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Highlights
All-inorganic lead-free heterometallic ha-
lide layered double perovskites (LDPs)
not only serve as alternatives to toxic
and unstable lead-based perovskites,
but also facilitate the development of
novel material design approaches.

Various synthetic strategies have been
explored to fabricate LDPs in the
form of single crystals, microcrystalline
powders, and nanocrystalline particles,
through either direct synthesis or post-
synthetic reactions.
The development of all-inorganic lead-free perovskite materials has attracted
tremendous attention over the past few years due to their advantages in reduced
toxicity, rich composition, unique crystal structures, and enhanced stability. All-
inorganic lead-free heterometallic halide layered double perovskites (LDPs), also
called quadruple perovskites, have emerged recently as a class of promising candi-
dates for various optoelectronic applications, while providing ample opportunities
to deepen our understanding of the composition–structure–property relationships.
In this review, we focus on the recent progress in the material synthesis, composi-
tion tuning, crystal structure, phase transformation, and optoelectronic applications
of all-inorganic heterometallic halide LDPs. Lastly, we identify current challenges
and provide some prospects on future opportunities towards expanding LDPs
from both fundamental research and broader application aspects.
Phase transformation can be induced
by composition tuning or applying
external forces to provide insights into
composition–structure–property rela-
tionships, thus regulating their crystal
and electronic structures, optical proper-
ties, morphologies, magnetic ordering,
charge carrier dynamics, etc.

LDPs possess a high potential in various
optoelectronic applications, such as
photodetectors, photocatalysis, X-ray
detection, light-emitting diodes, photo-
voltaics, etc.
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The emergence of layered double perovskites (LDPs)
All-inorganic APbX3 (A = Cs+, Rb+; X = Cl–, Br–, I–) perovskites have been extensively investigated
due to their unique optical, electronic, andmagnetic properties [1–6], triggering a variety of optical
and optoelectronic applications, including solar cells [7], lasers [8], light-emitting diodes (LEDs)
[9], X-ray scintillators [10], photocatalysis [11], and luminescent solar concentrators [12],
among others [13,14]. However, the presence of lead has raised inevitable concerns about
toxicity and environmental pollution issues, hindering future commercial implementations of
lead-based perovskite materials in various devices. Comparing with strategies such as encapsu-
lation [15] or recycling the lead-based components [16], a more direct and effective way is to
substitute lead components with non- or less toxic elements [17–19]. To formulate a composition
with comparable optoelectronic performance, several candidates with similar electronic configu-
rations as Pb2+ cations were considered, resulting in a series of perovskite derivatives [17–19].
The most straightforward way is the isovalent replacement of Pb2+ ions by divalent cations
such as Sn2+, Ge2+, Yb2+, thus preserving the 3D AM(II)X3 crystal structure [20–22] (see
Glossary). However, the instability induced by easy oxidation of the substituted cations upon
exposure to air became a major limitation of such materials [18]. Another important strategy is
heterovalent substitution [e.g., replacing Pb2+ cations with higher-valent M(III) or M(IV) cations],
which leads to the formation of vacancies due to the unbalanced valence states, resulting in
vacancy-ordered perovskite type structures with dimensionality reduction of the obtained crystal
phase [23]. For example, A3M(III)2X9 layered perovskites can be obtained when replacing Pb2+

with trivalent M(III) cations, such as Sb3+, In3+, and Bi3+ [24–28]. Another example, vacancy-
ordered A2M(IV)X6 double perovskites (DPs) can also be formed when substituting Pb2+ with M(IV)
cations, such as Sn4+, Zr4+, Ti4+, and Hf4+ [29–32]. In addition to using a single source of metal
cations for lead substitution, a pair of monovalent M(I) (e.g., Li+, Na+, K+) and trivalent M(III) cations
(e.g., Sb3+, In3+, Bi3+, TI3+, Er3+, Sc3+) can be used to replace every two Pb2+ cations to construct
A2M(I)M(III)X6 DP structures [33–47]. This strategy allows for an even higher degree of material
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Glossary
Antiferromagnetic (AFM):
the ordered arrangement of magnetic
moments of atoms or molecules
showing an antiparallel alignment to
neighboring magnetic moments with
almost no gross external magnetism.
Crystal structure: the ordered
arrangement of any ions, molecules, or
atoms in crystalline materials.
Crystalline phase transition: the
diffusionless and solid-to-solid transition
processes between two different crystal
structures with the change of external
conditions (temperature, pressure,
applied field, etc.), accompanied with
changes in lattices or molecular
structures.
Direct bandgap: type of
semiconductor bandgaps if the crystal
momentum of electrons and holes is the
same in the conduction band minimum
and valence band maximum.
Indirect bandgap: type of
semiconductor bandgaps if the crystal
momentum of electrons and holes is
different in the conduction band
minimum and valence band maximum.
Magnetic ordering: the ordered
arrangement of magnetic spins within an
ordered crystalline lattice.
Post-synthetic reactions: the
following modifications or
transformations with a stop-on-demand
feature after the main synthesis of the
materials.
Self-trapped exciton (STE): STE
emission is the emission originated from
a strong coupling of the bound electron–
phonon pairs due to strong lattice
distortion, resulting in a broad emission
peak with a large Stokes shift.
X-ray scintillation: the process that
converts x-ray radiation into visible
photons.
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tunability due to the increased number of components and their valences, offering enriched
opportunities for composition selection and materials optimization in various applications.

Inspired by these successful trials, continuous research efforts have been devoted to exploring
other lead-free perovskite structures with superior optoelectronic properties andmaterial stability.
Recently, a new series of all-inorganic heterometallic halide LDPs (Figure 1, Key figure), also called
quadruple perovskites, were theoretically proposed and experimentally achieved [48]. The main
idea is to combine the two abovementioned strategies (i.e., lead substitution and crystal dimen-
sionality reduction), to exclude lead from the final materials (Figure 1A,B) [23]. The chemical
formula of the resulting LDPs is A4M(II)M(III)2X12, where the divalent cation, M(II), can be Mn2+,
Cu2+, Cd2+, Sn2+, etc., and the trivalent cation, M(III), can be Sb3+, In3+, Bi3+, etc. [48–58].
Depending on the detailed compositions, the stable crystal structure of LDPs varies from cubic

(Fd3m), monoclinic (C2/m), to trigonal (R3m) phases (Figure 1), largely governed by the involved
metal cationic sizes [23,59]. Compared with layered perovskites or DPs, LDPs exhibit combina-
tory advantages over each, such as high flexibility in composition tuning, unique crystal/electronic
structures due to dimensionality reduction, and high potential to incorporate new components in
the vacancy layers with emergent properties.

To date, various synthetic strategies, including hydrothermal synthesis, mechanochemical
grinding, acid precipitation, ultrasonic exfoliation, colloidal hot injection method, etc., have
been developed to produce LDP single crystals, microcrystalline powders, thin films, and
nanocrystalline particles [48,60–65]. Detailed examples are listed and summarized in
Table 1. Taking Cs4CuSb2Cl12 LDPs as an example, hydrothermal synthesis is one common
method for fabricating single crystals. Typically, all the metal precursors (e.g., CsCl, CuCl2,
and Sb2O3) were firstly dissolved in concentrated HCl and heated at 120°C. The obtained so-
lution was then cooled down to room temperature slowly, which ensured a slow growth for
high-quality single crystals [48,66]. Similar to this, Cs4CuSb2Cl12 microcrystalline powders
can be obtained by filtering out the black precipitates from solution without heating and drying
them in the reduced pressure [48]. Mechanochemical grinding can also be used to produce
microcrystalline powders by grinding different metal chloride precursors (e.g., CsCl, CuCl2,
and SbCl3) in a mortar and pestling them at ambient conditions [60]. This simple solid-state
method does not require any solvent or high-temperature treatment, which is ideal for large-
scale synthesis for industry applications. Once the Cs4CuSb2Cl12 LDP precursor ink solution
is obtained, thin films can be fabricated by spin-coating or spray-coating the ink solution on
different substrates with further annealing treatment [23,67].

For nanoscale materials, Cs4CuSb2Cl12 LDP nanocrystals (NCs) can be synthesized by either a
top-down technique (e.g., ultrasonic exfoliation approach) or a bottom-up method (e.g., colloidal
hot-injection method) [61,62]. For example, through an ultrasonic exfoliation process followed by
a centrifugation step, single-layered Cs4CuSb2Cl12 LDP NCs were achieved with average size
around 3 nm [61]. To improve the NC crystallinity with better morphology control, colloidal hot-
injection method was employed for the synthesis of Cs4CuSb2Cl12 LDP NCs [62]. After fully dis-
solving all the metal precursors (e.g., Cs-acetate, Cu-acetate, and Sb-acetate) in a mixture of
oleic acid (OA), oleylamine (OAm) and 1-octadecene, halide precursor (e.g., chlorotrimethylsilane)
was rapidly injected to trigger the NC nucleation and growth. Compared with the ultrasonic
exfoliation approach, the hot-injection method exhibits several advantages, including better NC
size/shape control, precise composition control and tunability, and facile solution processability
of the resulting LDP NCs for potential applications. Moreover, besides directly synthesizing LDP
materials, post-synthetic reactions under mild conditions have also been greatly explored due
to the composition and structural flexibilities of the materials [68]. The stop-on-demand nature
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Key figure

A schematic depicting the structural evolution from 3Dmetal halide perovskites to 2D heterometallic
halide layered double perovskites (LDPs)
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Figure 1. (A) A schematic demonstrating the transformation strategy combining composition replacement and dimension reduction. (B) The atomic models of unit cells for

AM(II)X3 perovskite in the cubic phase (space group: Pm3m) and A4M(II)M(III)2X12 LDP in the trigonal phase (space group: R3m) and monoclinic phase (space group: C2/m).
(C) The comparison of 3Dmetal halide perovskites showing corner-sharingmetal halide octahedra and 2D heterometallic halide LDPs showing layered sandwiched structures
with vacancy layers. Representative high-angle annular dark field scanning transmission electron microscopy (HADDF-STEM) image of a (D) CsPb(Cl:Br:I)3 nanocrystal and
(E) Cs4CuSb2Cl12 nanocrystal. Adapted, with permission, from [5,62,73].
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makes post-synthetic transformation reactions a facile way to delineate composition–structure–
property relationships of the studied LDP materials [69–72].

Composition tuning-induced transformation of LDPs
Crystal structural transformation
Owing to the rich polymorphism and vast material space of heterometallic halide LDPs, tuning
their composition is one effective strategy to deliberately transform the crystal structure in a
controllable way. Vargas and colleagues first studied Cs4Mn1-xCuxSb2Cl12 (0 ≤x ≤1) LDP
powders synthesized by acid precipitation [50]. By tuning the ratio of Mn- and Cu-precursors,
a quantitative control of the ratio between Mn and Cu components in the final heterometallic
halide LDPs can be achieved. It was found that crystal structure of Cs4Mn1-xCuxSb2Cl12
(0 ≤x ≤1) LDPs transformed from the trigonal through disordered and to a monoclinic phase
when increasing the concentration of Cu2+ ions. Motivated by this work, Cai and colleagues later
studied the composition–structure relationships of Cs4Cd1-xCuxSb2Cl12 (0 ≤x ≤1) LDP NCs
(Figure 2A) [73]. Results show that Cs4Cd1-xCuxSb2Cl12 (0.00 ≤ x ≤ 0.40) LDP NCs preferred the

trigonal phase (R3m), while the monoclinic phase (C2/m) became the more stable structure for
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Table 1. The summary of layered double perovskites fabricated by different synthetic approaches

LDPs Structure (space group) Morphology Synthetic approach Refs

Cs4CuSb2Cl12 Monoclinic (C2/m) Single crystal Hydrothermal synthesis [48,66]

Cs4CuSb2Cl12 Monoclinic (C2/m) Microcrystalline Acid precipitation [48]

Cs4CuSb2Cl12 Monoclinic (C2/m) Microcrystalline Mechanochemical grinding [60]

Cs4CuSb2Cl12 Monoclinic (C2/m) Nanocrystal Ultrasonic exfoliation [61]

Cs4CuSb2Cl12 Monoclinic (C2/m) Nanocrystal Hot injection [62,123]

Cs4CuIn2Cl12 Monoclinic (C2/m) Nanocrystal Hot injection [53]

Cs4MnSb2Cl12 Trigonal (R3m) Microcrystalline Acid precipitation [50]

Cs4MnSb2Cl12 Trigonal (R3m) Nanocrystal Hot injection [87]

Cs4MnBi2Cl12 Trigonal (R3m) Microcrystalline Acid precipitation [52,57]

Cs4MnBi2Cl12 Trigonal (R3m) Single crystal Hydrothermal synthesis [84,100]

Cs4MnBi2Cl12 Trigonal (R3m) Nanocrystal Hot injection [78,79,87]

Cs4MnBi2Cl12 Trigonal (R3m) Nanocrystal Post-synthetic treatment [68]

Cs4MnBi2Br12 Trigonal (R3m) Thin film Spin coating method [115]

Cs4CdSb2Cl12 Trigonal (R3m) Microcrystalline Acid precipitation [52]

Cs4CdSb2Cl12 Cubic (Fd3m) Microcrystalline Acid precipitation [59]

Cs4CdSb2Cl12 Cubic (Fd3m) Single crystal Hydrothermal synthesis [58]

Cs4CdSb2Cl12 Trigonal (R3m) Nanocrystal Hot injection [73,87]

Cs4CdBi2Cl12 Cubic (Fd3m) Microcrystalline Acid precipitation [59]

Cs4CdBi2Cl12 Trigonal (R3m) Microcrystalline Acid precipitation [52]

Cs4CdBi2Cl12 Trigonal (R3m) Nanocrystal Hot injection [78,87]

Rb4MnSb2Cl12 Trigonal (R3m) Microcrystalline Acid precipitation [52]

Rb4CuSb2Cl12 Monoclinic (C2/m) Microcrystalline Acid precipitation [52]

Cs4Mn1-xCuxSb2Cl12 Trigonal (R3m) to Monoclinic (C2/m) Microcrystalline Acid precipitation [50]

Cs4Cd1-xMnxBi2Cl12 Trigonal (R3m) Single crystal Hydrothermal synthesis [63]

Cs4Cd1-xMnxBi2Cl12 Trigonal (R3m) Microcrystalline Acid precipitation [86]

Cs4Cd1-xMnxSb2Cl12 Trigonal (R3m) Nanocrystal Hot injection [77]

Cs4Cd1-xMnxBi2Cl12 Trigonal (R3m) Nanocrystal Hot injection [78,79,87,88]

Cs4Cd0.8Mn0.2Bi2-2ySb2yCl12 Trigonal (R3m) Microcrystalline Acid precipitation [90]

Cs4CuxAg2-2xSb2Cl12 Cubic (Fm3m) to Monoclinic (C2/m) Nanocrystal Hot injection [62,76]

Cs4Na2-2xMnxBi2Cl12 Cubic (Fm3m) to Trigonal (R3m) Nanocrystal Hot injection [87]

Cs4Cd1-xCuxSb2Cl12 Trigonal (R3m) to Monoclinic (C2/m) Nanocrystal Hot injection [73]

Cs4CuSb2Cl12-xIx Monoclinic (C2/m) Nanocrystal Hot injection [120]

Cs4Mn(Bi1–xInx)2Cl12 Trigonal (R3m) Microcrystalline Acid precipitation [91]

Cs4M
IIMIII

2Cl12-zXz (M
II = Cd2+, Mn2+; MIII = Bi3+, Sb3+;

X– = Br–, I–)
Trigonal (R3m) or Cubic (Fd3m) Microcrystalline Acid precipitation [55]
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Cs4Cd1-xCuxSb2Cl12 (0.50 ≤ x ≤ 1.00) LDP NCs, as supported by band structure calculations. In
addition to these inter-LDP transformations, the evolution from 0D perovskites or DPs to LDPs
can also be facilitated either by direct synthesis or through post-synthetic chemical reactions. For
example, a structural transformation of Cs4CuxAg2-2xSb2Cl12 (0.00 ≤ x ≤ 1.00) NCs from DP to
32 Trends in Chemistry, January 2023, Vol. 5, No. 1
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Figure 2. Composition tuning-induced layered double perovskite (LDP) transformation. (A) X-ray diffraction patterns of Cs4Cd1-xCuxSb2Cl12 LDP nanocrystals
(NCs) indicating the structural evolution from trigonal phase into monoclinic phase with the increased Cu2+ content. (B) Tauc plot of Cs4Mn1-xCuxSb2Cl12 LDPs. Insets are
optical images of LDP microcrystalline powders. (C) Density functional theory (DFT) calculations of band structures of Cs4CuSb2Cl12 LDPs in the monoclinic phase.
(D) Transient absorption (TA) spectra of Cs4CuSb2Cl12 LDP NCs. (E) Absorption and photoluminescence (PL) spectra of Cs4Cd1-xMnxBi2Cl12 LDP NCs. Insets are optical
images of LDP samples under UV light irradiation. (F) A schematic showing the enhanced PL due to decreased Mn–Mn coupling effects by introducing Cd2+ in LDP NCs.
(G) Temperature dependence of the magnetic susceptibility for Cs4CuSb2Cl12 LDPs. Inset is the structure of 1D chains of Cs4CuSb2Cl12 LDPs, indicating super-exchange
interactions. The right panel is the optical image of single crystal and atomic model of crystal structures for Cs4CuSb2Cl12 LDPs. (H) Temperature dependence of the
magnetic susceptibility-temperature (χT) product for Cs4Mn1-xCuxSb2Cl12 LDPs. (I) Electron paramagnetic resonance (EPR) spectra of Cs4Cd1-xMnxBi2Cl12 LDP NCs
indicating controlled Mn–Mn coupling interactions. Adapted, with permission, from [50,62,66,73,78].

Trends in Chemistry
LDP structures induced by varying the Ag+/Cu2+ ratio was investigated [62]. In agreement with the
previous trends, the Cu-rich Cs4CuxAg2-2xSb2Cl12 NCs (0.50 ≤ x ≤ 1.00) preferred the monoclinic

phase of the LDP structure, while the cubic DP phase (Fm3m) was the dominant structure for the
Ag-rich NCs (0.00 ≤ x ≤ 0.40) [74–76]. Besides direct synthesis, post-synthetic treatment of
Cs3BiCl6 0D perovskite NCs with MnCl2 or CdCl2 salts can result in the formation of Cs4MnBi2Cl12
and Cs4CdBi2Cl12 LDP NCs, respectively [68]. Using the Mn-analog as a model system, it was
found that Mn2+ ions were initially doped onto the surface of Cs3BiCl6 NCs and then underwent
an inward diffusion process to produce the internal [MnCl6]

4– octahedral units [68]. The resulting
[MnCl6]

4- octahedra were connected with neighboring [BiCl6]
3- octahedra to form the final

Cs4MnBi2Cl12 LDP structures [77–79]. Through this post-synthetic metal ion insertion reaction,
the Cs3BiCl6 0D perovskite NCs with a monoclinic phase (C2/m) [79–81] transformed into either

Cs4MnBi2Cl12 or Cs4CdBi2Cl12 LDP NCs, both with a trigonal crystal structure (R3m) [68,79].
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Bandgap engineering
Compositional tuning-induced crystalline phase transition also affects the electronic struc-
tures of LDPs, which is most obviously reflected in their bandgaps. This composition-induced
bandgap engineering was first illustrated through sequential tuning of the copper concentration
in a Cs4Mn1-xCuxSb2Cl12 (0 ≤x ≤1) LDP powder sample (Figure 2B) [50]. While the pure Mn-
based sample exhibited a characteristic pink color with a direct bandgap around 3 eV, the
sample color turned into dark purple when incorporating an increased amount of Cu2+ ions
(Figure 2B). After reaching the pure Cu-based sample (i.e., Cs4CuSb2Cl12 LDP), the sample
showed a nearly black color with a much narrower bandgap of ~1 eV [50]. This bandgap
narrowing phenomenon was found in other Cu-containing LDP systems as well [75]. For exam-
ple, the electronic structure of Cs4Cd1-xCuxSb2Cl12 (0 ≤x ≤ 1) LDP NCs exhibited a transforma-
tion from a wide indirect bandgap (i.e., Cs4CdSb2Cl12 LDP NCs) to a narrow direct bandgap
(i.e., Cs4CuSb2Cl12 LDP NCs) when increasing the concentration of Cu content [73]. Combining
both experimental observations and band structure calculations (Figure 2C), it was revealed that
the reduced bandgap was due to the emergence of an intra-bandgap electronic state, mainly con-
tributed by the newly introduced Cu 3d orbital [73,75]. This was further supported by transient
absorption (TA) spectroscopy studies. TA spectrum of Cs4CdSb2Cl12 LDP NCs showed a ground
state bleaching (GSB) signal at 380 nm, accompanied by a broad photo-induced absorption (PIA)
band at 390–420 nm, indicating strong interactions of excitons (Figure 2D) [82,83]. However, both
Cs4Cd0.5Cu0.5Sb2Cl12 and Cs4CuSb2Cl12 LDP NCs showed different photodynamic characteristics
compared with the Cs4CdSb2Cl12 LDP NCs. In addition to a similar PIA signal, both Cu-containing
LDP NCs exhibited two additional GSB signals located at a much longer wavelength region
(i.e., 480–620 nm) [73]. These bleaching signals were due to the sub-bandgap absorption by the in-
troduction of Cu2+ ions in the LDP NCs, which was consistent with both steady-state absorption
spectra and band structure density functional theory (DFT) calculations (Figure 2C) [73,82].

Photoluminescence (PL) tuning
Along with bandgap engineering, PL emission profiles of LDPs can also be tuned during the
compositional tuning process to optimize the optical performance [e.g., PL quantum yield
(PL QY)] for various luminescent applications, such as LEDs and optical patterning [84,85]. For
instance, Mn-based LDPs typically showed a red emission due to the energy relaxation through
the spin-forbidden 4T1 (G) to

6A1(S) d–d transition of Mn2+ ion centers in the [MnX6]
4– octahedral

units. Within this subfamily of LDPs, the Cd–Mn combination (Cs4Cd1-xMnxM(III)2Cl12, 0 ≤ x ≤ 1,
and M(III): Bi3+, Sb3+) was mostly studied since the Cd2+ ions can play a significant role of diluting
the Mn2+ ion concentration to mitigate undesired PL quenching related to Mn–Mn coupling
effects, as well as to eliminate energy depletion through nonradiative decays at defect sites of
the LDPs [63,78,86–88]. As such, Cs4MnBi2Cl12 LDP powders showed an emission peak at
605 nm with a PL QY of around 4%. After introducing Cd2+ ions to form heterometallic halide
Cs4Cd1-xMnxBi2Cl12 (0 ≤ x ≤ 1) LDPs, the PL QY can reach as high as 57% when x equals to
0.27 [63]. For the same system of Cs4Cd1-xMnxBi2Cl12 LDP powders, the PL QY was later
improved to the highest reported value of 79.5% (when x = 0.1) by changing the oxide-based
precursors to halide-based ones, taking advantage of improved precursor solubility for the synthe-
sis [86]. Later, Yang and colleagues studied this phenomenon at the nanoscale [78]. The obtained
colloidal Cs4Cd1-xMnxBi2Cl12 (0 ≤ x ≤ 1) LDP NCs showed an over tenfold enhancement (from
0.4% to 4.7%) in PL QY by inserting Cd2+ ions into pure Mn-based LDP NCs (Figure 2E), due to
the effect of magnetic decoupling (minimizing Mn–Mn interactions) and electronic isolation (isolating
the [MnX6]

4– octahedral units) [78]. In addition, the PL lifetime analyses in conjunction with electron
paramagnetic resonance (EPR) characterizations revealed that symmetry-oriented spin-exchange
interactions together with Mn–Mn dipole–dipole interactions were co-responsible for the optical
property evolution of the LDP NCs (Figure 2E,F). Similar PL QY enhancement and optical evolution
34 Trends in Chemistry, January 2023, Vol. 5, No. 1
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behaviors were also observed in the Sb-based Cs4Cd1-xMnxSb2Cl12 (0 ≤ x ≤ 1) LDP powders and
NCs [77,89]. Moreover, Vargas and colleagues further compared the emissions of Bi- and Sb-
based LDPs using the system of Cs4Cd0.8Mn0.2(Sb1-yBiy)Cl12 LDP powders [90]. The Sb-based
LDPs showed lower PL QYs compared with those of Bi-based ones, which was attributed to the re-
duced Jahn-Teller effects andminimized spin–orbit couplings with increased electronic delocalization
in the Sb-based LDPs [90]. Apart from the Sb3+ trivalent ions, In3+ ions were also doped into
Cs4MnBi2Cl12 LDP powders with a red-shifted PL and enhanced luminescence intensity due to the
increased crystallinity and fewer defect states [91]. The tunable red-color luminescence with high
PL QYs render theMn-containing LDPmaterials as a very promising family of red phosphor materials
for optoelectronic applications.

Magnetic ordering
Unique magneto-electric and magneto-optical properties induced by incorporation of magnetic
components (e.g., Cu2+, Mn2+, etc.) in LDPs offer vast opportunities for the LDP materials to
be employed in magnetic and spintronic applications. For example, given the electronic configu-
ration of [Ar]3d9 for the Cu2+ ion [60,62], the total spin of each Cu2+ ion in the Cs4CuSb2Cl12 LDPs
is 1/2, forming a unique layered structure of 1D spin-1/2 Heisenberg antiferromagnetic (AFM)
chains (Figure 2G) [66,92]. Suchmaterials represent one of the simplest quantum spin liquids with
a wide stabilized temperature window [66]. The magnetic ordering of LDPs can be modulated
during the LDP transformation process through tuning the magnetic-responsible component.
For example, Vargas and colleagues studied the temperature dependence of
magnetic susceptibility of Cs4Mn1-xCuxSb2Cl12 (0 ≤ x ≤ 1) LDP powders [50]. Superconducting
quantum interference device measurement results showed that Mn-only LDPs exhibited AFM
behaviors that followed the Curie−Weiss law, while Cu-only LDPs exhibited AFM interactions
between Cu2+ ion centers with a temperature-independent paramagnetism due to the delocali-
zation of thermo-excited charge carriers (Figure 2H) [50]. The unique magnetic ordering of
LDPs was also investigated by DFT calculations. For example, DFT calculations showed that
Cs4Cd1-xCuxSb2Cl12 (0 ≤ x ≤ 1) LDPs exhibited a magnetic ordering transition from diamagnetic,
through ferromagnetic (FM), and finally to intra-layer AFM ordering while increasing the amount of
Cu content [50,73,93]. In addition, taking advantage of the high controllability of magnetic
component concentration in the LDPs, the magnetic coupling and decoupling effects of
[MnCl6]

4− octahedral units in Cs4Cd1-xMnxSb2Cl12 and Cs4Cd1-xMnxBi2Cl12 (0 ≤ x ≤ 1) LDPs
can be probed by EPR measurements [78]. A sixfold hyperfine splitting pattern can only be
observed for heterometallic LDPs with a relatively lowMn concentration (Figure 2I). With increasing
Mn concentration, the sextet hyperfine splitting signals turned into a single broad peak due to an
enhanced inter-Mn coupling effect (Figure 2I) [70,94].

Post-synthetic processing-induced transformation of LDPs
Pressure effects
High-pressure processing is one of the external regulating strategies that can tune crystal structures
and, thus, generate intriguing optical, electronic, andmagnetic properties of perovskites [41,95–99].
The dynamic and soft lattices of perovskite materials uniquely offer high crystal phase tunability at
elevated pressures, providing deeper insights into structure–property relationships [97]. In 2021,
Ma and colleagues demonstrated the first example of an in situ high-pressure study of Cs4MnBi2Cl12
LDP single crystals, which exhibited pressure-induced piezochromism during crystal phase transi-
tions (Figure 3A) [100]. It was found that Cs4MnBi2Cl12 LDP single crystals can be stabilized in the

R3m trigonal phase under ambient conditions and then underwent a structural transformation, firstly

into Fd3m cubic phase at the pressure of 1.83 GPa, and subsequently into Imma orthorhombic
phase at 9.23 GPa (Figure 3A) [59]. This series of pressure-induced phase transitions happened
along with gradual structural evolutions of lattice contraction and octahedral distortion [95–97].
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Figure 3. Post-synthetic processing-induced layered double perovskite (LDP) transformation. (A) A schematic of pressure-induced phase transitions of
Cs4MnBi2Cl12 quadruple perovskites. Insets are optical images of Cs4MnBi2Cl12 single crystal under different pressure. (B) Absorption spectra, (C) photoluminescence (PL)
spectra, and (D) Raman spectra of Cs4MnBi2Cl12 single crystal as a function of different pressure. (E) A schematic for the effects of moisture on the formation of Cs4CuIn2Cl12
LDP nanocubes and nanosheets. (F) The size distribution histograms and (G) PL spectra of Cs4CuIn2Cl12 LDP nanocubes and nanosheets. (H) The configuration coordinate
diagram showing the formation of self-trapped excitons. (I) A schematic for the mechanochemical synthesis of Cs4CuSb2Cl12 LDP microcrystalline powders. (J) X-ray
diffraction patterns of Cs4CuSb2Cl12 LDP thin film at different temperature and humidity levels. (K) Arrhenius plot of the temperature dependence of conductivity for
Cs4CuSb2Cl12 LDPs. (L) Low-temperature (unbroken line, 80 K) and room temperature (dashed line, 300 K) PL spectra for Cs4Cd1-xMnxBi2Cl12 LDP nanocrystals. Adapted,
with permission, from [48,53,60,78,100].
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Optically, the LDP single crystal sample showed a consistent bandgap change during the pressuriza-
tion process. Under ambient conditions, the transparent and colorlessCs4MnBi2Cl12 LDP single crys-
tals exhibited a wide direct bandgap of 3.26 eV (Figure 3A,B) [84,100]. When increasing the applied
pressure, the bandgap gradually decreased to 2.87 eV at 13.5 GPa and 2.10 eV at 15.6 GPa.
Accordingly, the crystal color changed to a translucent light orange and then red color
(Figure 3A,B). Upon further increasing the pressure, a sudden bandgap widening to 2.25 eV at
17.5 GPa was observed, followed by another round of bandgap narrowing from 2.25 to 2 eV
when the pressure reached the peak value of 33.9 GPa (Figure 3A,B). Correspondingly, the PL
peak intensity of Cs4MnBi2Cl12 LDP single crystal decreased upon increasing pressure
(Figure 3C), which was due to the enhanced Mn–Mn coupling interactions induced by the inter-
Mn-center distance shortening upon pressure-induced lattice contraction [78,101]. In addition,
Raman spectroscopy measurements were applied to resolve the vibrational modes of the Mn–Cl
and Bi–Cl bonds in the [MnCl6]

4– and [BiCl6]
3– octahedra, respectively [102,103]. With increasing
36 Trends in Chemistry, January 2023, Vol. 5, No. 1
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pressure, all Raman peaks shifted to higher energies at first due to the lattice contraction. Starting
at 1.4 GPa, the vibrational mode of M2 started to split to two distinct peaks (Figure 3D), demon-
strating the structural transformation originated from the tilting and distortion of the [MnCl6]

4– and
[BiCl6]

3– octahedra. At 12.5 GPa, vibrational M7 and M8 modes appeared (Figure 3D), which

was associated with a new phase transition process (from Fd3m to Imma). When the pressure
reached 15.3 GPa, all vibrational modes except M7 disappeared (Figure 3D), indicating the com-
pleteness of the whole phase transition process into amorphous structures. These experimentally
observed optical property and crystal phase evolutions induced by the applied external pressure
were also validated by DFT calculations [100].

Moisture effects
Onemajor drawback of lead-based perovskites is their instability towardsmoisture originating from
the quick decomposition induced by water molecules, which limits their wide implementation in
real-world applications. Although the intrinsic stability of lead-free perovskites against water is yet
to be well explored, various strategies have been developed to enhance their moisture stability,
such as surface modification with a protective layer, composition optimization with the incorpora-
tion of hydrophobic cations (e.g., dimethylammonium cations), or structure reconstruction by the
formation of amorphous alteration phase in the humidity conditions [104–107]. In addition to the
stability aspect, recent studies have shown that water molecules can even enhance their optical
properties [108,109]. Motivated by these observations, Liu and colleagues recently performed
an in-depth study on the effects of water molecules on the morphology and optical properties of
Cs4CuIn2Cl12 LDP NCs [53]. By introducing hydrated forms of metal precursors to the synthesis,
the morphology of obtained Cs4CuIn2Cl12 LDP NCs changed from 3D nanocubes (an average
diameter of 17.1 ±1.6 nm) into 2D nanoplatelets (an average lateral size of 74.1 ±16.5 nm)
(Figure 3E,F) [53]. This study unambiguously showed that water molecules can play a determining
role for the formation of 2D LDP nanoplatelets. The authors proposed that, after the injection of
trimethylsilyl chloride (TMS-Cl), ionized H3O

+ and OH– ions were formed with the help of OA and
OAmand acted as additional capping ligands attaching to the LDP nuclei surface at the initial growth
stage (Figure 3E) [53,110–112]. As a consequence, the potential surface sites were blocked, pre-
venting subsequent isotropic monomer attachments required for the formation of LDP nanocubes,
thus leading to the production of anisotropic 2D LDP nanoplatelets [113]. Additionally, moisture also
enlarged the absorption coefficient and enhanced the UV emission of the resulting Cs4CuIn2Cl12
LDP nanoplatelets. The PL QY showed more than an order of magnitude enhancement, from
0.12% to 1.7%, by introducing the moisture (Figure 3G) [53], originating from the formation of self-
trapped excitons (STEs) due to the Jahn-teller distortion of [CuCl6]

4– octahedra (Figure 3H).
More specifically, water molecules can switch the nonradiative STE relaxation from dark transitions
to a radiative pathway, resulting in an enhanced UV emission, which is beneficial to the applications,
such as UV photodetection and fluorescence imaging.

Temperature effects
As another important thermodynamic parameter, temperature can affect the crystal structure and
properties of perovskite materials in a considerable way. Especially, thermal stability is of great im-
portance for the realization of LDPs in various optoelectronic devices. Based on X-ray diffraction
and thermogravimetric analyses, Singhal and colleagues found that Cs4CuSb2Cl12 LDP thin films
were thermally stable until 200°C and started to decompose to Cs2CuCl4 and Cs3Sb2Cl9 at
around 240°C [60]. The yellow decomposition product can return to the original black phase
(i.e., Cs4CuSb2Cl12 LDP) when the film was cooled back to room temperature in a high humidity
environment (relative humidity = 80%), demonstrating a reversible transformation process
(Figure 3I,J). Variable-temperature conductivity measurements showed that the Cs4CuSb2Cl12
LDPs followed an Arrhenius behavior with a linear relationship between lnσ (σ: conductivity)
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and 1/T (T: temperature) (Figure 3K) [48]. It is well worth mentioning that the conductivity of
Cs4CuSb2Cl12 LDPs is about an order of magnitude higher than that of MAPbI3 perovskite [114], in-
dicating an excellent charge mobility characteristic of the LDP materials. Moreover, LDPs also
showed interesting temperature-dependent optical properties [115]. Taking Cs4Cd1-xMnxBi2Cl12
LDP NCs as an example, both PL intensity enhancement and PL peak narrowing were observed
when the sample was cooled to 80 K, attributed to the suppression of electron–phonon coupling
(mainly electron-longitudinal optical phonon coupling) (Figure 3L) [116,117]. This electron–
phonon coupling suppression, in addition to the elimination of nonradiative emission channels,
was confirmed by a consistent observation of the prolonged lifetime for different Cs4Cd1-xMnxBi2Cl12
LDP NCs at a low temperature of 80 K [78]. Coincidentally, the temperature-induced crystal lattice
contraction led to a PL peak redshift of 50–60 meV for the Cs4Cd1-xMnxBi2Cl12 LDP NCs, showing
the same trend as lead-based perovskite NCs [86,117].

Applications of heterometallic halide LDPs
Optical, electronic, and magnetic properties imparted by ample compositional space and high
structural tunability, along with superior materials stability of the heterometallic halide LDPs,
promise them an immense potential to be integrated into a wide spectrum of applications.
Despite the promising results, current studies on the applications of LDPs have been largely limited,
partially due to the young age of the materials. In the following section, we summarize the up-to-date
reported applications of LDPs in photodetectors, photocatalysis, LEDs, X-ray scintillation/imaging,
and photovoltaics (PVs). We anticipate that, over time, LDPs can be widely extended into more appli-
cation territories intrigued by the abovementioned characteristics [23].

Photodetectors
Photodetectors capture incident photons and convert them into electrical signals that can be
utilized in optical communication, sensing, and remote controlling [1,118–120]. High crystallinity,
low trap-state densities, long carrier lifetimes, and superior charge transport characteristics of
the LDP materials render them an ideal component for photodetectors. In 2020, Cai and col-
leagues pioneered the study of fabricating a photodetector device through solution-processing
Cs4CuSb2Cl12 LDP NCs as the responsive component of the device [62]. The resulted photo-
detector showed an ultra-fast photo-response (lifetime of ~150 ps) and a narrow bandwidth
(~10 GHz) (Figure 4A) [62]. The ratio of measured photocurrent intensity to dark current was
over three orders of magnitude, supporting its superior charge transport characteristics under
light illumination. The same device structure has been extended to fabricating Cs4CdSb2Cl12
LDP NC-based photodetectors [73]. The temperature-dependent photocurrent studies revealed
that a trap-assisted tunneling process of the photogenerated carriers was responsible for the ultra-
fast charge transport mechanism [73,121]. Similarly, Bai and colleagues fabricated a type of high-
responsive photodetector using Cs4Mn0.25Cd0.75Bi2Cl12 LDP NCs, all of which showed excellent
on/off photo-switching signals, high responsivities (up to 0.98 × 104 AW−1), and high device external
quantum efficiencies [87]. In addition to using LDP NCs, Jayasankar and colleagues designed a
microcrystalline-based photodetector device using a paste of Cs4CuSb2Cl12 microcrystals/carbon
composite [122]. The device was fabricated using a one-step printing strategy and it showed the
highest detectivity and responsibility when 10 wt% LDP in the carbon matrix was used [122].

Photocatalysis
Heterometallic halide LDP materials possess promising characteristics suitable for high-performance
photocatalysis, such as high light absorption capability, tunable bandgap alignment, abundant
surface-active sites, and superior charge separation/transport properties [23,51,62,123]. Ashitha
and colleagues first showed the potential of 2D layered Cs4CuSb2Cl12 NCs as visible-light-driven
photocatalysts for metal-centered redox and degradation of azo dye without the aid of any
38 Trends in Chemistry, January 2023, Vol. 5, No. 1
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Figure 4. The utilization of layered double perovskite (LDP) in various applications. (A) A schematic of ultrafast photodetectors using Cs4CuSb2Cl12 LDP nanocrystals
(NCs). (B) A schematic of photocatalytic reaction of ferricyanide reduction using Cs4CuSb2Cl12 LDP NCs. (C) A schematic of applications for white light-emitting diodes and
patterned images using Cs4MnBi2Cl12 LDPs. The left panel is Commission Internationale de l'Eclairage chromaticity diagram of the white phosphors based on Cs4MnBi2Cl12
LDPs as red phosphors. The right panel shows the patterned images. (D) A schematic of X-ray digital radiography for medical imaging. (E) The schematic of a Cs4CuSb2Cl12
LDP NCs (CCSCNCs)-based solar cell (top) and the bandgap alignment between CCSCNCs and different types of hole transport layer materials (bottom) [62,84,123,128].
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cocatalysts (Figure 4B) [123]. Under sunlight, ferricyanide to ferrocyanide reduction reaction can be
completed within 20–30 min with a high photoconversion yield of ~88% when using Cs4CuSb2Cl12
LDP NCs as the photocatalyst [123]. Congo red degradation reaction can also be photocatalyzed by
Cs4CuSb2Cl12 LDP NCs, which followed pseudo-first-order kinetics and showed a high degradation
efficiency of ~99.6% in 30 min [124–126]. These successful examples open up the door for applying
LDP materials as effective photocatalysts in different photocatalytic reactions, taking advantages of
their large compositional space with multiple geometrically regulated surface metal cations serving
as active catalytic sites.

LEDs
By virtue of their excellent emissive properties, facile synthesis and processing, and superior
stability, LDPs were also explored as phosphors for white LED devices. For example, Cs4MnBi2Cl12
single crystals synthesized byWei et al. exhibited a high PLQY around 25.7% and excellent stability
against heat, moisture, and light illumination, rendering them ideal luminescent red phosphors
(Figure 4C) [84]. By mixing Cs4MnBi2Cl12 LDPs with blue (i.e., BaMgAl10O17:Eu

2+) and green
[i.e., Lu3(Al, Ga)5O12:Ce

3+] phosphors, a bright white emission can be observed under UV light
irradiation with its Commission Internationale de l'Eclairage (CIE) chromatic diagram located at
(0.32, 0,30), very close to the standard neutral white light [CIE of (0.333, 0.333)] [84]. Furthermore,
Cs4MnBi2Cl12 LDP powders can be utilized as high-resolution PL imaging agents when applied
into patterned grooves to show bright and clear images. He and colleagues also investigated the
performance of Mn-containing LDP powders as the red-emitting phosphor for white LED backlight.
The color gamut of the obtained LEDs based on the Cs4MnBi2Cl12 and Cs4Mn(Bi0.88In0.12)2Cl12
LDPs reached 74% and 76.4% National Television Standard Committee, respectively [91]. Further-
more, the Cs4Mn(Bi0.88In0.12)2Cl12-LDP-based LED can reach a more saturated red color with a
high R9 color rendering index of 72, revealing its great potential in solid-state backlighting and related
applications.
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Outstanding questions
Are there any alternative metal cation or
halide anion candidates that can form
stable A4M(II)M(III)2X12 LDP structures?

How can we have precise control of
LDP materials for films (domain sizes,
grain boundaries, crystalline defects)
and nanocrystals (sizes, shapes, sur-
face states)?

Will it be possible to tune the layered
structures of LDPs by inserting the
organic cations into A+ cation positions
or into the vacancy layers?

Can 2D van der Waals heterostructures
be formed based on 2D heterometallic
halide LDPs?

Will it be possible to develop automated
high-throughput synthetic platforms
assisted bymachine leaning techniques
to accelerate novel LDP material dis-
covery and optimization?

Can we extend the utilization of LDPs
in a broader spectrum of potential
applications, such as transparent
conductors, solar cells, field effect
transistors, sensors, or lasers?
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X-ray detection
Heterometallic halide LDPs exhibit several unique advantages, particularly for X-ray detection
applications, such as large X-ray absorption capacity, high carrier mobility, high attenuation
capacity, and superior materials’ stability [79,84]. These properties can enhance the sensitivity
and efficiency of the LDP-based X-ray detectors and thus enable the fabrication of devices
capable of detecting very low X-ray doses. Wei et al. fabricated the first prototype Cs4MnBi2Cl12
LDP-based X-ray detector (Figure 4D) [84]. Compared with the lead-based perovskites, bismuth-
based LDPs are less toxic and interact strongly with X-ray photons to generate strong
radioluminescence due to bismuth’s high atomic number, resulting in more environmentally
friendly devices. In contrast to traditional X-ray scintillating materials like NaI(Tl), Cs4MnBi2Cl12
LDPs also display a preferable absorption capability for soft X-rays (10–35 keV) and higher
scintillated emission yields [79]. Such attributes warrant their high potentials, especially for
medical X-ray imaging and other radiography applications when low-dose soft X-ray irradiation
is required for potential health considerations.

PVs
Since their discovery, lead-based perovskites have been well explosively used as the absorber
materials in solar cells with intriguing PV performances. Recent advances have shown that
Cs4CuSb2Cl12 heterometallic halide LDPs are promising PV candidates due to their merits of
suitable bandgap, around 1 eV, reduced toxicity, high thermal/structural stability, and superior
photoelectric properties [23,127]. By optimizing the electron/hole transport layer materials, thick-
ness, doping density of perovskite absorber layer, and defect density at the interface, He et al. pre-
dicted that the power conversion efficiency (PCE) of the FTO/TiO2/Cs4CuSb2Cl12 NCs/Cu2O/Au
PV structures can reach around 23% at 300 K (Figure 4E) [128]. Yadav and colleagues also
used the SCAPS-1D software package to investigate the PCE of Cs4CuSb2Cl12-based PVs with
the incorporation of n-type SnO2 and p-type CuSCN as transport layers [129]. It was found that
defect density, absorber thickness, and work function of the counter electrode were crucial factors
for the PCE performances. However, the utilization of heterometallic halide LDPs in PVs still remains
in the theoretical simulation stage and they have not been implemented into real devices yet. The
potential main challenge might be the difficulty in fabricating high-quality LDP thin films with low
defects and high crystallinity [23]. Taking successful experiences from DP-based solar cells
[127], several strategies could be further explored to enhance the overall performance of LDP-
based solar cells, such as adjusting bandgap alignment [130,131], film quality improvement
[132,133], interfacial engineering [134], and additive incorporation [135–138]. It is anticipated a
high-efficiency, nontoxic, and stable Cs4CuSb2Cl12 LDP-based PV is to be realized soon.

Concluding remarks
To conclude, the emergence of lead-free heterometallic halide LDPs with unique crystal struc-
tures and intriguing properties offers an alternative class of materials for lead-based perovskites
in both fundamental studies and technological integrations. Importantly, the ample compositional
space and soft/tunable crystal lattices of LDPs allow transformation and fine adjustment of
the materials towards desired properties and targeted functionalities. Such a degree of material
control and flexibility is not common in the field of materials research and provides unprecedented
opportunities to study composition–structure–property relationships of the relevant systems.
Evidently, many groups have extended significant effort with great success, as we discussed in
this review. Despite the recent efforts, there are still plenty of unexplored territories on the topic
and many questions remain unanswered (see Outstanding questions), mainly due to the young
age of LDPs. For the same reason, this review aims to not only provide a timely summary of
state-of-the-art research in the field, but also offer some perspectives with the hope of inspiring
and guiding the future efforts to continuously delve into such a fascinating family of materials.
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As we emphasized, the large compositional space of A4M(II)M(III)2X12 LDPs provides generous
possibilities of component combinations, yet to date is still underappreciated. For example, A-site
cation and X-site anion have been largely limited to only Cs+ and Cl–, respectively. LDPs with organic
cations (i.e.,methylammonium, formamidinium, butylammonium, phenylethylammonium) and other
halides (i.e., F–, Br–, I–) have not been demonstrated, which may provide intriguing properties given
the unique crystal structure of LDPs. Considering the layered crystal structure of LDPs, the possibility
of functionalization via organic molecules should also be considered. By placing different sizes of
organic cations at the A-site position or inserting them into the vacancy layers of LDPs (the resulting
materials with tunable inter-trilayer distances), distorted metal halide octahedral networks may
display yet unexplored optical, electronic, and magnetic properties. In addition, unique LDP-based
2D van der Waals heterostructures can be expected, which may open a new research direction,
by constructing layered LDP materials with other types of 2D materials, such as graphene, hexago-
nal boron nitride, transition metal dichalcogenides, or Xenes [139]. For the M(II) and M(III) sites of
LDPs, the metal selection should also be expanded to, for example, alkaline earth metals, noble
metals, and rare earth elements, given the high structural tolerance (e.g., large octahedral distortion)
with reduced crystal symmetries and lowered geometric connectivity of metal-halide octahedral
units (Figure 1). To expand materials selection and speed up fabrication optimization processes,
not only do new chemistries need to be developed and tested in batch-based synthesis, but
high-throughput automated synthetic platforms should also be implemented, such as configurable
robotic synthesis and/or modular flow reactors coupled with in situ real time characterization tech-
niques. Utilizing such automated synthetic platforms will allow fast data collection in an even larger
parameter space, thus inevitably leading to radically enlarged data availability. Therefore, machine
learning-assisted material discoveries/optimizations can be anticipated through creating an iterative
feedback loop between experimental investigations and artificial intelligence algorithms. Apart from
expanding materials compositions, controlling detailed states of LDP materials has been far from
reaching a comprehensive level and deserves to gain more dedicated research efforts. For instance,
manipulating crystalline domain size, defect states, and grain-boundary conditions for LDP bulks/thin
films, or regulating morphologies and fine-surface states of LDP NCs has yet to be achieved. These
materials refinements may uncover emerging properties and applicable phenomena of LDPs, includ-
ing but not limited to optical, electrical, optoelectronic, magneto-optical, magneto-electric, and
optical-mechanical behaviors together with the dynamics of electron/energy/charge transfers, spin
selectivity, and exciton–/electron–photon couplings. All the aforementioned prospects shall hold the
same faith towards realizing the full potential of LDPs for applications in solar cells, transparent con-
ductors, energy storage, field effect transistors, sensors, lasers, and biological/biomedical imaging.
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