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Inspired by natural photosynthesis, the photocatalytic CO, reduction reaction (CO2RR) stands as a viable strategy
to produce solar fuels and mitigate the high dependence on highly polluting fossil fuels, as well as to decrease the
CO, concentration in the atmosphere. The design of efficient photocatalytic materials is crucial to ensure the long-
term application of the CO2RR process. So far, perovskite materials have shown high efficiencies in CO2RR to
generate different solar fuels, specially lead halide perovskites (LHP), which exhibit valuable features for the
obtention of high production yields (e.g., narrow band gaps, adequate potentials for CO2RR, good charge transport
properties, etc.). Nonetheless, the presence of lead involves an important environmental impact that cannot be
negligible in the design of industrial-scale photocatalytic processes. Hence, the search for efficient Lead-free
Halide Perovskites (LFHP) remains a high-priority task in the research of functional materials for CO2RR, since
LFHPs could maintain the properties of LHPs, while keeping low environmental impacts and accessible costs of
production. As an alternative, bismuth-based LFHPs 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. However, despite all the remarkable advantages of bismuth halide perovskites, their use has
been limited, owing to instability concerns. The performance of bismuth-based LFHPs are discussed, as well as

stability strategies from intrinsic and extrinsic standpoints.

bismuth halide perovskites CO2RR fuels

| 1. Introduction

Anthropogenic Carbon Dioxide (CO,) is an exhaust gas that is mainly generated as a product of the fossil fuel
combustion processes utilized to power the industrial, transport and domestic sectors. Its emission has high
magnitude consequences on the atmosphere, as it is the main component of the greenhouse gases that lead to
climate change. There is a continuous increase in the concentration of CO, in the atmosphere, which is driven by
the high global electricity demand, estimated at approximately 1400 Terawatt-hours per year . In 2021, the CO,
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 [&. Therefore, the pollution related to the increased
CO, 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 CO, concentration in the

atmosphere. The efforts have been diverse, and there are certain approaches that stand out. For instance, the
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promulgation of environmental regulations focuses on carrying out preventive actions to avoid the emission of
pollutants into the atmosphere. Another option to reduce CO, 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 3141, Likewise, it
is possible to use renewable fuels whose combustion reaction 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 using nonrenewable and highly polluting fossil fuels. Alternatively,
some technologies allow the use of CO, as a raw material in different processes to synthesize many industrial
utility products (commodities) BIGIIEIE One of these processes is the production of short-chain hydrocarbons
(solar fuels) through heterogeneous photocatalysis from CO, reduction LILLL2ASI14]15] This s one of the most
promising technologies to help mitigate CO, pollution, since it can make use of sunlight to reduce CO,, employing
semiconductors and water. In this process, it is possible to capture and transform CO, into nonharmful products
that, in some cases, can serve different purposes. 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 outstanding efficiencies in the photocatalytic CO, Reduction Reaction (CO2RR).

Scaling CO2RR at pilot and industrial levels requires the design of photocatalyst materials with outstanding
efficiencies and stabilities over extended periods. Other requirements may include chemical stability, low toxicity,
high CO, conversion efficiency, high surface area, cost-effectiveness, accessibility, resistance to photocorrosion,

and adequate redox potential to generate different solar fuels [BI[20I16],

Inoue et al. were the first research group to report the photocatalytic CO2RR using different photocatalysts (e.g.,
TiO,, WO3, ZnO, CdS, GaP, and SiC) suspended under UV-Visible irradiation 14, generating HCOOH, HCOH,
CH30H, and CH, as reaction products. Some of these photocatalysts are still used for CO, reduction; however, to
obtain higher efficiencies, it is necessary to implement certain modifications. These variations may include

heterojunctions, anion functionalization, or encapsulation using porous materials [18I[191[20][21][22]

Titanium dioxide (TiO,) 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, TiO, can perform CO2RR to generate value-added products with good efficiencies. Despite this, tit is
often necessary to carry out the CO2RR in unfavorable conditions, such as high pressures (up to 20 bar), an
elevated temperature (>80 °C), and sacrificial agents [23. Alternatively, other photocatalytic materials have also
been utilized for CO2RR with promising efficiencies. Some examples of these photocatalysts are scheelites AMO,4
(A = Ca, Sr, Ba) 24 AV,04 (A = Ca, Sr, Ba) 23, rGO-CuO 28, Ti-MOF 27, Ni/BaTiO3 28], Cu/In,05 [, simple
perovskites (ABOg, A = Li, Na, K, B = Ta, Nb) BUEl SrTiO; B2 LaCoO5 B3], and more recently, metal halide
perovskites ABX3 (A = formamidinium, FA, methylammonium, MA, or Cs; B = Pb, Bi, or Sn; and X= Cl, Br or 1) [24],

which exhibit several promising features that have recently brought attention to their field of study.

| 2. Metal Halide Perovskites for CO2RR
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Perovskite structures are isostructural configurations to calcium titanate (CaTiOz; 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 inorganic cations (e.g., MA*, FA*, NH**, K*, Sr2*, Ca?*, etc.) having larger radii than B (e.g.,
Ti**, Bi®*, Pb2*, Ta**, Nb**, etc.) and X are anions, either oxides (O,") or halogens (I-, Br~, CI-, or F~) BE6I37] |
these structures, the central atom is not in direct contact with its neighboring coordination atoms, commonly giving
these compounds the rare property of ferroelectricity 28 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 B9, 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 2. Among
the different perovskite configurations, metal halides have stood out, since they exhibit remarkable properties for

their use in the photocatalytic CO2RR, such as:

(i) Ease of synthesis. These materials are distinguished by their low enthalpy of formation, which often grants them
facile synthesis processes at normal temperatures (~25 °C) and pressures (~1 atm). Also, it allows for the

formation of different morphologies with a high number of active sites [41142],

(i) Structure modulation. It has been demonstrated that metal halide perovskites can modulate their crystalline
structures and energy bands by incorporating anions or cations from different groups 4314414511461 " |n addition, the
polarization refinement structure can induce an intensive internal electric field, which facilitates charge migration to
the surface, improving the efficiency of CO2RR 44, On the other hand, the structure modulation can be carried out

by variation of the morphology (e.g., bulk, nanoplates, nanorods, quantum dots, etc.) (48149501,

(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 compared 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 arrangement of light absorption using
tandem absorber devices B, Recently, Jian et al. have proposed the formation of CsPbBr; nanocrystals with O-
defective WO5; composites as a solution for stable and highly efficient materials that can harvest the broadest solar

spectrum possible 22, 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 23, 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 excitation conditions, including
biexciton and triple exciton 24!, The surface defects of perovskites are the main source of the production of charged
excitons. Under weak light excitation, this is mostly generated by single exciton recombination; meanwhile, 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
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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 CH, generation from CO2RR 2!,

(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 8. These results suggest that the
recombination of the photogenerated pair is inhibited by screening, leading to the formation of polarons and

thereby extending their lifetime.

Moreover, there are several other factors that bolster the photovoltaic properties of metal halide perovskites, 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 4. These characteristics also increase their likelihood
to obtain high photocatalytic yields 8. More specifically, lead halide perovskites (LHP) have shown outstanding
efficiencies for CO, photoreduction B2, owing to their narrow band gaps and adequate band structure suitable for
conducting the photocatalytic CO2RR. In addition, these materials have good charge transport properties 69,

which allows charges to be efficiently separated and transferred within LHP band structure [,

The general formula of LHPs is APbX3, where A = organic and inorganic cations (e.g., Ca, K, Cs, Na, CH3NH,;, or
CH(NH,),) and X = halides (e.g., I, Br, Cl, or F). Inorganic cations are preferable, as they are more stable 2. The
unit cell of the APbX; crystal lattice usually has a cubic geometry in which the Pb?* cation is in the center of the
octahedra, coordinating with six X anions to form [BXg]* ions, while the A-site cation is located at the vertices. Of
these materials, CsPbBr; perovskites have a particularly high photocatalytic performance for CO, photoreduction
(59l631[64] a5 well as high stability, even in ten consecutive cycles of CO2RR evaluation 63,

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 88, 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 7. As a result, many elements with different oxidation states have

been used to form various perovskite structures, as shown in Figure 1.
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Figure 1. Substitution of Pb in Lead Halide Perovskites.

Different families of chemical elements can form LFHP structures, such as some transition metals (Pd 681 cd @),
chalcogenides (Zr, Hf) 9, and La 1. There is also great potential in replacing Pb with group 14 metals; however,
Sn?* and Ge?* cations tend to undergo oxidation due to the high-energy 5s orbitals that promote a highly unstable
structure at ambient exposure 22, There are also reports on the use of mixed or trivalent cations to form structures
of the AzB,Xg or A,B*B3*X; types. Alternatively, Bi®* and Sb3* ions are promising candidates to replace Pb%* and
develop stable, lead-free perovskites. In some cases, these structures exhibit low-dimensional AzM(Il1);Xg
structures whose properties have not been extensively studied, especially in photocatalytic CO2RR. To substitute
Pb and form stable perovskite materials, the size of the A, B, and X ions should satisfy the Goldschmidt tolerance

factor (t), as shown in Equation (1):

- rA+TX
t=———— (1)

V2 (rg+rz)

In this equation, variables ra, rg, and rx are the ionic radii of each element in the ABX3 structure 73] The perovskite

materials show good stability when the tolerance factor is equal or close to one.

| 3. Bismuth Halide Perovskites

In the case of LFHPs, bismuth has a similar ionic radius to lead, as well as comparable properties to substitute this
atom. Thus, the tolerance factor rule is satisfied, and the stability of the Bi-based perovskite materials can
theoretically be enhanced when this substitution takes place. Bismuth provides an attractive option due to its
nontoxic nature and chemical stability 4. Its trivalent (3+) oxidation state causes materials to form an AzBi>Xg
structure, where A can be K*, Rb*, Cs*, or methylammonium MA*, and X can be I, Br, or Cl. 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 Z3IZSIZEIZTIZEIIO There

https://encyclopedia.pub/entry/38373 5/16



Bismuth Halide Perovskites for CO, Photoreduction | Encyclopedia.pub

are also reports on the use of Cs3BiylgBr; films as solar cells, for which the highest power conversion efficiency
(PCE) reported so far was 1.15% 731, |n addition, bismuth halides have been demonstrated to be good candidates

for oxidizing a variety of organic compounds, such as thiamazole 8, vanillyl alcohol 4, rhodamine B 28, phenol
29 etc.

So far, most of the reports related to CO2RR using Bismuth Halide Perovskites employ Cs* as the A-site cation in
the A3Bi>Xq (X=1, Cl, Br, F) configuration. The best result for CO generation for these perovskites was obtained via
the design of a Cs3Bi,lq—CeO, heterostructure (135 pmol g1 [ whereas the implementation of three stability
strategies such as encapsulation, structure reconfiguration, and heterostructure design allowed for the highest
efficiency to produce CH, (151 umol g~ [B1l), Both efficiencies (higher than other traditional and LHP perovskites)
demonstrated the feasibility of using CO2RR to generate clean and renewable solar fuels, and these results were
often attributed to a more efficient charge transfer with longer lifetimes, which grants more free charges for
CO2RR.

Even with these remarkable findings, it is well-known that the low stability of Bismuth Halide Perovskites in ambient
conditions hinders their commercialization and upscaling to the industrial level. Hence the lack of evidence
regarding the recycling of these materials in consecutive cycles of evaluation, only reporting 5 h to 21 days of
stability in gas—solid reactions. Some of the most common reasons for low stability in perovskites are shown in

Figure 2.

Figure 2. Factors that hinder perovskite stability.

In the research of stable perovskite photocatalysts, there are concerns regarding several factors that lead to
instability, such as: (i) the B-site cation in the perovskite A3B,Xq configuration, as it must possess a good
compatibility with this structure; (ii) the oxidation states of the ions that conform said structure, which determine the

spontaneity with which these can undergo reduction or oxidation processes and lead to instability; (iii) anion
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vacancies, as these are inherent defects present in the perovskite structure that cause its degradation; (iv)
thermodynamic instability, since the energetic feasibility that allows perovskites to be synthesized at room
temperatures can also signify that these materials are prone to dissociate with the same ease; (v) the formation of
superoxide ions, which are derived from the excitation of irradiated perovskites in the presence of atmospheric
oxygen; and (vi) the aforementioned Goldschmidt tolerance factor, as it is an accurate indicator of the stability of a
theoretical perovskite structure. Considering these aspects, several authors have proposed different strategies to

increase the stability of halide perovskites.

| 4. Stability of Bismuth Halide Perovskites

The strategies with which the stability of photocatalysts can be improved are classified into two main approaches:
intrinsic and extrinsic, depending on the nature of the employed methodology.

4.1 Intrinsic approach

This approach is widely used to improve the stability of metal halide perovskites through structural modification,
which involves the alteration of the composition of cations and anions that are inherent to the perovskite structure
[82]I83] The formation of solid solutions and double perovskites are examples of this approach. 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 isolated B4, Another
successfully intrinsic strategy is passivation (2. This strategy allows the removal of dangling bonds, which act as
recombination centers associated with defects, promoting better stability and optical properties. Antisolvent
engineering is another strategy that speeds up nucleation during perovskite synthesis through solvent extraction
[B6I[87I[88]  This strategy allows the obtention of dense, high-quality films of bismuth halide perovskites with

enhanced stability.

4.2 Extrinsic approach

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 (B, 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 [BARLIO2 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
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reaction species 2. 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 MA3Bi5lg

promotes excellent phase stability and enhanced photocatalytic activity for H, evolution 22!,

Some of these strategies have been implemented in bismuth halide perovskites to achieve better stabilities and
efficiencies in photocatalytic CO2RR, mainly for Cs3BioXg perovskites. So far, the stability of the Cs3BisXg
perovskite has been boosted by implementing two intrinsic strategies: solid solutions 24 and double perovskites
193l a5 well as two extrinsic methodologies: the formation of heterojunctions with other semiconductors 28 and the
encapsulation of the perovskites in porous supports B4, The strategies implemented for the stable performance of

bismuth halide perovskite photocatalysts are summarized in Figure 3.

weathering

* Low costandtoxicity
+ Adjustable bandgaps
» High visible light absorbtion
* Favorable formation energies

Figure 3. Strategies in bismuth halide perovskite for a stable CO2RR.
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