi2I9 perovskites crystallized in hexagonal structures of space group P63/mm; while the
Rb3Bi2I9 sample had a monoclinic system with space group P21/n. All the samples exhibited
activity reducing the CO2 to CO and CH4. However, some differences were detected. For
example, the highest efficiency for CH4 production (17 µmol g−1) was obtained with the
Rb3Bi2I9 perovskite; meanwhile, Cs3Bi2I9 exhibited the highest selectivity for CO generation
(77 µmol g−1), which is one of the best results obtained in comparison with other perovskites
under similar experimental conditions. The differences in the selectivity of both samples
were attributed to the formation of monodentate and bridge carbonates in Rb3Bi2I9 and
Cs3Bi2I9, respectively.

Electron Paramagnetic Resonance (EPR) demonstrated that in Rb3Bi2I9 and Cs3Bi2I9
samples, holes are efficiently stabilized with Bi4+ and oxygen ions; nonetheless, for MA3Bi2I9,
holes are additionally stabilized by •CH2NH3

+. As a result, the transfer of h+ into water is
less efficient in MA3Bi2I9, resulting in a lower charge transfer efficiency. The crystal struc-
ture of the studied samples also influenced the efficiency of CO2RR. Rb3Bi2I9 crystallizes in
a distorted defect variant of the perovskite structure in which every third Bi layer within
the face [001] is depleted. Therefore, since Bi constitutes the active site of the catalyst, its
depletion in Rb3Bi2I9 favored lower CO2RR efficiencies compared to Cs3Bi2I9.

These works demonstrated the potential of the A3Bi2X9 family to act as a photocat-
alyst in CO2RR, showing efficiencies higher than other traditional and LHP perovskites.
Nevertheless, it is well-known that the low stability of these materials at ambient con-
ditions hinders its commercialization and upscaling to the industrial level. For instance,
the Cs3Bi2X9 (X = Cl, Br) family showed apparent stability after 5 h of simulated solar
light [104]; meanwhile, the A3Bi2I9 (A = Rb, Cs, and MA) structure remained constant after
7 days of exposure to humidity (70%) and UV irradiation (305 nm) [98]. However, there is
no evidence regarding the recycling of these materials in consecutives cycles of evaluation.
Considering this, several authors have proposed different strategies to increase the stability
of the halide perovskites. These are discussed in the next section.

5.3. Stability Strategies for Bismuth Halide Perovskites

Bismuth halide perovskites have emerged as promising candidates for CO2RR. The ef-
ficiency of these materials for CO and CH4 production from CO2RR has increased through
the optimization of their perovskite structure and the engineering of suitable synthesis
methods. Despite these advancements, the instability of the A3Bi2X9 family to environ-
mental factors (e.g., humidity, light, oxygen, or temperature) is one of the most critical
factors limiting their application and, thus, their commercialization. Under different envi-
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ronmental conditions, these materials can undergo morphological and structural changes
and lower light absorption, negatively affecting their photocatalytic performance [106–109].
For example, in the presence of water, the halide perovskites tend to hydrolyze back to
their precursors. Specifically, water can penetrate the perovskite lattice to form mono-
and di-hydrated perovskite phases in which the A (Cs+ and Bi3+) cations are no longer
strongly bonded to the octahedral; as a result, a phase segregation of AI2 crystals takes place
(Equation (4)). Then, the hydrolysis of AI2 occurs to promote the formation of bismuth
oxyhalides (BiOX, X = I, Br, Cl) (Equation (5)) [108]. Furthermore, water can protonate the
excess halide to form an acid (HX), which is highly volatile at room temperature. Therefore,
the continuous release of these compounds can drive the decomposition of the perovskite
layer, decreasing the efficiency of photocatalytic reactions, such as CO2RR.

A3Bi2X9 → 3AX + 2BiX3 (4)

BiX3 + H2O→ BiOX + 2HX (5)

On the other hand, the combination of oxygen and light can also promote the decom-
position of the bismuth halide perovskites through a photo-oxidation process [109]. This
process occurs due to the photocatalytic properties of the material itself and starts with the
absorption of light with energy equal to or higher than the band gap value of the material,
which promotes an electron transfer from the CB to the VB. Then, the photogenerated elec-
trons in the perovskite react with the adsorbed O2 to form superoxide radicals (O2

·-), which
can start the decomposition of this material. This process has been previously demonstrated
in the MAPbI3 perovskite [109,110], and its mechanism is schematized in Figure 5. The
first step is the oxygen diffusion into the lattice (Figure 5a), then the light absorption in the
perovskite leads to the generation of electrons and holes (Figure 5b), which react with the
adsorbed oxygen to generate the superoxide radicals (Figure 5c). Finally, this, promotes the
degradation of the perovskite to PbI2, H2O, I2, and CH3NH2 (Figure 5d) [109].
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Considering these scenarios and the degradation mechanisms, several strategies have
been proposed to increase halide perovskites’ stability, which are summarized in Figure 6.
These strategies can be classified into two different approaches:

(a) Intrinsic. This approach is widely used to improve the stability of metal halide per-
ovskites through structural modification, which involves the alteration of the compo-
sition of cations and anions that are inherent to the perovskite structure [111,112]. The
formation of solid solutions and double perovskites are examples of this approach.
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Likewise, the obtention of low-dimensional-networked perovskites promotes the
formation of more stable crystal structures by selecting appropriate manufacturing
techniques. Stoichiometry modification then settles the network in a quasi-zero-
dimensional (0D) configuration, where the metal halide octahedra are almost iso-
lated [113]. Another successfully intrinsic strategy is passivation [114]. This strategy
allows the removal of dangling bonds, which act as recombination centers associated
with defects, promoting better stability and optical properties. Antisolvent engineer-
ing is another strategy that speeds up nucleation during perovskite synthesis through
solvent extraction [115–117]. This strategy allows the obtention of dense, high-quality
films of bismuth halide perovskites with enhanced stability.

(b) Extrinsic. This approach is characterized by the modification of the perovskite’s
external properties without altering its internal composition. Among these strategies,
encapsulation is one of the most used. It consists of the coverage of the perovskite
to prevent exposure to moisture, oxygen, UV light, and temperature, thus protecting
the structure. The encapsulation can be done by glass–glass covering of the edges
of the substrate with an adhesive, as well as the deposition of a polymer coating.
The adhesives can be ethylene methacrylate (EMA), ethylene vinyl acetate (EVA),
polyisobutylene (PIB), and epoxy resins activated with UV light [118]. Alternatively,
encapsulation can be done by depositing polymer coatings, e.g., polyethylene oxide,
polyvinyl pyridine. The construction of heterostructures or Z-schemes between
perovskites and other semiconductors has contributed to the design of promising
stabilities for photocatalytic reactions, since electrons are not available to react with the
adsorbed oxygen. This avoids the degradation of the perovskite structure [119–121].
Another option is the dispersion of the perovskite nanoparticles in porous support for
enhanced electron and hole separation, more accessible active sites, and close contact
with the reaction species [54]. At the same time, adding adequate reactants to the
medium can promote good stability of the perovskite structure. For example, it has
been proved that the addition of HI during the evaluation of MA3Bi2I9 promotes an
excellent phase stability and enhanced photocatalytic activity for H2 evolution [122].
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Some of these strategies have been implemented in bismuth halide perovskites to
achieve better stabilities and efficiencies in photocatalytic CO2RR, mainly for Cs3Bi2X9
perovskites. The implementation of these strategies for other isostructural materials has
not been reported so far. Thus, these applied approaches in Cs3Bi2X9 will be discussed in
the following section.

5.4. Implemented Strategies to Increase the Efficiency and Stability of the Cs3Bi2X9 Family in CO2RR

As previously mentioned, the most widely studied materials in the A3Bi2X9 family
for photocatalytic CO2RR uses Cs+ as the A-site cation. So far, the stability of the Cs3Bi2X9
perovskite has been boosted by implementing two intrinsic (solid solutions and double
perovskites) and two extrinsic (the formation of heterojunctions with other semiconductors
and the encapsulation of the perovskites in porous supports) approaches.
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5.4.1. Intrinsic Approaches to Improve the Stability of Cs3Bi2X9 in CO2RR

(a) Solid solutions

The formation of solid solutions enables more stable structures than their unmixed
counterparts because increasing the availability of configuration states also increases the
configurational entropy of the system [123]. A recent report proposed the synthesis of
Cs3Bi2X9 (X = Cl, Cl0.5Br0.5, Br, Br0.5I0.5, I) by solution recrystallization and demonstrated
that this set of materials exhibited suitable band gaps and energy band positions to achieve
CO production from CO2RR [124]. The Cs3Bi2(Br0.5I0.5)9 solution showed an optimal
photoreduction performance for CO generation (54 µmol g−1 in 3 h) with 100% selectivity
upon visible light irradiation. This efficiency is almost five times higher compared to
Cs3Bi2I9, which is attributed to a suitable band gap structure, wide light absorption range,
and higher photocurrent. Furthermore, there was no obvious decrease in the CO evolution
rate during 10 h of irradiation, which indicated that the solid solution might have moderate
stability under these conditions.

(b) Double perovskites

Research on double perovskites has recently grown in importance due to their higher
stability and nontoxicity compared to the widely used lead halide perovskites. Replacing
two divalent (Pb2+) ions with heterovalent cations (e.g., one trivalent and one monovalent
cation) leads to the formation of double perovskites.

In double perovskites (of A2BB’X6 formula), two toxic divalent lead ions are replaced
by nontoxic monovalent (B) and trivalent metal ions (B’), which neutralize the overall
charge in the conventional perovskites. Double perovskites owe their name to the fact that
their unit cell is twice the cell of metal halide perovskites [125].

In the search for alternative photocatalytic materials with improved stability for
CO2RR, some double perovskite materials have been proposed based on the incorporation
of Ag as a monovalent cation and Bi as a trivalent cation [126–131]. The efficiency of the
double perovskite Cs2AgBiX6 (X=I, Cl, Br) has been demonstrated in the generation of
CO from CO2RR [126,129]. These works also evidenced that the Cs2AgBiBr6 nanoplates
showed a more than 8-fold enhancement compared to nanocubes of the same perovskite
(255 µmol g−1 vs. 31 µmol g−1). This improvement of photocatalytic performance was
related to the anisotropically confined charge carriers and their in-plane long diffusion
length for the nanoplates compared to nanocubes.

The stability of Cs2AgBiBr6 was recently demonstrated by Zhou et al. [128]. They
investigated the stability of this double perovskite under different solvents after 21 days
of exposure. The different solvents employed were polar (dimethyl formamide, acetone),
protonic (isobutanol), mild polar (ethyl acetate, chloroform), and nonpolar (octane). The
results are shown in Figure 7. The perovskite was decomposed by most of the solvents
studied due to their strong polarity and the dynamic equilibrium between bound and free
ligands, leading to the degradation of Cs2AgBiBr6. In contrast, the perovskite showed
superior stability in chloroform and octane for more than 3 weeks. Furthermore, the use
of ethyl acetate allowed for the stabilization of the perovskite for 5 days. Therefore, these
results offered an opportunity for upcoming research on the CO2RR by using double halide
perovskites. Under this approach, the production of CO and CH4 was 14 and 9 µmol g−1,
respectively [128,130].
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5.4.2. Extrinsic Approaches to Improve the Stability of Cs3Bi2X9 in CO2RR

(a) Heterojunctions of Cs3Bi2X9 with other semiconductors

The use of heterostructured materials has resulted in outstanding efficiencies in dif-
ferent photocatalytic reactions [132]. Remarkably, their use in photocatalytic CO2RR has
allowed for the control of selectivity [133], the enhancement of the charge transfer, and,
thus, an increase in the production of different solar fuels [134–136]. Considering this,
various research groups have recently proposed implementing this extrinsic approach to
increase the stability of bismuth halide perovskite.

Liu et al. proposed an interesting heterojunction based on Cs3Bi2I9/Bi2WO6 [137].
They suggested that cosharing the Bi atom enabled intimate contact and strong electron
coupling between both perovskites, which eventually increased the interfacial charge
transfer through the Z-scheme pathway. The band potentials of each semiconductor
were obtained from Mott–Schottky plots, which served as the basis for the proposal of
the band coupling of Cs3Bi2I9/Bi2WO6. The Fermi energy level of the halide perovskite
was higher than that of Bi2WO6, which suggested that the electrons in Bi2WO6 tend
to migrate to Cs3Bi2I9 to balance the Fermi energy level, promoting an electron cloud
coupling between both materials, as shown in Figure 8a. Additionally, the authors proposed
that Bi2WO6 favors H2O oxidation; meanwhile, Cs3Bi2I9 favors CO2 reduction. This
phenomenon accords with the low CO production observed in the Bi2WO6 reference,
whereas the heterojunction promoted the highest CO generation (66 µmol g−1), which
is over four times higher than its reference Cs3Bi2I9 (Figure 8b). On the other hand, the
stability of the heterojunction was confirmed after three cycling tests. The results indicated
that the Cs3Bi2I9–Bi2WO6 heterojunction retains its activity after different evaluations
(Figure 8c). The X-ray diffraction results evidenced that the crystalline phases of both
materials remained, demonstrating its good stability in the gas–solid reaction system under
simulated sunlight irradiation.
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Cerium oxide (CeO2) is another semiconductor that was proposed to form a heterostruc-
ture with Cs3Bi2I9. This oxide is known to possess a good CO2 affinity [138], which is a
prerequisite to designing alternative photocatalyst materials to assure high efficiencies in
CO2RR. Therefore, Feng et al. synthesized the Cs3Bi2I9–CeO2 Z-scheme heterojunction by
a self-template-oriented method using BiOI–Bi2O2.7 nanosheets as a template and Bi pre-
cursor [139]. The authors also proposed a charge transfer mechanism similar to the one
previously discussed by Liu et al. In this mechanism, the electrons in CeO2 are transferred
to the perovskite to reduce the CO2 molecule to CO and CH4. As a result, the total yield
of the products (CO/CH4) reached 238 µmol g−1, and the electron consumption yield was
calculated as 877 µmol g−1, which is 7 and 15 times higher than the reference materials,
respectively. It is important to highlight that this is the best efficiency obtained so far among
the reported bismuth-based perovskite (Table 1). Also, the authors investigated the stability
of Cs3Bi2I9–CeO2 after five consecutive cycles and found that in the first three cycles (12 h),
the activity remains; however, the activity partially decreased after the fourth (71%) and fifth
cycles (55%), suggesting that the catalyst showed good stability in the first 12 h of reaction.

Another option to design heterojunctions with bismuth halide perovskites is by using
sulfurs. Zhang et al. proposed an S-scheme based on the coupling of Cs3Bi2Br9 with
In4SnS8 [140]. The authors demonstrated that the coupling of both semiconductors boosted
the charge separation by forming an internal electric field by in situ irradiated X-ray pho-
toelectron spectroscopy, electron spin resonance, femtosecond time-resolved absorption
spectroscopy, and density functional theory calculations. The Cs3Bi2Br9–In4SnS8 hetero-
junction exhibits activity towards CO generation (9.5 µmol g−1 h−1) from CO2RR with
high selectivity (92.9%), with results up to 3.8 times higher than the pristine materials. The
high selectivity was associated with a decreased energy barrier in the CO2 reduction to CO
through an adsorbed
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In addition, the combination of two approaches has been proposed to increase the

stability of the bismuth halide perovskites. Zhang et al. synthesized the double perovskite
Cs2AgBiBr6 on the surface of MXene nanosheets [131]. Here, Mxene (Mn+1XnTx) reduces
the exciton binding energy of the double perovskite and simultaneously promotes a more
efficient formation of the charge carriers. The combination of these strategies promoted the
formation of CO (11.1 µmol g−1), CH4 (1.3 µmol g−1), and H2 (8.9 µmol g−1) under visible
irradiation. The apparent quantum yield showed values of 0.083%, 0.071%, and 0.005% at
485, 535, and 595 nm, respectively.

(b) Encapsulation in porous supports

The encapsulation of bismuth halide perovskites is another option to provide stability
through their support on porous materials. Previous studies suggest that mesoporous
encapsulation enhances the stability of halide perovskites and prevents halide ion ex-
change [141]. However, it is still unclear whether the mesoporous structure provides
stability against moisture, since H2O molecules can penetrate into the pores to degrade
the perovskite. Even so, a recent report demonstrated good stability in the Cs3Bi2Br9 per-
ovskite encapsulated in the porous structure of the MCM-41 molecular sieve, as is shown
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in Figure 9a. This strategy allows the stable production of CO (17 µmol g−1 h−1) after 8
consecutive cycles (Figure 9b) [142].
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Similarly, the implementation of extrinsic and intrinsic strategies allowed for the ob-
tention of the double perovskite Cs2AgBiBr6 grown on mesoporous TiO2 nanoparticles that
provide remarkably high stability for CH4/CO generation, which was recently proposed by
Sun et al. [127]. This work reports the best selectivity (88.7%) for CH4 generation compared
to other lead and bismuth halide perovskites. This result was associated with the high CO2
uptake of the mesoporous support (3.4 cm3 g−1) and the Bi-active sites, which mediate the
hydrogenation of CO (*HCO) under light irradiation. Also, the presence of TiO2 suggests a
possible heterostructure formation with Cs2AgBiBr6, enhancing the charge transfer.

Table 1. Summary of the solar fuels obtained from CO2RR by the implementation of different stability
strategies in the Cs3Bi2X9 perovskites.

Material Morphology Product
(µmol g−1) Irradiation Reaction

Medium Stability Ref.

Cs3Bi2X9
(X = Cl, Br, I) Quantum dots CO (135) AM 1.5G H2Ovapor 5 h [104]

A3Bi2I9
(A= Rb+, Cs+ or

CH3NH3
+, MA+)

Nanoparticles CO (77)
CH4 (5)

UV lamp (32 W,
305 nm) Trichloromethane 12 h [98]

Cs3Bi2X9
(X = Cl, Cl0.5Br0.5,

Br, Br0.5I0.5, I)
Nanocrystals CO (54) Xenon lamp

(300 W, 420 nm) H2Ovapor 10 h [124]

Cs2AgBiX6
(X = Cl, Br, I) Nanoplatelets CO (40)

CH4 (25)
Laser

(405 nm) Ethyl acetate 6 h [126]

Cs2AgBiBr6 Cubic CO (14)
CH4 (9)

AM 1.5G
(100 W) Ethyl acetate 21 days [128]

Cs2AgBiI6 Quasi-spherical CO (19) Xenon lamp (300
W, 420 nm) Toluene 3 h [129]

Cs2AgBiBr6
/TiO2

Spheres CO (20)
CH4 (151)

Xenon lamp (300
W, 70 mW/cm2)

Isopropyl
alcohol

5 h
(5 cycles) [127]

Cs2AgBiBr6
/g-C3N4

Semi-spheres CO (1.8)
CH4 (0.2) AM 1.5G Ethyl acetate

and methanol
12 h

(4 cycles) [130]

Cs2AgBiBr6
/MXene Nanocrystals CO (11) CH4 (1)

H2 (9)
Xenon lamp

(400 nm) H2Ovapor
5 h

(3 cycles) [131]

Cs3Bi2I9
/Bi2WO6

Nanosheets CO (65)
Xenon lamp
(300 W, 100
mW/cm2)

H2Ovapor
5 h

(3 cycles) [137]

Cs3Bi2I9
/CeO2

Nanosheets CO (170)
CH4 (65)

Xenon lamp
(300 W) H2Ovapor

12 h
(5 cycles) [139]
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Table 1. Cont.

Material Morphology Product
(µmol g−1) Irradiation Reaction

Medium Stability Ref.

Cs3Bi2Br9
/In4SnS8

Quantum dots CO (60) Xenon lamp
(300 W)

H2Ovapor
(80 kPa)

8 h
(3 cycles) [140]

Cs3Bi2Br9
/MCM-41 Nanoparticles CO (34) Xenon lamp (300

W, 420 nm) H2Ovapor
2 h

(8 cycles) [142]

5.5. General Remarks

Table 1 lists the reports of bismuth halide perovskites for CO2RR and the stability
reached within each system. As is shown, the stability of the bismuth halide perovskites in
gas–solid reactions varies from 5 h to 21 days. In general, to assure good efficiencies, the
literature suggests the addition of organic solvents (e.g., ethyl acetate, trichloromethane,
toluene, or isopropyl alcohol). However, this strategy makes it difficult to differentiate
the actual capacity of the perovskites to produce solar fuels from CO2RR. Also, the use
of double perovskites shows promising results to obtain materials with remarkably high
selectivity for products such as CH4, which can be directly used for the generation of clean
and sustainable energy.

So far, the best result for CO generation was obtained with the Cs3Bi2I9–CeO2 het-
erostructure (135 µmol g−1), whereas the implementation of three stability strategies such
as double perovskites, encapsulation, and heterostructures allowed for the highest effi-
ciency in producing CH4 (151 µmol g−1). Both efficiencies (with good stability during the
evaluation) demonstrated the feasibility of using CO2RR to generate clean and renewable
solar fuels.

6. Next Steps to Design and Evaluate Bismuth Halide Perovskites in CO2RR

Thus far, there is a limited number of reports of using bismuth halide perovskites
for CO2RR despite their interesting and remarkable properties, ideal for this reaction.
This opens a window of opportunity to implement stability strategies to achieve better
efficiencies in this process for the larger scale.

According to the literature reviewed, some phenomena remain to be further investigated
in this field. First, it seems that the halide anion (X) and A cation selection in the A3Bi2X9
structure influences the photocatalytic performance of the perovskite in CO2RR. Particularly,
there have been better results for CO2RR with the use of Br as X and Cs as A cation for CO
generation, as well as Rh as A cation for CH4 production. Nevertheless, other cations of
smaller size, such as K, have not been explored in the study of the A3Bi2X9 family.

What is more, there are no reports about the possible formation of a heterostructure
employing bismuth oxyhalides (BiOX) and bismuth halide perovskites, mostly because
of their interaction with H2O (equations (4) and (5)). This would be interesting, since the
cosharing Bi and X atoms could promote better interaction with the components. This type
of passivation on perovskites opens the possibility of their evaluation in batch reactors in the
liquid medium to produce liquids products (e.g., HCOOH, HCOH, CH3OH, CH3CH2OH),
which offers great advantages related to their intrinsic chemical energy content and the eases
of implementation, along with storage and transportation. Furthermore, the encapsulation
of bismuth halide perovskites in polymeric films has not been explored.

In addition, it was demonstrated that combining extrinsic and intrinsic approaches is
critical to assure good efficiencies and remarkable stabilities for bismuth halide perovskites
in CO2RR. Therefore, when scientists begin designing bismuth halide perovskites, it is
vital to implement at least one stability strategy to ensure good efficiencies and allow the
community to move forward with scaling the CO2RR process.

Another critical factor is the need for a standardization process for reactor design,
operational parameters (e.g., temperature, pressure, or flow mass), light source and filters,
as well as solvents to assure a fair comparison of the efficiencies obtained, which will
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eventually promote the scaling of CO2RR at the industrial level to the continuous operation
of solar refineries that use the CO2 emissions, H2O, and solar light as raw materials.
All these critical steps to design new and more efficient bismuth halide perovskites are
summarized in Figure 10.
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7. Conclusions and Perspectives

This review aims to summarize the stability strategies recently proposed for bismuth
halide perovskite to assure high efficiencies in CO2RR. This topic is highly interesting for
the scientific community since bismuth halide perovskites have enormous potential to be
used in CO2RR to generate clean and renewable solar fuels. However, although significant
progress has been achieved in bismuth halide perovskites, there are still many challenges
regarding their stability, selectivity, and efficiency for continuous solar fuel generation.

The stability strategies of the bismuth halide perovskites have been classified into two
approaches: intrinsic and extrinsic. The first approach is related to the modification of
the bismuth halide’s crystal structure by forming solid solutions or by adding a second
cation to improve the stability of the materials against O2, H2O, and light. On the other
hand, the second approach is associated with incorporating additional components to the
perovskite to maintain its stability (e.g., heterojunctions, encapsulation on porous supports,
and modifying the reaction parameters). The reports so far evidence that it is necessary to
include at least one stability strategy of each approach to obtain highly stable structures
with remarkable efficiencies and selectivity to produce solar fuels.

This study tries to provide a brief guide for scientists in designing new and advanced
bismuth halide perovskites with high stability using different strategies that boost their
practical applications in artificial photosynthesis.
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97. Miodyńska, M.; Mikolajczyk, A.; Mazierski, P.; Klimczuk, T.; Lisowski, W.; Trykowski, G.; Zaleska-Medynska, A. Lead-free
bismuth-based perovskites coupled with g–C3N4: A machine learning based novel approach for visible light induced degradation
of pollutants. Appl. Surf. Sci. 2022, 588, 152921. [CrossRef]

98. Bhosale, S.S.; Kharade, A.K.; Jokar, E.; Fathi, A.; Chang, S.-m.; Diau, E.W.-G. Mechanism of Photocatalytic CO2 Reduction
by Bismuth-Based Perovskite Nanocrystals at the Gas−Solid Interface. J. Am. Chem. Soc. 2019, 141, 20434–20442. [CrossRef]
[PubMed]

99. Bresolin, B.-M.; Balayeva, N.O.; Granone, L.I.; Dillert, R.; Bahnemann, D.W.; Sillanpää, M. Anchoring lead-free halide Cs3Bi2I9
perovskite on UV100–TiO2 for enhanced photocatalytic performance. Sol. Energy Mater. Sol. Cells 2020, 204, 110214. [CrossRef]

100. Leng, M.; Yang, Y.; Zeng, K.; Chen, Z.; Tan, Z.; Li, S.; Li, J.; Xu, B.; Li, D.; Hautzinger, M.P.; et al. All-Inorganic Bismuth-Based
Perovskite Quantum Dots with Bright Blue Photoluminescence and Excellent Stability. Adv. Funct. Mater. 2018, 28, 1704446.
[CrossRef]

101. Xiaojia, Z.; Wei, Z.; Peng, W.; Hairen, T.; Saidaminov, M.I.; Shujie, T.; Ligao, C.; Yufei, P.; Jidong, L.; Wen-Hua, Z. Ultrasensitive
and stable X-ray detection using zero-dimensional lead-free perovskites. J. Energy Chem. 2020, 49, 299–306.

102. Lehner, A.J.; Fabini, D.H.; Evans, H.A.; Hébert, C.-A.; Smock, S.R.; Hu, J.; Wang, H.; Zwanziger, J.W.; Chabinyc, M.L.; Seshadri, R.
Crystal and Electronic Structures of Complex Bismuth Iodides A3Bi2I9 (A = K, Rb, Cs) Related to Perovskite: Aiding the Rational
Design of Photovoltaics. Chem. Mater. 2015, 27, 7137–7148. [CrossRef]

103. Nair, S.; Bhorde, A.; Kulkarni, R.; Bade, B.; Punde, A.; Vairale, P.; Hase, Y.; Waghmare, A.; Waykar, R.; Deshpande, M.; et al.
Synthesis and characterization of inorganic K3Bi2I9 perovskite thin films for lead-free solution processed solar cells. Mater. Today
Proc. 2021, 32, 684–689. [CrossRef]

http://doi.org/10.1002/anie.201904862
http://doi.org/10.1021/acs.chemmater.9b04582
http://doi.org/10.1002/anie.201808930
http://doi.org/10.1021/acs.jpclett.9b02605
http://doi.org/10.1016/j.apcatb.2020.119230
http://doi.org/10.1021/jacs.8b01543
http://www.ncbi.nlm.nih.gov/pubmed/29575889
http://doi.org/10.1557/mrc.2015.26
http://doi.org/10.1002/pssr.202200017
http://doi.org/10.1016/j.cej.2021.131010
http://doi.org/10.1016/j.jlumin.2013.09.057
http://doi.org/10.1039/C5TA05741H
http://doi.org/10.1039/C9TA01978B
http://doi.org/10.1016/j.cej.2022.138927
http://doi.org/10.1039/D1TA10323G
http://doi.org/10.3390/nano10040763
http://www.ncbi.nlm.nih.gov/pubmed/32316119
http://doi.org/10.1016/j.apsusc.2022.152921
http://doi.org/10.1021/jacs.9b11089
http://www.ncbi.nlm.nih.gov/pubmed/31800224
http://doi.org/10.1016/j.solmat.2019.110214
http://doi.org/10.1002/adfm.201704446
http://doi.org/10.1021/acs.chemmater.5b03147
http://doi.org/10.1016/j.matpr.2020.03.644


Catalysts 2022, 12, 1410 22 of 23

104. Sheng, J.; He, Y.; Li, J.; Yuan, C.; Huang, H.; Wang, S.; Sun, Y.; Wang, Z.; Dong, F. Identification of Halogen-Associated Active
Sites on Bismuth-Based Perovskite Quantum Dots for Efficient and Selective CO2-to-CO Photoreduction. ACS Nano 2020, 14,
13103–13114. [CrossRef]

105. Jain, S.M.; Phuyal, D.; Davies, M.L.; Li, M.; Philippe, B.; De Castro, C.; Qiu, Z.; Kim, J.; Watson, T.; Tsoi, W.C.; et al. An effective
approach of vapour assisted morphological tailoring for reducing metal defect sites in lead-free, (CH3NH3)3Bi2I9 Bismuth-based
perovskite solar cells for improved performance and long-term stability. Nano Energy 2018, 49, 614–624. [CrossRef]

106. Teo, S.H.; Ng, C.H.; Ng, Y.H.; Islam, A.; Hayase, S.; Taufiq-Yapa, Y.H. Resolve deep-rooted challenges of halide perovskite for
sustainable energy development and environmental remediation. Nano Energy 2022, 99, 107401. [CrossRef]

107. Xiang, G.; Wu, Y.; Zhang, M.; Cheng, C.; Leng, J.; Ma, H. Dimension-Dependent Bandgap Narrowing and Metallization in
Lead-Free Halide Perovskite Cs3Bi2X9 (X = I, Br, and Cl) under High Pressure. Nanomaterials 2021, 11, 2712. [CrossRef] [PubMed]

108. Yang, K.; Wang, Y.; Shen, J.; Scott, S.M.; Riley, B.J.; Vienna, J.D.; Lian, J. Cs3Bi2I9–hydroxyapatite composite waste forms for
cesium and iodine immobilization. J. Adv. Ceram. 2022, 11, 712–728. [CrossRef]

109. Aristidou, N.; Eames, C.; Sanchez-Molina, I.; Bu, X.; Kosco, J.; Islam, M.S.; Haque, S.A. Fast oxygen diffusion and iodide defects
mediate oxygen-induced degradation of perovskite solar cells. Nature Commun. 2017, 8, 15218. [CrossRef]

110. Aristidou, N.; Sanchez-Molina, I.; Chotchuangchutchaval, T.; Brown, M.; Martinez, L.; Rath, T.; Haque, S.A. The Role of Oxygen
in the Degradation of Methylammonium Lead Trihalide Perovskite Photoactive Layers. Angew. Chem. 2015, 54, 8208–8212.
[CrossRef]

111. Song, W.; Zhang, X.; Lammar, S.; Qiu, W.; Kuang, Y.; Ruttens, B.; D’Haen, J.; Vaesen, I.; Conard, T.; Abdulraheem, Y.; et al. Critical
Role of Perovskite Film Stoichiometry in Determining Solar Cell Operational Stability: A Study on the Effects of Volatile A-Cation
Additives. ACS Appl. Mater. Interfaces 2022, 14, 27922–27931. [CrossRef]

112. Fabian, D.M.; Ganose, A.M.; Ziller, J.W.; Scanlon, D.O.; Beard, M.C.; Ardo, S. Influence of One Specific Carbon–Carbon Bond on
the Quality, Stability, and Photovoltaic Performance of Hybrid Organic–Inorganic Bismuth Iodide Materials. ACS Appl. Energy
Mater. 2019, 2, 1579–1587. [CrossRef]

113. Trifiletti, V.; Luong, S.; Tseberlidis, G.; Riva, S.; Galindez, E.S.S.; Gillin, W.P.; Binetti, S.; Fenwick, O. Two-Step Synthesis of
Bismuth-Based Hybrid Halide Perovskite Thin-Films. Materials 2021, 14, 7827. [CrossRef]

114. Leng, M.; Yang, Y.; Chen, Z.; Gao, W.; Zhang, J.; Niu, G.; Li, D.; Song, H.; Zhang, J.; Jin, S.; et al. Surface Passivation of
Bismuth-Based Perovskite Variant Quantum Dots to Achieve Efficient Blue Emission. Nano Lett. 2018, 18, 6076–6083. [CrossRef]

115. Mali, S.S.; Kim, H.; Kim, D.-H.; Hong, C.K. Anti-Solvent Assisted Crystallization Processed Methylammonium Bismuth Iodide
Cuboids towards Highly Stable Lead-Free Perovskite Solar Cells. Energy Environ. Sci. 2017, 2, 1578–1585. [CrossRef]

116. Liu, Z.; Chen, M.; Wan, L.; Liu, Y.; Wang, Y.; Gan, Y.; Guo, Z.; Eder, D.; Wang, S. Anti-solvent spin-coating for improving
morphology of lead-free (CH3NH3)3Bi2I9 perovskite films. SN Appl. Sci. 2019, 1, 706. [CrossRef]

117. Konstantakou, M.; Perganti, D.; Falaras, P.; Stergiopoulos, T. Anti-Solvent Crystallization Strategies for Highly Efficient Perovskite
Solar Cells. Crystals 2017, 7, 291. [CrossRef]

118. Corsini, F.; Griffini, G. Recent progress in encapsulation strategies to enhance the stability of organometal halide perovskite solar
cells. JPhys Energy 2020, 2, 031002. [CrossRef]

119. Li, Q.; Song, T.; Zhang, Y.; Wang, Q.; Yang, Y. Boosting Photocatalytic Activity and Stability of Lead-Free Cs3Bi2Br9 Perovskite
Nanocrystals via In Situ Growth on Monolayer 2D Ti3C2Tx MXene for C–H Bond Oxidation. ACS Appl. Mater. Interfaces 2021, 13,
27323–27333. [CrossRef]

120. Sun, Q.; Ye, W.; Wei, J.; Li, L.; Wang, J.; He, J.-H.; Lu, J.-M. Lead-free perovskite Cs3Bi2Br9 heterojunctions for highly efficient and
selective photocatalysis under mild conditions. J. Alloys Compd. 2022, 893, 162326. [CrossRef]

121. Bresolin, B.-M.; Sgarbossa, P.; Bahnemann, D.W.; Sillanpää, M. Cs3Bi2I9/g-C3N4 as a new binary photocatalyst for efficient
visible-light photocatalytic processes. Sep. Purif. Technol. 2020, 251, 117320. [CrossRef]

122. Guo, Y.; Liu, G.; Li, Z.; Lou, Y.; Chen, J.; Zhao, Y. Stable Lead-Free (CH3NH3)3Bi2I9 Perovskite for Photocatalytic Hydrogen
Generation. ACS Sustain. Chem. Eng. 2019, 7, 15080–15085. [CrossRef]

123. García-Fernández, A.; Juarez-Perez, E.J.; Castro-García, S.; Sánchez-Andújar, M.; Ono, L.K.; Jiang, Y.; Qi, Y. Benchmarking
Chemical Stability of Arbitrarily Mixed 3D Hybrid Halide Perovskites for Solar Cell Applications. Small 2018, 2, 1800242.
[CrossRef]

124. Wu, D.; Zhao, X.; Huang, Y.; Lai, J.; Yang, J.; Tian, C.; Hea, P.; Huang, Q.; Tang, X. Synthesis and CO2 Photoreduction of Lead-Free
Cesium Bismuth Halide Perovskite Nanocrystals. J. Phys. Chem. C 2021, 25, 18328–18333. [CrossRef]

125. Ghosh, S.; Shankar, H.; Kar, P. Recent developments of lead-free halide double perovskites: A new superstar in the optoelectronic
field. Mater. Adv. 2022, 3, 3742. [CrossRef]

126. Liu, Z.; Yang, H.; Wang, J.; Yuan, Y.; Hills-Kimball, K.; Cai, T.; Wang, P.; Tang, A.; Chen, O. Synthesis of Lead-Free Cs2AgBiX6
(X = Cl, Br, I) Double Perovskite Nanoplatelets and Their Application in CO2 Photocatalytic Reduction. Nano Lett. 2021, 21,
1620–1627. [CrossRef] [PubMed]

127. Sun, Q.-M.; Xu, J.-J.; Tao, F.-F.; Ye, W.; Zhou, C.; He, J.-H.; Lu, J.-M. Boosted Inner Surface Charge Transfer in Perovskite
Nanodots@Mesoporous Titania Frameworks for Efficient and Selective Photocatalytic CO2 Reduction to Methane. Angew. Chem.
2022, 134, e202200872.

128. Zhou, L.; Xu, Y.-F.; Chen, B.-X.; Kuang, D.-B.; Su, C.-Y. Synthesis and Photocatalytic Application of Stable Lead-Free Cs2AgBiBr6
Perovskite Nanocrystals. Small 2018, 14, 1703762. [CrossRef] [PubMed]

http://doi.org/10.1021/acsnano.0c04659
http://doi.org/10.1016/j.nanoen.2018.05.003
http://doi.org/10.1016/j.nanoen.2022.107401
http://doi.org/10.3390/nano11102712
http://www.ncbi.nlm.nih.gov/pubmed/34685153
http://doi.org/10.1007/s40145-021-0565-z
http://doi.org/10.1038/ncomms15218
http://doi.org/10.1002/anie.201503153
http://doi.org/10.1021/acsami.2c05241
http://doi.org/10.1021/acsaem.8b01809
http://doi.org/10.3390/ma14247827
http://doi.org/10.1021/acs.nanolett.8b03090
http://doi.org/10.1002/slct.201700025
http://doi.org/10.1007/s42452-019-0727-6
http://doi.org/10.3390/cryst7100291
http://doi.org/10.1088/2515-7655/ab8774
http://doi.org/10.1021/acsami.1c06367
http://doi.org/10.1016/j.jallcom.2021.162326
http://doi.org/10.1016/j.seppur.2020.117320
http://doi.org/10.1021/acssuschemeng.9b03761
http://doi.org/10.1002/smtd.201800242
http://doi.org/10.1021/acs.jpcc.1c05110
http://doi.org/10.1039/D2MA00071G
http://doi.org/10.1021/acs.nanolett.0c04148
http://www.ncbi.nlm.nih.gov/pubmed/33570415
http://doi.org/10.1002/smll.201703762
http://www.ncbi.nlm.nih.gov/pubmed/29380522


Catalysts 2022, 12, 1410 23 of 23

129. Wu, D.; Zhao, X.; Huang, Y.; Lai, J.; Li, H.; Yang, J.; Tian, C.; He, P.; Huang, Q.; Tang, X. Lead-Free Perovskite Cs2AgBiX6
Nanocrystals with a Band Gap Funnel Structure for Photocatalytic CO2 Reduction under Visible Light. Chem. Mater. 2021, 33,
4971–4976. [CrossRef]

130. Wang, Y.; Huang, H.; Zhang, Z.; Wang, C.; Yang, Y.; Li, Q.; Xu, D. Lead-free perovskite Cs2AgBiBr6@g-C3N4 Z-scheme system for
improving CH4 production in photocatalytic CO2 reduction. Appl. Catal. B. 2021, 282, 119570. [CrossRef]

131. Zhang, Z.; Wang, B.; Zhao, H.-B.; Liao, J.-F.; Zhou, Z.C.; Liu, T.; He, B.; Wei, Q.; Chen, S.; Chen, H.-Y.; et al. Self-assembled
lead-free double perovskite-MXene heterostructure with efficient charge separation for photocatalytic CO2 reduction. Appl. Catal.
B. 2022, 312, 121358. [CrossRef]

132. Luévano-Hipólito, E.; Garay-Rodríguez, L.F.; Torres-Martínez, L.M. Photocatalytic heterostructured materials for air decontami-
nation and solar fuels production. In Handbook of Greener Synthesis of Nanomaterials and Compounds; Elsevier: Amsterdam, The
Netherlands, 2021; Volume 2, pp. 593–636.

133. Dou, Y.; Zhou, A.; Yao, Y.; Lim, S.Y.; Li, J.-R.; Zhang, W. Suppressing hydrogen evolution for high selective CO2 reduction through
surface-reconstructed heterojunction photocatalyst. Appl. Catal. B. 2021, 286, 119876. [CrossRef]

134. Luévano-Hipólito, E.; Torres-Martínez, L.M. Earth-abundant ZnS/ZnO/CuFeS2 films for air purification and solar fuels produc-
tion. Mater. Sci. Semicond. Process. 2021, 134, 106029. [CrossRef]

135. Mu, Q.; Zhu, W.; Li, X.; Zhang, C.; Su, Y.; Lian, Y.; Qi, P.; Deng, Z.; Zhang, D.; Wang, S.; et al. Electrostatic charge transfer for
boosting the photocatalytic CO2 reduction on metal centers of 2D MOF/rGO heterostructure. Appl. Catal. B. 2020, 262, 118144.
[CrossRef]

136. Li, D.; Zhu, B.; Sun, Z.; Liu, Q.; Wang, L.; Tang, H. Construction of UiO-66/Bi4O5Br2 Type-II Heterojunction to Boost Charge
Transfer for Promoting Photocatalytic CO2 Reduction Performance. Front. Chem. 2021, 9, 804204. [CrossRef] [PubMed]

137. Liu, Z.-L.; Liu, R.-R.; Mu, Y.-F.; Feng, Y.-X.; Dong, G.-X.; Zhang, M.; Lu, T.-B. In Situ Construction of Lead-Free Perovskite Direct
Z-Scheme Heterojunction Cs3Bi2I9/Bi2WO6 for Efficient Photocatalysis of CO2 Reduction. Sol. RRL 2021, 5, 2000691. [CrossRef]

138. Zhao, B.; Pan, Y.-X.; Liu, C.-J. The promotion effect of CeO2 on CO2 adsorption and hydrogenation over Ga2O3. Catal. Today 2012,
194, 60–64. [CrossRef]

139. Feng, Y.-X.; Dong, G.-X.; Su, K.; Liu, Z.-L.; Zhang, W.; Zhang, M.; Lu, T.-B. Self-template-oriented synthesis of lead-free perovskite
Cs3Bi2I9 nanosheets for boosting photocatalysis of CO2 reduction over Z-scheme heterojunction Cs3Bi2I9/CeO2. J. Energy Chem.
2022, 69, 348–355. [CrossRef]

140. Zhang, Z.; Wang, M.; Chi, Z.; Li, W.; Yu, H.; Yang, N.; Yu, H. Internal electric field engineering step-scheme–based heterojunction using
lead-free Cs3Bi2Br9 perovskite–modified In4SnS8 for selective photocatalytic CO2 reduction to CO. Appl. Catal. B. 2022, 313, 121426.
[CrossRef]

141. Otero-Martínez, C.; Fiuza-Maneiro, N.; Polavarapu, L. Enhancing the Intrinsic and Extrinsic Stability of Halide Perovskite
Nanocrystals for Efficient and Durable Optoelectronics. ACS Appl. Mater. Interfaces 2022, 14, 34291–34302. [CrossRef]

142. Cui, Z.; Wang, P.; Wu, Y.; Liu, X.; Chen, G.; Gao, P.; Zhang, Q.; Wang, Z.; Zheng, Z.; Cheng, H.; et al. Space-confined growth of
lead-free halide perovskite Cs3Bi2Br9 in MCM-41 molecular sieve as an efficient photocatalyst for CO2 reduction at the gas−solid
condition under visible light. Appl. Catal. B. 2022, 310, 121375. [CrossRef]

http://doi.org/10.1021/acs.chemmater.1c00753
http://doi.org/10.1016/j.apcatb.2020.119570
http://doi.org/10.1016/j.apcatb.2022.121358
http://doi.org/10.1016/j.apcatb.2021.119876
http://doi.org/10.1016/j.mssp.2021.106029
http://doi.org/10.1016/j.apcatb.2019.118144
http://doi.org/10.3389/fchem.2021.804204
http://www.ncbi.nlm.nih.gov/pubmed/34966722
http://doi.org/10.1002/solr.202000691
http://doi.org/10.1016/j.cattod.2012.05.011
http://doi.org/10.1016/j.jechem.2022.01.015
http://doi.org/10.1016/j.apcatb.2022.121426
http://doi.org/10.1021/acsami.2c01822
http://doi.org/10.1016/j.apcatb.2022.121375

	Introduction 
	Photocatalytic CO2 Reduction 
	Photocatalysts with Outstanding Performances for CO2RR 
	Metal Halide Perovskites for CO2RR 
	Lead Halide Perovskites (LHP) 
	Lead-Free Halide Perovskites (LFHP) 

	Bismuth Halide Perovskites 
	Crystal Structure of the A3Bi2X9 Family 
	Performance of A3Bi2X9 Family in CO2RR 
	Stability Strategies for Bismuth Halide Perovskites 
	Implemented Strategies to Increase the Efficiency and Stability of the Cs3Bi2X9 Family in CO2RR 
	Intrinsic Approaches to Improve the Stability of Cs3Bi2X9 in CO2RR 
	Extrinsic Approaches to Improve the Stability of Cs3Bi2X9 in CO2RR 

	General Remarks 

	Next Steps to Design and Evaluate Bismuth Halide Perovskites in CO2RR 
	Conclusions and Perspectives 
	References

