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ABSTRACT: Although cesium halide lead (CsPbX;, X = Cl, Br,
I) perovskite quantum dots (QDs) have excellent photovoltaic
properties, their unstable characteristics are major limitations to
application. Previous research has demonstrated that the core—
shell structure can significantly improve the stability of CsPbX;
QDs and form heterojunctions at interfaces, enabling multi-
functionalization of perovskite materials. In this article, we propose
a convenient method to construct core—shell-structured perovskite
materials, in which CsPbBr;@CsPb,Br; core—shell micrometer
crystals can be prepared by controlling the ratio of Cs*/Pb*" in the
precursor and the reaction time. The materials exhibited enhanced
optical properties and stability that provided for further
postprocessing. Subsequently, CsPbBr;@CsPb,Brs@TiO, compo-
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sites were obtained by coating a layer of dense TiO, nanoparticles on the surfaces of micrometer crystals through hydrolysis of
titanium precursors. According to density functional theory (DFT) calculations and experimental results, the presence of surface
TiO, promoted delocalization of photogenerated electrons and holes, enabling the CsPbBr;@CsPb,Br;@TiO, composites to exhibit
excellent performance in the field of photocatalysis. In addition, due to passivation of surface defects by CsPb,Brs and TiO, shells,
the luminous intensity of white light-emitting diodes prepared with the materials only decayed by 2%—3% at high temperatures

(>100 °C) when working for 24 h.
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B INTRODUCTION

Cesium halide lead perovskite (CsPbX; (X = Cl, Br, I))
quantum dots (QDs) have great potential in photovoltaics due
to their harmonizable band gap and high photon-to-electron
conversion efficiency.' > Among them, the excellent light
absorption and charge transfer properties have attracted much
attention in fields of solar cells and photocatalysis,* ™ and the
high photoluminescence quantum yield (PLQY) was consid-
ered as one of the most promising materials for display and
illumination.””'® However, the excellent optoelectronic
characteristics of CsPbX; QDs are often overshadowed by
disadvantages associated with their instability.''~'* Therefore,
a great deal of work has been devoted to improving the
stability of perovskite CsPbX; QDs. There were three main
directions: (1) construction of core—shell structures, (2)
modification of surfaces using ligands, and (3) packaging by
polymers. Among them, core—shell-structured perovskite QDs
were an important class of nanomaterials, which not only used
stable substances as protective shells to directly isolate QDs
from PL quenching molecules, but also formed heterojunctions
at interfaces, providing a platform for exploring completely
new photophysical properties.”> ™"
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Generally, there were two mainstream schemes for the
formation of a core—shell structure of perovskite CsPbX; as
follows. First, heterogeneous shells were epitaxially grown on
the CsPbX; nanocrystal surfaces. For example, Jiang et al. used
polyethylenimine as a ligand to promote the conversion of
CsPbBr; to CsPb,Brs by grinding and obtained CsPbBr;/
CsPb,Br; nanocrystals with a core—shell structure, which
improved the stability of the products.'® Baek et al. prepared
CsPbBr;@Cs,PbBrs nanocomposites by embedding CsPbBr;
into Cs,PbBr4 substrates by a mechanochemical method."” In
addition, heterogeneous shells such as TiO,,*° NaYE,,”' and
PbBr,”* were epitaxially grown. Such strategies were usually
effective in passivating the surface defects of CsPbX;
nanocrystals and isolating them sufficiently from the external
environment but also often led to dissolution of exposed
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Figure 1. After Cs-OA injection: (a) TEM image of the reaction for 30 min and (b) SEM image of the reaction for 50 min. Panel (a) inset shows
the HRTEM image at yellow circle. Panel (b) inset shows the size distribution of CsPbBry@CsPb,Br; micrometer crystals. (c) After SO min of
reaction, TEM image of CsPbBr;@CsPb,Br; micrometer crystals. The inset is SAED image of a single micrometer crystal. (d) EDS spectra of

CsPbBr;@CsPb,Brs micrometer crystals.

nanocrystals during the coating process. Therefore, it was a
great challenge to adopt mild growth methods to make
nanocrystals retain their original crystal structure. Second,
hollow or mesoporous materials (generally at submicrometer
scale) are used to package CsPbX; nanocrystals. For example,
Xie et al. preprepared hollow SiO, spheres as protective shells
and then grew CsPbBr;/CsPb,Brs composites on their
interior.”> Tong et al. encapsulated CsPbBr; nanocrystals in
the pores of zeolite resulting in CsPbX;@zeolite with high
quantum yields and showing excellent thermal/optical
stability.”* However, water/oxygen molecules and heat would
undergo the same process for diffusion,” resulting in CsPbX;
nanocrystals failing to completely insulate surroundings.
Moreover, since CsPbX; nanocrystals were free inside cavities,
they failed to make close contact with heterogeneous shell and
also failed to form high-quality heterojunctions at inter-
faces.”**® Therefore, it is necessary to develop a convenient
synthesis strategy that can preserve the original structure and
optical properties of CsPbX; QDs while enabling them to form
heterojunctions with epitaxial substrates to expand the
applications of perovskite materials.

Herein, we propose a facile preparation scheme for the
construction of core—shell-structured CsPbBr; QDs. Through
controlling the ratio of halide salts and reaction time, a series of
uniform CsPbBr;@CsPb,Brs octagonal core—shell micrometer
crystals were prepared by epitaxial growth of CsPb,Br; on the
CsPbBr; surface. Benefiting from passivation of surface defects
by CsPb,Br; shells, the materials exhibited enhanced optical
properties and water/thermal stability, laying the foundation
for further post-treatment to achieve multifunctionalization of
perovskite materials. Subsequently, a layer of dense TiO,

nanoparticles was encapsulated on the surfaces of CsPbBr;@
CsPb,Brs core—shell micrometer crystals by hydrolyzing
tetrabutyl titanate (TBOT). This strategy not only avoided
crystal structure decomposition caused by direct processing of
naked CsPbBr; QDs, but also combined the excellent light
absorption effect of QDs with the clean catalytic performance
of TiO,, expanding the application of QDs in photocatalysis.
Meanwhile, due to long-term stability and lower density of
defect states, the materials were also attractive for display
applications, and prepared quasi-white LEDs exhibited
surprising sustained operating stability at high temperatures
(>100 °C).

B RESULTS AND DISCUSSION

Crystal Structure and Optical Properties of CsPbBr;@
CsPb,Br; Core—Shell Micrometer Crystals. CsPbBr,@
CsPb,Br; core—shell micrometer crystals could be obtained
simply by holding a reaction for 50 min after Cs-OA injection
through the traditional thermal injection method. To
demonstrate that the reaction time was the determining factor
in obtaining core—shell structures, samples with different
reaction times were observed by transmission electron
microscopy (TEM) and scanning electron microscopy
(SEM). First, the sample was pure CsPbBry; QDs when the
reaction time was S s (Figure Sla). When the time was
extended to 30 min, it was clearly seen that a crystal shell
appeared at the periphery of QDs, completely encasing
CsPbBr; (Figure la). The high-resolution transmission
electron microscopy (HRTEM) image shown in the inset
also has two different lattice fringes corresponding to cubic
CsPbBry; (0.29 nm (200) crystal plane) and tetragonal

https://doi.org/10.1021/acsami.3c07081
ACS Appl. Mater. Interfaces 2023, 15, 35216—35226


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c07081/suppl_file/am3c07081_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07081?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07081?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07081?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07081?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c07081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(a)

-
° o )
[+ Q OO 2 bo
- o
Q [ "o 045) =
4 m
PbBr, PbBry [ 0 o 4
®) [+ (+] :f_ J J g/d °
: 2 -
Cst Pb**  Br CsPb,Brs
d CsPbBr; e P = (f) 1 1
(d) 522 @CsPb,Brs (© * o bl ! S
- g
~l Y e CsPbBr, | ~ ¢ CGinbr. |~ BB I
= e = '
K 519 nm & ) 1' L . :
z = 2450 50| 600/400 ;500 |
g .g g ] A 1 I I
g 2 \/ £ | '@ ' A
= E | csPbBr, CsPb,Br, |5 1. '..-..)' AR
] PDF#54-075 PDF#25.0211 ! j 1 L A\ !
| I l 1 A\ o120mib /)
: T I 1 J 11 } Il " lll' 1 % 1 ST, W
450 500 550 600 10 20 30 40 50 60 450 500 550 600/400 500 550 600

Wavelength (nm)

20 (degree)

Wavelength (nm)

Figure 2. (a) Schematic diagram of crystal structure and formation process of CsPb,Br;. (b) SEM pictures of surface of partial CsPbBr;@CsPb,Br;
micrometer crystals. (c) SEM pictures of cross-section of CsPbBr;@CsPb,Brs micrometer crystals. (d) PL spectra (4o, = 365 nm), (e) XRD
patterns, and (f) water/thermal stability comparison of CsPbBry@CsPb,Br; micrometer crystals.

CsPb,Br; (0.30 nm (220), 0.42 nm (200) crystal planes).
Further, when the reaction time reached SO min, SEM (Figure
1b) and TEM (Figure S1b) observed that CsPbBr; QDs had
disappeared, and a large number of octagonal micrometer
crystals with smooth surfaces were formed. The grain size of
the materials was approximately 2.7 ym and had good
dispersion; presumably all QDs were encapsulated inside
CsPb,Br; at this time. The magnified TEM images confirmed
this, with a large number of CsPbBr; QDs (sizes about 14—17
nm) embedded inside the micrometer crystals and still
retaining the original cubic morphology without agglomeration
or dissolution (Figure 1c). The inset shows selected electron
diffraction (SAED) images of individual micrometer crystals
indicating the CsPb,Br; substrate as typical monocrystal
diffraction spots and internal CsPbBr; QDs as ring-like
polycrystalline fringes, both of which had excellent crystallinity.
The XRD results were also consistent with this. The
CsPbBr;@CsPb,Br; micrometer crystals reacting for 50 min
had sharp diffraction peaks (Figure Slc), but when reaction
time was further extended to 90 min, CsPbBrj; diffraction peaks
almost disappeared, which was attributed to gradual trans-
formation of product to pure phase CsPb,Br; due to a
prolonged high temperature environment. The corresponding
energy dispersive spectroscopy (EDS) showed uniform
distribution of Cs, Pb, and Br elements in octagonal
micrometer crystals with a ratio of 1:1.8:4.7 (Figure 1d, Figure
S2). In short, it was demonstrated by TEM and SEM
observations that homogeneous CsPbBr;@CsPb,Brs core—
shell micrometer crystals could be obtained by simply
controlling the reaction time.

By investigating the solution system and crystal structure, we
explained the formation of CsPbBr;@CsPb,Brs octagonal
micrometer crystals. First, induced formation of CsPb,Brs was
carried out by excess PbBr, in a precursor solution. This

35218

reaction system would lead to insufficient binding of Pb** and
Br™ to Cs" in solution when Cs" was introduced and formation
of [Pb,Br;]” complexes due to action of long-chain ligands
(oleic acid and oleylamine).”” As the system balanced, the lead
halide complex reorganized in solution to form CsPb,Br;
nanoparticles, which can be summarized as the following
reactions:

PbBr, + [PbBry|” — [Pb,Br]|” (1)

Cs* + [Pb,Bry]” — CsPb,Br, )

Subsequently, since the lattice mismatch between CsPbBr;
and CsPb,Bry was less than 3%,”° and the two formed
composites with lower overall energy,”’ CsPb,Brs would tend
to be on CsPbBr; surface epitaxial growth instead of being
individually present in solution. By precise control of reaction
time, we could not only retain the cubic morphology and
monodispersity of QDs, but also formed the CsPb,Br; shell on
their surfaces. Further, all micrometer crystals maintained a
uniform octagonal shape due to the inherent symmetry of the
CsPb,Br; crystal structure.”> As shown in Figure 2a, CsPbBr,
QDs preferentially formed a PbBr6 octahedral structure during
growth, but under the effect of thermodynamics and a Pb-rich
environment, the PbBrg octahedron would break, allowing
Pb** and Br~ ions to embed into an octahedron, forming a
PbBr; polyhedron consisting of a trigonal prism and two lateral
top corners.””** Then, the PbBry polyhedra shared top-angle
Br atoms with each other, forming a tetragonal phase
[Pb,Brs]~ layer, and further combined with Cs* ions to form
the crystal structure of CsPb,Brs. Therefore, from an overall
perspective, since the structure of CsPb,Brs was a sandwich
structure consisting of a tetragonal phase [Pb,Brs]™ layer and
Cs" layer, which differed from the three-dimensional linkage
structure of cubic perovskite CsPbBr;, it would lead to easier
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Figure 3. (a) SEM images, (b) EDS spectra, (c) TEM image (inset shows size distribution of CsPbBr;@CsPb,Brs@Ti0,), and (d) HRTEM image

of CsPbBr;@CsPb,Br;@TiO, composites.

lateral growth of CsPb,Bry along two dimensions.””””

According to the HRTEM test results (Figure la), (220)
and (200) faces of CsPb,Br; were exposed during lateral
growth, allowing them to grow in (100) and (110) two
different directions (with an angle of 135°) (Figure 2b).** Due
to limitation of the solution system, both directions maintained
the same rate of gradual outward diffusion, eventually resulting
in all micrometer crystals showing uniform octagonal shapes.
Further, the presence of CsPbBry@CsPb,Br; micrometer
crystals with different thicknesses indicated that the materials
also had a certain growth rate in the vertical direction (Figure
2c). Moreover, a series of helical stripes exist on the surface of
partial micrometer crystals (Figure 2b), demonstrating that the
growth process of the grains in the vertical direction was not
simply a uniform diffusion, but a gradual aggregation along
helical direction, and this might be caused by the unique
molecular dynamics and Coulomb forces between CsPbBr;
and CsPb,Br;.*" Finally, due to the limitation of the CsPb,Br;
layered crystal structure, the growth rate in the vertical
direction was much lower than lateral growth, which resulted
in all micrometer crystals being octagonal and thin-plate
shaped.

Subsequently, we investigated optical properties of
CsPbBr;@CsPb,Br; micrometer crystals. The corresponding
PL spectra are shown in Figure 2d, with the micrometer crystal
emission peak at 522 nm and pure CsPbBr; QDs at 519 nm.
The close peak position indicated that both of them had the
same emission source, and the slight redshift was attributed to
the increase of QDs core size due to the long-time high
temperature environment. Further, CsPbBr;@CsPb,Brg micro-
meter crystals exhibited enhanced fluorescence intensity with
quantum yields (QY) of 83% (CsPbBr; QDs 55%) and
narrower full width at half maximum (fwhm) (CsPbBr,@

CsPb,Br; 16 nm, CsPbBr; QDs 19 nm). Previous studies had
confirmed that dangling bonds and halide vacancies of
CsPbBr; QDs were nonradiative recombination centers and
generated structural defects in the band gap.'®*" Therefore,
reducing the density of these defects is essential for high-
performance carrier transport. Since the CsPb,Br; shell grew
epitaxially on the surfaces of QDs, it could effectively fill the
dangling bonds and halide vacancies improving the radiation
recombination rate. As a result, micrometer crystals showed
higher PLQY than pure QDs. The XRD results also
demonstrated that the micrometer crystals consisted of
CsPb,Br; and CsPbBr; with no other impurity phases
produced (Figure 2e). Finally, we tested the stability of
CsPbBr;@CsPb,Brs micrometer crystals under high temper-
ature and water environments (Figure 2f). After annealing at
0—300 °C for 1 h, the fluorescence intensity of CsPbBr; QDs
decayed substantially until it almost disappeared, but
CsPbBr;@CsPb,Brg could still retain more than 80% of the
fluorescence intensity. Water stability showed similar results,
with the fluorescence intensity of CsPbBr; QDs remaining only
10% of the initial intensity after 120 min, while CsPbBr;@
CsPb,Brs remained above 45%. Both stability test results
demonstrated that the stability of the CsPbBr; QDs was
substantially improved after CsPb,Brs shell passivation,
providing a basis for further packaging of TiO, nanoparticles.

Crystal Structure and Optical Properties of CsPbBr;@
CsPb,Br;@TiO, Composites. Although the water/thermal
stability of CsPbBr; QDs packaged in CsPb,Br; had been
significantly improved, it was not sufficient for harsh
environmental erosion faced by practical applications. Through
hydrolysis and annealing of tetrabutyl titanate (TBOT), we
continued to encapsulate a TiO, shell on the surfaces of
CsPbBr;@CsPb,Brs micrometer crystals, which combined the
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Figure 4. (a) Comparison of PL spectra (A, = 365 nm). (b) XRD patterns of CsPbBry@CsPb,Br;@TiO, composites. (c) Time-resolved
fluorescence spectra. (d) Water stability comparison of CsPbBry; QDs, CsPbBr;@CsPb,Brs micrometer crystals, and CsPbBry@CsPb,Br;@TiO,
composites. The inset shows sample images of CsPbBr;@CsPb,Brs@TiO, composites before and after 25 days of immersion in water.

clean photocatalytic properties of TiO, with the excellent light
absorption properties of perovskite QDs, in addition to further
improving their stability. The process is shown in Figure S3a;
after TiO, encapsulation, the original smooth surfaces of
CsPbBr;@CsPb,Brs micrometer crystals were wrapped by tiny
TiO, particles, forming a dense and uniform TiO, shell. SEM
images at low magnification showed that CsPbBr;@
CsPb,Brs@TiO, composites still retained the original
octagonal morphology with an average size of about 3.1 um
(Figure 3c) and had uniform size and good dispersion (Figure
3a). As a comparison, we prepared CsPbBry@TiO, composites
using the same procedure (Figure S3b). Lacking a CsPb,Br;
layer protection, the fluorescence intensity of CsPbBr;@TiO,
composites decayed dramatically, especially after high-temper-
ature annealing; the fluorescence of this powder was already
hardly detectable, proving that the CsPb,Brs layer played a
crucial role. Subsequently, EDS spectra showed that both Ti
and O were homogeneously distributed on the surfaces of
CsPbBr;@CsPb,Br; micrometer crystals, forming a uniform
shell layer (Figure 3b). Further, both TEM and HRTEM
observed a layer of tiny TiO, particles (about 20—30 nm)
attached to micrometer crystal surfaces, and samples also had
three lattice fringes with different spacings corresponding to
cubic CsPbBr; QDs (0.29 nm (200) crystal plane), tetragonal
CsPb,Br; (0.30 nm (220) crystal plane), and anatase TiO,
(0.35 nm (101) crystal plane) (Figure 3¢, d). In addition, we
also investigated the effect of different TBOT additions on
CsPbBr;@CsPb,Brs micrometer crystals. The results showed
that too little (S 4L) TBOT would lead to TiO, particles free
in solution (Figure S4a), failing to fully fill the surfaces of
micrometer crystals. However, too much (20 yL) TBOT
would lead to decomposition of CsPbBry@CsPb,Br; (Figure
S4b), which then agglomerated into flakes. Therefore, the
proper ratio of TBOT to water is very important.
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Further, we tested the optical properties of CsPbBr;@
CsPb,Brs@TiO, composites. First, the PL spectra showed the
emission peak of CsPbBr;@CsPb,Brs@TiO, composites with
a wavelength of 524 nm and fwhm of 18 nm, which were
consistent with the characteristics of CsPbBr; QDs (Figure
4a). The slight redshift might be caused by the diffusion of the
wave functions of electrons and holes into the shell layer.**
Subsequently, the absorption spectra showed that both
CsPbBr;@CsPb,Brg and CsPbBr;@CsPb,Brs@TiO, showed
increased absorbance in the range of 300—400 nm, attributed
to the UV activity of CsPb,Br; and TiO, surface layers (Figure
SS). Moreover, the light absorption ability of CsPbBry@
CsPb,Brs@TiO, was also increased to 550—700 nm, which
was caused by amorphous TiO, and carbon residues. The
corresponding XRD patterns indicated slight anatase TiO,
diffraction peaks in addition to diffraction peaks of CsPbBr;
and CsPb,Br;, which were attributed to low annealing
temperatures that did not make TiO, fully crystallize (Figure
4b). Although the intensity of the diffraction peaks of TiO, was
low, it did not affect our confirmation of the completed
composite of CsPbBr;, CsPb,Brs, and TiO,. Further, the
average lifetimes of CsPbBr; (519 nm), CsPbBry@CsPb,Br;
(522 nm), and CsPbBr;@CsPb,Br,@TiO, (524 nm) were
monitored, respectively. The results in Figure 4c show that the
average lifetimes of CsPbBr; QDs were 7.15 ns, CsPbBr;@
CsPb,Br; micrometer crystals were 32.87 ns, and CsPbBr,@
CsPb,Bry@TiO, composites were 14.72 ns. Among them,
CsPbBr;@CsPb,Br; had the longest decay lifetime, indicating
that the CsPb,Brg shell passivated the nonradiative decay
process of CsPbBry QDs, increasing the radiative recombina-
tion rate of carriers. While after TiO, passivation, the
fluorescence intensity and lifetime of micrometer crystals
were reduced, indicating that carriers were efficiently separated
in this system, which may be related to the unique energy band
structure of this ternary composites, as discussed in subsequent
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Figure S. (a) UV—vis absorption spectra of CsPbBry;@CsPb,Br;@TiO, composites for degradation of RhB. The photocatalytic light source was a
500 W Xe lamp with an AM 1.5 G filter. Comparison of (b) UV—vis absorption spectra and (c) chopped photocurrent response (0.1 M Na,SO,)
of CsPbBr;@CsPb,Br;@TiO,. Using density functional theory (DFT), the electronic structures of (d) cubic CsPbBr; and (e) tetragonal CsPb,Br;
were calculated. (f) Energy band diagrams of the CsPbBr;@CsPb,Br;@TiO, composites.

sections on photocatalysis. Finally, we tested the water stability
of all three to ensure that materials could be used in aqueous
systems for photocatalytic applications (Figure 4d). The results
showed that CsPbBr; QDs were completely quenched after S h
of immersion, benefiting from the protective effect with the
external hydrophobic long-chain ligands. After 14 h of
immersion, CsPbBr;@CsPb,Br; was completely quenched,
attributed to external CsPb,Br; decomposing first into
CsPbBr; and PbBr, when exposed to water, acting as buffer,
according to the following equation:**

H0 oy -
CsPb,Bry — Pb™™ + 2Br~ + CsPbBr, 3)

In stark contrast, CsPbBr;@CsPb,Brs@TiO, composites
maintained PL strength of more than 90% even after 25 days of
immersion.

Photocatalytic Performance of CsPbBr;@CsPb,Br;@
TiO, Composites. We evaluated the photocatalytic effect of
the material by degrading dye in aqueous environments, using
rhodamine-B (RhB) as a representative of organic pollutants.
In contrast, the catalytic processes of three materials,
CsPbBry@CsPb,Brs@TiO,, CsPbBr;@TiO,, and pure TiO,,
were recorded with the following results: CsPbBr;@
CsPb,Br,@TiO, degraded 98.7% after 40 min (Figure Sa).
CsPbBr;@TiO, degraded 87.4% after 90 min (Figure S6a).
Pure TiO, degraded only 79.9% after 16 h (Figure S6b). Thus,
it was found that CsPbBr;@CsPb,Brs@TiO, composites had
the best photocatalytic performance. We speculated that the
first reason was the excellent visible light absorption of in-shell
CsPbBr; QDs. Therefore, the UV—vis absorption spectra of
the three materials were tested (Figure Sb). The results
showed that both CsPbBry;@CsPb,Brs@TiO, and CsPbBr;@
TiO, exhibited an absorption edge near 520 nm, which was
consistent with the absorption position of the CsPbBr; core.
However, CsPbBr;@CsPb,Brs@TiO, composites had higher
absorption intensity, attributed to the shells of stable CsPb,Br;
protecting exposed QDs during the postprocessing process, so

that the final product still had superior visible light absorption
properties. For the CsPbBry@TiO, composite, a weaker
absorption intensity was exhibited between 500 and 550 nm
due to massive decomposition of CsPbBr;. Pure TiO,, with a
wide band gap (3.2 V), only absorbed the UV light before 400
nm, and a large amount of optical resources were wasted.> %’
It could be determined from the above analysis of light
absorption angles that CsPbBr; QDs cores extended the light
utilization range up to 550 nm, while CsPb,Br and TiO, shells
enhanced UV light absorption; thus, CsPbBr;@CsPb,Brs@
TiO, composites had the highest photocatalytic efficiency. The
second reason was attributed to higher carrier transport
efficiency inside CsPbBr;@CsPb,Brs@TiO, composites, as
evidenced by chopped photocurrent response, and the results
are shown in Figure Sc. All samples exhibited a highly stable
photoresponse, but the photocurrent of CsPbBr;@CsPb,Br;@
TiO, was significantly higher than other materials. The higher
photocurrent indicated that charge transfer resistance of the
material was markedly reduced, demonstrating that introduc-
tion of TiO, nanoparticles promoted internal carrier trans-
port.”® Furthermore, the tiny grains could spatially limit
exciton diffusion length, improving photocurrent efficiency. In
this paper, TiO, particles attached to CsPbBr;@CsPb,Br;
micrometer crystals were only 20—30 nm (Figure 3d), which
enabled carriers to diffuse efficiently through surface TiO,
shell, enhancing electron and hole transport efficiency.
Further, we analyzed the mechanism of photocatalytic
reaction of CsPbBr;@CsPb,Br@TiO, composites from an
energy band perspective. First, the electronic structures of
cubic CsPbBr; and tetragonal CsPb,Brs were calculated by
density functional theory (DFT) (Figure 5d, e). The results
showed that cubic phase CsPbBr; was a direct band gap
semiconductor with a band gap of 1.837 eV, and tetragonal
CsPb,Br; was an indirect band gap semiconductor with a band
gap of 3.028 eV. Both simulations agreed with our
experimental dates (CsPbBry 2.361 eV, CsPb,Br; 3.019 eV)
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operation at 21 mA drive current.

(Figure S7). The character of the indirect band gap proved
that the CsPb,Brs shell had non-PL activity, and emitting
sources were CsPbBr; QDs. According to previous reports, the
work functions of cubic CsPbBr;, tetragonal CsPb,Brs, and
anatase TiO, were about 4.65, 4.86, and 5.94 eV, 03940
respectively, which led to the energy band structure of the
composites as shown in Figure Sf. The results showed that a
typical type-I heterojunction was formed between CsPbBr; and
CsPb,Br;, and a typical type-II heterojunction was formed
between CsPb,Br; and TiO,. When high-energy light
irradiated CsPbBr;@CsPb,Bri@TiO,, electrons in valence
bands of CsPbBrj;, CsPb,Br;, and TiO, were excited and
jumped to conduction bands to produce photoelectrons (e™)
and left corresponding photoholes (h*) in valence bands. Since
the valence band potential of CsPbBr; had the strongest
attraction effect on holes, both holes on valence bands of
CsPb,Br; and TiO, were transferred to CsPbBr;, causing holes
to separate from CsPb,Brg and TiO,. Similarly, due to the
most negative conduction band potential of TiO,, photo-
electrons on the conduction band of CsPb,Br; would be
preferentially transferred to TiO,. At this time, the TiO,
conduction band collected most electrons and then reacted
with O, to form superoxide radicals (-O,7); the CsPbBr,
valence band collected all holes and then reacted with H,O to
form hydroxyl radicals (-OH). Photoelectrons and holes
achieved the maximum separation in this system, promoting
the efliciency of photocatalytic degradation of organic
pollutants. As evidenced by time-resolved PL spectra
previously described (Figure 4c), CsPb,Brg shells extend the
PL decay lifetime of CsPbBr; QDs by more than four times
(from 7.15 to 32.87 ns), demonstrating the formation of type-I
heterojunctions between the two, facilitating exciton recombi-
nation on CsPbBr; QDs. The introduction of TiO, resulted in

a significant reduction in the CsPbBr;@CsPb,Br; micrometer
crystal lifetime (from 32.87 to 14.72 ns), implying that TiO,
acted as an electron acceptor promoting electron transfer to its
own conduction band and hole delocalization, resulting in
lower radiative recombination.

Finally, we tested the stability of these materials after
multiple cycles of catalysis (Figure S8). The results showed
that CsPbBr;@CsPb,Brs@TiO, composites could maintain
more than 95% degradation efficiency within 40 min even after
10 cycles of experiments, demonstrating an excellent
reusability performance. On the contrary, the efficiency of
CsPbBr;@TiO, composites was only 31.6% after the same
process, proving that the high defect density inherent in QDs
would further promote decomposition of CsPbBr; under
environmental erosion after the absence of CsPb,Bry
protection, which severely deteriorated catalytic efficiency.

Optical Properties of WLED. Compared to pure CsPbBr;
QDs, although the PL intensity of CsPbBr;@CsPb,Brs@TiO,
composites was slightly reduced (due to decomposition of
exposed QDs and the energy band structure promoting
electron—hole separation), they were still one of the potential
candidates in fields for displays, and illumination attributed to
their lower defect density and long-term water/thermal
stability." We prepared CsPb(Br/I);@CsPb,(Br/I);@TiO,
as a red light source by the anion exchange method (PL
peak position 640 nm, Figure S9). Then, the material and
CsPbBr;@CsPb,Brs@TiO, were encapsulated in polymer
films and integrated on 450 nm blue light chips to assemble
a quasi-perovskite white light-emitting diode (referred to as P-
WLED). Similarly, as a comparison, we also prepared CsPbX;
WLEDs without shell passivation by the same polymer
encapsulation strategy. Figure 6a exhibits the electrolumines-
cence (EL) spectra of P-WLED at 10 to 100 mA drive current.
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Apparently, the device had good luminescence stability with no
shift in EL peak position even at a high drive current (100
mA). Meanwhile, P-WLED had pure white light emission with
chromaticity coordinates of (0.3134, 0.3178) (Figure 6b).
Further, the device had the highest luminous efficiency at 21
mA drive current, which was around 93.98 Im/W, 76.6%
higher than commercial WLED (maximum $3.27 lm/W)
(Figure 6¢). There were two main reasons for such high
luminescence efficiency: (1) The core—shell structure
effectively suppressed surface defects. (2) The wide bandgap
CsPb,Br; and narrow bandgap CsPbBr; form a quantum well
structure, resulting in electrons and holes of CsPb,Brs would
be transported to conduction and valence bands of CsPbBrs;,
increasing the radiation recombination rate.”* Despite the
higher luminous efficiency of the CsPbX; WLED (103.74 Im/
W, Figure 6¢), the device exhibited a tendency to decay rapidly
at high drive currents, attributed to decomposition of the
exposed NCs due to the rapid warming of device surfaces.
Figure 6d exhibits the color rendering index (CRI) comparison
of P-WLED. The results indicated that CRI of P-WLED
remained above 80 at all current conditions and even reached
96 at 21 mA drive current, while the highest for CsPbX;
WLED was 73 and commercial LED was 72. CsPbBr; QDs
acting as light sources in P-WLEDs had narrower fwhm and
released purer light, thus exhibiting better display effects.””
Finally, the long-term operating stability of P-WLED was
tested to ensure that it had practical application value. It has
been known that optoelectronic devices release large amounts
of thermal energy during operation, which would seriously
deteriorate the optical performance of CsPbBr; QDs."”’ We
recorded the surface temperature of P-LED by an infrared
imager. Results showed that the temperature of the device
increased to over 100 °C in 1 h of operation, and after 2 h, it
stabilized at about 105 °C (Figure 6e). However, P-WLED
demonstrated amazing stability; even after 24 h of continuous
operation, EL intensity of green light only decayed by 2%—3%,
while red light decayed by 5%—6% (Figure 6f), and these
performances were absolutely superior in the face of previous
reports (Table S1). In contrast, the luminescence intensity of
the CsPbX; WLED decayed to 7.57% after 6 h of operation
(Figure S10), demonstrating that the CsPbBry@CsPb,Br;@
TiO, composites prepared by the double-layer passivation
strategy greatly expanded applications of perovskite materials
in the field of optoelectronics.

B CONCLUSION

In summary, a series of uniformly sized CsPbBr;@CsPb,Br;
octagonal core—shell micrometer crystals were prepared by
epitaxially growing a layer of stable CsPb,Brg shell on a
CsPbBr; QDs surface by simply controlling the reaction time
of thermal injection as shown in this article. Due to the
passivation of surface defects by CsPb,Brg shells, PLQY of
CsPbBr; QDs was increased from 55% to 83%, and the water/
thermal stability was significantly improved. Further, through
hydrolysis and annealing of tetrabutyl titanate, a layer of dense
TiO, nanoparticles was encapsulated on the CsPbBr,@
CsPb,Brs surface to prepare CsPbBr;@CsPb,Brs@TiO,
composites. The CsPbBry@CsPb,Br@TiO, composites ex-
hibited excellent photocatalytic performance and recyclability
benefiting from the excellent light absorption effect, efficient
carrier transport performance, and unique energy band
structure of the material. Meanwhile, the quasi-white LED
prepared with this material had high luminous efficiency of

93.98 Im/W, and EL intensity was almost constant for 24 h of
operation at over 100 °C. This provides a new perspective for
future multifunctional applications of perovskite materials.

B EXPERIMENTAL SECTION

Materials. Cesium carbonate (Cs,CO3, 99.99%), lead(II) bromide
(PbBr,, 99.99%), lead(II) iodide (Pbl,, 99.99%), oleic acid (OA,
85%), oleylamine (OAm, 80—90%), l-octadecene (ODE, 90%),
tetrabutyl titanate (TBOT, > 99%), and toluene (>99.7%) were
purchased from Aladdin. Rhodamine B (RhB) and poly(styrene) (PS)
were purchased from Macklin. The 450 nm blue light chips (5 W)
and commercial WLED (S W) were purchased from CREE, Inc. All
the reagents were used without further purification.

Synthesis of CsPbBr;@CsPb,Br; Core—Shell Micrometer
Crystals. Here, 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-necked 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.

Then, 0.3 mmol of PbBr, was placed in a solution consisting of 10
mL of ODE, 0.5 mL of OA, and 0.5 mL of OAm and transferred to
another 100 mL three-necked flask. The temperature was increased to
120 °C under N, and held for 1 h. After that, the temperature was
again increased to 150 °C for 10 min, and 0.375 mL of Cs-OA was
injected into the solution (at this time, Cs*: Pb** in the solution was
1:2). After S0 min of reaction, the three-necked flasks were immersed
in ice water to the terminate reactions. The precipitates were obtained
by centrifugation of the crude solution at 2000 rpm/min for S min
and washed 2—3 times with toluene. Finally, the precipitation was
dispersed into 20 mL of toluene to obtain a CsPbBry@CsPb,Br;
core—shell micrometer crystal solution.

Synthesis of CsPbBr;@CsPb,Br;@TiO, Composites. Here, 10
uL of TBOT and S uL of deionized water were slowly added to the
above CsPbBr;@CsPb,Br; toluene solution and stirred continuously
for 3 h at room temperature for hydrolysis. After that, suspensions
were centrifuged at 2000 rpm/min for 5 min to obtain a pale yellow
gel-like CsPbBr,@CsPb,Brs@TiO,. The products were dried under a
vacuum at 60 °C for 12 h to obtain a pale yellow CsPbBr;@
CsPb,Brs@TiO, powder. Finally, the powders were annealed at 300
°C for 3 h in an Ar, environment (heating rate 100 °C/h) to obtain
brown CsPbBr;@CsPb,Brs@TiO, composites.

Synthesis of CsPb(Br/I);@CsPb,(Br/l)s@TiO, Composites by
Anion Exchange Method. Here, 0.5 mmol Pbl, (0.5 mmol) was
placed in a solution consisting of 10 mL of ODE, 1 mL of OA, and 1
mL of OAm and transferred to a 100 mL three-necked flask. The
temperature was increased to 120 °C for 1 h under N,, and then, it
was increased to 150 °C to continue the reaction until Pbl, was
completely dissolved. Subsequently, the flask was cooled to 60 °C to
obtain the Pbl, precursor solution. CsPb(Br/I);@CsPb,(Br/I),
core—shell micrometer crystals were obtained by dropping 1 mL of
PbI, precursor into CsPbBr;@CsPb,Br; toluene solution and washing
with the same procedure after 10 min of reaction. Finally, the process
of encapsulating TiO, nanoparticles was the same as before except
that CsPbBry@CsPb,Br; was replaced with CsPb(Br/I);@CsPb,(Br/
I)s.

Preparation of Quasi-Perovskite White Light-Emitting
Diodes (P-WLED). Here, 0.1 g of CsPbBry@CsPb,Brs@TiO,
powders and 0.5 g of PS particles were placed in 10 mL of toluene
and stirred at 60 °C for 3 h. Then, the solution was poured into
prefabricated molds, and CsPbBr;@CsPb,Brs@TiO, polymer films
were deposited at room temperature. The CsPb(Br/1);@CsPb,(Br/
I);@TiO, polymer films were prepared in a similar process by
replacing CsPbBr;@CsPb,Br@TiO, with CsPb(Br/I);@CsPb,(Br/
1);@TiO,. Finally, the two films were covered on a 450 nm blue light
chip to obtain P-WLED.

Characterization Methods. The morphology and microstructure
of the samples were analyzed by HRTEM (JEOL JEM-F200). The
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EDS spectra of samples were studied with a field emission scanning
electron microscope (FESEM, FEI Quatan FEG 250) equipped with
an energy dispersive spectrometer (EDS). 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. All test samples for
fluorescence and absorption spectra were taken as 0.01 g of powder in
10 mL of toluene and sonicated for 20 min. X-ray diffraction (XRD)
patterns of samples were obtained with a DB-ADVANCE X-ray
diffractometer. The photocurrent response of samples was recorded
with an electrochemical workstation (CHI600E, Shanghai Chenhua)
and a 500 W Xe lamp with AM 1.5 G filter. The electroluminescence
(EL) spectra, luminous efficiency, color rendering index, and
chromaticity coordinate of WLED were obtained with a Keithley
2400 light meter and Photo Research 670 spectrometer. The P-LED
surface temperature was detected and recorded using a thermal
infrared imager (FOTRIC, USA).
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