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a 3D framework. The A-site cations 
occupy the cavity within the framework. 
Metal halide perovskites have a relatively 
soft lattice and a dynamically disordered 
crystal structure which results in tunable 
charge-carrier recombination rates and 
other nonclassical semiconductor charac-
teristics.[1] Metal halide perovskites have 
been extensively studied for solar energy 
conversion over the past decade due to 
their intriguing optoelectronic proper-
ties, including near-perfect crystalline 
structures,[2] tunable direct bandgaps,[3] 
large absorption coefficient (1.5 × 104 cm−1 
at 550  nm),[4] high ambipolar mobility 
(≈20 cm2 V−1 s−1),[5] long carrier diffu-
sion lengths (100–1000  nm; ≈175 µm  in 
MAPbI3 single crystals) (Leff,e/Leff,h < 1),[6] 
small exciton binding energy (≈30 meV),[7] 
high defect tolerance,[8] solution process-
ability, and low processing cost.[9] Notably, 
the certified power conversion efficiency 

(PCE) of single-junction perovskite solar cells has rapidly 
increased from 3.8% in 2009 to 25.2% in 2019.[10]

It is also notable that charge carriers within metal halide 
perovskites can undergo radiative recombination to emit 
light, making them promising candidates as next-generation 
light sources for light-emitting diodes (LEDs)[11] and lasers.[12] 
Bulk perovskite, however, exhibits limited photolumines-
cence quantum yield (PLQY) due to the presence of mobile 
ionic defects and small exciton binding energy.[13] In contrast, 
perovskite nanocrystals (PNCs) possess strong quantum con-
finement and display improved optoelectronic properties from 
their bulk counterparts.[14] Notably, metal halide PNCs possess 
high luminescence, narrow full width at half maximum, and 
a composition- and size-dependent bandgap.[15] The photolu-
minescence (PL) of metal halide PNCs can be readily tuned 
from ultraviolet (UV) to near-infrared wavelengths by simply 
tailoring their composition or altering their size relative to their 
Bohr diameters.

Hot-injection and ligand-assisted reprecipitation methods 
represent the two most-developed colloidal synthesis 
approaches of metal halide PNCs.[13,16] The use of organic cap-
ping ligands in synthesis enables nanoscale growth of metal 
halide perovskite crystals and actively passivates their sur-
face defects, in a manner similar to that of conventional NC 

Metal halide perovskite nanocrystals (PNCs) have recently garnered tremen-
dous research interest due to their unique optoelectronic properties and 
promising applications in photovoltaics and optoelectronics. Metal halide 
PNCs can be combined with polymers to create nanocomposites that carry 
an array of advantageous characteristics. The polymer matrix can bestow 
stability, stretchability, and solution-processability while the PNCs maintain 
their size-, shape- and composition-dependent optoelectronic properties. 
As such, these nanocomposites possess great promise for next-generation 
displays, lighting, sensing, biomedical technologies, and energy conversion. 
The recent advances in metal halide PNC/polymer nanocomposites are sum-
marized here. First, a variety of synthetic strategies for crafting PNC/polymer 
nanocomposites are discussed. Second, their array of intriguing properties 
is examined. Third, the broad range of applications of PNC/polymer nano-
composites is highlighted, including light-emitting diodes (LEDs), lasers, and 
scintillators. Finally, an outlook on future research directions and challenges 
in this rapidly evolving field are presented.

1. Introduction

Metal halide perovskites, an emerging class of semiconducting 
materials with outstanding optoelectronic properties, have the 
general chemical formula ABX3. A+ (commonly methylammo-
nium (CH3NH3

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

or Cs+) and B2+ (commonly Pb2+ or Sn2+) are cations of dif-
ferent sizes and X− are halide anions (Cl−, Br−, I−) that coor-
dinate with the B2+ ions. The coordination of the X− and B2+ 
ions results in corner sharing BX6 octahedrons that constitute 
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synthesis.[13] To date, a wide range of nanostructures have 
been achieved, including quantum dots (QDs), nanoplatelets 
(NPLs), nanosheets (NSs), and nanowires (NWs).[17] Similar to 
conventional semiconducting NCs, the composition, size, and 
structural engineering of metal halide PNCs can be realized via 
either in situ synthesis or postsynthesis methods.[18] Specific 
bulky organic cations (aliphatic or aromatic alkylammonium) 
can be inserted into 3D perovskite framework and function as 
spacers that isolate single (or multiple) inorganic perovskite 
layers.[19] These low-dimensional perovskites (particularly 
2D perovskite) possess relaxed limits of cation dimensions, 
expanded compositional diversity, and high environmental sta-
bility.[19,20] Numerous desirable properties (e.g., large exciton 
binding energy) can be achieved by tuning the composition and 
chain length of the bulky organic cations and by changing the 
number of layers of 2D perovskite.[20b]

Despite recent significant advances in metal halide PNCs 
research, their instability remains a daunting issue that limits 
their widespread application.[21] Exposure to light, elevated tem-
perature, moisture, and other polar solvents can easily destroy 
the crystal structure of perovskite materials.[22] In addition, metal 
halide PNCs also experience inevitable agglomeration when 
transitioning from liquid state to solid state during processing 
for technological applications, which may lead to reduced per-
formance of as-prepared optoelectronic devices.[23] Polymers 
have been widely employed to eliminate the issues described 
above by producing PNC/polymer nanocomposites.[23b,24] In 
this context, polymers possess a myriad of unique advanta-
geous attributes, such as the ability to chemically interact with 
perovskites,[25] the capability of passivating surface defects of 
PNCs,[26] favorable mechanical properties,[27] low weight and 
solution processability,[28] low diffusion rates of oxygen and 
moisture,[29] high chemical resistance,[30] and often transparent 
within visible wavelengths. In addition, conjugated polymers 
can facilitate favorable band energy level alignment,[31] which 
enables charge separation at the PNCs/conjugated polymer 
interface and increases the lifetime of charge carriers.[31,32] PNC/
polymer nanocomposites simultaneously bestow enhanced con-
trol over the size and morphology of PNCs,[17a] improved sta-
bility,[30] decreased agglomeration of PNCs in the solid state,[33] 
and efficient charge separation. In addition to the superior opto-
electronic properties, devices made from these nanocomposites 
possess processing flexibility, stretchability, and self-healing 
properties inherited from the polymers.[30,34]

In this review, we aim to summarize the recent advances 
in metal halide PNC/polymer nanocomposites (all polymers 
and PNCs mentioned in this review have been summarized in 
Table  1). First, the state-of-the-art synthetic strategies of metal 
halide PNC/polymer nanocomposites will be introduced. Sub-
sequently, the optical, optoelectronic, and electronic properties 
of metal halide PNCs and PNC/polymer nanocomposites will 
be presented. Next, the mechanical properties of as-prepared 
nanocomposites and stabilities of metal halide PNCs in these 
nanocomposites will be discussed. Moreover, the applications 
of metal halide PNC/polymer nanocomposites in LEDs, lasers, 
scintillators, biosensors and bioimaging, photocatalysis, and 
piezoelectric nanogenerators will be highlighted. Finally, a per-
spective on future research opportunities and challenges in this 
rich and rapidly developing field will be provided.

2. Synthesis of Metal Halide PNC/Polymer 
Nanocomposites

2.1. Chemical Anchoring of Polymers onto PNCs

2.1.1. In Situ Synthesis of PNCs in the Presence of Polymerizable 
Capping Agents

The large surface area to volume ratio of NCs results in high 
surface energies that promote aggregation of NCs. As noted 
above, capping ligands, such as small organic molecules and 
polymers, have been widely utilized in the colloidal synthesis 
of metal halide PNCs to stabilize their surface. The interaction 
between the small organic molecule capping agents and PNCs 
is, however, primarily through weak, noncovalent, dynamic 
bonding[90] which can easily be broken by high temperature and 
UV irradiation. Variation in ion strength and solvent compo-
sition have also been found to degrade PNCs.[22b,91] Therefore, 
encapsulating PNCs with polymeric capping ligands (with 
stronger binding than conventional small organic molecular 
capping ligands) has been introduced as an alternative.[64] 
Chemically anchoring polymers onto PNCs can also eliminate 
phase separation between polymers and PNCs due to their 
strong chemical interactions, which yields starkly different 
samples than physical mixing.

The in situ synthesis of PNCs in the presence of poly-
merizable species was among the first feasible approaches to 
produce PNC/polymer nanocomposites with strong chem-
ical bonding between the perovskite NCs and polymer cap-
ping ligands. Recently, crosslinked methylammonium lead 
bromide (MAPbBr3) PNCs were crafted through a modified 
ligand-assisted reprecipitation method using the trifunctional 
4-vinyl-benzyl-dimethyloctadecylammonium chloride (V-18) as 
the polymerizable ligand.[64] In V-18, the center of the ligand 
(an ammonium group with two methyl groups) was found to 
induce sufficient ionic interactions with PNCs to anchor the 
ligands onto the NC surfaces, and the styryl groups and long 
alkyl side chain were found to facilitate radical polymeriza-
tion and high colloidal stability, respectively.[64] As shown in 
Figure  1a,b, when synthesized in the presence of other inor-
ganic ligands V-18-capped MAPbBr3 NCs exhibit monodisperse 
morphology, excellent PLQY, high film conductivity, and optical 
homogeneity due to enhanced surface passivation. Further 
study demonstrated that the as-prepared MAPbBr3 NCs could 
be thermally polymerized, or copolymerized with styrene and 
methyl methacrylate to obtain homogeneous MAPbBr3 PNC/
polymer nanocomposites that could be applied in LEDs with 
excellent performance.[64] This in situ method has been further 
extended to include other commercially available monomers, 
such as methyl methacrylate,[56] lauryl methacrylate,[59] and 
styrene.[75]

In situ synthesis of PNCs (e.g., CsPbBr3 NCs) has also been 
conducted in pure monomer solutions. After formation of the 
NCs, the surface capped monomers can be polymerized via 
thermal polymerization or UV light-induced photopolymeriza-
tion, both of which provide enhanced protection of the PNCs.[56] 
The resulting nanocomposites have been found to be highly sol-
uble in organic solvents, which enables solution-processability 
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Table 1. Polymers and PNCs used in PNC/polymer nanocomposites.

Polymer/monomer Chemical structure PNC PLQY Ref.

Polystyrene PS CsPbX3 75%[29]

44%[35]

25%[36]

68%[37]

34%[38]

48%[39]

27%[40]

79%[41]

[29,35–42]

MAPbBr3 80%[43] [43,44]

Poly(vinyl chloride) PVC MAPbBr3 16%[38]

80%[43]

65%[45]

[38,43,45]

Poly(ethylene glycol) PEG CsPbX3 41%[46] [46]

Poly(ethylene oxide) PEO MAPbX3 N/A [34a,47]

FAPbBr3 N/A [48]

CsPbBr3 60%[49] [49]

Polyacrylonitrile PAN MAPbX3 80%[43]

30.9%[50]

[43,50]

Poly(vinyl acetate) PVAc CsPbX3 N/A [39]

Poly(vinylidene chloride) PVDC MAPbBr3 80%[43] [43]

Poly(vinylidene fluoride) PVDF MAPbX3 80%[43]

94.6%[51]

80%[52]

[43,51–53]

CsPbBr3 65%[54] [54]

Poly(dimethylsiloxane) PDMS MAPbX3 10%[23b] [23b]

FAPbBr3 N/A [55]

Poly(methyl methacrylate) PMMA CsPbX3 54%[56]

45%[57]

[14a,56–58]

FAPbBr3 N/A [58a]

MAPbBr3 80%[43]

40.4%[45]

[38,43,45]
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Polymer/monomer Chemical structure PNC PLQY Ref.

Poly(lauryl methacrylate) PLMA CsPbBr3 86%[59] [29,59]

Poly(butyl methacrylate) PBMA CsPbBr3 N/A [24a]

Poly(vinylpyrrolidone) PVP FAPbBr3 N/A [58a]

CsPbX3 55%[60] 24%[61] [58a,60–62]

Poly(lactic acid) PLA CsPbX3 90%[63] [63]

Poly(4-vinyl-benzyl-dimethyloctadecyl-
ammonium chloride)

V-18 MAPbBr3 95%[64] [64]

Poly(3-hexylthiophene) P3HT MAPbBr3 N/A [65]

Poly(maleic 
anhydride-alt-1-octadecene)

PMAO CsPbX3 88%[66]

69%[67]

88.8%[68]

[66–68]

Poly(isobutylene-alt-maleic 
anhydride)

PIMA CsPbBr3 80%[69] [69]

Polycarbonate PC MAPbBr3 31%[38]

43.6%[45]

[38,44,45]

Table 1. Continued.
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Polymer/monomer Chemical structure PNC PLQY Ref.

Poly(fluorene-co-divinylbenzene) F8DVB MAPbX3 N/A [70]

Poly(ethylene terephthalate) PET CsPbBr3 N/A [71]

Poly(3,4-ethylenedioxythiophene) PEDOT CsPbI3 N/A [72]

Poly(norepinephrine) PNE MAPbBr3 N/A [73]

Ethyl cellulose CsPbBr3 37.2%[74] [74]

Cellulose acetate CA MAPbBr3 47%[38] [38,43]

Diphenylvinylphosphine-styrene 
copolymer

PDPEP-co-PS CsPbBr3 90%[75] [75]

Polystyrene-block-poly-2-vinylpyridine PS-b-P2VP CsPbX3 51%[76] [76]

MAPbX3 63%[77] [77,78]

FAPbI3 N/A [78]

Poly(divinylbenzene) PDVB CsPbBr3 60%[79] [79]

Table 1. Continued.
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Polymer/monomer Chemical structure PNC PLQY Ref.

Poly(ethylene vinyl acetate) PEVA CsPbBr3 40.5%[80] [80]

Polystyrene-block-poly(ethyl oxide) PEO-b-PS MAPbBr3 56%[81] [81]

Poly(acrylonitrile butadiene styrene) ABS MAPbBr3 48%[38] [38,44]

Poly(styrene-ethylene-butylene-
styrene)

SEBS CsPbBr3 N/A [29]

Star-like poly(acrylic 
acid)-block-polystyrene

PAA-b-PS CsPbBr3 91.4%[17a]

71%[82]

[17a,82]

Star-like poly(4-vinylpyridine)-block-
poly(acrylic acid)-block-polystyrene

P4VP-b-PAA-b-PS MAPbBr3 N/A [83]

Star-like poly(4-vinylpyridine)-block-
poly(acrylic acid)-block-poly(ethylene 
oxide)

P4VP-b-PAA-b-PEO MAPbBr3 N/A [83]

Star-like polystyrene-block-poly(acrylic 
acid)-block-polystyrene

PS-b-PAA-b-PS CsPbBr3 67%[82] [82]

Tri(propylene glycol) diacrylate TPGDA FAPbBr3 35%[84] [84]

Pentaerythritol triacrylate PETA FAPbBr3 23.6%[84] [84]

Trimethylolpropane ethoxylate 
triacrylate

ETPTA FAPbBr3 N/A [84]

Table 1. Continued.
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Figure 1. a) The design of perovskite NCs modified with polymerizable ligands, 4-vinyl-benzyl-dimethyloctadecylammonium chloride (V-18), and their 
application in light emitting diodes (LEDs) and water-resistant composite. b) Transmission electron microscopy (TEM) image and high-resolution 
transmission microscopy (HRTEM) image (insert) of PNCs-V-18. a,b) Adapted with permission.[64] Copyright 2017, Wiley-VCH. c) Synthetic strategy for 
perovskite NCs using linear amphiphilic block copolymer micelles as nanoreactors. c) Adapted with permission.[76] Copyright 2017, American Chemical 
Society.

Polymer/monomer Chemical structure PNC PLQY Ref.

poly(ethylenimine) PEI CsPbBr3 75%[85]

85%[86]

[85,86]

polyimide PI CsPbBr3 88.1%[87] [87]

Poly(2-(dimethylamino)
ethylmethacrylate)

PDMAEMA CsPbBr3 60%[88] [88]

Crosslinked alkynyl acid CsPbBr3 N/A [89]

Table 1. Continued.
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and the ability to be used as a luminescent ink to create opto-
electronic devices with high luminous efficiency and excellent 
color-rendering index.[56]

2.1.2. In Situ Synthesis of PNCs in the Presence of Polymer Capping 
Agents

In addition to polymerizable monomer capping ligands, 
polymer capping ligands can also be used in the colloidal syn-
thesis of PNCs for in situ fabrication of PNC/polymer nanocom-
posites.[41,66] Cesium lead halide (CsPbX3) NCs were recently 
crafted via hot-injection colloidal synthesis using a combina-
tion of poly(maleic anhydride-alt-1-octadecene) (PMAO) and 
conventional small organic molecular ligands oleic acid and 
oleylamine.[66] Diffusion-ordered nuclear magnetic resonance 
(NMR) measurements determined that PMAO was not directly 
connected to the surface of PNCs, but rather interacted with 
the bonded small organic molecular ligands via hydrophobic 
interactions. As a result, PMAO decreased the diffusion coef-
ficient of ligands on CsPbX3 NC surface and provided a tightly 
connected ligand outer shell, thereby limiting the interaction 
between PNC surfaces and the surrounding media.

PNCs with a protective polymer shell were also crafted by 
anchoring functionalized polymers onto their surfaces.[41,81] For 
example, after the atom transfer radical polymerization (ATRP) 
of styrene, the as-prepared polystyrene (PS) can be functional-
ized via tert-butyloxycarbonyl deprotection to yield ammonium 
bromide-terminated PS (NH3Br–PS).[41] During the in situ syn-
thesis of CsPbBr3 NCs, the NH3Br–PS has been demonstrated 
to stabilize the surface of CsPbBr3 NC via its ammonium cation 
and serve as a bromide source, thereby passivating the surface 
of the as-prepared CsPbBr3 NCs.[41]

2.1.3. In Situ Synthesis of PNCs in the Presence of Polymer 
Nanoreactors

The above-mentioned synthetic approaches often require the 
addition of conventional small organic molecule ligands to con-
trol the uniformity of size and morphology of PNCs. Notably, 
polymerizable and polymer capping ligands bind to PNC sur-
faces through a similar mechanism as conventional small 
organic molecule ligands. Therefore, the dynamic dissociation 
of ligands from PNCs surfaces remains an inevitable challenge 
that limits the stability of PNCs under high humidity and tem-
perature.[92] To this end, in situ synthesis of PNCs using linear 
polymer micelles as nanoreactors has been developed as an 
alternative approach.[76]

Recently, the amphiphilic block copolymer polystyrene-
block-poly-2-vinylpyridine (PS-b-P2VP) has been demonstrated 
to self-assemble into a reverse micelle structure in nonpolar 
solvents, with the P2VP and PS blocks as the core and shell, 
respectively. This reverse micellar structure was then utilized to 
craft PNCs. Perovskite precursors were mixed with PS-b-P2VP 
copolymers in nonpolar solvents, where the internal P2VP 
block efficiently bound to the metal precursors (i.e., cesium bro-
mide and lead bromide) through the coordination interaction 
between the pyridine groups of P2VP and the metal moieties 

of precursors. This selective loading of the metal precursors 
into the reverse micelles was found to lead to nucleation and 
growth of CsPbBr3 NCs, as shown in Figure  1c.[93] Moreover, 
the outside PS blocks were demonstrated to sterically stabilize 
the metal precursors during crystal nucleation and growth, 
enhancing the colloidal stability of CsPbBr3 NCs after the reac-
tion, and protecting the formed CsPbBr3 NCs from moisture 
and polar solvents (e.g., methanol and ethanol).[29,76]

Because the size and morphology of the as-prepared CsPbBr3 
PNCs can easily be controlled by tuning the size and structure 
of the self-assembled PS-b-P2VP micelles, no additional small 
organic molecule ligands are needed.[76] This technique has also 
been found to eliminate ligand dissociation due to the covalent 
bond between the outer PS block and the inner P2VP block. 
Both all-inorganic (e.g., CsPbX3) and organic–inorganic hybrid 
PNCs (e.g., MAPbI3) have been synthesized using linear block 
copolymer nanoreactors.[77,78]

The dynamic instability of conventional linear polymeric 
micelles has proven to be a challenge in using them to craft 
PNCs.[94] As noted above, these micelles are thermodynamic 
aggregates of multiple amphiphilic molecules above critical 
micelle concentration, so their size and shape depend heavily 
on temperature, solvent properties, solution concentration, pH, 
and other experimental conditions.[95] Even small variations in 
those parameters during PNCs synthesis can result in the dis-
sociation of micellar structure, which leads to poor control over 
PNC size and morphology. Moreover, nanocomposites prepared 
from this approach often encapsulate multiple PNCs within 
one polymer micelle, which may be deleterious for biomedical 
applications where cellular uptake is more feasible for smaller 
NCs, or in optoelectronic devices that require uniform NCs 
dispersion.[96]

Recently, an unconventional strategy for crafting PNCs 
that capitalizes on unimolecular star-shaped block copolymer 
micelle nanoreactors has been developed.[17a,82,83,97] The amphi-
philic multiarm block copolymer poly(acrylic acid)-block-poly-
styrene (PAA-b-PS) was synthesized by sequential ATRP, with 
the hydrophilic PAA block in the core and the hydrophobic PS 
block as the shell. The unimolecular nature of the nanoreac-
tors endows them with enhanced spherical micellar structural 
stability compared with conventional self-assembled linear 
block copolymers micelles (Figure  2a). Perovskite precursors 
have been found to selectively bind to the inner PAA blocks 
of the star-shaped copolymers via strong coordination with the 
carboxylic groups of the PAA blocks. The loaded perovskite 
metal precursors can then easily form covalently ligated PNCs 
within the nanoreactor via a facile and rapid coprecipitation 
reaction (Figure 2b). Because the PNCs are confined within the 
micelles, their size and size distribution can be precisely tuned 
by controlling the molecular weight and polydispersity of each 
block of the nanoreactor, which is easily achieved during ATRP 
of the monomers (i.e., tert-butyl acrylate and styrene). Because 
the outer PS blocks are covalently connected to the inner PAA 
blocks, they are permanently capped on the surface of PNCs 
which prevents aggregation and endows the PNCs with remark-
able stability, which will be discussed in the following section.

Enhanced protection of the final PNCs can be achieved by 
further functionalization and engineering of the star-shaped 
block copolymer nanoreactors. The addition of a small amount 
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of divinylbenzene as a crosslinker during the ATRP reaction 
of styrene has been found to yield partially crosslinked PS 
that forms a denser protective layer on the surface of CsPbBr3 
PNCs.[97] In addition to diblock star-shaped amphiphilic 
copoly mer nanoreactors, multiarm star-shaped triblock copoly-
mers, namely poly(4-vinylpyridine)-block-poly(acrylic acid)-
block-poly styrene (P4VP-b-PAA-b-PS), have been synthesized to 
craft PAA-b-PS-ligated PNCs (i.e., MAPbBr3 NCs) via similar 
techniques and mechanisms as noted above (Figure  2c).[83] A 
passivating SiO2 shell was then formed around MAPbBr3 NCs 
via the in situ hydrolysis of tetramethyl orthosilicate in the 
compartment occupied by the outer PAA blocks (Figure  2d). 
Water soluble poly(ethylene oxide)-ligated (PEO-ligated) dual-
shelled MAPbBr3 NCs were also formed by the substitution of 
hydrophobic PS to hydrophilic PEO through a click reaction.[83] 

Hollow PNCs with PS chains covalently tethered to their sur-
face were crafted by tailoring the composition of multiarm 
star-shaped triblock copolymer from P4VP-b-PAA-b-PS to 
PS-b-PAA-b-PS.[82]

2.1.4. Postsynthesis Anchoring of Polymers onto PNCs

In addition to in situ synthesis of PNCs with polymers or 
polymerizable ligands, postsynthesis modification of PNCs 
with polymers has been investigated. Polymeric capping 
ligands have been found to possess a substantially lower disso-
ciation tendency than small organic molecule ligands due to the 
numerous anchoring groups on their backbones.[24a,27] Ligand 
exchange has emerged as a common postsynthesis strategy to 
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Figure 2. a) Stepwise representation of crafting “hairy” all-inorganic perovskite CsPbBr3 QDs with intimately and permanently capped by PS chains via 
capitalizing on amphiphilic star-like PAA-b-PS diblock copolymers as nanoreactors. b) TEM image of PS-capped CsPbBr3 QDs with diameter = 10.1 ± 
0.6 nm. a,b) Adapted with permission.[17a] Copyright 2019, Wiley-VCH. c) Stepwise representation of the synthetic route to PS-capped MAPbBr3/SiO2 
core/shell NCs and PEO-capped MAPbBr3/SiO2 core/shell NCs by exploiting star-like P4VP-b-PtBA-b-PS and P4VP-b-PtBA-b-PEO as nanoreactors, 
respectively. d) TEM images of PEO-capped MAPbBr3/SiO2 core/shell NCs with MAPbBr3 core diameter of 6.1 ± 0.3 nm and SiO2 shell thickness of 
8.9 ± 0.4 nm (top), and MAPbBr3 core diameter of 6.8 ± 0.3 nm and SiO2 shell thickness of 8.0 ± 0.3 nm (bottom). c,d) Adapted with permission.[83] 
Copyright 2019, The Authors, published by American Association for the Advancement of Science.
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tailor the surface capping ligands and surface chemistry of con-
ventional QDs.[98] Ligand exchange is, however, rarely used with 
PNCs because most conventional ligand exchange methods uti-
lize polar solvents (e.g., dimethylformamide (DMF))[99] that will 
result in detrimental transformation of perovskite crystals[90b,100] 
or dissociation of ligands.[101]

Until recently, two main postsynthesis methods have been 
developed to tether polymer capping ligands onto the surface 
of PNCs. One, the “grafting to” approach, involves the direct 
reaction between properly functionalized polymers and the 
NCs surface. The other, the “grafting from” approach, involves 
initiating polymer chain growth on functionalized NCs. For 
example, multidentate polymer zwitterionic ligands were 
grafted to PNCs, endowing PNCs with solubility in a wide 
range of organic solvents (Figure  3a,b).[24a] The binding of 
multidentate polymeric ligands onto the surface of CsPbBr3 
PNCs can easily be triggered by simply mixing CsPbBr3 PNC 
solution with multidentate polymeric ligands. This method has 
also been applied to the commercially available, multidentate 
poly(lactic acid) ligand.[63]

PMAO, another multidentate polymeric ligand, has been 
anchored onto the surface of PNCs through a reaction with 
small organic molecule ligands.[67] PMAO is simultaneously 
highly compatible in nonpolar, hydrocarbon solvents (due to 
its octadecane (ODE) unit) and highly reactive with surface 
oleylamine groups (due to its succinic units). The formed 
poly(succinamic acid) blocks in PMAO have been observed to 
release the oleylamine species from the surface of CsPbBr3 
PNCs and strongly tether to the CsPbBr3 PNC surface via 

their carboxylic and amine groups. It is notable that protec-
tive polymer shells have also been created around PNCs via 
hydrophobic interactions between native alkyl small organic 
ligands and amphiphilic block copolymers on PNC surfaces, 
dispensing with the need for chemical bonding.[102]

End-group functionalization has also been utilized to 
craft strongly surface bound polymeric ligands. Amine, thiol, 
carboxyl and phosphate groups have all been found to strongly 
bind to PNCs and have been widely studied for end-group 
functionalization.[103] Inorganic polymers, (e.g., thiol or amine 
functionalized polyhedral oligomeric silsesquioxane) have been 
observed to attach to PNCs via strong metalS bonding or 
ionic interaction between the ammonium cation and PNCs.[104] 
The water-triggered hydrolysis of the capped inorganic poly-
mers results in the formation of a dense SiO2 shell on the PNC 
surface.

As noted above, the “grafting from” approach involves ini-
tiating polymerization from the PNC surface. It has been 
reported that under UV light irradiation, the dissociation of 
the PbBr bond on the surface of CsPbBr3 PNCs produces 
free radicals, which can be used to initiate the polymerization 
of styrene monomers.[35] These polymer chains are directly 
and covalently bound to the surface of CsPbBr3 PNCs through 
a PbC bond with high grafting density. Continuous UV light 
irradiation during polymerization has been found to dramati-
cally increase the PLQY of CsPbBr3 PNCs due to the increasing 
thickness and the protection rendered from the grafted PS 
shell. Moreover, the molecular weight of the grafted PS chains 
can be precisely controlled by altering reaction time.

Adv. Mater. 2021, 2005888

Figure 3. a) Illustration of multi-point anchoring of polymer zwitterions on a PNC surface, intended to impart NC stability and dispersion in polymer 
matrices. b) TEM images of PNCs with polymer zwitterions capped on surface. a,b) Adapted with permission.[24a] Copyright 2020, Wiley-VCH. c) Pro-
posed reaction mechanism of the perovskite photoactivated polymerization of styrene. d) TEM and HRTEM images of perovskite–polystyrene nano-
composite (left) and unreacted close-packed perovskite nanocrystals (right). c,d) Adapted with permission.[35] Copyright 2018, Wiley-VCH.
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2.2. Physical Mixing PNCs with Polymer

2.2.1. Physical Embedding Perovskite NCs into Polymer Matrix

PNCs have been physical blended with a wide range of polymer 
solutions, including poly(methyl methacrylate) (PMMA),[14a] 
PS,[29,36] poly(styrene-ethylene-butylene-styrene) (SEBS),[29] and 
poly(lauryl methacrylate) (PLMA),[29] to yield nanocomposites 
with enhanced stability and processability for optoelectronic 
devices. Many of these nanocomposites are crafted using 
a controlled solvent evaporation approach which has been 
demon strated to result in poor control over film uniformity.[105] 
Nanocomposite films with uniform size, thickness, and mor-
phology were, however, produced through an optimized spin 
coating process.[106] Therefore, physical blending has been rec-
ognized as a facile and promising approach for the large-scale 
production of perovskite NCs/polymer nanocomposites.

The “swelling-shrinking” technique is another physical 
blending strategy that has been used to produce PNC/polymer 
nanocomposites by capitalizing on the solubility differences 
of polymers in specific solvents.[37] Polymer matrices are well-
known to swell or shrink in specific solvents, depending on a 
variety of thermodynamic parameters. As shown in Figure 4a, 
PNC/polymer nanocomposites were conveniently obtained by 
mixing fully dissolved CsPbBr3 PNCs with a polymer matrix 
(i.e., PS) in a good solvent for the polymer (i.e., toluene). Sub-
sequently, the addition of a poor solvent (i.e., hexane) led to 
polymer shrinkage. The loading density of CsPbBr3 PNCs 
was readily tuned by manipulating the mass or volume ratio 

between the CsPbBr3 PNCs and polymer matrices. This 
approach enabled the production of PNC/polymer nanocom-
posites under ambient conditions without inert gas protec-
tion in a relatively short timescale. Moreover, this approach 
eliminates the severe, disadvantageous phase separation that 
is normally seen in the spin-coating and controlled solvent 
drying approaches, which maintains the photoluminescence 
of CsPbBr3 PNCs in the nanocomposites under UV light 
irradiation (Figure  2b). Polymers that have been used in this 
approach, include PS, polycarbonate (PC), acrylonitrile buta-
diene styrene (ABS),[107] ethyl cellulose,[74] cellulose acetate 
(CA), poly(vinyl chloride) (PVC), PMMA,[107] and a superhydro-
phobic copolymer (i.e., poly(divinylbenzene)) that can be seen 
in Figure 4c,d.[79]

Electrospinning, a widely applied technique for microfiber 
fabrication, has also been used to make PNC/polymer nano-
composites.[108] Recently, CsPbBr3 PNCs have been dispersed in 
PMMA and poly(vinylpyrrolidone) (PVP) microfibers by electro-
spinning at a variety of flow rates, applied voltages and needle-
to-collector distances.[58a] The CsPbBr3 PNCs were found to be 
evenly distributed on the as-prepared microfibers and retained 
most of their optical properties.

2.2.2. Synthesis of PNCs via In Situ Conversion of Precursors in the 
Presence of Polymer Matrices

Physically embedding premade PNCs into polymer matrixes 
inevitably exposes PNCs to solvents and environments during 
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Figure 4. a) Schematic illustration of the preparation process of PNCs@PS composite spheres via swelling–shrinking strategy. b) Photographs of 
large-scale production under normal room light (left) and UV light (right). a,b) Adapted with permission.[37] Copyright 2017, Wiley-VCH. c) Schematic 
illustration for preparation of CsPbBr3 PNCs embedded superhydrophobic porous organic polymer (i.e., poly(divinylbenzene)) framework (CPB@
SHFW) composites. d) TEM image of CPB@SHFW composite. c,d) Adapted with permission.[79] Copyright 2019, American Chemical Society.
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processing that may progressively deteriorate the crystal struc-
ture prior to receiving protection from polymer matrix. Incom-
patibility between the original surface-capped organic ligands 
on PNCs and specific polymer matrixes may also inhibit the 
formation of high-quality, uniform nanocomposite without 
phase separation. In this regard, many approaches have  
been developed to achieve in situ synthesis of PNCs within a 
polymer matrix.

For example, in situ synthesis of PNC/polymer nanocom-
posite films has been realized by controlled solvent evapora-
tion via separating the crystallization of the poly(vinylidene 
fluoride) (PVDF) matrix and methyl ammonium lead halide 
(MAPbX3) organic metal halide PNCs.[51] The strong inter-
action between the ammonium cation in the precursor (i.e., 
MAX) with the fluoride of PVDF was found to favor permea-
tion of the perovskite precursor into PVDF matrix and lead to 
uniform size and distribution of MAPbX3 PNCs. In a typical 
experiment, a mixture of perovskite precursor and PVDF was 
first dissolved in DMF, and then drop cast onto a removable 
glass substrate. The spun coated substrate was then subject 
to two-staged controlled solvent evaporation. In the first stage 
of solvent drying, DMF was quickly and partially removed by 
vacuum, which led to the crystallization of the PVDF matrix 
and the formation of a colorless, transparent thin film. 
Residual DMF within PVDF matrix was found to inhibit the 
simultaneous crystallization of MAPbX3 PNCs and thus retain 
the uniform distribution of perovskite precursors.[51] In stage 
two, slow solvent drying of the residual DMF in ambient 
conditions gradually changed the colorless film into a green-
emitting nanocomposite via the formation of MAPbX3 PNCs. 
PVDF stands as a particularly promising polymer matrix 
because of its outstanding piezoelectric, thermal, and mechan-
ical properties, as well as its hydrophobic stability.[109] The high 
transparency and PLQY of these nanocomposites suggested 
the formation of uniformly distributed, nanoscale perovskite 
crystals without phase separation, making them promising 
candidates for LEDs.[51]

By varying the types of polymer matrixes, this strategy can 
be readily extended to many commercialized polymers, such 
as PVP,[60] PEO,[47] and polydimethylsiloxane (PDMS).[23b] For 
example, MAPbX3 PNCs were grown in a porous PDMS tem-
plate to produce PNC/polymer nanocomposites.[23b]

The “swelling-shrinking” approach can also be utilized 
for the in situ conversion of precursors into PNCs within a 
polymer matrix (Figure  5a).[38] By blending perovskite precur-
sors instead of PNCs, perovskite crystal degradation can be 
avoided, thereby expanding the library of usable solvents and 
polymer matrixes. Typically, perovskite precursors were first 
mixed with selected polymers in DMF to form a homogeneous 
solution. Subsequently, the solution was dropped onto specific 
substrates to yield thin film nanocomposites without the addi-
tion of a poor solvent. The evaporation of DMF induced fast 
crystallization of MAPbBr3 PNCs within the shrunk polymer 
matrixes. The formed PNCs possessed sizes ranging from 10 to 
over 100 nm in a depth-dependent size distribution (Figure 5b). 
Polymers with good solubility in DMF can be employed for this 
approach, including PS, PC, ABS, and poly(ethylene vinyl ace-
tate) (PEVA).[44,80]

The incorporation of perovskite precursors with polymers 
also enables the electrospinning of luminous fiber-shaped 
nanocomposites. Semicrystalline and hydrophobic polyacry-
lonitrile (PAN) has been found to offer good protection to 
MAPbX3 PNCs against moisture.[50] PAN was simultaneously 
and coaxially electrospun with perovskite precursors in DMF, 
thereby facilitating the in situ crystallization of MAPbX3 PNCs 
within PAN after evaporating DMF.[50] The morphology and 
photophysical properties of the MAPbX3 PNCs inside the 
fibers was effectively tailored by manipulating the composition 
and stoichiometry of perovskite precursors, polymer concen-
tration, and solvent compositions and concentrations. Color 
tunability, PLQY, and stability of the fiber-shaped nanocom-
posites were further tuned by introducing synthetic polymer 
additives into the PAN DMF solution.[50] This approach 
has also been utilized with polymers other than PAN (such 
as PS,[42] PVA,[39] and PVP,[61]) to fabricate PNC/polymer 
nanocomposites.

Notably, large-scale, continuous production of CsPbBr3 
PNCs/PMMA fiber nanocomposites was achieved at room tem-
perature and without generating toxic waste by using a combi-
nation of electrospinning and microfluidic reactors.[57] The sta-
bility, color purity, and optical properties of the resultant micro-
fibers are comparable to the other facile approaches discussed 
above, making this method particularly promising for the mass 
production of PNCs-based nanocomposites.

Inkjet printing of perovskite precursor solutions onto pat-
terned polymer matrixes has also emerged as a method to fab-
ricate PNCs patterns for modern photonic and optoelectronic 
devices.[43] As shown in Figure  5c, this strategy eliminates 
the use of polymer containing ink and directly crystallizes 
MAPbBr3 PNCs within patterned polymer substrates. Notably, 
because the solvent is evaporated, this method dispenses with 
the need to consider the differences in solvent compatibility 
between the perovskite precursors and polymers. A diverse set 
of polymers, including PDMS,[110] PVC,[45] PMMA, PS, PAN, 
PVDF, and CA,[43] have been utilized.

Polymer films with high-resolution perovskite patterns 
have been created using size exclusion lithography, which 
capitalizes on the in situ crystallization of PNCs during  
photopolymerization.[84] In this method, perovskite precur-
sors were first mixed with a photoinitiator and polar mono-
mers (e.g., tri(propylene glycol) diacrylate (TPGDA), pentae-
rythritol triacrylate (PETA), and trimethylolpropane ethoxylate 
triacrylate (ETPTA)) in solution. Portions of the mixture were 
subsequently exposed to UV light, which induced the polym-
erization of polar monomers which dramatically decreased 
the solubility of perovskite precursors, resulting in spatially 
controlled crystallization of FAPbX3 PNCs. The nanocom-
posite patterns synthesized from this approach exhibit high 
PLQY, broad color tunability, and tailorable flexibility. Simi-
larly, by tuning the intensity and time that the laser irradi-
ates a substrate, reversible CsPbBr3 PNC patterns were cre-
ated via laser-assisted crystallization.[111] The recoverable per-
ovskite patterns originate from the in situ crystallization and 
erasing of CsPbBr3 PNCs via femtosecond laser irradiation 
and thermal treatment and exhibit switchable PL and good 
recyclability.[112]

Adv. Mater. 2021, 2005888
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3. Properties of PNCs and PNC/Polymer 
Nanocomposites

3.1. Optical Properties of PNCs and PNC/Polymer 
Nanocomposites

3.1.1. Electronic Band Structure of PNCs

The bandgap energy of PNCs can easily be tailored by altering 
the relative composition of the A, B, and X components and 
by reducing the size of the PNC below its Bohr radius.[3,14a] 
The bandgap tunability originates from the electronic struc-
ture of metal halide perovskites. Studies have shown that 
in lead halide perovskites, the conduction band is mainly 
formed from antibonding Pb 6p orbitals, as illustrated in 
Figure 6b.[13] On the other hand, the valence band has been 
found to be primarily composed of the antibonding orbitals 

from the hybridization of the Pb 6s and halide (Cl, Br, I, or 
their hybrid) p orbitals.[113] Altering the halide composition 
of perovskites has been shown to shift the valence band 
edge, but result in little change to the conduction band edge. 
This can be seen in the shifts of the emission and absorp-
tion onset wavelength of cesium lead halide (CsPbX3) PNCs, 
which can be easily tuned from 410  nm (X = Cl) to 512  nm 
(X = Br) to 685  nm (X = I) (Figure  6c). The replacement of 
Pb2+ in the B-site of perovskite with other cations (e.g., Sn2+) 
has also been found to alter the optical properties of PNCs 
because of the difference in electronegativity between Pb2+ 
and the substituted ions.[114] Though the A-site cation has not 
been found to directly affect the bandgap in terms of density 
of states, variation of the A-site cation size can directly tilt 
the angle of the Pbhalide bonds and the concomitant dis-
tortion of the crystal lattice has been observed to alter band 
structure.[115]

Adv. Mater. 2021, 2005888

Figure 5. a) Scheme of the MAPbBr3–polymer composite film formation process through swelling–deswelling (top) and images of the luminescent 
composite samples prepared by spin coating under UV excitation (365 nm) (bottom). Samples from left to right are MAPbBr3–PS, MAPbBr3–PC, 
MAPbBr3–ABS, MAPbBr3–CA, MAPbBr3–PVC, and MAPbBr3–PMMA, respectively. b) Size distribution of MAPbBr3 NCs along with depth from top sur-
face (left), and cross-section TEM and HRTEM images of the MAPbBr3@PS films indicate a depth-dependent size effect of PNCs (right). a,b) Adapted 
with permission.[38] Copyright 2016, Wiley-VCH. c) Schematic diagram of the in situ inkjet printing (ISIP) strategy (top) and optical images (bottom) of 
printed PNCs patterns on different polymer substrate under UV light irradiation. c) Adapted with permission.[43] Copyright 2019, Wiley-VCH.
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3.1.2. Quantum Confinement Effect of PNCs

PNCs have been demonstrated to exhibit size-dependent 
absorption and emission due to the quantum confinement 
effect.[14a,116] Typically, the wave functions of charge carriers in 
PNCs become confined when one or more dimensions of the 
PNCs are shrunk below the Bohr radius of their excitons,[116,117] 
thereby confining charge carriers and blueshifting absorption 
onset energy. The exciton Bohr diameter in metal halide perov-
skite have been observed to be extremely small (e.g., 5 nm for 
CsPbCl3, 7 nm for CsPbBr3, and 12 nm for CsPbI3).[14a] By tai-
loring their size from 3 to 6 nm, the absorption and emission 
wavelengths of CsPbBr3 PNCs were altered from 450 and 454 
to 500 and 503 nm, respectively due to quantum confinement 
(Figure 6d).[118]

3.1.3. Defect Tolerance of PNCs

Metal halide PNCs have demonstrated higher defect toler-
ance than conventional semiconducting QDs.[119] Their ability 
to retain pristine electronic band structure in the presence of 

a high concentration of defects is attributed to their unique 
electronic band structure in which bonding–antibonding inter-
actions exist within their conduction and valence bands.[120] 
Energy level splitting caused by strong spin–orbital coupling 
effects favorably broadens the conduction bands and increases 
the possibility of defect states located within conduction 
bands (Figure 6e).[121] Density functional theory (DFT) calcula-
tions have corroborated that vacancies, interstitial atoms, and 
surface states do not induce defect states within perovskites’ 
bandgap.[122] Notably, because of their defect-tolerant nature, 
PNCs possess outstanding optical properties without the need 
for surface passivation, high purity, high temperature, or equip-
ment-intensive vacuum synthesis, all of which are critical for 
conventional QDs.

3.1.4. Optical Properties of PNC/Polymer Nanocomposite

PNCs exhibit unique spectral tunability and high PLQY due 
to their advantageous electronic structure, strong quantum 
confinement effect, and intrinsic high defect tolerance, as 
described above. However, PNCs suffer from moisture-triggered 
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Figure 6. a) Schematic representation of cubic-phase ABX3 metal halide crystal structures. b) Formation of energetic bands in a lead iodide perovskite 
material through the hybridization of lead and iodide orbitals. a,b) Adapted with permission.[13] Copyright 2019, American Chemical Society. c) Colloidal 
CsPbX3 PNCs (X = Cl, Br, I) exhibit size- and composition-tunable bandgap energies covering the entire visible spectral region with narrow and bright 
emission, top: colloidal solutions in toluene under UV lamp (λ = 365 nm); bottom: representative PL spectra (λexc = 400 nm for all but 350 nm for 
CsPbCl3 samples). d) Quantum-size effects in the absorption and emission spectra of 5–12 nm CsPbBr3 NCs. c,d) Adapted with permission.[14a] Copy-
right 2015, American Chemical Society. e) Schematic of two limiting cases of the band-structure in semiconductors: conventional (defect-intolerant, left) 
and ideal hypothetical (defect-tolerant, right). Bonding and antibonding orbitals are identified as s and s*, respectively. e) Adapted with permission.[121] 
Copyright 2016, American Chemical Society.
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photodegradation and thermal and solvent instability, which 
deleteriously affect their structural integrity, compromise their 
PLQY, reduce their long-term stability in ambient conditions, 
and ultimately blueshift and quench their PL emission.[123] In 
this context, the preparation of PNC/polymer nanocomposites 
stands as an attractive method to passivate the PNCs and retain 
high PLQY in otherwise harsh environments.

PC, PS, PMMA, and many other polymers have been reported 
to passivate the surface of PNCs and contribute to the enhanced 
PLQY observed in nanocomposites.[38,124] The incorporation of a 
hygroscopic polymer (i.e., PEO) into perovskite materials has 
been found to boost PLQY by passivating the surface due to 
the chemical interaction between the oxygen in PEO and the 
undercoordinated defects sites on perovskite surface.[49,125] It 
has been reported that films formed by spin-coating a mixture 
of PEO and CsPbBr3 NCs (mixed in solution at a 0.065:1 weight 
ratio) exhibit a PQLY as high as 60% (one order of magnitude 
higher than that of neat CsPbBr3 film (7%)), while the PL peak 
is unchanged (≈521 nm). Moreover, the average PL lifetime of 
CsPbBr3 PNC/PEO film is also longer than that of neat perov-
skite (i.e., 86 vs 16  ns).[49] Another oxygen-containing func-
tional group, namely, maleic anhydride, in PMAO has been 
observed to interact with the PNCs via van der Waals interac-
tions, thus passivating surface defects and improving PLQY.[68] 
For instance, CsPbBr3 PNC/PAMO nanocomposites possess a 
PLQY of 88.8% and PL lifetime of 54.5  ns, which are higher 
than that of pristine CsPbBr3 NC (i.e., PLQY of 75.9% and PL 
lifetime of 36.89  ns).[68] Moreover, polymers with nitrogen-
containing functional groups have demonstrated an ability 
to strongly bind with PNCs via coordination of the nitrogen 
atoms with the undercoordinated lead atoms of PNC, thereby 

eliminating the deleterious effects from surface defects.[126] For 
example, amino-rich polymers (e.g., poly(ethylenimine) (PEI)), 
have been reported to compensate the unsaturated bonds on 
the CsPbBr3 PNCs surface, increase the PLQY of PNC/polymer  
nanocomposite from ≈35% to over 50% (Figure 7b), and pro-
long the lifetime of PL from 9.6 to 29.4  ns (Figure  7c).[85] 
Other nitrogen-containing functional poly mers (e.g., P2VP,[76] 
polyimide (PI),[87] poly(2-(dimethylamino)ethylmethacrylate) 
(PDMAEMA),[88] etc.) have also been found to form a multi-
dentate capping shell that closely tethers to the surface of the 
PNCs and results in enhanced surface passivation via a similar 
mechanism.

Many other functional groups have also been demonstrated 
to effectively passivate the surface of PNCs via a chemical 
interaction with their surface defects, including phosphorous-
containing groups,[103b,127] carboxylic acid,[128] sulfur-containing 
groups,[129] and aromatic groups.[130] Recently, the rational 
design and thermal polymerization of phosphorous-containing 
copolymer, poly-diphenylvinylphosphine-styrene (PDPEP-co-
PS), during in situ synthesis of CsPbBr3 PNCs confers multiple 
unique properties to as-prepared PNC/polymer nanocompos-
ites.[75] The phosphorous atoms in DPEP segment of PDPEP 
have been found to reduce surface traps of CsPbBr3 PNCs and 
increase the solubility of lead precursors via a strong coordina-
tion interaction with Pb2+ ions. Moreover, the long hydrophobic 
PS chains were observed to provide a space skeleton for the in 
situ synthesis of CsPbBr3 PNCs and prevent moisture from 
contacting the CsPbBr3 PNCs, thereby rendering nanocompos-
ites with a PLQY of 90%.

Nonlinear block copolymer nanoreactors have also been used 
to tune the optical properties of PNCs.[17a,83,97] The size and 
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Figure 7. a) Hybridizing CsPbBr3 PNCs with PMMA and PEI via a ball milling method to fabricate stable LED with solution-processable ink. b) PLQY 
values of PNCs with increasing PEI content. c) Time-resolved PL spectra of PNCs with increasing PEI content. a–c) Adapted with permission.[85] 
Copyright 2019, American Chemical Society. d) Molecular mechanics simulations for the NC ligand–polymer interaction in the case of PMMA and PS. 
Side and top view images show that a denser surface coverage can be obtained with PS rather than PMMA. d) Adapted with permission.[131] Copyright 
2019, American Chemical Society.
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composition of PNCs can be dictated by the molecular weight 
of the nonlinear block copolymers and the composition of pre-
cursors, thereby leading to tunable PL emission wavelength 
over the entire visible range with narrow full-width-at-half-
maximum. It has been shown that the composition, hydropho-
bicity, and molecular packing density of the capping polymers 
on PNCs affect their structural integrity and PL behavior when 
exposed to moisture and oxygen (Figure  7d).[131] In particular, 
PS has exhibited denser molecular packing and higher hydro-
phobicity than PMMA and SEBS, which affords a stable optical 
spectra from the PNCs and suppression PL blueshifting.[29] The 
above studies suggested that the fabrication of PNC/polymer 
nanocomposite facilitates superior surface passivation, control 
over size, morphology and composition, protection against 
moisture, heat and air, enhanced PLQY, and a wide range of 
spectral tunability.

When PNCs are capped with poly(ethylene glycol) (PEG) 
homopolymers, the van der Waals interactions between hydro-
philic PEG blocks in nonpolar solvents (i.e., chloroform) allow 
for the formation of highly order assemblies of CsPbBr3 PNCs, 
including bundled pearl necklaces, lamellar, and nanorice 
assemblies.[132] The self-assembled structures of CsPbBr3 PNCs 
can be manipulated by controlling the concentration of PEG, 
which results in tunable inter-NC spacing, thereby altering the 
strength of inter-NC electronic coupling. As a result, the strong 
inter-NC electronic coupling of PNCs in the self-assembled 
ordered structure contributes a ≈240 meV bathochromic shift 
of the lowest energy absorption peak of CsPbBr3 PNCs com-
pared to pristine CsPbBr3 PNCs.

On the other hand, individual CsPbBr3 PNCs capped with 
polymers containing 1-alkynyl acid groups can readily self-
assemble into 3D supercrystals under UV irradiation through 
the photo-induced alkynyl homocoupling reaction.[89] By var-
ying the carbon chain length of the surface-capped polymer, 
different morphologies of supercrystals, such as cuboid and 
spindle, can be obtained during the UV-induced assembling 
process. Due to enhanced crystallinity and surface passiva-
tion, the perovskite supercrystals manifest a 1000-fold PL 
intensity improvement and prolonged PL lifetime compared 
to that of pristine PNCs.[89] Therefore, the above studies 
suggested that the fabrication of PNC/polymer nanocom-
posites facilitates superior surface passivation, control over 
size, morphology, composition, protection against moisture, 
heat, and air, enhanced PLQY, and a wide range of spectral 
tunability.

3.2. Optoelectronic and Electronic Properties of Perovskites and 
PNC/Polymer Nanocomposites

3.2.1. Charge Carrier Dynamics of Perovskites

Optically excited charge carriers in perovskite materials are 
either freely diffused or excitonically bound, mainly deter-
mined by the exciton binding energy, carrier density, and 
temperature.[133] The generation, transport, and recombina-
tion of charge carriers depends significantly on the composi-
tion, crystal structure, size, and defects of perovskites.[134] Free 
charge carriers move with diffusion coefficients (Dn,p) in the 

absence of external fields, and drift with mobility (μn,p) in a 
nonzero electric field related through the Einstein relation

eD Tµ = /kn,p n,p B
 

(1)

where e is the absolute value of electron charge, kB is the 
Boltzmann constant and T is the temperature. Dn,p and μn,p are 
related to the electronic band structure of perovskite through 
the carriers’ effective mass (meff) which is correlated to spin–
orbital coupling, chemical composition, and crystal size.[133,134] 
The Dn,p and μn,p in perovskites have been proven to be modest 
compared with other high-quality semiconductors due to scat-
tering by the presence of defects and lattice vibrations.[134,135] 
Before recombination, charge carriers have been found to 
exhibit an average recombination life time (τ) determined by 
the radiative and nonradiative recombination rates, which are 
correlated to the carrier density, trap density, and many other 
factors.[134] τ and μn,p are correlated to the diffusion length (LD) 
of charger carriers via following equation
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where high μn,p and long τ proportionally increase the LD. The 
long LD in perovskites has been found to contribute to their 
efficient charge transport in photovoltaic applications.[133]

The charge carrier recombination dynamics of perovskites 
are governed by monomolecular, bimolecular, and Auger 
recombination via following rate equation[133]
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where k1, k2, k3 are the rate constants of monomolecular, bimo-
lecular, and Auger recombination, respectively, and n is the car-
rier concentration. These recombination pathways collectively 
determine the τ and affect the LD.[133] The monomolecular 
recombination of charge carriers, also known as trap-assisted 
recombination, is largely governed by the energy, density, and 
distributions of trap states, and is highly influenced by the 
purity and crystallinity of perovskites.[136] The monomolecular 
recombination rate is proportional to the trap density within 
perovskites.[136a,b] On the other hand, the bimolecular recom-
bination in perovskites is primarily determined by the elec-
tronic band structure, and thus the chemical composition of 
perovskites. Compositional engineering of perovskites has been 
shown to alter their spin–orbital coupling and electronic band 
structure, which can enable efficient spatial separation of charge 
carriers, extremely low bimolecular recombination, and long LD 
exceeding one micron in polycrystalline perovskite films.[136b] 
The last pathway of charrier recombination, Auger recombina-
tion, is usually dominant at high charge carrier concentration 
and manifests as a phase-specific characteristic, which is preva-
lent in the orthorhombic phase at low temperature and rare in 
tetragonal and cubic phases at high temperature.[136a] The high 
charge-collection efficiency and open-circuit voltage in perovs-
kite-based photovoltaics has been attributed to low trap densi-
ties and recombination rates, and prolonged τ.[137]
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3.2.2. Effects of Polymer on the Charge Carrier Dynamics of PNCs 
in PNC/Polymer Nanocomposites

To date, many different polymeric materials have been incor-
porated with perovskites to achieve enhanced optoelectronic 
performance by promoting charge transport via electronic 
band alignment,[138] directing perovskite crystallization,[139] 
and passivating surface defects.[125a,140] For example, the intro-
duction of polythiophene into perovskite solar cells has been 
shown to mitigate energy losses and enhance charge carrier 
transport via interaction between the lone pair electrons in 
sulfur and Pb2+ in perovskites. This interaction is proven to 
passivate surface defect states, reduce electron–hole recom-
bination within perovskites, and result in a high open-circuit 
voltage over 1.3 V.[141]

As noted in Section 3.1.4, incorporating polymers with PNCs 
can, on some occasions, reduce defect density by surface pas-
sivation, thereby leading to a higher PLQY of the PNC/polymer 
nanocomposite compared to that of the pristine PNCs. In addi-
tion to increasing PLQY, the polymer induced surface passi-
vation of PNCs alters the energy and dynamics of charge car-
riers. For instance, chemically anchoring PEI to CsPbBr3 NPLs 
during in situ synthesis has been found to concurrently pro-
long average PL lifetimes (i.e., increases from 20.6 to 47.4 ns), 
decrease exciton elimination rate, and narrow energy level 
distribution of charge carriers in the PNC/polymer nanocom-
posite.[86] Therefore, CsPbBr3 NPL/PEL nanocomposite-based 
LEDs manifest low trap densities and a peak brightness of 
631 cd m−2 at 8.4 V for electroluminescence.[86]

Creating a nanocomposite composed of MAPbBr3 PNC 
and V-18 has been demonstrated to increase Auger recom-
bination lifetime (i.e., from 104 to 143  ps) via decreasing sur-
face defect density.[64] As a result, the MAPbBr3 PNC/V-18 
nanocomposite renders a 75% enhancement of PLQY (from 
32% of pure PNC to 56% of nanocomposite) and a more than 
30% enhancement of average PL lifetimes over that of pure 
PNCs.[64] The as-prepared nanocomposite thin film LEDs 
exhibits a shifted conduction band energy level (from −6.9 to 
−6.8 eV), suggesting a reduced energy band offset between the 
nanocomposite thin film and electron transport layer (ETL), 
efficient charge injection, and good electroluminescent per-
formance with a low turn-on voltage (i.e., ≈3  V) of the nano-
composite-based LEDs.[64] In addition to chemical anchoring 
approaches,[68] simply physically mixing PNCs with polymer 
(e.g., PEO,[49] PEI,[85] PI[87]) has also been shown to provide 
similar surface passivation and altering of PNC’s charge carrier  
dynamics.[70]

3.2.3. Dielectric, Ferroelectric, and Piezoelectric Properties of 
Perovskites

A dielectric is a nonconducting substance that undergoes 
polarization under an applied electric field. Polar molecules 
with permanent electric dipole moments occupying the A-site 
of perovskite crystals have been observed to induce possible 
disordered orientation and polarization of perovskites.[142] 
The response of a dielectric material to an applied electric 
field is determined by its conductivity and permittivity.[109] In 

PNC/polymer nanocomposites, the presence of heterogeneous 
interfaces has been found to render interfacial or Maxwell–
Wagner–Sillars polarization under light illumination which 
induces an abrupt variation of the total dielectric constant.[143] 
High concentration and dense distribution of PNCs in polymer 
matrixes have been observed to narrow and solidify the dis-
tance and dipole polarization between PNCs, and thus increase 
the dielectric constant leading to higher polarization.[53,55]

Metal halide perovskites have been observed to alter their 
spontaneous polarization direction under specific applied 
electric fields (also known as ferroelectric properties) due 
to the presence of polar molecules in the A-site and the non-
centrosymmetric structure resulting from distortion of BX6 
octahedron.[109] In MAPbI3 metal halide perovskites, spon-
taneous polarization can be caused by the breaking of crystal 
symmetry that arises from the reorientation of MA+ cations in 
the A-site which distort the PbI6 octahedron.[144] The presence 
of ferroelectric polarization has been found to produce an addi-
tional polarization electric field in perovskites that can affect 
charge separation and collection and bend of electronic bands, 
thereby endowing current–voltage hysteresis which influences 
the recombination rate of charge carriers and alters perfor-
mance of perovskite optoelectronics.[145]

External mechanical fields have been shown to alter the 
orientation of dipole moments produce electrical fields. Metal 
halide perovskites with an absence of centrosymmetry in their 
crystal structure have been used to generate electric potential 
under applied mechanical stress through the piezoelectric 
effect.[109] The piezoelectricity coefficient represents the ability 
of specific material to scavenge and convert mechanical 
energy into electrical energy and correlates that proportion-
ally with the dielectric constant and polarization. The piezo-
electric coefficient of metal halide PNCs has been found to 
increase dramatically under light illumination and applied 
external electric fields, which can be attributed to the forma-
tion of large photo-induced dipole moments via reorientation 
of the A-site cation.[146] Figure 8a,b shows the butterfly-shaped 
amplitude loop (A (E)) and rectangular-shaped hysteresis loop 
of FAPbBr3 PNCs in phase angle [ϕ(E)], with a bias voltage 
of ±3  V, respectively. The phase angle loop shows a 180° dif-
ference which indicates that polarization can be switched to 
upward or downward directions by an external electric field, 
confirming the existence of ferroelectric-like behavior in the 
FAPbBr3 NCs.[55]

Recently, piezoelectric nanogenerators made of PNCs and 
PDMS have shown great potential toward the large-scale pro-
duction of piezoelectric energy harvesters due to their ease 
of fabrication, cost effectiveness, mechanic robustness, and 
outstanding performance (Figure  8g–i).[55] The nanocom-
posites of PNCs and PVDF have attracted considerable atten-
tion for the construction of piezoelectric generators due 
to the intrinsic piezoelectric properties of both PVDF and 
perovskites. As discussed above, PVDF additionally exhibits 
outstanding thermal, mechanical, and hydrophobic proper-
ties, as well as the ability to passivate the surface of the perov-
skite. PVDF/PNCs nanocomposites enable the fabrication of 
piezoelectric nanogenerators with a high piezoelectric charge 
coefficient, which will be discussed in detail in the following  
section.[147]
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3.3. Stretchability Properties of PNC/Polymer Nanocomposites

Perovskites intrinsically possess a highly brittle, salt-like 
crystal structure and extremely low cohesion energy, and thus 
suffer from limited fracture resistance and high mechanical 
fragility.[148] The fracture resistance of perovskite depends 
heavily on the density and distribution of defects as the pres-
ence of defects promote the propagation of crack tip with less  
resistance. Studies have shown that the inherent fragility of 
perovskites cannot be overcome by simply reducing defects.[149] 
In this regard, external reinforcement by polymers with advan-
tageous mechanical properties (e.g., PVDF) have been inves-
tigated.[51] A large mismatch of thermal expansion coefficient 
between perovskites and external reinforcement materials (e.g.,  
polymer matrix) has been found to lead to lattice strain under 
elevated temperature, and thus accelerate ion migration and 
crystal degradation, which significantly reduce stability and 
reliability.[150] Encapsulating perovskites in polymer matrixes 
with matched thermal expansion coefficients and favorable 

mechanical properties could provide an avenue to improve sta-
bility and reliability of the PNC/polymer nanocomposites.[151] 
Incorporating perovskite within low elastic moduli PEVA has 
been found to allow for sufficient plastic deformation to dis-
sipate strain or external mechanical energy under varied tem-
peratures, which increased fracture energy from 0.2 to around 
0.8 J m−2.[151a] Solar cells that incorporated PEVA retained over 
90% of initial PCE at elevated temperatures and multiple cycles 
of bending.

In NCs/polymer nanocomposites, specific spatial organiza-
tion of NCs within the polymer matrix has been found to affect 
polymer–NC interactions and significantly enhance the struc-
tural and mechanical properties, such as elastic modulus, yield 
stress, and creep durability.[152] As an example, the incorpora-
tion of MAPbBr3 PNCs into the conjugated polymer poly(3-
hexylthiophene-2,5-diyl) (P3HT) has been shown to increase 
the P3HT crystalline domain size and crystallinity.[65] The 
mechanical flexibility, high transparency within the visible light 
spectrum, and tunable electronic properties of polymers allow 
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Figure 8. a) Amplitude “butterfly” loop (A(E)). b) Phase hysteresis loop (ϕ(E)) obtained with a direct current (DC) voltage of 1 V. c) The piezoresponse 
hysteresis loop, PR(E), which is calculated and plotted using the equation PR(E) = A(E)cos[ϕ(E)]. d–f) Topography, amplitude, and phase images of 
the FAPbBr3 PNCs, respectively. g) Output voltage and h) current density from FAPbBr3 PNCs/PDMS nanocomposite nanogenerator induced by peri-
odically vertical compression. i) Output voltage from nanogenerators with different FAPbBr3 PNCs concentration. a–i) Adapted with permission.[55] 
Copyright 2016, Wiley-VCH.
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their utilization in PNC/polymer nanocomposite-based stretch-
able optoelectronics.[153] As shown in Figure 9a–e, the stretch-
able PVDF matrix in MAPbX3 PNC/polymer nanocomposites 
enabled the alignment of MAPbX3 PNCs along the stretching 
direction and established dielectric confinement of the optical 
electric field and exciton–exciton interactions, which resulted 
in isotropic light absorption and polarized PL emission.[52] 
It is notable that flexible PEVA and PI are commonly used to 
introduce stretchability to PNC/polymer nanocomposite.[80,154] 
CsPbBr3 PNC/PEVA nanocomposites were found to retain 

photoluminescent ability under UV irradiation when stretched 
to 350% of its original length.[80] The addition of PEVA was 
also observed to render extremely high bending stability, as evi-
denced but its superior durability against mechanical bending 
from 0° to 180° for over 1000 cycles.[80] MAPbBr3 PNCs were 
embedded in intrinsically stretchable PEO matrixes to craft 
perovskite LEDs that capitalize on PEO as a microscale elastic 
connector for the rigid and brittle perovskite NCs and to render 
stretchability to the composite emissive layer.[34a] The as-pre-
pared stretchable LEDs withstood 40% uniaxial strain without 

Adv. Mater. 2021, 2005888

Figure 9. a) Schematic diagram of the stages for stretching MAPbX3 PNCs/PVDF nanocomposite films. b) TEM image of a MAPbX3 PNCs/PVDF 
nanocomposite film stretched at time node 2. c) Transmittance and PL spectra and d) the polarization measurements of the MAPbX3 PNCs/PVDF 
nanocomposite films (the mass fraction of perovskite precursors is 8%): i) films without stretching; ii) films stretched at time node 1; iii) films stretched 
at time node 2. e) Illustration of formation mechanism of perovskite “NCs-aligned wires” embedded in the composite films stretched at time nodes 1 
and 2. a–e) Adapted with permission.[52] Copyright 2017, Wiley-VCH.
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any degradation in the turn-on voltage and displayed a 18.5% 
improvement in maximum electroluminescent efficiency over 
unstrained LEDs.[34a] Further engineering of the mechanical 
properties of polymer matrixes endows additional enhancement 
to the durability and stretchability of optoelectronic devices.[155]

3.4. Stability of PNCs in PNC/Polymer Nanocomposite

PNCs suffer from instabilities toward moisture, oxygen, light, 
and heat due to their ionic crystal nature and large surface 
energy.[90b] The intrinsic instability of PNCs triggers the degrada-
tion of their optoelectronic properties which significantly affects 
their practical applications. In this regard, many strategies have 
been developed to enhance their long-term stability, such as 
co-doping or hybridizing with other cations,[119] surface passiva-
tion with small molecule organic compounds via postsynthesis 
ligand exchange or during in situ synthesis,[156] and incorpora-
tion of polymers.[124,157] However, co-doping or hybridizing other 
cations into PNCs has been found to enable only limited modifi-
cation to crystal structure and stability improvement.[158] Adding 
small molecule organic compounds during in situ synthesis can 
lead to poor control over the crystallinity and morphology of 
PNCs, and postsynthesis modification inevitably exposes PNCs 
to other solvents that potentially result in their degradation.[159]

As noted above, polymers carry many advantageous proper-
ties, such as easy processability, light weight, mechanical flex-
ibility, and low cost.[124] In PNC/polymer nanocomposites, the 
incorporation of polymers has been shown to concurrently 
passivate the surface of PNCs, form a physical barrier between 
PNCs and harsh environments, and enhance dispersity and 
compatibility in organic solvents for solution-based processing. 
As shown in Figure  10a–c, poly(isobutylene-alt-maleic anhy-
dride) (PIMA), a synthetic polymer, has been modified to 
introduce PEG, amine, and sulfobetaine zwitterion groups 
on its backbone or side chains that can strongly interact with 
the anions and cations of CsPbBr3 PNCs.[69] The multidentate 
zwitterion-modified PIMA was found to endow improved dis-
persion and stability of CsPbBr3 PNCs in polar solvents and 
enhance optical properties. These improvements were ascribed 
to the surface passivation and protection of the CsPbBr3 PNCs 
from the high-affinity coordination and the dense packing of 
the polymer chains (Figure  10d). The CsPbBr3 PNCs capped 
with zwitterion-modified PIMA retained over 90% of initial 
PL intensity in polar solvents (e.g., ethanol) for over 8 months 
(Figure  10e). Other synthetic and commercially available poly-
mers (e.g., P2VP,[76] PMAO,[67] PEO,[49] and PEG[125b]) have also 
been shown to provide similar surface passivation and stability 
improvement of PNCs.[24a,124]

A key challenge for PNC stability is the dynamic nature of 
ligand attachment. As discussed previously, the use of nonlinear 
block copolymers as nanoreactors during in situ synthesis of 
PNCs has been shown to yield uniform PNCs covalently ligated 
with permanent polymer shells.[17a,83,97] The covalently teth-
ered polymer shells have been found to endow the PNCs with 
excellent stability against moisture, oxygen, heat and UV light. 
Excellent dispersity and aggregation-free long-term colloidal 
stability was achieved for PS-capped PNCs because of PS’s 
excellent solubility in nonpolar solvents. After the introduction 

of water, however, the hydrophobic polymers collapsed to form 
a dense shell around the CsPbBr3 PNCs and functioned as a 
barrier to effectively prevent water and oxygen from reaching 
and degrading the PNCs.[17a,97] Increasing the length of polymer 
chains ligated on the surface of CsPbBr3 PNCs has been found 
to impart a thicker barrier that more effectively inhibits deg-
radation from external stimuli (e.g., moisture, heat, UV light) 
(Figure 11).[17a]

In addition, the stabilities of PNCs can be further improved 
by judiciously designing dual-shelled protection. PNCs with a 
protective inner inorganic shell (e.g., SiO2) and an outer poly-
meric shell (e.g., PS or PEO) have been successfully synthe-
sized, as previously discussed.[83] Additionally, PEO-capped 
MAPbBr3 PNCs synthesized using star-like P4VP-b-PAA-b-PEO 
nanoreactors exhibited surface hydrophilicity and an unfa-
vorable interaction with hydrophobic, nonpolar organic sol-
vents (e.g., hexane). The ability to use hexane as a destabilizing 
solvent for purifying PEO-capped PNCs eliminates the need to 
use polar or protic solvents during purification which are inevi-
table and indispensable for PNCs capped with small organic 
molecular capping ligands. As such, the potential degradation 
of PNCs by the polar or protic solvents can be minimized and 
the structural integrity of the PNCs is retained. Interestingly, 
dual-shelled MAPbBr3 PNCs concurrently protected by an inor-
ganic SiO2 shell and organic PEO shell have been demonstrated 
to display an array of remarkably enhanced stabilities, reduced 
surface defect density, and improved optical properties.[83] The 
thin films prepared by spin coating dual-shelled PNC retained 
80% remnant PL after 14-days of storage under 80% humidity 
and 72% remnant PL after 14-days of continuous illumination 
(λ = 470 nm). The PL of oleylamine- and oleic acid- co-capped 
MAPbBr3 PNCs (control sample) dropped to nearly 0 at relative 
humidity of 75% after 12 h.[83]

Physically mixing PNCs with polymer matrix has also been 
shown to enhance various stabilities.[36,66,92,125a,160] For instance, 
MAPbX3 or CsPbX3 PNCs/PVDF nanocomposites possess 
aggregation-free dispersion of PNCs and excellent stability after 
immersion in water for 400 h or illumination with UV light 
for 400 h.[51,54] The stabilities of PNCs in nanocomposites have 
been found to be related to the water resistance and oxygen dif-
fusion rate of the polymer matrix (e.g., PS, PMMA, SEBS).[29] 
This was verified in a study where PNCs were capped with a 
variety of polymers, including PS, PMMA, PLMA, and SEBS. 
The PS-capped PNCs demonstrated the greatest enhance-
ment of stability in water and under ambient conditions (i.e., 
no change in emission spectrum before and after 60 days of 
water immersion), which was attributed to the fact that of all 
polymers in the set, PS possessed the highest water resistance, 
lowest oxygen diffusion rate, and densest molecular packing at 
the PNC surface. Compositional and/or structural engineering 
to maximize water resistance and minimize the oxygen diffu-
sion rate of polymers has been identified as an effective strategy 
to select matrixes that will enhance the stability of PNCs in 
nanocomposites.[37,131] Physically mixing CsPbBr3 PNCs with 
poly(divinylbenzene-block-ethyl acetate) (PDVB-b-PEA) has 
been found to form a superhydrophobic nanocomposite that 
can increase the water stability of CsPbBr3 PNCs for several 
months.[79] Moreover, for the “swelling–shrinking” strategy it 
has been reported that the enhancement of water and thermal 
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stabilities of PNCs is proportional to a variety of properties of 
the polymer matrixes, including size, swelling ability in specific 
solvents, glass transition temperature, and water resistance.[38] 
For example, MAPbBr3 PNCs/PC nanocomposites have been 
shown to possess better thermal stability than MAPbBr3 PNCs/
PS nanocomposite due to PC’s relatively higher glass transition 
temperature (140 °C for PC and 100 °C for PS).[38]

It is interesting to note that the introduction of PVP into 
perovskite precursor solutions has been found to increase 
viscosity via interactions between the pyrrolidone groups of 
PVP and the PNCs during and after in situ synthesis.[161] This 
finding was used to facilitate the utilization of inkjet printing 
techniques for fabricating patterned PNCs/polymer nano-
composites without the coffee-ring effect, which enables con-
trol over size and spatial distribution.[161] The homogeneity 

and compatibility of the patterned PNCs on substrates was 
enhanced by replacing PVP with a mixture of PEA and PVC 
(polymers that possesses favorable mechanical and chemical 
properties for inkjet printing), and the resulting nanocompos-
ites displayed outstanding optical properties with enhanced 
resistance to abrasion, air, water, light irradiation, and various 
polar solvents.[45] This method stands as an attractive candidate 
for potential large-scale and low-cost manufacturing of nano-
composites for optoelectronic applications.

4. Application of PNC/Polymer Nanocomposite

As discussed above, PNC/polymer nanocomposites combine 
the superior properties of perovskites and unique advantages 

Adv. Mater. 2021, 2005888

Figure 10. a) Schematic representation of the one-step nucleophilic addition reaction used to prepare the multidentate zwitterion (ZW) modified 
polymers starting with PIMA precursor. b) Structures of two representative ligands are shown: ZW–PIMA–OCA and ZW–PIMA–PEG. c) Schematic 
representation of the ligand exchange process. d) Fluorescence images (λexc = 365 nm) of perovskite NCs during the ligand exchange steps with 
ZW–PIMA–OCA (top) or ZW–PIMA–PEG (bottom). e) Fluorescence images of ZW–PIMA–OCA-capped perovskite NCs dispersions in different polar 
solvents, UV excitation at 365 nm and collected every month for a total period of 8 months; images from the same dispersions after 1.5 years of storage 
are also shown. a–e) Adapted with permission.[69] Copyright 2020, American Chemical Society.
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of polymers, which result in enhanced performance and addi-
tional functionalities for many applications. In this section, 
representative applications of metal halide PNC/polymer nano-
composites will be summarized.

4.1. LEDs

Metal halide perovskites have gained extensive attention for 
applications in LEDs over the past few years due to their tun-
able emitting wavelength from visible to near-infrared, large 
carrier mobility, narrow band emission, sharp optical absorp-
tion onset with absorption coefficient (a) larger than 104 cm−1 
near the band edge, and low nonradiative recombination 
rates.[11,14a,17a,162] As shown in Figure  12a, a typical perovskite 
LED (PeLED) consists of an intrinsic active layer in a double-
heterojunction structure with an ETL and a hole transport layer. 
Under forward bias, charge carriers are injected into the lumi-
nescent active layer and recombine radiatively, emitting light in 
all directions.[162d]

Even though PeLEDs carry many advantageous properties 
over conventional colloidal quantum dot LED (QLED) and 
organic LED (OLED), there are obstacles to their mass pro-
duction and commercialization. For example, they lack long-
term stability toward external environment stimulus, such as 
moisture and heat. In this regard, PNC/polymer nanocom-
posites can effectively protect PNCs from the chemical and 
structural degradation triggered by external environment 
stimuli. Combining PNCs with polymers also benefits their 
optoelectronic properties and device performance because of 
the reduced surface defect density, reduced nonradiative cur-
rent losses, and uniform distribution of NCs within polymer 
matrix.[105,163] Furthermore, PNC/polymer nanocomposites 

enable additional properties (e.g., mechanical property, flex-
ibility, stretchability, processability, etc.) in as-prepared LED 
devices, which are inherited from polymers. As discussed in 
Section  2.2, the most widely used method to form the PNC/
polymer nanocomposites for LED devices is through physical 
mixing, i.e., embedding PNCs within polymers,[36,79,105,160b,164] 
and in situ conversion of perovskite precursors to NCs in the 
presence of polymer matrixes.[38,47,51,163] Recently, a super-
hydrophobic CsPbBr3 PNCs/polymer composite (IPQDs@
SHFW) was formed via mixing PNCs with a superhydro-
phobic porous organic polymer framework (SHFW).[79] The 
uniform distribution of PNCs within the polymer frame 
work prevented fluorescence quenching of PNCs in the solid 
agglomeration state and CsPbBr3@SHFW powder exhibited a 
high PLQY up to 60%. More importantly, the nanocomposite 
powder displayed unchanged large water contact angle (150°) 
and a well-maintained PLQY (i.e., 54%, which is 91% of initial 
PLQY) after being immersed in water for 31 days (Figure 12b). 
Chemical approaches can also be employed to produce PNC/
polymer nanocomposites for LED applications. For instance, 
by using star-shaped amphiphilic block copolymer PAA-
b-PS as nanoreactors, as-synthesized CsPbBr3 NCs can be 
endowed with permanently affixed hydrophobic PS chains on 
the surface.[17a,82,83,97] Low water and gas penetration rates and 
the good thermal stability of the PS resulted in PNC/polymer 
nanocomposites with impressive stability against water, air, 
and heat exposure. As a result, a white light emitting diode 
(WLED) fabricated from PS-capped CsPbBr3 NCs maintained 
excellent stability after being stored in ambient conditions for 
400 days and displayed significantly enhanced thermal stability 
in a thermal cycling test (ranging from 25 to 100 °C), retaining 
96% of original PL compared with only 45% for oleic acid- and 
oleylamine-capped CsPbBr3 NCs.[17a] It is worth mentioning 
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Figure 11. a) Illustration of PS-capped PNCs with varied NC sizes and PS chain lengths. PS capping resulted in markedly improved colloidal and mois-
ture stabilities compared to conventional small molecular organic ligands-capped perovskite NCs (top). b) Representative digital images depicting 
the water stability of CsPbBr3 PNCs under UV excitation. The far-right image of each row was taken immediately after the sharp and complete disap-
pearance of PL emission. c) Relative PL of PS(7k)-capped CsPbBr3 PNCs in toluene solution after heating at 80 °C for up to 48 h. d) Relative PL of 
PS(7k)-capped CsPbBr3 PNCs in toluene solution after irradiating with UV-light (λ = 365 nm) for up to 48 h. a–d) Adapted with permission.[17a] Copyright 
2019, Wiley-VCH.
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that CsPbBr3 and CsPbBr1.2I1.8 PNCs have been utilized as 
photo initiators for the in situ polymerization of PS and PMMA 
matrixes that physically encapsulate the PNCs.[35] The resulting 
nanocomposites showed enhanced stability after immersion in 
water for 24 h and showed only a slight drop in PLQY from 
44% to 36%. In addition to the enhanced environmental sta-
bility, PeLED made from PNC/polymer nanocomposites can 

be flexible and stretchable due to the soft and elastic nature of 
many polymers. Figure 12c demonstrates a mechanically robust 
and highly stretchable green LED composed of a transparent 
PEO/poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS) anode, a MAPbBr3/PEO nanocomposite emit-
ting layer, and an eutectic indium–gallium cathode on a PDMS 
substrate that can be reversibly stretched to up 40% strain after 
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Figure 12. a) Schematic representation of PeLED devices. a) Adapted with permission.[165] Copyright 2016, Wiley-VCH. b) i) PLQY of CPB@SHFW com-
posite powders as a function of time in water (inset: the contact angle images before and after being immersed in water for 31 days). ii) Photographs of 
CPB@SHFW composite powders immersed in water for 3 months and 6 months under white light and 365 nm UV light, respectively. iii) Photographs of 
blue-, green-, and red-emitting IPQDs@SHFW composite powders, and the images of water drops on the composite films under white light and 365 nm 
UV light, respectively. iv) PL spectra of the IPQDs@SHFW composite powders. b) Adapted with permission.[79] Copyright 2019, American Chemical 
Society. c) i) Current-density–voltage, ii) luminance–voltage, and iii) current-efficiency–voltage characteristics of the stretchable perovskite LEDs before 
and after stretching to 20% and 40% strain. iv) Photos of a LED under a 4 V bias before (top) and after (bottom) stretching to 40% strain. v) Photos 
of another LED at 4 V after the 10th, 50th, and 100th stretching cycle at strain of 0–40%. c) Adapted with permission.[34a] Copyright 2017, Wiley-VCH.
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100 testing cycles.[34a] Device efficiency was even observed to 
slightly increase at 40% strain (3.2  cd A−1) compared with the 
as prepared nonstretched device (2.7 cd A−1). This improvement 
was due possibly to a more balanced electron/hole recombina-
tion due to the thinner emission layer in the stretched device.

4.2. Lasers

After the first demonstration of optically pumped room-tem-
perature amplified spontaneous emission (ASE) and lasing 
in 2014, perovskite lasers using a broad range of cavities have 
been developed, including Fabry–Pérot cavities,[166] distributed 
feedback (DFB),[167] spherical resonators,[168] microplatelets,[169] 
nanowires,[170] and natural photonic crystal corrugations.[171] 
However, the thermal and moisture instability of perovskites  
greatly hinders their potential in long-term, practical laser 
applications. In this context, PNC/polymer nanocomposites  
provide promising alternatives to overcome this challenge. 
Recently, stable two-photon-pumped random lasing, with 
excitation wavelength centered at 1064  nm and a threshold at 
around 1.1 mJ cm−2, was achieved in an FAPbBr3 PNC/PEO  

nanocomposite thin film (Figure  13a).[48] The as-prepared  
device showed significantly improved optical stability com-
pared with a FAPbBr3 thin film laser. When exposed to ambient 
atmosphere, FAPbBr3 thin films showed a dramatic decrease in 
their PL intensity (i.e., decreases to 16% of original intensity)  
after 10  000 s, while the lasing emission of the nanocompos-
ites remained 90% of its original value. The enhancement in 
stability resulted from the protection of PEO that isolated the 
PNCs from moist air, leading to the potential in continuous-
wave pumping lasers. Laser emission was achieved in an 
MAPb(BrxCl(1−x))3 (x  = 0.1 or 0.4) PNC/poly(fluorine-co-divi-
nylbenzene) conjugated polymer particle (CPP) nanocomposite 
via energy transfer from the perovskite to the self-assembled 
CPP photonic crystal, as depicted in Figure  13b.[70] The small 
PNCs concurrently functioned as an encapsulating matrix to 
assist the ordering of large CPPs (d = 1 µm) particles, and as 
a donor to facilitate laser emission after energy transfer from 
the pumped perovskite to the organic semiconductor. The 
lower lasing threshold (13 mJ cm−2) in the x = 0.1 nanocom-
posite compared to a 16 mJ cm−2 threshold in CPPs indicated 
a very efficient energy transfer from perovskite to the CPPs. By 
integrating the superior optoelectrical properties of perovskites  
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Figure 13. a) A schematic diagram of the prepared FAPbBr3/PEO based random lasing device (upper left). Illustration of experimental setup of two-
photon-pumped random lasing test (bottom left) and stability of random lasing emission intensity of FAPbBr3/PEO and the two-photon-pumped 
photoluminescence of FAPbBr3 perovskite thin films (right). a) Adapted with permission.[48] Copyright 2018, The Royal Society of Chemistry. b) A 
schematic diagram of laser emission after energy transfer in PNCs/CPP nanocomposites. b) Adapted with permission.[70] Copyright 2019, American 
Chemical Society.
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and the excellent optical properties of conjugated polymers, the 
great potential for solution-processed electrically pumped solid-
state lasers was demonstrated.[70]

4.3. Scintillators and X-ray Detectors

Scintillators are based on materials that are capable of absorbing 
high-energy X-ray photons and converting the absorbed energy 
into low-energy photons in visible spectrum. They find a wide 
range of applications in radiation exposure monitoring, secu-
rity inspection, and medial radiography.[172] Conventional scin-
tillator materials are constituted of heavy atoms, synthesized 
by high-temperature crystallization, and have a hardly tunable 
radioluminescence in visible spectrum.[173] Metal halide PNCs 
with readily tunable PL across the entire visible spectrum 
have been found to possess large X-ray stopping ability and 
the capacity to transform X-ray photons into low-energy pho-
tons, which suggests their unprecedented potential for use as 
scintillators.[174]

Embedding scintillating materials into polymer matrixes to 
fabricate plastic scintillators has emerged as an affordable alter-
native to conventional single-crystal all-inorganic scintillators 

that normally require time-consuming, high-temperature, and 
high-cost crystallization.[175] The key features of fabricating 
polymer scintillators with high performance and sensitivity are 
efficient scintillation, high interaction probability with X-rays, 
limited self-absorption, and loss-free waveguiding. To this end, 
CsPbBr3 PNCs and a perylene-based organic dye have been 
incorporated into a PMMA matrix to fabricate highly sensitive 
plastic scintillators (Figure 14a).[58b] A physical mixture of highly 
luminescent CsPbBr3 PNCs, PMMA, and perylene dye was first 
made in a nonpolar solvent and then slowly evaporated to craft 
bubble- and crack-free nanocomposites. In this plastic scintil-
lator, PMMA was selected for its favorable mechanical proper-
ties, solution processability, compatibility with the perylene-
based organic dye, ability to spatially disperse perovskite NCs 
without aggregation, and protect CsPbBr3 PNCs from environ-
mental stimuli. As shown in Figure  14b,c, the CsPbBr3 PNCs 
served as a high-atom-number (high-Z) sensitizers to convert 
high-energy X-ray photons to low-energy charge carriers that 
were then transferred to the perylene dye for efficient lumi-
nescence with a large Stokes shift (60 nm) and low self-absorp-
tion (only about 15%). It is noteworthy that the ratio between 
CsPbBr3 PNCs and perylene dye and their loading amounts dic-
tated scintillation performance, which after optimization was 
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Figure 14. a) Schematic depiction of a high-Z sensitized plastic scintillator. b) Sketch of a CsPbBr3 PNC sensitizing the perylene dye. The energy levels 
of the two systems are also shown to highlight the resonance between the respective frontier levels, which is important to prevent charge separation 
between the two species leading to slow indirect exciton decay or efficiency losses by exciton splitting. CB, conduction band; VB, valence band. c) Pho-
toluminescence spectra of toluene (TOL) solution of CsPbBr3 PNCs with increasing concentration of perylene dye ([1], from zero, green curve, to 4.8 × 
10−6 m, red curve) under selective NC excitation at λEX  =  400 nm. Inset: respective photoluminescence decay traces for perylene dye ([1]) from zero to 
2.2 × 10−6 m together with the fitting curves (dashed black lines) to double exponential functions. d) Radioluminescence spectra of two PMMA nano-
composites containing either pure 1 (0.15 wt%, black line) or a binary mixture of perylene dye ([1]) and CsPbBr3 PNCs (0.15 and 2.0 wt%, respectively, 
red line) under X-ray irradiation (30 kV, 20 mA). The radioluminescence spectra of a high quality commercial bismuth germinate (BGO) crystal (blue 
line) and of a plastic scintillator (SCSF-3HF, green line), collected in the same excitation and collection geometry. Bottom panel, radioluminescence 
spectra of the same sample after storage in air for six months compared to the same BGO crystal, showing comparable performance to the as-made 
nanocomposite. a–d) Adapted with permission.[58b] Copyright 2020, The Authors, published by Springer Nature.
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found to be comparable to commercially available scintillators 
(Figure 14d).

Different from scintillators, X-ray detectors convert absorbed 
high-energy X-ray photons into charge carriers to generate elec-
trical signals for imaging with better spatial resolution.[176] High 
sensitivity is of paramount importance for medical applications 
of X-ray detectors as it reduces the exposure of the body to high 
doses of X-rays that may cause potential health problems. PNC’s 
ability to efficiently generate charge carriers, low cost, and ease 
of fabrication have led to their implementation as a promising 
candidate for X-ray detection.[58c] Recently, CsPbBr3 PNCs were 
embedded into a PMMA matrix to crafting an X-ray detector.[58c] 
Due to their shorter average PL lifetime and stronger emission, 
CsPbBr3 PNCs encapsulated with PMMA render higher spatial 
resolution (9.8 vs 6.2 lp mm−1, at modulation transfer function 
= 0.2), faster response time (200  ns vs 1200 ns),  and compa-
rable stability under X-ray irradiation over X-ray irradiation of 
40 Gyairs−1 compared to commercialized gadolinium oxysulfide 
(GOS) X-ray detectors. Interestingly, CsPbBr3 PNCs have been 
deposited on a flexible PET substrate via a low-cost inkjet 
printing process to yield flexible X-ray detectors with homoge-
neously distributed PNCs and high sensitivity.[71]

4.4. Bioimaging and Biosensors

Inorganic QDs also hold appealing potential as imaging 
markers, biosensing probes, and optical coding agents for 
applications in bioimaging and biosensor.[177] However, con-
ventional inorganic QDs possess a relatively broad full width 
at half maximum of emission and low PLQY if no protective 
shell is present, which limits their use in bioimaging.[178] In 
this context, PNCs with a narrow and readily tunable emission 
over the entire visible spectrum have emerged as promising 

alternatives.[40,179] As shown in Figure  15, CsPbX3 PNC/PS 
nanocomposites allow for the fabrication of water-resistant 
samples that exhibit tunable luminescence. Additionally, the 
incorporation of PNCs into a polymer matrix decreases the 
probability of release of toxic heavy metal atoms into environ-
ment, which would obviously be detrimental to bio applications. 
The PL peak position and intensity of the nanocomposites 
were easily tailored by adjusting the composition and loading 
amount of CsPbX3 PNCs. Notably, mixing nanocomposites of 
different emission wavelengths showed no overlapping in cells. 
The CsPbX3 PNC/polymer nanocomposites were found to be 
capable of diffusing into living cells and serving as multiplexed 
luminescent probes to individually tag around 10 million cells 
for bioassay displays.

Hydrophilic polymers, such as PEG and PVP, have also 
been utilized to cap PNCs to enhance water resistance, water 
solubility, and biocompatibility, yielding PNC/polymer nano-
composites that can be used as luminescent probes in cell 
imaging.[46,62] Tethering PNCs with amphiphilic block copoly-
mers has been found to further enhance the compatibility of 
PNCs in aqueous media and lower the cytotoxicity of nanocom-
posites, while retaining the structural integrity and high PL 
stability of PNCs. For example, 90% of human cervical epithe-
lial carcinoma cells were observed to survive in concentrations 
of PS-b-PEO capped CsPbX3 PNCs below 30 µg mL−1.[81] The 
PLQY of nanocomposite aqueous solution decreased by only 
23% (from 43% to 33%) after 7 months of storage. When high 
molecular weight PS was used, the PL of the nanocomposite 
aqueous solution, which had been stored in ambient environ-
ment for one month, remained nearly unchanged until 70 °C. 
Furthermore, the external polymer encapsulation prevents the 
ion exchanges from environment. The PL of PNCs in living 
cells, has also been found to remain very stable under con-
tinuous UV light irradiation for over an hour.[81] Furthermore, 
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Figure 15. a) Schematic diagram of intracellular CsPbX3 PNCs@PS microhemispheres (MHSs) fabrication process. b) Bright-field (left) and fluores-
cence (middle) images of live cell incubated with mixed NCs@MHSs. The fluorescence images are taken under 325–375 irradiation. Right: overlaid 
picture of left and middle. The scale bars are 20 µm. c) Viability of RAW 264.7 cells at various CsPbBr3 concentrations in NCs@MHSs. a–c) Adapted 
with permission.[40] Copyright 2017, Wiley-VCH.
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the incorporation of antibodies to as-prepared nanocomposites 
enabled their binding to breast tumor-derived exosomes which 
allowed for the ability to track tumor type and stage, and mon-
itor cancer treatment response.[125b]

4.5. Photocatalysis

Photocatalysis has been regarded as an efficient strategy for 
solar energy capture and has found many important appli-
cations including water splitting, CO2 reduction, chemical 
transformations, and remediation of organic pollutants.[180] 
Chemical reactions driven by photocatalysis typically follow 
three individual processes, that is, generation of charge car-
riers by photon absorption, charge carriers separation, and 
migration to reactive sites on the surface of photocatalyst, and 
chemical oxidation and reduction at the surface of photocata-
lyst.[181] Owning to their large optical absorption coefficient, effi-
cient charge separation, and tunable electronic band structure, 
metal halide PNCs represent promising candidates for photo-
catalysis.[182] For example, Ag doping of Cs3Bi2Br9 perovskite 
was found to significantly alter its crystal structure and opto-
electronic properties which led to over 100-fold enhancement in 

its photocatalytic hydrogen evolution reaction.[182b] Hybridizing 
graphene oxide with CsPbBr3 PNCs was observed to enhance 
electron extraction and transport, resulting in a 25.5% increase 
in electron consumption, a reduction rate of 23.7 µmol g−1 h−1, 
and a selectivity over 99.3%.[183]

It is interesting to note that CsPbI3 PNCs have been found 
to exert sufficient photocatalytic activity to promoting polym-
erization of 2,2′,5’,2′′-ter-3,4-ethylenedioxythiophene (TerEDOT) 
under visible light illumination while preserving their desir-
able cubic crystal structure.[72] As shown in Figure  16, under 
illumination photoexcited charge carriers (i.e., holes and elec-
trons) were continuously generated in CsPbI3 PNCs and then 
transferred to either hole acceptors (TerEDOT) and electron 
acceptors (1,4-benzoquinone or molecular oxygen), respectively. 
The oxidized TerEDOT subsequently underwent polymeriza-
tion to form conjugated PEDOT situated on the PNC surface 
(Figure 16c), thereby providing a novel strategy to create PNC/
polymer nanocomposites. Moreover, tuning the composition of 
PNCs has been shown to render different electronic band struc-
tures and activation wavelengths that can be utilized to facilitate 
photoinduced electron/energy transfer-reversible addition-frag-
mentation chain transfer polymerization (PET-RAFT) under a 
broad range of irradiation wavelengths in nonpolar solvents.[184] 

Figure 16. a) Illustration of the proposed mechanism for photocatalytic polymerization of TerEDOT over CsPbI3 PNCs under visible light illumination. 
b) TEM image of CsPbI3 PNCs. c) TEM image of CsPbI3 PNCs encapsulated by PEDOT. a–c) Adapted with permission.[72a] Copyright 2017, American 
Chemical Society.
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Specifically, CsPbX3 PNCs have served as a photocatalyst in 
PET-RAFT to generate photoexcited charge carriers and activate 
typical RAFT agents for the polymerization of a series of mono-
mers, including methyl acrylate, butyl acrylate, 2,2,2,-trifluoro-
ethyl acrylate, and methyl methacrylate. Excellent control over 
the conversion, molecular weight, molecular weight distribu-
tion, and chain-end fidelity can be realized via this strategy with 
light irradiation from the UV to the NIR region as a result of 
the tunable electronic band structure of CsPbX3 PNCs. As dis-
cussed above, styrene monomers have been polymerized with 
controllable molecular weight and conversion and grafted from 
the surface of PNCs under UV light irradiation.[35]

It is worth noting that the PNC/polymer nanocomposites are 
also applied in photocatalysis with enhanced performance and 
stability over pristine PNCs. For example, MAPbBr3 PNC/con-
jugated polymer PEDOT: PSS displayed drastically enhanced 
hole transportation due to its favorable band alignment, thereby 
rendering efficient charge separation and an increased reaction 
rate of the hydrogen evolution reaction from 6 to 65 µmol h−1 
in aqueous solution.[31] In another study, MAPbBr3 PNCs were 
encapsulated in poly(norepinephrine) (PNE) via in situ poly-
merization and retained their structural integrity in chloroform 
due to a thin protective PNE layer coated on their surface.[73] 
The MAPbBr3 PNC/PNE nanocomposite possessed drastically 
better stability than pristine MAPbBr3 PNCs which showed 
a significant increase in PbBr2 content after three cycles of 
photocatalytic activities. The addition of PNE was also shown 
to enhancing the light-harvesting ability of nanocomposite 
because PNE itself possesses the capability of absorbing vis-
ible light, generate photoexcited charge carriers, and efficiently 
transport and separating charge carriers. The reaction rate of 
photocatalytic degradation of malachite green has been found 
to be greatly improved by using the MAPbBr3 PNC/PNE 
photocatalyst.[73]

4.6. Piezoelectric Nanogenerators (PENG)

PENG are a class of device that scavenge mechanical energy in 
ambient conditions and convert it into usable electrical energy 
by capitalizing on piezoelectric materials.[185] The hybridization 
of metal halide PNCs with outstanding piezoelectric properties, 
cost effectiveness, and ease of fabrication, and polymers with 
stretchable, solution-processable, and stable attributes has led 
to the practical implantation and versatile utilization of PENGs 
in flexible, wearable, and biocompatible electronic devices.[109] 
A nanocomposite of mechanically robust PDMS and FAPbBr3 
NCs was created via mechanical mixing. The FAPbBr3 PNC/
PDMS nanocomposite was then deposited onto a stretchable, 
electrode-coated PET substrate to craft a PENG. The as-pre-
pared PENG delivered a maximum output voltage of 8.5 V and 
current density of 3.8 µA cm−2 under periodic vertical compres-
sion and release operations. Notably, this output was capable of 
charging a capacitor and illuminating a commercial red LED.[55]

However, phase separation and aggregation of PNCs in the 
PDMS matrix restricted further performance improvement 
of the as-prepared nanocomposite PENG due to the highly 
viscous nature of PDMS and the limited interaction between 
PNCs and PDMS. In this context, a PVDF matrix was selected 

as a promising alternative because of its intrinsic piezoelectric 
properties, remarkable flexibility, and ability to interact with 
PNCs, thus conferring uniform spatial distribution of PNCs 
(Figure 17a).[51,147,186] Figure 17b depicts the working mechanism 
of a PENG.[53] The initial stage showed no charge accumula-
tion on the electrode surfaces of PENG. The generated piezo-
electric potentials in the PVDF matrix enabled the formation of 
macro-dipoles in MAPbI3 when applying an external force and 
resulted in the accumulation of charges with opposite polarity 
at the MAPbI3–PVDF interfaces and surfaces.[53] Subsequently, 
the decreased charge density of the top and bottom electrodes 
allowed for the flow of charges from the bottom to the top, pro-
ducing a positive signal. During the release process, the relaxa-
tion of the MAPbI3–PVDF matrix increased the charge density 
on both electrodes, leading to a flow of charges from the top 
to bottom, generating a negative output signal.[53] As such, the 
utilization of the piezoelectric polymer PVDF as a matrix and 
homogeneous distribution of MAPbBr3 PNCs was found to 
synergistically improve the outputs of the as-prepared PENG 
with a voltage of 45.6  V and current density of 4.7 µA cm−2 
(Figure 17c).[53]

5. Conclusions and Perspectives

We have summarized the recent progress in synthesis, prop-
erties, and applications of metal halide PNC/polymer nano-
composites. First, several methods to craft PNC/polymer 
nanocomposites were introduced. The intriguing optical, opto-
electronic, electronic, mechanical, and chemical properties of 
PNCs and PNC/polymer nanocomposites were then scruti-
nized. Subsequently, a wide range of relevant applications for 
PNC/polymer nanocomposites were provided.

The synthetic routes for PNC/polymer nanocomposites are 
categorized into two main groups: 1) where polymers are chem-
ically anchored onto PNCs and 2) where polymers and PNCs 
physically mixed. For chemical approaches, the in situ synthesis 
of PNCs in the presence of polymerizable and polymer capping 
agents was first discussed. Second, in situ synthesis of PNCs 
inside polymer nanoreactors (e.g., micelles formed by linear 
or star-shaped multiarm block copolymers) was introduced. 
The coordination interaction between functional groups (e.g., 
–COOH in PAA and pyridine group in P2VP and P4VP) and 
metal moieties of PNC precursors has been shown to facilitate 
nucleation and growth of PNCs within the compartment occu-
pied by corresponding polymer blocks. Third, postsynthesis 
anchoring of polymers onto PNCs via “graft from” and “graft 
on” approaches was summarized. PNC/polymer nanocom-
posite production via physical mixing, either by embedding syn-
thesized PNCs into polymer matrixes or in situ growth of PNCs 
within polymeric materials[29,37,38,47,51,60] was then discussed. 
The intrinsic lightweight, cost effectiveness, and solution pro-
cessability of most polymers allow for facile processing of PNC/
polymer nanocomposites through a set of well-established 
large-scale manufacturing techniques such as electrospinning, 
inkjet printing, and size exclusion lithography.[38,43,57,84,110] It is 
also worth noting that among the above mentioned methods, 
only the nanoreactor approach was shown to provide precise 
control over the size and architecture of PNCs.
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In the next section, the intriguing properties of PNCs and 
PNC/polymer nanocomposites were reviewed in detail. First, 
the optical properties of PNCs, including their electronic 
band structure, quantum confinement effect, and defect tol-
erance were summarized. The ability to use both size and 
composition of PNCs to tune such intriguing properties was 
highlighted. Second, the optoelectronic properties (i.e., the 
charge carrier dynamics) and electronic properties (i.e., dielec-
tric, ferroelectric, and piezoelectric properties) of PNCs and 

PNC/polymer nanocomposites were detailed. Furthermore, 
the mechanical stretchability of PNC/polymer nanocompos-
ites was introduced. Thermal expansion coefficient matching 
between PNCs and polymers, and spatial organization of PNCs 
within a polymer matrix were emphasized as two key factors 
that affect the stretchability of their nanocomposites. Addi-
tionally, the enhanced stability from polymer encapsulation of 
PNCs in PNC/polymer nanocomposites was noted. Finally, a 
broad array of applications of PNC/polymer nanocomposites 

Figure 17. a) Scanning electron microscopy–energy-dispersive X-ray spectroscopy (SEM–EDS) mapping images of spin-coated 25 vol% MAPbI3/PVDF 
nanocomposite film on fluorine-doped tin oxide (FTO) substrate. b) Schematic diagram of the MAPbI3/PVDF-nanocomposite-based piezoelectric 
nanogenerator working mechanism. c) Output voltage (Voc) (left) and current density (Jsc) (middle) as a function of MAPbI3 PNCs volume fraction; 
Right: the stability test results of 25 vol% of MAPbI3/PVDF piezoelectric nanogenerator under an applied force of 50 N and corresponding Voc and Jsc. 
a–c) Adapted with permission.[53] Copyright 2018, Elsevier.
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were highlighted, including LEDs, lasers, scintillators and 
X-ray detectors, bioimaging and biosensing, photocatalysis, and 
PENGs.

Though PNC/polymer nanocomposites possess a variety of 
excellent properties and a wide range of applications, a few 
challenges still hinder their commercialization. First, the long-
term stability of PNCs and PNC/polymer nanocomposites is 
a critical issue. To overcome this, enhanced intrinsic struc-
tural integrity of PNCs is needed. Several strategies have been 
explored to achieve this goal: 1) Engineering the composition of 
PNCs to tailor the tolerance factor and enhance the formation 
energy via selecting ions with a favorable radius and/or doping 
of additional components.[119,187] 2) Deliberately selecting low-
polarity solvents and antisolvents in synthesis and purifica-
tion of PNCs to avoid the formation of surface defects.[124] 3) 
Rational design and synthesis utilizing ligands with specific 
functional groups, for instance, zwitterions, which strongly 
bind to the surface of PNCs and can eliminate the detachment 
of dangling ligands.[90b]

Synthesizing PNC/polymer nanocomposites with more 
advanced polymeric ligands is a promising strategy to further 
improve stabilities against multiple environmental factors 
and durability of nanocomposite-based devices. A particularly 
intriguing option to achieve this is to capitalize on polymeric 
zwitterionic ligands with multiple anchoring groups and long 
hydrocarbon chains. The introduction of zwitterionic polymers 
has already been shown to increase the stability of CsPbBr3 
PNC/polymer nanocomposites in polar solvents to over 1.5 
years,[69] and passivate and disperse PNCs in as-prepared 
nanocomposite thin films.[24a] One challenge to this strategy, 
however, is that the synthesis of zwitterionic polymer ligands 
normally requires multiple steps and results in relatively lim-
ited yields. Therefore, the development of easily synthesized 
zwitterionic polymer ligands is needed to widely incorporate 
them with PNCs to render enhanced protection and surface 
passivation.

Moreover, preparing PNC/polymer nanocomposites with 
crosslinked polymers offers another promising alternative. 
The crosslinked polymer matrix outside PNCs can boost envi-
ronmental stability by providing a dense protective layer that 
inhibits the diffusion of moisture and polar solvents to reach 
PNC surface. This can be seen in the extraordinary stability 
of MAPbBr3 PNC/polymer nanocomposites in harsh environ-
ments (e.g., 85 °C and 85% relative humidity[188]).[37] Addition-
ally, crosslinked polymer matrixes can limit ion migration in 
PNCs. Furthermore, selecting crosslinking monomers with 
functional groups that can effectively passivate PNC surfaces 
(e.g., 1-alkynl acid) has been demonstrated to enhance PL 
emission intensity of CsPbBr3 PNCs.[89] Thus, because of their 
ability to enhance stability and passivate surfaces, crosslinked 
polymer matrixes merit further exploration for use in PNC/
polymer nanocomposites. In addition, the structural integ-
rity of PNCs can be enhanced by encapsulation in inorganic 
matrixes or other organic materials (i.e., metal organic frame-
works (MOFs)) with high water resistance and low oxygen dif-
fusion rate.[189] Moreover, the development of PNC/polymer 
nanocomposites with self-healing capabilities has been proven 
to enhance the stability and retain the structural integrity of 
perovskite/polymer composites.[190]

The unsatisfactory conductivity of PNC/polymer nanocom-
posites represents another challenge. In perovskite thin films, 
the incorporation of conductive conjugated polymers (e.g., 
PEDOT and P3HT) has been shown to enhance stability,[191] 
passivate surfaces,[192] and improve inherent conductivity.[141,193] 
The optoelectronic performance of nanocomposite-based 
devices can be improved by rationally engineering the side 
chains of conjugated polymers to optimize their conductivity, 
solubility, processability, bandgap energies, and energy levels 
which in turn minimize phase segregation of PNCs and pro-
mote efficient charge separation and transport by optimizing 
the energy level alignment between conjugated polymers and 
perovskites.[194] However, PNC/conjugated polymer nanocom-
posites have been rarely reported and explored. Systematic 
investigation of PNC/conjugated polymer nanocomposites 
with respect to their synthetic methods, stability, optoelectronic 
properties, and processability is an intriguing area of oppor-
tunity for future studies. Tunable lifetime and separation of 
charge carriers in PNC/polymer nanocomposites can also ben-
efit the applications beyond optoelectronics, for example, in 
photocatalysis where efficient charge carrier separation is also 
required.[180]

Another area ripe for future study is in deciphering the con-
crete mechanisms of how polymers interact with PNCs. For 
example, what functional groups of polymers passivate trap 
states of perovskites and how polymers affect the termination 
and surface energy of PNCs are still not clear and should be 
studied. Additionally, how chain packing and composition of 
polymers affect water and oxygen diffusion and a polymers’ 
overall contribution to electronic band structure and stability 
needs to be elucidated. In this context, a suite of surface anal-
ysis techniques, including vibrational spectroscopy, nuclear 
magnetic resonance spectroscopy, X-ray photoelectron spec-
troscopy, and small-angle neutron scattering technique may 
be needed to clarify the interactions between polymers and 
the PNCs.[13,195] To optimize nanocomposites for optoelectronic 
applications, an in-depth understanding of the influence of 
polymers on charge carrier dynamics and PL decay kinetics is 
of key importance. Time-resolved PL, transient absorption, and 
time-resolved fluorescence quenching spectroscopies are some 
critical techniques to precisely measuring exciton behaviors, 
PL lifetime, exciton diffusion length, and mobility of charge 
carriers that will allow for the exploration of structure-optoe-
lectronic properties correlation of PNC/polymer nanocompos-
ites.[196] Furthermore, computational simulation techniques 
could be a powerful tool to facilitate the understanding of poly-
mer-PNC interactions and the development of PNC/polymer 
nanocomposites with enhanced properties. Density functional 
theory and molecular dynamics have been applied in studying 
surface defects,[197] interaction between perovskite surfaces and 
coordinating molecules[140] and external environment,[198] and 
the charge carrier dynamics of PNCs. Yet, such modeling strat-
egies have rarely been applied in the study of PNC/polymer 
nanocomposites and may represent an important area for 
future research.

Last, lead toxicity also inhibits the successful commerciali-
zation PNC/polymer nanocomposites. The presence of lead 
in PNCs raises obvious toxicity concerns for the introduction 
of these materials into consumer devices.[15b] Therefore, it 
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is of profound interest to develop lead-free PNCs (LFPNCs). 
So far, SnII, SnIV, SbIII, BiIII, PdIV, CuII, InIII, and AgI have 
been employed to replace Pb and yield less- and nontoxic 
LFPNCs.[15b,199] However, a clear understanding of crystal struc-
ture, synthetic methods, and a correlation between properties, 
composition, structure, and morphologies of LFPNCs remains 
to be achieved. Further development of reliable LFPNCs is 
needed to stimulate progress in research of LFPNC/polymer 
nanocomposites.

Research in PNC/polymer nanocomposites has under-
gone a rapid evolution in the recent years. Yet, several inter-
esting research areas remain as potential directions for future 
studies. First, the integration of stimuli-responsive polymers 
with PNCs may afford additional functionalities and signifi-
cantly broaden the applications of perovskite materials. Many 
polymers possess fascinating stimuli-responsive properties that 
can be triggered by light of a specific wavelength (e.g., poly(7-
methylacryloyloxy-4-methylcoumarin) (PMAMC)[96a]), pH (e.g., 
P4VP[200]) and temperature (e.g., poly(N-isopropylacrylamide 
(PNIPAM)[201]) variations. These polymers have been incorpo-
rated with conventional QDs and noble metal NCs for a wide 
range of applications in drug delivery, bioimaging, and biosen
sing.[96a,201,202] For instance, PMAMC-capped Au nanoparticles 
display light-enabled reversible self-assembly due to the photo-
responsive nature of coumarin containing PMAMC. These 
samples possess remarkable potential as smart guest molecule 
nanocarriers.[96a] Following the example of these nanocrystals, 
stimuli-responsive polymers could be introduced to PNCs for 
achieving a diverse assortment of properties.

An additional area for further exploration is the higher-order 
structure and hierarchical structure of PNC/nanocomposites, 
especially those of samples prepared via nanoreactors and with 
polymers chemically anchored. Polymer-directed self-assembly 
of traditional NCs into higher-order structures and hierar-
chical superstructures has been extensively investigated.[203] 
Self-assembled NCs possess unique properties due to the close 
proximity and packing of the NC building blocks and can be 
easily scaled for mass manufacturing. For example, shifting Au 
nanorod assemblies from side-by-side to end-to-end arrange-
ments has been demonstrated to enable tunable plasmonic 
resonance in both longitudinal and transverse directions.[204] 
As noted above, using PEG homopolymers as surface capping 
ligands resulted in the assembly of CsPbBr3 PNCs and a shift 
of absorption peak toward lower energy due to interparticle 
coupling.[132] In addition to homopolymers, block copolymers 
are well known to phase separate into well-defined, thermo-
dynamically stable mesostructures with different morpholo-
gies and precise domain sizes.[205] To date, block copolymers 
have not yet been utilized to direct the self-assembly of PNCs. 
Compared to homopolymers, the incorporation of block copoly-
mers will improve the structural integrity of NC ordered struc-
tures because one block acts as a stabilizing agent to improve 
the dispersity of NCs, while the other block promotes the 
segregation of ligands.[203b] Furthermore, the readily tunable 
sequence, composition, and molecular weight of each block 
provide additional functionalities and parameters to manipu-
late the interactions and self-assembly of NCs.[203b,206] There-
fore, utilizing surface-capped polymers to guide the assembly 
of PNCs of various sizes and shapes into predictable structures 

may provide opportunities to scrutinize the interaction between 
adjacent NCs and their influence on the optical and electronic 
properties of the resulting self-assembled nanostructures.[132]

PNC/polymer nanocomposites have already demonstrated 
tremendous potential, and the continued progress being made 
in synthesis, fundamental understanding in composition–
structure–property relation, and applications suggests that fur-
ther improvements are not far on the horizon. We hope that 
this review spurs interest in for in depth study of PNC/polymer 
nanocomposites and helps realize significant developments for 
this exciting material.
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