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A B S T R A C T   

Cesium lead halide perovskite (CsPbX3) nanocrystals (NCs) have exhibited promising applications in light-emitting diodes (LEDs) due to their tunable bandgap and 
high quantum efficiency. Backlighting LEDs based on CsPbBr3 NCs with green emission have been widely designed to show their superiority. However, unlike 
CsPbBr3 NCs, backlighting LEDs composed of mixed-halide perovskite (CsPbBrxI3-x) NCs have rarely been reported and should be further applied in colorful LEDs for 
granted, mainly because of the unexpected destructive effects from the commercial polymer matrix verified in this work. Purification of a commercial polymer matrix 
was promoted as an effective method to eliminate the destructive effects. Further investigation proved that the species with strong polarity and oxidability, e.g., BPO 
in commercial PMMA, are responsible for such destructive effects by inducing the structural transformation of CsPbBrxI3-x NCs. We believe such results can help to 
gain a deeper understanding of the degradation mechanism of mixed-halide perovskite materials and indicate a promising method to develop stable colorful 
perovskite-based LEDs.   

1. Introduction 

All-inorganic cesium lead halide perovskite (CsPbX3, X = Cl, Br, I) 
NCs show outstanding optical properties, such as high photo
luminescence quantum yields (PLQYs, up to 90%), narrow emission 
peak bandwidths (<50 nm), and favorable optical gains with low- 
threshold emission. [1] In addition, a facile fabrication method [2] 
and spectrally tunable emission [3,4] simply via composition adjust
ments further extended their attraction. All these advantages make 
CsPbX3 NCs attractive materials for applications such as light emitting 
diodes, lasers, and photodetectors. [4–8] In particular, optoelectronic 
devices based on CsPbX3 QDs have been widely developed. [2,9–11] 
LEDs based on anion exchange of CsPbBr3 NCs exhibit excellent EQEs 
over 20%. [12] 

Although CsPbX3 (X = Br, I) perovskite NCs have been widely 
recognized, there are few reports about the fabrication of optoelectronic 
devices using mixed-halide inorganic perovskite nanocrystals. This 
could be due to its intrinsic chemical instability, which limits all tech
nological applications. When CsPbX3 perovskite NCs are processed into 
a composite or a layer, where they are exposed to humidity, light, 
temperature and so on, they rapidly degrade. This is associated with 
highly dynamic ligand binding to the NCs surface. [13] Moreover, the 

fast anion-exchange reaction between different halide perovskite NCs 
brings many difficulties, [14] leading to an impediment to further 
functionalization. One of the recognized methods for stabilizing lead 
halide perovskite NCs for lighting applications is embedding the NCs 
into a polymeric matrix such as PMMA. [15–17] PMMA not only im
proves the stability of perovskite QDs but also endows perovskites with 
advantages in many aspects, such as mechanical performance and 
enhanced luminescent properties. [11,18,19] Zhu et al. constructed 
green light-emitting CsPbBr3@PMMA composites through a 
hot-injection method, which exhibited a high PLQY of 72% and good 
stability in water. [20] Xin et al. integrated the formation of CsPbBr3 
crystals and PMMA in a one-pot reaction, and then a white LED device 
successfully based on green emissive perovskite− polymer composites 
mixed with red emissive rare-earth phosphors was fabricated with 
feasible color characteristics and narrow bandwidths. [21] However, 
such a protection effect of a commercial polymer matrix (e.g., PMMA) 
on CsPbBr3 NCs [22,23] has not been reported for mixed-halide perov
skite NCs with tunable PL emission. 

Here, in this work, considering the successful application of PMMA 
in CsPbBr3 NCs, we speculated that PMMA can also effectively enhance 
the stability of mixed-halide CsPbBrxI3-x NCs and block halide exchange 
effects during the process of CsPbBrxI3-x NCs. However, after we 
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synthesized mixed-halide CsPbBrxI3-x NCs and embedded them into 
PMMA to realize colorful PL emission, contrary to our assumption, 
PMMA accelerated the degradation of CsPbBrxI3-x NCs. Further study 
confirmed that only purified PMMA can be taken as the polymer matrix 
to improve their PL stability. With TRPL measurements and control 
experiments, the degradation mechanisms of commercial PMMA were 
suggested, which provided efficient guidance for constructing optimized 
perovskite-based LEDs with colorful emission. 

2. Experimental methods 

2.1. Chemicals and materials 

PbBr2, PbI2, and poly(methyl methacrylate) (PMMA) were pur
chased from Sigma-Aldrich. Oleylamine (OLA, 80–90%), oleic acid (OA, 
AR), hexane (GC) and N,N-dimethylformamide (DMF, 99.8%) were 
purchased from Aladdin. Toluene was purchased from Laibao. Chloro
form and acetone (HPLC) were purchased from Sinopharm. CsBr was 
purchased from p-OLED. 

2.2. Synthesis 

CsPbBrxI3-x NCs solution: CsPbBrxI3-x NCs were prepared following a 
recrystallization procedure developed by Zeng et al. [24] Take CsPbBr2I 
NCs as an example. We prepared a 0.04 M CsPbBr2I solution first. CsBr 
(0.1704 g), PbBr2 (0.1468 g), and PbI2 (0.1844 g) as ion sources were 
dissolved in DMF (20 ml). OA (100 μl) and OLA (50 μl) as surface ligands 
were added to the CsPbBr2I solution (1 ml) to form the precursor solu
tion. The precursor solution was heated at 60◦ under stirring. Then, a 
moderate amount of precursor solution was added to toluene under 
vigorous stirring. Almost immediately, the solutions emitted red light, 
and CsPbBr2I NCs were obtained. CsPbBr1.5I1.5 NCs and CsPbBrI2 NCs 
were fabricated in the same way. 

CsPbBrxI3-x NCs film: A CsPbBrxI3-x NCs film was obtained by drop
ping the CsPbBrxI3-x NCs solution onto clean glass cover slips and then 
annealing at 60 ◦C for approximately 5 min. The pretreated glass sub
strates were first treated with 1% Hellmanex III (Hellma) solution and 
then immersed in an ultrasonic bath to remove the residual substances. 
Finally, the cover slips were treated by UV irradiation to eliminate the 
remaining emissive impurities. 

2.3. Purification of PMMA 

PMMA was dissolved in chloroform with a concentration close to 
saturation, and then a 6 times larger volume of hexane was added into 
the polymer solution. With sufficient shaking, the polymer precipitated 
from the solution. The top solution was poured out. The procedure was 
repeated three times. The polymer was placed on a heating stage until it 
dried. 

2.4. PL measurements 

The PL measurements were taken by a home-built wide-field fluo
rescence microscope based on Olympus IX73. A 450 nm CW diode laser 
was used as the excitation light for the sample measurements with a 
power density of 20 W/cm2. The fluorescence of the samples was 
collected by a dry objective lens (Olympus LUCPlanFI 40 ×, NA = 0.6) 
and detected by an EMCCD camera (iXon Ultra 888, Andor). The PL 
spectra were measured by putting a transmission grating (Newport, 150 
lines/mm) in front of the camera. PL lifetime measurements were per
formed by using a single-photon counting system (TCSPC, PicoHarp 
300) with 450 nm excitation light (5 MHz) from a supercontinuous laser 
(Fianium SC-400). 

3. Results and discussion 

To manufacture colorful LEDs with mixed-halide perovskite NCs, we 
first synthesized CsPbBr2I, CsPbBr1.5I1.5 and CsPbBrI2 NCs. Represen
tative TEM images of CsPbBr2I, CsPbBr1.5I1.5 and CsPbBrI2 NCs are 
shown in Fig. 1a, b and 1c, respectively. Compared with the CsPbBr3 NCs 
[22], the microstructure of CsPbBrxI3-x NCs deviated from the squares, 
indicating the effective doping of I− in CsPbBr3 NCs. The increase in the 
lattice constants from CsPbBr2I to CsPbBrI2 can also verify the increase 
in the iodine content due to the larger ionic radius of I− . The absorption 
spectra shown in Fig. 1d presented the bandgaps of CsPbBr2I, 
CsPbBr1.5I1.5 and CsPbBrI2 NCs, which were 2.3 eV, 2.1 eV and 1.9 eV, 
respectively, coinciding with the PL maxima (552 nm, 606 nm and 647 
nm) of the three kinds of NCs. The corresponding XRD peaks (Fig. 1e) at 
approximately 15.0◦ and 30.1◦ prove the formation of the perovskite 
structure. [25] As the iodine content increased, the shifting of the 
characteristic peak to small angles corresponds to the variation in the 
lattice constants from the TEM data. CsPbBrI2 NCs had already partially 
transformed from the cubic to orthorhombic phase, indicating poor 
stability. [26] 

Then, we characterized the PL properties of CsPbBrxI3-x NCs solu
tions treated with and without PMMA. The temporal evolution of the PL 
spectra from both solutions was monitored in real time via a wide-field 
fluorescence microscope with continuous excitation at 450 nm under 
ambient conditions. The CsPbBrxI3-x NCs solutions with the addition of 
PMMA were obtained by mixing pristine CsPbBrxI3-x solutions with 50 
g/L PMMA solutions. The pristine CsPbBrxI3-x NCs solution was also 
diluted with toluene to maintain the same concentration. From the PL 
spectra in Fig. 2, a slight blueshift and PL quenching were observed in 
the pristine CsPbBrxI3-x solutions, which should result from water and 
oxygen molecules from air causing decomposition and destruction of 
their structures [27]. However, unexpectedly destructive effects were 
observed in the solutions with the addition of PMMA, as shown in 
Fig. 2d–f. Not only was the PL intensity quenched, but an obvious 
blueshift of the PL spectrum was also observed within 30 min. The 
spectral shift can be clearly seen from the colour change of the 
CsPbBrxI3-x NCs solutions (Fig. 2 insets). 

Because perovskite materials are always vulnerable to oxidizing 
species, we supposed that there are some similar impurities contained in 
the purchased PMMA. Thus, we tried to purify the purchased PMMA as 
depicted in the experimental methods and checked their effect on the 
stability of CsPbBrxI3-x NCs, as shown in Figs. S3 and S4. Under 
continuous illumination, there was a significant enhancement of PL in
tensity at the beginning. Even though the intensity decreased gradually 
with time, CsPbBrxI3-x with purified PMMA still maintained a higher PL 
intensity than pristine solutions and commercial PMMA-treated solu
tions throughout the whole process. In addition, the stability of the PL 
spectra was also greatly improved. 

It is worth noting that the CsPbBrxI3-x NCs mixed with purified 
PMMA exhibited superior long-term stability. As shown in Fig. 3, the 
CsPbBrxI3-x NCs corresponding to different treatments were placed in the 
dark and monitored for approximately 35 h to compare their PL sta
bility. As a result, the PL spectra of the CsPbBrxI3-x NCs mixed with 
commercial PMMA showed a fast blueshift, while pristine CsPbBrxI3-x 
NCs solutions exhibited a slower variation in the PL spectra. The PL 
spectra in the CsPbBrxI3-x NCs solution treated with purified PMMA were 
quite stable, especially for CsPbBrI2 NCs. Such results indicate that the 
purified PMMA polymer can effectively protect the mixed-halide 
perovskite from degradation. However, it did not completely stop the 
blueshift of the PL emission, which can be due to the inherent phase 
instability issues of the CsPbBrxI3-x NCs resulting from the discrepancy 
between the mixed halide ions [18,28–31]. Additionally, different 
preparation methods and environmental conditions during fabrication 
can also influence the stability of CsPbBrxI3-x NCs [32,33], indicating 
that optimized synthesis methods of mixed-halide perovskite NCs can be 
further developed. 
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Fig. 1. TEM images of CsPbBr2I NCs (a), CsPbBr1.5I1.5 NCs (b) and CsPbBrI2 NCs (c), and the inset shows the corresponding high-resolution TEM (HRTEM) images. 
(d) Absorption and photoluminescence spectra of CsPbBr2I, CsPbBr1.5I1.5 and CsPbBrI2 NCs. (e) XRD spectra of CsPbBr2I, CsPbBr1.5I1.5 and CsPbBrI2 NCs. 

Fig. 2. Temporal evolution of the emission spectra of pristine CsPbBr2I NCs solution (a), pristine CsPbBr1.5I1.5 NCs solution (b) and pristine CsPbBrI2 NCs solution (c) 
under 450 nm excitation. Temporal evolution of the emission spectra of CsPbBr2I NCs (d), CsPbBr1.5I1.5 NCs (e) and CsPbBrI2 NCs (f) solutions with the addition of 
PMMA under 450 nm excitation. The inset graphs are colorful pictures corresponding to the CsPbBrxI3-x NCs solution under UV illumination after 30 min 
of excitation. 
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Furthermore, the mixed-halide perovskite NCs were also made into 
films to check if there was any protective effect in the solid-state. Fig. 4, 
Fig. S1 and Fig. S2 show the PL images of the three kinds of CsPbBrxI3-x 
NCs treated under different conditions, in which clear differences can be 
seen with our naked eyes. The freshly prepared film always showed 
yellow, orange and red PL for CsPbBr2I, CsPbBr1.5I1.5 and CsPbBrI2 NCs 
(Fig. S1a, Fig. 4a, Fig. S2a), while after 4 days of storage in the dark, the 
CsPbBrxI3-x (X = 2, 1.5, 1) NCs embedded in purified PMMA film still 
maintained a similar color ((Fig. S1c, Fig. 4c, Fig. S2c)), while the 
pristine CsPbBrxI3-x NCs without polymer matrix and the CsPbBrxI3-x 
NCs embedded in unpurified PMMA almost completely degraded, both 
of which exhibited green emission, as shown in Fig. 4b, Fig. S1b and 
Fig. S2b. The unchanged PL spectra of the NCs embedded in purified 
PMMA shown in Fig. 4f, Fig. S1f and Fig. S2f also proved that purifi
cation of PMMA indeed has protection effects on mixed-halide perov
skite NCs. Here, the PL shift in films was different from that in solutions 
(Fig. 3), which can be explained by the CsPbBrxI3-x NCs solution being in 
a dynamic equilibrium state. The interactions among the ions, ligands, 
solutions and ambient atmosphere will become more frequent, leading 
to the rapid blueshift of the PL. However, the freedom of CsPbBrxI3-x NCs 
embedded in films is much lower than that in solutions, and the range of 
the interactions was also limited to CsPbBrxI3-x NCs, polar species in film 

and ambient atmosphere. Thus, the PL shift of CsPbBrxI3-x NCs in film 
will become slower than that in solutions. Furthermore, when 
comparing pristine CsPbBrxI3-x NCs solution with that mixed in com
mercial PMMA solution, although the former exhibited better stability, 
they still cannot bear the destruction effects from oxygen and moisture 
when deposited on substrates for a long duration. In addition to the 
effect of enhanced stability, the polymer matrix (purified PMMA) can 
also help to fabricate uniform and well distributed luminescent films 
(Fig. S5), which are required for application in LEDs. 

To understand the mechanism of the destructive effects of commer
cial PMMA, detailed investigations were performed. We first checked 
the influence of the polymer matrix on the morphology of the CsPbX3 
NCs using HRTEM for both commercial and purified PMMA. As shown in 
Fig. S6, the crystal lattice decreased when embedded in commercial 
PMMA compared with that in purified PMMA, indicating a reduction in 
iodine content when embedded in unpurified PMMA, which is consistent 
with the experimental results presented by the PL spectra. Then, the 
time-resolved photoluminescence (TRPL) of the three NCs in different 
media was also characterized, as shown in Fig. 5a–c. The PL decay 
curves were fitted by a triple-exponential function, and the average 
lifetimes are presented in Table S1. The PL lifetime in purified PMMA 
exhibited a slight decrease compared with that in toluene. This should 

Fig. 3. Temporal evolution of the peak position of the CsPbBr2I NCs solution (a), CsPbBr1.5I1.5 NCs solution (b) and CsPbBrI2 NCs solution (c) which were stored 
in dark. 

Fig. 4. (a), (b) and (c) Comparison of PL images of the newly prepared CsPbBr1.5I1.5 NCs films and CsPbBr1.5I1.5 NCs films after 4 days with different polymer matrix 
conditions. (d), (e) and (f) Corresponding temporal evolution of the emission spectra. 
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be because the side of the main chain in PMMA contains a methyl ester 
group, and the polarity is larger than that of toluene, which can produce 
charge transfer between the exposed surface of CsPbBrxI3-x NCs and 
PMMA molecules. The PL lifetime of CsPbBrxI3-x NCs blending in com
mercial PMMA showed a much faster PL decay than in the other two 
mediums. Since the PMMA molecules will not lead to such fast PL decay, 
there must be something with larger polarity than PMMA, which greatly 
enhances the charge transfer efficiency between the exposed surface of 
CsPbBrxI3-x NCs and PMMA molecules. Such polar species also cause 
destructive effects on the surface ligands, which further contribute to the 
fast PL decay by increasing the exposed surface area of CsPbBrxI3-x NCs. 
Because such polar species can be effectively removed by the purifica
tion process, we proposed that some polar impurities in the commercial 
PMMA can interact with the CsPbBrxI3-x NCs and destroy the surface 
ligands under light illumination. Such a process will promote the charge 
transfer efficiency, leading to an obvious reduction in the PL lifetime. Of 
course, although we mostly ascribe the slight decrease in the PL lifetime 
to the charge transfer between CsPbBrxI3-x NCs and PMMA molecules, 
we still cannot guarantee the 100% elimination of impurities with strong 
polarity. The residuals in purified PMMA can also contribute to the slight 
decrease in the lifetime of NCs. In addition, accompanying the 
destruction of the surface ligands, the NCs could partially dissolve in the 
solutions, or the organic ammonium was inclined to capture I− in the 
NCs, resulting in the structural transformation of the mixed halide 
perovskite NCs exhibiting a blueshift in the PL emission. 

As is well known, conventional synthesis of perovskite NCs will al
ways introduce oleylamine (OLA) as capping ligands and oleic acid (OA) 
to maintain the stability of the surface ligands. [34] Since the destruc
tion of the OA will break the combination between capping ligands and 
the surface of NCs, polar species functioning as strong bases could be the 
most likely candidates. In fact, during the polymerization of PMMA, a 
radical initiator is needed. These species can always work as initiators 
for some molecules with strong polarities, e.g., benzoyl peroxide (PhC 

(O)O)2 (BPO) [35], which should play the main role in the interaction 
with OA molecules leading to the destruction of equilibrium in solutions. 
To verify the destructive effects of polar species on capping ligands 
(OA), by introducing species with different polarities, such as acetone 
and ethyl acetate, into CsPbBr3 NCs solutions, the redshift of the PL 
emission can be clearly observed when acetone is added, while the PL 
spectra in ethyl acetate remained constant, as shown in Fig. S7, indi
cating the destructive effect on OA of the species with strong polarity, 
which is consistent with previous reports. [36,37] In addition, we also 
directly introduced BPO molecules into the CsPbBr3 NCs solutions and 
observed a slow redshift of the PL emission, which can also verify the 
destruction effect of BPO on OA ligands. Then, the drop in OLA ligands 
will accompany the adsorption of I− on the CsPbBrxI3-x NCs surface, 
considering that the larger ionic radius of I− will weaken the interaction 
between Pb2+ and I− compared to Br− . Organic ammonium is more 
likely to associate with I− [38], which causes I− to drop from the surface. 
In addition, the strong oxidation effect of BPO can also simultaneously 
contribute to the destruction of iodine ions on CsPbBrxI3-x NCs due to the 
larger ionic radius of I− than Br− . Thus, with enough interaction time, I−

will be gradually extracted and destroyed, and the PL spectra of all 
CsPbBrxI3-x (X = 2, 1.5, 1) NCs will become close. The final PL maxima of 
CsPbBrxI3-x NCs blending in unpurified PMMA shown in Fig. 5d were all 
approximately 520 nm, proving our assumption. Such a mechanism can 
also be verified from the reported results. Since most investigators 
mainly used commercial PMMA without purification to protect 
MAPbBr3 or CsPbBr3 NCs, which were free from iodine contents, from 
the influences of moisture and oxygen, the PL spectra of the pure-phase 
perovskite can always remain stable (e.g., ~520 nm for CsPbBr3 NCs). 
[22,23] As a result, they only observed the protection effects of the 
polymer matrix (without purification) on pure-phase perovskite NCs and 
ignored the destructive effects of the polar species in the unpurified 
matrix on mixed-halide perovskite NCs. Finally, to directly prove that 
the species with strong polarity and oxidization effects can induce 

Fig. 5. PL lifetime of CsPbBr2I NCs (a), CsPbBr1.5I1.5 NCs (b) and CsPbBrI2 NCs (c). (d) PL spectra from CsPbBrxI3-x NCs samples in commercial PMMA after 24 h. (e) 
PL spectra from CsPbBrxI3-x NCs samples in acetone after 8 h. 
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destructive effects on mixed-halide perovskite NCs, we also first tried to 
introduce solvent molecules of different polarities into pristine 
CsPbBrxI3-x NCs (Fig. S8) and found that only acetone molecules with 
strong polarity can induce similar variation processes in the PL spectra 
(Fig. S9) observed in unpurified PMMA. Additionally, as shown in 
Fig. 5e and d, the final PL spectra of PMMA treated with acetone mol
ecules were also similar to those in unpurified PMMA, which further 
proved the destructive effect of species with strong polarity. In addition 
to the polar species, the BPO molecules with oxidation effects as 
mentioned before were also introduced into the CsPbBrxI3-x NCs solu
tions, and a fast blue shift of the PL spectra took place under continuous 
excitation, as shown in Fig. S10, demonstrating the destruction effect of 
oxidizing species (e.g., BPO) on mixed-halide perovskite NCs. Therefore, 
both experimental results of polar and oxidizing species can be a 
convincing proof for our assumption that commercial PMMA can 
contain some polar and oxidation impurities that can effectively destroy 
the mixed-halide perovskite NCs. 

4. Conclusions 

In summary, we successfully verified the destructive effects of a 
commercial polymer matrix PMMA on mixed-halide CsPbBrxI3-x NCs, 
which limited their applications. Further experiments confirmed that 
CsPbBrxI3-x NCs embedded in purified PMMA can exhibit superior sta
bility in both solution and film. Additionally, the destructive effects 
were investigated due to the synergistic effect of polar and oxidizing 
species in the commercial polymer matrix, surface ligands and halide 
ions in CsPbBrxI3-x. As a result, the promoted degradation mechanism 
and the optimized strategy of the mixed-halide perovskite NCs in media 
containing polar and oxidizing species will provide guidance for how to 
better utilize CsPbBrxI3-x NCs, a promising candidate for optoelectronic 
devices, to develop colorful light-emitting devices. 
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