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Abstract

The growing demand for environmentally friendly and stable materials has accelerated research 

into lead-free alternatives for optoelectronic and energy applications. Among these, Layered 

double perovskites (LDPs) with the general formula A4B(II)B(III)2X12 have gained attention 

due to their structural versatility, tunable optoelectronic properties and enhanced stability. This 

review critically examines compositional engineering in mixed-metal halide LDPs, focusing 

on how targeted modification of cationic and anionic sublattices governs their optoelectronic 

behaviour. The molecular source of band gap tunability, photoluminescence properties, defect 

tolerance, and structural stability are highlighted, providing a unified perspective on structure-

property correlations in this material class. The impact of synthetic techniques is further 

investigated, demonstrating how regulated crystallisation pathways from bulk and single 

crystals to nanostructures and thin films dictate morphology, defect landscape, and phase 

purity, ultimately determining material performance. The integration of composition design 

with synthesis control has been demonstrated to be necessary for unlocking the full potential 

of LDPs. Recent advances in the applications of tailored LDP compositions in energy 

Page 1 of 78 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
3/

20
26

 2
:1

6:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA01482D

mailto:partha.das@manipal.edu
mailto:parthapratim.chem@gmail.com
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01482d


conversion and optoelectronic devices are discussed to illustrate their growing technological 

relevance. Overall, this review aims to provide a unified understanding of the structure-

property-function relationship in lead-free LDPs, while also identifying future directions for 

high-performance, environmentally benign lead-free perovskite-based systems.

Keywords: Lead-free layered double perovskites, Composition-tuning, Synthetic 

methodologies, Optoelectronic properties, Advanced applications

1. Introduction

Metal halide perovskites 

Recently, metal halide perovskites have turned up as a most promising class of functional 

materials for various applications, including photocatalytic CO2 reduction, photovoltaic cells 

(PVs), light emitting diodes (LEDs), photodetectors, lasers and scintillators owing to their 

remarkable optical and electronic properties as well as their ease of solution processibility.1–3

The basic perovskite structure follows the general formula ABX3, where B is a divalent 

cation that occupies the BX6 octahedral center and A is a monovalent cation that occupies the 

inter space of octahedral BX6 framework coordinated with X anions. The metal halide 

perovskites show excellent optoelectronic properties such as optical absorption, narrow band 

gaps, superior charge carrier mobility, photoluminescence, defect tolerance, conductivity, 

etc.4,5As reflected by the strong broad absorption at the visible region of the solar spectrum, 

metal halide perovskites possess outstanding optical absorption property that can be utilized 

for visible light optoelectronics.6 A notable example is methylammonium lead iodide 

(MAPbI3), one of the extensively explored perovskite materials in various applications 

including photovoltaic cells, photodetectors and LEDs owing to their excellent optoelectronic 

properties.7–9
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Despite the rapid increase in the power conversion efficiency of the lead-based perovskites in 

a short period of time it faces many challenges. The first drawback of lead-based perovskites 

is the degradation of the compound on exposure to oxygen and moisture.10 The one more major 

drawback is its toxicity. The lead metal we get from earth crust is toxic, but the lead halide that 

is formed as the degradation product of metal halide perovskites is even more toxic than the 

lead metal.11 Researchers have found several ways of replacing lead to develop non-toxic, 

stable and highly efficient perovskite material. 

To replace toxic Pb2+ in perovskites, isoelectronic cations such as Sn2+ and Ge2+ have 

been explored due to their similar outer ns2 electronic configuration. Sn-based perovskites 

showed narrower optical bandgaps and high carrier mobilities compared to the lead-based 

perovskites. Nevertheless, the instability of Sn2+ prone to oxidation leads to the formation of 

vacancies, which promote charge carrier recombination and degrade performance. However, 

no other divalent cations showed the suitable optical activity in replacement for lead.12,13 To 

synthesize a stable perovskite the ionic radius and charge neutrality conditions must be 

considered. The octahedral factor (RB/RX) must be within the range of 0.44 to 0.90 and the 

tolerance factor of the material should be in the range of 0.813 to1.107 to get a stable perovskite 

structure. The tolerance factor can be calculated by using the formula (RA+RX)/2[RB+RX] 

where, RA, RB and RX are the ionic radii of A-site cation, B-site cation, and X-site anion 

respectively.10

In the pursuit of environmentally benign and stable alternatives to lead-based 

perovskites, less toxic trivalent cations such as Bi3+ and Sb3+ have emerged as promising 

candidates giving rise to the layered structure with the formula A3B2X9. Bismuth-based 

perovskites, in particular, have demonstrated superior stability compared to their lead-

containing counterparts.14 However, their optoelectronic performance remains limited due to 

intrinsic challenges, including indirect and wide bandgaps, large carrier effective masses, low 
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carrier mobility, and poor defect tolerance.15 Antimony is in same group as that of Bismuth and 

can be a good replacement of lead as it has outer ns2 configuration as in case of lead. The zero-

dimensional dimer phase of antimony-based compounds suffers from indirect band gaps and 

low carrier transport.16 The two-dimensional layered phase shows better performance 

compared to the dimer phase. Nevertheless, the efficiency of antimony-based perovskites 

remains modest. Recent efforts have focused on band gap engineering particularly through 

doping strategies to optimize absorption in alignment with the solar spectrum.17 In addition to 

heterovalent replacement, another promising approach for mitigating the limitations of lead-

based perovskites involves the development of double perovskite structures.18,19 In this 

strategy, two divalent lead ions are replaced either by the vacancy ordered tetravalent metal 

ions or by the combination of trivalent and monovalent ions, resulting in compounds with 

general formula A2B(IV)X6 and A2B(I)B(III)X6 respectively.20–22 There are still scopes for the 

discovery of new materials based on incorporation of different combinations of metals for the 

betterment of optoelectronic properties.

Layered double perovskites (LDPs)

LDPs represent an emerging class of lead-free halide perovskites formed by combining 

heterovalent cation substitution, with dimensional reduction of three-dimensional double 

perovskite frameworks. This design strategy enhances compositional diversity, structural 

stability, and tunability of optoelectronic properties. LDPs can be broadly classified based on 

their crystallographic orientation (e.g., 〈100〉 and 〈111〉 oriented structures) as well as the 

nature of the spacer cations.4 In particular, LDPs incorporating organic spacer cations form 

hybrid structures that are further categorised into Ruddlesden-popper (RP) and Dion-Jacobson 

(DJ) phases, depending on whether monovalent or divalent organic spacers are present. These 

organic-inorganic hybrid LDPs offer additional flexibility in tuning interlayer interactions, 

octahedral distortions and electronic properties.23 In contrast, fully inorganic LDPs typically 
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exhibit improved thermal and environment stability. Among the various compositions, 〈111〉 

oriented LDPs with the general formula A4B(II)B(III)2X12 have attracted particular attention 

due to their structural simplicity, enhanced stability, and promising optoelectronic 

characteristics.2

 A4B(II)B(III)2X12 family of materials

The LDPs having general formula A4B(II)B(III)2X12 have emerged considering the advantages 

of both layered and double perovskites to give the combined improvement in stability and 

optoelectronic properties as illustrated in the Figure (1). Here, A-site typically denotes a 

monovalent cation, while B(II) and B(III) are divalent and trivalent metal cations, respectively, 

coordinated by halide ions.2,24 Based on the presence of four A-site cations in their chemical 

formula, these LDPs are commonly referred to as quadruple perovskites. These compounds 

form a layered architecture with alternating metal-halide octahedral sheets, differing from the 

classical 3D perovskites while offering a tuneable lattice framework. Such configurations have 

been explored primarily in compositions like Cs4Cu(II)Sb2(III)Cl12 which is a very first 

member of this family.25 While lead free strategies address toxicity in halide perovskites, all 

inorganic heterometallic A4B(II)B(III)2X12 LDPs stands out for their large compositional 

space, tuneable optoelectronic properties, enhanced structural stability and their potential 

application in various emerging fields. These traits position LDPs as superior alternatives when 

compared to other lead-free perovskites.26 

The possibility of forming these quadruple perovskite crystal structure and their phase 

stability can be predicted by the modified Goldschmidt parameters specific to 

A4B(II)B(III)2X12 family of materials; and DFT calculations to investigate the thermodynamic 

stability and to know the degradation products.4

Effective tolerance factor, 𝑡𝑒𝑓𝑓 =  𝑅𝐴 + 𝑅𝑋

2 
𝑅

𝐵𝐼𝐼 + 𝑅
𝐵𝐼𝐼𝐼

3
 + 𝑅𝑋

 ,  0.81 < 𝑡𝑒𝑓𝑓 < 1.11          (1)
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Effective octahedral factor, 𝜇𝑒𝑓𝑓 =  
𝑅

𝐵𝐼𝐼+ 𝑅
𝐵𝐼𝐼𝐼

3𝑅𝑋

  ,      0.41 <  𝜇𝑒𝑓𝑓 < 0.90                 (2)

Where RA, RB
II, RB

III and RX are the ionic radii of A BII BIII and X respectively.

To date, a wide range of compositions and synthetic strategies have been developed to create 

LDPs with diverse morphologies. They are extremely adaptable candidates for incorporation 

into a variety of applications due to their vast compositional flexibility and customizable 

optoelectronic capabilities. Despite these benefits, A4B(II)B(III)2X12 LDPs encounter several 

interrelated difficulties. The accessible compositional space remains relatively small, and many 

materials exhibit unfavourable band structures limiting their optoelectronic performance. 

Furthermore, problems with crystallization control, defect tolerance, and film integrity 

continue to make it difficult to produce homogeneous, device-quality thin films, which impedes 

practical application and results in inconsistent and fragmented reports in the literature. In this 

regard, a targeted review is necessary to critically integrate current research, establish 

composition-property correlations, and emphasize practical methods for compositional 

adjustment and material synthesis.

Previous reviews on LDPs have addressed different aspects of this material class but 

remain limited in scope with respect to  〈111〉 - A4B(II)B(III)2X12 family. For instance, in the 

review by Vargas et al., primary focus is placed on the structural evolution of LDPs, with 

significant emphasis on 〈100〉 oriented systems, while the compositional diversity of the 〈111〉 

family is briefly highlighted.4 In addition, in a broader review by Nie et al., lead-free materials 

are mainly focused with the emphasis on solar cell applications.27 Similarly, in the work by 

Lee et al., attention is concentrated on narrow band gap halide double perovskites, particularly 

Cs4CuSb2Cl12, with an application-driven perspective centred on band gap engineering.6 

Although a more direct discussion on this family is provided by Cai et al., the treatment of 
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compositional tunability across A-, B-, and X-sites, as well as synthesis-structure-property 

correlations, remain limited.2 Furthermore, in a more recent review by Ghasemi et al., major 

focus is placed on organic spacer-based LDPs.23

In this context, we mainly concentrate on recent advancements in A4B(II)B(III)2X12 LDPs, 

covering important discoveries made over the last five to ten years. The review starts with a 

thorough introduction to compositional engineering in LDPs, with a focus on changes at the 

A-, B-, and X-sites and how these affect structural, optical, and electrical properties. To give a 

better grasp of the links between structure and properties, ideas from computational studies on 

compositional tuning are also explored. The subsequent section thoroughly examines the 

synthetic techniques used to produce LDPs in different morphologies including bulk materials, 

single crystals, nanocrystals, and thin films with special attention to how synthesis methods 

impact optoelectronic performance. This is followed by a description of recent developments 

in LDP applications, including optoelectronics, photocatalytic CO2 reduction, and photo 

thermoelectric energy conversion. Finally, the study offers guidelines on the rational design 

and development of next-generation lead-free perovskite materials by describing important 

challenges and potential opportunities.

2. Compositional tuning in LDPs

Compositional tuning in LDPs has become a potent method for precisely regulating their 

structural, electrical, and optical characteristics. Doping or alloying cations at different lattice 

sites can change important properties like the band gap, photoluminescence, and charge carrier 

dynamics. This tunability enables the design of perovskite materials with tailored 

functionalities for applications in optoelectronics and energy conversion. Variations at the 

monovalent and divalent sites strongly influence dimensionality and electronic configuration, 

offering versatile pathways to enhance stability and performance in LDP systems. The recent 
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progress in compositional tuning, synthesis and applications of LDPs are summarised in Table 

1 and 2.

2.1 A-Site engineering

The A-site cation fills the cavities generated by the corner-sharing BX6 octahedral framework 

in metal halide perovskites. It acts primarily as a structural template, supporting the lattice 

while maintaining overall charge neutrality. The geometric compatibility between the A-site 

cation and the BX6 framework significantly impacts the structural symmetry and stability of 

the perovskite lattice.28 The size of the A-site cation and how it interacts with nearby halide 

ions can have a significant effect on the crystal structure, octahedral distortion, and the 

optoelectronic properties that go along with them.28,29 

The structural stability of perovskite materials is often assessed using the Goldschmidt 

tolerance factor, which is determined by the ionic radii of the A, B, and X-site ions. A tolerance 

factor close to one helps to create a perfect cubic structure with little distortion of the lattice. 

On the other hand, deviations from this range can cause octahedral tilting and structural 

distortions that change the material's electronic band structure and optical properties.30,31 Even 

though A-site cations usually don't have much of an effect on the frontier electronic states near 

the band edges, their indirect effect on the geometry of the lattice can have a big impact on 

carrier transport, band gap energy, and excitonic properties. Consequently, a-site engineering 

has developed into a proficient method for customizing the structural and optoelectronic 

properties of metal halide perovskites.29,32  

Caesium ion is the most used A-site cation in layered double perovskites, primarily due 

to its suitable ionic radius. However, Gray et al. (2021) successfully demonstrated the 

substitution of caesium with rubidium, synthesizing two new compounds Rb4CuSb2Cl12 and 

Rb4MnSb2Cl12 using a glove box setup. Substituting rubidium for caesium is expected to 
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enhance longer wavelength light absorption and reduce the density of defect states, while 

preserving the integrity of the crystal lattice. For example, Rb-doped Cs2AgBiBr6 devices 

demonstrated an average power conversion efficiency (PCE) nearly 15% higher than that of 

undoped counterparts Despite this achievement, further investigation of these materials is 

limited by their extreme sensitivity to moisture.33,34 

One widely used approach for A-site tuning is cation substitution, in which the original 

A-site ion is replaced by another monovalent cation with a different ionic radius. Such 

substitutions can alter lattice parameters, induce octahedral tilting and tune the electronic band 

structures of the material. Another strategy involves A-site alloying, where two or more a-site 

cations are incorporated simultaneously to form mixed cation systems. In these systems, the 

effective ionic radius of the A-site can be controlled through compositional tuning, thereby 

enabling systematic adjustment of the tolerance factor and crystal symmetry. This approach 

has been widely used to improve structural stability and suppress defect formation in perovskite 

materials.27,29

A-site engineering can also influence the dimensionality of perovskite structures. 

Incorporating larger organic cations can disrupt the three-dimensional framework, yielding 

quasi-two-dimensional or layered structures with enhanced environmental stability and 

promising optoelectronic properties.4 In the case of A3Sb2I9, when the bulky organic group 

methyl ammonium (MA+) was substituted in the A-site, the hybrid antimony perovskite 

(MA3Sb2I9) adopted the dimer structure(0D), while the inorganic Cs3Sb2I9 with Cs+ at the A-

site followed the layered structure. These structural alterations frequently result in increased 

moisture stability and tunable optical characteristics, which are useful for optoelectronic 

applications.35
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Despite these benefits, several challenges remain in the implementation of A-site engineering 

strategies. The strict geometric constraints of the perovskite lattice pose a major limitation, as 

unsuitable ionic sizes can cause structural instability or the creation of non-perovskite phases. 

Furthermore, in mixed-cation systems, phase segregation or compositional inhomogeneity may 

arise, compromising the long-term stability and reproducibility of material properties. 

Variations in the A-site ionic radius can impact interlayer distance, lattice distortion, and 

octahedral connectivity, hence influencing the material's electrical structure and optical 

performance. For example, in Cs-based LDPs like Cs4CuSb2Cl12, the Cs+ ions provide 

structural stabilization to the layered lattice while retaining charge balance within the 

framework.

Beyond single A-site cation systems, multi-cation approaches present a promising 

pathway for fine tuning the characteristics of A4B(II)B(III)2Cl12 LDPs. Recent research on 

mixed A-site antimony halides such as A3-x-yA’xA’’ySb2X9 reveal that introducing different 

monovalent cations- including caesium, methylammonium, formamidinium and Rubidium ion, 

can efficiently control lattice parameters, structural stability and optoelectronic capabilities.36,37 

Inspired by these developments, similar A-site compositional engineering could be extended 

to LDPs. Partial replacement of the Cs+ with other monovalent cations may enable modulation 

of octahedral distortion, band structure, and charge carrier dynamics, opening new avenues for 

optimizing the performance of A4B(II)B(III)2Cl12 LDPs for optoelectronic and energy 

conversion applications.

2.2 B(II)-site engineering

In A4B(II)B(III)2X12 LDPs, the B(II) site plays an important role in determining the electronic 

structure, optical absorption, and charge carrier dynamics of the material. Since the divalent 

cation plays a direct role in the formation of metal halide octahedra, substitution at this position 
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considerably alters orbital hybridization with halide ligands, modifies lattice distortion and 

influence exciton localization. Hence, B(II)-site engineering is a viable technique for 

optimizing the band gap, photoluminescence behaviour, defect tolerance, and structural 

stability of lead-free LDPs.

Among the various compositions reported, Cs4CuSb2Cl12 represents one of the earliest 

and most widely investigated LDP systems. This compound can be viewed as originating from 

the layered structure Cs3Sb2Cl9 through the insertion of divalent cation (Cu2+), forming a 

vacancy-ordered layered double perovskite framework.38 The inclusion of copper introduces 

Cu-3d electronic states that strongly hybridise with Cl-p and Sb-p orbitals, resulting in a 

significant lowering of the band gap and improved visible-light absorption.25 Both theoretical 

and experimental findings demonstrate that even a small amount of Cu2+ can drastically alter 

the band structure, emphasising the great sensitivity of LDP electronic properties to B-site 

composition.39 Systematic substitution of different metal ions at this position provides 

additional control over structural dimensionality, optical transitions and charge carrier 

transport behaviour. This section discusses the impacts of different cationic substitutions on 

the structure and properties of LDPs.

2.2.1 Effect of Cu2+

The presence of partially filled Cu-3d orbitals makes copper substitution one of the more 

effective ways for band gap engineering in LDPs. These orbitals introduce new electronic states 

near the band boundaries and improve hybridisation with halide p-orbitals, reducing the band 

gap and enhancing optical absorption in the visible region.

A clear example of this behaviour is observed in the Cs4Mn1-xCuxSb2Cl12 series, where 

the bandgap can be continuously tuned from ~3.0eV for the Mn-rich compound to nearly 1.0eV 

with increasing Cu content (Figure 2(a)). Notably, even a small amount of copper inclusion 
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(x=0.1) leads to a significant reduction in the band gap from 3.0eV to 1.7eV, indicating a strong 

perturbation of the electronic structure. 24,40 Similar band gap narrowing was seen in Cs4Cu1-

xCdxSb2Cl12, where Cu substitution results in a pronounced red shift in the absorption spectrum 

(Figure 2(b)).41 Copper substitution also causes structural and electronic changes in certain 

LDP systems. In the Cs4CuxAg2-2xSb2Cl12 series, gradual substitution of Ag+ by Cu2+ triggers 

the structural transformation from the cubic double perovskite phase (Cs2AgSbCl6) to a 

monoclinic layered double perovskite phase (Cs4CuSb2Cl12). This transition is accompanied 

by a shift from an indirect to a direct band gap, substantially improving light absorption 

efficiency. 42

Despite its significant impact on band gap modulation, Cu2+ generally does not serve 

as an efficient luminescent centre in many LDP systems. When compared to Mn-rich 

analogues, Cu-containing compositions in the Cs4Mn1-xCuxSb2Cl12 system exhibit weak 

photoluminescence.40 This behaviour suggests that copper primarily modifies the band 

structure rather than serving as a radiative recombination centre. In contrast, a copper-

containing lead-free perovskite Cs3Cu2X5 (X = Cl, Br) shows excellent emission property, with 

photoluminescence quantum yield (PLQY) near unity.43

The underlying mechanism for these changes originates from the introduction of Cu-

3d electronic states within the band structure. These states may create mid gap levels or directly 

contribute to the valence band maximum, thereby reducing the band gap. Furthermore, the 

significant Jahn-Teller distortion associated with Cu2+ can alter octahedral symmetry, 

impacting both carrier localization and structural stability.40,41 Overall, copper substitution is a 

viable method for increasing visible-light absorption and tuning the electrical characteristics of 

LDPs.

2.2.2 Effect of Mn2+  
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Unlike copper, Manganese substitution is primarily associated with luminescent behaviour in 

layered double perovskite. Mn2+ ions introduce characteristic spin and parity forbidden d-d 

transitions that produce orange-red photoluminescence, making Mn- based LDPs attractive for 

light-emitting applications.

Mn incorporation can also trigger structural transformations. For instance, gradual 

substitution of Mn2+ in the Cs3Bi2Cl9 system leads to a phase transition from an orthorhombic 

structure to the trigonal Cs4MnBi2Cl12 layered double perovskite. This structural evolution 

arises from the smaller ionic radius of Mn2+ compared with Bi3+, which induces lattice 

contraction and shifts PXRD peaks toward higher diffraction angles. The structural transition 

also reflects a dimensional transformation from a one-dimensional framework to a two-

dimensional layered structure. 44

Cs4MnBi2Cl12 and Cs4MnSb2Cl12 exhibit distinct photoluminescence behaviours and 

PLQYs. Cs4MnBi2Cl12 typically displays strong orange-red emission centred around 605-

619nm. Its PLQY strongly depends on the materials’ morphology: single crystals can reach 

PLQY values of approximately 25.7%, whereas microcrystals exhibit lower PLQY values of 

around 7.8-12.1% due to increased trap states and grain boundaries.45 Temperature-dependent 

photoluminescence studies further reveal that the emission intensity decreases with increasing 

temperature, indicating thermally activated non-radiative recombination mediated by electron-

phonon coupling.45 Nanocrystals of pure Cs4MnBi2Cl12 generally exhibit very low PLQY 

(<1%), which is mainly attributed to the surface defects and enhanced non-radiative 

recombination pathways. However, alloying with Cd2+ has been reported to significantly 

enhance the PLQY by suppressing non-radiative decay channels and improving energy transfer 

to the Mn2+ emission centre (Figure 2(f)).46,47
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A significant enhancement of photoluminescence has been observed in Mn-doped single 

crystals of the Cs4CdBi2Cl12 system. Dilute Mn alloying produces intense orange emission with 

photoluminescence quantum yields reaching ~57% (Figure (2e)).48 The high luminescence 

efficiency arises because the Cd-rich host lattice spatially isolates Mn2+ centres, thereby 

suppressing Mn-Mn interactions that typically promote non-radiative energy transfer. This 

comparison of Mn-rich and Cd-rich compositions demonstrates an important design principle: 

efficient emission occurs when Mn2+ ions remain sufficiently isolated within the wide-bandgap 

host lattice.49–51

In contrast, Cs4MnSb2Cl12 exhibits relatively weak red photoluminescence at room 

temperature. The emission is typically red shifted compared with Cs4MnBi2Cl12, appearing 

near ~640nm, and is characterised by a broader full width at half maximum of approximately 

~105nm. Reported PLQY values for pure Cs4MnSb2Cl12 are generally lower than those of the 

Bi-based analogue, reflecting less efficient energy transfer to the Mn2+ emission centre.52 

Nevertheless, alloyed compositions such as Cs4Mn1-xCdxSb2Cl12  show improved 

photoluminescence efficiency, demonstrating that compositional engineering can partially 

overcome the intrinsic limitations of the Sb-based system.53,54

The presence of Mn2+ can introduce impurity energy levels within the band gap, 

influencing the material's electronic structure and optical characteristics. This substitution can 

alter charge carrier dynamics by introducing trapping states. For instance, in Cs4MnSb2Cl12 

nanocrystals, Mn2+ contributes to ultrafast components attributed to carrier trapping, which 

competes with energy transfer processes and can reduce the photoluminescence quantum yield. 

46,47 The presence of Mn2+ influences the electronic structure by contributing to the valence and 

conduction band edges, facilitating energy transfer processes and potentially altering carrier 

mobility (Figure 2(g) & 2(h))45,47. While Mn2+ doping can enhance optical properties, excessive 

concentrations might lead to Mn-Mn coupling, which can weaken radiative recombination and 
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decrease PLQY. The detailed mechanism suggests that while Bi3+ in Cs4MnSb2Cl12 acts as a 

sensitiser, Mn2+ contributes to the emission through d-d transitions.47 These effects highlight 

the critical role of Mn2+ in modulating defect states and charge carrier behaviour within these 

perovskite structures, impacting their luminescent and potentially optoelectronic performance.

2.2.3 Effect of Zn2+

Zinc substitution offers a different strategy for tuning the electronic structure of LDPs. In 

contrast to Cu2+ and Mn2+, Zn2+ possesses a filled d10 electronic configuration, meaning that its 

influence on the band structure mainly arises from Zn-4s orbital contributions to the conduction 

band. 

In Cs4ZnSb2Cl12, Zn-4s orbitals dominate the conduction band edge, resulting in a 

narrow direct band gap and a reduced electron effective mass. In contrast, Cu-containing 

systems typically exhibit highly localised Cu-3d states near the band edges, which can limit 

carrier mobility. Consequently, Zn-based LDPs are expected to exhibit improved carrier 

transport properties, making them attractive for optoelectronic and photocatalytic 

applications.55

Additionally, nanocrystal forms of Cs4ZnSb2Cl12 display size-dependent bandgap 

tuning due to quantum confinement effects (Figure 2(c)), which is reflected in the visible colour 

change of the nanocrystal solution (Figure 2(d)). As the nanocrystal size decreases, the 

confinement energy increases, leading to widening of the band gap. Strong confinement effects 

are observed when particle size approaches approximately 9-10nm, demonstrating that 

combining B-site engineering with nanoscale control provides additional flexibility for 

tailoring optoelectronic behaviour.55

Despite the promising characteristics, Zn-based LDPs remain relatively unexplored. 

Only a limited number of studies have reported Zn-containing compositions, and even for 
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compounds such as Cs4ZnBi2Br12,56 Systematic investigations of their structural, optical and 

electronic properties are still scarce. This highlights the need for further experimental and 

theoretical studies to fully understand and exploit the potential of Zn-based LDP systems.

2.2.4 Effect of Monovalent cation substitution

In addition to divalent metals, partial substitution with monovalent cations such as Ag+ and 

Na+ can further modify the structural and optical properties of LDPs. These substitutions 

influence lattice parameters, crystal structure and electronic band structures, thereby providing 

another pathway for band gap and photoluminescence tuning.

In the Cs4CuxAg2-2xSb2Cl12 system, increasing copper content gradually converts the 

structure from a cubic double perovskite to a monoclinic layered double perovskite. This 

structural transition is accompanied by the emergence of strong visible absorption and a change 

from an indirect to a direct band gap, illustrating the close relationship between crystal 

symmetry and electronic band structure. 42

Similarly, Ag+ doping in Cs4CdBi2Cl12 significantly enhances photoluminescence 

intensity, with the maximum emission observed at low doping concentrations (~0.8%). The 

absorption position was gradually red shifted by increasing the Ag+ doping concentration. The 

decrease in band gap was observed from 2.95 to 2.57 when the doping quantity is 5.0%.57 

Na+ alloying introduces additional structural effects due to its relatively larger ionic 

radius. In Cs4MnBi2Cl12, Na substitution expands the lattice and elongates Mn-Cl bonds, which 

decreases crystal-field splitting around Mn2+ centres. As a result, the energy of the Mn d-d 

transition increases, leading to a blue shift in photoluminescence (PL) emission. As the Na+ 

content grows, the PL peak moves continually. For example, the Na-doped 

sample Cs4Mn0.5NaBi2Cl12 exhibits a PL peak at 590 nm, and further Na⁺ incorporation 

continues the blue-shift trend.46
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Monovalent substitution in LDPs generally occurs through a heterovalent alloying mechanism 

that maintains overall charge neutrality while perturbing the metal halide framework. 

Incorporation of cations such as Ag+ or Na+ alters lattice parameters, metal halide bond lengths 

and octahedral distortions, which in turn influence the electronic band structure. In particular, 

d10 cations like Ag+ can contribute s or d orbital character near the band edges, modifying the 

band dispersion and band gap energies, whereas alkali metals such as Na+ mainly affect the 

electronic structure indirectly through lattice expansion and changes in crystal field 

environments. These structural and electronic perturbations collectively provide a mechanistic 

basis for tuning the optoelectronic properties of LDPs through monovalent cation substitution.

Arman et al. (2022) reported several new LDPs, including Cs4M(II)Bi2Br12 (M(II)=Cu, 

Mn, Pb, Sr).58 However, a subsequent re-evaluation using first principles thermodynamic 

analysis and simulated X-ray diffraction patterns suggested that these compounds are 

thermodynamically unstable and may preferentially decompose into the Cs3Bi2Br9 phase. The 

study further indicated that the experimental XRD patterns and nearly identical band gap values 

(~2.6eV) reported for different M(II) cations are consistent with Cs3Bi2Br9 rather than the 

proposed layered double perovskite structures.59 This highlights the importance of rigorous 

structural verification when reporting new LDP phases.

Comparative analysis of B(II) site substitution studies reveals several design principles 

for the rational development of LDPs. Transition metals with partially filled d orbitals, such as 

Cu2+, introduce localised 3d states that enable substantial band gap tuning and improved visible 

light absorption. Incorporation of dilute luminescent centres, particularly Mn2+, can 

significantly enhance photoluminescence efficiency by suppressing concentration quenching 

in a wide band gap host lattice. In contrast, closed-shell d10 cations like Zn2+ contribute s-orbital 

character to the conduction band, which can lower the electron effective mass and promote 

improved charge transport. Additionally, lattice distortions arising from Jahn-Teller effects or 
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ionic size mismatches influence octahedral symmetry, thereby affecting exciton localisation 

and defect tolerance. Finally, compositional alloying at the B-site provides a strategy to 

stabilise layered frameworks while simultaneously tuning optical and electronic properties. 

Collectively, these insights highlight B(II)-site engineering as a powerful approach for tailoring 

the structural and optoelectronic characteristics of lead-free LDPs for optoelectronic and 

energy conversion applications. 

2.3 B(III) site engineering

The B(III) site is generally occupied by trivalent metal cations such as Antimony (III) and 

Bismuth (III), which strongly influence the electronic band structure of LDPs. These cations 

contribute significantly to the conduction band and valence band characteristics due to their 

ns2 lone-pair electronic configuration. As a result, modification of the B(III) site can affect 

band gap energies, optical absorption behaviour and exciton localisation. Substitution between 

Sb3+ and Bi3+ or substitution or alloying with other trivalent metals provides an effective route 

to tailor the optoelectronic properties of these materials.

2.3.1 Effect of Antimony and Bismuth on LDPs

The presence of antimony or bismuth in quadruple-perovskites influences their optoelectronic 

properties, particularly their absorption and photoluminescence behaviour. For instance, 

Cs4CdSb2Cl12 NCs exhibit a wide-bandgap absorption spectrum with a small peak around 

370nm. When Bi3+ is present, such as in Cs4CdBi2Cl12 and Cs4MnBi2Cl12 NCs, an additional 

strong absorption peak appears around 330 nm, which is attributed to the 1S0 → 3P1 transition 

of Bi3+
 ions. Cd-based NCs containing either Sb or Bi shows photoluminescence at lower 

temperatures (200 K) but not at room temperature. The inclusion of Bi can alter the PL peak 

position: for example, in Cs4MnBixSb2-xCl12 NCs, the PL spectra gradually red-shift as the Sb3+ 
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content increases, indicating that alloying with Sb3+ influences the local structure around Mn2+ 

and thus the optical properties. This suggests that the presence and ratio of Sb3+ and Bi3+ play 

a role in tuning the electronic band structure and emission characteristics of these LDP NCs.46 

Moreover, substituting Sb3+ with Bi3+ has a substantial influence on charge carrier dynamics. 

Cs4CdBi2Cl12 demonstrates reduced carrier recombination, as indicated by its lower PL 

intensity and shorter average carrier lifetime compared to Cs4CdSb2Cl12. This suppression of 

recombination is accompanied by an increase in photocurrent density and a decrease in charge 

transfer resistance, reflecting more efficient charge separation and hence improved 

photocatalytic CO yield.60 The compound containing fixed amount of Mn2+ and Cd2+ with 

varying amount of Sb3+ and Bi3+ that is Cs4Cd0.8Mn0.2(Sb1-zBiz)2Cl12 exhibited decreased 

emission efficiency with increase in Sb3+ concentration (Figure 3(g)).61 These findings 

spotlight the critical role of trivalent metal cation selection in tuning the optoelectronic 

properties of LDPs for photocatalytic applications.

Sb3+ alloying in Cs4Mn(Bi1-xSbx)2Cl12 LDPs improves charge transfer efficiency by 

limiting unwanted relaxation of photogenerated electrons and reducing radiative 

recombination. Sb3+ incorporation suppresses electron transfer to [MnCl6]4- emission centres, 

leading to weaker PL but better photocatalytic performance (Figure 3(h)). Time-resolved PL 

measurements confirm this effect by showing faster PL decay and shorter lifetimes after Sb3+ 

doping. In Sb-alloyed samples, increasing Sb3+ content causes the light absorption edge to shift 

from 400nm to around 460nm, enhancing light-harvesting capability. The absorption edge 

reaches its maximum at a Bi: Sb atomic ratio of 2:3, which also corresponds to a visible colour 

change from white (Cs4MnBi2Cl12) to yellow (Cs4Mn(Bi0.4Sb0.6)2Cl12). Based on tauc plots, the 

bandgap (Eg) of Cs4Mn(Bi1-xSbx)2Cl12 samples decreases with higher Sb3+ content, reaching 

its lowest value 2.81eV when x = 0.6.62
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By varying ‘n’ in the general formula, A(□nB’1–3nB2n)X3 (where n denotes the non-

stoichiometric concentration of vacancies relative to a single ABX3 perovskite formula unit), 

a series of novel compounds exhibiting different octahedral connectivity can be obtained. B-

site-deficient halide perovskites, such as the layered perovskite A3B2X9 and the layered double 

perovskite A4B(II)B(III)2X12, are formed when n equals 0.33 and 0.25, respectively. Recently, 

Liu et al. (2023) reported a novel 10-layer hexagonal perovskite, Cs10MnSb6Cl30, which 

features 30% B-site vacancies ordered at both face-sharing and corner-sharing sites. This 

compound was synthesised using straightforward methods, including the hydrothermal method 

for growing single crystals and solid-state synthesis for obtaining the powder sample. The 

resulting one-dimensional perovskite structure exhibits enhanced photoluminescence and 

improved photoluminescence quantum yield compared to the two-dimensional Cs4MnSb2Cl12, 

which has 25% vacancy ordering.63

2.3.2 Indium-based LDPs

Indium is a vital component in lead-free Cs4CuIn2Cl12 double perovskite nanocrystals (NCs), 

playing a key role in enhancing their optoelectronic properties, especially in the ultraviolet 

(UV) region. Replacing the Sb3+ ion in Cs4CuSb2Cl12 with the less toxic In3+ not only reduces 

environmental concerns but also enables compositional tuning for improved optical response. 

The bandgap of Cs4CuIn2Cl12 NCs (3.56–3.82 eV) is significantly wider than that of 

Cs4CuSb2Cl12 (1.0–1.8 eV), primarily due to the introduction of additional valence band states 

from copper and chlorine. The valence band is predominantly formed by Cu and Cl orbitals, 

and the overall electronic structure is defined by the interaction among In, Cu, and Cl. These 

interactions, which are sensitive to synthesis conditions, dictate the material’s optical 

absorption and emission behaviour (Figure 3(c)), ultimately influencing the optoelectronic 

performance of Cs4CuIn2Cl12 nanocrystals. 64
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The doping of In3+ with a relatively small ionic radius in the Cs4Mn(Bi1-xInx)2Cl12 is bound to 

alter the internal structure. When In3+ is introduced, it causes distortion in the octahedron and 

the crystal field strength of the Mn2+ ion changes, resulting in the gradual red shift of the 

emission band from 606nm to 616nm (Figure 3(d)). The large difference in the ionic radii of 

In3+ and Bi3+ limits the doping content of In3+ to 12%, while the excessive doping leads to the 

appearance of other phases and causes structural instability.65

Substitution at the B(II) site also strongly affects the photoluminescence behaviour of 

Cs4CuIn2Cl12 nanocrystals. Replacing Cu2+ with Co2+ or Zn2+ introduces greater lattice 

distortion, which promotes the formation of self-trapped excitons (STEs).66 These excitons act 

as efficient radiative recombination centres, leading to enhanced photoluminescence quantum 

yields. Consequently, Cs4CoIn2Cl12 and Cs4ZnIn2Cl12 nanocrystals exhibit PLQYs of 4.3% and 

11.4%, respectively, whereas pristine Cs4CuIn2Cl12 remains nearly non-emissive with a PLQY 

of only 0.12%.

2.3.3 Effect M(III) cation (In3+, Bi3+, or Sb3+) in Cs4CoM(III)2Cl12 

Furthermore, substituting the M(III) cation (In3+, Bi3+, or Sb3+) in Cs4CoM(III)2Cl12 

nanocrystals significantly influences their optical properties. As the M(III) cation changes 

progressively from In3+ to Bi3+ and then to Sb3+, the bandgap energy decreases systematically 

from 3.67eV (Cs4CoIn2Cl12) to 3.23eV (Cs4CoBi2Cl12), and further to 2.88eV (Cs4CoSb2Cl12). 

This reduction is primarily attributed to increased spin-orbit coupling and alterations in the 

electronic structure induced by the different trivalent metal ions. The colour of the NCs changes 

from turquoise blue (In3+) to light blue (Bi3+) and finally to dark green (Sb3+), correlating with 

the observed reductions in bandgap. Changes in the absorption spectra also reflect this 

substitution. Cs4CoSb2Cl12 exhibits two excitonic peaks between 300–450 nm along with a 

broad absorption band from 600-720 nm, attributed to [CoCl4]2- tetrahedral species. This broad 
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band is absent in the Bi-containing variant, suggesting that the ligand field environment and 

electronic interactions are strongly influenced by the identity of the trivalent metal cation. The 

Bi-based compound showed strong photo response and improved photocurrent output. 67

2.3.4 Transition metal incorporation at M(III) site 

Cobalt doping in Cs4MnBi2Cl12 modifies its electronic structure by inducing spin polarisation, 

which enhances carrier separation and prolongs carrier lifetimes. Theoretical studies show that 

Co2+ doping increases spin-polarised photoexcited carriers, generating an internal electric field 

that promotes charge separation and transport. This spin polarisation results from the 

hybridisation of Cobalt 3d orbitals with the host lattice and lattice distortion, leading to 

asymmetric charge distribution (Figure 3(f)). Compared to pure CMBC, which has an 

absorption edge around 480 nm, Co-doped samples showed an additional absorption peak in 

the 600–750 nm range, indicating improved red and near-infrared light capture due to Co2+ 

doping. Tauc plots from UV-Vis DRS data showed a slight increase in band gap from 2.76 eV 

(Cs4MnBi2Cl12) to 2.82 eV (Cs4MnCo0.9Bi0.1Cl12) (Figure 3(e)). This enhanced visible-light 

absorption is mainly due to changes in the electronic structure and spin polarisation, rather than 

a direct band gap reduction. Overall, Co2+ doping improves photocatalytic performance by 

enhancing carrier dynamics and spin effects.68

2.3.5 Lanthanide doping-induced enhancement in NIR emission.

To enhance the optoelectronic properties of the lead-free perovskites, lanthanide ion doping is 

one of the effective and promising paths. To study the effect of Ln3+ doping in lead-free LDPs, 

Lin et al have synthesised a series of Ln3+(Yb3+, Er3+ and Nd3+) doped lead-free perovskite, 

including vacancy-induced layered perovskites, double perovskites and layered double 

perovskites. Ln3+-doped lead-free perovskites exhibited near-infrared (NIR) emissions, 
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originating from the characteristic f-f transitions of the incorporated lanthanide ions. Increasing 

Sb3+ incorporation into Sb3+/Bi3+ alloyed perovskites leads to enhanced NIR emission and 

allows for higher Ln3+ doping concentrations. Despite the size mismatch between Sb3+ and 

Ln3+, even large ions like Nd3+ show high doping efficiency in Sb3+-based perovskite NCs. 

This is attributed to the high polarizability of Ln3+ ions, enabling better accommodation at 

B(III) sites and enhancing structural stability. The strong second-order Jahn–Teller distortion 

in [SbCl6]3- octahedra may also contribute to this improved doping efficiency (Figure 3(b)).69 

The incorporation of lanthanides (Ln =Yb, Er, Nd) in the quadruple perovskite Cs4MnBi2Cl12 

gives orange-red emission from the d-d transition of Mn2+. The multimodal emission of the 

rare earth metals enables the tailoring of the emission properties to achieve the desired 

applications. 70 

Further, to achieve interesting optical properties in visible and near-infrared regions, 

researchers have successfully incorporated the rare-earth ion doping strategy. By using the 

hydrothermal method, a series of rare earth ion-doped Cs4Mn1-xCdxBi2Cl12 were synthesised. 

Cs4MnBi2Cl12 has an indirect narrow bandgap at 2.72eV and a large absorption with a direct 

bandgap at 3 eV. By the introduction of Cd2+, the conversion from indirect to direct band gap 

is observed. Furthermore, RE3+ doping can increase the photoluminescence quantum yield to 

35–59% due to the superposition of additional RE3+ emissions. The rare-earth ion-doped 

Cs4MnBi2Cl12 is useful in white light-emitting LED applications.71

Rare-earth (RE3+) ions have abundant 4f states that enable sharp, distinct red and NIR 

emissions. When doped into Cs4Cd1-xMnxBi2Cl12 vacancy-ordered quadruple perovskites, their 

luminescence is significantly enhanced by Mn2+, which acts as an energy transfer bridge. As 

Mn2+ gradually replaces Cd2+, the RE3+ photoluminescence in the red and NIR regions 

intensifies, peaking at full Mn substitution. In contrast, RE3+ ions in Cs4CdBi2Cl12 without 

Mn2+ show no red-NIR emission, highlighting the key role of Mn2+ (Figure 3(a)). Co-doping 
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RE3+ into Cs4MnBi2Cl12 extends emission into both NIR-I and NIR-II ranges, making it 

promising for NIR detection applications.72

Collectively, the studies discussed above demonstrate that the identity of the trivalent 

metal cation plays a decisive role in determining the structural stability and optoelectronic 

behaviour of LDPs. Comparative studies reveal that compounds containing the Bi3+ cation 

generally exhibit superior spin-orbit coupling and enhanced charge transport compared to those 

incorporating the Sb3+ cation, which may absorb light more effectively and modulate their band 

gaps via alloying. Incorporation of the In3+ cation results in wider band gap materials and 

potentials for ultraviolet optoelectronic applications. Additionally, the incorporation of 

lanthanide ions leads to enhanced NIR emission for lighting applications. These observations 

highlight several emerging design principles: Specifically, tuning the B(III) site composition 

allows for systematic tuning of the band gap through optimisation of orbital interactions and 

spin-orbit coupling. Furthermore, alloying or hetero valent doping is found to improve defect 

tolerance and suppress recombination. Additionally, cation design can be used to improve 

structural stability by tuning octahedral distortion and lattice strain. Therefore, rational 

engineering of the B(III) site provides a powerful strategy to optimise the electronic structure, 

defect chemistry, and optical performance of LDPs, guiding the development of stable and 

efficient lead-free perovskite materials for advanced applications.

Simultaneous engineering of both B(II) and B(III) sites provides a broader compositional 

space for tuning the structural and electronic properties of LDPs. Modifications at either metal 

site can influence octahedral connectivity, band structure, and charge carrier dynamics. 

Consequently, combined B-site engineering offers a powerful strategy for optimising stability, 

band gap and photophysical behaviour in LDPs.

2.4 X- site
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The X-site anions in most of the previously reported studies are chlorides. However, the strong 

electronegativity and small ionic radius of Cl⁻ typically lead to relatively wide band gaps, 

thereby limiting optical tunability. Consequently, partial substitution of chloride with heavier 

halides such as Br⁻ and I⁻ has emerged as an effective strategy for modulating the electronic 

structure and optical absorption of Cs4B(II)B(III)2Cl12 compounds.

Systematic halide substitution studies reveal that the overall vacancy-ordered quadruple 

perovskite framework with R3m symmetry is generally preserved upon partial replacement of 

Cl⁻ with Br⁻ or I⁻. In Cd2+-containing systems, significant bromide incorporation (>25%) can 

be achieved without disrupting the host lattice. The larger Br⁻ and I⁻ anions preferentially 

occupy sites adjacent to the cation-vacancy layers, indicating that local structural flexibility 

around the vacancy planes facilitates halide substitution. Notably, Cs4CdM(III)2Cl12 

compounds exhibit higher bromide solubility compared with their Mn2+ analogues, suggesting 

that the octahedral environment of Cd2+ can better accommodate lattice expansion induced by 

larger halides. In contrast, iodide incorporation remains limited because of its substantially 

larger ionic radius; for example, only ~6% I⁻ substitution has been reported in Cs4CdBi2Cl12. 

Consistent with halide substitution trends in other perovskites, incorporation of less 

electronegative Br⁻ or I⁻ leads to a red shift in optical absorption and progressive band gap 

narrowing. For instance, the band gap decreases from 3.20 eV in Cs4CdBi2Cl12 to 

approximately 2.99 eV in mixed-halide compositions such as Cs4CdBi2Cl8.9Br3.1, accompanied 

by a nearly linear increase in lattice volume due to the larger ionic radii of the substituted 

halides. Similar substitution limits of ~26% and ~29% bromide have been reported for 

Cs4CdBi2Cl12 and Cs4CdSb2Cl12, respectively.73

Halide substitution effects become particularly pronounced in nanocrystalline systems. 

For example, nanocrystals of Cs4CuSb2Cl12-xIx synthesised using oleyl amine and oleic acid 
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surfactants exhibit a monoclinic C2/m structure up to approximately 50% iodide incorporation. 

Beyond this threshold, structural instability emerges, leading to the coexistence of monoclinic 

and trigonal (P3m1) phases. Importantly, the composition containing ~50% iodide shows 

enhanced optoelectronic performance, including higher responsivity and detectivity, which has 

been attributed to reduced trap state density and improved hole mobility. In contrast, phase-

impure nanocrystals formed at higher iodide concentrations display inferior device 

performance. 74 

Consistent with these observations, increasing iodide content in Cs4CuSb2Cl12 

nanocrystals gradually narrows the band gap from ~1.96 eV to ~1.87 eV and induces a 

systematic red shift in both absorption and photoluminescence spectra. The lattice expansion 

associated with the substitution of Cl⁻ by the larger I⁻ anions further confirm the structural 

accommodation of heavier halides. While the parent chloride nanocrystals possess a 

monoclinic structure, the framework remains stable up to approximately 50% I⁻ substitution 

before secondary trigonal phases appear, highlighting a structural tolerance limit for iodide 

incorporation.74

In addition to heavier halides, incorporation of smaller anions such as F⁻ provides an 

alternative strategy for tuning structural and electronic properties.75 Fluorine substitution has 

been reported to influence primarily the absorption characteristics and microstructural features 

of Cs4CuSb2Cl12 thin films. Because of its small ionic radius and strong electronegativity, F⁻ 

reduces interlayer interactions and results in smaller crystallite sizes, as evidenced by peak 

broadening in X-ray diffraction patterns. Consequently, a slight blue shift in optical absorption 

is observed, accompanied by a modest increase in the band gap from 1.65 eV to ~1.70 eV. 

Beyond band gap modulation, fluorine incorporation also improves charge-transport properties 

by passivating defect sites that typically act as hole traps. F-doped films exhibit reduced 

hysteresis and enhanced carrier transport. Hall effect measurements further reveal increased 
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carrier concentration, improved mobility, and enhanced electrical conductivity, indicating that 

halide substitution can simultaneously modulate both optical and electronic properties in 

LDPs.76 

In addition to halide substitution, emerging strategies explore the incorporation of mixed 

anion frameworks, where halide coexist with chalcogenide anions. Mixed chalcogenide-halide 

perovskites have been proposed as promising lead-free alternatives in which chalcogenide (Ch 

=S, Se) and halide (X = Cl, Br, I) anions coexist within the same lattice. The stronger metal-

chalcogenide bond compared to metal halide interactions is expected to enhance structural 

stability, particularly under humid conditions. Although incorporation of these materials 

remains limited and their synthesis often requires high temperatures, the split anion approach 

significantly expands the compositional space of LDPs.27 Continued theoretical investigations 

together with experimental synthesis will be essential for understanding the structural 

chemistry and guiding the development of mixed chalcogenide-halide perovskites for future 

applications.

Overall, X-site engineering represents an effective strategy for tuning both the structural 

and optoelectronic properties of LDPs. While incorporation of larger halides such as Br- and I- 

enables band gap narrowing and red-shifted optical absorption through lattice expansion and 

modified metal-halide orbital interactions, excessive substitution can induce structural 

instability or secondary phases. In contrast, incorporation of smaller ions such as F- primarily 

influences defect passivation and charge transport, highlighting that X-site engineering 

provides a versatile pathway to simultaneously control the band structure, defect chemistry and 

material performance. Beyond halide substitution, developing mixed chalcogenide-halide 

systems further show the possibility of stronger metal-chalcogen bonding to improve 

environmental stability while extending compositional flexibility. Collectively, these patterns 

suggest that the ionic size, electronegativity, and bonding type of X-site anions are essential 
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parameters regulating the structural stability and optoelectronic performance of lead-free 

perovskites, offering useful guidance for future material design and optimization.

2.5 Compositional exploration through theoretical studies

Theoretical investigations play a crucial role in guiding the discovery and rational design of 

LDPs by predicting structural stability, electronic properties and feasible compositional spaces 

before experimental synthesis. Computational screening approaches commonly evaluate 

parameters such as Goldschmidt tolerance factor, octahedral factor, thermodynamic stability 

and electronic band structures to identify promising candidates for optoelectronic applications.

In a combined computational-experimental study, Vargas et al explored potential LDP 

compositions for optoelectronic and photovoltaic applications by evaluating thermodynamic 

stability and electronic structures. Their screening identified nine potential LDPs, most 

exhibiting wide band gaps in the range of 2.7–3.6 eV, except for Rb4CuSb2Cl12, which showed 

comparatively narrower band gap characteristics. Using solid-state synthesis and precipitation 

routes in acidic or polar solvents, five of the predicted compounds were successfully 

synthesised experimentally. However, attempts to synthesise chromium and iron-based 

analogues were unsuccessful, primarily due to the instability of the +2-oxidation state for these 

transition metals under typical synthesis conditions. Difference in precursor solubility and 

kinetic limitations during crystallisation may also contribute to the formation difficulties, 

highlighting the importance of coupling theoretical predictions with careful synthetic 

optimisation.33

Further theoretical insights were provided by Jian Xu et al (2021), in which the 

hypothetical compound Rb4SnSb2Br12 was investigated using first-principles calculations. 

Twelve distinct polymorphic forms were identified and classified according to local octahedral 
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connectivity motifs. Significantly different electronic structures were exhibited by these 

polymorphs, resulting in band gaps spanning a wide portion of the visible spectrum. It was 

demonstrated in the study that the optoelectronic properties of layered perovskites can be 

effectively tuned by modifying structural parameters such as layer thickness and octahedral 

stacking arrangements. Such tunability renders these materials attractive candidates for van der 

Waals heterostructures and tandem solar cells, although the synthesis and fabrication of high-

quality thin films remain a key experimental challenge.77 Symmetry analysis combined with 

density functional theory (DFT) calculations was employed by Lin et al. to predict stable 

layered structures. Cs4CdSb2Cl12 and Cs4CdBi2Cl12 were identified as thermodynamically 

stable compounds and were subsequently synthesised using solvothermal methods. The 

calculated band gaps were in good agreement with experimental values, with 3.0ev for 

Cs4CdSb2Cl12 and 3.23eV for Cs4CdBi2Cl12. The slight increase in band gap upon replacing 

Sb3+ with Bi3+ reflects the influence of B-site cation electronic configurations on the conduction 

band structure, illustrating how theoretical calculations can guide the band gap tuning through 

compositional engineering. 78

A systematic theoretical investigation on Cs4MSb2X12-type perovskites (M = transition 

metal; X = Cl, Br, I) led to the identification of three thermodynamically stable candidates. 

Among them, Cs4CuSb2Cl12 and Cs4MnSb2Cl12 were successfully synthesised, while 

Cs4ScSb2Cl12 remains a computational prediction. Notably, these materials exhibit 

antiferromagnetic ordering, making them suitable not only for photovoltaics but also for 

spintronic applications.79 Earlier, Jian Xu et al. (2018) identified seven stable 

Cs4M(II)B(III)2Cl12 LDPs (Cs4ZnSb2Cl12, Cs4ZnBi2Cl12, Cs4ZnBi2Br12, Cs4CdSb2Cl12, 

Cs4CdSb2Br12, Cs4CdBi2Cl12 and Cs4CdBi2Br12) through first-principles calculations as 

promising p-type transparent conductors, owing to their light hole effective masses and 

intrinsic conductivity. Recent computational studies have also explored mixed valence layered 

Page 29 of 78 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
3/

20
26

 2
:1

6:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA01482D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01482d


halide perovskites with the general composition Cs4M(IV)M(II)2X12 (M=Ge or Sn; X=Cl or 

Br). Four Ge-based compounds were predicted to be both thermodynamically and dynamically 

stable: Cs4GeGe2Cl12 (C2/m and R-3m), Cs4GeGe2Br12 (R-3m) and the mixed anion phase 

Cs4GeGe2Cl6Br6 (R-3m). In contrast, the corresponding Sn analogues were found to be 

dynamically unstable due to imaginary phonon modes associated with high-energy Sn 5s states. 

Halide substitution further influences dielectric and optical properties, where Br incorporation 

increases the static dielectric constant and improves optical absorption. Hybrid functional 

calculations revealed tunable band gaps ranging from 1.16eV to 2.25eV, with an unusual 

intermediate conduction band originating from Ge (IV) 4s orbitals.80 These findings expand 

the compositional landscape of lead-free mixed valence layered perovskites and identify Ge-

Br chemistry as particularly promising for optoelectronic applications. 

These findings emphasise the need for continued efforts in synthesis and property-function 

correlation to realise their full potential across optoelectronic applications.31 The formation 

energies of the materials will vary depending on the synthetic conditions, and it is found that 

some materials are stable in the nanoscale compared to their bulk counterpart.55 Exploration of 

synthetic strategies through experiments and material compositions through computational 

studies is required for future development. A systematic assembly of elements capable of 

forming A4B(II)B(III)2X12 is represented in Figure 4.

3. Synthetic techniques

The synthetic strategy plays a critical role in determining the structural stability, morphology, 

and optoelectronic performance of LDPs (Figure 5). Careful selection of synthetic routes 

enables control over crystal growth, defect formation, and dimensionality, thereby allowing the 

tuning of material properties for specific optoelectronic applications. In general, LDPs can be 
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synthesised in a variety of morphologies, from bulk polycrystalline powders and single crystals 

to nanocrystals and thin films by employing suitable synthetic methods. 

3.1 Bulk crystal synthesis

3.1.1 Precipitation method

The first member of the A4B(II)B(III)2X12 family, Cs4CuSb2Cl12, was first synthesised by 

Vargas et al. in 2017 using an acid precipitation method. The obtained material exhibited a 

broad absorption spectrum with a direct band gap of approximately 1eV. In addition to its 

favourable optical properties, Cs4CuSb2Cl12 demonstrated remarkable stability against light 

exposure, temperature variations, and moisture, together with simple solution processability, 

making it a promising candidate for optoelectronic applications.25 Subsequent studies further 

optimised the precipitation approach by employing various polar solvents such as acetone, 

methanol, and ethanol to influence nucleation and crystal growth processes. These solvent 

environments can significantly affect crystallinity, particle morphology, and phase purity of 

the resulting materials..81 Further modification of the synthesis protocol, involving the 

introduction of small amounts of water combined with ultrasonic treatment, led to products 

exhibiting an increased band gap of about 1.66 eV, indicating that synthesis conditions can 

strongly influence the electronic structure and optical behaviour of the material.82 Using an 

appropriate solvent for washing is also important to get quality products. Some common 

solvents used for washing include acetone, ethanol, isopropanol, ethyl acetate, diethyl ether, 

etc.

3.1.2 Mechanochemical method

Mechanochemical synthesis has emerged as an alternative route for the preparation of LDPs, 

offering a simple and environmentally friendly approach. In this method, the precursors are 

subjected to mechanical grinding, which promotes solid-state reactions through the application 
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of mechanical energy. Notably, the synthesis can be carried out at room temperature without 

the need for solvents, making it a cost-effective and sustainable strategy for material 

preparation.

The LDP materials synthesised via mechanochemical grinding exhibit structural 

characteristics comparable to those obtained through conventional solution-processed 

methods. One of the key advantages of this technique is the high reaction efficiency, often 

yielding nearly quantitative conversion of precursors. Additionally, the resulting material 

demonstrates good thermal and chemical stability, remaining stable up to approximately 210℃ 

under ambient conditions. 81

Despite these advantages, mechanochemical synthesis typically provides limited 

control over particle size distribution and morphology compared to solution-based nanocrystal 

synthesis methods. As a result, this approach is more suitable for the preparation of bulk or 

polycrystalline materials rather than highly uniform nanostructures required for certain 

optoelectronic applications.

3.1.3 Ball milling 

A recent study by Zang et al (2024) reported the synthesis of Cs4CuSb2Cl12 through a 

precipitation method followed by ball milling as a post-synthetic size reduction strategy. By 

varying the milling duration from one to three hours, the particle size progressively decreased 

while the surface area increased. Notably, milling for three hours resulted in a nearly tenfold 

increase in surface area compared to the bulk crystals. 83

Ball-milling the co-precipitated Cs4CuSb2Cl12 crystals creates intense mechanical 

collisions that fracture the weak van der Waals-held layers, exposing the surface and ejecting 

chlorine atoms because the Cu-Cl bond has the lowest bond-energy in the lattice. The loss of 
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Cl- generates chlorine vacancies, and the vacancy-induced charge imbalance promotes partial 

reduction of nearby Cu2+ to Cu+, as the missing Cl⁻ leaves excess electrons that localise on 

copper centres. These vacancy-related defect states introduce mid-gap energy levels, widening 

the absorption tail into the near-infrared and raising the electron concentration and mobility.84

Optical characterisation revealed a broad absorption feature with the absorption edge extending 

up to ~1100nm. As the particle size decreased, the absorption intensity in the 900-1400nm 

region increased significantly. Correspondingly, the band gap gradually decreased from 

1.084eV(bulk) to 1.066eV and further to 1.026eV after three hours of milling. This band gap 

narrowing and enhanced light absorption were directly associated with improved 

photocatalytic performance. Overall, the study demonstrates that ball milling serves as an 

effective top-down approach to tailor the optical properties by controlling particle size and 

surface area. 83 

3.2 Nanocrystal synthesis

Nanocrystals have attracted considerable interest due to their superior optical and electronic 

properties compared to bulk materials. The reduction in particle size introduces quantum 

confinement effects, enabling tunable band gaps and modified charge-carrier dynamics. As a 

result, nanocrystals often exhibit enhanced optical absorption, improved photoluminescence, 

and increased surface reactivity, making them favourable for applications in optoelectronics 

and photocatalysis. The structural and optoelectronic properties of nanocrystals strongly 

depend on parameters such as particle size, morphology and surface chemistry. Surfactants 

play a crucial role during synthesis by controlling nucleation and growth, stabilising surface 

atoms and providing colloidal stability, which in turn influences the photophysical properties 

of the nanocrystals.85 Common synthetic approaches for LDP nanocrystals include the hot-
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injection method, ultrasonic exfoliation and solvothermal methods, each offer different levels 

of control over particle size, morphology and crystallinity.

3.2.1 Exfoliation method 

The first report on the synthesis of Cs4CuSb2Cl12 nanocrystals employed the exfoliation 

method. Xu-Dong Wang et al (2019) for the first time synthesized Cs4CuSb2Cl12 nanocrystals 

from bulk crystals through the ultrasonic exfoliation method. This top-down approach gives 

rise to the change from indirect to direct band gap when exfoliated from bulk to nano. As-

synthesized nanocrystals with a narrow band gap of 1.6 eV and reduced electron effective mass 

are promising candidates for optoelectronic applications. Even though the exfoliation energy 

of both Cs3Sb2X9 and Cs4CuSb2Cl12 is similar, Cs4CuSb2Cl12 nanocrystals show smaller, 

uniformly sized nanocrystals in comparison to Cs3Sb2X9. This may be due to the weaker in-

plane chemical bonds in Cs4CuSb2Cl12, which makes the exfoliation process easier. They 

investigated the effect of solvents on ultrasonic exfoliation and found that the mixed solution 

of CHCl3 and OA was the preferred solvent to acquire high-quality Cs4CuSb2Cl12 NCs.86

The high-polarity solvents readily degraded the Cs4CuSb2Cl12 nanocrystals, while low-

polarity solvents showed better suspension quality. The size of the nanocrystals obtained varied 

from 3nm to 25nm in the non-polar or low polarity solvents. The higher concentration of 

Cs4CuSb2Cl12 NC was observed in a non-chlorinated solvent, toluene, most likely due to its 

elevated boiling point. The darkest colour among the chlorinated solvents is observed in 

chloroform solution, which may be due to the generation of HCl through hydrolysis. The 

presence of HCl species may help weaken the interlayer forces, facilitating the separation of 

layers. The size of the Cs4CuSb2Cl12 NCs was unaffected or scarcely varied with the 

centrifugation speed. The use of surfactants like oleic acid led to a notable transformation in 
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the nanocrystals’ morphology. The combined solution of chloroform and oleic acid was 

potentially suitable for obtaining high-quality nanocrystals.86

3.2.2 Hot injection method

The hot-injection method is one of the most widely employed techniques for the synthesis of 

nanocrystals, owing to its ability to provide precise control over particle size and morphology. 

Comparatively, this approach produces nanocrystals featuring superior size uniformity and 

dispersity over exfoliation methods. Oleic acid and oleyl amine surfactants guide morphology 

and enhance colloidal stability, facilitating precise control in perovskite nanocrystal 

synthesis.41

The first colloidal synthesis of lead-free layered double perovskite nanocrystals vis the 

hot-injection method was reported by Ashitha et al (2021) for Cs4CuSb2Cl12. The synthesised 

nanocrystals crystallised in a vacancy-ordered monoclinic structure and exhibited a direct band 

gap of about 1.79eV. The nanocrystals showed better crystallinity that facilitates efficient 

charge transport, along with good stability under ambient and thermal conditions, highlighting 

their potential for practical optoelectronic applications.87 

To achieve better control over nanocrystal morphology, Mai et al. employed a modified 

hot-injection method for the synthesis of Cs4ZnSb2Cl12 nanocrystals. By systematically 

adjusting parameters such as solvent composition, reaction temperature, precursor 

concentration, and reaction time, the morphology of nanocrystals could be tuned to obtain 

nanodots, nanowires, and nanoplatelets (Figure 6(a)). In addition, surfactants such as oleic acid 

and oleyl amine played a crucial role as capping ligands by directing crystal growth and 

stabilizing the formed nanostructures. This ligand assisted growth enabled precise control over 

particle shape and size, which in turn influenced the optoelectronic properties of the material. 

The controlled nanostructures exhibited tunable optical absorption (Figure 6(b) and 6(c)) and 
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enhanced light-matter interaction compared to bulk materials, demonstrating the significant 

impact of nanoscale morphology on optoelectronic properties.55   

Defect-related trap states, which dominate carrier loss in many perovskite nanomaterials, are 

markedly suppressed in these hot-injection-synthesized NCs. Unlike exfoliated Cs4CuSb2Cl12 

NCs that exhibit an ultrafast ~14 ps defect-trapping component arising from incomplete surface 

termination, 86 the NCs synthesized through hot injection method show no such fast trap and 

instead display longer lifetimes indicative of effective surface passivation.88

3.2.3 Effect of moisture

The incorporation of water during synthesis enhances the photophysical properties, converting 

dark transitions into radiative ones. A moisture-assisted hot-injection method was developed 

by Liu et al (2022) to synthesizes these nanocrystals. This material exhibits a direct bandgap 

(3.56–3.82 eV), near-UV photoluminescence, and enhanced self-trapped exciton (STE) effects. 

Self-trapped excitons in Cs4CuIn2Cl12 nanocrystals originate from a strong lattice distortion of 

the [CuCl6]4- octahedra when an electron-hole pair is created. In the excited state the octahedron 

undergoes a Jahn-Teller type contraction of the four in-plane Cu-Cl bonds, which localises the 

exciton and lowers its energy relative to the free-exciton state, producing a large stokes shift 

(~108 nm) and a broad, asymmetric emission band.66 Moisture in the precursor (~ 40 % RH) 

supplies ionised H3O+ and OH- that act as additional capping ligands, promoting the growth of 

2D nanoplatelets rather than 3D nano cubes (Figure 6(d) & 6(e)). This morphological change 

enhances the excitonic contribution to absorption and strengthens the STE effect.64

3.2.4 Effect of chloride source

To investigate the effect of the halide source on product formation, Ashitha P et al 

systematically introduced various chloride precursors into the reaction system. Initially, 

benzoyl chloride was used, which led to the successful formation of phase-pure Cs4CuSb2Cl12 
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nanocrystals (NCs) without any modification to other reaction conditions. The chloride source 

was then substituted with benzyl chloride under the same conditions, no product was formed, 

highlighting the importance of the chloride precursor in the success of NC synthesis. Finally, 

trimethylsilyl chloride (TMS-Cl) was employed as the Cl source, and in this case, the reaction 

proceeded successfully, yielding phase-pure Cs4CuSb2Cl12 NCs once again.87

3.2.5 Effect of capping ligands

The effect of caping ligands and their concentrations on the formation and surface passivation 

of LDPs has been systematically investigated, particularly with respect to trap states and their 

influence on charge carrier dynamics. Capping ligands not only regulate crystal growth but 

also play a crucial role in passivating surface defects that act as trap states, thereby affecting 

the photophysical behaviour of the material. It was observed that a low concentration of oleyl 

amine is beneficial for both the synthesis and surface passivation, whereas a higher 

concentration inhibits crystal formation.82 

Charge carriers can become trapped in localised electronic states within the band gap. 

These trap states are classified as shallow (near the band edge) or deep (closer to the middle of 

the band gap). Deep trap states are particularly detrimental as they can lead to non-radiative 

recombination and optical losses.82 For instance, ultrafast charge-carrier trapping processes, 

occurring in as little as 1.4ps, have been identified as a limitation in quadruple-perovskite 

nanocrystals.46 Surface defects in Cs4CuSb2Cl12 microcrystals also contribute to carrier 

trapping, limiting optoelectronic performance. The relaxation of photogenerated carriers is a 

complex process influenced by factors like alloying and surface passivation.82 

In comparative studies, Cs4CuSb2Cl12 microcrystals were synthesised using different 

capping ligands, including oleic acid (OA), oleyl amine (OAm), and trioctylphosphine (TOP), 

by varying their concentrations. OA was found to support the product formation even at 
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relatively higher concentrations (1-12%), indicating its compatibility with the crystal growth 

process. In contrast, the use of TOP did not yield the characteristic black precipitate, suggesting 

unsuccessful crystallisation. Similarly, increasing the concentration of OAm from 1-2% 

prevented the precipitate formation, implying that excessive OAm suppresses nucleation and 

growth of Cs4CuSb2Cl12 crystals. This behaviour is attributed to the relatively larger molecular 

size of OAm, which can introduce steric hindrance between precursor species, thereby 

restricting effective crystal formation.84

The comparative investigation of several nanocrystal synthesis procedures demonstrates 

that the synthetic process greatly influences the shape, crystallinity, defect density and hence 

the optoelectronic performance of LDPs. Top-down methods such as ultrasonic exfoliation are 

useful for creating nanostructures with reduced effective mass and configurable band gaps. 

Where as bottom-up methods such as hot-injection synthesis allow superior control over 

particle size, shape and surface passivation. Among the reported approaches, colloidal hot-

injection synthesis generally delivers extremely uniform and crystalline nanostructures with 

better optical absorbance and optoelectronic performance due to fine control over nucleation 

and growth kinetics. Across these studies, some common design principles can be identified 

for the synthesis of LDP nanocrystals. Control over dimensionality and particle size is critical 

for tailoring the band structure and charge carrier dynamics, while the ligand engineering plays 

a vital role in regulating crystal formation and minimising surface trap states. In addition, 

solvent polarity and precursor chemistry substantially influence nanocrystal stability, 

morphology, and phase formation. Improved crystallinity along with good defect passivation 

is crucial for achieving enhanced photophysical and photocatalytic performance. Overall, these 

observations suggest that rational control of synthesis parameters is crucial for forming high-

performance LDP nanocrystals for optoelectronic and energy related applications.
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3.3 Water-oil biphasic method

A novel water-oil biphasic method for synthesising lead-free double perovskite nanocrystals 

was developed by Liu et al. In this approach, the transformation from 0D Cs3BiBr6 to 2D 

Cs4ZnBi2Br12 was achieved in a two-step process. Initially, Cs3BiBr6 nanocrystals (NCs) were 

synthesised using the conventional hot-injection method. Then, a controlled volume of ZnBr2 

aqueous solution (1.5μL of 4g/mL) was added to 2 mL of the Cs3BiBr6 NC dispersion. The 

resulting biphasic mixture was stirred at 400 rpm for 30 minutes at room temperature. After 

allowing phase separation for one minute, the upper toluene layer was collected and centrifuged 

at 4000 rpm for 5 minutes.56

This biphasic system offers a controlled reaction environment that enhances nanocrystal 

formation by minimising structural damage and facilitating impurity removal. The immiscible 

phases serve unique functions; the aqueous phase allows for fine control of ionic concentrations 

and cation delivery, whereas the toluene phase stabilises the developing nanocrystals. 

Interfacial ligands act as molecular bridges, facilitating ion transfer across phases and 

encouraging uniform nucleation. 89,90

By restricting the reaction to the interface, this approach produces nanocrystals with 

higher crystallinity, structural stability, and lower impurity levels than conventional single-

phase synthesis. The aqueous phase also serves as a sink for byproducts, aiding in the purifying 

procedure. Furthermore, the controlled growth kinetics and stabilising ligand environment 

contribute to the long-term environmental stability of the NCs. This method enables real-time 

monitoring of nanocrystal transformations and offers valuable insights into cation exchange 

processes and structural evolution. 91,92

3.4 Hydrothermal method
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Single crystals (SCs) of layered double perovskites can be grown under controlled temperature 

and pressure using hydrothermal methods. Polycrystalline Cs4CuSb2Cl12 is first synthesised 

through a solid-state reaction by heating stoichiometric amounts of CsCl, CuCl2, and SbCl3 at 

220℃ for 3days. The resulting polycrystalline material serves as a precursor for single-crystal 

growth. For the hydrothermal process, the precursor is mixed with hydrochloric acid, sealed in 

a Teflon-lined stainless-steel autoclave, heated gradually to 150℃, maintained for 3 days, and 

then slowly cooled to room temperature. This procedure produces dark purple triangular single 

crystals suitable for structural and optical characterisation. 93,94

Similarly, Cs4MnBi2Cl12 single crystals were synthesised, and they exhibited orange 

photoluminescence under illumination with a photoluminescence quantum yield of about 

25.7% at 610nm, originating from the d-d transition of Mn2+ emissive centres. In contrast, 

microcrystals of the same compound prepared via an acid-precipitation method with layered 

wafer morphology show a lower PLQY of 7.8%. The enhanced PLQY in single crystals is 

attributed to improved crystallinity, reduced trap state density, and fewer grain boundaries. 4595

The solvothermal approach has also been extended to the synthesis of nanocrystals, typically 

employing organic capping ligands to control nucleation and particle growth. 96

3.4.1 Effect of pressure

Yalin Ma et al. provide a unique strategy to tune the band gap of the lead-free layered double 

perovskites by the application of pressure. Under normal conditions, the transparent and 

colourless Cs4MnBi2Cl12 LDP single crystals had a direct band gap of 3.26eV. The band gap 

rapidly dropped with increasing applied pressure, reaching 2.87eV at 13.5GPa and 2.10 eV 

at15.6GPa. As a result, the Crystal’s colour shifted from translucent light orange to red. When 

the pressure was increased further, a dramatic band gap widening to 2.25eV occurred at 
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17.5GPa, followed by another round of band gap narrowing from 2.25 to 2eV when the 

pressure reached its peak of 33.9GPa. 94

3.5 Film preparation

3.5.1 Solution-based method

Solution-processed thin films are generally prepared using polar aprotic solvents, which can 

dissolve ionic metal-halide precursors. Zang et al. reported the preparation of Cs4CuSb2Cl12 

thin films using dimethyl sulfoxide (DMSO) as the primary solvent, followed by spin-coating 

deposition and annealing. DMSO is widely preferred due to its relatively low toxicity, high 

boiling point, and strong coordinating ability, which slows crystallisation and promotes 

uniform film formation. 97,98 

Another commonly used solvent is Dimethylformamide (DMF), although it is more 

volatile and toxic than DMSO. The solubility of metal halide precursors is less in DMF in 

comparison to DMSO due to its strong ionic lattice. Consequently, mixed solvent systems such 

as DMF/DMSO are frequently employed to balance solubility and crystallisation kinetics. Such 

solvent combinations have also been successfully used for depositing related layered and 

double perovskite films, including Cs3Sb2I9 and Cs2AgBiBr6.
99 Careful control of thermal 

annealing is required to ensure slow crystallisation and obtain uniform films. In contrast, polar 

protic solvents such as water, methanol, ethanol and isopropanol are generally unsuitable as 

primary solvents for film preparation. Their high volatility and low boiling points tend to 

induce rapid precipitation rather than controlled film growth, often resulting in rough or 

discontinuous films.100

Similarly, non-polar solvents such as Toluene, hexane, and chlorobenzene cannot 

dissolve LDP precursors because of the compound’s ionic and polar nature. Films prepared 

directly from such dispersions are typically uneven or cracked. However, these solvents play 
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an important role as antisolvents during spin coating, where they assist in the rapid removal of 

the primary solvent and promote controlled crystallisation.101,102 Among them, toluene and 

chlorobenzene are the most appropriate antisolvents used for the synthesis of pin-hole free, 

smooth and uniform films, and they provide good removal of the primary solvents.103,104

Despite these strategies, the fabrication of LDP thin films remains challenging due to 

poor precursor solubility, rapid crystallisation, and precipitation during processing. As a result, 

vapour-phase deposition methods such as aerosol-assisted chemical vapour deposition 

(AACVD) are often considered more reliable for obtaining uniform films, owing to their 

scalability, simplicity and better control over film growth. 76

3.5.2 Aerosol-assisted chemical vapour deposition (AACVD) method

The in-situ preparation of films by the AACVD method is applied for the first time by Balderas 

et al. The AACVD technique employing a double-source system was utilised to deposit both 

pristine and F-doped Cs4CuSb2Cl12 films. This dual-source approach is essential because 

certain precursors, such as CsCl, can react and precipitate when mixed in a single solution, 

which hinders uniform film formation. By keeping the precursors in two separate solutions, the 

technique enables their simultaneous nebulization and delivery to the substrate without 

premature reaction.56,105

Each precursor solution is nebulised into fine droplets before being sent to a nozzle 

chamber via a nitrogen gas stream. A secondary nitrogen flux is used to dilute the aerosol and 

send it to a heated substrate, where solvent evaporation causes film nucleation and growth. The 

method facilitates in situ formation of continuous perovskite films, effectively addressing 

challenges like low solubility and rapid crystallisation that limit solution-based methods such 

as spin coating. 106,107
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AACVD stands out for its simplicity, scalability, and cost-effectiveness, as well as its 

versatility in doping, which can be achieved by simply introducing dopant salts into the 

precursor solutions. The choice of solvent system is critical for phase purity; a mixture of 

propan-2-one and propan-2-ol was found to yield phase-pure films for both undoped and F-

doped compositions. This AACVD-deposited perovskite material was subsequently employed 

in photoconductive devices, with films deposited onto substrates patterned with interdigitated 

gold electrodes.108

3.5.3 Suspension quality 

The suspension stability of LDPs has also been evaluated in different solvents. High-polarity 

solvents were found to induce degradation, for example, when suspended in isopropanol the 

materials got degraded and turned yellow. The suspension with Chloroform was also not good 

as the product was settled down within 30-60min.109 The better suspension quality was 

observed in low polarity chlorobenzene and non-polar toluene.84 The interaction between 

solvents and precursors can be rationalized using Gutmann’s donor number (DN), which 

quantifies the Lewis basicity of a solvent and its coordination strength toward metal precursors. 

Solvents such as Dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP) and 

dimethylformamide (DMF) possess high DN values due to their strong Lewis basicity. These 

solvents are good in producing stable precursor solutions, which is useful for thin film 

deposition. On the other hand, solvents with low DN values such as propylene carbonate (PC), 

acetonitrile (ACN), and tetramethyl sulfone (TMS) promote crystallization and are hence 

appropriate for single crystal growth.27

3.5.4 Challenges in thin film formation and scalability

For the preparation of LDP thin films, a number of deposition techniques have been 

investigated, including spin coating, vapour deposition, and aerosol-assisted chemical vapour 
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deposition; nonetheless, obtaining high-quality films appropriate for large-area device 

fabrication continues to be a significant issue. Thin-film engineering is an essential component 

of material development since film shape, crystallinity, and defect density have a significant 

impact on the performance of LDP-based optoelectronic devices.

One of the primary challenges is film uniformity and Phase purity. Nonuniform 

nucleation and uncontrolled crystallisation are common problems in solution-processed 

perovskite films, leading to uneven film shape and insufficient substrate coverage. Rapid 

solvent evaporation during spin coating can create nanoscale inhomogeneities and defective 

clusters that degrade optoelectronic properties and device performance. Post-annealing or 

vapor-assisted treatments have been shown to promote grain growth and reduce these structural 

irregularities in perovskite films.110 Another critical issue is defect formation within the bulk 

and at interfaces. Polycrystalline perovskite films typically contain vacancies, antisite defects, 

and interstitials that act as trap states for charge carriers. These defects significantly influence 

the recombination process and reduce material performance.111 Simulation studies on 

Cs4CuSb2Cl12-based photovoltaic devices indicate that increasing bulk defect density 

dramatically decreases open circuit voltage, current density, and power conversion efficiency 

due to enhanced carrier recombination.112 Therefore, controlling defect density through 

precursor chemistry, optimised annealing conditions, and compositional engineering is 

essential for improving material performance.

Closely related to defect formation is the presence of grain boundaries in polycrystalline 

films. Grain boundaries often act as recombination centres because they contain a high density 

of structural defects and dangling bonds. These regions can trap charge carriers and hinder their 

transport across the film, thereby reducing charge collection efficiency. In addition, grain 

boundaries can serve as pathways for environmental degradation under moisture, heat or 

illumination. Strategies such as compositional engineering, additive incorporation and surface 
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passivation have been widely investigated to mitigate grain boundary defects and enhance film 

stability.113 Increasing grain size through controlled crystallisation is also an effective 

approach, as larger grains generally correspond to lower trap density and improved carrier 

transport.

Controlling crystallisation kinetics is crucial for LDP thin films because many layered 

perovskites possess strong ionic bonds and low precursor solubility. These traits often cause 

rapid nucleation and uncontrolled precipitation during solution processing, resulting in films 

with incomplete surface coverage and irregular grain shapes. To overcome this, approaches 

such as solvent engineering, antisolvent treatment, and vapor-assisted crystallization have been 

employed to modulate nucleation and achieve uniform crystal growth.111

From a practical perspective, scalability and compatibility with large-area processing 

techniques represent another major bottleneck. While many studies on perovskite thin films 

have been performed in a laboratory setting via spin coating or drop casting, these methods are 

inherently confined to small areas and not compatible with industrial-scale processing. On the 

other hand, large area coating processing techniques such as blade coating, slot-die coating, 

spray coating and chemical vapour deposition are compatible with fabrication of perovskite 

films on large areas. However, maintaining film uniformity and controlled crystallisation over 

large substrates remains challenging because slight variations in solvent evaporation, 

temperature gradients or precursor concentration can lead to thickness fluctuations and defect 

formation.114

Furthermore, interface quality between the perovskite layer and charge transport layers 

plays a decisive role in device operation. High densities of interface defects can introduce trap 

states that increase recombination and reduce device efficiency. Studies have shown that even 

a moderate increase in interface defect density can significantly degrade photovoltaic 
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performance, highlighting the importance of interfacial engineering and surface passivation 

strategies for device optimisation.112 Overall, the development of scalable LDP thin films 

requires a combination of controlled crystallisation, defect passivation and large area 

deposition techniques. Future research should focus on understanding the structure-processing-

property relationships governing the thin film formation in LDPs, enabling the design of 

deposition methods that simultaneously ensure uniform morphology, low defect density, and 

compatibility with large scale manufacturing processes.

4. Applications for LDPs

The large compositional space and strong structural tunability of LDPs give rise to a wide range 

of optoelectronic properties. Moreover, when compared to traditional lead-based perovskites, 

heterometallic halide LDPs show better environmental stability, which makes them attractive 

options for a variety of functional applications. As a result, their potential in a variety of 

optoelectronic and energy-related technologies has been the subject of numerous investigations 

in recent years. Recent developments in the application of LDPs in light-emitting diodes 

(LEDs), photodetectors, photovoltaics, photocatalytic CO2 reduction, and photothermal energy 

conversion are outlined in the following sections.

4.1 Light emitting Diodes (LEDs)

LDPs have been investigated as potential phosphors for white LED applications because of 

their better environmental stability, easy production, and good emissive qualities. For instance, 

Cs4MnBi2Cl12 single crystals exhibit efficient Mn2+ based orange red emission with good 

PLQY and high resistance to heat, moisture and continuous illumination, enabling their use as 

red phosphor in phosphor converted white LEDs (Figure 7(a)).115 Emission performance can 

be significantly improved through compositional engineering. For example, In3+ substitution 

at the Bi3+ site in Cs4MnBi2Cl12 induces lattice distortion of the [MnCl6]4- octahedra, 
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strengthening the local crystal field around Mn2+ and producing a red shift of the Mn2+ emission 

band from 606nm to 616nm.65 Phosphor converted LEDs fabricated using Cs4MnBi2Cl12 and 

Cs4Mn(Bi0.88In0.12)2Cl12 show improved device performance, with colour rendering indices 

(CRI) of 82-86 and correlated colour temperatures around 4280-4510K, along with an 

expanded colour gamut.65 Similarly, Ag+ doping in Cs4CdBi2Cl12 markedly enhances broad 

band orange emission by suppressing exciton-phonon coupling and non-radiative 

recombination associated with self-trapped excitons, enabling white LEDs with CIE 

coordinates of (0.31, 0.34), a high CRI of ~90, and stable operation for extended periods.57 In 

addition, rare earth ions (RE3+ = Nd, Ho, Er, Tm) incorporation in Mn-containing layered 

perovskites such as Cs4Mn1-wCdwBi2Cl12 introduce characteristic red and NIR emissions.71 

Such systems enable full-spectral emission spanning the visible and NIR regions and yield 

phosphor-converted LEDs with significantly enhanced CRI values (upto~93).72 These studies 

collectively demonstrate that heterovalent doping and rare-earth sensitisation provide effective 

routes to tailor emission colour, improve quantum efficiency, and expand the spectral coverage 

of LDP, highlighting their growing potential as stable phosphor materials for optoelectronic 

devices.

4.2 Photodetector

LDPs have also demonstrated promising performance in photodetection applications due to 

their favourable carrier transport and defect tolerant electronic structures. For example, 

Cs4CdSb2Cl12 NCs exhibit ultrafast carrier dynamics, enabling highspeed photodetectors with 

a photocurrent rise time of ~25ps and carrier lifetime of ~150ps. The photocurrent intensity is 

more than three orders of magnitude higher than the dark current, indicating efficient photo 

carrier generation and transport.41 Similarly, Cs4CuSb2Cl12 NC thin film photodetector (Figure 

7(b)) show ultrafast response with lifetimes around 150ps and bandwidths approaching 10GHz, 

attributed to efficient charge transport within the layered structure.42 In Contrast 
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microcrystalline Cs4CuSb2Cl12 devices typically exhibit slower photo response (rise and fall 

times in the millisecond range) but maintain good sensitivity, with detectivity values of the 

order of 108Jones and responsivity of 10-3A/W.116 Partial halide substitution also enables 

photodetection functionality where the resulting device of Cs4CuSb2Cl6I6 exhibit a responsivity 

of 0.67A/W and detectivity of 4.55*108Jones.74 Compositional engineering further enhance 

device performance; for instance, alloyed Cs4Mn0.25Cd0.75Bi2Cl12 NCs exhibit significantly 

improved responsivity (~0.98*108A/W) and quantum efficiency of 3*106 % due to enhanced 

crystallinity, reduced trap density and longer carrier lifetimes.46 These studies collectively 

demonstrate that structural tuning and nano structuring in LDPs can effectively optimize charge 

transport and carrier dynamics, enabling their use in high-speed and highly sensitive 

photodetectors.

4.3 Photovoltaics (Theoretical studies)

The Photovoltaic potential of LDPs having a narrow bandgap suitable for solar absorbing 

materials such as Cs4CuSb2Cl12 has been extensively explored through theoretical 

investigations. Device optimization studies using the Solar Cell Capacitance Simulator 

(SCAPS-1D) software have evaluated the influence of different charge transport layers and 

device parameters on solar cell performance. Simulated device architectures employing 

CuSbS2/NiO and CNTS/NiO as hole transport layers demonstrated efficiencies of 19.88% and 

19.95%, respectively (Figure 7(c)).117 Moreover, theoretical efficiencies approaching 30% 

were achieved through the use of CuSCN as the hole transport layer and SnO2 as the electron 

transport layer. SCAPS-1D software was used to investigate 224 device designs with different 

parameters such as layer thickness, defect density, and doping concentration.118

Despite promising features, Cs4CuSb2Cl12-based simulated solar cells have low carrier 

separation efficiency, which restricts total performance. To address this, a gradient doping 
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approach was developed and optimized using SCAPS simulations. Tuning absorber thickness 

and doping concentration resulted in a power conversion efficiency of 24.4% at 400 K.119 

Furthermore, Pritam et al. simulated a tandem solar cell configuration comprising two top cells 

made of Cs4CuSb2Cl12 and Cs2AgBiBr6 as absorber materials, and a bottom cell of crystalline 

silicon. The results underscore the potential of lead-free layered double perovskites as viable 

additives in high-efficiency solar devices.120   

It is important to note that the above results are based on computational studies and 

have not yet been fully validated through practical device fabrication. In addition to simulation 

studies, a recent experimental study by Hoseinpour et al. has demonstrated the potential of 

these materials in solar cells. Cs4CuSb2Cl12 microcrystals, with a suitable band gap of ~1 eV 

and broad absorption range, have been utilized as additives in lead-based solar cell devices. 

Incorporation of just 1% Cs4CuSb2Cl12 into the active layer significantly enhanced both the 

efficiency and long-term stability of the device.121

In parallel, Cs4ZnSb2Cl12 perovskites have demonstrated improved optoelectronic 

capabilities due to the insertion of Zn2+, which introduces vacant Zn 4s orbitals into the 

conduction band minimum. This results in a decreased electron effective mass compared to 

counterparts like Cs4CuSb2Cl12, where the conduction band is created by more localized Cu 3d 

orbitals. The lower carrier effective mass in Cs4ZnSb2Cl12 facilitates improved charge transport 

and shows better toluene to benzaldehyde conversion further supporting its potential for 

photovoltaic applications.55

Although these forecasts are promising, experimental realization is still limited by 

difficulties in producing high-quality thin films and achieving efficient carrier separation. 

Defect-induced recombination and suboptimal charge transport also need to be resolved to 

unlock their full photovoltaic potential. Ongoing advances in compositional engineering and 
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thin-film fabrication are expected to enhance practical performance. With further material and 

device optimization, A4B(II)B(III)2X12 LDPs could become attractive, environmentally 

friendly candidates for next-generation photovoltaic technologies.

4.4 Photocatalytic CO2 reduction

Photocatalytic CO2 reduction efficiency in lead-free halide LDPs has been greatly boosted 

using several techniques such as nano structuring, cation replacement, and alloying. For 

instance, Cs4CuSb2Cl12 nanocrystals synthesized via coprecipitation followed by ball milling 

exhibit improved activity (72.17 μmol/g) compared to the bulk material (45.01 μmol/g). This 

enhancement is attributed to reduced particle size, increased surface area, high defect density, 

and broad-spectrum absorption, all of which contribute to a greater number of active catalytic 

sites. 122

In Cs4MnSb2Cl12, the incorporation of copper drastically alters the photocatalytic 

behaviour. Even small amounts of Cu2+ insertion led to significant improvements in CO2 

reduction. The best composition, Cs4Mn0.7Cu0.3Sb2Cl12, achieves high CH4 and CO yields of 

68.35 and 503.86 μmol/g respectively. However, additional increases in Cu2+ content result in 

lower product yields, highlighting the significance of precise dopant tuning for peak 

performance.40 Adding Cu2+ in Cs4Cd0.8Cu0.2Bi2Cl12 also improves photocatalytic CO2 

reduction, resulting in a CH4 yield of 8.78μmol/g and a high selectivity of 95.78%. This is 

ascribed to Cu2+-induced increase in charge separation, higher density of surface-active sites, 

and stabilization of critical reaction intermediates such as *COOH and *CO, which effectively 

direct the reaction route toward CH4 generation under visible light.123

Similarly, Sb3+ insertion in Cs4MnBi2Cl12 increases photocatalytic activity by 

improving light absorption, lowering spin-orbit coupling and Jahn-Teller effects and 

stimulating electronic delocalization. This reduces undesired electron transport to Mn2+ 
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centres, resulting in lesser fluorescence but greater charge carrier separation. The material 

attains a CO2 reduction rate of 35.1μmol/g/h with 100% selectivity and allows simultaneous 

water oxidation to form H2O2, revealing the multifunctional catalytic potential of mixed cation 

systems.62 Cs4CdBi2Cl12 further illustrates the impact of composition on performance, 

surpassing its Sb counterpart (Cs4CdSb2Cl12) due to higher surface area, improved CO2 

adsorption, greater reduction potential, and more efficient charge separation. This results in 

higher CO and CH4 yields and a CO selectivity of 97.2%, compared to 89.9% in the Sb 

analogue.60

Recently, Cobalt doped perovskites like Cs4MnCo0.9Bi0.1Cl12 demonstrated outstanding 

photocatalytic behaviour, achieving a CO yield of 69.16μmol/g/h, which is 177 times higher 

than that of the undoped counterpart. This substantial improvement originates from Cobalt 

induced spin polarization, which provides an internal electric field that enables charge carrier 

separation, suppresses recombination, and prolongs carrier lifetime-critical factors for 

achieving high photocatalytic efficiency.68

In photocatalytic CO2 reduction, gas-solid systems are generally preferred over liquid-

solid systems due to their improved catalyst stability. However, this configuration limits the 

formation of valuable liquid-phase products such as formic acid, methanol, formaldehyde and 

ethanol, which possess higher energy densities and greater potential for downstream 

applications. Addressing this limitation requires the development of more water stable LDP 

compositions and the design of photocatalytic systems capable of operating efficiently in mild 

and environmentally benign reaction media.124

Encapsulation strategies have emerged as effective approaches to address the stability 

limitations of lead-free perovskites while also improving charge carrier dynamics. Several 

studies have demonstrated the incorporation of these materials into protective matrices such as 
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zeolites125, metal organic frameworks (MOFs)126, or mesoporous oxides127 to shield them from 

moisture and light-induced degradation. Further a detailed study of the strategies for the 

enhancement of photocatalytic solar fuel production is explained in detail by Xie et al. in his 

recent review.128

4.5 Photothermal production of hydrogen

Wang et al (2024) demonstrated the first example of utilizing a layered double perovskite 

Cs4CuSb2Cl12 microcrystals, as the photothermal material with narrow band gap and lower 

thermal conductivity for the rapid hydrogen production (Figure 7(e)). The material is capable 

of absorbing full spectrum solar radiation and solar-thermal efficiency up to 93.4% are 

achieved. The rapid hydrogen production from ammonia borane was achieved by the high 

photothermal performance of the material that provides a new application for halide 

perovskites as photothermal converters.129 This work opens up a new field of novel research 

for the metal halide layered double perovskites.

4.6 Photo thermoelectric energy harvesting

The integration of Cs4CuSb2Cl12 with MoS₂ enhances photothermal (PT) energy conversion 

through a synergistic interaction. Cs4CuSb2Cl12 provides strong light absorption, especially in 

the near-infrared (NIR) region, and exhibits low thermal conductivity (<0.32 W m-1 K-1), 

promoting localized heating. In contrast, MoS₂ has high thermal conductivity (155 W m-1 K-1), 

aiding efficient heat dissipation. The composite benefits from the properties of both materials, 

including better optical absorption, thermal transport, and film compactness. A 75% 

Cs4CuSb2Cl12 composition achieves optimal photothermal performance by balancing heat 

localization and thermal conduction, resulting in a better temperature difference (ΔT) and 

increased photothermal conversion efficiency. The composite films preserved phase purity and 

higher MoS₂ content improved packing density, further improving photothermal properties.130 
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These results highlight the potential of LDP-based composites for efficient photothermal 

energy conversion and broaden their scope toward advanced energy harvesting applications.

5. Challenges and Future Perspectives

Despite the rising curiosity in lead-free LDPs with the general formula A4M(II)M(III)2Cl12, 

various difficulties remain to limit its broad application and full potential in optoelectronic and 

energy conversion technologies. Addressing these issues requires a systematic roadmap that 

distinguishes short-term achievable goals from long-term fundamental research directions.

5.1 Short-term research priorities

(i) Expanding compositional diversity: The compositional landscape of LDPs remains 

largely unexplored, as most reported systems are restricted to Cs+ at the A-site and Cl- 

at the X-site. Expanding the compositional diversity through A-site substitution with 

other alkali cations (e.g., Rb+, K+) and X-site engineering using Br-, I-, or split anion 

approach could enable improved bandgap tunability, structural flexibility, and 

environmental stability. In addition, B(II)-site engineering through incorporation of 

other transition-metals (Ni2+, Zn2+, Fe2+, Co2+…) and lanthanide substitution at the 

B(III) positions may further tailor luminescence, band structure alignment, and carrier 

dynamics. Such compositional modifications represent accessible strategies that can 

rapidly broaden the library of functional LDP materials.

(ii) Improving environmental stability: Operational instability in humid environments 

and polar solvents remains a major drawback of LDPs. Exposure to moisture can cause 

structural degradation, and instability in polar media hampers electrochemical studies. 

Near-term approaches such as encapsulation, surface passivation, and incorporating 

hydrophobic binders or protective matrices during material preparation can markedly 

improve environmental stability and enable reliable material performance.
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(iii) Thin film fabrication and property investigation: The optoelectronic properties of 

LDPs have been predominantly investigated in powder or bulk crystalline forms. 

However, these properties can differ significantly in thin-film configurations, which are 

more relevant for device applications. Therefore, systematic studies on the growth and 

characterization of high-quality LDP thin films are necessary. Additionally, 

investigations into defect states and their passivation remain limited, and deeper 

understanding in this area could significantly improve the performance of LDP-based 

optoelectronic devices. Future research should prioritize systematic investigations of 

defect states and their passivation, along with detailed exploration of the optoelectronic 

properties of LDPs in thin-film configurations relevant to device applications

(iv) Development of scalable Synthetic strategies: Achieving precise stoichiometry and 

compositional homogeneity, particularly for nanocrystals and thin films, remains 

challenging. Many reported synthesis routes also suffer from limited reproducibility 

and scalability. Optimizing synthetic protocols and developing scalable deposition 

techniques for thin films will therefore be essential for translating LDP materials from 

laboratory studies to practical applications.

5.2 Long-term fundamental challenges

(i) Discovery of new material systems: 

Exploring mixed-anion or chalcogenide-based layered perovskites such as partially 

substituting halides with S2- or Se2- could greatly broaden the structural and 

electronic landscape of LDPs. Likewise, introducing larger organic cations like 

MA+ or FA+ at the A-site may generate new structural motifs and alter electronic 

properties. A combination of computational screening and experimental validation 

will be essential for discovering these next-generation materials. 

(ii) Heterostructure designing
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Hybrid heterojunctions that integrate LDPs with porous materials such as covalent 

organic frameworks (COFs) or metal-organic frameworks (MOFs) offer promising 

pathways for photocatalytic CO2 reduction. In such systems, LDPs function as light 

harvesters and charge generators, while the porous frameworks facilitate CO2 

adsorption and activation. Rational design of these composite architectures could 

simultaneously improve catalytic efficiency and moisture stability.

(iii) Device level integration and emerging applications.

Although theoretical studies suggest that LDPs could be suitable for photovoltaic 

devices, experimental demonstrations of efficient solar cells remain scarce. Future 

efforts should focus on optimizing device architectures, interfacial engineering, and 

defect passivation strategies to enable high-performance photovoltaic devices. In 

addition, emerging applications such as photocatalytic CO2 reduction and 

photothermal energy conversion require further development of efficient materials 

and optimized reaction systems.

In summary, LDPs are a highly promising class of lead-free materials but realizing their full 

potential in energy conversion and advanced optoelectronics will require thorough 

compositional engineering, novel synthesis routes, and seamless integration at the device level. 

Achieving this will depend on a multidisciplinary strategy that merges theoretical modelling, 

cutting-edge characterization, and practical engineering. This review gives researchers a clear 

insight on designing compositions, synthesizing them and applying strategies to develop and 

commercialize high-performance lead-free LDPs. 
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Figures

Figure 1: Schematic showing the emergence of A4B(II)B(III)2X12metal halide layered double 

perovskites.
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Figure 2: Schematic showing the influence of B(II) site cation on optoelectronic properties of 

LDPs. Copper doping induced band gap modulation in Cs4Mn1-xCuxSb2Cl12 (a)24 and Cs4Cd1-

xCuxSb2Cl12 (b) 41. Tunable band gap in Cs4ZnSb2Cl12 NCs with precise control over shape and 

size(c) and (d).55 Enhanced emission and photoluminescence quantum yield in Cd2+ 

incorporated Cs4MnxCd1−xBi2Cl12 NCs (e & f). 46,48 Emission mechanism and increased carrier 

lifetime of C4MnBi2Cl12 (g & h).45,47 Reprinted, with permission from  24,41,45–48,55
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Figure 3: B(III) site tuning in LDPs. Energy transfer in Ho3+ doped Cs4MnBi2Cl12 (a).72  Higher 

lanthanide doping efficiency in smaller octahedra of Sb3+, induced by intense second order 

John teller distortion. (b)69  Moisture assisted PL enhancement in Cs4CuIn2Cl12. (c) 64 Red shift 

in the emission spectra of Cs4MnBi2Cl12 with increasing In3+ content (d)65. Band alignment 

diagram and electron spin polarization suppressed recombination in Cs4MnCo0.9Bi0.1Cl12 (e & 

f)68. Effect of Bi3+ and Sb3+ substitution on photoluminescence efficiency of Cs4Cd0.8Mn0.2(Sb1-

yBiy)2Cl12 (g)61. Suppression of fluorescence emission in Sb3+ alloyed Cs4MnBi2Cl12 (h)62. 

Reprinted, with permission, from 61,62,64,65,68,69,72
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Figure 4: Elements forming layered double perovskites with the composition 

A4B(II)B(III)2X12. The colours specify the site occupied by the elements, according to the 

standard composition at the top. The elements marked with (*) denotes the elements that have 

been computationally predicted to form stable products but needs experimental validation. The 

elements marked with the lined pattern denotes the elements that could be used in 

A4B(II)B(III)2X12 composition but needs to be explored through computational and 

experimental methods.
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Figure 5: Schematic representation of the influence of different synthetic methods on structure 

and optoelectronic properties of A4B(II)B(III)2Cl12 LDPs. 
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Figure 6: Influence of synthetic parameters on the morphology nanocrystals.  Schematic for 

the synthesis of Cs4ZnSb2Cl12 nanocrystals with precise control over shape and size (a).  

Absorbance spectra of Cs4ZnSb2Cl12 nanodots (b) and nanoplates (c) of Varying particle size55. 

Effect of moisture on the synthesis of Cs4CuIn2Cl12 Nanocrystals (d). Size distribution plot of 

nano cubes and moisture assisted nanoplates. (e) 64 Reprinted, with permission, from 55, 64
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Figure 7: Applications of LDPs. Representation of Cs4MnBi2Cl12 for LED applications (a)45.  

Depiction of Cs4CuSb2Cl12 nano crystals in high-speed photodetector device (b)42. 

Theoretically predicted device structure for Cs4CuSb2Cl12 with different Charge transport 

layers (c). 117 A schematic for photocatalytic CO2 reduction (d). Illustration of Photothermal 

energy conversion(e).129 Reprinted, with permission, from 45,117,129,131
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Tables

Table 1: Summary of reported synthetic routes, properties and applications of Cs4CuSb2Cl12 

and its derivatives.

Author 

(year)

Composition/

Morphology

Structure/spa

ce group

Method Band 

gap/Emissio

n

Application/Key 

performance

        

Referen

ce

Vargas 

(2017)

Cs4CuSb2Cl12

MCs

Monoclinic 

(C2/m)

Acid 

precipitation

1 eV Narrow bandgap 25

Singhal

(2018)

Cs4CuSb2Cl12

MCs

Monoclinic 

(C2/m)

Mechanoche

mical 

1.1eV Reversible thermal changes 81

Wang et 

al 

(2019)

Cs4CuSb2Cl12

NCs

Monoclinic 

(C2/m)

Ultrasonic

Exfoliation

1.6eV

~630nm

Photoelectrochemical 

application

86

Cai et al 

(2020)

Cs4CuSb2Cl12

NCs

Monoclinic 

(C2/m)

Hot injection 1.79eV Photodetectors

(Lifetime of ~150ps) 

131

Jayasan

kar et al 

(2020)

Cs4CuSb2Cl12

MCs

Monoclinic 

(C2/m)

Precipitation 

in ethanol

1.16eV Photo detector 

(Responsivity of 10-3 A/W & 

Detectivity, 108J)

116

Cai et al 

(2021)

Cs4Cu1-

xCdxSb2Cl12

NCs

Trigonal(𝑅3

𝑚) to 

Monoclinic 

(C2/m)

Hot injection 3.19-1.92eV Photo detector

(Rise time ~25ps & 

lifetime~150ps) 

41

Ashitha 

et al 

(2021)

Cs4CuSb2Cl12

NCs

Monoclinic 

(C2/m)

Hot injection 

method 

1.56eV

570nm 

(Weak)

Photocatalyst in ferricyanide 

reduction and dye 

degradation

132

Mandal 

et al 

(2022)

Cs4CuSb2Cl12-

xIx

NCs    

Monoclinic 

(C2/m)

Hot injection 

method 

1.96-1.92eV

446-479nm

Photodetector

(Responsivity of 0.67 A/W & 

detectivity 4.55*108 Jones)

74

Parveen 

(2022)

Cs4CuSb2Cl12 Monoclinic 

(C2/m)

Mechano 1.32eV(MC)

2.2eV (NC)

Analog memristor 133
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MCs, NCs & 

thin film

chemical 

and 

solvothermal

1.1eV(film)

Wu et al 

(2022)

Cs4CuSb2Cl12

MCs & QDs

Monoclinic 

(C2/m)

Acid 

precipitation 

Hot injection

1.40eV

1.67eV

Photocatalytic CO2 reduction

(CO yield of 233μmol/g after 

3h illumination)

134

Zhang et 

al 

(2023)

Cs4CuSb2Cl12

MCs

Monoclinic 

(C2/m)

Acid 

precipitation

0.88eV Q-switched mode-locking 

fibre laser

135

Vahid et 

al 

(2023)

Cs4CuSb2Cl12

MCs

Monoclinic 

(C2/m)

Precipitation 

method 

1.10eV Stabilizer in solar cell device 121

Mishra 

et al 

(2023)

Cs4CuSb2Cl12

MCs

Monoclinic 

(C2/m)

Precipitation 

method

1.66eV Solvent dependent relaxation 

rates of carriers

136

Balderas 

et al 

(2023)

Cs4CuSb2Cl12

Cs4CuSb2Cl12:

F-

Thin film 

Monoclinic 

(C2/m)

Vapour 

deposition 

method

1.65-1.70eV Photodetector and 

memdiodes (conductivity 

1.94*10-5S/cm)

76

Zhang et 

al 

(2024)

Cs4CuSb2Cl12

MCs

Monoclinic 

(C2/m)

Ball milling 1.084-1.066- 

1.029eV

Photocatalytic CO2 reduction

(CO yield of 72.17μmol/g 

after 4h irradiation)

83

Wang et 

al 

(2024)

Cs4CuSb2Cl12

MCs

Monoclinic 

(C2/m)

Acid 

precipitation

1.01eV Photothermal production of 

H2

137

Pritam 

et al 

(2024)

Cs4CuSb2Cl12 Monoclinic 

(C2/m)

Theoretical 

study

1.6eV Device engineering 120

Mishra 

et al 

(2025)

Cs4CuSb2Cl12

MCs

Monoclinic 

(C2/m)

Solution 

processed 

method

1.57 Surface passivation 138
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Chang et 

al 

(2025)

Cs4Cu1-

xCdxSb2Cl12

Cs4Cu1-

yMnySb2Cl12 
MCs

Monoclinic 

(C2/m) to 

Trigonal (𝑅3

𝑚)

Acid 

precipitation 

method

1eV- 2.95eV Band gap tuning 39

Sridhar 

et al 

(2025)

Cs4CuSb2Cl12

MCs /MoS2

Monoclinic 

(C2/m)

Precipitation 

method

1.1eV Photothermal energy 

conversion

139

Sarkar et 

al

(2025)

Cs4CuSb2Cl12

MCs

Monoclinic 

(C2/m)

Acid 

precipitation

0.9eV Humidity and Temperature 

sensing 

140

Table 2: Summary of reported synthetic routes, properties and applications of Cd-, Mn- and 

other transition metal-based layered double perovskites. 

Author Composition/Morp

hology

Structure 

(space 

group)

Synthesis Band gap 

/emission

Application/Key 

performance 

Refer

ence

Vargas et 

al (2018)

Cs4Mn1-xCuxSb2Cl12

MCs

Trigonal (𝑅

3𝑚) to 

Monoclinic 

(C2/m)

Acid 

precipitation

3-1eV

605nm

Band gap tuning 24

Lin et al 

(2019)

Cs4CdBi2Cl12  

Cs4CdSb2Cl12

SCs

Cubic (𝐹𝑑3

𝑚)

Solvothermal 3.0-3.23eV

700nm

Orange emission 78

Vargas et 

al (2020)

Cs4Cd1-xMnxBi2Cl12

MCs

Trigonal (𝑅

3𝑚)

Acid 

precipitation

3.2-3.1 eV 

595nm

Enhanced 

luminescence 

(PLQY-79.5%)

141

Holzapfel 

et al 

(2020)

Cs4Cd1-xMnxBi2Cl12

SCs

Trigonal (𝑅

3𝑚)

Hydrothermal 3.2eV

605nm

Orange red 

emission PLQY-

57%

48
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Wei et al 

(2020)

Cs4MnBi2Cl12 

MCs & SCs

Trigonal (𝑅

3𝑚)

Acid 

precipitation 

solvothermal

610nm X-ray scintillator

(PLQY-25.7%)

115

Yang et al 

(2020)

Cs4(Cd1-

xMnx)Bi2Cl12

NCs

Trigonal (𝑅

3𝑚)

Hot injection 

method

3.49-3.56eV

~602nm

Mn-Mn coupling 

interaction 

(PLQY<0.1%)

142

He et al 

(2021)

Cs4Mn(Bi1-xInx)2Cl12

MCs

Trigonal (𝑅

3𝑚)

Acid 

precipitation

606-616nm LED 65

Ma et al 

(2021)

Cs4MnBi2Cl12 

SCs

Trigonal (𝑅

3𝑚)

Hydrothermal 3.26-2.0eV

600nm

Pressure induced 

Band gap tuning

94

Bai et al 

(2021)

Cs4M(II)Bi2Cl12 

Cs4M(II)Sb2Cl12  

NCs (M=Mn, Cd)

Trigonal (𝑅

3𝑚)

Hot injection 

method

~3.17eV

619-640nm

Photodetector

(responsivity 

0.98*104A/W)

46

Gray et al 

(2021)

Cs4CdBi2Cl12-zXz,

MCs (X=Br, I)

Trigonal (𝑅

3𝑚)

Acid 

precipitation

3.20 to 

2.99eV

X-site tuning 73

Aramel et 

al (2022)

Cs4CuBi2Br12 

Cs4MnBi2Br12 

Thin films  

Monoclinic 

(C2/m)

Trigonal (𝑅

3𝑚)

Spin coating 2.59 eV  

2.52eV  

Compositional 

tuning

58

Yang et al 

(2022)

Cs4MnBi2Cl12   

Cs4CdBi2Cl12 NCs

Trigonal (𝑅

3𝑚)

Hot injection 

method

3.38-3.42eV

614nm

143

Li et al 

(2022)

Ln3+ doped 

Cs4MnBi2Cl12 MCs

  

Trigonal (𝑅

3𝑚)

Acid 

precipitation

580nm

980nm

1540nm

Anticounterfeiting

NIR emission

70

Lin et al 

(2022)

Cs4CdxMn1-xBi2Cl12: 

RE3+ (Ho, Er, Tm, 

Nd) SCs

Trigonal (𝑅

3𝑚)

Hydrothermal 985nm

1194nm

1488nm

LED

NIR emission

71

Liu et al 

(2023)

Cs4MnSb2Cl12

Cs10MnSb6Cl30

SCs

Orthorhomb

ic (Pnnm)

Hydrothermal 

& solid-state 

synthesis

2.98eV

620nm

Reduced 

dimensionality 

(Enhanced PL)

63

Zhao et al 

(2023)

Cs4Cd1-xMnxBi2Cl12

MCs

Trigonal (𝑅

3𝑚)

Co-

precipitation 

method

600nm Suppressed Mn-Mn 

coupling

49
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Wang et al 

(2023)

Cs4MnBi2Cl12 nano 

plates

Trigonal (𝑅

3𝑚)

Hot injection 

method

580-600nm X-ray scintillators 50

Dang et al 

(2023)

Cs4Cd1-xMnxBi2Cl12 

:RE3+ (RE: Nd, Ho, 

Er, Tm) SCs

Trigonal (𝑅

3𝑚)

Hydrothermal 

method

520-

1650nm

White LED 72

Liu et al 

(2023)

Cs3Bi2Cl9

Cs4MnBi2Cl12

MCs

Trigonal (𝑅

3𝑚)

Acid 

precipitation

3.0eV

3.1eV

~615nm

Mechanism of 

Mn2+ induced 

luminescence

44

Wei et al 

(2023)

Cs4Mn(Bi1-

xSbx)2Cl12

MCs

Trigonal (𝑅

3𝑚)

Acid 

precipitation

3.10- 

2.81eV

520-780nm

Photocatalytic CO2 

reduction

62

Chen et al 

(2024)

Cs4CdBi2Cl12: Ag+

MCs

Trigonal (𝑅

3𝑚)

Hydrothermal 

method

2.95-2.57eV

540-660nm

White LED 57

Gao et al 

(2024)

Cs4Mn1-xCuxSb2Cl12 

MCs

Trigonal (𝑅

3𝑚)

Acid 

precipitation

2.98 -

1.68eV 

Photocatalytic CO2 

reduction (CO 

yield of 

503.86μmol/g after 

3h irradiation)

40

Singh et al 

(2025)

Cs4MnBi2Cl12 MCs Trigonal (𝑅

3𝑚)

Acid 

precipitation

605nm Anticounterfeiting 47

Huang et 

al (2025)

Cs4Mn(CoxBi1-

x)2Cl12 MCs

Trigonal (𝑅

3𝑚)

Acid 

precipitation

2.76eV

2.82eV

Photocatalytic CO2 

reduction (CO 

yield of 

69.16μmol/g/h)

68

Chen et al 

(2025)

Cs4CdBi2Cl12 

MCs

Trigonal (𝑅

3𝑚)

Acid 

precipitation

603nm

670nm

Photocatalytic CO2 

reduction (CO 

yield of 90.77 after 

3h irradiation)

60

Liu Y et al 

(2025)

Cs4Cd0.8Cu0.2Bi2Cl12 

MCs

Trigonal (𝑅

3𝑚)

Acid 

precipitation

2.17eV Photocatalytic CO2 

reduction (CH4 

123
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yield of 

8.78μmol/g/3hr)

Mai et al 

(2023)

Cs4ZnSb2Cl12 

NCs

Monoclinic 

(C2/m)

Hot injection 

method

Absorption 

from 400 to 

650nm

Photocatalytic 

toluene oxidation

144

Liu J et al 

(2025)

Cs4ZnBi2Br12 NCs Monoclinic 

(C2/m)

Water-oil 

biphasic 

method

Anion exchange 56

Liu et al 

(2022)

Cs4CuIn2Cl12 NCs Monoclinic 

(C2/m)

Moisture 

assisted hot 

injection 

method

3.56eV

381nm

Moisture assisted 

PL enhancement

64

Liu et al 

(2024)

Cs4CuIn2Cl12 NCs

Cs4ZnIn2Cl12 NCs

Cs4CoIn2Cl12 NCs

Monoclinic 

(C2/m)

Hot injection 

method

3.60eV/380

nm

3.74eV/416

nm

3.63eV/430

nm

Enhancement of 

PLQY (0.12-

11.4%)

145

Yukta et al 

(2025)

Cs4CoSb2Cl12 NCs

Cs4CoBi2Cl12 NCs

Cs4CoIn2Cl12 NCs

Hot injection 

method

2.88eV/416

nm

3.23eV/419

nm

3.67eV/403

nm

Photoelectrochemic

al activity

67
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