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Camino de Vera s/n, València E46022, Spain 
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A B S T R A C T   

Metal halide perovskite nanocrystals have attracted substantial interest given their easy manufacturing, superior 
Photoluminiscence Quantum Yield and striking optical properties. Despite the huge potential of such materials, 
their practical implementation and future technological applications need to overcome stability drawbacks: 
spontaneous degradation, which is accelerated by external stressors (i.e., moisture, oxygen, heat, light, and their 
combinations), poor phase stability and loss of their colloidal stability due to ligand lability. Within this 
framework, the understanding of their surface chemistry features and ligand-binding patterns plays a key role in 
improving the robustness and stability of perovskite nanocrystals. This review presents a comprehensive study of 
state-of-the-art and current challenges in surface chemistry, interface engineering and encapsulation method-
ologies for stabilizing lead halide perovskite nanoparticles. We first introduced lead halide perovskite structural 
and optical properties and a brief discussion of synthesis methods. Next, we explored recent developments in 
encapsulation methods in different protective matrices comprising from core-shell to macroscale nano-
composites. We also analyzed the advantages and shortcomings of each approach according to their final ap-
plications. Finally, we concluded with a discussion of open research challenges and future directions in the 
aforementioned aspects.   

1. Introduction 

Lead halide perovskites (LHP) have emerged in the last decade as a 
new type of materials family that exhibits superior optical features for a 
myriad of optoelectronic applications, including solar cells, high- 
efficiency LEDs, imaging labels, high-color-purity displays, low- 
threshold optical amplifiers and lasers [1,2]. 

One of the main attractive features of LHP nanocrystals (NCs) is their 
“defect tolerance”, which enables their synthesis under mild conditions. 
This means that the optical and electronical properties of perovskite 
appear to behave as if they do not have electronic traps, despite struc-
tural characterization suggesting the presence of a high density of 
structural defects. Several theoretical studies reveal that intrinsic de-
fects, such as vacancies or surface-related sites, have a negligible effect 
on materials’ optical and electrical properties because their defect en-
ergy levels are located entirely in either the valence band (VB) or the 

conduction band (CB) manifolds, but not in the bandgap itself, therefore, 
preserve a clean bandgap electronic transition [3,4]. This fact is of 
critical importance in the properties of perovskite NCs because it implies 
the difference to conventional chalcogenide and metal pnictides (i.e., 
InP) semiconductors whose properties very much depend on lattice 
defects. 

Unfortunately, bulk perovskite structures present a smaller photo-
luminescence compared to the nanocrystal counterparts. This fact is 
mainly addressed in accordance with smaller exciton binding energies, 
lowering electron-hole capture rates and higher recombination rates 
through bulk grain-to-grain surfaces and their deleterious effect on the 
PLQY [5]. Therefore, research has turned its attention to study perov-
skite NCs because they present larger exciton binding energies, a supe-
rior PLQY, and shape- and size-dependent optical and electronic 
properties that differ from their bulk counterparts due to the quantum 
confinement regime [6,7]. 
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E-mail address: vigonpe@upv.es (V. González Pedro).  
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Since the pioneering colloidal synthesis of LHP NCs, countless 
innovate synthesis and processing have delivered materials that have 
been tested in solar cells, [8,9] solar concentrators [10], visible light 
communications [11], electroluminescent diodes [12], photodetectors 
[13], and photocatalysis [14]. Besides all this, their PLQY, together with 
higher-order nonlinear optical properties, [15] make them promising 
and versatile luminophores for in vitro bioimaging and biosensing pur-
poses[16,17], and also for super-resolution imaging applications that go 
beyond optical diffraction limits [18]. Despite such rapid advancements 
in material syntheses and device applications, poor chemical, structural 
and colloidal stability because of their soft ionic binding nature and 
ligand lability hinders their implementation. Hence gaining knowledge 
and answering questions about interface properties, surface stability 
issues and ligand-to-surface bonding mechanisms will enable the design 
of “tailored-made” NCs designed according to the needs of the final 
purpose that remain stable in different chemical environments. 

This article aims to cover the recent advances made in designing 
stable LHP NCs by performing an extensive analysis of the state of art of 
surface functionalization strategies and discussing the strengths and 
weakness of different approaches. This manuscript is structured in the 
following sections. First, it includes a brief introduction to LHP NC to 
provide an understanding of their nature, crystal structures and prop-
erties, as well as a summary and analysis of the different strategies to 
synthesize LHP NCs. Then it provides a comprehensive explanation of 
approaches for improving the stability of LHP, including post-synthetic 
modifications and the formation of core-shell nanoparticles (NPs) at a 
single particle level, and the formation of easily processable macroscale 
composites. The last section deals with the recent progress made in 
colloidal LHP applications by considering their advantages and disad-
vantages as to their bulk counterparts. We finish this review with our 
vision of the future of this field. 

2. Colloidal semiconductor perovskite nanocrystals 

2.1. Discovery and brief history of colloidal perovskite NCs 

In the early 1980s, the discovery of quantum-sized effects in the 
optical spectra of nanometer-sized semiconductors triggered research 
into the synthesis of colloidal semiconductor NCs, often referred as 
Quantum Dots (QDs) [19]. Their large PLQY, multiphoton absorption 
properties and size-tunable band gaps have enabled their exploitation in 
a wide range of applications in far-ranging fields,such as optoelectronics 
and life sciences [20,21]. Nearly all of the work has focused to date on 
binary compounds, designated as II-VI (Zn, Cd, Hg), III-V (InP and InAs), 
IV-VI (Pb and Sn chalcogenides) and multinary compounds (e.g. copper 
zinc tin sulfide, copper indium gallium selenide, etc.). 

One of the major limitations that semiconductor NCs face is the 
presence of detrimental shallow electronic surface defects on their large 
surface area, which arises from undercoordinated surface sites and de-
viations from bulk stoichiometry on the surface, and lead to the for-
mation of trap states for charge carriers. Therefore, attaining high- 
performance QDs requires the rational control of these surface defects 
and, therefore, involves intricate synthetic methodologies and the 
development of elaborate NCs heterostructures with both inorganic and 
organic passivating agents. 

Consequently, the several works that described the defect-tolerant 
nature of metal halide perovskites in 2012 encouraged the scientific 
community to study the colloidal synthesis of metal halide perovskite as 
a new type of nanomaterials that encompass the concomitant opto-
electronic properties of colloidal NCs and the absence of detrimental 
structural defects. This hypothesis has been well-proven by the pioneer 
synthetic works described by Schmidt et al. [22] and Protesescu et al. 
[6]. The former described 6 nm-sized CH3NH3PbBr3 NCs prepared by 
the reverse microemulsion methodology, which give a PLQY of 20%. 
Soon after in 2015, Protesescu et al. synthesized monodispersed 
colloidal NCs prepared by hot injection methodologies with a large 

PLQY of ~90%, and achieved without any additional post-synthetic 
treatment, and with tunable emission properties across the entire 
visible spectral range, by varying the ratio of the halide precursors, PL 
with a narrow full width at the half-maximum (fwhm), namely below 15 
nm. Also in 2015, Zhang et al. [23] synthesized CH3NH3PbX3 NCs by a 
supersaturated recrystallization methodology in the presence of sur-
factants. From this work, it is remarkably that LHP NCs exhibit very big 
PLQYs close to unity despite being prepared by a reprecipitation method 
at room temperature without further surface passivation other than the 
original ligand coverage. This behavior was totally unexpected and 
indicated that many things that we have learned from studying con-
ventional semiconductor QDs compounds have to be thought over again 
because LHP behave differently. In line with these ideas, we direct 
readers to recent reviews for a comprehensive comparison of LHP NCs to 
well-established QDs [24]. Hereafter, we refer LHP as NCs instead of 
QDs, because in most cases they present weak confinement regime 
where the size effect on the band gap is small. 

Thus, easy synthesis procedures together with fascinating properties, 
as well as the many questions that have arisen in light of these initial 
results, have made perovskite NCs an appealing topic for the scientific 
community. 

2.2. Structure and general properties of perovskite NCs 

2.2.1. Composition, crystal structure and defect tolerance 
The classic 3D metal halide perovskite (MHP) adopts an ideal general 

formula ABX3, and consists in a cubic array of corner-sharing BX6 
octahedra, where B is a 6-fold coordinated metal cation (Pb2+, Sn2+ or 
Ge2+) surrounded by halides (namely chloride, bromide, iodide, or their 
mixture). The A-site is commonly occupied by monovalent organic 
cations of methylammonium (CH3NH3

+, MA) and formamidinium (CH 
(NH2)2

+, FA), as well as inorganic cations of cesium Cs+ and rubidium 
Rb+, located in cuboctahedra voids. 

The relative ion size requirements to stabilize the cubic structure are 
quite stringent. The commonest rule to predict the stability of 3D 
structures is the Goldschmidt tolerance factor, t, calculated as follows: 

t = (rA + rB)
/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2(rB + rX)
√

(1)  

where rA, rB, and rX represent the radii of ions A, B and X, respectively. In 
general, stable 3D perovskite structures are formed when t is between 
0.8 and 1 [25]. With LHP, due to the higher covalency of their bonding 
as regards their fluoride and oxide counterparts, the formation of 
sTable 3D perovskites is restrained for t ≥ 0.89. For this reason, only a 
limited number of A-cations (Cs, MA, and FA) can produce sTable 3D 
structures. The perovskites at the edge of the tolerance factor require-
ment, such as FAPbI3 (t ~ 1) and CsPbI3 (t ~ 0.8), easily undergo phase 
transition at room temperature (RT) to stabler 1D hexagonal and 
orthorhombic phases [26,27] (yellow phases). When t is calculated to be 
beyond these two ranges, the 3D LHP collapse to nonperovskite or 
lower-symmetry distorted versions, in which the coordination numbers 
of A cations, B cations, or both, lower (Fig. 1A). 

Another critical parameter to predict spatial restrictions is the 
octahedral factor, μ, which is defined as μ = rB/rX, and describes the 
stability of the [BX6] 2− octahedral. The stability range for μ lies between 
0.442 and 0.895. Tolerance and octahedral factors are currently a smart 
tool to predict stability and to discover novel possible perovskite 
structures. The combined structural map for all known LHP compounds 
(Fig. 1B) indicates a clear-cutoff at 0.88< t < 1.1 and 0.41 < μ < 0.89. 
[26] 

In addition, one of the most striking properties of LHP, which has 
been ascribed to their success as high-performance semiconductors, is 
their good tolerance to defects. The term “defect tolerance” refers to the 
ability to preserve a clean band gap even in the presence of a high 
concentration of defects. Such behavior is attributed mainly to two 
factors. First, the nature of electronic structures of halide perovskites, 
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Fig. 1. A) Schematic sketch of ideal 3D-cubic LHP and 
3D distorted orthorhombic and tetragonal structures 
and perovskite-related 2D and 0D structures. (repro-
duced from Ref. [28] with permission from the Royal 
Society of Chemistry). (B) The T-µ plot of LHP. 
Reprinted with permission from Ref. [26] Copyright 
2016 American Chemical Society. Blue dots represent 
the LHP compositions that adopt the perovskite struc-
ture at room temperature and pressure, while red 
crosses denote the inorganic compounds that do not 
form perovskites. (C) A simplified diagram of the elec-
tronic band structure of defect-intolerant and 
defect-tolerant semiconductors.   
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where the conduction band forms from the antibonding orbitals and 
structural defects tend to have energy levels that fall in the CB and VB, 
respectively, rather than lying in the bandgap itself [29]. This starkly 
contrasts with conventional defect-intolerant semiconductors, such as 
Si, CdSe, or GaAs, where the bandgap is formed between bonding and 
antibonding orbitals, and point defects emerge as weak bonding or 
nonbonding states in the bandgap (Fig. 1C). 

Second, another consideration for explaining clean bandgaps is 
related to the energy of defect formation in LHP. Interstitial and anti-site 
defects, which would form deep trap states in the electronic structure 
(Fig. 2B), have high formation energies and are almost absent because 
the ions in the perovskite lattice are energetically difficult to misplace 
[30,31]., whereas defects with low formation energies, such as va-
cancies A-site and halide vacancies, have transition energies slightly 
above (below) the valence (conduction) band; e.g., for CH3NH3PbI3, 
A-site vacancies VCH3NH3PbI3 have transition energies lower than 0.05 eV 
above the valence band [32]. 

To date, most of the progress in MHP NCs has been made in lead 
APbX3 with a cubic or pseudo-cubic 3D crystal structure. However, the 
poor stability and intrinsic toxicity of this class of halide perovskites has 
stimulated research into other structures and compositions, such as 
those defined as “perovskite-related structures”, the so-called 0D and 2D 
structures. [28,33,34] (Fig. 1A) 

2.2.2. Optical properties 

Compositional band gap tunability. From the very beginning, one of the 
most noteworthy features of LHP is their composition engineering of 
their band gap. A broad spectral range can be covered by a selective 
presynthetic mixture of the Cl/Br and Br/I ratios (Fig. 2A). This easy 
tunability is associated with valence band edge energy shifts because the 
halide component changes, with only minor changes to the conduction 
band edge due to their stronger ionic nature, with Pb orbitals contrib-
uting with ~70–90% [35,36]. 

The A-cation also has a significant effect on the band gap of perov-
skites. For instance, in lead halide perovskite, as the A-cation size di-
minishes, the bandgap blue- shifts because of the distortion of the cubic 
crystal structure due to lattice contraction and the concomitant increase 
in the tilting angle of the Pb-X-Pb bonds (Fig. 2B). Thus iodide perov-
skites have been shown to shift from 690 nm for Cs+ to 734 nm for MA+

and 784 nm for FA+ [37–40]. 
Besides all this, the B-site cation also plays an important role in the 

final optical properties of MHP NCs. It has been described that the 
substitution of Pb2+ for Sn2+ or Ge2+ results in a strong red shift of their 
bandgap and PL emission. [41–43] This fact is attributed to their higher 
electronegativity as regards Pb2+. However, Sn-based and Ge-based 
perovskites suffer from extremely poor stability caused by ready B2+→ 
B4+ oxidation, and only a single study of Ge-based perovskites has been 
reported to date [44]. 

PLQY, emission and confinement properties. LHP NCs, unlike their chal-
cogenide based QDs predecessors, typically present big PLQYs, even in 
the absence of passivation shells. PLQYs up to 70–95% have been 
described for bromide and iodide species of cesium, methylammonium 
and formamidinium lead halide perovskites [37,39,45–47]. In contrast, 
they present small excitonic Bohr radii (example, 5–12 nm for Cs-based 
NCs [6] and 1.5–3 nm [48]. for hybrid NCs). Consequently, many re-
ported LHP NCs display only a weak quantum confinement compared to 
conventional QDs. (Fig. 3). 

Chloride-based LHP present much smaller PLQYs (≤ 20%). This is 
likely attributed to the small size of the chloride anion, which results in 
lattice shrinkage and crystal structure distortion, or is due to the fact that 
defects in Cl-perovskites are not as benign as in their Br and I perov-
skites. Therefore, they might act as electronic nonradiative traps. 

A strategy to obtain strong blue luminescent LHP perovskite NCs is to 

dope bromide perovskites with additional ions. For instance, partially 
exchanging the Pb2+ ions in CsPbBr3 NCs with several other divalent 
cations, such as Sn2+, Cd2+ and Zn2+, results in a blue-shift of PL bands, 
and a PLQY over 60% is maintained (Fig. 4A). [49] 

Another method to obtain blue-emitting LHP NCs is the synthesis of 
CsPbX3 2D nanoplatelets (NPLs), which exhibits strong-confinement 
effects [47,50,51]. In these nanostructures, a pronounced blue-shift of 
absorption onsets (up to 170 nm) has been reported when their thick-
nesses drop to five monolayers [52]. Several works have demonstrated 
how their PL emission properties can be tuned throughout the visible 
range by synthetically adjusting crystal sizes [53–56] (Fig. 4B). 

Other critical parameters, especially for emitting applications, are 
Stokes shifts and fwhm widths. For LHP, the reported Stokes shifts are 
small (5–15 nm) and size-dependent [57]. Several studies have also 
demonstrated that Stokes shift can also be engineered by doping NCs 
with transition metal elements to achieve extremely high Stokes shift 
values of ~200 nm for CsPbCl3 NCs doped with Mn2+ ions (Fig. 5) [10, 
58,59]. Another strategy to reduce Stokes shift is to reduce NCs di-
mensions due to the aforementioned size-dependent confinement 
properties. [60] Regarding fwhm width, LHP exhibit narrow width lines 
within the 12–40 nm range, which is comparable to the best CdSe-QD 
systems currently used in commercially lighting technologies. 

Nonlinear optics. One of the most fascinating properties of LHP is their 
multiphoton absorption. This means that the photons whose energy goes 
below the bandgap (hν ≤ EG) can also be used to generate an electron- 
hole pair. This phenomenon was first described by Wang et al. who 
found that CsPbBr3 NCs exhibit strong nonlinear absorption and emis-
sion, as well as a two-photon absorption cross-section as high as ~1.2 ×
105 GM at 800 nm, which were two orders of magnitude larger than that 
observed in conventional semiconductor QDs (Fig 6A) [61]. With 
MA-based NCs, the reported absorption cross-sections are even one 
order of magnitude higher. Chen et al. reported absorption cross sections 
for up to five-photon in both MA- and Cs-containing bromide perovskite 
NCs encapsulated in (OA)2PbBr4 shells. [15] The observation of 
nonlinear optics is especially appealing for many applications like 
photovoltaics because more of the solar spectrum can be used to 
generate a current or optical bioimaging, where the use of near infrared 
sources (NIR) sources reduces autofluorescence, and also tissue and cell 
damage. 

Due to their large absorption cross-sections, LHPs are shown to be 
promising as an inexpensive optical gain medium and stable amplified 
spontaneous emission (ASE). In 2015, the first ASE and lasing in MHP 
nanocrystals of CsPbX3 was demonstrated with low pump thresholds 
down to 5 ± 2 μJ cm− 2 [63]. Over the past 3-4 years, many reports have 
focused on the study of the mechanism of optical amplification in LHPs 
[64,65]. However, the intrinsic mechanism underlying the optical gain 
in LHPs remains poorly studied and, it is still under debate whether the 
single- or biexciton regime is realized in LHPs at threshold excitation 
fluencies or if free carriers are the dominant mechanism in the stimu-
lated emission process 

Another interesting nonlinear phenomenon is the so-called quantum 
cutting effect. This consists in a particular case of a down conversion 
energy process that typically occurs in bulk crystals doped with rare 
earth ions, in which a high-energy photon is absorbed and converted 
into two lower-energy photons or more, with consequent PLQY values 
exceeding the unity. This phenomenon has also been observed in Ce- 
doped and Yb-doped LHP NCs, with PLQYs up to 170% in the NIR 
(Fig 6B) [62]. 

2.3. Synthesis of LHP colloidal NCs 

Since the first report of colloidal LHP NCs, several synthesis methods 
have been developed in response to requirements of NCs stability and 
applications. The particle size, dimensionality and morphological 
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Fig. 2. Panel A. Colloidal perovskite CsPbX3 NCs (X = Cl, Br, I) with composition-tunable bandgap energies along the entire visible spectrum. Adapted with 
permission from Ref. [6] Copyright 2015 American Chemical Society). Panel B Evolution of the optical properties of MHP NCs during the MA+→ FA+ cation exchange 
reaction. (A) and (B) Absorption and PL spectra. (C) and (D) PL peak position shift (red square), FWHM (blue square) and lifetime curve decays as a function of 
reaction time. (Reproduced from Ref. [40] with permission from the Royal Society of Chemistry). 
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features, as well as optoelectronic properties like bandgap, emission 
wavelength and charge mobility, can easily be customized by control-
ling the experimental conditions, including the concentration and 
amount of the perovskite reaction temperature, environmental condi-
tions and reaction time. These approaches include: a) bottom-up 
methods, such as hot-injection, solvent-induced precipitation, ligand- 
assisted reprecipitation (LARP), ultrasonication, chemical deposition, 
solvothermal, spray pyrolysis and microwave-assisted methods; b) top- 
down approaches, such as wet ball milling or laser ablation (Fig. 7) [66]. 

Pérez-Prieto et al. pioneered the wet chemistry colloidal synthesis of 
hybrid metal halide NCs [22]. In their work, 6 nm-sized MAPbBr3 NCs 
were obtained by a reverse microemulsion technique, also referred to as 
‘solvent-induced precipitation’. Mixing a small amount of a polar sol-
vent in a nonpolar solvent generates reverse micelles (i.e.: a polar core 
and a hydrophobic shell). Given that perovskite precursors are soluble in 
polar solvents, but are insoluble in nonpolar solvents, reverse micelle 
cores act as suitable confined nucleation sites for crystal growth. The 
presence of capping ligands helps to control the morphology and crystal 
size by, thus, preserving the excellent optoelectronic properties of the 
resulting NCs, with a PLQY of 87% [45]. Table 1 summarizes the LHP’s 
optical and structural features for different strategies described in the 
state-of-the-art. 

Zhang et al. [23] also obtained brightly luminescent colloidal 3.3 
nm-sized MAPbBr3 NCs with a PLQY of up to 70% by a slightly different 
approach known as LARP. This method is based on the supersaturated 
recrystallization principle, which consists of inducing a high salt satu-
ration state from a solution of ions in equilibrium by reducing its solu-
bility, e.g.: cooling down the solution, evaporating the solvent or adding 
a miscible cosolvent, where the solubility of ions is low, also termed 
‘antisolvent’. Under such conditions, spontaneous precipitation and 
crystallization reactions occur until the system once again reaches an 
equilibrium state. This strategy was extended to different halide and A+

cation compositions with PLQYs of around 70–90% being described. In 
addition, LARP is a low-cost method and is convenient for scale-up 
production [67]. 

The hot-injection (HI) method was developed by Kovalenko et al. [6] 
for the preparation of cesium lead-halide colloidal NCs. It was inspired 

by the approach typically employed for classic colloidal cadmium 
chalcogenide QDs, such as CdSe and PbSe. This method consists of the 
rapid injection of precursor Cs-oleate into a PbX2 solution containing 
oleylamine (OLA), oleic acid (OA) and octadecene (ODE) at high tem-
perature in an inert atmosphere, which makes HI not as cost-effective as 
LARP. After injection, rapid nucleation occurs with the simultaneous 
formation of small nuclei. Then the reaction solution is ice bath-cooled 
to stop crystal growth, and results in a narrow size distribution of NCs. 
The HI method was further extended to MA- and FA-based LHP NC 
systems by replacing Cs-oleate with MA or FA cations [68]. PLQYs near 
unity are reported for the HI methodology, and both shape and particle 
size can be tuned by adjusting the reaction conditions (i.e. ligand con-
centration, temperature, etc.) [73]. 

Interest in exploring yet more new synthesis strategies has not been 
waned. In the same year, Seokjin et al. [70] and Protesescu et al. [71] 
reported a ligand-assisted wet ball milling method to produce LHP NCs. 
This grinding method, performed in the presence of a solvent and 
organic ligands, involves mechanical friction between high-hardness 
zirconia balls and the ground material (bulk perovskite or salt pre-
cursors), which generates a final powder on the micron- and nanoscale. 
Compared to HI, wet ball milling has its shortcomings, such as broader 
size distribution, presence of impurities, and a mixed population of NCs 
and NPLs. Despite this fact, it is considered a green chemistry approach 
because it does not require high temperatures and consumes minimal 
quantities of solvents. Besides, its production yield is bigger than what 
typical bottom-up approaches can offer. So it seems interesting for 
scalability purposes given the increasing demands for their use in op-
toelectronic applications [70]. 

Ahmadian-Yadzi et al. [69]. reported using spray-pyrolysis as an 
alternative method. They prepared methylammonium lead halide 
perovskite particles by aerosolizing a precursor solution, which turned 
into pure and crystalline perovskite powders after heat treatment. A 
limitation of these methodologies is the production of a heterogeneous 
population of large NCs (> 500 nm) beyond a wide size range with poor 
colloidal stability. 

Rosa-Pardo et al. [72]. also showed interest in applying top-down 
methods and recently explored laser ablation to obtain NCs from a 
micrometer-sized single MAPbBr3 crystal by pulsed-laser irradiation. 
Unlike wet ball milling, this approach enables a narrow size distribution 
of NCs (4–8 nm) to be obtained, which is similar to that reported for the 
NCs obtained by the HI methodology. 

As we face the need to develop enviro-friendly, stable and efficient 
perovskite materials for future imaging and optoelectronic applications, 
interest in searching for lead-free halide perovskites with comparable 
optical and electronic properties has lately increased [74]. For this 
purpose, several metal cations, which are less or nontoxic, have been 
explored as Pb substitutes at the B-site, including Group 14 elements (Sn 
and Ge)[75,76], Group 15 elements adjacent to Pb (Sb and Bi)[77,78], 
double elements (Bi combined with Ag) and rare-earth elements (Eu, Yb) 
[79,80]. 

3. Interface engineering: coatings and surface modification 
strategies 

One of the major limitations of LHP NCs is related to their chemical 
stability. With LHP, the experimentally measured formation enthalpies 
of MAPbI3, by means of acid-solution calorimetry, show that MAPbI3 is 
thermodynamically unstable and prone to decompose to its halide pre-
cursors (MAPbI3 → MAI and PbI2). [81] This finding correlates with the 
theoretical predictions by first-principles calculations, which claim that 
MAPbI3 spontaneously decompose and this process is greatly acceler-
ated by moisture, oxygen, heat, light, and their combination [82–85]. 
When I− is replaced with Br− or Cl− or organic cation MA+ with inor-
ganic Cs+, perovskites become stabler and do not spontaneously 
decompose. [82,86,87] Yet due to the strong ionic bonding nature, they 
are unstable in essentially all polar solvents and sensitive to 

Fig. 3. Size confinement effects in the absorption and emission spectra of 
CsPbBr3 NCs. Adapted from Ref. [6] Copyright 2015 American Chemi-
cal Society. 
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environmental moisture [84]. 
In structural stability terms with iodide LHP, the CsPbI3 3D-ortho-

rhombic and FAPbI3 3D-cubic phases are metastable at room tempera-
ture and tend to convert into wide band gap 1D-orthorhombic (CsPbI3) 
and 1D-hexagonal (FAPbI3) phases [88–92]. These transitions take from 

several months for FA-based ones to weeks for Cs-based ones. This poor 
phase stability, combined with the poor chemical stability of MAPbI3 
NCs, makes it difficult to obtain stable NCs with PL in red and 
near-infrared spectral regions, and has been termed as the “perovskite 
red wall” [27]. 

Fig. 4. Strategies to obtain strong blue luminescent perovskite NCs. A) By doping lead bromide perovskites with other additional cations. B) By exploiting quantum 
confinement properties. Adapted from Ref. [49] and [50] Copyright 2015. American Chemical Society). 
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From the thermal stability perspective, LHP exhibit moderate ther-
mal decomposition temperatures of 150–200 ◦C for MAPbI3 and 
290− 300 ◦C for FAPbI3 [93]. In addition, another formidable challenge 
in LHP arises from the labile and highly dynamic nature of the ligand 
shell, which causes desorption of capping ligands and loss of colloidal 
stability [94]. These drawbacks have led to intense research into 
perovskite surfaces and ligand chemistries, and to the development of 
encapsulation strategies inside inorganic and polymeric coatings to 
stabilize them, which we consider in detail below. 

3.1. Surface chemistry of LHP NCs 

Before discussing LHP NCs post-synthetic chemical modifications 
and encapsulation strategies, we first introduce the first insight into LHP 
surface features. Fig. 8A schematically depicts the principal perovskite 
ligand-binding motifs. Considering the different synthetic routes of LHP, 
it is accepted that alkylammonium ligands attach to the perovskite 
surface through hydrogen bonding and electrostatic interactions with 
halide anions, while oleate ligands do so by chelate binding with Cs+

and Pb2+ dangling bonds [6,23,94]. However, more in-depth studies 
carried out by means of a Nuclear Overhauser Effect Spectroscopy 
(NOESY) NMR analysis have pointed out that, due to their strong ionic 
nature, CsPbBr3 NCs prefer ionic ligands like NH3

+ and Br− instead of 
those with a more covalent nature, such as oleates (Fig. 8B) [94]. In 
addition, further experimental and theoretical works suggest that the 
surface of perovskite NCs is terminated by lead bromide, and surface Cs+

are replaced with oleylammonium chains, which stabilize the nano-
crystal by three hydrogen bonds forming between the − NH3 

+ moiety 
and the surrounding Br− on the surface of NCs [54,95,96]. 

LHP surfaces present low energy formation of halide vacancies, 
which entails the creation of naked Pb2+ atoms on the surface of NCs, 
and has been demonstrated to be deleterious to NCs’ optical perfor-
mance [31,32,97]. Therefore, the effective repair of lead-rich surfaces 
via the passivation of under-coordinated Pb2+ with Br− or small mole-
cules like thiocyanates confers perovskite NCs with the resulting PLQY 

near unity [98,99]. Along these lines, Alpert et al. screened surface trap 
passivation efficacy for CsPbX3 NCs of over 20 ligands with different 
binding motifs, including alkylammonium and oleate X-type ligands and 
phosphines, pyridine, thiophene, or amines Z-type ligands. Of them, 
tri-n-butylphosphine demonstrated effective surface trap passivation for 
CsPbX3, while thiophene, pyridine and dodecanethiol (DDT) appeared 
to improve the PLQY of CsPbI3 NCs (Fig. 9) [100]. These data agree well 
with a previous report on colloidal NCs and thin films. [99,101–107] 

Compared to the classic chalcogenide QDs, LHP are more ionic in 
nature and interactions with capping ligands are extremely dynamic. 
This results in the rapid desorption of the protective ligand shell upon 
the isolation and purification of colloids, which is observed as loss of 
colloidal stability and a rapid drop in PLQY. In addition, loss of the 
ligand shell is accelerated by the Bronsted acid-base neutralization re-
action between oleate and alkylammonium olefins. This eventually 
leads to loss of structural integrity, i.e., sintering of NCs in bulk poly-
crystalline materials [108,109]. An effective strategy to address such an 
issue is to use zwitterionic capping ligands, such as lecithin and benzene 
sulfonic acid, whose cationic and anionic groups have no possibility of 
mutual or external neutralization and, furthermore, their attachment to 
the NC surface is kinetically stabilized by the chelate effect [109,110]. 

Another interesting ligand is didodecyl dimethylammonium bromide 
(DDAB), which has been demonstrated to replace original OLA ligands 
and provide very stable LHP NC films [111]. This is due to dual surface 
trap passivation via the surface repair of Br− vacancies and the ionic 
interaction of quaternary cation with surface bromides. 
Potassium-oleate (K+-oleate) has also been introduced to protect and 
passivate the surface of LHP NCs by filling Cs+ vacancies with K+, which 
leads to an enhancement of optical properties and of the photo and 
thermal stability of LHP NCs [112]. 

In all these protocols, the presence of insulating long-chain aliphatic 
molecules hinders the exploitation of such NCs in optoelectronic appli-
cations. To overcome this issue, short aromatic ligands, such as benzoic 
acid or 4- phenylbutylamine in an appropriate (co)solvent (e.g., octane 
and benzene), can be utilized as safe media to remove the long-chain 

Fig. 5. Structural and spectral characterizations of undoped and Mn-doped CsPbCl3 NCs. Doped NCs obtain a higher Stokes shift value (~ 200 nm) when addressing 
the Mn2+ d–d transition. Adapted from Ref. [59] Copyright 2016 American Chemical Society. 
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aliphatic molecules present on the surface of the as-synthesized NCs 
[113]. In addition, Wheeler et al. have reported the post-synthetic 
modification of CsPbI3 NCs with methylacetate and formamidinium 
iodide to exchange electronic-insulating olefin ligands for shorter mol-
ecules to prepare functional electronically coupled films [114]. 

3.2. Ligand assisted phase transitions 

Due to the soft nature of LHP NCs, the interaction with ligands can 
induce a phase transformation accompanied by shape evolution. For 
instance, with 3D CsPbBr3 NCs, transformation to lead-depleted 0D 
Cs4PbBr6 is held in the presence of amine or alkyl-thiol ligands 
[115–119]. In addition, this transformation process can be reversed by 

the addition of OA [116], lead bromide [120], Prussian Blue, [121] 
maleic anhydride[122] or water traces [123]. 

Another example of the phase transformation of 3D CsPbBr3 to 2D 
CsPb2Br5 can occur in the presence of DDAB via ligand exchange and the 
exfoliation/reorganization of CsPbBr3 NCs [124]. A similar conversion 
can occur under PbBr2-rich conditions (CsPbBr3 + PbBr2→ CsPb2Br5) 
[119,125]. 

Further to ligand-assisted phase transformation, other extrinsic fac-
tors can induce phase conversion, such as heat [121,126], light 
[127–129], pressure[130,131] and water [132,133]. 

Fig. 6. A) Core-shell multidimensional NCs with 3D MAPbBr3 as a core and 2D (OA)2PbBr4 as a shell, which exhibit giant 5-photon action cross-sections. Reproduced 
with permission from Ref [15]., Springer Nature Ltd. (B) Optical properties of Yb3+: CsPbCl3 NCs, including room-temperature PL spectra (a), exciton (open) and NIR 
(closed) PLQYs plotted as a function of the Yb3+ concentration. λexc = 375 nm, excitation, N0 = 369 s− 1 and (c) NIR PLQYs of a sample of 5.2% Yb3+-doped CsPbCl3 
NCs plotted as a function of the photoexcitation rate. The experimental NIR PLQY reaches 170% at its highest value. Reproduced from Ref [62]. Copyright 2018 
American Chemical Society. 
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4. Synthetic strategies toward improving the stability of lead 
halide perovskite nanocrystals 

The ability to manipulate NCs’ surfaces is essential for their future 
technological development. However, the surface manipulation of LHP 
has proven particularly challenging compared to that of more estab-
lished inorganic materials due to their highly dynamic surface chemistry 
and low material formation energy threshold. Most conventional 

chemical manipulation methods that address the LHP surface result in 
the transformation or dissolution of the LHP crystal. This section seeks to 
summarize recent developments in encapsulation methods of LHP, 
which go from the development of core-shell NPs to the fabrication of 
macroscale composites by assessing the strengths and weaknesses of 
each strategy. 

Fig. 7. Scheme of the most representative top-down and bottom-up synthetic strategies of LHP NCs.  
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4.1. Improving the stability of LHP at a single particle level 

The ability to reliably improve the stability of LHP NCs while 
retaining their individual nanometer size represents a critical step that 
underpins future advances in optoelectronic applications or as a lumi-
nescent probe. Here we review and analyze the different approaches 
described in the literature to obtain LHP NCs with improved water 
stability, while preserving NP individuality. They go from the bottom-up 
synthesis of core-shell nanocomposites to the top-down preparation of 
water-stable LHP from larger crystals. Fig. 10 is the schematic diagram 
of the principal LHP stabilization strategies. Table 2 describes the sta-
bility, optical and structural features of state-of-art data compilation. 

4.1.1. Modification or replacement of the native ligand 
A common strategy to improve the stability of LHP NCs is to decorate 

their surface with ligands, which offer steric hindrance and, hence, 
hinder the diffusion of water molecules to the perovskite core by 
avoiding their decomposition, and by also preserving colloidal and 
structural stability. 

Along these lines, one interesting approach is the replacement of 
oleylamine synthetic precursor in the HI methodology by the commonly 
known trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO). 
Apart from the stronger steric effect of the TOP ligand owing to their 
multibranched nature, under these conditions the reaction environment 
is free of amines, which avoids the neutralization reaction with OAs and 
subsequent ligand losses. In addition, according to the hard and soft acid 
and base (HSAB) theory, phosphine ligands allegedly possess stronger 
bonding with Pb2+ compared to OA and OLA, which enables ligand shell 
stabilization toward moisture (Fig 11A) [134–136]. TOP-CsPbBr3 
withstands exposure to ethanol in room light for 30 days with no sig-
nificant fluorescent quenching. 

An alternative strategy consists in ligand replacement in the LARP 
synthesis procedure. By using thiol appended polyhedral oligomeric 
silsesquioxane (POSS), which provides steric hindrance, CsPbX3NCs 
NPs, which preserve their luminescence after 10 storage weeks under 
ambient conditions, were achieved (Fig 11B) [45,137]. The use of strong 
bonding tetradecylphosphonic acid as a LARP precursor provides 
CsPbBr3 NCs coated with alkylphosphates, which retain 75% of their 
relative PL after dispersion in water for 5 h or heated to 375 K (100 ◦C). 
[138] In a similar approach, highly hydrophobic synthetic precursors, 
such as fluorocarbon alkoxysilanes, also enable the direct synthesis of 
CsPbBr3 in water, which exhibits a big absolute PLQY (~80%) with PL 
lasting for weeks. [139] However, the resulting NPs exhibit marked size 
variations and polydispersity. 

Most of the studies in the literature that report these methods 

describe stability in a mixture of water and nonprotic solvents, which 
indicates that water diffusion and perovskite decomposition are not 
prevented. Thus, further research that seeks more robust shells is 
mandatory. In addition, the described final products are suspensions and 
aggregates with high polydispersity and a broad size distribution due to 
their hydrophobic ligand nature, which negatively affects the use and 
processing of perovskite NCs in most applications. 

Finally, ligand exchange has been successfully demonstrated to 
preserve the structural stability of LHP. For example, the replacement of 
OA with an alkyl phosphinic acid leads to phase-stable cubic perovskite 
CsPbI3 NCs being obtained, whose structural stability remains for over 
20 days [143]. In an alternative approach, their post-synthetic passiv-
ation process by using a bidentate ligand, namely 2,2′-iminodibenzoic 
acid, renders passivated NCs, which exhibit narrow red PL with an 
exceptional PLQY quantum yield (close to unity) and substantially 
improved phase stability (Fig 11C) [144]. 

4.1.2. Encapsulation in amphiphilic lipidic micelles 
Lipid core micelles are a well-known and thoroughly studied system 

used for the encapsulation of QDs and organic molecules, such as 
organic dyes or drugs, which enables their transfer and dispersion in 
aqueous media. 

This strategy with LHP NCs is very challenging because it pursues the 
stabilization and dispersion of a hydrophilic core in polar media (unlike 
QDs or organic molecule, which are highly insoluble in water, and LHP 
are strongly ionic and water-sensitive in nature). Thus to date, the use of 
amphiphilic molecules has proven useful only for providing robust shells 
with improved structural stability (i.e. reduced detachment of surface 
ligands and NCs sintering in bulk crystals) [109,110]. 

Notwithstanding, very few works have demonstrated the effective 
encapsulation of LHP and nanoparticle stabilization in water by using 
amphiphilic micelles. For instance, Gomez et al. developed a smart 
strategy based on their encapsulation in solid lipid nanoparticles (made 
of lipids that are solid at room temperature) and stabilized by emulsifiers 
in water. By this methodology, CsPbX3 NCs encapsulated inside stearic 
acid solid lipid NPs, which preserve their water stability for a period 
longer than 2 months, have been reported (Fig. 12) [145]. By a different 
approach, Yang et al. reported CsPbBr3 NCs encapsulated in phospho-
lipidic micelles that bore different hydrophilic heads, which preserve 
their PL in water for days, and even under alkaline or acid conditions 
[17]. 

The main drawback of this strategy is the formation of polydisperse 
emulsion with a wide particle size distribution and heterogeneous NCs 
shapes (nanoplatelets, nanorods, etc.). Thus future research is necessary 
into the ligand design and development of double layered lipidic mi-
celles, which produce monodisperse NCs while preserving their struc-
tural and optical properties in water media. 

Other works have used micelle-forming polymer derivates for the 
growth and encapsulation of water-stable polymer NCs, which are 
considered to be more stable than their surfactant counterparts. Works 
related to polymeric micelles are discussed later in the polymer coating 
section. 

4.1.3. Encapsulation with inorganic materials 

Silica shell. Significant interest has been shown for nearly 20 years in 
overcoating inorganic NCs with silica (SiO2), which is chemically stable 
and transparent in the whole visible region, can protect materials 
against moisture-induced damage and possesses facile surface modifi-
cation with different functional groups to enable the further function-
alization of the outer surface of NCs, irrespectively of the core material 
and its surface chemistry. 

Normally, the silica shell is formed by the sol-gel approach, which 
consists in the basic hydrolysis of a silicon alkoxide precursor (tetra-
methylorthosilicate (TMOS) or tetraethylorthosilicate (TEOS)), followed 

Table 1 
Summary of the optical features reported of the most representative top-down 
and bottom-up LHP synthetic strategies described in the literature.  

Synthesis method Composition 
(AbX3) 

NCs 
size 
(nm) 

PLQY 
(%) 

FHWM 
(nm) 

Refs. 

Solvent-induced 
precipitation 

MAPbBr3 6 20% 25 [22] 

Ligand-assisted 
reprecipitation 

MAPbBr3 3.3 70% 21 [23] 
CsPbX3 (X = Cl, 
Br, I) 

8–10 70–95% 18–35 [67] 

Hot-injection CsPbX3 (X = Cl, 
Br, I) 

4–15 50–90% 12–42 [6] 

MAPbX3, (X =
Br, I) 

10–35 15–50% 19–22 [68] 

Spray pyrolysis MAPbI3 > 100 N. A. N. A. [69] 
Ligand-assisted ball 

milling 
APbBr3 (A =
MA, FA) 

20 25% – [70] 

APbBr3 (A = Cs, 
FA) 

N. A. 75–80% 27–34 [71] 

Laser ablation MAPbX (X = Br, 
I) 

4–8 6–67% 32–76 [72]  
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by room-temperature condensation in a silica network. It is worth 
mentioning that, when perovskite encapsulation methodologies started 
being investigated, extending sol-gel procedures to LHP seemed difficult 
because of the harsh operating conditions and water-sensitive 

perovskites’ nature. Recently however, many smart innovative solutions 
to prepare core-shell LHP@SiO2 NPs by adapting and softening previous 
methodologies have been reported. 

By adapting “water in oil” sol-gel methods using triton x-100 tenside 

Fig. 8. A) Schematic representation of the most important metalhalide perovskite-ligand-binding motifs. (B) Illustration of the dynamic surface stabilization of the 
CsPbBr3 NCs governed by the preferential attachment of oleylammonium bromide species. 
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and adjusting reaction water conditions, highly water soluble and stable 
CsPbX3@SiO2 nanocomposites can be obtained. Even in the absence of 
an alkaline catalyst and using solvent water traces or controlling the 
humidity environment for alkoxide precursors hydrolysis, SiO2 and, also 
TiO2 encapsulated NPs without decreasing the PLQY quantum yield, 
have been reported. (Method A. Fig. 13) [152,153] 

In a similar approach, by replacing TMOS and TEOS with (3-mer-
captopropyl) trimethoxysilane silica source, silane molecules first 
physically adsorb on the surface of CsPbBr3 NCs, and then hydrolyze and 
condense to form a silica shell overcoating. This method reports water- 
resistant CsPbBr3 nanodots of 170 nm encapsulated in silica shells that 
keep 50% of their original emission yield in water for over 6 weeks. 

[151] However, it is true that PLQY in water media are not provided and 
these methods generally lead to the formation of silica nanocomposite 
with several LHP cores inwardly rather than proper core-shell NPs. 
[147] 

An innovative approach to obtain a silica protective overcoating at a 
single particle level is the encapsulation of in situ-synthesized perovskite 
NCs (Fig. 13. Method B). Following this strategy, the addition of TMOS 
or TEOS and ammonia traces in the LARP methodology leads to the 
formation of core-shell NPs with a core size of around 10.5 nm and a 
shell thickness of about 7.7 nm, which preserve their PLQY (~90%) and 
present enhanced stability in water, even against ultrasonication treat-
ment. In this methodology, the silica network is formed on the LHP NCs’ 

Fig. 9. PLQY values reported for CsPbBr3 (green panel) and CsPbI3 (red panel) NCs originally capped with the OA and alkylamine mixture in response to the addition 
of ligands of different natures. Dotted lines represent the PLQY of the as-synthesized NCs. Reproduced from Ref. [100] Copyright 2018 American Chemical Society. 
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surface through the water oil interface, which enables controlled shell 
formation at a single particle level. [148] In addition, this strategy has 
also proven effective for the encapsulation of CsPbBr3:Sn and Cs4PbBr6: 
Sn NCs [180]. Notwithstanding, estimating PLQY in water and the ac-
curate study of colloidal features and size distribution still need to be 
solved. 

As an alternative approach, Huicheng et al. combined water- 
triggered (0D) Cs4PbBr6 to (3D) CsPbBr3 NCs phase transformation 
and sol-gel methods to CsPbBr3@SiO2 Janus NPs with enhanced water 
stability [123]. They also demonstrated that this is a universal strategy 
that can be extended to other perovskite compositions and other shell 
oxides, such as CsPbBr3@Ta2O5 [149]. Although the described NPs 
combine the advantages of both materials, in this method perovskite 
NCs are not encapsulated and, thus, stability issues in water are not fully 
addressed. In a recent work, Rossi et al. exploit the transforming prop-
erties of CsPbBr3 NCs to successfully prepare spherical CsPbBr3@SiO2 
core-shell NPs. However, they are poor emitters (PLQY< 2%) (Fig. 13. 
Method C). [122] 

Cheng et al. have reported the direct synthesis of CsPbBr3 NPs in 
ethanol solvent via the preformation of TEOS/APTES micelles in an acid 
catalyzed sol-gel process, which then act as nanoreactors for CsPbBr3 
NCs formation. By this methodology, monodisperse quasi-spherical 
CsPbBr3 NCs were obtained with an average diameter of 5.2 nm, 
which retain their PL in ethanol after 34 days (Fig. 13. Method D) [146]. 

From a different perspective, another interesting route to effectively 
provide LHP NCs protected by silica shields is the infiltration of MHP 
precursors in hollow silica nanospheres and subsequent in situ LHP 
growth. By this methodology, an average 20 nm diameter of 
MAPbBr3@SiO2 NPs, which remain stable in water solvent for 30 days, 
has been described (Fig. 13. Method E) [155]. 

In summary, significant advances have been made in the funda-
mental understanding of the underlying silica growth chemistry, and 
new avenues have opened out to the rational design of robust and effi-
cient core-shell NPs with potential for many fields, such as fluorescent 
labels for bioimaging, biosensing and molecular detection. Despite the 
continuous advancements made in this strategy, most of the reported 
methods have led to macroscale composites or a broad NPs size distri-
bution due to the softening of silica growth conditions. In addition, a 
structural and monodispersity study is still needed for synthesized core- 

shell NPs in water, while the PLQY in water media has not yet been 
properly estimated. 

Other inorganic shells. Apart from silica, several works have described 
effective LHP encapsulation within other well-known metal oxide 
frameworks, such as ZnO and Al2O3, which are extensively used for 
encapsulating predecessor QDs. For instance, by a pre-protection strat-
egy of CsPbBr3 NCs with Na+ cations that fills Cs+ vacancies, and a 
subsequent Al2O3 coating by means of sol-gel procedures, water-stable 
mulberry-like nanocomposite particles have been obtained (Fig. 14A). 
The pre-protection step avoids damage under harsh alumina growth 
conditions. [156] CsPbBr3@ NaYF4 and CsPbBr3@ ZnO with enhanced 
water stability have been obtained by simple solution phase methods 
heating fresh synthesized CsPbBr3 NCs with inorganic salt precursors 
and surfactants (Fig. 14B). [157] 

Another option to improve LHP water resistance is the formation of a 
peripherical water insoluble M(OH)x passivating layer. This protective 
hydroxide layer can be obtained by the post-synthetic aqueous treat-
ment of LHP powders. [158,159] By this method, MAPbBr3@Pb(OH)2 
rod-like shape NCs with average particles sizes of up to 4 µm and 
12–70% PLQYs have been described. 

The shell can also be made of different metal sulfide materials. 
Although this line has been less explored, there are already several 
promising studies that describe efficient encapsulation in Ag2S, [161] 
ZnS [162,181] and CdS (Fig. 14D). [182,183] 

Although not properly encapsulated, there have also been reports 
about CsPbX3 NCs decorated with metal aggregates (Ag or Au). This 
occurs as a result of the reaction within perovskite NCs with M(I) halide 
salts, and Ag or Ag nanoparticles are deposited on the surface of pe-
rovskites via the reduction of Au1+ or Ag1+ ions by the surfactant ligand 
shell to produce Au-CsPbX3 and Ag-CsPbX3 heterostructures. These NCs 
exhibit enhanced light harvesting because of the scattering effect of 
metal, but no evidence of water resistance improvements has been 
provided for these systems. [164,165] Interestingly, these met-
al-CsPbBr3 heterostructures can maintain PLQY of 70%, unlike similar 
Au–Cd chalcogenide heterostructures for which band-edge lumines-
cence is quenched by the presence of metal. 

Finally, several works capitalize the phase transformation ability of 
LHP to create perovskite-related structure shells that exhibit higher 

Fig. 10. Schematic representation of encapsulation strategies to obtain perovskite NCs with improved stability at a single particle level.  
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Table 2 
Summary of the optical, structural and stability features of LHP NCs stabilized at a single particle level. (N.P. Value is not provided).  

Modification or replacement of the native ligand  

LHP/shell PLQY 
(%) 

Particle size 
(nm) 

PLQY (water) 
(%) 

Stability Refs. 

CsPbBr3/TOPO+oleic acid 64–71 
(dimethylbencene) 

22.7 ± 2.6 N.P. 30 days (ethanol) [134] 

CsPbX3/TOPO N.P. 9–14 N.P. 2 h (ethanol) [135] 
CsPbX3/TOP 75–86 (hexane) 9 ± 1 60–74 (hexane: 

water) 
52 h (hexane:water) [136] 

CsPbX3/ polyhedral oligomeric 
silsesquioxane 

45–62 (toluene) 12–15 N.P. 10 storage weeks under ambient 
conditions 

[137] 

MAPbBr3/ adamantylammoniun ~100 (toluene) Nanoplatelets 
44 × 35 nm2 

N.P. 120 min (water:toluene) [45] 

CsPbBr3/alkylphosphates 68 (toluene) ≤ 10 N.P. 5 h (water) [138] 
CsPbBr3/Cs4PbBr6/ 

perfluorooctyltriethoxylsilane 
N.P. Rectangle-shaped 

20–100 
80 8 days (water) 

1 day (phosphate buffer solution, PBS) 
[139] 

APbBr3/ oleylammonium lead 
bromide-terminated surface 

95–99 (hexane) 8.4 ± 0.62 (CsPbBr3) 
14.2 ± 1.2 (MAPbBr3) 
11.9 ± 1.4 (FAPbBr3) 

N.P. CsPbBr3: 65% of original PL intensity 
(hexane:water) 
MAPbBr3 and CsPbBr3: 85% of original 
PL intensity (storage under ambient 
conditions) 

[140] 

Cs3Bi2Br9  N.P. 4.80 ± 1.24 37 (ethanol) 
42 (ethanol:water) 

30 storage days under ambient 
conditions 
8 h (ethanol:water) 

[141] 

CsPbBr3/N-doped graphene quantum 
dots 

35.2 (paraxylene) 15.3–35.7 33.6 7 days (water) [142] 

CsPbI3/ alkyl phosphinic acid N.P. 9.5–12.1 N.P. Structural and phase stability for 20 days [143] 
CsPbI3/ 2,2′- iminodibenzoic acid 95 ± 2 (octane) 12 ± 1.5 N.P. Structural and phase stability for 15 days [144] 

Encapsulation in phospholipid micelles 

CsPbBr3/phospholipids N. P. 255.3  N.P. original PL intensity (water) after 27 
days 
96 h (acid and alkaline media) 

[17] 

CsPbX3/stearic acid 52 CsPbCl3 

85 CsPbBr3 

33 CsPbBrxI1-x 

700 ± 240 13 CsPbBr3 

9 CsPbBrxI1-x 

% of original PL intensity after 100 h 
(water) 
~30–40 for CsPbBr3 

~90–95 for CsPbBrxI1-x 

[145] 

Encapsulation with inorganic materials 

CsPbBr3/SiO2 N.P. 5.2 61.2 (ethanol) 34 days (PLQY~38%) [146] 
CsPbX3/SiO2 9.1 CsPbCl3 

84 CsPbBr3 

45 CsPbI3 

(cyclohexane) 

120 59.4 CsPb 
(Cl0.5Br0.5)3 

82 CsPbBr3 

73 CsPb(Br0.3I0.7)3 

60 of original PL intensity (water) 
after 100 h 

[147] 

CsPbBr3/SiO2 90 (toluene) 25–30 N.P. 100% of original PL after 40 min 
(sonication, water) 

[148] 

Silica Shell PLQY 
(%) 

Particle size 
(nm) 

PLQY (water) 
(%) 

Stability Ref. 

CsPbBr3/SiO2 

CsPbX3/Ta2O5 

80–85 (hexane) Janus NPs 
11.2 (CsPbBr3) 
3.4–12.6 (SiO2) 

N.P. 80% of its original PL intensity (hexane: 
water) 

[149] 

CsPbBr3/SiO2 N.P. 14–19.4 N.P. 35.8% of its original PL intensity after 48 
h (toluene:water) 
Still luminescent in water after 48 h (not 
reported value) 

[150] 

CsPbBr3@SiO2 78 (toluene) 170 N.P. 50% of its original PL intensity after 20 
days (water) 

[151] 

MAPbBr3/SiO2 89 (toluene) 150 N.P. 8o% of its original PL intensity after 7 
days (powder at 80% relative humidity; 
RH) 

[152] 

CsPbBr3/TiO2 N.P. 22 N.P. 85% of its original PL intensity after 3 
months (water) 

[153] 

CsPbBr3@SiO2 48 (powder) 200–1000 
Pore size 2–7 

N.P. N.P. [154] 

(MAPbBr3@SiO2/poly (vinylidene 
fluoride) 

85.5 (powder) Hollow nanosphere 
20.7 
Cavity 3.7–9.9 

N.P. 100% of its original PL intensity after 60 
ambient storage days 
60% of its original PL intensity after 2 h 
(water)  

[155] 

(continued on next page) 
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Table 2 (continued ) 

Modification or replacement of the native ligand  

LHP/shell PLQY 
(%) 

Particle size 
(nm) 

PLQY (water) 
(%) 

Stability Refs. 

LHP/other inorganic shells PLQY 
(%) 

Particle size 
(nm) 

PLQY (water) 
(%) 

Stability Ref. 

CsPbX3@Al2O3 N.P. 300 nm-thick with lengths of 
up to several micrometers 
(rods) 
<1 µm (mulberry structures)  

N.P. 100% of original PL intensity after 40 
min (water, sonication) 

[156] 

CsPbBr3@ZnO 
CsPbBr3@NaYF4 

N.P. CsPbBr3@ZnO 
200-nm thicked 
600-nm length 
CsPbBr3@NaYF4 

50–500 

N.P. Stable in water and ethanol solvents. 
Time-stability test not afforded 

[157] 

MAPbBr3@PbBr(OH) N.P. Rod-like shape 
1.5 × 4 μm 

71.54 % of original PL intensity 
90% (1 year, water), 80% (100 ◦C, water) 
50% (60 h, UV) 

[158] 

Cs3Bi2Br9/BiOBr 46.4% (toluene) < 100 nm N.P. 130% of original PL after 50 h (toluene: 
water) 

[159] 

APbX3@Pb(OH)2 MAPbBr3@Pb(OH)2 

11.7 
MAPbBr3− xClx@Pb 
(OH)2 

8.3 
CsPbBr3@Pb(OH)2 

53.9 

Rod-like shape 
>100 µm length 

MAPbBr3@Pb(OH)2 

11.7 
MAPbBr3− xClx@Pb 
(OH)2 

5.1 
CsPbBr3@Pb(OH)2 

53.7 

% original PL intensity after 6 months 
(water) 
82% for MAPbBr3@Pb(OH)2 

50.9% for MAPbBr3− xClx@Pb(OH)2 

71.3% for CsPbBr3@Pb(OH)2  

[160] 

CsPbBr3@Ag2S 54 (hexane) Janus NPs 
8–10 (CsPbBr3) 
2 (Ag2S) 

82 6.3% (PLQY, water, 30 days) [161] 

CsPbX3@ZnS 70.1–75.7 (toluene) Janus NPs 
18 (CsPbX3) 
2 (ZnS) 

N.P. 60% of original PL intensity (12 storage 
days under ambient conditions) 

[162] 

CsPbBr3@CdS 88 (toluene) 22.1 ± 1.5 N.P. N.P. [163] 
CsPbBr3@Au 2.97 for CsPbCl3@Au 

52.07 for 
CsPbBr3@Au 
23.05 for CsPbI3@Au 

Janus NPs 
8–10 (CsPbX3) 
<5 (Au) 

N.P. N.P. [164] 

CsPbBr3@Ag 82.5 for CsPbClxBr3- 

x@Ag 
15–24 nm (CsPbX3) 
2–5 nm (Ag) 

N.P. N.P. [165] 

CsPbX3/CsPb2Br5 78.9 for CsPbxX3-x/ 
CsPb2Br5 

77.4 for CsPbBr3/ 
CsPb2Br5 

~10 N.P. % original PL intensity (10 days) 
CsPbBr3/CsPb2Br5 

93% (UV), 94% (water), 42% (100 ºC) 
CsPbxX3-x/CsPb2Br5 

90% (UV), 88% (water), 25% (10 days, 
100 ºC) 

[166] 

CsPbBr3/CsPb2Br5 N.P. ~10 N.P. 2 h (ethanol:water, ultrasonication)  [167] 

MAPbBr3/ (OA)2PbBr4 92 (hexane) ~5–12 N.P. 85% of original PL intensity after 1 
month (storage under ambient 
conditions, 60% RH) 

[15, 
168] 

Polymeric coatings 

MAPbX3@ (PS-b-P2VP) diblock 
copolymer 

63 for MAPbBr3 

55 for MAPbI3 

(toluene) 

11–27 N.P. MAPbBr3 

30% of original PL intensity after 30 days 
(film, water)  

[169] 

APbX3@ (PS-b-P2VP) diblock 
copolymer 

N.P. 5.16 ± 3 (MAPbBr3) 
From 7.92 ± 0.78 to 65.4 ± 6.2 
(MAPbI3) 
7.35 ± 1.2 (FAPbI3) 

N.P. MAPbBr3 

58% of original PL intensity after 8 weeks 
(storage, ambient conditions) 

[170] 

CsPbBr3@ (PS-b-P2VP) diblock 
copolymer 

51% (toluene) 20 N.P. 80% of original PL intensity after 15 h 
(water) 
100% of original PL intensity after 1000 
h (isopropanol) 

[171] 

CsPbX3@PHEMA-g- (PAA-b-cPS) N.P. CsPbBr3 

21.2 ± 1.8 
N.P. % original PL intensity (toluene) 

CsPbBr3 

85% (35 h, UV-illumination) 
90% (1-month, storage at 60% RH) 
88% (2 h, 80º C) 
84% (6 h, toluene:water, (1:10)) 

[172] 

MAPbBr3@ polystyrene-b-poly(ethyl 
oxide) 

56 (toluene) 25.8–104 43 (vesicles) 
29 (NCs) 

% original PL intensity (water) 
33% (PLQY, 7 months, water) 

[173] 

CsPbBr3@polymer/SiO2 88 (toluene) 22.8–27.6 N.P. 80% of its original PL intensity after 14 
days (films under 80% RH) 

[174] 

(continued on next page) 
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Table 2 (continued ) 

Modification or replacement of the native ligand  

LHP/shell PLQY 
(%) 

Particle size 
(nm) 

PLQY (water) 
(%) 

Stability Refs. 

CsPbBr3@mPEG-NH2 N.P. 40–80 41 % original PL intensity (water) 
130% (1 week), 80% (100º C) 

[175] 

CsPbBr3@polyimide 88.1 (toluene) 135.2 N.P. % original PL intensity (toluene) 
90% (40 days, ambient conditions) 
80% (60 min, water:toluene) 

[176] 

Top-down NCs synthesis 

2D-CsPbBr3 nanosheets N.P. Nanosheets 
(1 µm × 1 µm) 
8 nm-thicked 

82.3% % original PL intensity 
87% (168 h, water) 
85% (2 h, UV illumination, water) 

[177] 

MAPbX3 67 (MAPbBr3) 
22 (MAPbBrxI1-x)3) 
6 (MAPbI3) 

MAPbBr3 (4.4 ± 0.9) 
MAPbBrxI1-x)3 (8.1 ± 1) 
MAPbX3 (6 ± 1) 

N.P. N.P. [72] 

CsPbBr3 Nanowires 60 (ciclohexane) 2.1 nm-thicked N.P. 80% of original PL intensity (120 min, 
water:ciclohexane) 

[178] 

CsPb2Br5@SiO2 90 (toluene) 36.1 ± 4.5 5 100% of original PL intensity (3 days, 
water) 

[179]  

Fig. 11. Stabilization strategies via surface modifications or the replacement of the native ligand. A) CsPbBr3 NCs stabilized in ethanol solvent via post-synthetic 
treatment with trioctylphosphine oxide ligand (Adapted from Ref. [135] Copyright 2017 American Chemical Society) B) Multicolored and water-resistant CsPbX3 
powders obtained after NCs coating with polyhedral oligomeric silsesquioxan (POSS). Reproduced from Ref [137]. with permission from the Royal Society of 
Chemistry and C) phase-stable cubic CsPbI3 NCs obtained by post-synthetic passivation with bidentate 2,2′-iminodibenzoic acid. (Reprinted from Ref [144]. 
Copyright 2018 American Chemical Society). 
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water resistance properties. These heterostructures can be obtained by 
finely tuning HI reaction conditions, exhibit good stability with UV 
exposure and water-immersion for up to 10 days (Fig. 14) [166,167, 
184]. 

4.1.4. Polymeric coatings 
The encapsulation of LHP in polymeric shells constitutes a smart and 

versatile strategy because it allows shells to be designed with devised 
functionality through the synthetic control and chemical derivatization 
of “puzzle pieces”: monomers. In this way, several reports have 
described efficient coatings for metal and semiconductor NCs by means 
of amphiphilic polymers, which contain hydrophobic groups that 
interact with the original ligand and hydrophilic groups to allow the 
dispersion of NCs in water. This strategy has enabled the development of 
commercial NPs of a variety of materials stabilized in aqueous media 
without altering their optical properties [185,186]. 

With this strategy in mind, several works have used the rational 
design of polymeric micelles, which act as nanoreactors that assist 
crystal growth, which occurs inside their cores and protects them from 
water decomposition or sintering processes. For example, several works 
have proposed employing preformed polystyrene-poly(2-vinylpyridine) 
(PS-b-P2VP) diblock copolymer core-shell micelles in toluene with the 
P2VP part forming the core and the PS part forming the shell for the 
controlled synthesis of MAPbX3 NCs. In short, perovskite precursor salts 
added to the micelle dispersion in toluene accumulate in the cores of 
micelles due to diffusion. Therefore, the solubility product changes and 
precursors crystallize to form perovskite, an entropically driven process. 
In this way, the core confines perovskite formation, whereas the shell 
separates individual reservoirs. This process has been demonstrated to 
be highly reproducible and results in monodisperse luminescent NCs 

with sizes that are tunable through the core polymer block length, and 
provides perovskite NCs encapsulated in polymer shells, which display 
strong stability against moisture and halide ion migration [169–171]. 
(Fig. 15) 

The amphiphilic block copolymer nanoreactor strategy can afford 
stable perovskite NCs with controlled compositions and surface chem-
istry. Thus it has been extended to other block copolymer compositions, 
such as poly(2-hydroxyethyl methacrylate)-graft-(poly(acrylic acid) 
block-partially cross-linked polystyrene[172] and polystyrene-b-poly 
(ethyl oxide) [173]. 

In a smart approach, He et al. construct a tri-block polymeric 
nanoreactor that starts from cyclodextrin structures. The judiciously 
design of copolymer hydrophilic/hydrophobic features renders dual- 
shelled CsPbBr3@polymer/SiO2 NPs with a controlled, yet tunable, 
perovskite core diameter, SiO2 shell thickness, and surface chemistry 
[174]. These NPs exhibit stability at 80% RH, but quickly degrade in 
water media. 

Another interesting approach to the synthesis of LHP polymeric core- 
shell NPs is the replacement of synthetic precursors with polymer li-
gands. For example, using methoxypolyethylene glycol amine as a 
synthetic precursor of LARP methodologies leads to the formation of 
CsPbBr3/mPEG-NH2 NPs, which preserve their structural stability and 
exhibit superior water solubility. It is worth noting that although these 
NPs preserve their luminescence for over 1 week, they eventually evolve 
to dendritic structures of sizes up to several microns [175]. Furthermore, 
the introduction of polyimide into LARP can effectively improve LHP 
stability against harsh environments, such as moisture, heat, oxygen and 
light [176]. 

The encapsulation of perovskite NCs inside polymeric shells seems 
effective for preparing more resistant NPs, which are stable in water 

Fig. 12. Scheme procedure for the encapsulation of CsPbBr3 perovskite in a solid lipid matrix of stearic acid micelles. Reproduced from Ref. [145] with permission 
from the Royal Society of Chemistry. 
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Fig. 13. Schematic representation of the more representative procedures for the encapsulation of LHP NCs on silica shells. The figure is adapted from Ref [123,146, 
148,155]. Copyright 2016, 2018 and 2020 American Chemical Society. Copyright 2021 Royal Society of Chemistry. 
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over longer periods. They also present the ability to functionalize 
polymeric coatings with multiple different functional groups, which 
facilitates the processing of the final NPs. Therefore, this approach 
presents a very high potential for obtaining colloidal aqueous suspen-
sions of LHP. Nevertheless, most of the described polymeric coated NPs 
present poor chemical and structural stability in water. Thus further 
ligand design research is mandatory. In addition, some disadvantages of 
these strategies still need to be solved, such as substantially increased 
diameters, which hinders their application in biosensing and imaging 
applications, and obtaining shells which prevents aggregation 
phenomena. 

Top-down nanoparticle synthesis. Nanomaterial synthesis approaches can 
be broadly divided into two categories: “top-down” and “bottom-up”. 
The “top-down” approach often uses lithographic, mechanical or 
chemical techniques (i.e. laser-beam, grinding, polishing of chemical 
etching) as tools for cutting, milling and processing small NCs by starting 
from bigger ones or composites. Conversely, “bottom-up” approaches 
exploit the chemical properties of molecules for the assembly of core- 

Fig. 14. Schematic diagram of LHP NCs encapsulated in different inorganic shells. (A) SEM image and elemental mapping of CsPbX3@Al2O3 microstructures. 
Reproduced from Ref. [156] with permission from the Royal Society of Chemistry. (B) CsPbX3 decorated with the ZnS overcoating. Reprinted from Ref. [162,181] 
Copyright 2017 Wiley-VCH. Copyright 2020 American Chemical Society. (C) Schematic illustration and TEM image showing MAPbBr3 coated with a Rb4PbBr6 
perovskite-related structure. Reprinted from Ref [184]. Copyright 2018 American Chemical Society D) CsPbBr3@CdS core-shell NPs. Reproduced from Ref [183]. 
Copyright 2019 Wiley-VCH. 

Fig. 15. Schematic illustration and SEM micrograph of the MAPbI3 nano-
particles that form in the diblock copolymer polystyrene-b-poly(2-vinyl pyri-
dine) copolymer shell. Adapted from Ref [170]. Copyright 2019 American 
Chemical Society. 
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shell NPs. Although bottom-up strategies seem more suitable for 
developing LHP NCs because they well control the process and can 
produce much smaller sized and highly monodispersed nanoparticles, it 
is worth mentioning that there have recently been some works that 
describe LHP NCs synthesis via top-down methods. 

Accordingly, ultrahigh intrinsically water-stable all-inorganic 2D 
CsPbBr3 (1 µm × 1 µm) nanosheets are obtained via the aqueous phase 
exfoliation method of larger Cs4PbBr6 NCs. Compared to conventional 
perovskite NCs, these unique quasi-2D CsPbBr3 nanosheets present 
water stability after 168 h [177]. In a similar approach, Jana et al. have 
reported a top–down aqueous synthesis of α-FAPbI3 NCs from bulk 
δ-FAPbI3, which remained stable under ambient conditions for more 
than 6 months. In addition, as-synthesized α-FAPbI3 exhibits dual 
emission in yellow and red regions, which indicates the formation of the 
self-trapped emissive excited state [187]. 

In a two-step consecutive processes, ultrathin CsPbBr3 nanowires 
have been obtained by the transformation of CsPbBr3 nanocubes into 
Cs4PbBr6 smaller NCs in the presence of thiourea, cysteine or thio-
acetamide, followed by further rearrangement into NWs. The resulting 
materials obtained a large PLQY (up to 60%). They also displayed good 
resistance to water treatment, whichwas attributed to surface passiv-
ation by thiourea [178]. 

MAPb(X)3 colloidal NCs have also been successfully synthesized by 
laser irradiation (532 nm) of bulk crystals [72,188]. (Fig. 16A). Finally, 
this group has described monodispersed and water-resistant blue lumi-
nescent CsPb2Br5@SiO2 core-shell NPs, which were synthesized by the 
top-down formation of CsPb2Br5 from larger CsPbBr3 NCs, followed by 
their encapsulation in silica shells (Fig. 16B) [179]. 

Fig. 16. A) Schematic description of the laser ablation synthesis setup for the top-down preparation of ligand free LHP inks. Adapted from Ref [188]. Copyright 2017 
Wiley-VCH. (B) Schematic representation of the top-down formation mechanism of CsPb2Br5 silica-coated core-shell NPs from CsPbBr3 NCs. Reprinted from Ref 
[179]. Copyright 2021 American Chemical Society. 
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4.2. LHP composites 

The previous section summarizes recent developments related to 
obtaining LHP and core-shell nanomaterials with improved water 
resistance at a single particle level. However, ever since the investiga-
tion of LHP NCs began, several methodologies have been reported to 
improve the stability of LHP NCs by embedding them in other materials’ 
matrices, such as different types of polymers, silica, alumina, among 
others. Although particles singularity is lost in these approaches, the 
developed perovskite nanocomposites can be processed in different 
shapes and morphologies, such as film, gels, fibers, or even small NCs, 
with a myriad of applications, some of which have already been proven; 
e.g. backlight displays, photovoltaic devices, light-emitting diodes. 
Others are still to be exploited; e.g., biosensing gratings, anti-
counterfitting, scintillators or planar waveguides. We now move on to 
introduce and discuss different strategies, which have been identified in 
the literature, to prepare LHP composites by either in situ crystal growth 
or post-synthetic encapsulation in host matrices (Fig. 17). 

4.2.1. Polymeric composites 
A straightforward route that enables the successful encapsulation of 

LHP NCs on the macroscale is performed by the dynamic swelling- 
deswelling process of polymer materials. Typically, by mixing perov-
skite precursors or directly presynthesized NCs and hydrophilic poly-
mers, when the solvent evaporates, polymers deswell, shrink back and 
form a robust hydrophobic matrix around LHP. In addition, by selecting 
polymers with an adequate functional group, they can act as multi-
dentate ligands that attach intimately to NCs surface to result in well 
dispersed PS NCs that are very efficient against water, oxygen or heat. 
LHP microencapsulation by the swelling-deswelling process has been 
described for a wide variety of polymers, including PMMA [189], pol-
ycarbonate (PC), acrylonitrile butadiene styrene (ABS), cellulose, poly-
vinyl chloride (PVC) and S4-vinylbenzyl-dimethyloctadecylammonium 
chloride (V18), and some diblock copolymers [190–192]., ethyl-
envinylacetate (EVA) [193], polyvinylidene(difluoride) [194] or poly 
(styrene-ethylene-butylene-styrene)[195] (Fig. 18 (A–C)). 

Another universal strategy to obtain highly stable luminescent 

perovskite-polymer composites for most commercially available mono-
mers and polymers is that performed by thermal or UV-photoinitiated 
polymerization [196,197]. Pan et al. introduce a facile and effective 
strategy to prepare solution processable CsPbX3 NC-polymer inks by 
mixing LHP NCs prepassivated with methacrylic acid (MA) ligands with 
hydrophobic methyl methacrylate and methacrylisobutyl POSS mono-
mers. The resulting inks can be processed in different configurations 
and, with the UV-curing process, this can render nanocomposites with 
remarkable chemical stability to water and much enhanced thermal 
stability [198] (Fig. 18 (D-E)). In a similar methodology, 
perovskite-organogels with record-high stability (> 110 days immersed 
in water with different pH and temperature values) and tunable me-
chanical properties were prepared by in situ producing and embedding 
perovskite NCs in the hydrophobic polyacrylate matrix [199]. 

In another work, Carrillo-Carrión et al. propose employing amphi-
philic polymer poly-(isobutylene-alt-maleic anhydride)-graft-dodecyl 
(PMA), which has been widely used to provide NPs with colloidal sta-
bility in aqueous media. In these methods, aliphatic chains assemble in 
native olefin ligands, while maleic anhydride enables NP water disper-
sion after their hydrolysis in aqueous media. By this method, 1–2 fine 
µm-sized nanopowders dispersed in water with LHP NCs homogeneously 
dispersed inside are described (Fig. 18 (F–I)). [200] 

4.2.2. Liquid atomization methods 
The liquid-atomization, solvent-removal or spray-assisted methods 

are common terms used to refer to such approaches [201,202]. The main 
principle consists of the atomization of a liquid solution into fine 
droplets, followed by a fast solvent evaporation process, which gener-
ates an already dried product with micro- or nano-sized particles. This is, 
in fact, the main advantage of atomization-based approaches. No further 
drying steps are needed, which makes the whole process cheaper and 
shorter. Electrospraying, electrospinning, spray-drying and 
spray-pyrolysis are examples of the techniques in this category. [203, 
204] 

By liquid atomization methods, Yang et al. [205] prepared stable 
CsPbBr3@polystyrene microspheres (of around 4–5 μm and 10 μm, 
respectively). This results from electrospraying LHP NCs synthesized by 

Fig. 17. Main strategies for obtaining LHP composites: a schematic overview.  
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the LARP methodology with polystyrene polymer. (Fig. 19 (A-D)). 
Wang et al. embedded CsPbBr3 NCs in poly-vinylidene fluoride 

(PVDF). The resulting NPs exhibit an average size of ca. 600 nm and 
stability in an aqueous solution of several buffers. In addition, their 
potential as luminescence probes for cell membrane imaging in MCF-7 
cells was proven [206]. 

By adjusting procedure conditions, such as voltage, flow rate, dis-
tance, environmental conditions, electrical conductivity and other 
rheological properties of the solution, the kind of produced particle can 
evolve from spherical-like particles by electrospraying to fibers by 
electrospinning. Fiber manufacturing has awakened special interests in 

producing white light-emitting diodes (WLEDs) [207–209] (Fig. 19 
(E–J). By employing the coaxial electrospinning process, where LHP and 
polymeric solutions are injected from separate needles, Jiang et al. 
[210] prepared multicolored fibers in red and green, respectively, which 
produced white light when irradiated by a blue LED. 

Apart from LEDs applications, others have made their way to the 
biosensing field. Considering CsPbBr3 perovskites’ excellent optical 
properties and the high surface-to-volume ratio of as-prepared electro-
spun polymer-based nanofibers [211], fluorescence resonance energy 
transfer (FRET) based on detection fibers has been developed to identify 
the presence of ultralow concentrations of Rhodamine 6 G (R6G), 

Fig. 18. Perovskite–polymer composites: (A) water-stability and (B) optical properties of several MAPbBr3–polymer films obtained by the swelling-deswelling 
method; (C) photograph of red QD–polystyrene (QD-PS) and MAPbBr3–polystyrene composite films under UV illumination and a scheme of white light genera-
tion by integrating composite films with the blue light-emitting diode. (D) Obtaining a processable ink and the WLED device based on CsPbX3 NCs–polymer 
composites by means of UV-photoinitiated polymerization; (E) optical properties of different CsPbX3 NCs–polymer composites. (F) SEM image of the LHP NCs 
embedded in the amphiphilic polymeric matrix of PMA; (G) PL spectra and (H) thermal stability at 60 ◦C of LHP NCs in hexane and LHP-PMA composite in water; (I) 
confocal image (green channel) of HP-PMA grating after being immersed in water for 1 h. (A-C) Adapted from Ref [190]. Copyright 2016 WILEY-VCH. (D,E) 
Reproduced from Ref [198]. Copyright 2018 American Chemical Society. (f-i) Adapted from Ref [200]. Copyright 2019 Elsevier Ltd. 
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trypsin, Cu+2 and pH [212]. 
To date, this cost-effective technique has been successfully used on 

the laboratory scale, and the biggest challenge is only scaling-up for 
industrial purposes. One way to increase production would be to use 
several spraying nozzles or increase the number of spraying equipments. 
[213] 

4.2.3. Perovskite glasses 
As an alternative, inorganic oxide glass is believed to be a robust host 

for protecting perovskite NCs. By making good use of stability, appli-
cations of NCs embedded glasses on nonlinear optical devices [214, 
215], emitting devices [216–218], and signal amplification in the 
fiber-optic communication system [219], have been explored. 

Within this framework, by designing appropriate glass composition, 
microencapsulation inside glass can be done by conventional melting- 
quenching and a subsequent heat treatment technique. As halide is 
highly volatile at a high temperature, the glasses chosen to precipitate 
CsPbX3 NCs should have a low melting point (<1300 ◦C), such as bo-
rosilicates [220–222], phosphosilicate [223–225], tellurium-based 
[226] and germinate glasses [218,227] (Fig. 20). 

To benefit from outstanding PL and stability, glasses with halide 
perovskite NCs are quite suitable for light sources and photonic devices, 
and most reported perovskite glasses nanocomposites have been 
employed as light converters. For example, by precipitating CsPbBr3 in a 
glass slice and coupling it with a GaN blue LED, green light-emitting 
device with a luminous efficiency of 118 lm W − 1 and an external 
quantum efficiency of 28.14% has been described. With CsPbBr3 and 
CsPbBrI2 nanocrystal–embedded glass slices as light converters, white 
light with a luminous efficiency of 50–60 lm W− 1 and an external effi-
ciency of 20–25% can be achieved. 

Regarding stability, glass is a proven excellent candidate to provide 
protection from harsh environments. Liu et al. [221] obtained CsPbBrI2 
NCs in borosilicate glass, which maintained 95.8% of their initial 
luminescence intensity under accelerated aging conditions (85% RH, 85 
ºC) for 500 h. Yuan et al. [226] also successfully synthesized CsPbBr3 
NCs in tellurite-based glass, and showed improved water stability 
because 60% of the emission intensity was maintained after immersing 
NCs-embedded glass in water for up to 45 days. CsPbBr3 NCs were also 
successfully precipitated in boro-germanate glass (CsPbBr3 NCs@glass) 
with well-designed compositions, and not only retained a large PLQY (of 
43% upon 450 nm excitation) and a narrow bandwidth (fwhm of 22 
nm), but also showed significantly enhanced stability in relation to 
water, heat and UV/blue irradiation [227]. 

Although LHP’s instability problems can be well solved by embed-
ding CsPbX3 (X = Cl, Br, I) NCs in these glasses, some urgent drawbacks 
still need to be overcome. For instance, the high melting temperature of 
silicate-based glasses results in the remarkable volatilization of Br 
sources and reduces the amount of crystallized perovskite in glass. In 
addition, challenges still remain as to the high costs incurred from using 
expensive GeO2, while phosphate and tellurite glasses also exhibit poor 
chemical/mechanical stabilities. 

4.2.4. Template-assisted methods 
This approach adopts some ordered media, such as mesoporous sil-

ica, as a template for allowing the growth of LHP NCs in their pore 
structure. By this method, LHP crystal sizes and emission properties can 
be tuned by adjusting template pore dimensions. It makes this strategy 
especially appealing for the synthesis of small-sized LHP NCs, which are 
difficult to synthesize by wet methods given the instability problem 
caused by size effect (smaller than 7-8 nm). In addition, the template can 
act as a physical barrier that prevents LHP coming into contact with 
water and can improve their stability. 

The template is usually added to a solution containing perovskite 
precursors with low pressure in a flask. Then precursors enter template 
pores due to pressure differentiation. Finally, by moderate heat treat-
ment, LHP NCs form inside template pores. Several works have recently 

Fig. 19. LHP composites obtained by liquid atomization methods: A) confocal 
laser scanning microscopy image of CsPbBr3-PS microspheres; (B) XRD patterns 
of PS, pure CsPbBr3 NCs and CsPbBr3@PS microspheres; (C) stability of CsPbBr3 
NCs and CsPbBr3@PS in water:toluene 1:1; (D) images of CsPbBr3@PS elec-
trosprayed on Al foil in water and 30 days later under UV light irradiation (365 
nm). (E) schematic image of the obtained CsPbBr3@PS fibers; (F) secondary 
electron and (G) backscattered electron SEM images of CsPbBr3@PS fibers; (H) 
ambient light and (I) UV-light images of CsPbX3@PVAc fibers with tailored 
compositions and (J) their optical properties. (A-D) Adapted from Ref [205]. 
with permission from the Royal Society of Chemistry. (E-J) Adapted from Ref 
[207]. Copyright 2018 WILEY-VCH. 
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demonstrated that perovskite NCs of different halide and A-cation 
compositions can be controllably formed in a variety of porous matrices, 
including MSU-H and MCM-48 [154], MCM-41 and SBA-15 [228,229], 
KIT-6 [230] and Zeolite-Y [231] (Fig. 21). In addition, 
templated-synthesized PS NCs exhibit pore size-dependent PL spectra 
and good stability with no noticeable drop in brightness, not even after a 
few days. For instance, LHPs nanowires confined inside anodic alumina 
oxide substrates in combination with PMMA sealing exhibit highly sta-
ble emission intensity that degrades only 19% after continuous 250 h of 

UV excitation and degrades 30% after three months when stored in air at 
50% humidity [232] The main shortcoming of this strategy is the small 
PLQY reported for these nanocomposites regarding the NCs synthesized 
by ligand-assisted methodologies. 

APbX3 NCs have been successfully infiltrated and grown inside film 
mesoporous host matrices, such as HKUST-1[233], Au-PDMS [234], 
SiO2 nanowires [235] and electrochemical etched electrodes [236]. 

Fig. 20. Perovskite glasses: (A) TEM image of a 
low-melting (700 ◦C) phosphosilicate glass 
embedded with CsPbBr3 NCs and the HRTEM 
micrograph of an individual CsPbBr3 NP. (B) 
Luminescent images of different Zn–P–B–Sb 
based oxide glass powders embedded with LHP 
NCs dispersed in silicone gel: blue-emitting 
(CsPbBrCl2), green-emitting (CsPbBr3), red- 
emitting (CsPbBr0.5I2.5) and their white- 
emitting mixture. (C) Electroluminescence 
spectrum of a LED device recorded by coupling 
the mixture of blue, green and red glass pow-
ders with a UV chip; the inset is the corre-
sponding device driven by an operation current 
of 20 mA. D) CIE chromaticity coordinates of 
the LED devices in operation and the NTSC TV 
color standard (black triangle). E) PLQY values 
of the CsPbBr3 NCs@glass samples obtained by 
glass crystallization at different temperatures 
and F) their stability in aqueous solution. G) 
Schematic diagram of the obtained fluoride- 
doped CsPbX3@oxyhalide borosilicate glasses 
and H) the XRD patterns of glass samples 
heated at several temperatures for 2 h. (I, J) 
Series of CsPbX3 @glass monoliths under 
daylight irradiation and 365 nm UV light, 
respectively. (A, B-F) Reproduced from Ref 
[224,225]. with permission from the Royal So-
ciety of Chemistry (G-J) Reproduced from Ref 
[222]. with permission from the Royal Society 
of Chemistry.   
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5. Applications 

5.1. Imaging and biosensing applications of LHP NCs 

LHP NCs are a new class of luminescent materials with the potential 
to surpass the performance of inorganic (gold, silver, CdSe, CdS nano-
particles, etc.) and organic fluorophore predecessors in sensitivity terms 
in the imaging nanodiagnostics and biosensing field [16,237]. LHP offer 

unique properties that make them ideal as luminescent contrast agents, 
such as their small particle size, composition and size-tunable optical 
properties, wide color gamut, high PLQY, the simplicity of their syn-
thesis methods, together with the low cost of starting materials, the 
simultaneous excitation of multiple fluorescence colors and multiplex 
capabilities [6,45]. 

Besides all the above advantages, one of the most appealing prop-
erties for their use as biological label lies in their nonlinear optics. 

Fig. 21. Obtaining template-assisted LHP composites: (A) Scheme of the two-step synthesis of CsPbX3–zeolite-Y composites; (B) TEM and HRTEM images of 
composite particles; (C) photograph of composites with several halide compositions subjected to UV excitation at 365 nm; (D) the output spectrum of a working 
WLED. It consists of an InGaN chip driven at 20 mA, a CsPbBr3–zeolite-Y green phosphor and a CsPb(Br0.4,I0.6)3 QD red phosphor; (E) thermal stability of 
CsPbBr3–xeolite-Y composites. (F) Scheme showing the template-assisted synthesis of APbX3 NCs in mesoporous silica pores. (G) HAADF-STEM images of a different 
SiO2 sample (MSU-H, SBA-15, MCM-41) partially filled with CsPbI3 NCs. (H) Photograph of composites LHP@SiO2 under ambient light and UV-light. (I) PL maximum 
as a function of the template pore size for several APbX3 perovskite NCs grown in meso‑SiO2. (J) UV-light (365 nm) photographs of films prepared from suspensions 
of the CsPbBr3@SiO2 composites stabilized with bis(2-ethylhexyl) sulfosuccinate. (K) PLQY for several lead halide perovskite NCs synthesized in 7 nm-SiO2 (MSU-H) 
and 3 nm-SiO2 (MCM-48). (A–E) Reproduced from Ref [231]. Copyright 2017 WILEY-VCH. Reproduced from Ref [154]. Copyright 2016 American Chemical Society. 
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Several studies reveal multiphoton absorption cross-sections (up to five 
photons) processes from an infrared light source and the subsequent 
emission of a photon of higher energy [61,238,239]. The high degree of 
nonlinear absorption offers significant advantages, such as increased 
spatial confinement, reduced background autofluorescence, improved 

sensitivity of several orders of magnitude and, above all, little biological 
damage to the studied sample [240,241]. Therefore, despite remaining 
in very early scientific and technical development stages, MHPs have 
demonstrated ideal optical properties that make them a promising 
luminophore with a bright future in many areas of biology, such as 

Fig. 22. Schematic representation of the most representative strategies of LHP NCs fluorescent labels for biosensing and bioimaging. A) Bright-field and fluorescence 
images of live cells incubated with mixed LHP NCs embedded in polystyrene beads. Reprinted with permission of Ref [16]. Copyright 2017 WILEY-VCH. B) 
Two-photon up conversion imaging of HepG2 carcinoma cells cultured with CsPbBr3@SiO2 core-shell nanoparticles. Adapted from Ref [246]. Copyright 2022 
Elsevier Ltd. C) Directed motion MDA-MB-231 breast cancer stem cells tagged with magneto-fluorescent particle perovskite nanoparticles under the magnetic field 
effect. Reproduced from Ref [245]. Copyright 2019 WILEY-VCH D) Scheme of the Perovskite Nanocrystal-Based Fluorescence-Linked Immunosorbent Assay (PFLISA) 
for Aflatoxin detection. Reprinted from Ref [247]. Copyright 2020 Elsevier Ltd. 
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labels and contrast agents for in vitro bioimaging and biosensing (i.e. 
inmunostaining, DNA and protein microarraying, flow-cytometry based 
diagnosis) and for the super-resolution imaging applications that go 
beyond optical diffraction limits [242]. The most representative works 
of LHP NCs in the imaging and biosensing field are summarized in 
Fig. 22. 

However, their implementation as luminescent probes involves 
developing protective shells which, on the one hand, prevent their 
degradation in aqueous biological media and, on the other hand, endow 
their chemical functionalization with biocompatible functional groups. 
Within this framework, Luo et al. makes the most of the zwitterionic 
nature of peptide biomolecules to prepare protein-passivated 
CH3NH3PbBr3 NCs with a large product yield (44%) and with poten-
tial optical biosensing and imaging applications [243]. In a parallel 
work, Zhang et al. demonstrated macrophage internalization and mul-
tiplexed cell imaging for the first time by embedding polyvinyl 
pyrrolidone-capped CsPbX3 perovskite in polystyrene beads (particle 
size ~ 3–5 µm). They claim that using seven-colored LHP NCs showing 
nonoverlapping spectra will make it possible to individually tag about 
10 million cells [16]. This pioneer research work triggers the study of 
cell imaging capabilities for perovskite nanocomposites. However, most 
of them involve the important issue of working with a large particle size, 
which is frequently larger than the average size of a cell or the biological 
system under study, which hinders its practical applications. 

At this point it is worth citing the studies of Zhaoyan et al. because 
they make relevant progress by significantly reducing NP size to 50 nm 
and demonstrate the specific tracking of tumor cells [244]. Their work 
describes multicolor cell imaging and the specific detection of folate 
receptors overexpression in tumor cells by introducing phospholipidic 
capped-LHP NCs stabilized in buffer media and derivatized with a spe-
cific folate-targeting ligand. A smart alternative approach is the devel-
opment a new perovskite-based magneto-fluorescent nanocomposite 
that allows the in situ real-time optical visualization of magnetically 
induced cellular movements, and with a potential application in 
magnetically driven drug delivery and hyperthermia treatment [245]. In 
a recent study, Zhong et al. described the two-photon up-conversion 
imaging of HepG2 carcinoma cells cultured with CsPbBr3@SiO2 
core-shell NPs [246]. This study paves the way toward exploiting LHP 
NCs as future NIR imaging labels with a high signal-to-noise ratio 
(elimination of biological autofluorescence), a profound light penetra-
tion depth, and reduced cell photodamage. 

Apart from cell imaging studies, LHP also present appealing features 
to be used as luminescent labels for the in vitro optical biosensing and 
bioanalytical system (fluorescent immunosensing, DNA and protein 
microarrays, etc.). This line has been less explored because of the dif-
ficulties with developing perovskite NCs stabilized in aqueous media 
whose single particle nature remains intact, and because their surface 
chemistry is still not yet well-understood and effective surface func-
tionalization strategies are lacking. 

Dong et al. developed an NP fluorescence-linked immunosorbent 
assay methodology based on LHP NCs encapsulated in olefin shell and 
functionalized with hydroxyl groups for Aflatoxin detection purposes 
[247]. As part of this approach, it is worth mentioning a recent work of 
this group, which describes luminescent labels LHP@SiO2 core-shell NPs 
for specific protein detection [179]. 

Further to their use as luminescent labels, LHP NCs and nano-
composites can also be employed in biosensing. For instance, Chaomin 
developed a paper-based test for microRNAs detection based on Elec-
troluminiscence Resonance Energy Transfer (ERET) between electrolu-
minescent phosphour nanosheets and gold NPs, which uses a LHP solar 
cell as a power source to provide constant voltage at detection limits of 
0.1 pM [248]. In addition, several works describe photoelectrochemical 
biosensors for the detection of targets of interest based on perovskite 
electrodes. Along these lines, Qin et al. demonstrated the photo-
electrochemical detection of oncogenic alpha-glycoprotein with 0.08 
ngmL− 1 sensitivity by means of CsPbCl3 perovskite NCs/a TiO2 inverse 

opal photonic crystals electrode [248]. 
One of the major drawbacks of implementing perovskite NCs as an 

imaging and bioimaging probe is their intrinsic toxicity. Indeed some 
considerations should take the following into account: (i) the wide va-
riety of in vitro applications for biosensing (luminescent microarrays, 
flow cytometry, paper-based immnoassays, etc.) and bioimaging 
(inmunostainning, cell histology, in vitro cell tracking, etc.); (ii) the NPs 
that are suitable for biological applications need to be properly encap-
sulated in protective shells, which preserves their stability in water and 
simultaneously reduces the release of heavy metals; (iii) due to their 
high absorption coefficients, together with their large PLQY, they will 
enable target detection in the presence of a very low concentration of a 
label. This fact, combined with small NPs sizes, implies a very low lead 
concentration; iv) according to the International Lead Association, lead 
(Pb) is one of the most effectively recycled materials in the world and 
80% of modern Pb usage is recycled in agreement with well-established 
protocols[249]; v) in the quest for alternatives, research into Pb-free 
perovskite NCs with lower toxicity and stabler metals is actively 
on-going. Recently, perovskite NPs with similar properties to their lead 
counterparts have been obtained. [75] 

5.2. Optoelectronic and photonic applications of LHP NCs 

5.2.1. Solar cells 
LHP possess intrinsic properties like a wide absorption spectrum, fast 

charge separation, long transport distance of electrons and holes, a long 
carrier separation lifetime, simple manufacturing by solution-processed 
methodologies and more, which make them promising materials for the 
new generation of cost-competitive high-efficiency solar cells. The vast 
majority of studies into perovskite solar cells have been done on 
perovskite polycrystalline films, and not on devices fabricated from NCs. 
Currently, a 25.2% record photoconversion efficiency is described for an 
MAPbBr3 thin film device [250]. 

One of the major drawbacks that makes placing LHP solar cells on the 
market difficult is CsPbI3 NCs’ poor stability, which easily converts into 
δ-CsPbI3 under ambient conditions. An effective way of stabilizing the α 
phase is to reduce their dimensions to a nanometer size, which has led 
research interest in developing NCs-based perovskite solar cells [8]. 
However, the insulating aliphatic ligands introduced during NCs syn-
thesis severely hamper the separation and transportation of 
photogenerated-charges, which results in perovskite nanocrystalline 
solar cells’ worse power conversion efficiency (PCE) regarding poly-
crystalline counterparts. Therefore, reducing their recombination has 
become a bottleneck to further enhance perovskite nanocrystalline solar 
cells’ PCE, and considerable effort has been made in three directions: 
surface ligand engineering, film processing conditions and the selection 
of adequate contacts that maximize energy level alignments. 

In 2014, Luther et al. described a CsPbI3 NCs solar cell device with a 
high open-circuit voltage of 1.23 V (around 85% of the Shockley- 
Queisser theoretical limit), a short-circuit current (JSC) of 13.4 mA 
cm− 2 and final photovoltaic conversion efficiency over 10% [8]. Since 
then, this group has made the effort to enhance the electrical coupling in 
LHP NCs and to develop highly efficient perovskite nanocrystalline solar 
cells through the synthesis of A-site alloyed NCs [251,252], 
layer–by-layer film processing [253], post-synthetic treatment with 
halide salts[252] and the incorporation of a conductive 
polymer-perovskite hybrid layer [254]. To date, the highest PCE ach-
ieved is 16.6% [255]. (Fig. 23) In parallel, active investigation into 
low-toxicity perovskite solar cells has been active, with record efficiency 
of 12.96 for tin-based perovskite NCs having been recently described 
[256]. 

Ligand engineering plays a major role in the future of NCs-based 
solar cells, and several works highlight how the adequate tuning of 
both the types and numbers of surface ligands can reduce the defects and 
enhance the transportation efficiency of photogenerated carriers [9,252, 
257,258]. In addition, effective encapsulation of solar devices in a 
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robust stable insulator is a requirement to guarantee the device’s stable 
performance. Although a huge gap currently exists with polycrystalline 
hybrid organic-inorganic perovskite solar cells’ PCE, we believe that the 
vast amount of research conducted in this field will soon make CsPbX3 
NCs-based solar cells strong candidates in the photovoltaic area. 

5.2.2. LEDs 
LHP NCs encompass several attributes that allow their implementa-

tion into high-quality next-generation LEDs, such as high color purity, 
with the full width half maximum of 15–25 nm for electroluminescence 
spectra and a wide color gamut, high external quantum efficiency (EQE), 
current efficiency (CE) and a low-temperature solution processing-based 
fabrication route, which would considerably reduce their manufacturing 
costs. Current commercial inorganic LEDs are made off rare-earth 
phosphors and epitaxial III–V semiconductors, which incur high 
manufacturing costs. Next-generation organic light-emitting diodes 
(OLEDs) still require vacuum-based sublimation during the deposition of 
active layers, which is an expensive technique for large-scale fabrica-
tion, whereas QDs-based LEDs require high quality QDs, which implies 
sophisticated synthesis methods to hinder their final commercial 
implementation. Indeed, LHP possess many appealing features to bypass 
the above-mentioned issues. In the last four years, LHP LEDs have 
rapidly progressed in EQEs by going from below 0.1% to over 20%. This 
has been encouraged by unprecedented rapid improvements [259], and 
because more researchers have focused on this research and produced 
many hopeful results. 

While most earlier reports have focused on film-processed bulk 
perovskite emitters rather than on presynthesized NCs, it was soon 
realized that perovskite NCs offer several advantages for LEDs fabrica-
tion. For instance, small size and dimensionality increase exciton bind-
ing energy and cut diffusion length to, thus, prevent current leakage in 
LEDs, and not in bulk perovskite counterparts [260]. Besides, perovskite 
NCs also offer advantages for adjusting their semiconductor properties 

Fig. 23. Device features and the performance of alloyed Cs1− xFAxPbI3 NCs- 
based LHP solar cells with power conversion efficiencies of ~10%. Reprinted 
from Ref [251]. Copyright 2018 American Chemical Society. 

Fig. 24. Device architecture and performance features of NCs-based LEDs LHP prepared form dual passivated (DDAB ligands and metal bromide salts) CsPbBr3 NCs. 
A) Left: the illustration of the device architecture; right; a cross-sectional TEM image showing the device’s multiple layers. B) Luminance of devices as a function of 
current density. C) Current efficiency; D) power efficiency; E) EQE of devices as a function of luminance. LHP LEDs exhibit an EQE maximum peak of 16.48%. 
Reproduced from Ref [265]. Copyright 2018 Wiley-VCH. 
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by their interfacial engineering due to their high surface-to-volume ratio 
[261]. 

The utilization of colloidal LHP NCs in LEDs was first described by 
Song et al. [262]. Despite their large PLQY, the obtained LEDs showed 
EQE and maximum luminance values less than 0.2% and 1000 cd m− 2, 
respectively. This poor efficiency is attributed mainly to the presence of 
insulating long-chain aliphatic molecule, which make charge carrier 
injection and transport difficult. 

To circumvent these issues and to improve overall EQE, tremendous 
efforts are being made. For instance, Li et al. achieved a 50-fold 
improvement in EQE with values of 6.27% for CsPbBr3 LEDs by con-
trolling surface ligand density [263]. Chiba et al. exchanged native 
organic ligands, such as oleylamine and OA, with DDAB to obtain LEDs 
with a current efficiency of 18.8 cd A− 1 and an EQE of 8.73% [264]. 

In another study, Song et al. [265]. reported an organic-inorganic 
hybrid ligand strategy to passivate perovskite NCs. They reported 
about LEDs that exhibit a maximum EQE peak of 16.48% (Fig. 24). 

Until the present-day, the most efficient LED, with a EQE peak of 
21.3%, has been reported by Kido et al. They reported highly efficient 
light-emitting devices fabricated by an anion exchange from pristine 
CsPbBr3 using halide-anion-containing alkyl ammonium and aryl 
ammonium salts [266]. 

Although LHP LEDs are considered for next-generation LEDs, there is 
still a number of drawbacks to be addressed before their commercial 
implementation. The first challenge is related to poor intrinsic perov-
skite stability. Although many works have proposed plenty of synthetic 
approaches to stabilize halide perovskite materials with considerable 
improvement, they still do not meet the criteria for practical devices 
(operational stability > 20 000 h) [267]. The stability of NC-based LHP 
LEDs could be further enhanced by combining them with 
moisture-resisting materials, such as fluorinated polymers. 

Besides, further research is mandatory to develop large-scale pro-
duction techniques that are compatible for industrialization via low-cost 
solution processing. Finally, the toxicity of Pb cations, which can be 
easily released to the environment, is a major obstacle that needs to be 
overcome. Toward this goal, several reports demonstrate that Pb-free 
perovskites can function well as emissive layers in LHP LEDs [268–270]. 

5.2.3. Displays and light converters 
The optical and electrical features of LHP also make them suitable for 

displays and white light emission [271,272]. Generally, white light 
generation through LEDs consists in combining a blue LED device with a 
color conversion layer composed of inorganic phosphor (pigment) par-
ticles, such as oxide and nitride derivatives [273,274]. In these systems, 
the blue emission promotes the excitation of yellow phosphor (cer-
ium-doped yttrium aluminum garnet, YAG:Ce3+). White light is gener-
ated when the original blue light is combined with the emitted yellow 
light. However, this technology still has some issues as regards the color 
quality, scalability, cost, stability and availability of rare earths ele-
ments, and different luminescent materials need to be employed as an 
alternative to phosphors. [271,275] 

More recently, colloidal CdSe/ZnS and InP/ZnS QDs have been 
incorporated into LEDs by replacing conventional phosphors to fine tune 
the emission spectrum [276], and have become a current choice tech-
nology for liquid crystal displays (LCDs) televisions. Similarly to 
QD-LED technology, LHP NCs present appealing features to be exploited 
as color converters in full-color displays, such as high color purity, wide 
color gamut coverage, a near-unity PLQY and low cost [166,277,278] 
(Fig. 25A). 

Classic YAG:Ce3+ yellow phosphor integrated into a blue LED chip 
component results in a typical color rendering index (CRI) of ≈80 or 
below, whereas hybrid LHP/phosphors hybrid LEDs, which incorporate 
a complementary red component from CsPbI3, renders efficient emission 
with a high CRI above 90 and enables good power efficiency over 70 lm 
W− 1 [279–281]. 

In another scenario, several works have reported color converters 

made solely of LHP as a color conversion layer in a commercial UV (365 
nm) LED. However, these systems have a lower CRI compared to the 
hybrid one due to the narrow band emission of perovskite NCs, and they 
need another color component to broaden the emission spectra [282, 
283]. 

Unlike the fabrication of LEDs, using LHP color converters presents 
many advantages in stability terms. In principle, they do not need to be 
electrically contacted and all the considerations concerning electrical 
features, charge carrier transport and injection can be neglected. Most 
LHP color converter devices are processed, such a film of pre- 
synthesized colloidal NCs dispersed in an insulating polymeric or inor-
ganic matrix and deposited on top of blue LED by wet methods (spin- 
coating or dip coating) [281,284]. They are generally processed as 
monochromatic optical filters (Red, Green, Blue, RGB) to avoid ion 
migration concerns, although several examples report multicolor films 
(with a tunable emission spectrum between 450 and 550 nm) fabricated 
by adjusting the LHP ratio with a different halide composition [282, 
283]. 

Alternatively, the exclusion of toxic Pb- and heavy lanthanide-based 
phosphors in white LEDs would be a bright prospect for lighting appli-
cations. Along these lines, many lead-free LHP NCs based down con-
verters[269,285] with good operating qualities are reported. For 
instance, Luo et al. fabricated dual perovskite Cs2AgInCl6 down shifters 
that exhibit superior performance as phosphor in white LED because of 
their broad band emission, and have a superior operation lifetime of 
over 10 000 h under continuous UV illumination under ambient con-
ditions [285]. 

In addition, Bakr et al. pointed out the potentiality of LHP NCs for 
wireless communication technology, which uses light to transmit data 
between devices (Light Fidelity, Li-Fi) [11] (Fig. 25B). Similarly to the 
way that Wi-Fi uses radio frequency to induce voltage in an antenna to 
transmit data, Li-Fi employes the modulation of light intensity to 
transmit data. In their work, they fabricated a CsPbBr3 NC red phosphor 
white light converter, which exhibited an unprecedented modulation 
bandwidth of 491 MHz, which is ~40-fold higher than that of conven-
tional phosphors, with the capability of transmitting a high data rate of 
up to 2 Gbit/s. Moreover, this perovskite-enhanced white light source 
exhibits a high color rendering index of 89 and a correlated color tem-
perature to, therefore, enable dual visible light communication and 
solid-state lighting functionalities [11,286]. 

5.2.4. Lasers 
Recently, Pb halide perovskites have come over as an excellent class 

of optical gain media for lasers. This addresses their large PLQY, which 
reduces nonradiative losses, and will contribute to lower threshold 
pumping, high absorption coefficients and a slow Auger recombination, 
which are beneficial for achieving low-threshold and ultrastable room 
temperature-stimulated emissions in an atmospheric environment. In 
addition, the high optical gain coefficients of MHPs are comparable to 
those of the industry reference materials, such as gallium arsenide 
[287]. Apart from their ideal optical properties, one of the most fasci-
nating features for using MHPs as gain media is their tailorable bandg-
aps, which offer the possibility of tuning spectral emission regions from 
visible to near-infrared (350–700 nm). As they also possess excellent 
processability properties. MHPs may not only be fabricated as diverse 
optical microcavities, but may also be integrated with several com-
mercial optical cavities to construct laser devices [288,289]. 

In the past 5 years, more progress has been made in investigating 
LHP laser devices, which comprise a microstructure and composition 
investigation [288,290–292]. Fig. 26 summarizes some representative 
works of LHP microstructuring procedures for lasing applications. By 
engineering the composition and structure of MHPs, considerable 
progress has been made to improve performance and to extend the 
functionalities of perovskite lasers, such as lowering the lasing threshold 
down to hundreds of nJ cm− 2 [293,294], broadening the wavelength 
spectral emission [295], improving spectral purity (single-mode output) 
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Fig. 25. A) Schematic description of white-LED based on halide perovskites assembled on a UV LED chip, which results in white light generation. Reproduced from 
Ref [282]. Copyright 2017 American Chemical Society. (B) Schematic drawing of a setup for modulation bandwidth and data transmission measurements using 
perovskite NCs and the measured frequency results for different device configurations. Reproduced from Ref [11]. Copyright 2016 American Chemical Society. 
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Fig. 26. Controllable synthesis of perovskite microcrystals and processed microcavities of particular interest in laser technologies. (A) Schematic illustration showing 
the surfactant-assisted self-assembly mechanism formation of MAPbBr3 wires and plates and photoluminescence images. (B) Scheme showing the design principle of 
modulated lasing set up from a responsive organic microdisk-coupled perovskite wire. Numerically simulated electric field distributions of two lasing modes. 
Wavelength switching behavior of the lasing spectra (top) and transmittance spectra (bottom) of the coupled microstructure before and after being exposed to 
stimuli. (C) Schematic illustration showing the fabrication of perovskite microdisks through laser ablation with a donut-shaped femtosecond laser beam and (D) 
template-induced solution growth of perovskite microring cavities. (A and D) Reproduced from Ref [290,291]. Copyright 2017 WILEY-VCH. (B and C) Reproduced 
from Ref [292,293]. Copyright 2016 American Chemical Society. 
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and temporal coherence (linewidth narrowing down to ~0.09) [296], 
reducing the device dimension down to subwavelength scales [297], and 
prolonging the device’s lifetime up to dozens of hours of continuous 
operation [298–300]. 

However, there are many challenges that still need to be addressed to 
acquire electrically pumped perovskite lasers. The first one is that 
continuous-wave lasing in perovskites only operates at cryogenic tem-
peratures, and further research is mandatory to unveil the lasing death 
mechanism and to provide guidance for designing perovskites toward 
room-temperature continuous-wave lasing. The second challenge is heat 
management in perovskite laser devices, which is one to two orders 
lower than conventional inorganic semiconductors [301–303], which 
can induce device degradation. Hence device architecture optimization 
is imperative for mitigating heat accumulation in the perovskite gain 
layer toward electrically injected perovskite lasers. The third challenge 
is about the lasing threshold of MHPs, which still needs to be further 
lowered to be competitive with established technologies [304,305]. 
Besides, MHPs possess poor stability[306] because they degrade when 
exposed to moisture. 

Thus interface engineering and the development of encapsulation 
strategies play an important role to overcome some of the aforemen-
tioned drawbacks. From the stability point of view, several reports 

indicate how to enhance stability through protection with polymers, 
boron nitride films and DBR cavities [307,308]. In an alternative 
approach, the encapsulation of perovskite lasers with high 
thermal-conductivity boron nitride films can accelerate thermal dissi-
pation and improve overall device stability [309]. 

Regarding toxicity issues, and despite increasing advancements 
made in LHP for lasing purposes, Pb-free perovskites are still not widely 
implemented in lasing systems. Xing et al. described a tin-based 
perovskite laser, which surprisingly possesses good optical gain prop-
erties in the near-infrared region [310]. However, tin perovskites have 
poor stability and optoelectronic properties compared to Pb perovskites. 

5.3. Other applications 

Given their excellent optoelectronic properties, perovskite NCs are 
found in a number of interesting applications beyond the aforemen-
tioned imaging and optoelectronic devices, such as photodetectors 
[311], X-Ray imaging [312–314], anti-counterfeiting [315], sensing 
[316] or photocatalysis [317] (Fig. 27). 

For instance, LHP NCs are promising candidates for use in photo-
detectors for their optical and electronic properties, such as high 
extinction coefficients, long carrier diffusion and carrier mobilities, plus 

Fig. 27. Schematic showing the other LHP application. The images used to illustrate properties and applications were adapted from Ref [311,312,315–317]. 
Copyright 2017. Springer Nature Ltd. Copyright 2019 AIP Publishing. Copyright 2020 American Chemical Society. Copyright 2020 Elsevier Ltd. 
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the possibility of covering a broad light range (including visible and NIR 
spectra) with a good sensitive response, and so on. 

To date, there have been fabricated perovskite-based photodetectors 
with high responsivity exceeding 104 AW− 1 [318,319], detectivity 
approaching 1014 Jones [320,321], small noise equivalent power (NEP 
< 50 fW Hz− 1/2) [322,323], a wide linear dynamic range of 150 dB 
[319,324], and a short response time <1 ns [313,325], by optimizing 
chemical composition and structure, cell architecture and interfacial 
engineering. Therefore, LHP-based photodetector devices can compete 
with avalanche photodiodes, such as GaAs and Si, and offer the ad-
vantages of a low-cost solution process. In commercialization terms, 
perovskite will face many of the same challenges as perovskite solar 
cells; i.e. stability, toxicity issues, and competition from more mature 
technologies. Concerning toxicity issues, recent work demonstrated 
direct integration of lead-free halide perovskite with mature silicon in-
dustry paving the way to fabricate monolithically integrated and 
high-performance photodetectors [326]. 

Another particular application of LHP NCs is for X-ray imaging for 
medical diagnosis purposes. Computed Radiography (CR) evolution and 
the replacement of current radiographic films with new digital detector 
arrays (DDA) present some unique advantages, such as a potential 
reduction of the X-Ray dose, the possibility of post-processing and data 
storage, higher image quality, faster results, among others. 

Current solid-state technology presents two available X-ray imaging 
approaches by means of flat panel detectors. The first is based on indi-
rect conversion and combines the use of scintillators and semiconductor 
photodetector to detect the light emitted by the scintillator. The second 
approach comprises the direct conversion of X-ray photons into elec-
trical current. The latter approach is reported to provide higher reso-
lution and sensitive photoconduction [327], and is observable in several 
crystalline inorganic semiconductors under X-ray illumination, 
including amorphous Se, crystalline Si and CdTe. However, most of 
these devices present poor absorptivity problems for X-rays [328]. 
Recently, methylammonium lead iodide perovskite was demonstrated to 
possess an appealing combination of a fast photoresponse and a high 
absorption cross-section for X-rays owing to heavy Pb and I atoms, and 
solution-processed perovskite detectors, which give high values for both 
X-ray sensitivity (up to 25 μC mGyair − 1 cm− 3) and responsivity (1.9 ×
104 carriers/photon), the latter of which was one order of magnitude 
higher than that achieved with Tl-doped CsI-based indirect detectors 
and amorphous Se-based direct detectors [313]. This result has triggered 
a commercial interest in perovskite absorbers and X-ray and γ-ray de-
tectors [329]. 

6. Conclusions and future perspectives 

This review covers many aspects concerning strategies for preparing 
stable and water dispersible LHPs, and composites with enhanced sta-
bility against moisture. Although active research on this topic has been 
carried out in recent years, there are still several open issues which 
require further development, and are discussed below. Also, some 
promising future research directions from the chemical perspective are 
remarked. 

Surface Chemistry and Interface Engineering 
Despite the significant progress made in recent years to study LHP 

surface chemistry and the ligand interface binding motif, they are still 
not fully understood. In surface chemistry terms, standard CsPbBr3 NCs 
have been widely studied and it has been established that NCs are bound 
mainly to oleylamine via A-site vacancy, and present a high ligand shell 
dynamic nature, which brings about the rapid loss of colloidal features. 
Several works tackle this issue by replacement or the post-synthetic 
exchange of olefin native ligands with strong binding ones, such as 
TOP or TOPO, or by employing ligands with higher steric hindrance, 
such as oligomeric silsesquioxane or 2-adamantylammonium bromide. 
However, further research and the comprehensive study of the role of 
the binding group in surface trap passivation and their influence on the 

stability of NCs are still necessary. 
It is also important to establish analytical protocols for the accurate 

and reliable determination of surface features and ligand densities by 
complementary techniques, including high-resolution microscopy, 
FTIR, 2D H–NMR, ICP-MS and XPS coupled with theoretical compu-
tations. Their combinations will address open questions associated with 
ligand binding mechanisms, post-synthesis treatments and degradation 
mechanisms. It will be also relevant for determining what density of 
ligands is required on the NC surface to promote phase stability of 
iodide-based perovskites. 

Understandably, to date most studies have focused on unraveling the 
surface-ligand binding nature, and future research should address 
interfacial engineering and attempt to obtain NCs with devised func-
tionality and processability according to the ultimate purpose, such as 
electronic wired-NCs, hydrophilic terminations for water dispersible 
NCs or the tuning of surface hydrophobicity and charge density to 
promote NP interfacial assembly in 2D or 3D architectures. 

In addition, most works in the literature have focused on the surface 
chemistry of standard CsPbBr3. However, LHP surface chemistry very 
much relies on halide composition. Thus, elucidating ligand perovskite 
surface interactions should be extended to different halide compositions. 

LHP Encapsulation at a Single Particle Level 
Obtaining water dispersible perovskite NCs is a challenging task due 

to the thermodynamically favorable decomposition in the presence of 
water, which requires robust and cross-linked networks that hinder 
water molecules entering LHP NCs cores. Of the different studied stra-
tegies, replacing native ligands or their post-synthetic modification by 
stronger binding, or one with higher steric hindrance, confers colloidal 
preservation and phase stability. However, it does not address the 
moisture and chemical stability issues at a single particle level and, thus, 
more robust coatings which hamper water diffusion to perovskite cores 
are required. 

Employing inorganic shells seems a promising route for the rational 
design of robust and efficient core-shell NPs. Most efforts made in this 
line have centered on encapsulation in well-established silica shells by 
softening sol-gel methodologies. By this approach, a variety of 
perovskite-core shell NCs dispersed in water or protic solvent with a size 
range of 20–200 nm and a PLQY~80% are described. However, soft-
ening under processing conditions renders amorphous shell materials 
that are not, thus, dense enough to protect perovskite cores under humid 
conditions. An alternative to surpass harsh silica shell growth conditions 
is to exploit phase transformative features 0D (Cs4PbX6) →3D (CsPbX3) 
combined with sol-gel methods. Although, these methods render lower 
PLQY than their hot injection counterparts, they enable to obtain more 
robust shells towards water degradation. To date, few works have re-
ported LHP@SiO2 core-shell nanoparticles stable in water and smaller 
than 50 nm, and most of them are focused on pure green-emitting NCs 
and exhibit negligible PLQY. Thus, there is much room for improvement 
in synthesizing high luminescent, multicolor NPs stable in water media. 

Apart from silica, several works, have tackled encapsulation in other 
inorganic materials, such as metal oxide frameworks, chalcogenides, 
metal particles and perovskite related-structures. However, most of 
them have centered on developing hybrid NCs with dual functionality, 
such as plasmon-induced light harvesting improvement, enhancing ab-
sorption cross-sections or photocatalysis, but almost none of these works 
has described fully encapsulated core-shell NPs or water-compatible 
ones. Thus, the development of core shell NPs in alternative inorganic 
shells is an almost unexplored field. 

Polymer coatings also offer a smart approach for developing core- 
shell NPs. The use of polymer coating presents the advantage gained 
from the hydrophobicity nature of polymeric materials, plus the versa-
tility of polymer chemistry by adjusting monomer moieties and the 
number of monomers. In this context, several polymeric nanocapsules 
that act as a nanoreactor and assist inward crystal growth have been 
designed. In addition, replacing olefin native olefin ligands with poly-
meric ones or using solvent-antisolvent methods has rendered different 
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polymer core-shell NPs with enhanced stability in water. 
According to these authors opinion, polymer coating is a solid 

alternative to design a future synthetic approach to obtain colloidal 
aqueous suspensions of LHP. Nevertheless, some disadvantages of these 
strategies still need to be solved, such as requiring complex interface 
engineering with a dual-shelled coating (i.e. hydrophobic nature that 
preserves am unaltered LHP core and hydrophilic termination that en-
ables dispersion in protic media) and substantially increased diameters 
compared to those coated with simple organic ligands. 

It is worth mentioning that, whatever the encapsulation strategy, 
most works report emission in mixtures of water and aprotic solvent and 
carry out structural characterization in an aprotic solvent. Hence, a 
structural description of NCs dispersed in protic media, and a compre-
hensive study of structural stability on the water should be addressed. In 
addition, most of the research on this topic has been devoted to standard 
CsPbBr3 NCs, pointing to the need to obtain multicolor core-shell NPs 
that cover visible range. 

Finally, the encapsulation of LHP in a crystalline and stable shell that 
is still conductive is desirable, albeit challenging. Unfortunately, 
replacing long-chain aliphatic molecules with shorter ligands affects 
their structural and moisture stability. Several works have taken post- 
processing ligand exchange and passivation steps to address this issue 
with LHP thin films. In line with this, research into thin-film processed 
self-assembled NCs and film ligand replacement will be relevant to 
implement electrically wired LHP NCs integrated into optoelectronic 
devices. 

LHP Composites 
The encapsulation of LHP in different host matrices renders water- 

stable composites and opens up manufacturing possibilities (i.e. fibers, 
films, gratings, etc.) with a myriad of applications, such as light con-
verters, displays, LEDs, scintillators, X-Ray detectors, and others still to 
explore like planar waveguide, anticounterfiting or biosensing gratings. 

In this context, polymer materials are the most widely investigated 
matrices for embedding LHP NCs. LHP@polymer composites are fabri-
cated mainly in two ways: (i) in situ preparation of LHP NCs polymer 
composites; (ii) the post-encapsulation of LHP NCs into polymers. Thus 
different strategies like cutting across polymer swelling-deswelling, 
thermal or photoinduced polymerization or liquid atomization 
methods, such as electrospraying and electrospinning, have been 
described. 

An alternative strategy for stabilizing LHP NCs is template-assisted 
methods. Typically, these methods adopt some ordered structures to 
promote in situ controlled growth inside their pores. Thus it does not 
require the use of colloidal stabilization ligands and LHP optical features 
can be tuned by adjusting the pore size of the matrix. However, further 
efforts are necessary to improve not only NCs loading into pores, but also 
the nanocomposite PLQY. 

Perovskite glass has also demonstrated as a robust host to protect 
LHP, but some challenges still remain to use low-melting point glasses 
because they are expensive or offer poor mechano-chemical stability. 

In summary, almost all LHP composites have better thermal, photo, 
air and humidity stability than standard NCs, as well as bright PL, and 
they still need to overcome several drawbacks, such as the homogeneous 
NCs dispersion in host materials and long-term stability under harsh 
conditions (e.g., high temperatures, acid media) and scaling up 
manufacturing methods. 

Applications 
The final application will dictate the election of a strategy for 

designing stable LHP NCs. For instance, on the one hand, the integration 
of NCs in an electrically driven optical device will require “wired- 
nanocrystals” and an accurate design of ligand shell at a single particle 
level. On the other hand, the uses of LHP NCs as color converters or 
displays enable the use of protective insulating materials, such as 
polymers, and their manufacture as composites and much effort is 
focused on improving the dispersion of NCs in hosting materials and 
scaling up the methodologies. Notwithstanding, in general terms, the 

implementation of LHP as luminescent probes, whatever the field of 
application, still needs to address their long-term stability while 
retaining emission properties, according to the International Commis-
sion on Illumination (CIE). Especially for blue-emitting NCs that still 
exhibit lower PLQY and red-emitting, which present a strong tendency 
to undergo phase transition into the non-emitting “yellow phase.” 
Additionally, the demands for environmentally friendly metal-halide 
perovskites and the fundamental research of alternative classes of ma-
terials that replicate the exceptional features of LHP have encouraged 
the scientific community to undertake extensive theoretical and exper-
imental studies for designing lead-free metal halide perovskites, which 
enable practical and safe applications of perovskites. 

More specifically, although it is a scarcely explored area, metal 
halide perovskite nanocrystals are highly luminescent materials with 
excellent features to be exploited as luminescent labels in immuno-
chemistry and biosensing. Compared with organic dyes, the most 
extended labels, possess a broad absorption that gradually increases 
toward shorter wavelengths (below the first excitonic absorption band) 
and a narrow emission band of a mostly symmetric shape. Due to these 
properties, a single light source can be used multicolor to excite multi-
color perovskite NCs simultaneously and track different analytes 
without signal overlap. Their high PLQY (~100%) and large Stokes 
shifts reduce autofluorescence, increasing sensitivity. Unlike other 
extended inorganic NCs such as chalcogenide quantum dots, LHP NCs 
exhibit milder and cheaper synthesis protocols. Their emission proper-
ties can be tuned according to their composition, covering a wider color 
gamut. They also show giant multiphoton absorption, even five-photons, 
making them promising for NIR-label biosensing and for super- 
resolution imaging applications beyond the optical diffraction limits. 
Thus, we envision that soon, perovskite NCs will enable the manufacture 
of high-throughput analytical platforms for the simultaneous and sen-
sitive detection of multiple analytes, reducing the costs of the current 
detection kits. 

Despite the advantages, several challenges still need to be addressed 
for their practical use. First, the production of monodisperse NCs with 
small sizes (down to 30 nm) is particularly important to achieve good 
sensitivity on biosensing protocols. Also, most of the described meth-
odologies use green NCs, CsPbBr3, making it necessary to expand these 
methods to other halide compositions to obtain multicolor labels and 
develop multiplexed assays. Finally, the resulting NCs are often stable in 
nonpolar solvents or ethanol. Thus shells should be further strengthened 
to obtain water-dispersible nanoparticles. Besides that, the description 
of biomolecule-NC conjugation protocols and the analysis of the long- 
term stability of resulting nanoparticles in water or biological fluids is 
still pending. 

To integrate LHP in electrically connected devices such as solar cells, 
LEDs, or lasers, future work should be focused on ligand engineering and 
the development of self-assembled processed thin films and post- 
synthetic ligand removal or exchange. It will enable the processing of 
photoconductive films with reduced charge carrier losses and situate 
LHP NCs-based optoelectronic devices as a strong candidate with su-
perior phase stability and emitting properties and overall performance 
than their bulk counterparts. 

Along these lines, perovskite-based solar cells have achieved pho-
toconversion efficiencies of up to 16%, representing the highest effi-
ciencies for any QD-based solar cell. Unlike bulk perovskite 
counterparts, using NCs offers the advantage of stabilizing metastable 
phases. Currently, the research on solar cells is focused on achieving 
stability and high efficiency simultaneously. Toward this goal, there is 
an active study on NCs interface engineering to establish the density of 
ligands to promote phase stability and maximize charge transport across 
the films. It is known that the commercial success of LHP solar cells is 
limited because of the Pb toxic nature, and current lead-free solar de-
vices need to achieve the performance and operational stability of lead- 
containing ones. In light of this concern, research on alternative 
perovskite-inspired materials should be kept forward until commercial 
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lead-free perovskite solar cell is achieved. 
In the field of lasing, perovskite NCs has emerged as a new class of 

cost-effective and wavelength-tunable lasing materials. Although 
tremendous progress has been made in developing perovskite-based 
lasers, there remain challenges that hamper practical and commer-
cially available lasers utilizing the perovskite NCs. First, perovskite NCs 
are severely affected by chemical and environmental factors (i.e., oxy-
gen, moisture, heat, and continuous light illumination instabilities). 
Although several works described encapsulation strategies that 
addressed these issues, they only apply to green-emitting CsPbBr3 NCs. 
At the same time, the stability of blue-emitting and red-emitting 
perovskite NCs needs to catch up. Finally, until now, only optically 
pumped lasing has been demonstrated in perovskite NCs, whereas 
electrical pumping is more practically desired. As the organic ligands 
used for the passivation of perovskite NC surfaces generally exhibit poor 
electrical conductivity, hampering the carrier injection and transport, it 
is imperative to design NCs interfaces and film architectures which 
enable efficient injection of charge carriers into the perovskite NC layer. 

Concerning LHP LED technology, incredible progress over the past 
few years has been achieved, and devices with excellent features, 
including highly efficient light emission, high-color purity, ultrawide 
color gamut, low cost of raw materials and fabrication methods, as well 
as good compatibility with existing technologies, are described. How-
ever, before evolving into practical products, LHP-LEDs need to over-
come some critical bottlenecks. First, the manufacture of large-scale 
panels which maintain their optical performance. Second, concerning 
the toxicity of lead atoms, the lead-free perovskite-inspired materials’ 
performance has lagged behind their lead-based counterparts, and 
further research on perovskite-inspired materials is still necessary. 
Finally, the operational stability of LHP-LEDs still needs to be addressed. 

As detailed above, the potential of perovskite materials is over-
whelming, and perovskite materials will not be fully exploited until 
surface chemistry and stability be better understood and controlled. 
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