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ABSTRACT

Due to outstanding properties, the lead perovskites
exhibit great potentials in optoelectronic applications,
while still facing serious issues due to its high toxicity and
instability. This necessitates the development of
environmental-friendly lead-free double perovskites
nanocrystals with low toxicity and tunable desired
properties via size-control. In this review, we present the
synthesis routines of lead-free perovskite nanocrystals,
followed by detailed discussion of common
characterization techniques and potential applications.
This work is aimed for providing more insights in the
property-tuning and synthesis of high-quality nano-size
lead-free perovskites.

Keywords: lead-free metal halide double perovskite,
nanocrystal, synthesis, photovoltaics

NONMENCLATURE
Abbreviations
DP Double perovskite
NC Nanocrystal
PLQY Photoluminescence quantum yield
XRD X-ray Diffraction
SEM scanning electron microscope
TEM transmission electron microscope

1. INTRODUCTION

The lead halide perovskite APb"Xs (A=CH3NHs, Cs;
X=Cl, Br, I) has aroused great attention due to its fabulous
properties and wide usage in photovoltaic and
optoelectronic applications. However, environmental

issues triggered by the high toxicity of Pb remains an
inevitable barrier to their commercial viability. It is
therefore necessary to address this affair and develop
alternative lead-free perovskite. In essence, categori-
zation based on Pb-replacement strategies as well as the
respective properties and drawbacks are presented in
Figure 1(a), while more detailed design rules for lead-
free perovskites are as illustrated in Figure 1 (b). At
present, five main types of lead-free perovskites have
rather to some extents, overcome or alleviated the two
main issues of lead halide perovskites — the high toxicity
and instability (Figure 1(a)). Among these newly
developed types, the metal halide double perovskites
(DP) with the formula A,B(I)B(III)Xe, has aroused great
attentions due to its excellent properties, and is
considered a significant step towards ideal perovskites.
Meanwhile the multiple tunable sites in the double
perovskites endows it a rich chemistry.

However, one of the main challenges is the synthesis
of DP nanocrystals (NC). It is well-recognized that the size
has crucial impact on the material properties. For nano-
size materials, the drastic change in properties compared
to their macro analogues is indeed common. The
significant increase of surface area in NC leads to high
reactivities, and the quantum confinement effect also
dramatically affects the material properties. In general,
NCs exhibit better distribution in solvents, higher
reactivities, and can act as perfect precursors for the
fabrication of thin films. Thus, the size-control synthesis
of DP NCs has become an extremely hot topic in the
research community.

At present, some high-quality reviews on DPs have
been reported [1],[2]. However, few of them have
exclusively focused on the synthesis strategies of nano-
size DPs. Moreover, with the increasing popularities,
rapid achievement has been made in this field in recent
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Fig. 1. a) Scheme of the approaches and results of potential lead replacement.[1] b) The design rules for lead-free perovskite
materials.[2]

years. In this review, we focus on the synthesis strategies
of DP NCs. Common characterization techniques and
popular applications are also discussed as well, in a hope
that our work can act as a guide and a source of
inspiration for the development of novel lead-free
perovskite materials.

2. THE SIZE EFFECT OF LEAD-FREE METAL HALIDE
DOUBLE PEROVSKITES

The size of DP has a significant impact on its
properties. Many studies have reported the huge

the spectral features of the absorption spectra of
Cs,AgBiBrs and Cs,AgBils of larger sizes are observed to
red-shift [3]. This blue-shift of spectra peaks for NP NCs
has been widely observed and attributed to the quantum
confinement effect. Similar phenomenon has been
observed for the ligand free Cs,AgBiBrg NCs [4], the
Cs,AgSbCls NCs [6], and the Cs;Agi«NaxInClg NCs [8].
However, there are different views on the quantum
confinement effect. Han et al. surprisingly found that the
PL emission of Cs;Nalng 75Bio.25Cls:Mn NCs exhibits a red-
shift compared to bulks. Meanwhile wider XRD peak was
observed for NCs [9]. Dahl et al. pointed out that the

Table 1. Survey of morphology, size and synthetic method of double perovskites. Note: A:B refers to B as dopant in A.

Materials size Synthesis strategy morphology Ref.
Cs2AgInCle/Cs2AgInCle:Bi 9.79/10.95 nm Hot-injection crystal [10]
Cs2AgBiBrs 3 mm Hydrothermal method crystal/ powder  [11]
Cs2AgBile 8-13 nm lon-exchange crystal [3]
Cs2AgInCle/Cs2AgInCls:Mn 9.8/11.6/12.6 nm Hot-injection crystal [5]
Cs2AgBXs (X=Br, Cl) / Precipitation/solid-state method crystal [12]
Cs2(Ag1-aBi1- / Hydrothermal method Crystal/powder  [13]
b)TIXBrs/(MA)2TiBiBre/(MA)2(Tl1-
aBi1-6)AgxBre
Cs2AgInxBi1xCls 4.3 nm Anti-solvent recrystallization crystal [14]
Cs2BiAgCles / Solid-state method Crystal/powder  [15]
Cs2NalnxBi1xCls/Cs2NalnyBi1- 10.93,10.59/9.43,10.45 Hot-injection crystal [9]
xCle:Mn nm
Cs2InAgCle / Precipitation method powder [16]
Cs2AgBiXe (X=Cl, Br, 1) 5 nm (Cs2AgBiBrs) Anti-solvent recrystallization crystal (4]
Csa2Snls Several ten nm to several ultrasonic irradiation crystal [17]
hundred nm
CsaCuSb2Cli2 3nm ultrasonic exfoliation crystal [18]

differences of the optical properties of DP NCs compared
to the bulk congeners [9]. As reported by Creutz et al.,

discrepancies of DPs compared to their bulk congeners
arise from differences in the measurement techniques



and sample concentrations instead of the well-received
quantum confinement [7]. It is concluded based on
optical and theoretical analysis that both synthesized
Cs;AgInClg and Cs;AgSbCls have nearly no quantum
confinement. It is also observed by Dahl et al. that the
orientation effects appear to affect the relative XRD peak
intensities of Cs,AgInClg and Cs;AgSbClg NCs thin films in
comparison to the bulk phase.

The size is also found to affect the emission lifetimes
of NPs. As reported by Creutz et al., long luminescence
decay has been observed for both bulk and NC
Cs,AgBiBrs, however for NCs, this is only observed at low
temperatures. This is attributed to the suppression of
surface trapping which contributes more for NCs [3]. It is
found that the average PL lifetime of
CszNalng 75Bio 2sCls:Mn NCs is longer than that of bulk
crystals. The middle-lifetime process of bulk is not
observed, which is attributed to the low surface defects
trapping of bulks, especially doped ones [9].

DP NCs also show great color temperature (CT)
tunability, while the CT of bulk congener is nearly fixed
[8]. The temperature-dependent PL spectra for the
optimized composition NCs of Cs;Ago.17Nao.s3lno.ssBio.12 Cle
shows that the electron-phonon coupling strength
decreases with reducing particle size under strong
confinement, while the large Huang-Rhys factor of the
Cs,Ago.17Nao.sslnoe.ssBio12Cls  NC  suggests a relatively
stronger electron-phonon coupling compared to
traditional NCs, which favors the STE formation and high
PLQY emission.

Apart from optical properties, the size effect also
affects the stability. It is discovered that Cs,AgBils could
be stable in nanostructures, while may become unstable
in bulk forms [4]. Meanwhile, it is found by Hu et al. that
the Cs2Ago.1sNaps2InClg NCs could be better characterized
by TEM due to relatively better stability under electron
beam irradiation [8]. Moreover, DP NCs are especially
useful in the fabrication of thin films. The fabrications of
high-quality crystalline thin films may be difficult if using
bulk materials as the precursors due to poor solubility,[8]
whereas the deposition of NCs is considered as a great
alternative [5].

In conclusion, the size of DP is a significant factor in
the determination of its properties, and NCs show
various enhancement and superiority over the bulk
congeners and deserves a more detailed investigation.

3. SYNTHESIS STRATEGIES OF LEAD-FREE DOUBLE
PEROVSKITES NANOCRYSTALS

Table 1 summarizes the synthesis methods, their
corresponding product morphologies, and sizes, which
illustrate that NPs synthesized from different methods
exhibit different sizes and morphologies. In this section,
we will focus on the synthesis strategies of NP NCs.

3.1 Hot-injection

Typically, the hot-injection refers to the synthesis
strategy where a precursor of the reaction is quickly
injected to the mixture solution of remaining precursors
under high temperature and inert atmosphere, as
illustrated in Figure 2(b). The generated NCs are within a
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Fig. 2. Scheme of the synthesis strategies of perovskites of different sizes. a) synthesis method for bulk-size
perovskites;[20] b) hot-injection approach;[10] c) anti-solvent method.[21]



narrow size distribution, accompanied with exhibition of
prominent properties such as high crystallinity and great
mono-dispersity [19].

Liu et al. synthesized undoped and Bi-doped
Cs,AgInClg NCs using the hot-injection method [10]. PLQY
as high as ca. 11.4% was observed. Locardi et al.
proposed the first colloidal synthesis of size-controlled
Cs,AgInClg NCs through hot-injection [5]. Han et al. used
hot-injection approach for the synthesis of Cs,Naln,Bi.
«Clg and the Mn-doped counterpart [9].

3.2 Anti-solvent recrystallization

The anti-solvent recrystallization involves two main
steps: first the precursors are dissolved in solvent A,
which is then followed by the addition of solvent B with
contrasting solubility, as illustrated in Figure 2(c). During
the process, the wanted crystals are formed with ideal
size and crystallinity. DP NCs with tunable bandgap was
successfully synthesized by Yang et al. using the anti-
solvent recrystallization approach [14].

3.3 Other approaches

Sidney et al. reported the success synthesis of
unrecognized materials such as Cs;AgBils through a post-
synthetic modification of colloidal Cs,AgBiXs (X = Cl, Br)
NCs via anion exchange and cation extraction [3].
Koyanagi et al. synthesized Cs;Snle NCs using the
ultrasonic irradiation method [17]. Mono-dispersed
solution of produced particles has been prepared. Wang
et al reported the synthesis of Single-layered
Cs4CuSh,Cli; NCs via the ultrasonic exfoliation method
[18].
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Fig. 3. Common characterization techniques used in DP synt

Other synthesis strategies of DP also exist as
summarized in Table 1, such as the hydrothermal
method, the precipitation method, the solid-state
method, etc. Nevertheless, these approaches are more
commonly used for the synthesis of DP bulks, as shown
in Figure 2(a), and are thereby not discussed herein.

It needs to be pointed out that most reported DP
synthesis belongs to bulk or quantum dot level, while
reports on medium-size DPs are still rare.

4. CHARACTERIZATION AND APPLICATIONS OF

DOUBLE PEROVSKITES NANOCRYSTALS
4.1 Characterization techniques

Common characterization techniques for perovskite
materials includes TEM, SEM, XRD, UV-Vis spectroscopy,
etc., as demonstrated in Figure 3.

X-ray Diffraction (XRD). XRD works particularly well
in the characterization of DPs’ crystal structures, as
shown in Figure 3 (a). XRD is useful for detecting the
composition, structure, crystallinity, and crystal phase of
the synthesized perovskites.

Optical spectroscopy. Common techniques including
UV-Vis absorption/emission spectroscopy and
photoluminescence spectroscopy are as shown in Figure
3(b). Optical spectroscopic features of DPs provide
information of DPs’ photo-properties, which is especially
instructive for evaluating the DPs performance for
potential related application.

Electron microscopy. The scanning electron
microscope (SEM) and transmission electron microscope
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(TEM) are most commonly used for obtaining high
resolution images of DPs. Using electron microscopy,
detailed information of structure and morphology can be
obtained in a visual way, as shown in Figure 3(c). High-
resolution TEM (HRTEM) can reach even higher
resolution and is especially useful in nano-scale research.
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Conclusion and Perspectives

The lead-free DP NC has great potential in
photovoltaic applications in terms of its excellent
properties. In this review, its synthesis strategy has been
systematically reviewed, along with the brief summary of
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Fig. 4. Applications of DP NCs. a) the Cs2AgBiBrs solar cells with inset illustrating the device structure [25]; b) the configuration of
the Cs2AgBiBre-based photodetector [24]; b) Scheme of the photoreduction of CO2 on the surface of Cs2AgBiBrs nanocrystals [24].

Other techniques. Other common characterization
techniques include Raman spectroscopy, transient
absorption spectroscopy, NMR, etc.

4.2 Applications

The absorptive and emissive nature of DPs upon
irradiation endows it with the potential in various
optoelectronic applications.

Solar cell. Cs;AgBiBrs has been the most studied and
applied DP-based solar cells. As aforementioned in
Section 2, the solar cells require high-quality DP thin
films, and deposition of NCs is considered a great
strategy. Figure 4(a) illustrates the incorporation of
carboxy-chlorophyll derivative on top of mesoporous
TiO, which significantly boosted the performance of the
Cs,AgBiBrs solar cell.

Photocatalyst. Cs,AgBiBrs NCs exhibits excellent
stability against moisture, light, and temperature. It has
thus been used as photocatalyst for CO; reduction with
high selectivity, as illustrated in Figure 4(c). The tentative
mechanism is the suitable conduction band of Cs,AgBiBre
NCs which efficiently drives the reduction.

Photodetectors. The environmentally friendly DP-
based photodetectors exhibit high stability and
efficiency, and are excellent alternatives for lead-
containing perovskite-based photodetectors. Figure 4(b)
illustrates  the high-performance self-powered
Cs,AgBiBre-based photodetector. The photogenerated
carriers can be separated at the surface of the
Cs>AgBiBrs/Sn0, heterojunction by its built-in field.

Other applications. Other common applications
include LEDs, X-ray detectors, ferroelectrics, etc.

the characterization techniques and potential
applications.

Despite considerable progress has been made so far
in the synthesis of DP NCs, still several challenges exist in
this field: First is an assured and decisive route to more
precise size-control of DP NCs towards a narrower
distribution range. Second is a more delicate morphology
tuning of synthesized DP NCs that is desired for achieving
ideal performance. Meanwhile, as most reported
literatures are more inclined to the synthesis of quantum
dot, the synthesis of DP NCs with medium size between
guantum dot and bulk size is still rare.

Hopefully our work can provide a direction for future
size-tuning and property enhancement for more novel
perovskite materials.
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