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Mn(II)-doped cesium lead halide perovskite (CsPbX3 (X = Cl, Br, I)) quantum dots (QDs) have attracted a

lot of attention from researchers attributed to their bright orange light emission. However, defects such

as inefficient energy transfer and instability have hindered the commercial application of the material.

Here, we propose a convenient core–shell coating strategy to epitaxially grow a CsPb2X5 shell on

Mn-doped CsPbX3 surfaces by controlling the reaction time and precursor ratio. Meanwhile, density-

functional theory (DFT) calculations indicate that a typical type-I heterojunction is formed between the

CsPb(Cl/Br)3 cores and the CsPb2(Cl/Br)5 shell, which improves the energy transfer efficiency from an

exciton to Mn2+. The obtained Mn-doped CsPb(Cl/Br)3@CsPb2(Cl/Br)5 core–shell materials exhibit

enhanced optical properties and excellent water/thermal stability. Subsequently, the white light-emitting

diode prepared from the composites shows a high luminescence efficiency of 127.21 lm W�1, and the PL

intensity is still maintained above 95% after 24 h of continuous operation.

Introduction

Cesium lead halide (CsPbX3 (X = Cl, Br, I)) perovskite quantum
dots (QDs) have become one of the most promising materials in
the field of optoelectronics due to high absorption coefficients
and quantum yields close to 100%.1–5 However, their inherent
monochromatic emission and sensitivity to the surroundings
limit their further commercial application.6 Doping new lumi-
nescent centers has proved to be an effective means to resolve
monochromatic light emission.7–9 Especially for Mn2+ ions, the
large energy difference between the exciton energy level and the
Mn2+ excited state energy level significantly inhibits the reverse
energy transfer, making the synthesis and luminescence prop-
erties of Mn-doped perovskite quantum dots of wide interest to
researchers.10–13 But, due to differences in ionic radii and

surface charges, these additional luminescent centers have
the potential to cause the host to lose its intrinsic crystal
structure and emission.14–16 Therefore, a convenient improve-
ment strategy is necessary to enhance the energy transfer
efficiency from excitons to Mn2+ ions while maintaining the
crystal structure stability of the perovskite host.

Currently, in most reports of Mn-doped CsPbX3 QDs broad
emission peaks at 600 nm have been observed, and Mn2+

emission usually coexists with exciton emission.17,18 This inevi-
tably leads to exciton energy transfer competing with the
radiative/non-radiative transitions of the exciton, resulting in
inefficient Mn2+ emission.19,20 According to previous reports, if
quantum confinement is imposed on the exciton of the per-
ovskite host, this exchange coupling effect can lead to modified
spatial distribution of the dopant, thus improving the exciton
to Mn2+ energy transfer efficiency.21,22 Therefore, the core–shell
structure provides a new idea to solve the above problem,
because the heterogeneous shell can effectively limit the diffu-
sion length of excitons either at spatial or energy levels.23,24

Meanwhile, this approach not only significantly improves sta-
bility but also allows the formation of high-quality heterojunc-
tions, providing a platform for exploring novel photophysical
properties.25,26

Here, we propose an improved hot-injection method to
epitaxially grow CsPb2X5 shells on the surface of Mn-doped
CsPbX3 QDs by using controlled precursor ratios and extended

a Electronic Materials Research Laboratory, Key Laboratory of the Ministry of

Education International Center for Dielectric Research&Shannxi Engineering

Research Center of Advanced Energy Materials and Devices, Xi’an Jiaotong

University, 710049 Xi’an, China. E-mail: mqwang@xjtu.edu.cn
b Xi’an Institute of Optics and Precision Mechanics, CAS, Add: NO. 17 Xinxi Road,

New Industrial Park, Xi’an Hi-Tech Industrial Development Zone, 710119 Xi’an,

Shaanxi, China
c Belarusian State University of Informatics and Radioelectronics, P. Browki 6,

220013 Minsk, Belarus

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tc01135j

Received 22nd March 2024,
Accepted 26th July 2024

DOI: 10.1039/d4tc01135j

rsc.li/materials-c

Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
02

4.
 D

ow
nl

oa
de

d 
by

 X
ia

n 
Ji

ao
to

ng
 U

ni
ve

rs
ity

 o
n 

10
/1

1/
20

24
 2

:4
5:

41
 A

M
. 

View Article Online
View Journal  | View Issue

https://orcid.org/0009-0006-2744-2513
https://orcid.org/0000-0003-1082-5009
https://orcid.org/0009-0003-0495-3036
https://orcid.org/0000-0002-7963-6890
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc01135j&domain=pdf&date_stamp=2024-08-07
https://doi.org/10.1039/d4tc01135j
https://doi.org/10.1039/d4tc01135j
https://rsc.li/materials-c
https://doi.org/10.1039/d4tc01135j
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012035


14014 |  J. Mater. Chem. C, 2024, 12, 14013–14020 This journal is © The Royal Society of Chemistry 2024

reaction times. As the Mn doping concentration increases, the
light emission of the CsPbX3@CsPb2X5 core–shell materials
gradually changes from blue to pink. Moreover, compared to
pure CsPbX3 QDs, the composite exhibits stronger Mn2+ emis-
sion at low doping concentrations. According to density-
functional theory (DFT) calculations, this phenomenon is
attributed to the type-I heterojunction constituted between
CsPbX3 and CsPb2X5, which allows more carriers to accumulate
in the CsPbX3 energy band, thus alleviating the competition for
energy transfer from excitons to Mn2+. Benefiting from the
stable crystal structure of CsPb2X5, the water/thermal stability
of CsPbX3 QDs is significantly improved. Finally, the white
LEDs prepared from these composites exhibit a surprisingly
high luminous efficacy of 127.41 lm W�1 and sustained operat-
ing stability at high temperature (495 1C).

Results and discussion
Morphology and crystal structure of Mn-doped
CsPb(Cl/Br)3@CsPb2(Cl/Br)5

Mn-doped CsPb(Cl/Br)3@CsPb2(Cl/Br)5 core–shell materials
could be obtained directly by using a hot-injection method
without an additional post-treatment process. Briefly, a total of
0.3 mmol of MnCl2 and PbBr2 was dissolved in 1-octadecene
(ODE). Subsequently, 0.15 mmol of Cs-OA (Cs : Pb = 1 : 2) was
injected at high temperature. After 1 h of reaction, Mn-doped
CsPb(Cl/Br)3@CsPb2(Cl/Br)5 core–shell materials could be
obtained (denoted as MCC composites).

First, the morphology of the products was observed by
scanning electron microscopy (SEM) and transmission electron

microscopy (TEM). The results showed that the MCC compo-
sites were uniform octagonal microplates with an average size
of about 5.27 mm (Fig. 1a and b). Moreover, the grains had a
smooth surface, preliminarily indicating that CsPb(Cl/Br)3

QDs had been encapsulated by CsPb2(Cl/Br)5 (Fig. 1a, inset).
Furthermore, in order to demonstrate that the composites had
a core–shell structure, we observed the interior of the octagonal
microplates by TEM. The results showed that a large number
of CsPb(Cl/Br)3 QDs with a size of about 10–15 nm were
embedded inside the grains (Fig. 1c). Moreover, benefiting
from the protection of the CsPb2(Cl/Br)5 shell, the QDs still
maintained their original cubic morphology without agglom-
eration or decomposition caused by the prolonged high-
temperature reaction. Subsequently, energy dispersive spectro-
scopy (EDS) showed that Cs, Pb, Mn, Br, and Cl were uniformly
distributed in the whole grains of the MCC composites, proving
the successful doping of Mn2+ ions (Fig. 1d). It was worth
noting that since no aggregation of Mn2+ was observed, Mn2+

was not only present in the CsPb(Cl/Br)3 QDs, but the CsPb2 (Cl/
Br)5 shell was also doped with Mn2+.

Subsequently, the crystal structures of the MCC composites
were observed by high-resolution TEM (HRTEM). As shown in
Fig. 2a, the composites had two different lattice fringes, where
0.74 nm belonged to the (002) plane of the tetragonal (b)
CsPb2(Cl/Br)5; and 0.57 nm belonged to the (100) plane of the
cubic (a) CsPb(Cl/Br)3. This result was slightly smaller than
the standard 0.583 nm (a-CsPbBr3 (100) plane) and 0.758 nm
(b-CsPb2Br5 (002) plane). This phenomenon was attributed to
the lattice shrinkage caused by the substitution of the larger
ionic radius Pb2+ and Br� with the smaller ionic radius Mn2+

and Cl�.27,28 The corresponding selected-area electron

Fig. 1 (a) SEM images of overall morphology and individual grains (inset) of the MCC composites. (b) The size distribution of the MCC composites. (c)
TEM images of the interior and individual grains (inset) of the MCC composites. (d) Elemental mapping of the MCC composites.
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diffraction (SAED) image consisted of clear single-crystal dif-
fraction spots and polycrystalline rings (Fig. 2b), demonstrating
that the overall structure of the MCC composites was a
CsPb2(Cl/Br)5 single-crystal shell encasing a large number of
CsPb(Cl/Br)3 QDs, and that both possessed excellent crystal-
linity. Furthermore, in order to determine the chemical com-
ponents of the composites, we performed X-ray photoelectron
spectroscopy (XPS) measurements (Fig. 2c). Compared to the
CsPbBr3 QDs, the MCC composites showed distinct Mn and Cl
signals. Among them, the peak at 644.0 eV was assigned to Mn
2p; the two peaks at 197.7 eV and 196.2 eV were assigned to Cl
2p (Fig. 2d). Meanwhile, the Pb signal was significantly reduced
after Mn2+ doping, proving that Mn2+ successfully replaced Pb2+

in the lattice. In addition, the signals of Cs 3d, Pb 4f and Br 3d
of the MCC composites were all slightly shifted toward a higher
binding energy (D eV E 0.5–0.7 eV), suggesting that after the
passivation of the CsPb2X5 shell, the electron density of CsPbX3

was reduced, attributed to the strong sharing of reactive atoms
(mainly Pb) between 0D CsPbBr3 and 2D CsPb2Br5 (Fig. S1a–c,
ESI†).29,30 In summary, the SEM and TEM results demonstrated
that the core–shell structured MCC composites could be con-
veniently obtained by simply controlling the reaction time and
precursor ratio.

Optical properties of Mn-doped CsPb(Cl/Br)3@CsPb2(Cl/Br)5

Furthermore, we investigated the effect of Mn2+ doping concen-
tration on the optical properties of the samples, in order to find

the optimal Mn doping ratio. At first, ICP-OES was used to
accurately quantify the concentration of Mn2+ in the samples.
An error between the initial Mn/Pb feed ratio and the actual
doping ratio could be found, and the highest Mn2+ doping ratio
was 51% (Table S1, ESI†). Moreover, the MCC composites had
two distinct emission centers corresponding to exciton emission
(400–500 nm) and d–d transition of Mn2+ (E600 nm) (Fig. 3a).
The corresponding PL excitation (PLE) spectra showed that the
sample had a strong absorption at 300–450 nm, corresponding
to the exciton absorption peak (Fig. S2, ESI†) whereas, there was
almost no absorption at 450–550 nm, indicating that the Mn2+

emission was mainly dominated by the energy transfer from
excitons to Mn2+ ions. As the doping concentration increased
(Mn/Pb = 0.5–2.0), the exciton emission was blue-shifted and the
PL intensity decreased, while Mn2+ emission was enhanced and
gradually dominated. The emission of the samples also gradu-
ally changed from blue to pink light (Fig. 3a, inset). However, as
the concentration of Mn2+ increased further (Mn/Pb = 2.5), due
to the gradual decrease of the distance between the emission
centers, the cross-relaxation rate increased and the PL intensity
showed a decreasing trend.31,32 In this process, the exciton
emission blue-shift was attributed to the selected Mn-source,
MnCl2, where the increased Mn2+ concentration led to the Cl-
rich host. Therefore, the exciton emission peak changed from
488 nm to 427 nm, while the raised intensity of Mn2+ emission
probably implied a more efficient energy transfer process. To
demonstrate this, we prepared CsPbX3 QDs with the same

Fig. 2 (a) HRTEM image and (b) SAED pattern of the MCC composites. (c) XPS spectra of the MCC composites and CsPbBr3 QDs. (d) High-resolution XPS
spectra of Mn 2p and Cl 2p.
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doping concentration to reveal the optical enhancement effect of
the CsPb2X5 shell. Fig. S3 (ESI†) exhibited an overall morphology
of Mn-doped CsPbX3 (Mn/Pb = 2.0) QDs. The Mn-doped CsPb(Cl/
Br)3 QDs without CsPb2(Cl/Br)5 coating were typically cubic
grains (Fig. S4b, ESI†), and some QDs had decomposed or
agglomerated due to the high concentration of Mn doping
(Fig. S3a, ESI†). This was consistent with the TEM observations
(Fig. S3b, ESI†). Subsequently, PL spectra showed that at low
doping concentrations (Mn/Pb = 0.5–1.5), the Mn2+ emission was
masked by strong exciton emission (Fig. S4a, ESI†). Only when
the Mn/Pb increased above 2.0, a slight Mn2+ emission was
observed. In contrast, when Mn/Pb = 1.0, a visible Mn2+ emission
was observed in the MCC composites; when Mn/Pb = 1.5, the
emission of the sample transformed to pink light, proving that
the electron decay route had been dominated by the energy
transfer process. Therefore, MCC composites had higher energy
transfer efficiency.

Furthermore, we revealed the effect of high concentration of
the dopant on the sample morphology by SEM. The results
showed that at Mn/Pb = 2.5, the MCC composites were frag-
mented due to excessive Mn2+ doping (shown as red circles in
Fig. 3b) and unknown rectangular grains were formed (shown
as orange circles in Fig. 3b). The elemental mapping indicated
that these rectangular grains were enriched with Pb, Mn, Cl,
and Br, while Cs hardly contributed (Fig. 3b inset). Meanwhile,
the corresponding XRD patterns showed that at Mn/Pb = 2.5,
the MCC composites were composed of CsPb2X5 and PbBrCl
(Fig. 3c). Based on these two results, we concluded that the
rectangular grain was Mn-doped PbClBr. The formation of
PbBrCl impurity might be one of the reasons that the optical
properties of MCC composites were deteriorated. This was

attributed to the fact that the exciton energy transfer to Mn d-
states depended on the host band gap and relative positions of
Mn 4T1 and 6A1 states. In the CsPbX3 host, Mn2+ acquired
strain-free Pb sites with fixed coordination of six, resulting in a
strong Mn d–d emission. However, in the PbX2 host, Mn2+

could only occupy the Pb sites with a coordination of two,
which was in an under-coordinated state. Therefore, Mn emis-
sion was quenched at Mn/Pb = 2.5.33 Subsequently, the
ultraviolet-visible (UV-Vis) absorption spectra of the composites
exhibited the band-edge absorption (400–500 nm) of CsPbX3

QDs, further demonstrating that the CsPb2X5 shell would not
affect the intrinsic optical properties of the internal QDs
(Fig. 3d). In addition, in order to visually demonstrate the
optical enhancement effect of CsPb2X5 shell, we compared
the PL decay lifetimes of MCC composites and CsPbX3 QDs.
The results showed that the average lifetimes of the excitons in
MCC composites were 10.74–21.87 ns (Fig. 3e), while the QDs
were only 6.83–13.86 ns (Fig. S4c, ESI†), which were improved
by 55–82% (Table S2, ESI†); the average lifetimes of Mn2+ were
2.13–2.33 ms (Fig. 3f), which were improved by 70–80% (QDs:
1.26–1.36 ms (Fig. S4d, ESI†)). This phenomenon demonstrated
that the CsPb2X5 shell effectively passivated the surface defects
of QDs and improved the radiative recombination efficiency.34

The PLQY exhibited similar results. The PLQY of MCC compo-
sites were 68–78%, while the Mn-doped CsPb(Cl/Br)3 QDs were
only 31–57% (Fig. S5, ESI†).

Finally, we calculated the energy transfer efficiency from
excitons to Mn2+ ions in MCC composites as reported by Zhong
et al.20 At first, we prepared CsPb(Cl/Br)3@CsPb2(Cl/Br)5 com-
posites without Mn doping by using an anion-exchange
method, and made the PL position of the composites

Fig. 3 (a) PL spectra of MCC composites with different Mn2+ doping amounts (l = 365 nm). (b) SEM images and elemental mapping of MCC composites
(Mn/Pb = 2.5). (c) XRD patterns and (d) UV-Vis absorption spectra of MCC composites with different Mn2+ doping amounts. Time-resolved fluorescence
spectra of (e) excitons and (f) Mn2+ ions in MCC composites with different Mn2+ doping amounts.
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consistent with the MCC composites. Ideally, the only differ-
ence between the two samples would be that CsPb(Cl/Br)3@
CsPb2(Cl/Br)5 was undoped with Mn2+, while the MCC compo-
sites was doped with Mn2+. Subsequently, PL decay showed that
the average lifetime of excitons in CsPb(Cl/Br)3@CsPb2(Cl/Br)5

was 16.64–29.05 ns (Fig. S6, ESI†), while the average lifetime of
excitons in MCC composites was 10.74–21.87 ns. The signifi-
cant decrease in exciton lifetime proved the existence of energy
transfer from excitons to Mn2+. Therefore, the energy transfer
efficiency (ZET) from excitons to Mn2+ could be calculated by the
following equation:

ZET ¼ 1� t1
t0

where t0 and t1 are the lifetimes of exciton emission without or
with Mn2+. Specifically, t0 represents the exciton emission
lifetime of CsPb(Cl/Br)3@CsPb2(Cl/Br)5 and t1 represents the
exciton emission lifetime of the MCC composites. Calculations
showed that the MCC composites with Mn/Pb = 2.0 (corres-
ponding to the PL position of 439 nm) had the best energy
transfer efficiency (42.0%) (Table S3, ESI†).

Energy band structure and water/thermal stability of Mn-doped
CsPb(Cl/Br)3@CsPb2(Cl/Br)5

The energy band structure of the MCC composites was also one
of the key factors affecting its optical properties. Therefore, we
calculated the electronic structures of Mn-doped CsPb(Cl/Br)3

cores and Mn-doped CsPb2(Cl/Br)5 shell (Mn/Pb = 2.0) based on
density-functional theory (DFT). Among them, the Mn-doped
CsPb(Cl/Br)3 cores had the band gap of 1.44 eV (Fig. 4a), while
the CsPb(Cl/Br)3 host was 2.83 eV (Fig. S7a, ESI†), which
evidenced that Mn2+ acted as an additional channel for receiv-
ing and accumulating photogenerated carriers, introducing
additional energy levels in the forbidden band.35–37 The corres-
ponding projected density of states (PDOS) showed that the
conduction band was mainly contributed by Mn (d); the valence
band was dominated by Cl (3p) and Br (3p) (Fig. 4b). Thus, the
energy band structure of Mn-doped CsPb(Cl/Br)3 cores is shown
in Fig. 4c. When the sample was excited, the radiative transi-
tions of photogenerated carriers were mainly in the following
two routes: (1) recombination in the energy band of CsPb(Cl/
Br)3 to produce the corresponding exciton emission; (2) under-
going the energy transfer process to produce the 4T1 - 6A1

Fig. 4 (a) Electronic structure, (b) projected density of states and (c) energy band structure of Mn2+ doped CsPb(Cl/Br)3 cores (Mn/Pb = 2.0). (d)
Electronic structure and (e) projected density of states of Mn2+ doped CsPb2(Cl/Br)5 shells (Mn/Pb = 2.0). (f) Energy band structure of MCC composites
(Mn/Pb = 2.0). (g) Temperature-dependent PL spectra of MCC composites (Mn/Pb = 2.0) at 303–403 K. Comparison of (h) water stability and (i) water
contact angle between MCC composites (Mn/Pb = 2.0) and Mn-doped CsPb(Cl/Br)3 QDs.
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emission (E600 nm) in the energy band of Mn2+.18,38 The Mn-
doped CsPb2(Cl/Br)5 shell (Mn/Pb = 2.0) was similar to the above
results, with a band gap of 2.25 eV (Fig. 4d), which was much
smaller than the CsPb2(Cl/Br)5 host (3.34 eV, Fig. S7b, ESI†). And,
the conduction and valence bands were dominated by Mn (d)
and Cl/Br (3p) (Fig. 4e). It is worth noting that, in general, the Mn
d-states were insensitive to particle size or composition. In the
CsPbX3 host, Mn2+ replaced Pb2+ in PbX6 to obtain strain-free Pb
sites with a fixed coordination of six. Thus, whether in CsPbCl3,
CsPbBr3 or CsPbI3, the energy difference between the 6A1 and 4T1

orbitals from Mn would not be affected by the surroundings.
However, in the CsPb2X5 host, Mn replaced Pb2+ in PbX8,
obtaining Pb sites with a fixed coordination to eight, leading
to the change in the energy difference between the 6A1 and 4T1

orbitals (1.44 eV to 2.25 eV). But interestingly, from the overall
energy band structure of the MCC composites, a typical type-I
heterojunction was formed between CsPb(Cl/Br)3 and CsPb2(Cl/
Br)5 (Fig. 4f), which implied that the CsPb(Cl/Br)3 cores had more
electron–hole pairs, which could effectively alleviate the compe-
tition for energy transfer and improve the energy transfer
efficiency from exciton to Mn2+.17,39,40 Therefore, MCC compo-
sites possessed stronger Mn2+ emission than QDs at the same
Mn2+ doping concentration.

Finally, we evaluated the water/thermal stability of the MCC
composites (Mn/Pb = 2.0) to confirm that the materials had the
basis for commercial application. First, the thermal stability
results showed that for pure CsPbX3 QDs, the PL intensity
decreased dramatically with increasing temperature (303–
403 K) and the exciton emission were significantly blue-
shifted (Fig. S8, ESI†). However, the MCC composites showed
excellent thermal stability. Undergoing the same warming

process, the PL intensity of the samples only decayed by
B9% and the PL position was not shifted (Fig. 4g). Further-
more, water stability had similar results. For the CsPbX3 QDs,
the samples were already quenched after a few hours of
immersion, due to the dissolution of the crystal structure by
water (Fig. 4h). In contrast, the MCC composites retained
94.99% of their PL intensity after 9 days of immersion, decaying
by only B5%. This was attributed to the fact that the MCC films
had a higher water contact angle than the QDs films, and water
could not easily penetrate inside the materials (Fig. 4i). Mean-
while, the high decomposition enthalpy of CsPb2X5 in water
gave the MCC composites a surprising water stability.41,42

Optical properties and stability of WLEDs

White light-emitting diodes (WLEDs), one of the most promi-
nent applications of CsPbX3 QDs, where optical properties and
stability determined the material’s development prospects.37,43

We prepared a quasi-perovskite white LED (denoted as
M-WLED) by encapsulating the MCC composites (Mn/Pb =
2.0, red and blue emission source) and CsPbBr3@CsPb2Br5

(green emission source) in polystyrene to make polymer films,
and then, integrating them onto a 365 nm UV chip. Similarly,
we used CsPbX3 QDs without CsPb2X5 assembled into white
LEDs as a comparison (denoted as C-WLED).

First, the PL spectra showed that the device could clearly
distinguish the emission of blue, green, and orange phosphors
(Fig. 5a), with the corresponding CIE coordinates of (0.318,
0.326) (Fig. 5b). Furthermore, the M-WLED had the maximum
luminous efficiency of 127.21 lm W�1 (19 mA), and the color
rendering index (CRI) was stable above 87 and up to 93 (Fig. 5c).
But the maximum luminous efficiency of the C-LED was only

Fig. 5 (a) PL spectrum of M-WLED at 20 mA drive current. The inset shows the photo of the device. (b) CIE coordinates of the M-WLED at 20 mA drive
current. (c) Luminous efficiency and color rendering index of M-WLED at 2–50 mA driving current. (d) Surface temperature and (e) PL spectra of M-WLED
continuously operated for 24 h at 20 mA driving current.
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87.39 lm W�1, and the CRI gradually decreased with increase of
the drive current, and finally was only 57 (Fig. S9, ESI†). Finally,
since the optoelectronic devices inevitably generated high tem-
peratures during continuous operation, this could lead to ther-
mal decomposition of the CsPbX3 QDs. Therefore, we recorded
the surface temperature and PL spectra of M-WLED at different
operating times to demonstrate that the MCC composites had
long-term operational stability. The results indicated that the
surface temperature of the M-WLED increased to over 80 1C after
1 h of operation and stabilized at 95–100 1C in the following
2–24 h (Fig. 5d). Obviously, such high temperature environments
would significantly deteriorate the optical properties of QDs.
However, the PL intensity of M-WLED remained above 95% after
24 h of continuous operation and the PL position was not shifted
(Fig. 5e). Therefore, the strategy of using CsPb2X5 single-crystal
shell as a protective layer to passivate Mn-doped CsPbX3 QDs
would be able to greatly expand the applications of pervoskite
materials in the field of optoelectronics.

Conclusions

In summary, Mn-doped CsPb(Cl/Br)3@CsPb2(Cl/Br)5 core–shell
materials could be conveniently obtained by controlling the
reaction time and the precursor ratio. The composites had a
uniform octagonal morphology, and the CsPb2(Cl/Br)5 shell could
effectively protect the CsPb(Cl/Br)3 cores to withstand prolonged
high-temperature reactions without agglomeration or decomposi-
tion. Subsequently, DFT calculations showed that a typically type-I
heterojunction was constituted between the two, which led to the
accumulation of more electron–hole pairs on the CsPb(Cl/Br)3

cores, alleviating the competition for energy transfer and improv-
ing the energy transfer efficiency from excitons to Mn2+. Benefit-
ing from the stabilized crystal structure of the CsPb2X5 shell, the
fluorescence lifetime and stability of the composites were signifi-
cantly improved. The quasi-white LEDs prepared from the com-
posites exhibited a high luminous efficiency of 127.21 lm W�1

and a high color rendering index of 93, and the PL intensity was
basically unchanged after 24 h of operation at high temperature
above 95 1C. This strategy provided a new idea for further
applications of Mn-doped perovskite quantum dots.
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