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Metal halide perovskites for CO, photoreduction:
recent advances and future perspectives

Zhongliang Dong, Bowen Li, Yinlong Zhu 2 * and Wanlin Guo

CO, emission has inarguably become one of the greatest challenges ever faced by mankind since
industrial revolution. Techniques aiming at capture, storage and utilization of CO, have attracted
tremendous interest from both industry and academia. Thermal, electrical and photo-catalytic
conversion of CO, to value-added chemicals and fuels is the most well-known approach for CO,
utilization. In particular, photocatalytic reduction of CO, (CO,PR) directly employs solar energy as the
driving force to activate CO,, yielding various products including CO, CH4 and C,, hydrocarbons.
CO,PR, which mimics photosynthesis occurring in nature, is also regarded as “artificial photosynthesis”
and is believed to be a promising approach toward carbon neutral economy. Recently, metal halide
perovskites (MHPs) have emerged as potential photocatalysts for CO,PR, owing to their flexible
structures and excellent photoelectronic properties. This review presents a comprehensive overview of
state-of-the-art developments in MHP-based catalysts for CO,PR. Firstly, the crystal structures and
photoelectric properties of MHPs are reviewed in detail, as they are the key factors determining CO,PR
catalytic performance. Secondly, design strategies to promote the catalytic efficiency of CO,PR to CO
lead-free  MHPs are discussed, including morphological
modifications, co-catalyst modifications, ion doping and crystal plane modifications. Thirdly, this review
addresses MHP-based CO,PR to CH,4 and C,, products, with special emphasis on approaches adopted

conversion for both lead-based and

to promote specific product selectivity. Lastly, our perspectives and opinions are given on current
research challenges and future directions for CO,PR, which we consider are critical for its
industrialization.

Photocatalytic reduction of CO, into value-added chemicals (i.e., artificial photosynthesis) is regarded as a fascinating approach to simultaneously solving

global warming and energy crisis. As a class of newly emerged semiconductors, metal halide perovskites (MHPs) have attracted great interest in the field of CO,

photoreduction in recent years due to their flexible structures and excellent photoelectronic properties. In this review, we present a comprehensive overview of
recent advances in MHP-based catalysts for CO, photoreduction (CO,PR). We start with a description of the crystal structure and photoelectric properties of
MHPs, which are key to CO,PR catalytic performance. Then, strategies (e.g:, morphological modifications, co-catalyst modifications, ion doping, crystal plane
modifications, etc.) for lead-based and lead-free MHP materials to improve the efficiency of CO,PR to CO conversion are systematically summarized. In
particular, a detailed discussion on MHP-based CO,PR to CH, and C,, products (with higher economic value) is further presented, with special emphasis on the

designed methods for promoting selectivity. Finally, some concluding remarks and an outlook on future challenges and prospects are provided to point out the

possible research directions in MHP-based photocatalysts for CO,PR.

1. Introduction

CO, emission and causing climate changes at the same time. In
response to this daunting challenge, new techniques and

Over-reliance on the depleting fossil fuels as the main energy
source is one of the major problems hindering the transforma-
tion toward sustainable economy, while leading to extensive
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process protocols have been developed in various industries
to reduce energy consumption, and governments across the
globe are promoting the usage of renewable energy sources as
clean and green alternatives to conventional fossil fuels. Arti-
ficial photosynthesis technology, which utilizes the inexhaus-
tible, green, and pollution-free sunlight to initiate chemical
reactions, shows great potential in reducing atmospheric CO,
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emission by converting it into valuable solar fuels."” Since CO,
is a thermodynamically stable molecule (the dissociation
energy of C—=O0 is about 750 k] mol *),® the major challenge
in CO, photocatalysis is to find a photocatalyst that can
effectively activate and reduce CO,. In 1979, Inoue et al.
reported that various semiconductors could act as photocata-
lysts to reduce CO, in aqueous solution.” Since then, many
nanostructured materials (e.g., metal oxides,”® metal sulfides’
and metal halide perovskites (MHPs)) have been developed for
photocatalytic CO, reduction reaction (referred to as CO,PR in
the following discussions).®® Among them, extensive research
works are focusing on TiO, and its derivatives, owing to their
unique properties including non-toxicity, ease of manufacture,
and outstanding photochemical stability."® Despite these
advantages, the application of TiO, catalysts is limited by their
inherent large bandgap, which restricts the ability to harvest
solar energy over a wide spectrum. In fact, CO,PR by TiO, can
only occur in the ultraviolet (UV) range,"" greatly limiting the
efficiency in utilizing solar energy. Recently, organic-inorganic
halide perovskites have drawn great attention in the field of
photoelectricity, serving as the key component for solar cells,
light-emitting diodes (LEDs), photodetectors, X-rays and
lasers."”® For example, major breakthroughs have been
achieved with perovskite solar cells, with the power conversion
efficiency increasing from 3.8% in 2009 to 25.7% in 2023.>
Superior photoelectric properties and favorable carrier mobility
are responsible for the impressive performance of perovskite
solar cells.>* Moreover, the efficiency of green and red perovs-
kite LEDs also reaches over 20% and 1.1%, respectively.”>® At
the same time, the performance of MHP-based lasers, photo-
detectors and X-ray detectors is also developing at a rapid pace.
Despite numerous advances achieved, the organic groups of
most organic-inorganic perovskite materials are extremely
sensitive to the environment, limiting their application under
industrial conditions.

In recent years, MHPs have gradually emerged as intriguing
all-inorganic perovskite materials for photoelectronic and
energy conversion applications. With metal cations replacing
organic cations, MHPs have a greater extinction coefficient than
conventional semiconductor nanocrystals and can withstand
more defects. Furthermore, the rich structural diversity allows
accurate tuning of the bandgap, thus improving the light

CsPbBr;
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capture ability. Based on reaction thermodynamics, efficient
photocatalysis requires a good match between the electronic
energy band (EB) structure of the catalyst and the redox
potential of the reaction. In Fig. 1, the relative positions of
the conduction band (CB) and valence band (VB) for the
majority of halide perovskites are depicted. It is clearly illu-
strated that the relative positions of the CB of MHPs are
sufficiently negative for H, generation, CO, reduction, aerobic
oxidation and organic matter degradation (via superoxide radi-
cals). On the basis of this plot, halide perovskites are seen as a
promising candidate for CO,PR. The CB for most MHPs is more
negative than the CO, reduction potential, which is a prerequi-
site and essential condition for CO, reduction to occur.”” Fig. 2
demonstrates the four key steps for CO,PR, namely light
capture, generation and separation of photogenerated carriers,
CO, adsorption and product desorption.”® By optimizing these
key steps, the overall photocatalytic activity for CO, reduction
can be improved. For example, higher molar extinction coeffi-
cients of MHPs allow them to capture light more effectively,
hence leading to better catalytic performances. The molar
extinction coefficient of CsPbX; (X denotes a halide ion) is
nearly 10 times higher than that of CdSe nanocrystals with a
similar bandgap. Under the same light conditions, the high
molar extinction coefficient means that CsPbX; nanocrystals
can capture more sunlight for photocatalysis. Moreover, MHPs
generally have a low exciton binding energy (Ey,), implying that
excitons are more likely to dissociate into free electrons and
holes, further facilitating photocatalytic reactions.> Nonethe-
less, strong recombination of photogenerated charge carriers
limits the catalytic performance of pristine MHPs, and effective
photoreduction of the chemically inert CO, with high catalytic
activity and product selectivity is still difficult to achieve.
Development of efficient photocatalysts remains a key chal-
lenge and has attracted research interest across the globe.
Novel design strategies are in need, together with more detailed
understanding of the reaction mechanism, to develop highly
active, selective, and stable photocatalytic systems based
on MHPs.

To date, there have been several excellent reviews providing
in-depth summaries on MHPs in photocatalysis, discussing the
overall photocatalytic performance, stability, and lead toxicity

issues.”*”” However, these reviews mainly focus on hydrogen

E(V) vs. NHE, pH=0
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Fig. 1 Band edge positions of halide perovskites relative to reversible hydrogen electrode (RHE).
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Fig. 2 Schematic diagram of photoreduction of MHPs.

production reaction, pollutant degradation, and other applica-
tions. Strategies for the advanced photocatalytic reduction of
CO, to CO are studied to a lesser extent. Moreover, reviews
exploring CO,PR toward CH, and C,. products with higher
added values are rarely summarized. In view of recent
advances, we believe it is necessary to give a comprehensive
overview of the state-of-the-art materials and design strategies
in MHP catalyzed CO,PR. In this review, we first describe the
crystal structure and photoelectric properties of MHPs. Follow-
ing that, detailed discussions are made on the relevant
advances accomplished with lead-based and lead-free MHP
materials, focusing on strategies to improve the CO, photo-
conversion efficiency to CO. More importantly, the CO, photo-
reduction to CH; and C,, products (which are more
economically valuable) based on MHP-catalysts is also dis-
cussed. Lastly, our insights into future research directions are
provided, addressing the urgent challenges that need to be
pursued in order to maximize the potential of MHPs in pro-
moting sustainable development and facilitating their practical
applications.
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2. Structures and properties of MHPs
2.1 Crystal structures of MHPs

The structure of a material serves as a crucial determinant of its
physical and chemical properties, and any variation in its
structural arrangement can make a profound impact on its
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performance. Therefore, a comprehensive understanding of the
crystal structure of MHPs is essential to accurately predict and
fine-tune their optical, electronic, and catalytic properties. It is
generally accepted that the chemical formula of perovskites is
ABXj;, in which the A-site cation is 12-fold coordinated and the
B-site cation is 6-fold coordinated. Typically, perovskite struc-
tures are cubic (Fig. 3a) or octahedral in shape (Fig. 3b).>® X
represents the halide elements Cl, Br, and I, and B refers to
metal ions like Pb%*, Ge**, Sn**, and Bi*". In these ions, the A
and B site ions can be partially replaced by ions with similar
radius, while the crystal structure remains essentially
unchanged. Depending on whether the A-site ions contain
organic groups, they can be divided into two categories:
organic-inorganic hybrid perovskites (organic ions in the A-
site, such as CH;NH;", methylammonium ion (MA"), formami-
dine ion (FA")) and all-inorganic perovskites (only inorganic
ions in the A-site, such as Cs*, K*, Rb"). It is worth noting that
the majority of research efforts in the realm of MHPs have been
devoted to exploring the fascinating properties of lead halide
perovskites (LHPs) featuring an APbX; structure,*>*® due to the
exceptional photoelectric properties. Additionally, the remark-
able potential of LHPs for various applications such as solar
cells, LEDs and photodetectors has made them a focal point of
#1747 According to the concept of the Gold-
schmidt tolerance factor, which involves close packing of ions,
only MA", FA" and Cs’ can stabilize the 3D PbX, framework,
because they are geometrically adapted in the A-site of the
twelve-coordinates.*® However, evidence from previous studies

research efforts.

G A:Cs* MA* K*, Rb*...
/ © B: Pb*, Ge?*, Sn?, Bi?...

© X:Cl,Br,I’

Cubic Orthorhombic
Fig. 3 (a) Cubic and (b) orthorhombic crystal structures of 3D ABXs perovskites.
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has shown that the crystal structure of APbX; can be irreversibly
damaged and decomposed in the presence of moisture,
photothermal radiation and polar solvents, which limits their
application in many fields.**>" Therefore, exploring more
structurally stable APbX; or surface modified stable materials
is an important research trend in the future.

2.2 Photoelectric properties of MHPs

The excellent photoelectric properties of MHPs are primarily
attributed to their unique structural characteristics. As
described above, their highly ordered and symmetrical lattice
three-dimensional network provides a favorable environment
for efficient charge transport and light absorption, which
makes them ideal for photocatalytic applications. These prop-
erties include favorable bandgaps for extended absorption of
visible light, high charge carrier mobility, and long charge
diffusion length that results in a reduced recombination rate
of electron-hole pairs. Recent reports®>®' have highlighted
these properties, which are important factors supporting the
potentially superior photocatalytic performance of MHPs. Spe-
cifically, MHPs exhibit (1) a high optical absorption coefficient
with easily tunable bandgaps, (2) a long carrier diffusion length
and suppressed recombination rate, which improve carrier
lifetime, and (3) a well-balanced charge transfer suitable for
redox reactions.

2.2.1 Flexible and adjustable bandgap. The enhanced light
absorption of MHPs compared to conventional semiconductors
(e.g., TiO,) has been found to contribute to the improved photo-
carrier conversion efficiency, as demonstrated in many
perovskite-based solar cells.®” In order to maximize the optical
absorption of a photocatalytic material, it is necessary to
possess an appropriate bandgap. Theoretically, by reducing
the bandgap value, the absorption spectrum of the visible light
becomes wider and the efficiency of light utilization can be
increased.®® The energy level of MHPs is related to their
bandgap, which is composed of the conduction band mini-
mum (CBM) and the valence band maximum (VBM). For MHPs,
the VBM consists of an antibonding hybrid state between the 6s
orbitals of the B divalent cation and the np orbitals of X (n =3, 4
and 5 for Cl, Br and I, respectively), with the latter playing a
dominant role. The CBM is an antibonding hybrid state of the
6p orbitals of B and the np orbitals of X, and the main
contributor is from the 6p orbitals of B.°>°* As A-site ions have
little impact on the VBM or CBM, the bandgap of MHPs is
frequently adjusted by mixing or modifying B and X-site ions.
Adjustable bandgap provides the opportunity to regulate the
energy band edge and achieve highly efficient photocatalysis in
various applications. Additionally, the absorption spectrum of
MHPs can be tuned from visible light to near-infrared (NIR)
irradiation utilizing the quantum confinement effect. For
example, Protesescu et al. first reported that the optical absorp-
tion and emission spectra of colloidal CsPbX; NCs (Fig. 4a and
b) can be tuned by adjusting their composition (proportion of
halides in mixed NCs) and particle size (quantum-size effect) to
respond across the visible spectral region.®* Guo et al. demon-
strated that CsPb(Br,/Cl;_,); exhibits a wide absorption range

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for visible light from 400 to 700 nm, with a gradual shift of the
absorption peak from 520 nm (CsPbBr;) to 420 nm (CsPbCl;) by
adjusting the value of X (Fig. 4c).®®> At the same time, Fig. 4d
shows an increase in E, values from 2.33 to 2.98 eV for
CsPb(Br,/Cl;_,); (x = 1, 0.7, 0.5, 0.3, 0) with a direct
bandgap.®® All of the above evidence suggests that the use of
hybrid halides is a viable strategy for modulating the absorp-
tion diversity and bandgap in perovskite spectroscopy.

2.2.2 Long carrier lifetime. Under thermal equilibrium
conditions, electrons are continuously excited from the valence
band to the conduction band to produce electron-hole pairs. At
the same time, electron-hole pairs keep disappearing because
the recombination of carriers makes the carriers disappear
gradually, and the average existence time of such carriers is
called carrier lifetime.®* At equilibrium, the production rate of
electrons and holes is equal to the recombination rate, so that
the density of carriers in the semiconductor remains constant.
Thus, a higher equilibrium carrier concentration favours an
increase in carrier lifetime and diffusion length. In the process
of photocatalytic reaction, the separation and transport of
electrons are the main considerations for the improved cataly-
tic performance. Longer carrier lifetime implies high charge
mobility, which is a key advantage for semiconductors. MHPs
have been reported to have stable equilibrium carrier concen-
trations and long carrier lifetime beyond those of commonly
used photoelectric materials,®® as well as beneficial interfacial
charge transfer kinetics and still undiscovered electron injec-
tion kinetics advantages.®”

2.2.3 High equilibrium carrier concentration. Generally,
the equilibrium carrier concentration refers to the number of
electrons and holes in a material that are present in thermo-
dynamic equilibrium at a given temperature. At equilibrium,
the rate of generation of free charge carriers (electrons and
holes) through excitation processes is balanced by the rate of
recombination of those carriers, resulting in a constant density
of free carriers in the material. The equilibrium carrier concen-
tration is a critical parameter in determining the electrical and
optical properties of a semiconductor material. It is influenced
by factors such as the doping level of the material, its intrinsic
carrier concentration, the temperature, and the energy gap
between the valence and conduction bands.®® One of the
advantages of MHPs is their high equilibrium carrier concen-
tration, which is several orders of magnitude higher than that
of conventional semiconductors such as silicon. High carrier
concentration originates from the unique crystal structure of
MHPs, which consists of alternating layers of metal halide
octahedra and organic cations.®® The high carrier concen-
tration in MHPs is beneficial for many photoelectric applica-
tions. For example, in solar cells, the high carrier concentration
leads to a high open-circuit voltage and short-circuit current,
resulting in high power conversion efficiency. In LEDs, the high
carrier concentration enables efficient radiative recombination
of electrons and holes, leading to bright and efficient emission.
Moreover, the high carrier concentration in MHPs also leads to
long carrier diffusion lengths, which enable efficient extraction
and collection of charge carriers, reducing the recombination

EES Catal, 2024, 2, 448-474 | 451
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(a) Colloidal halide perovskite CsPbXs NCs (X = Cl, Br, and ) exhibit size- and composition-tunable bandgap energies covering the entire visible

spectral region with narrow and bright emission.®* (b) Typical optical absorption and PL spectra of CsPbXs NCs.%* (c) UV-vis absorption spectra and (d)

(ahv)? versus hv curves of CsPb(Br,/Cly,_)s (x = 1, 0.7, 0.5, 0.3, 0) materials.®®

losses. Overall, the high equilibrium carrier concentration in
MHPs is a significant advantage that makes them promising
candidates for various photoelectric applications, offering
exceptional performance and potential for future technological
advancements.

3. MHP materials for the
photoreduction of CO, to CO as the
main product

To date, several technologies have been developed to convert
CO, into hydrocarbons or high value-added chemicals, such as
thermocatalysis, biocatalysis, electrocatalysis, and photocataly-
sis. Different from the conventional thermocatalytic CO,
reduction requiring high temperature and pressure conditions,
the photocatalytic CO, reduction process simulates natural
photosynthesis using sunlight and a photocatalyst to catalyze
the conversion of CO, and water, which is also named the
artificial photosynthesis. Compared to conventional thermoca-
talytic CO, reduction, photocatalytic CO, reduction has the
following advantages: (1) photocatalytic CO, reduction reaction
relies solely on solar energy as the external energy input; (2) the
reaction utilizes water and CO, as raw materials which are
abundant and easily accessible; (3) the reaction is free of
secondary pollution; and (4) photocatalytic CO, reduction

452 | EES Catal., 2024, 2, 448-474

enables the synthesis of solar fuels and high value-added
chemicals at ambient temperature and pressure. Thus, photo-
catalytic CO, reduction is often regarded as one of the most
promising solutions to solve the energy crisis and environmen-
tal problems. Since photocatalytic CO, reduction is a multi-
electron transfer process involving various reaction pathways, it
is challenging to produce specific products with high selectiv-
ity. Photocatalysis (using single atoms, metal oxides, sulfides,
nitrides, etc.) can be performed in a purely gas phase system or
solution system, generating the main products including both
C; (e.g., CO, CH,, HCOOH, CH;0H) and G, (e.g., C,H,, C,Hs,
C,Hs0H, C3Hg) chemicals. The reaction conditions and the
corresponding products are displayed in Table 1. When
employing MHPs as catalysts, CO, tends to be reduced to CO
and CH,, accompanied by the side reaction of H, evolution. In
a typical CO,PR system, the total electron consumption rate
and the electron consumption rate for the reduction of CO, to
carbon products are considered as Ritalelectron = 2R(CO) +
8R(CH,) + 2R(H,) and RCO, requction = 2R(CO) + 8R(CH,), respec-
tively. Thus, the selectivity of CO, reduction can be calculated
as (RCO, reduction)/(Reotal electron) X 100%. To evaluate the perfor-
mance of photocatalysts, electron consumption rate and pro-
duct selectivity are two important parameters.

As mentioned above, MHPs are extensively applied in
photoelectric devices due to their flexible and adjustable band-
gap, long carrier lifetime, and high equilibrium carrier

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The theoretical equilibrium potential (E°, V vs. NHE at pH = 7) and redox equation for the conversion of CO; to different products

Reaction equation Reduction products E° (V)
CO, + e~ =CO,~ Carbonate anion radical —1.90
CO, +2H" + 2¢~ = CO(g) + H,O Carbon monoxide —0.53
2CO0, + 14H" + 2e” = C,H,(g) + 4H,0 Ethane —0.27
CO, + 8H' + 8¢~ = CH,(g) + 2H,0 Methane —0.24
2C0, + 12H" + 12e~ = C,H,(g) + 4H,0 Ethene —0.34
CO, + 2H" + 2¢~ = HCOOH(aq) Formic acid —0.53
CO, + 4H' + 4~ = HCHO(aq) + H,0 Formaldehyde —0.48
CO, + 6H' + 6e~ = CH30H(aq) + H,O Methanol —0.38
2CO, + 8H' + 8¢~ = CH;COOH(aq) + 2H,0 Acetic acid —-0.30
2CO, + 10H" + 10e~ = CH;CHO(aq) + 3H,0 Acetaldehyde —0.35
2C0, + 12H" + 12¢~ = C,H;0H(aq) + 3H,0 Ethanol —0.33
3CO, + 16H" + 166~ = C,H5;CHO(aq) + 5H,0 Propionaldehyde —0.32
3CO, + 18H" + 18¢~ = C3H,0H(aq) + 5H,0 Propanol —0.31
CO, + 4H" + 4e” = C(s) + H,0 Solid carbon —0.20

concentration. With the maturation of operating systems and
the development of characterization techniques, the diversity of
structures and intrinsic properties of MHPs have been
explored, and their applications in environmental remediation
and energy conversion have also received increasing research
attention. In particular, photocatalytic CO, reduction is con-
sidered as the utmost promising strategy toward sustainable
development with net zero carbon emission. According to
numerous studies, the predominance of CO as the main
MHP-based reduction product can be attributed to its two-
electron transfer mode.”””" Moreover, CO is an important
intermediate product in many chemical synthesis reactions
and can be further converted into other organic compounds
such as alcohols, ketones and acids.”>”® Therefore, the produc-
tion of CO by photocatalytic reduction based on MHPs will be
discussed in this section with emphasis on the design strate-
gies to improve the efficiency.

3.1 Lead-based MHPs for CO,PR

In 2016, Park’s team reported for the first time that an organic-
inorganic mixed perovskite (MAPbI;) could drive hydrogen
evolution in aqueous hydrogen iodide solution and remain
stable throughout the catalytic process.”* As MHPs are unstable
in polar solvents, ethyl acetate (EA) and acetonitrile (ACN) are
generally considered as suitable media for the CO,PR
reaction.>>” Inspired by this, Xu et al. pioneered the synthesis
of more stable CsPbBr; perovskite quantum dots (CsPbBr; QDs)
in EA and successfully used them for photocatalytic CO,
reduction (Fig. 5a).>> However, the photocatalytic activity and
durability of single-component CsPbBr; QDs are still low,
which largely limits their further application. For this reason,
they used a simple room-temperature antisolvent precipitation
to synthesize a CsPbBr; QDs/GO composite, which exhibits a
higher electron consumption rate of 29.8 pmol g~ " h™" and the
yield is much improved compared to CsPbBr; QDs (Fig. 5b).>
Moreover, the CsPbBr; QDs/GO composite shows an enhanced
photocurrent response (Fig. 5¢) and reduced carrier transfer
resistance (Fig. 5d), indicating the more favorable kinetics
of the composite photocatalyst compared with CsPbBr; QDs.
This study marks the first application of MHPs in CO,

© 2024 The Author(s). Published by the Royal Society of Chemistry

photoreduction, inspiring subsequent works on MHP-based
materials for photocatalytic CO, reduction. To date, there have
been many research works focusing on LHP-based composite
photocatalysts, and the product is mainly CO with high selec-
tivity (Table 2).

3.2 Lead-free MHP-based CO,PR

For reasons of environmental considerations and safety issues,
the development of green, non-polluting perovskites for CO,
photoreduction is imperative, requiring partial or complete
replacement of B-site Pb with atoms of similar radius, thus
laying the groundwork for the development of CO,PR in lead-
free systems. It has been discovered that the remarkable photo-
electric properties of Pb-based perovskite materials can be
attributed to their unique electronic configuration, including
lone-pair Pb 6s electrons and an empty Pb 6p orbital. More-
over, the substantial size and weight of Pb further strengthen
these properties, contributing to a robust spin-orbit coupling
effect, as elucidated by recent studies.””® As such, in order to
identify a stable and environmentally benign substitute for Pb,
it is necessary to seek elements with similar atomic electronic
configurations. Theoretically, the most suitable candidates for
Pb replacement are group-14 metal elements, such as tin (Sn)
and germanium (Ge), which also possess lone-pair s orbitals
akin to Pb.”””’® However, a major challenge arises as Sn- and
Ge-based perovskites exhibit poor stability due to the rapid
oxidation of Sn**/Ge** to Sn**/Ge**. Additionally, the potential
toxicity of Sn to human beings upon environmental dispersion
may surpass that of Pb, further complicating the quest for an
ideal substitute. Hence, the pursuit of a stable and non-toxic Pb
substitute demands meticulous investigation and considera-
tion of various factors.

Recently, lead-free double perovskite Cs,AgBiBre has led to a
research boom due to its non-toxicity, long carrier lifetime and
high environmental stability. Taking advantage of these merits,
Cs,AgBiBre has been adopted for NO removal,”® degradation of
organic pollutants,®” H, evolution,®*®® etc. Not long ago,
Cs,AgBiBrs was also explored for photocatalytic reduction of
CO, and promising progress was made. For example, Zhou
et al. developed novel lead-free double perovskite Cs,AgBiBrg
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Fig. 5 (a) Photocatalytic performance: yield of the CO, reduction products after 12 h of photochemical reaction.”? (b) UV-vis absorption spectra and the
external quantum efficiency spectra.>? (c) Amperometric /-t curves plotted at —0.4 V Ag/AgCl under chopped AM 1.5G illumination.>? (d) EIS Nyquist plots
recorded under 150-mW cm~2 illumination at a bias of —0.4 V Ag/AgCl; the lines are the corresponding fitted results. The inset is the equivalent circuit

model.>?

nanocrystals (NCs) for CO, photoreduction by thermal injection
(Fig. 6a).%* The corresponding crystal structure is shown in
Fig. 6b, where Ag" and Bi** ions located at the B and B’ sites
combine with Br~ to replace the conventional Pb**, forming
two types of regular octahedra. These two octahedra alternately
join to form a rock salt face-centred cubic structure, with the
larger Cs" filling their gaps to form the typical A,BB'X; struc-
ture. Photocatalytic CO, reduction was carried out in EAC in a
Pyrex glass bottle under simulated sunlight (AM 1.5G, 150 mW
cm?) irradiation. Both as-prepared and washed NCs were
tested and the photocatalytic performance is displayed in
Fig. 6¢. After 6 h of continuous irradiation, the CO and CH,
yields are 5.5 and 0.65 pmol g™, respectively, using Cs,AgBiBrg
NCs without an additional washing process. Fig. 6d presents a
preliminary mechanism for the photocatalytic reduction of CO,
by Cs,AgBiBrs NCs, where Cs,AgBiBrs NCs have a suitable
conduction band to drive CO, reduction. This is the first
example of the successful application of double perovskites
for CO, photoreduction. Based on the above research, scholars
began to consider optimizing the dimensions to improve the
performance of Cs,AgBiBr. Very recently, Liu et al. fabricated
two-dimensional Cs,AgBiBr, nanoplatelets (NPLs) and found
that Cs,AgBiBrs NPLs exhibit stronger photocatalytic perfor-
mance than the corresponding nanocubes (NCs), which was
explained by the long in-plane diffusion length and anisotropic
charge carryover of the NPLs, as compared to their NC counter-
parts (Fig. 6e).*® Fig. 6f depicts the reaction mechanism of 2D

454 | EES Catal, 2024, 2, 448-474

Cs,AgBiBrg NPLs, which is similar to that of 0D Cs,AgBiBre
NCs, in which photogenerated charge carriers (electrons and
holes) dissociate in the NPLs, with the holes subsequently
consumed by solvent molecules and the electrons trapped by
CO,. As shown in Fig. 6g, the production rates of both CO and
CH, are significantly higher when NPLs are utilized as catalysts.
However, as the reaction time increases, the production rate
gradually decreases, which is probably due to the surface
poisoning of some surfaces of the photocatalysts. The overall
electron consumption of Cs,AgBiBrs NPLs during the reaction
increases by more than 8 times compared to Cs,AgBiBrs NCs
(255.4 pmol g~ vs. 30.8 pmol g~ " in Fig. 6h). However, due to
their inherent indirect bandgap, the single-component Bi-
based perovskites show insufficient photocatalytic activity in
practical applications.

Encouragingly, recent studies on catalyst growth and opti-
mization of interfacial reactions/conditions are expected to lead
to the further development of Bi-based perovskites. Further-
more, by compounding with other materials, building a two-
component composite catalyst results in enhanced photocata-
Iytic activity and stability. For instance, Ding’s group reported
an in situ assembly approach to produce a stable Cs,AgBiBrg/
Ce-UiO-66-H composite, in which a tight contact interface
is constructed between the two involved components.”” As
shown in Fig. 6i, benefiting from the photocatalytic properties
and the high adsorption capacity for CO,, the optimized
20Cs,AgBiBrs/Ce-UiO-66-H adsorption-photocatalyst shows

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Photocatalyst Light source System Riotalelectron (Mol g7 h™")  Products Selectivity (%) Ref.
CsPbBr; QDs 100 W Xe-lamp, AM 1.5G EA 23.7 CO, CH,, H, 99.3 37

CsPbBr,/BP 200 W Xe-lamp EA/H,0 174.7 CO, CH, ~100 54

C0,0,@CSPbBr;/Cs,PbBrs, — H,0 27.1 CO, CH, ~100 55

CsPbBr; NC/Pd NS 150 W Xe-lamp, 4 > 420 nm H,O (vapor) 33.79 CO, CHy, H, 94.8 96

CsPbBr;-Au 100 W Xe-lamp, 4 > 420 nm ACN/IPA 47.7 CO, CH, ~100 98

3DOM Au-CsPbBr; — IPA/H,O/EA  38.0 CO, CH, ~100 99

CsPbBr;-Re(600) — TL/TPA 73.34 CO, H, 95 101
CsPbBr,-Ni(tpy) — EA/H,0 1252 CO, CH, ~100 102
Mn:CsPb(Br/Cl); — EA 498.9 CO, CH, ~100 106
Non-cube CsPbBr; 450 W Xe-lamp EA/H,0 182.95 CO, CH, ~100 107
CsPbBr;-OA/OAm — H,O (vapor) 9.6 Cco ~100 112
CsPbBr;-glycine — H,O (vapor) 55.4 Cco ~100 112
CsPbBr;QDs/UiO-66(NH,) 300 W Xe lamp, 4 > 420 nm EA/H,0 101.65 CO, CH, ~100 115
TiO,/CsPbBr; 300 W Xe-lamp (UV-vis light) ACN/H,0 <18.99 CO, H, 95 118
CsPbBr; QDs/Bi,WO, — EA/H,O 114.4 CO, CH, ~100 121
(ha),CsPb,Br; 300 W Xe-lamp, full wavelength BAC 377.58 CO, CH, ~100 161
CsPbBr;/FLG Laser diode A = 405 nm EA 255.4 CO,CHy, H, >99 162
CsPbBr;-BF,/Co — EA/IPA 180 CO, CH, ~100 163
CsPbBr; 150 W Xe-lamp, 4 > 380 nm EA 2.7 CO, CH4, H, 95.2 164
CsPbBr,/Pt 150 W Xe-lamp, 1 > 380 nm EA 5.6 CO, CH,, H, 90.56 164
CsPbBr;/Ti;C,T, MXene 300 W Xe-lamp, 4 > 400 nm H,O (vapor) 112.6 CO, CH, ~100 165
CsPbBr;, 300 W Xe-lamp, AM 1.5G EA/H,O 20.9 CO, CH,, H, >99 166
CsPbBr;/CTF-1 — EA 96.4 CcO ~100 167
CsPbBr;/CTF-1-Ni — EA 173 CO ~100 167
CsPbBr; NC/Pd NS 150 W Xe-lamp, 4 > 420 nm H,O0 (vapor) 33.79 CO, CHy, H, 94.8 168
WO3/CsPbBr;/ZIF-67 — H,O (vapor) ~66.25 CO ~100 169
CsPbBr;/WO; 300 W Xe-lamp, 4 > 400 nm EA/H,0 ~400 CO ~100 170
CsPbBr;/MoS, — EA/H,0 152.4 CO, CH, ~100 171
P3HT/CsPbBr; — ACN/H,O 475.3 CO, CH, ~100 172
CsPbBr;@GDY, 5 — ACN/H,0 20.4 co ~100 173
CsPbBr;@GDY, 5-Co — ACN/H,0 55.4 co ~100 173
Ceo/CSPbBr; — ACN/H,O 90.2 CO, CH, ~100 174
CsPbBr;@Sn0, 300 W Xe-lamp EA/H,O 128.2 CO, CH, ~100 175
CsPbBr,/AgBr — ACN/H,0 141.1 CO, CH, ~100 176
CsPbBr;/BiOBr — EA/H,O 72.3 CO, CH, ~100 177
MIL-100(Fe)-CsPbBr; — H,O (vapor) 82 CO, CH, ~100 178
0D CsPbBr,/2D CsPb,Br; — H,O (vapor) 400.62 CO, CH, ~100 179
NMF/CsPbBr;-NWs 300 W Xe-lamp, 4 > 420 nm EA/H,0 162 CO ~100 180
CsPbBr; PQDs/PbS — EA/H,0 73.1 CO,CH,, H, >99 181
Mn:CsPbCl; — — 74 CO ~100 182
CsPbBr;@MTB 300 W Xe-lamp EA/H,0 145.28 CO,CH,, H, >99 183
CsPbBr;/BiOCl 300 W Xe-lamp EA/H,0 97.2 CO, CH, ~100 184
CsPbBr;/CoAl-LDH 300 W Xe lamp, 4 > 420 nm EA/H,0 41.2 CO, CH, ~100 185
CsPbBr;/NCP 300 W Xe lamp, 4 > 420 nm EA/H,0 77.6 CO, CH, ~100 186
T-SrTiO3/CsPbBr; — H,O (vapor) ~120.2 CO ~100 187
Pb-rich Ni:CsPbCl; NCs — H,O (vapor) 339.4 CO