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ABSTRACT: The core—shell structure is an effective means to
improve the stability and optoelectronic properties of cesium lead
halide (CsPbX; (X = Cl, Br, 1)) perovskite quantum dots (QDs).
However, confined by the ionic radius differences, developing a
core—shell packaging strategy suitable for the entire CsPbX; system
remains a challenge. In this study, we introduce an optimized hot-
injection method for the epitaxial growth of the CsPb,X; substrate
on CsPbX; surfaces, achieved by precisely controlling the reaction
time and the ratio of lead halide precursors. The synthesized
CsPbX,;/CsPb,X; composite microplates exhibit an emission light
spectrum that covers the entire visible range. Crystallographic
analyses and density functional theory (DFT) calculations reveal a
minimal lattice mismatch between the (002) plane of CsPb,X; and
the (110) plane of CsPbX;, facilitating the formation of high-quality type-1 heterojunctions. Furthermore, introducing Cl~ and I~
significantly alters the surface energy of CsPb,X;’s (110) plane, leading to an evolutionary morphological shift of grains from circular
to square microplates. Benefiting from the passivation of CsPb,Xs, the composites exhibit enhanced optical properties and stability.
Subsequently, the white light-emitting diode prepared using the CsPbX;/CsPb,X; composite microplates has a high luminescence
efficiency of 136.76 Im/W and the PL intensity decays by only 3.6% after 24 h of continuous operation.
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B INTRODUCTION encompassing: (i) encapsulation using oxides or other
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: . 24 14,25
sensitizer doping,9 he3ter0ge,neous s}}lqellg encapsulation,10 and of heterogeneous shells, including Cs,PbBrs, CsPb,Brs,

1 . . 11,12 and ZnS.*° This approach effectively circumvents the
strong binding energy ligands anchoring surface, Notably, aforementioned issues, typically forming nanoscale shells that
the passivation of QDs through core—shell structuring has

emerged as a particularly effective strategy, enhancing both encap.sulate : 1s1ng1e QD core or a few QD. cores the.reb'y
5 ; 1312 ) - ensuring complete QD coverage. However, limited by the ionic
stability and optical performance. This technique
effectively isolates QDs from external environmental factors
by employing stable and heterogeneous shells as protective
barriers. Simultaneously, it facilitates the formation of high-
quality heterojunctions, thereby inspiring innovative method-
ologies in perovskite material development.

Currently, various strategies for constructing core—shell
structures in CsPbX; QDs have been developed, primarily
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Figure 1. SEM images of (a) the overall morphology and (b) individual grains of CsPbX;/CsPb,X; CMs. The insets show the corresponding TEM
images of the samples. (c) Photographs of colloidal solutions of CsPbX;/CsPb,X; CMs under daylight and UV (365 nm) excitation. (d) XRD

pattern of CsPbX;/CsPb,Xs CMs.

radius difference and crystal structure rigidity, the products
often present disadvantages such as nontunable fluorescence
emission, complicated synthesis process, and low yield, making
some ingenious synthetic ideas unable to be further extended
to the entire CsPbX; perovskite material system. Therefore,
there is an urgent need for a universal improvement strategy
that can be applied across CsPbX; QDs with varied halogen
elements, while also addressing the materials’ instability and
enhancing optoelectronic performance.

In this study, we introduce an advanced hot-injection
method to epitaxially grow a CsPb,Xs substrate on CsPbX;
QD surfaces, achieved by a controlled ratio of lead halide
precursors and extended reaction times. The obtained
CsPbX;/CsPb,Xs grains exhibit morphologies transitioning
from circular to octagonal to square with the alteration of
anions from CI” to Br~ to I”, while their emission spectrum
encompasses the entire visible range. Microstructural analysis
reveals that the lattice mismatch between the (002) plane of
CsPb,X; and the (110) plane of CsPbX; ranges only from
4.3% to 14.6%, facilitating the epitaxial growth of CsPb,Xs on
the CsPbX; “seed.” Meanwhile, density functional theory
(DFT) calculations and thermodynamic analyses demonstrate
that the change in the anionic component (CI~ —» Br™ — I7)
significantly increases the surface energy of CsPb,Xs’s (110)
plane compared to its (100) plane. This differential leads to a
shift in the crystal growth orientation, causing the grains to
evolve from circular to square microplates. Benefiting from the
CsPb,X; substrate, which passivate surface defects and form
type-I heterojunctions with the CsPbX;, the composites exhibit
enhanced PLQY and remarkable stability. White LEDs
prepared using CsPbX;/CsPb,X; composite microplates
exhibit surprisingly high luminous efficacy of 136.76 Im/W

and sustained operating stability under high temperature
environment (>105 °C).

B RESULTS AND DISCUSSION

Preparation and Morphology of CsPbX;/CsPb,X;
Composite Microplates. In this study, CsPbX;/CsPb,X;
composite microplates were obtained in one step by the
conventional hot-injection method without an additional post-
treatment process. Briefly, 0.3 mmol of lead halide (PbCl,,
PbBr,, and Pbl,) was dissolved in the ODE, and then 0.15
mmol of cesium oleate (Cs*: Pb>* = 1:2) was injected to react
for 1 h, inducing epitaxial growth of CsPb,X; on the surface of
QDs. Moreover, by replacing the lead halide salts in specific
ratios, the emitted light of CsPbX;/CsPb,X; composite
microplates (denoted as X; CMs) could cover the entire
visible region. For example, CsPbCl,,Br,3/CsPb,(Cl/Br)
composite microplates (Cl,,Brg; CMs), with PbCl,: PbBr, =
9:1 in the precursor.

First, the morphology of products was observed by scanning
electron microscopy (SEM) (Figure la,b). Cl,,Bry; CMs are
circular microplates (Figure lal,bl) with an average size of
about 5.07 ym (Figure Sla); the grain shape of Cl, {Br; s CMs
was essentially unchanged (Figure 1a2, b2), but the size
increased slightly to 6.28 ym (Figure S1b). The morphology of
pure Br; CMs evolved from circular to octagonal microplates
(Figure 1a3,b3), and the size further increased to 7.4 um
(Figure S1c). Continuing the introduction of I”, the grains of
Br,sI; s CMs evolved from octagonal to square microplates
(Figure 1a4, b4) and the size increased to 9.72 ym (Figure S
1d); when I": Br~ was raised to 9:1, the corners of Brgsl,
CMs became more sharper (Figure 1a5, bS) but the grain size
decreased to 7.69 um (Figure Sle). We considered that the
difference in ionic radius was the primary factor leading to the
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Figure 2. (a) Schematic representation of the transformation of cubic CsPbBrj; into tetragonal CsPb,Brs. SEM and TEM images of Br; CMs after
(b) S min, (c) 30 min, and (d) 60 min reactions. XRD patterns of (e) Cl,;Bry3 CMs, (f) Bry CMs, and (g) Brysl,, CMs after S, 30, 60, and 90 min

reactions.

variation in grain size. As the anionic component follows the
trend from CI” to Br~ to I, the ionic radius gradually
increases, resulting in lattice expansion, and the grain size
increases. However, the excess I~ in Bry;1,, CMs (i.e., lack of
Br~ in the reaction) prevented the CsPb,X substrate from
growing sufficiently, and therefore, the grain size was reduced.
Subsequently, transmission electron microscope (TEM)
images observed a large number of monodisperse cubic
CsPbX; QDs inside the microplate (Figure 1b1—S); moreover,
the energy dispersive spectra (EDS) showed that all elements
were uniformly distributed in the microplates and the Cs: Pb:
Cl/Br/I of the samples were in the range of 1:1:3 to 1:2:5,
which preliminary indicated that CsPbX; were embedded
inside CsPb,X; (Figure S2 and Table SI).

Further, Figure 1c shows photographs of the samples under
daylight and UV light (365 nm), and it could be found that
CsPb,X; could selectively allow CI™ and I” to penetrate into
the shell layer, enabling convenient control of the lumines-
cence of the materials by adjusting the anionic component.
The X-ray diffraction (XRD) spectra indicated the presence of
two different characteristic peaks in the composites, corre-
sponding to CsPbX; QDs and the CsPb,X; substrate (Figure
1d), and the sharp diffraction peaks of CsPb,X; proved that
the materials had excellent crystallinity. It was worth noting
that all the diffraction peaks of CsPbX; and CsPb,X; were
shifted to large angles with increasing CI, and shifted to small
angles with increasing I". This lattice shrinkage/expansion
demonstrated that C1™ and I” were present not only in CsPbX;
but also in the CsPb,X substrate. Overall, the SEM and XRD
results proved that highly uniform CsPbX;/CsPb,Xs compo-
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site microplates could be obtained in one step by controlling
the ratio of precursors and the reaction time.

The above results indicated that the ratio of lead halide and
reaction time were the key factors in inducing formation of the
CsPb,X; substrate. In order to reveal the growth process of
CsPb,X;, we first investigated the samples at different reaction
times using Br; CMs as an example. The previous studies have
shown that, since the nucleation and crystallization of CsPbX;
QDs rapidly followed thermodynamic processes, the prepara-
tion of QDs by hot-injection method would require immediate
quenching within 5—10 s after Cs-OA injection to inhibit
nanocrystal growth and unwanted product formation.”” On
prolonging the reaction time, the generated [PbBr;]™~ complex
would continue to react with Pb** and Br~ to obtain the
[Pb,Br;]” complex due to high temperature, Pb-rich and Br-
rich environments, i.e., the PbBry octahedron was broken and
embedded with additional Pb** and Br~ ions to form the PbBr,
undecahedron (Figure 2a). Subsequently, the PbBrg polyhedra
shared Br atoms at top corners, forming the tetragonal
[Pb,Br;]™ layer, and combined with Cs* in solution to
compose the basic cell of CsPb,Br;. This process can be
summarized in the following two steps:

[PbBr;] +PbBr, — [Pb,Br,]” (1)

[Pb,Bry] +Cs* — CsPb,Br, (2)

Unlike rapidly crystallizing CsPbX;, the formation of
CsPb,Br; was much slower, which was more conducive to
precise control of the reaction products. Subsequently, SEM
and TEM exhibited the morphology of the samples at different
reaction times. In the first 5 min of reaction, the products were
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Figure 3. (a) HRTEM image of CsPbX,/CsPb,X; CMs prepared by controlling Cs*™: Pb** to 1:2 in the precursor and reacting for 1 h. (b) SAED
image of CsPbX;/CsPb,X; CMs. (c) Atomic modeling of the CsPbBr;—CsPb,Br heterojunction. (d) Surface energy of the (110) and (100)
planes of CsPb,X;. Schematic of the lattice plane distribution of (e) Bry CMs and (f) Bry3l,, CMs. (g) Optical band gap of CsPbX; QDs cores. (h)
The electronic structures of tetragonal CsPb,Br;. (i) Energy band diagrams of the CsPbX,;/CsPb,X; CMs.

uniform cubic CsPbBr; QDs, and no other phases were
observed (Figure 2b). When the reaction proceeded to 30 min,
all QDs were no longer uniformly dispersed on silicon wafers
but reorganized into circular microcrystals (Figure 2c). At this
point, TEM observed that QDs were embedded inside other
2D film-like materials (Figure 2c inset). The characteristics of
this new phase were consistent with CsPb,Brs, which was
usually reported as 2D film-like materials because of the
lamellar crystal structure of CsPb,Brs.”**” When the reaction
proceeded for 60 min, the grains further grew into regular
octagonal microplates, marking the completion of the growth
of the CsPbX;/CsPb,Xs composite structure (Figure 2d).
The XRD results showed that when the reaction proceeded
to 30 min, a new diffraction peak corresponding to the (002)
plane of CsPb,Br; at 11.9° appeared in Bry CMs, but the lower
peak intensity indicated that CsPb,Brs had low crystallinity and
could not yet form dense shell layers (Figure 2f). Further, the
reaction time was extended to 60 min; the diffraction peak at
11.9° was sharper, and CsPb,Brs continued to grow at that
stage, resulting in the complete encapsulation of CsPbBr; QDs.
Finally, when the reaction reached 90 min, the diffraction
peaks of CsPbBr; QDs decreased significantly, and the
composites gradually evolved into pure CsPb,Br;. As for
Cl,,Bry; CMs (Figure 2e) and Bry;l,; CMs (Figure 2g),
besides XRD peak position shifting due to differences in ionic
radii, both experienced a growth process similar to that of Br;
CMs in the first 60 min, corresponding to the nucleation and
growth of the CsPb,X; substrate. But differently, at 90 min for
Cl,,Bry; CMs, the diffraction peak at 22.8° was attributed to
the tetragonal CsPbCly (B-CsPbCly, PDF#18—0366) with
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lower symmetry;>" at 90 min for Bry;I,, CMs, the diffraction
peak of the orthorhombic CsPbl; (y-CsPbl;, PDF#18—0376)
appeared.”’”*” Therefore, precise control of the reaction time
could avoid the generation of impurity phases and enable the
stabilized CsPb,Xs to tightly package the internal CsPbX;
QDs.

Heterojunction and DFT Calculations. In addition to
the reaction time, another important parameter addressed in
this paper was the ratio of PbX, in precursor, since the excess
of lead halide was beneficial in inducing the formation of
CsPb,X.>*** In order to understand the effect of this
condition, the morphology and crystal structure of the samples
were first investigated when Cs*: Pb** = 1:1. The results are
shown in Figure S3a; even if the reaction time was extended to
1 h, the samples prepared with a low proportion of lead halides
were still typical cubic phase CsPbBr; nanocrystals, which were
insufficient to form the CsPb,Br; substrate. The corresponding
HRTEM result indicated that the 0.59 nm spacing was
assigned to the (100) and (010) planes of CsPbBr;, and 0.41
nm was assigned to the (110) plane (Figure S3b).
Subsequently, after increasing Cs*: Pb** to 1:2 and keeping
the same reaction time, HRTEM observed two distinct lattice
fringes (Figure 3a), corresponding to the (002) plane (0.76
nm) of tetragonal CsPb,Br; and the (100) plane (0.59 nm) of
cubic CsPbBr;, demonstrating that a high proportion (1:2) of
the lead halide promoted the formation of CsPb,Brs;.
According to the thermodynamics of crystal growth, in order
to make the CsPbBr; and CsPb,Br; composites have the
lowest overall energy, the lattice of CsPbX; was rotated by 45°
to ensure that the heterojunction had the smallest lattice
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Figure 4. PL spectra of (a) CsPbX,/CsPb,X; CMs and (b) CsPbX; QDs (4 = 365 nm). (c) UV—vis absorption spectra of CsPbX;/CsPb,X; CMs.
Time-resolved fluorescence spectra of (d) CsPbX;/CsPb,X; CMs and (e) CsPbX; QDs. (f) Water stability test results for CsPbX;/CsPb,X; CMs.

mismatch. Selected-area electron diffraction (SAED) indicated
that the CsPb,Brg substrate was the typical single-crystal
diffraction point and the internal CsPbBr; QDs were
polycrystalline ring stripes (Figure 3b). The overall structure
of the composites was a large number of nanoscale QDs (10—
20 nm) embedded in micrometer-scale CsPb,Brg (5—10 um)
single crystals. This embedded structure effectively avoided the
large number of grain boundaries present in tiny composites
leading to the high density of defect states during the epitaxial
growth of nanoscale shells. Meanwhile, the long-range ordered
CsPb,X; single crystal would be able to fill the halogen
vacancies on the surface of QDs and reduce the nonradiative
recombination paths. Based on the above results, the atomic
model of the CsPbX;-CsPb,Br; heterojunction is shown in
Figures 3c and S4. For the CsPbCl;—CsPb,Br; heterojunction,
along the c-axis direction, the (002) plane (d = 7.59 A) of
CsPb,Br; and the (110) plane (d = 7.93 A) of CsPbCl; were
matched with lattice mismatch of <4.3% (Figure S4a). Along
the a-axis direction, the (200) plane (d = 4.24 A) of CsPb,Br;
and the (110) plane (d = 3.96 A) of CsPbCl; were matched
with lattice mismatches <6.6%. Similarly, the lattice mismatch
was about 8.6% (c-axis direction) and 3.2% (a-axis direction)
for the CsPbBr;—CsPb,Brs heterojunction (Figure 3c); the
lattice mismatch was about 14.6% (c-axis direction) and 4.9%
(a-axis direction) for the CsPbl;—CsPb,Br; heterojunction
(Figure S4b). This slight lattice mismatch would ensure the
smooth epitaxial growth of CsPb,Br; on the surface of CsPbX;,
allowing the QDs to act as “seeds” for the formation of
CsPbX;/CsPb,Xs composite materials.

Since grains with different morphologies tend to expose
different crystal planes and the surface atomic densities and
electronic structures of the individual crystal planes lead to
materials exhibiting distinct physical and chemical properties, it
would be instructive to reveal the reasons for the evolution of

the composites from circular to octagonal to square. Previous
XRD results showed that the (002) plane (at 11.9°) of
CsPbX;/CsPb,Xs CMs had the highest diffraction intensity,
but with the change of anions, the peak intensity of the (330)
plane gradually increased, and the ratio of two peaks (I(o0)/
I(330)) decreased from 8.93 to 2.49 (Figure 1d). This
phenomenon inspired us to consider that the evolution of
CMs from circular to square might be caused by the change in
the lateral growth rate. Subsequently, the surface energies of
(110) and (100) crystal planes were calculated by density-
functional theory (DFT), in order to identify the specific
growth directions of CsPbX;/CsPb,Xs CMs. The calculation
of the surface energy E . followed the below equation:

E . = Egp — nEpyi
surf —
24 (3)

where Eg,, was the model slab energy; n was the atomic
number ratio; Eg,, was the total energy of the cell; and A was
the cross-sectional area of the crystal surface. The ratios of Cl/
Br and I/Br were limited to 0—1 to avoid the crystal structure
of CsPb,X; being altered by excessive anion exchange. The
detailed computational model and parameters are shown in
Figure SS and Table S2.

The results indicated (Figure 3d) that both E,0) and E o)
increased with increasing CI™ or I” doping, and the (110)
plane had the higher surface energy compared to the (100)
plane. However, the difference was a significant change in
E(110)/E(100), Which increased from 1.04 (CsPb,Cl, sBr, ) to
1.27 (CsPb,Br;) and to 1.66 (CsPb,Br, I, 5). According to the
symmetry of the CsPb,Bry crystal structure, the top and
bottom planes of the microplates were attributed to the (002)
plane of CsPb,Brs, while the higher surface energy of the
lateral (110) plane implied that the grains would prefer to
grow along the direction normal to this plane ([110]
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Figure S. (a) PL spectra of CMs-WLED at 10—100 mA drive current. (b) CIE coordinates of CMs-WLED at 40 mA drive current, and the inset
showed EL photograph of CMs-WLED. Comparison of (c) luminous efficiency and (d) CRI of CMs-WLED at 2—100 mA driving current.
Comparison of (e) surface temperature and (f) stability of CMs-WLED operating continuously for 24 h at a 40 mA driving current.

direction).*"* In CsPb,Cl, {Br, s, E(110)/E(100) ® 1 represented
the same growth rate in the [100] and [110] directions, and it
was predicted that the resulting grains should be regular
octagonal plate grains surrounded by two top or bottom (002)
planes, four equivalent {100} planes, and four equivalent {110}
planes. However, in order to minimize the total energy, the
increased reaction time caused the high-energy angular
positions of the octagon to be dissolved and the microplates
transformed into circular shapes (corresponding to Cl,,Bry;
CMs). For CsPb,Brs, E(110)/E(109) = 127, resulting in an
irregular octagon surrounded by two (002) planes, four short
{100} planes, and four long {110} planes (corresponding to
Br; CMs) (Figure 3e). This transformation of the octagon into
the circle was demanding because it required much higher
external energies to dissolve sharper edges and corners. For
CsPb,Br, 1, 5, E(190) is much smaller than E(;,), and the grains
grew preferentially in the ab-plane along the [110] direction,
where the (100) plane was masked by the fast-growing (110)
plane, which evolved into the square surrounded by two (002)
planes and four equivalent {110} planes (corresponding to
Brysl,; CMs) (Figure 3f). Thus, the difference in surface
energy between the (100) and (110) plane was the
fundamental reason for the change of grains from circular to
octagonal to square. Finally, based on the absorption spectra
(Figure 3g) and DFT calculations (Figure 3h), we obtained
the band gaps of CsPbX; cores and CsPb,X;, and ali}gned the
energy bands of both according to previous reports. 37 The
results showed (Figure 3i) that a typical type-I heterojunction
was formed between the two, and this structure allowed
carriers to be limited in the energy bands of CsPbX; QDs for
recombination, which enhanced the photoemission.”®
Optical Properties of CsPbX;/CsPb,X; Composite
Microplates. Further, we investigated the optical properties
of CsPbX;/CsPb,X; CMs. First, the PL spectra shown in
Figure 4a indicated that the emission light of CMs could cover

the entire visible region (410—687 nm) by replacing different
halogen elements. This range was wider than the same ratio of
CsPbX; QDs (415—679 nm) (Figure 4b and Table S3),
attributable to the non-PL active CsPb,X; substrate consuming
most of Br™ in the system, and thus the peak positions were
closer to the pure CsPbCl; (~406 nm) and CsPbl; QDs
(~690 nm). Meanwhile, the emission peaks of CsPbX,/
CsPb,X; CMs exhibited more symmetrical shapes and
narrower full width at half-maximum (fwhm). Especially for
PLQY, CMs had the high quantum yield of 76%—91%, while
QDs were only 32%—59%, improving about 1.5—2.4 times
(Table S3). Subsequently, the ultraviolet—visible (UV—vis)
absorption spectra of the composites exhibited sharp exciton
absorption peaks of CsPbX; QDs, further demonstrating that
the CsPb,X; substrate would not affect the inherent optical
properties of the internal QDs (Figure 4c). In order to visually
demonstrate the light enhancement effect of CsPb,Xs, we
compared the PL decay lifetimes of CsPbX;/CsPb,X; CMs
and CsPbX; QDs. The results showed that the average
lifetimes of the CMs were 10.7—61.2 ns (Figure 4d), whereas
the QDs were only 5.3—20.1 ns (Figure 4e), extending about
2—4 times (Table S3). The first reason for PLQY and
fluorescence lifetimes being greatly improved was the
decreased density of defect states in the QD cores. CsPb,Xj
could effectively fill the dangling bonds on the surface of QDs
and limit the doping of Pb atoms to improve the radiative
recombination rate. The second reason was that this
embedded structure allowed QDs to be uniformly dispersed
in the CsPb,X; substrate, preventing self-absorption/reabsorp-
tion effects caused by aggregation.”” The third reason was
attributed to the broad-band CsPb,X; forming the quantum
well structure with the narrow-band CsPbX;, which improved
the quantum efliciency of the composites.

Finally, we tested the stability of the composites in different
environments. First, the water stability results showed that for
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bare CsPbX; QDs, the PL intensity decreased dramatically and
the peak position was significantly shifted due to the
decomposition of crystal structure after 3 h of immersion
(Figure S6b). In contrast, CsPbX;/CsPb,X; CMs retained
more than 94% of the initial PL intensity after 30 days of
immersion, with just a 3.2%—5.4% degradation (Figures 4f and
S6a). The surprising water stability was mainly attributed to
the following reasons: (i) the high decomposition enthalpy of
CsPb,X; in aqueous environments enabled it to maintain the
stable crystal structure for long periods of time.”’ (i) The
surface-adhered CsPbX; QDs would also be able to react with
water to recrystallize into CsPb,X,'* further enhancing the
protection of internal QDs. Moreover, benefiting from the
protection of CsPb,X, the thermal and photo stability of the
samples were also greatly improved (Figures S7 and S8). The
above results demonstrated that the CsPb,X; substrate could
effectively reduce the defect state density of QDs and has
excellent stability, providing the foundation for applications in
fields such as display and illumination.

Through the analysis of microscopic morphology, energy
band structure, and optical properties, CsPbX;/CsPb,X; CMs
were demonstrated to have the advantages of good dispersion,
high luminous efficacy, and high stability. Subsequently, we
further explored the application of this material in white light-
emitting diode (WLED) devices. We prepared a quasi-
perovskite. WLED (denoted as CMs-WLED) by selecting
Br, sCl, s, Br;, and Br;sI; 5 CMs as the blue, green, and red
light sources, encapsulating the materials into polymer films
(polystyrene), and integrating on 365 nm UV chips. For
comparison, CsPbX; QDs WLED without CsPb,X; passingi-
vation, denoted as QDs-WLED, were prepared using the same
strategy.

First, Figure Sa shows the PL spectra of CMs-WLED. Even
at a large driving current (100 mA), the shape and position of
the emission peaks were not significantly shifted, which initially
indicated that the device possessed good luminescence
stability. Further, the CIE coordinates of CMs-WLED were
stabilized at (0.310, 0.332) with pure white light emission at 40
mA driving current (Figure Sb). Moreover, the device
exhibited the highest luminescence efficiency (~136.76 Im/
W) at a 46 mA drive current, which exceeded QDs-WLED by
61.6% (~85.27 Im/W) (Figure Sc). Meanwhile, CMs-WLED
also had a higher and stable color rendering index (CRI),
which exceeded 90 under all current conditions (maximum
96.99), while QDs-WLED were only 76 at the highest (Figure
5d). The narrower fwhm was considered to be the main reason
for the higher color rendering index. CMs had fwhm of 10—31
nm, while QDs had fwhm of 12—37 nm (Table S2), allowin
CMs to excite purer light and therefore had better displays.”
Finally, the high temperature generated during the operation of
optoelectronic devices was one of the key factors deteriorating
the luminescence of perovskite materials."" We recorded the
surface temperature of CMs-WLED by an infrared imager,
which proved that the composites had the same long-term
stability even under harsh working conditions. As the results
shown in Figure Se, the center temperature of LED substrate
had exceeded 100 °C after 1 h of continuous operation and
remained at 105—110 °C for the following 2—24 h. However,
CMs-WLED showed surprising stability, with the PL intensity
decaying by only 3.6% even after 24 h of continuous operation
(Figure 5f). In sharp contrast, QDs-WLED decayed to 5.1% of
luminous intensity after 6 h of operation, and the device no
longer had its original white light emission due to the thermal

decomposition of QDs. These performances exhibited
significant advantages compared to previous reports (Table
S4). Above all, the advantages of CsPbX;/CsPb,X; compo-
sites, such as higher luminescence efficiency and more stable
working performance, would greatly expand the applications of
perovskite materials in the field of optoelectronics.

B CONCLUSION

In summary, a series of homogeneous CsPbX;/CsPb,X;
composite microplates were prepared by controlling the
reaction time and the ratio of the lead halide precursors.
The resulting composites had circular, octagonal, and square
morphology and the excitation light covered the entire visible
region. Subsequently, observations of the heterojunction
microstructure and DFT calculations indicated that the lattice
of CsPbX; was distorted by 45° to achieve minimal lattice
mismatch, and the change in crystal growth orientation caused
by the surface energy difference between the (110) and (100)
planes was the determining factor in morphological evolution.
Benefiting from the stable crystal structure of the CsPb,Xj
substrate, effective passivation of surface defects, and high-
quality type-I heterojunction, the quantum yield and stability
of the CsPbX; QDs were significantly improved. The quasi-
white LEDs prepared using the composites had a high
luminous efficiency of 136.76 Im/W and a color rendering
index of 96.99, and the EL intensity was essentially unchanged
after operating for 24 h in a harsh environment above 105 °C.
This innovative strategy paves the way for advancing a broader
perovskite material system using composite structures.

B EXPERIMENTAL SECTION

Materials. Cesium carbonate (Cs,CO3, 99.99%), lead(II) chloride
(PbCl,, 99.99%), lead(II) bromide (PbBr,, 99.99%), lead(Il) iodide
(PbL,, 99.99%), oleic acid (OA, 85%), oleylamine (OAm, 80—90%),
l-octadecene (ODE, 90%), and toluene (>99.7%) were purchased
from Aladdin. Poly(styrene) (PS) was purchased from Macklin. 365
nm blue light chips (S W) were purchased from CREE company. All
the reagents were used without further purification.

Synthesis of CsPbX;/CsPb,X; Composite Microplates (X;
CM:s). 2.5 mmol of Cs,CO; was placed in a solution consisting of 2.5
mL of OA and 10 mL of ODE and transferred to a 100 mL three-neck
flask. The solution was heated to 120 °C under vacuum and reacted
for 1 h. After that, the Cs-OA precursor was obtained by heating to
140 °C and reacting for 1 h under a N, environment. Note that the
Cs-OA precursor needs to be held at 100 °C before use.

0.3 mmol PbX, (e.g, Cl,,Bry; CMs, 0.027 mmol PbCl, and 0.03
mmol PbBr,) was placed in a solution consisting of 10 mL ODE, 0.5
mL OA, and 0.5 mL OAm and transferred to another 100 mL three-
neck flask. The temperature was increased to 120 °C under N, and
held for 1 h. After that, the temperature was again increased to 170 °C
for 10 min and 0.3 mL of Cs-OA was injected into the solution. After
60 min of reaction, the three-neck flask was immersed in ice—water to
terminate the reaction. The precipitates were obtained by
centrifugation of the crude solution at 1000 rpm/min for S min
and washed 2—3 times with toluene. Finally, the precipitation was
dispersed into 15 mL toluene to obtain CsPbX;/CsPb,X composite
microplates solution.

Preparation of White Light-Emitting Diodes (CMs-WLED).
1S mL CsPbX;/CsPb,Xs CMs toluene solution and 0.5 g PS particles
were stirred at 60 °C for 3 h. Then, the solution was poured into
prefabricated molds, and CsPbX;/CsPb,X; polymer films were
deposited at room temperature. Finally, three films of Cl, ;Br, g, Br;
and Br; I, s were covered on a 365 nm blue light chip to obtain CMs-
WLED.

Characterization. The microstructure and EDS spectra of
samples were analyzed by HRTEM (JEOL JEM-F200) with an
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energy-dispersive spectrometer (EDS). The morphology of the
samples were investigated by field-emission scanning electron
microscopy (FESEM, FEI Quatan FEG 250). Photoluminescence
(PL) spectra and time-resolved PL (TRPL) decay curves of samples
were recorded on an Edinburgh Instruments FLS1000 spectrometer.
The ultraviolet—visible (UV—vis) absorption spectra were recorded
with a Jasco V-570 UV/vis/NIR spectrophotometer. X-ray diffraction
(XRD) patterns of samples were obtained with a DB-ADVANCE X-
ray diffractometer. The electroluminescence (EL) spectra, luminous
efficiency, color rendering index (CRI) and chromaticity coordinate
of WLED were obtained with a Keithley 2400 light meter and Photo
Research 670 spectrometer. The CMs-WLED surface temperature
was detected and recorded using a thermal infrared imager (FOTRIC,
USA).
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