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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
conversion for both lead-based and 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
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
research efforts.*’™” 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

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
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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

EES Catal., 2024, 2, 448-474 | 453
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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, CH, ~100 188
CsPbBr;/PbSe — EA/H,O/TPA  322.4 CO ~100 189
CsPbBr; QDs/BP NSs — H,O (vapor) 76.6 co ~100 190
MWCNT/CsPbBr; — ACN/H,0 32.96 CO, CH, ~100 191
CsPbBr;@Cu-TCPP 300 W Xe lamp, 4 > 420 nm ACN/H,0 150.04 CO, CH, ~100 192
Cs,PbBre/rGO 300 W Xe lamp, /. > 420 nm EA/H,O 11.4 CO, CH, ~100 193
SrTiO3/CsPbBr; 300 W Xe lamp H,O (vapor) ~240.4 CcoO ~100 194
CsPbBr;/USGO/a-Fe,03 — ACN/H,0 147.6 CcO ~100 195
CsPbBr; NCs/MXene-20 — EA 110.64 CO, CH, ~100 196

excellent performance in CO, reduction with a rather high CO
production rate (309. 01 pmol g~ h™"), which is 2.1 and 2.7
times higher than that of pure Cs,AgBiBrs and Ce-UiO-66-H
respectively. The excellent photocatalytic conversion of CO, is
attributed to the efficient solar energy harvesting and fast
photoexcited carrier separation in the assembled structure.
Importantly, due to the in situ synthesis, Cs,AgBiBrs QDs are
intercalated in the Ce-UiO-66-H framework, which leads to
better stability and induces a large number of oxygen vacancies
in Cs,AgBiBrs/Ce-UiO-66-H, maintaining a constant CO,

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

conversion during a continuous 10 h cycling test in wet air
(illustrated in Fig. 6j). In addition, Feng’s group constructed a
Type-Z heterojunction composed of Cs;Bi,ls nanosheets and
CeO, nanosheets (Cs;Bi,Io/Ce0,-3:1) as a photocatalyst for CO,
photoreduction and H,O oxidation using an electrostatic self-
assembly strategy (Fig. 6k).*® Owing to the well-matched energy
levels and tight interfacial contacts, the separation efficiency of
photogenerated carriers in the Cs;Bi,Io/CeO,-3:1 composite is
significantly improved. The Cs;Bi,lo/Ce0,-3:1 composite
catalyst shows a high photocatalytic activity in the reduction

EES Catal., 2024, 2, 448-474 | 455
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(a) Schematic illustration of the solution phase synthesis of Cs,AgBiBrg NCs (hot-injection route).84
Comparison of the photocatalytic CO, reduction performance of the as-prepared Cs,AgBiBrg NCs and washed NCs.84
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of CO, to CO/CH, with an electron consumption yield of
877.04 pmol g~', which is 7 and 15 times higher than the
yields of pristine Cs;BiIy and CeO, nanosheets (Fig. 61). This
work exceeds the yields of other currently reported Bi-based
perovskites in photocatalytic CO, reduction.

Overall, MHPs have shown promising results in photocata-
lytic CO, reduction to CO due to their high light absorption and
efficient charge transfer properties. Particularly, lead-based
perovskites have been extensively studied in this area and have
achieved favorable conversion efficiencies. However, the toxi-
city of lead and concerns over stability have led to increased
interest in lead-free alternatives. Lead-free perovskites such
as Sn-based, Bi-based, and mixed-metal perovskites have
been investigated for CO, reduction and especially Bi-based
perovskites have shown comparable or even superior perfor-
mance to lead-based perovskites. Nonetheless, challenges such
as instability under operating conditions and limited under-
standing of reaction mechanisms remain as major obstacles to
their commercial viability. For this reason, the next section will
focus on the strategies to improve the photoconversion effi-
ciency and stability of MHP-based photocatalysts, with the

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

() The yields of CO and CH,4 over CssBisls, CeO, and CszBisle/CeOs-x:1 (x = 2-6) in 12 h.8®

purpose of bringing some enlightenment to the development
of stable and efficient catalytic systems (Table 3).

3.3 Strategies to improve the photo-conversion performance
of MHPs

3.3.1 Morphological regulation. Perovskites have many
different morphologies, such as 0D QDs, 1D rods, 2D
nanosheets, 3D cube/star-shaped nanocrystals, etc., which can
significantly affect the CO, reduction performance. Sun et al.
reported a variety of shapes of CsPbX; materials prepared by a
facile ligand-assisted method and found that CsPbX; materials
exhibit shape-dependent photoelectronic properties.’” For
example, the extremely small particle size of CsPbBrz QDs
makes it significantly different from bulk materials in terms
of optical and electronic properties. These 0D CsPbBr; QDs can
be easily functionalized via surface modification, with tunable
luminescence wavelength when they are in solution and their
forbidden bandwidth becomes narrower when they grow in
aggregation (Fig. 7a). Similarly, a relevant report has demon-
strated that the quantum dots are better than conventional
fluorescent organic dyes in terms of tunable broad excitation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Lead-free MHP-based catalysts for CO,PR with CO-dominated products

Photocatalyst Light source System Riotalelectron (WMol g7 h™")  Products Selectivity (%)  Ref.
Cs;Bi,lo/Bi, WO, — H,O (vapor)  14.67 Cco ~100 42
Cs;Bi,Bry — H,O (vapor)  54.6 CO, H, 98.7 43
Cs,AgInCls@Ag-2 300 W Xe lamp EA 71 CO, CH4 ~100 44
Cs,AgBiBre/Ce-UiO-66-H  — H,O (vapor)  623.7 CcO ~100 45
Cs,AgBiBre/Sr,FeNbOj — EA/H,0 164.96 CO, CH, ~100 46
Cs,CuBr, — H,O (vapor)  179.29 CO, CH, ~100 47
Cs,CuBr,@KIT-6 300 W Xe lamp EA/H,O 240.5 CO, CH, ~100 66
Cs,AgBiBr, — EA 17.5 CO, CH, ~100 84
Cs;3Bi,lo/Ce0,-3:1 — H,O (vapor)  877.04 CO, CH, ~100 86
Cs;Bi,l, 7.3 co ~100 92
Cs3Biy(Cly 5Brg.5)s — H,O (vapor) 32 co ~100 92
3D Cs,NaBiCl, 300 W Xe lamp H,O (vapor)  69.4 co ~100 93
Cs,CuBr,/CeO, 300 W Xe lamp EA/H,O 241.82 CO, CH, ~100 100
MCM-41@Cs;Bi,Br, — H,O (vapor)  34.48 co ~100 109
Cs,AgBiBrs@MCM-48 300 W Xe lamp, 2 > 420 nm  EA 99.13 CO, CH, ~100 110
ZnSe-CsSnCl; — TL/TPA 128.32 CO, CH, ~100 114
Cs,AgBiBrs/CTF-1 300 W Xe lamp, 4 > 420 nm  EA 130.2 CO, CH, ~100 127
Cs,CuSb,Cl;, 300 W Xe lamp H,O (vapor) 351 CO, CH, ~100 197
Cs,Sb,Br, — ODE/H,0 255 co ~100 198
Rb;Bi,lo 32 W UV-lamp, 4 = 305 nm H,O (vapor) 17.24 CO, CH, ~100 199
MA;Bi, ]I, — — 9.28 CO, CH, ~100 199
CABB/Ni-MOF 300 W Xe lamp EA 241.14 CO, CH, ~100 200
Cs,AgBiBrs/Bi,WOg 300 W Xe lamp, 4 > 420 nm EA/TIPA 87.66 CO, CH, ~100 201
Cs,Sb,I, — H,O (vapor)  95.7 Cco ~100 202
Cs,AgBiBre/TizCoTy 150 W Xe-lamp, 2 > 400 nm  H,O (vapor) 50.6 CO,CH,;, H, — 203
Cs;Bi,Broy/MOF 525 Co 300 W Xe lamp H,O (vapor)  124.8 CO, CH, ~100 204
Cs3Sby(Bro 710.3)o — H,O (vapor) 18.5 cO ~100 205
Cs,TeClg 300 W Xe lamp H,O (vapor) 320 CO, CH, ~100 206
Cs,TeBrg 300 W Xe lamp H,O (vapor)  366.8 CO, CH, ~100 207
Cs,AgBiBry@Si0, /> 420 nm ACN/H,0 271.76 CO, H, 93.8 208
Cs,AgBiBrs—Cu-RGO — H,O (vapor)  91.4 CO, CH,, H, 97.8 209

and narrow emission spectra, signal brightness, high quantum
yields and photostability.®® One of the properties of 2D materi-
als is the large exciton binding energy due to dielectric shield-
ing and reduced quantum confinement effects.®® For example,
the exciton binding energy of monolayer WS, is as high as
700 MeV. 2D halide perovskites have significant vibrational
intensity, large exciton binding energy, effective radiative
recombination and high photoluminescence quantum yields,
which result from the large energy difference and high dielec-
tric constant between the inorganic and organic layers.”® More-
over, the exciton binding energy of two-dimensional
perovskites can be fine-tuned by inserting small molecular
layers.” In a study conducted by Wu et al, 2D CsPbBr;
nanosheets were synthesized at room temperature by varying
the amount of hydrobromic acid employed in the synthesis
process (as depicted in Fig. 7b), resulting in nanosheets with
thicknesses of 2, 3, 4, and 4.6 nm.°> The effect of CsPbBr;
nanosheet thickness was investigated for photocatalytic CO,
reduction in water vapor and CO, gas (gas-solid system without
a sacrificial agent). It was found that the thickness of CsPbBr;
nanosheets has a significant effect on the performance of CO,
photoreduction, and the CO generation rates of 2.3, 14.2, 21.6,
12.5 and 5.7 pmol g ' h™* are observed for 2, 3, 4 and 4.6 nm
thick CsPbBr; nanosheets and nanocrystal CsPbBr;, respec-
tively (Fig. 7c and d). Among these, CsPbBr; nanosheets with
a thickness of 4 nm exhibit the highest photocatalytic activity,
which can be attributed to the suitable visible light absorption
range and the higher number of photogenerated carriers for

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

CO, reduction. From another perspective, the 2D CsPbBr;
nanosheets have shorter carrier transfer distances and uncoor-
dinated active metal sites compared to the bulk CsPbBrj
nanocrystals, favoring the transport of photogenerated carriers
to the catalyst surface. In a study by Pi and his collaborators,
they prepared chlorine-deficient 3D-graded Cs,NaBiCls porous
microspheres assembled from highly crystalline nanosheets by
a grinding method (Fig. 7¢).”* The CO yield of gas-solid
photocatalytic reduction of CO, in the absence of sacrificial
agents reached 30.22 umol g~' h™'. Experimental results and
density functional theory (DFT) calculations indicate that the
chlorine vacancies possess the triple effect of inhibiting photo-
generated electron-hole complexation, enhancing CO, adsorp-
tion, and significantly reducing the free energy barrier for the
generation of the key intermediate COOH*. Moreover, the
surface and defect engineering coupling of the 3D hierarchical
sample brings a 12.34-fold enhancement of CO, photoreduc-
tion activity compared to the pristine Cs,NaBiCl, (Fig. 7f).
3.3.2 Co-catalyst modification. When used on their own,
co-catalysts have little or no activity. When used as an additive
to the primary catalyst, the addition of co-catalysts can change
the catalyst surface structure, the distribution of pore structure,
the valence of ions, acidity and alkalinity, etc., which can
improve the overall activity, stability, selectivity and lifetime
of the catalyst. In photocatalytic reactions, the rate of charge
separation is one of the critical factors determining the overall
efficiency. Utilizing co-catalysts to improve the photoconver-
sion efficiency has been reported as an effective strategy in

EES Catal., 2024, 2, 448-474 | 457
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irradiation under a 300 W Xe lamp, with a light |nten5|ty of 100 mW cm?.°2 (d) Photocatalytic evolution of CO catalyzed by CsPbBrs NCs and 4 nm

CsPbBrsz nanosheets in the CO, and water vapor system.®

2 (e) A feasible growth diagram of three-dimensional hierarchical structure Cs,NaBiClg-G.%* (f)

CH,4 and CO generation from CO, photoreduction using different star nanocrystals.”®

previous studies.”®®> Specifically, the roles played by co-
catalysts in the photoreduction process include the following:
(1) promoting the separation of photogenerated electron-hole
pairs; (2) reducing the overpotential required for CO,
reduction; (3) improving the overall catalyst stability; and (4)
enhancing the selectivity of CO, and hindering other side
reactions. In order to better describe the roles of co-catalysts,
several typical co-catalytic reaction systems are described later.

3.3.2.1 Noble metal deposition. Most semiconductors require
additional catalysts to achieve high CO, reduction activity, even
in the presence of a sacrificial electron donor. This is caused by
both the tendency of electron-hole pairs to recombine before
reaching the surface for reaction and the slow surface reaction
that does not allow efficient charge consumption. With the
purpose of extracting electrons to the surface, metals such as
platinum are traditionally used as co-catalysts. Noble metals, in
particular, act as electron sinks and provide effective proton
reduction sites that greatly enhance the proton reduction

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

reaction. Of these, Pd and Pt are widely used as typical noble
metal co-catalysts for photocatalytic reactions. As an example,
Kuang’ s group prepared a novel 0D CsPbBr; nanocrystal/2D Pd
nanosheet composite photocatalyst that can catalyze CO, con-
version efficiently and stably under visible light irradiation
(Fig. 8a).”° The enhanced photocatalytic activity can be explained
by the Pd nanosheets acting as an electron reservoir, rapidly
separating electron-hole pairs in the CsPbBr; nanocrystals via
Schottky contacts and providing ideal sites for the CO, reduction
reaction. The highest electron consumption rate of the CsPbBr;
nanocrystal/Pd nanosheet composite is 33.79 umol g~ h™*, which
is 2.43 times higher than that of the pristine CsPbBr; nanocrystal
(9.86 umol g~ * h™"), providing a practical and versatile solution to
enhance the photocatalytic performance of MHPs through semi-
conductor/metal design (Fig. 8b). Meanwhile, their team also
reported CsPbBr; as a photocatalyst for CO, reduction with high
stability and selectivity in non-aqueous solvents.®” In view of the
crucial role of solvents in enhancing the photocatalytic reaction
rate, EA was chosen as the most effective solvent. Besides, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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addition of a Pt co-catalyst by photochemical deposition further
improves the electron yield, highlighting the importance of
optimizing the reaction medium and surface catalytic activity
for superior performance (Fig. 8c). In addition to Pd and Pt, the
loading of Au as a co-catalyst on the inner/outer surface also
facilitates the efficient conversion of CO, to CO. Recently, Liao
and co-workers explored a novel photocatalyst (CsPbBr;-Au),
which has the ability to excite wavelength-dependent photocata-
lytic reduction of CO, (Fig. 8d).”® Under visible light (4 > 420 nm)
illumination, photogenerated electrons in CsPbBr; are available
for injection into Au with an electron injection rate and efficiency
of 2.84 x 10° s™' and 78%, respectively. The enhanced charge
separation further translates into 3.2-fold enhancement in
photocatalytic CO, reduction activity compared to pristine
CsPbBr; (Fig. 8e). Experimental results indicate that the nano-
composite has a strong local surface plasmon resonance effect in
the visible region and can effectively promote the CO, reduction
reaction. Not too long ago, Huang et al. demonstrated a three-
dimensionally ordered macroporous Au-CsPbBr; (3DOM Au-
CPB) composite loaded with gold nanoparticles, achieving better
carrier separation performance through band bending effects at
the Au/CPB interface (Fig. 8f).”° As for Bi-based perovskites, Au
loading also enhances the CO, photoreduction efficiency. For
example, Fu et al. prepared a Cs;Bi,Bro/V,05 photocatalyst that
reduced CO, to CO with a yield of 37.8 umol g~* h™*, which is
5.3 times higher than that of pure Cs;Bi,Br,.'” In addition, the
loading of Au nanoparticles on Cs;Bi,Bro/V,05 as a co-catalyst
further improves the separation efficiency of the photogenerated
charge carriers. The optimum Au-Cs;Bi,;Bry/V,05 composite exhi-
bits a high CO yield of 98.95 umol g¢* h™" with a selectivity of
98.74%.

3.3.2.2 Molecular immobilization. Chen et al. designed a

novel CsPbBr;-Re(CO);Br(dcbpy) (debpy = 4,4’-dicarboxy-2,2'-
bipyridine) complex photocatalyst by immobilizing the

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

molecule on the surface of CsPbBr; nanocrystals as a co-
catalyst (Fig. 92)."" Due to the strong interfacial interactions,
an efficient extraction of electrons from CsPbBr; to the complex
molecule can be established, which allows an enhanced
synergistic interaction with each other to obtain visible
light-driven catalytic activity and product selectivity. The opti-
mized CsPbBr;-Re(600) sample yields a high Reectron Of
73.34 umol g~ h™', which is approximately 23 times higher
than that of the pristine CsPbBr; (Fig. 9b). In addition, the
composite catalyst exhibited good catalytic stability, with a CO
yield of 509.14 umol g~ " after 15 h of continuous illumination
(Fig. 9¢c). Another study has also demonstrated the significant
effect of molecular anchoring in promoting efficient CO, photo-
conversion. Wang and co-workers immobilized [Ni(terpy),]* (Ni(tpy))
on the inorganic ligand-capped CsPbBr; NC and utilized the
hybrid as a visible-light-driven CO, reduction catalyst
(Fig. 9d)."°* In this hybrid photocatalytic system, Ni(tpy) can
provide a specific catalytic site and act as an electron absorber
to inhibit electron-hole radiation in the CsPbBr; NC. The
CsPbBr;-Ni(tpy) catalytic system achieves a high yield
(1724 pmol g ) for the reduction of CO, to CO/CH,, which is
about 26-fold higher than that of the pristine CsPbBr; NCs and
Relectron as high as 1252 pmol g~* h™" (Fig. 9e). Notably, this
work shows the highest performance of lead-based perovskites
for CO,PR to date.

3.3.3 Ion doping. Doping is considered as an effective and
facile method to improve the catalytic performance of
photocatalysts.'® By doping and substituting heterogeneous
cations in LHPs, their overall photoelectric performance can be
significantly improved.'®* Recently, Tang et al. used DFT calcu-
lations to predict that when Co and Fe atoms are doped into the
perovskite, its catalytic capacity for CO, reduction will
increase.'® The basis is in the case of Co and Fe doping, the
perovskite adsorbs CO,*, C*OOH and HCOO* intermediates
much more strongly than the pristine perovskite (Fig. 10a).
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Inspired by it, some scholars have proven the theory. Dong et al.
promoted the catalytic activity of perovskite NCs in visible light-
driven CO, reduction by increasing the number of catalytic
sites and improving charge separation through direct doping of
Co cations on the CsPbBrs/Cs,PbBrs surface.’® Co0,q,@NCs
doped with Co achieve higher CO yields (1385 mmol g ')
compared to the undoped NCs (678 mmol g') in a 15 h
reaction (Fig. 10b). In addition, Mn doping is also an effective
strategy. Liu’s group demonstrated a Mn-doped CsPb(Br/Cl);
mixed halide perovskite as a catalyst to improve CO, photo-
reduction efficiency.'% A series of CsPb(Br/Cl);:Mn perovskites
were obtained by adjusting the Mn content. For the optimum
catalyst sample, the yield of CO reached 1917 pmol g~ * which is
14.2-fold higher than that of CsPbBr; (Fig. 10c).

3.3.4 Crystal plane regulation. Crystal faces of LHPs also
play a pivotal role in determining their catalytic activity and
selectivity for CO, reduction. Shyamal et al. prepared CsPbBr;

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

materials with different exposure surfaces for photocatalytic
CO, reduction.'” Polyhedral non-cubic, hexapod and cubic
CsPbBr; nanocrystals were synthesized, which are schemati-
cally shown in Fig. 11a. Despite having similar surface areas,
the halogen deficient polyhedral CsPbBr; exhibits superior CO,
reduction activity compared to the halogen-rich cubic CsPbBr;.
DFT calculations indicate that the reactivity is facet-dependent
with the activity order of (112) > (102) > (002) > (110). Thus,
polyhedral CsPbBr; with the (112) facet would be a more
efficient photocatalyst for CO, reduction compared to hexapod
and cubic CsPbBr; (Fig. 11b).

3.3.5 Encapsulation. Encapsulation has been demon-
strated to be an effective method to prevent the decomposition
of halide perovskites and improve their stability. Chen et al.
synthesized microporous crystals of BIF-122-Co and encapsu-
lated CsPbBr; perovskites as the main substrate to
obtain a composite CsPbBr;/BIF-122-Co (Fig. 12a) with high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic CO, reduction activity.'®® PL spectroscopy and
electrochemical experiments indicate (Fig. 12b and c) that
photogenerated electrons in the encapsulated CsPbBr; could
be rapidly transferred to BIF-122-Co, thereby inhibiting elec-
tron-hole complexation in individual CsPbBr;. Moreover, the
porous BIF-122-Co backbone in the composite also significantly
improves the stability of CsPbBr; perovskites in the photocata-
lytic reaction system. Mesoporous molecular sieves have
received great attention as adsorbents, catalysts, and catalyst
supports. Cui et al. synthesized space-restricted lead-free halide
perovskite Cs;Bi,Brg in MCM-41 molecular sieve using a
simple and effective impregnation method (Fig. 12d)."®® The
MCM-41@CBB (Cs;3Bi,Bry) composite material shows excellent
performance in photocatalytic reduction of CO, to CO
under visible light irradiation and gas-solid conditions, in

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

which CO generation rate of MCM-41@50 wt% CBB was
measured to be 17.24 umol g~ h™", far exceeding that of pure
CBB (1.89 pumol g~' h™') (Fig. 12e). Similarly, very recently,
Zhang’s team have grown Cs,AgBiBrs (CABB) nanocrystals
in situ in MCM-48 mesoporous molecular sieve for photocata-
lytic CO, reduction.*® The CABB@MCM-48 composite material
shows excellent performance, far surpassing that of the original
CABB. Such excellent photocatalytic performance of
CABB@MCM-48 is attributed to enhanced CO, adsorption,
effective charge separation and an abundance of active sites.
3.3.6 Surface finishing. Surface properties of semiconduc-
tors play a critical role in facilitating reactant adsorption,
product desorption, and interfacial charge transfer. Therefore,
the development of an effective surface modification strategy
for halide perovskites is fundamental to achieving optimal

EES Catal., 2024, 2, 448-474 | 461
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photocatalytic performance. The strategy is especially crucial
given that the performance of these materials is highly depen-
dent on their surface properties. Fig. 13a shows a composite
photocatalyst system constructed by Xu et al. using N-Br
chemical bonding to immobilize CsPbBr; quantum dots on
the surface of NH,-rich porous g-C;N, nanosheets.''" This
composite photocatalyst exhibits good stability and high yield
of 149 umol h™'g™" in the acetonitrile/water system, which is
15-fold higher than that of the pristine CsPbBr; quantum dots.
The special N-Br bonding state led to enhanced charge separa-
tion between the two materials and improved charge carrier
lifetime, contributing to excellent photocatalytic performance
(Fig. 13b). Besides, ligand capping is essential for the prepara-
tion of stable MHP nanocrystals (NCs). For example, Xu et al.
constructed CsPbBr; nanocrystals with short-chain glycine
as a ligand through a ligand exchange strategy.''> Photogener-
ated carrier separation and CO, absorption are significantly
improved due to the reduced site barrier of glycine and the
presence of amine groups in the glycine without affecting the
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112

stability of the MHP NCs (Fig. 13c). The yield of CsPbBr;
nanocrystals with glycine ligands for photocatalytic CO, con-
version to CO without any organic sacrificial reagent increased
significantly to ~27.7 pmol g~ ' h™" (Fig. 13d), which is 5-fold
higher than that of CsPbBr; NCs with conventional long alkyl
capped ligands (OA-OAm).

3.3.7 Heterogeneous junction engineering. The construc-
tion of heterogeneous structures is generally considered to be
an effective method that can overcome the limitations of single
catalysts, namely slow electron transfer and severe radiation
compounding. Heterojunctions improve the photocatalytic
efficiency by optimizing the electron ‘path’ and transferring
electrons and holes to minimize the loss rate of valuable elec-
trons-holes. Specifically, by choosing two (or more) semiconduc-
tor materials, heterojunctions are formed by suitable synthesis
methods. A matched energy band arrangement can signifi-
cantly accelerate carrier transfer and suppress recombination.
It is generally accepted that there are three types of hetero-
geneous junction structures: type I (spanning gap) (Fig. 14a),

(©) e

Reduction

Type-II heterojunction photocatalyst

Fig. 14 Schematic illustration of electron—hole separation of three conventional heterojunctions: (a) type-I, (b) type-Il and (c) type-Iil.
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type 1I (staggered gap) (Fig. 14b) and type III (fractured gap)
(Fig. 14c). Of these, type II heterojunctions are considered
as the most suitable for facilitating the separation of photo-
generated carriers due to the spatial separation of photogener-
ated electrons and holes that are transferred to different
semiconductors.

3.3.7.1 Type-II heterojunction photocatalysts. Type-II hetero-
junctions offer a promising avenue for enhancing photocataly-
tic activity by promoting efficient separation of carriers. The
well-matched band structure in these heterojunctions facili-
tates the transfer of charge carriers from one material to
another, reducing the likelihood of recombination and
enabling more effective use of light energy. Based on the above
considerations, a large number of related studies have been
conducted. For example, Wang et al. reported for the first time
the in situ construction of a Cs,Snls/SnS, heterostructure with a
conventional type II band alignment structure for CO,
photoreduction (Fig. 15a)."*® Li et al. developed a type-II
ZnSe-CsSnCl; heterojunction composite (Fig. 15b), which
exhibits enhanced photocatalytic activity."'* Experimental
results demonstrate that the ZnSe-CsSnCl; heterojunction
structure could inhibit charge carrier irradiation and drive
the transport of photogenerated electrons and holes in oppo-
site directions. More importantly, CsSnCl; perovskites enable
the ZnSe-CsSnCl; heterojunction composites to possess higher
catalytic activity and lower their CO, reduction free energy.
Besides, Wang et al. designed and synthesized CsPbBr;/UiO-
66(NH,) nano-heterojunction composites (Fig. 15¢), enabling
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conversion of CO, to fossil fuels in non-aqueous media with a
significant increase in photocatalytic CO, reduction activity."*®
Fig. 15d shows an increasing trend in CO yield of the
composite samples throughout the photocatalytic process.
The significantly enhanced photocatalytic activity can be
attributed to the rapid charge separation and transfer at
the interface between CsPbBr; QDs and UiO-66(NH,) nano-
composites. In addition, the large accessible specific surface
area and enhanced visible light absorption are also responsible
for the high activity of CsPbBr; QDs and UiO-66(NH,)
nanocomposites.

When considering the thermodynamics of a type-II hetero-
junction, the junction can exhibit exceptional electron-hole
separation efficiency. This phenomenon can be attributed to
the fact that the electrons are transferred to the conduction
band with a weak reduction potential for reaction, while the
holes are transferred to the valence band with a weak oxidation
potential (as illustrated in Fig. 16a). From the kinetics perspec-
tive, it is important to note that the existence of original
photogenerated electrons in semiconductor B can actually
inhibit the continuous transfer of electrons from semiconduc-
tor A. Similarly, the presence of photogenerated holes in
semiconductor A can hinder the transfer of holes from semi-
conductor B. This limitation ultimately restricts the improve-
ment of carrier separation efficiency in a type-II heterojunction.
Although the thermodynamic properties of type-II heterojunc-
tions can facilitate enhanced charge separation, the kinetic
limitations should be carefully considered to maximize their
full potential.
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Fig. 15 (a) Schematic illustration of the photocatalytic CO, reduction.*® (b) Schematic representation of the CO, photoreduction process on ZnSe—
CsSnClz.™* (c) Schematic illustration of the possible mechanism of photocatalytic CO, reduction on CsPbBrs/UiO-66(NH,).™> (d) Photocatalytic CO,
reduction into chemical fuels under a 300 W Xe lamp for 15%-CsPbBrs QDs/UiO-66(NH,). 1t
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3.3.7.2 Direct-Z (S) heterojunction photocatalysts. The concept
of the Z-type heterojunction photocatalyst was first introduced
by Bard in 1979,""® and the name was given due to the electron
transfer path bearing a resemblance to the letter ‘Z’ (as illu-
strated in Fig. 16b). It was not until 2013, however, that Yu et al.
developed the first direct Z-type heterojunction photocatalyst
(Fig. 17a), ie., g-C3N,/TiO,.""” The reduction and oxidation
reactions of direct Z-type photocatalysts occur in semiconduc-
tors with more negative reduction potentials (RP) and more
positive oxidation potentials (OP) respectively, resulting in
stronger redox capabilities compared to type-II heterojunctions.
In addition, Z-type heterojunctions allow for the separation of
photogenerated carriers by direct transfer of electrons through
interfacial transport and by means of redox in the intermediate
medium, leading to a highly effective separation of photogen-
erated carriers. This exceptional carrier separation efficiency
is one of the key features that sets Z-type heterojunctions
apart from other types of heterojunctions, and has played a
significant role in promoting the photocatalytic CO, reduction
activity of MHP-based materials. Overall, the development of
direct Z-type heterojunction photocatalysts has opened up a
promising new avenue for advancing photocatalysis, and
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continued research in this area is expected to generate exciting
new breakthroughs in the future.

Not long ago, the concept of direct Z-type heterojunctions
was also successfully applied to MHP-based CO,PR. For exam-
ple, Yu et al. synthesized TiO,/CsPbBr; heterojunction struc-
tures with S-type (direct Z-type) electron transfer pathways by a
simple electrostatic self-assembly method, and the unique
electron transfer pattern allows for a high spatial separation
of electron-hole pairs to facilitate efficient CO, photoreduction
(Fig. 17b)."*® More efficient charge separation between TiO,
and CsPbBr; and enhanced photoreduction activity towards
CO, due to IEF induction were demonstrated. DFT calculations
show that the work function of TiO, is greater than that of
CsPbBr;, implying that electrons are transferred from CsPbBr;
to TiO, during hybridization, resulting in an IEF at the
interface. In situ XPS analysis demonstrates that the IEF drives
the photoinduced electrons in the CB of TiO, to move into
the VB of CsPbBr;, confirming the S pathway of charge
transfer. Bi,WOs is widely used as a typical semiconductor
photocatalyst for wastewater treatment, air purification
and CO, reduction."'>'*® Recently, Bi,WO has also been
explored for the construction of two-component heterojunction
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Fig. 17 (a) Diagram of a Z-shaped heterogeneous junction.!”” (b) Schemati
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induced charge transfer, separation, and the formation of an S-scheme heterojunction under UV visible-light irradiation for CO, photoreduction.**® (c)
0D/2D CPB/BWO of the Z-scheme photocatalytic system for CO, reduction.*?* (d) Energy band bending and IEF formation for CBB and BWO assembly
before and after, which strongly promotes the S-scheme photoelectron transfer during the CRR process.'?? (e) Proposed pathway for photocatalytic CO,
reduction under visible light irradiation of CsPbBrs/NiAl-LDH.%* (f) Diagram of Cs,AgBiBre/CTF-1 photoreduction.*?’
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materials for efficient CO, photoreduction. For example, Wang
et al. constructed a direct Z-type heterojunction by decorating
0D CsPbBr; onto 2D Bi,WOg nanosheets (Fig. 17¢).*** The close
contact between 0D CsPbBr; and 2D Bi,WOg nanosheets facil-
itates charge separation and transfer between the two semi-
conductors. Similarly, Feng’s group fabricated Cs;Bi,Bro/
Bi,WO, (CBB/BWO) S-type heterojunctions with 0D/2D struc-
tures by adopting an electrostatic self-assembly method.*** The
composite achieves a CO generation rate of 220.1 pmol g " h™*,
which is 115.8 and 18.5 times higher than that of CBB PQDS
and BWO NS, respectively. High performance is mainly attrib-
uted to the close heterogeneous surface contact between CBB
PQDS and BWO NS, which facilitates effective space charge
separation and shortens the charge transfer distance (photo-
electron transfer process before and after the S-type hetero-
junction assembly is shown in Fig. 17d). Layered double
hydroxides (LDHs), as a class of two-dimensional layered
materials, have been widely used in photocatalysis due to their
unique layered structure, environmental friendliness, tunable
electronic band structure, flexible chemical composition and
strong CO, adsorption capacity.'*>'>* For instance, Zhao et al.
reported that CsPbBr; nanocrystals are activated by the layered
double hydroxide nanosheets (CLDH) to boost the photocata-
lytic CO, reduction (Fig. 17¢)."*> These CLDH without any co-
catalysts and sacrificial agents show significantly enhanced
CO, photoreduction performance and the average electron
consumption rate of CLDH (49.16 p ' h™") is approximately
3.7 times higher than that of pure CsPbBr;. Covalent organic
frameworks (COFs) are a family of highly crystalline organic
semiconductors that have potential applications in a variety of
fields due to their large surface area and abundant pores. As a
branch of COFs, two-dimensional covalent triazine frameworks
(CTFs) are very attractive because their rich triazine units have
given them some special advantages, namely excellent chemical
and thermal stability, high carrier mobility, and powerful CO,
adsorption and activation capabilities.'*® Cs,AgBiBrs/CTF-1

Table 4 MHP-based catalysts for CO,PR with CH4-dominated products
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(CABB/CTF-1) composites were designed by Zhang et al
through a self-assembly method (Fig. 7f), where the large
surface-to-surface contact area of the 2D structure ensures
intimate interfacial interactions and effective charge transfer/
separation.'” Meanwhile, the periodic pore structure of CTF-1
enables the CABB/CTF-1 composite photocatalyst to provide
stronger CO, adsorption/activation capability.

In general, type-II and direct Z-scheme heterojunctions have
emerged as two promising approaches for promoting the
photocatalytic activity by enhancing the spatial separation of
charge carriers. While direct Z-scheme heterojunctions have
been shown to exhibit even higher separation efficiency of
electrons and holes compared to type-II heterojunctions, there
is still much place to be explored in terms of constructing MHP-
based Z-scheme heterojunctions and characterizing the elec-
tron transfer pathways involved. Further research is necessary
to fully understand the mechanisms in the heterojunctions and
optimize their performance for practical applications.

4. CO, photoreduction products
beyond CO

Equations for the redox reactions of possible products in the
photocatalytic CO, reduction process are listed in Table 1,
which can provide useful insights into the equilibrium
potential and reaction enthalpy. To date, most perovskite-
based photocatalysts facilitate a two-electron reduction process
to CO. Selective photocatalytic reduction of CO, to CH, is
much more difficult to accomplish as it is an eight-electron
process, but the production of CH, is also very important in
terms of the energy source.'®® It is a major component of
natural gas and is widely used for electricity generation, heating
and fuel transportation.129 Furthermore, CH, is a raw material
for many important chemical compounds such as CH;O0H,
C,H, and C;H,. These compounds are used extensively in the

Riotal electron Selectivity

Photocatalyst Light source System (umol g ' h™")  Products (%) Ref.
Fe:CsPbBr; 450 W Xe-lamp EA/H,O 55 CH,, CO ~100 55

CsPbBr,/BIF-122-Co — EA/H,O 90.67 CH,, CO, H, 57.5 108
Cs,Snlg/SnS, 100 W Xe lamp, 4 > 400 nm CH3;0H/H,0 16 CH, ~100 113
CsPbBr;@g-C3N, — EA 59.98 CH,, CO ~100 117
Pt-CsPbBr;/Bi,WO; 150 W Xe lamp, AM 1.5G EA/TPA 324.0 CH,, CO, H, 95.4 119
Cs;Bi,Bro@M-Ti 720 nm > /. > 420 nm IPA 202.68 CH,, CO ~100 130
Cs,AgBiBrs@M-Ti 720 nm > A > 420 nm IPA 271.58 CH,, CO ~100 130
Cd:CsPbBr; 450 W Xe-lamp EA/H,O 338.4 CHy4, CO ~100 131
TizC,/CsPbBr; QDs 300 W Xe-lamp EA 190.44 CH,4, CO ~100 135
Cu scaffold with CsPbBr; film — EA/H,O 251.88 CH,, C,H,, C,Hg, C3Hg, H, 93.27 141
CsCuCl; MCs AM 1.5G 100 mW cm 2 EA/TPA 32.66 CHy4, CO ~100 197
CsPbBr; (Cd ~3%) star 450 W Xe lamp, /. > 420 nm EA/H,0 237.2 CH,, CO ~100 210
CsPbBr; NC/a-TiO, 150 W Xe-lamp, AM 1.5G EA/IPA 64.45 CHy, CO, H, 95.5 211
CsPbBr;@ZIF-8 100 W Xe lamp, AM 1.5G O (vapor) 15.498 CH,4, CO ~100 212
CsPbBr;@ZIF-67 100 W Xe lamp, AM 1.5G HZO (Vapor) 29.630 CH,, CO ~100 212
CsPbBr;/GO 500 W Xe-lamp, 4 > 400 nm HZO (vapor) 162.6 CHy, H, 91.5 213
CsPbBr; NC/BZNW/MRGO A > 420 nm, AM 1.5G O (vapor) 52.02 CH,, CO ~100 214
a-Fe,Os/amine-RGO/CsPbBr; 150 W Xe lamp, 4 > 420 nm HZO (vapor) 80.95 CH,4, CO, H, 99.3 215
CsPbBr; NS-Cu-RGO — (Vapor) ~103 CHy, CO, H, ~99.4 216
© 2024 The Author(s). Published by the Royal Society of Chemistry EES Catal., 2024, 2, 448-474 | 465
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manufacture of plastics, fertilizers, solvents and other chemical
products. Therefore, the exploration of efficient photocatalysts
for the conversion of CO, to CH, is of great significance in both
energy and chemical industries. Table 4 summarizes the recent
studies on MHP-based CO,PR with CH,-dominated products.
Mesoporous materials are a class of star materials with an open
pore structure and a large specific surface area, making them
ideal for catalytic reactions. Meanwhile, rational design of the
structure of the mesoporous shell could facilitate the acceler-
ated separation of electron-hole pairs. Recently, Sun et al
reported the synthesis of CBB@M-Ti and CABB@M-Ti by
growing lead-free perovskite nanodots Cs;Bi,Bry (CBB) and
Cs,AgBiBrg (CABB) in mesoporous titanium dioxide (M-Ti)
frameworks for photocatalytic CO, reduction (Fig. 18a)."*° M-
Ti and the formation of an IEF between the CBB and CABB
interfaces induce the electron-hole separation. CBB@M-Ti and
CABB@M-Ti show high CH, yields of 151.1 and 144 pumol g~ "
with a selectivity of 88.7% and 84.2%, which are significantly
higher than those of M-Ti, CBB and CABB. DFT calculations
suggest that the high selectivity of CH, can be attributed to
double adsorption-mediated hydrogenation of CO to *HCO
rather than CO desorption (Fig. 18b). A special phase structure
of perovskite can also increase the selectivity of the CH,
product. For instance, Bera’s group synthesized helical
CsPbBr; nanorods using a prelattice of orthorhombic phase
Cs,CdBr, with Pb(u) diffusion, where helicity is achieved by
controlling the composition of the alkylammonium ions in the
reaction system and selectively dissolving some of the helical
facets of the nanorods (Fig. 18c).”*' The optimum catalyst
(<3% Cd) achieves the yields of 40.81 pmol g~* h™" (CO)
and 74.45 umol g~ ' h™" (CH,) and CH, selectivity as high as
87.9% (Fig. 18d). Despite these efforts on the photoconversion
of CO, to CH, based on MHPs, higher selectivity and yield
of CH, are still required, which needs further in-depth
understanding of the reaction mechanism, optimization of
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catalyst design and tuning of reaction conditions and surface
properties.

In addition to the two main products (i.e., CO and CH,), the
photoreduction of CO, to multi-carbon products appears to be
more attractive and challenging. The reason is that multi-
carbon products usually have a higher economic value and
energy density.'** Meanwhile, compared to CO and CH,, multi-
carbon compounds possess wider potential for application in
the chemical, energy and material sectors."*® Despite the
diversity of catalytic systems observed for C,, products, there
are hardly any experimental reports on the production of C,,
products with MHP-based photocatalytic systems.">**° The
difficulty of MHPs for the production of C,, may be understood
in that the general process of e /h" recombination limits the
transfer of multiple electrons in a short period of time, thus
leading to an energy waste that not only decreases CO, conver-
sion but also results in product selectivity towards C,."*” It has
been found that the multiple electrons coupled to proton
transfer (MECPT) reactions, along with C-C coupling steps,
play a crucial role in the formation of C,, products.'*® In recent
years, Cu-based catalysts have been extensively reported for the
preparation of multi-carbon products by (photo)electrochem-
ical CO, reduction.”®?**® Therefore, the utilization of Cu-based
catalysts to tune the reaction selectivity toward C,. products
may be an effective choice. Recently, as a pioneering study,
Choi’s group reported for the first time the use of MHP-based
catalysts for the generation of multi-carbon products.'*' They
prepared a composite photocatalyst by embedding CsPbBr;
nanocrystals in a porous Cu scaffold and applied this inte-
grated catalyst for photocatalytic CO, reduction reaction
(Fig. 19a). As a result, ethylene (C,H,, 46.5 pmol g ') is detected
as the main product, together with the formation of methane
(CH,, 18.9 pmol g™ '), ethane (C,Hs, 17.1 pmol g ') and
propane (C3;Hg, 11.3 umol g~ %) (Fig. 19b). The reason behind
the generation of multi-carbon products can be associated with
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from CO, over CBB@M-Ti and CABB@M-Ti.**® (c) Models showing CsPbBrs nanorods spirally cutting to different spiral nanorods with different reaction
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photocatalytic CO, reduction on the CsPbBrz perovskite photocatalyst embedded in a porous copper scaffol

the copper support and the graded porous structure. For an in-
depth understanding of the photocatalytic CO, reduction
mechanism, in situ ATR-IR measurements were carried out
(Fig. 19c and d). The results show that the C, reaction pathway
leading to CH, dominates on the bare planar perovskite, while
the C, reaction pathway leading to C,H,, C,Hs and C;Hg is
evident on the perovskite embedded in a porous Cu support.
*CHO triggers the C,; pathway of CO, reduction on the bare
planar perovskite, leading to the formation of CH,. In contrast,
*OCCO generated via CO dimerization on the perovskite
embedded in porous Cu stents triggers the C, pathway. It is
believed that this pioneering work will provide inspiration for
the subsequent development of highly efficient MHP-based
CO,PR for multi-carbon products.

5. Conclusion and outlook

In this review, we present a timely and comprehensive review of
recent advances in MHP-based CO,PR. Firstly, the review
describes the structure and photoelectric properties of MHPs.
Then, various strategies are summarized for improving the
efficiency of CO,PR to CO, using lead-based and lead-free
MHP materials. Moreover, detailed discussions are given about
the MHP-based CO,PR to CH, and C,. products, with a focus
on the design strategies for enhancing specific selectivity.

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

d.141

Although remarkable advances in this field have been made,
several challenges still exist. In our opinion, future research
efforts for MHP-based CO, photoreduction should focus on the
following aspects, as schematically shown in Fig. 20.

5.1 Exploiting new MHPs

5.1.1 Stable MHPs. The physical and chemical instability
of MHPs under high temperature, humidity or an oxidizing
atmosphere could significantly reduce their operational life-
time, which prompts researchers to seek effective solutions to
improve the stability of MHPs. Some studies have shown that
partial or total replacement of Pb in MHPs with other metallic
elements (e.g., Cu, Bi) has proven to be an effective strategy for
improving the stability of MHPs."**'** In addition, optimizing
the crystal growth conditions, such as temperature and humid-
ity, can help to minimize the presence of defects and impurities
that may lead to degradation of the crystal structure. Moreover,
special encapsulation materials (e.g., polymer films) or inor-
ganic coatings (e.g., SiO,, TiO,, Cg, -GO and g-C3;N,) can be
utilized to shield MHPs from the external environment and
enhance their stability."**'** Specifically, the surface encapsu-
lation prevents MHPs from coming into direct contact with the
external environment and acts as a solid barrier to water and
other polar solvents. Physical confinement also inhibits anion
exchange and ion migration at the MHP surface. Replacing the

EES Catal., 2024, 2, 448-474 | 467
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Fig. 20 Future research perspectives of MHPs for photocatalytic CO, reduction.

long chain OA/OAm with other suitable ligands could also
passivate the surface of the perovskites and prevent degrada-
tion of the MHPs, preserving their structural stability for
extended time periods.**? These solutions will enable MHPs
to maintain their photoelectric performance and stability,
thereby extending their lifespan and improving their overall
performance.

5.1.2 Environmentally friendly MHPs. Lead toxicity is a
major challenge for the long-term viability of MHPs. To address
this problem, there has been ongoing search for atoms with
similar radii as potential replacement of lead in MHPs. Some of
the promising alternatives are Ag, Sn, Rb, Bi, In and Ge. Of
these alternatives, Bi-based perovskites have shown great
potential for application in CO, photoreduction.*>*® Continu-
ous research efforts into these alternatives are essential for the
development of sustainable MHPs. In addition, the manufac-
turing process of some MHPs may present extra environmental
impacts, including the release of polluting gases. To alleviate
these concerns, it is also important to optimize the production
processes and reduce harmful emissions. These approaches
will help pave the way for the future development of green
MHP-based photoreduction, where MHPs are produced and
utilized with minimal impact on the environment.

5.1.3 Large-scale MHPs. To date, most research studies on
the photocatalytic reduction of CO, to solar fuels are limited to
the laboratory scale. On the one hand, the recovery of catalysts
is both expensive and time-consuming. On the other hand, the
reaction kinetics of photocatalysis are sluggish and the product
conversion rates are low. In order to achieve industrial-scale
production of MHP-based photocatalysts, optimization of the
synthetic protocols and material composition could be

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

considered, leading to cost-efficiency and high photoconver-
sion efficiency.

5.2 Generating multi-carbon products

So far, the MHP-based CO,PR products are mainly C; products
(i.e., CO and CH,), while C,, products have rarely been
reported. This can be explained by the severe radiative recom-
bination of MHPs which limits the migration of multiple
electrons in a short period of time, and the slow kinetics of
the C-C coupling reaction which leads to high reaction energy
barriers as well as low multi-carbon product selectivity.'*®'*” In
order to design efficient MHP-based photocatalysts and exert
control over the reaction pathways for desired products, some
suggestions are given: (1) exploring the potential of Cu-based
photocatalysts for CO,PR. Extensive research has demonstrated
that the Cu-based materials are effective in promoting C-C
coupling in CO, electroreduction for C,, products, which could
inspire the exploration of Cu-based photocatalysts for the
generation of C,, products. It is emphasized that the driving
force behind C-C coupling does not stem from specific ele-
ments (e.g. Cu). Actually, the asymmetric charge distribution
leads to the formation of high electron density centers which
are needed for multi-electron requirements, ultimately driving
the C-C coupling reactions."*” Recent studies have also demon-
strated that the excellent conversion of C,, products by Cu-
based catalysts depends largely on their good adsorption capa-
city for most of the C,, intermediates.’****° This feature is
conducive to causing charge polarization, which induces the
C-C coupling reaction. In view of this, it is worthwhile to
explore the development of composite catalysts by combining
MHPs with Cu. Constructing photocatalytic systems with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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heterogeneous Cu species and further optimizing through
charge polarization strategies may be conducive to achieving
efficient CO,PR for the production of C,, chemicals. (2) Reg-
ulatory intermediates. It is widely accepted that CO is the
key intermediate in the formation of multi-carbon products
through the process of dimerization (in the form of CO-CO) or
coupling (in the form of CO-COH) pathways.">""'>> Obviously,
these steps necessitate the presence of the precursor, referred
to as the steady-state adsorbed CO (*CO), in close proximity on
the surface with a high coverage. Thus, enriching the *CO
concentration and decorating active sites on MHPs can stabi-
lize *CO. Subsequently, the adsorbed CO intermediates (i.e.,
*CO) on adjacent sites create an asymmetric charge distribu-
tion, thereby enhancing the activation of CO and promoting the
formation of key intermediates. (3) Combining electro/enzy-
matic catalysis. In recent years, photoelectrocatalysis and
photoenzymecatalysis have shown great potential to convert
CO, into multi-carbon products."**™*® In a photocatalytic
system, the internal charge separation and transfer processes
occur within the absorbing nanoparticles, which are driven by
the built-in electric field (IEF). However, these processes often
encounter significant challenges, including severe charge
recombination and insufficient driving force. To address these
challenges, MHPs can be decorated as photocathodes to estab-
lish a photoelectrocatalysis system. By applying an external
bias, charge separation can be effectively promoted. Addition-
ally, the implementation of an ion membrane in the photo-
electrocatalysis system spatially isolates the oxidation and
reduction active sites, leading to the effective suppression of
the reverse reaction. In addition to photoelectrocatalysis,
another promising strategy is combining the biological-
enzymes for CO,PR. The biological-enzyme catalysts offer
advantages such as high selectivity, environmental friend-
liness, mild operating conditions and facile carbon-carbon
coupling, which facilitate the conversion of CO, into valuable
products.'>® Recent studies have elucidated the participation of
certain coenzymes in a multitude of vital metabolic reactions,
where they play a facilitating role in the light-induced C-C
coupling of short-chain carbon building blocks with long-chain
carbons.”®"*” Hence, it is anticipated that the future integra-
tion of MHPs with specific enzymes to form photoenzymecata-
lysis systems will instigate research interest among scholars.

5.3 Establishing a rigorous assessment method

Some reports on MHPs have reported only a low conversion rate
within the range of pmol g~* in the experimental study of
CO,PR. In this case, very few detected products are most likely
not from the photocatalytic CO, reduction. Therefore, several
important factors need to be considered to demonstrate that
the products are generated by the photocatalytic reduction of
CO, and are not from accidental contamination or photo-
oxidation of the organic system itself (e.g., EA or ACN). (1)
Avoiding carbon pollution. As most MHPs are water sensitive,
the reaction system is mostly chosen to be carried out in an
organic system (e.g. EA or ACN), which stabilizes the structure
of the MHPs and promotes the solubility of CO,. However, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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organic system can bring some negative effect, such as una-
voidable degradation of EA/ACN to CO/CH, in the presence of
light and the oxidation of the sacrificial agent which may also
give rise to the associated C; products.’*®'*° To exclude the
influence of solvents, it is advisable to utilize the “solid-vapor
reaction mode” for water-sensitive systems.'®® Simultaneously,
it is worth noting that certain preceding studies have demon-
strated the enhanced photocatalytic performance through the
integration of the MHP with a carbonaceous substrate. How-
ever, this approach neglects the adverse consequence whereby
the photodegradation of carbonaceous catalysts may lead to the
generation of a C; product.®*>'*"**198 o exclude possible
contamination from the photodegradation of carbon sub-
strates, it is critical to conduct control experiments utilizing
pristine carbon substrates. Hence, to quantify the yield of
photocatalysis in the presence of organic solvents or contami-
nants, it is necessary to carry out the reaction under inert
conditions (N, or Ar) while keeping other conditions constant.
Furthermore, control experiments under dark conditions using
CO, to exclude the potential influence of chemical catalysis is
equally important. To prove the effectiveness of photocatalytic
CO, reduction convincingly, the product generation rate should
significantly surpass that of control experiments. (2) Tracking
carbon sources. Further definitive evidence that the detected
products originate from the photoreduction of CO, requires
isotopic labeling techniques using **CO,. Briefly, the accumu-
lation of **C, products should correspond to the amount of **C,
consumed in '>CO, under the same experimental conditions.
(3) Concerning water oxidation. As mentioned above, a signifi-
cant portion of the literature focuses on CO, reduction reac-
tions employing sacrificial agents, which cannot be regarded as
authentic artificial photosynthesis. Since many of the sacrificial
agents are thermodynamically spontaneous, the introduction
of a light source merely accelerates the progress of the reaction.
Therefore, the crucial criterion for verifying the utilization of
solar energy in achieving the conversion of CO, to chemical fuel
is the occurrence of a water oxidation reaction (WOR). In other
words, it is important to investigate whether simultaneous
water oxidation takes place during the CO, reduction process.
In short, establishing a rigorous measurement and evaluation
method will make the results more persuasive.

5.4 Advancing experimental and computational tools

A precise understanding of the catalyst structure (e.g., defects,
atomic configurations and elemental arrangements) is benefi-
cial to investigate the structure-activity correlation. To achieve
this goal, a wide range of characterization techniques have
been developed. Traditional ex situ characterization can only
reflect the pre- and post-reaction state of a catalyst. For catalytic
reactions, it is of great importance to probe the system under
the real reaction conditions, such as real-time detection of the
changes in the atomic structure of the catalyst, the intermedi-
ates of adsorbed molecules, the chemical state of the catalyst,
and the displacement of ligand atoms. The state of the reaction
intermediates is crucial to study the mechanism of the catalytic
reaction. An accurate understanding of the catalyst structure

EES Catal., 2024, 2, 448-474 | 469


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00187c

Open Access Article. Published on 06 January 2024. Downloaded on 2/10/2026 5:45:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Catalysis

can also help construct theoretical models that are more
realistic, reasonable and valid. To unravel the above issues,
employment of in situ/operando characterization techniques is
necessary. Up to now, the real-time structures of MHPs during
CO,PR are seldom explored and in-depth investigation could
shed more light on this aspect. Meanwhile, theoretical simula-
tions (e.g., machine learning and DFT calculations) have been
regarded as a powerful tool to explain experimental results and
predict catalytic performance, providing guidelines to speed up
the development of new catalysts. Therefore, rigorous theore-
tical simulations in corroboration with advanced characteriza-
tion techniques may be the best way to uncover the
photocatalytic mechanism and explore high-efficiency photo-
catalytic systems.

5.5 Excavating practical applications

Conventional photocatalytic reactors are small devices and are
mainly used for lab-scale proof-of-concept demonstrations. In
order to achieve industrial-scale production, the development
of large-scale flat-plate-reactors and reaction tanks can be
considered. Besides, most of the photocatalytic conversions of
CO, focus on high-purity CO, feed stream, requiring additional
energy to capture and enrich CO,. To address this issue, future
technologies need to be designed to capture CO, directly in air
and reduce it in situ to enable photoconversion at low CO,
concentrations. Furthermore, photocatalysis also needs to con-
sider the impact of the environment on the reaction. For
example, light intensity, temperature, humidity and the
presence of organic substances may potentially alter the reac-
tion performances. Future research is required to provide more
detailed understanding of the impact of these environmental
factors on photocatalytic reactions and the adaptation of sys-
tems to different environmental conditions.
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