Open Access Article. Published on 03 January 2024. Downloaded on 1/14/2026 9:48:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 1417

Qing-Feng Lj,

@ Jin-Tao Wang

ROYAL SOCIETY
OF CHEMISTRY

(3

Improving the stability of perovskite nanocrystals
via SiO, coating and their applications

*3@ and Zhenling Wang (2 *°

Lead halide perovskite hanocrystals (LHP NCs) with outstanding optical properties have been regarded as

promising alternatives to traditional phosphors for lighting and next-generation display technology.
However, the practical applications of LHP NCs are seriously hindered by their poor stability upon
exposure to moisture, oxygen, light, and heat. Hence, various strategies have been proposed to solve

this issue. In this review, we have focused our attention on improving the stability of LHP NCs via SiO,

coating because it has the advantages of simple operation, less toxicity, and easy repetition. SiO, coating

is classified into four types: (a) in situ hydrolytic coating, (b) mesoporous silica loading, (c) mediated
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anchoring, and (d) double coating. The potential applications of SiO,-coated LHP NCs in the field of

optoelectronics, biology, and catalysis are presented to elucidate the reliability and availability of SiO,
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1. Introduction

Lead halide perovskite nanocrystals (LHP NCs) have attracted
remarkable attention owing to their good optical performance,
such as high luminescence quantum yields, tunable emission
wavelength, high color purity, and long carrier diffusion length.
These features make them promising for applications in next-
generation photovoltaic and optoelectronic  devices.'”
However, the major obstacles for such applications come from
their poor chemical stability. Specifically, when LHP NCs are
exposed to external environment, factors such as oxygen, polar
solvent, light, and heat cause phase transformation and even
structure degradation, resulting in serious photoluminescence
(PL) quenching.®*® This problem is mainly attributed to two
aspects: (1) the intrinsic ionic structure and low lattice energy of
LHP NCs; (2) dynamic equilibrium between the adsorption and
desorption of ligands on their surface."* Moreover, the halide
anion exchange reaction between LHP NCs with different
emitted colors upon mixing is another issue that hinders their
practical application in multicolor display and lighting.
Previous reports showed that when CsPbBr; and CsPbl; are
mixed in a colloidal solution, they could be quickly cross-
exchanged and homogenized within 2 min to form a CsPb(Br/
I); solid solution.”” This phenomenon makes it difficult to
prepare white light-emitting diodes (WLED) just by mixing
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coating. Finally, the future development and challenges in the preparation of SiO,-coated LHP NCs are
analyzed in order to promote the commercialization process of LHP NC-related commodities.

perovskite nanocrystals with different halides in a single layer.
Recently, Lu and coworkers proved that anion exchange was
mainly driven by physical collision between perovskite nano-
crystals.”® SiO, coating can isolate perovskite nanocrystals from
each other, thereby reducing the occurrence of anion exchange.
Finally, lead is a toxic heavy metal, and exposure to it in the
environment poses a variety of acute and chronic poisoning
risks to humans. Lead can affect the genetic makeup, produce
neurotoxicity, cause fetal toxicity during pregnancy or breast-
feeding, and damage the kidneys as well as hematopoietic and
immune systems. The toxicity of lead-containing perovskites
also severely limits their commercialization.

Recently, extensive efforts have been devoted to solve the above
issues. A routine method is to coat LHP NCs with an inert shell or
incorporate them into barrier matrixes, which can (1) protect LHP
NCs from moisture and oxygen, (2) passivate surface defects and
enhance radiative recombination, as well as (3) prevent the halide
anion exchange reaction and leakage of lead."*™ In particular,
coating LHP NCs with an SiO, protective layer is considered to be
the most practical way to improve their stability, where the SiO,
protective layer is usually formed by the hydrolysis of organosilanes
directly in water or exposed to ambient air.***® Over the past five
years, a number of reviews have summarized various methods to
improve the stability of LHPs,>® but systematic reviews on
improving the stability of LHP NCs by SiO, coating are still lacking.

In this review, the origin of the instability of LHP NCs is
discussed and the advantages of coating LHP NCs with SiO, as
a protective layer is analyzed. Then, the recent advances of using
SiO, coating to improve the stability of LHP NCs are summa-
rized. SiO, coating is further subdivided into four types: in situ
hydrolytic coating, mesoporous silica loading, mediated
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anchoring, and double coating. The synthesis of monodisperse
LHP NCs@8SiO, core-shell (yolk-shell) composites is empha-
sized because it facilitates their application in the photoelectric
and biological fields. Besides, some applications of SiO,-coated
LHP NCs in white light-emitting diodes, fluorescence imaging
and detection, and catalysis are presented. Finally, the future
development and challenges for the preparation of SiO,-coated
LHP NCs are briefly summarized and discussed.

2. SiO;

SiO, is an inorganic compound composed of silicon atoms and
oxygen atoms, in which the long-range ordered arrangement of
silicon atoms and oxygen atoms can form crystalline SiO,, while
the short-range ordered or long-range disordered arrangement
can form amorphous SiO,. In particular, mesoporous SiO, has
the characteristics of large specific surface area, strong surface
adsorption and easy modifiability, good dispersion, as well as
superior stability, widely used as the matrix or carrier to prepare
composite materials.**=** Moreover, SiO, has proved to be one of
the most promising candidates for encapsulating LHP NCs and
improving their stability for the following reasons: (1) high
chemical and thermal stability. SiO, has the characteristics of
high temperature resistance, small thermal expansion coeffi-
cient, and corrosion resistance. (2) Non-toxicity. SiO, has the
advantages of strong hydrophilicity and good biocompatibility,
and is often used as a carrier for biosensors and biomarkers. (3)
Easy modification. The SiO, surface is rich in the silicon
hydroxyl group, which can be functionalized by the silanization
reaction. (4) Tunable pore structure. With the aid of template
agent and pore-forming agent, the pore size of silica can be
adjusted to micropore, mesoporous, and macropore. This
feature enables SiO, as a matrix to grow LHP NCs in its pores.
(5) Low light absorption coefficient. SiO, is almost fully trans-
parent in the visible light region.**** (6) Strong imitability. SiO,-
coated luminescent materials, especially semiconductor
quantum dots (QDs), have been extensively studied for nearly 20
years. The main synthetic methods include reversed-phase
microemulsion method, “Stober” method, ship-in-a-bottle,
and multi-shell coating. These mature techniques provide
inspiration and reference for the research on SiO,-coated
perovskite QDs. Moreover, SiO,-coating can not only reduce the
toxicity and degradation of QDs but also prevent them from
agglomerating, which affects their dispersibility and fluores-
cence properties. In addition, the interaction between SiO, and
LHP NCs is considered to have special effects on the stability of
LHP NCs. Thus, this review focuses on summarizing the prep-
aration methods and applications of SiO,-coated LHP NCs.

3. Preparation methods of SiO,-
coated LHP NCs
3.1 In situ hydrolytic coating

The main methods used to synthesize SiO,-coated nanomaterials
include reversed-phase microemulsion method and “Stober”
method. However, both methods need to be performed in an
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alkaline aqueous environment, which will lead to the decomposi-
tion and fluorescence quenching of perovskite quantum dots
(QDs). (3-Aminopropyl)triethoxysilane (APTES) is an amino-
containing silane coupling agent. As a capping agent, APTES facil-
itates the dissolution of lead halide and the stabilization of the
perovskite QDs.** The amino group of APTES can efficiently
passivate the surface of perovskite QDs to maintain its high pho-
toluminescence quantum yield (PLQY). Moreover, APTES can be
naturally hydrolyzed to form a cross-linked SiO, matrix to cover the
perovskite QDs by capturing trace amounts of water in organic
solutions or air. Therefore, APTES can act as both the capping agent
for perovskite QDs and the precursor for the formation an SiO,
protective layer.>***' In 2016, Yu et al. synthesized a kind of perov-
skite QD/silica composites by adding APTES during perovskite NCs
formation (Fig. 1a).*® The obtained perovskite QD/silica composites
exhibited high PLQY and extremely high stability in air (Fig. 1b).
Most importantly, the anion-exchange phenomena between
different perovskite QD/silica composites were not observed, which
is conducive for fabricating the WLED devices. By integrating green-
and red-emitting perovskite QD/silica composites with blue LED
chips, a WLED with CIE color coordinates of (0.33, 0.33) and power
efficiency of 61.2 Im W' was obtained (Fig. 1c and d), showing
their potential in the field of white lighting.

Although traditional SiO, coating techniques can improve
the stability and optical optoelectronic performance of perov-
skite NCs, they only achieve thick shells, which results in the
aggregation of perovskite NCs in the bulk SiO, matrix, severely
limiting the practical application. Since some optoelectronic
and biomedical applications require the use of monodisperse
nanoparticles rather than large aggregates, much efforts have
been made toward exploring the techniques for coating perov-
skite NCs with SiO, at the single particle level. In 2018, Zhang
and colleagues reported the preparation of monodisperse
CsPbBr;@SiO, core-shell nanoparticles in which only one
CsPbBr; nanoparticles was encapsulated in the SiO, shell using
a modified supersaturated recrystallization method (Fig. 1e).*>
In this research, the mixture of CsBr, PbBr,, oleic acid, oleyl-
amine, DMF, and ammonia solution was rapidly injected into
an ultradry toluene containing tetramethoxysilane (TMOS), and
then the formation process of CsPbBr;@SiO, core-shell nano-
particles was carefully monitored by TEM. It was found that the
capping reagent, reaction temperature, pH value, and precursor
species were critical for the successful preparation of
CsPbBr;@SiO, core-shell nanoparticles. Due to the protection
of the SiO, shell, CsPbBr;@SiO, core-shell nanoparticles
showed higher long-term stability in moist air and enhanced
stability in water than that of bare CsPbBr; nanoparticles
(Fig. 1f), which lays the foundation for its further application.
However, the presence of ammonia solution could lead to the
decomposition of CsPbBr; cores, and a small amount of frag-
mentation of CsPbBr; was observed in TEM images.

One of the challenges in SiO,-coated perovskite NCs is that
the surface capping ligands used to stabilize perovskite NCs
enhance their hydrophobicity. Therefore, it is difficult to ach-
ieve hydrophilic SiO, coating on hydrophobic perovskite NCs.
In 2021, Yang et al. proposed an ingenious method to solve this
problem (Fig. 12).”* In step 1, tetramethoxysilane (TMOS) was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic illustration of the preparation of QD/silica composites. (b) PLQY stability of the green and red QD/silica composites. (c) PL

spectra of the WLED. (d) CIE color coordinates of the WLED device. Reproduced with permission from ref. 35. Copyright 2016 John Wiley and
Sons. (e) Schematic illustration of the formation process of CsPbBrz@SiO, core—shell NPs. (f) Photographs of the stability of the CsPbBrs NCs and
CsPbBrz@SiO, core-shell NPs against water. Reproduced with permission from ref. 42. Copyright 2018 American Chemical Society. (g)
Schematic illustration of the preparation process of CsPbBrs@SiO, capsules. PL spectra of the CsPbBrz@SiO, (h) and CsPbBrs (i) solutions after
adding EtOH. (j) Normalized PL intensity of the CsPbBrz@SiO, and CsPbBrs after EtOH treatment. (k) PL intensity of the CsPbBrz@SiO film under
ambient conditions over time. Reproduced with permission from ref. 43. Copyright 2021 The Royal Society of Chemistry.

partially hydrolyzed by controlling the added molar ratio of
TMOS to water. Next, Cs,PbBrs NCs was modified using the
partially hydrolyzed TMOS (PH-TMOS) in which PH-TMOS was
absorbed onto the surface of Cs,PbBrs NCs via the Si-OH group
to remove the hydrophobic oleic acid. In step 2, phase trans-
formation from Cs,PbBrg NCs into CsPbBr; NCs occurred after
water injection. Meanwhile, the newly added TMOS underwent
hydrolysis to generate the cross-linked Si-O-Si. Importantly,
step 1 produced a large number of binding sites on the surface
of perovskite NCs for the condensation of TMOS, which is
conducive for the formation of CsPbBr;@SiO,. Benefiting from
the protection of the SiO, layer, the prepared CsPbBr;@SiO,
showed better optical stability against polar solvents and air
(Fig. 1h-k). But this SiO, coating technique did not block
surface ion exchange on the perovskites, which brings obstacles
to its application in the field of white light emitting diode
(WLED).

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.2 Mesoporous silica loading

In the past two decades, mesoporous silica (m-SiO,) with
highly ordered structures, tunable narrow pore size distri-
butions, and large specific surface area has aroused wide
interest due to its great application potential in materials and
life sciences. Due to the unique pore structure of m-SiO,,
guest molecules with different properties and sizes are easily
loaded into the pore to form the host-guest functional
materials through ion exchange, adsorption, and ship-in-
bottle.***° In 2016, Kovalenko and coworkers found that when
the perovskite precursor solutions infiltrated into the pores of
m-SiO,, followed by drying, it would cause evaporation-
induced crystallization in the formation of perovskite NCs
within m-SiO, (Fig. 2a).*® Because perovskite NCs have unique
defect tolerance properties, they can be crystallized in the
pore of m-SiO,. Moreover, the prepared perovskite/m-SiO,

RSC Adv, 2024, 14,1417-1430 | 1419
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Fig.2 (a) Schematic illustration of the template-assisted synthesis of APbX3z NCs (A = Cs*, CHzNH3z* (MA) or CH(NH,),* (FA); X=Br~ or I7) in the
pores of mesoporous silica. (b) PL spectra of MAPbls NCs synthesized from various solvents in 7 nm-SiO,. (c) PL maximum as a function of
template pore-size for various APbXs perovskite NCs grown in m-SiO,. Reproduced with permission from ref. 50. Copyright 2016 American
Chemical Society. (d) Schematic illustration of the synthesis CsPbBrz NCs into m-SiO,. (e) Relative PLQYs of the CsPbBr;—-SiO,-700 and
CsPbBr3—SiO,—HF after immersion in various solvents for 50 days. Reproduced with permission from ref. 51. Copyright 2020 The Authors. (f)
TEM image of the CsPbBrz—SiO, NSs at 600 °C. (g) PLQY of the CsPbBrz—SiO, NSs with different K,CO3 treatment before and after sonication in
water. (h) Photograph of photolithographic ink fabricated by CsPbBrs;—SiO, NSs under room light. (i) Fluorescent image of 20 um pixel array
based on CsPbBr;—SiO, NSs. Reproduced with permission from ref. 52. Copyright 2022 The Authors.

composites displayed excellent photoluminescence. By
changing the pore size of m-SiO, (Fig. 2b) and solvent polar-
ization (Fig. 2c), the emission band could be widely adjusted
in the green to near-infrared band range, with the emission
line widths down to 22 nm in the green and 36 nm in the red.
This is an early report on the preparation of perovskite NCs/
m-SiO, composite luminescent materials by the ship-in-bottle
method. However, due to the open channel of m-SiO,, the
perovskite NCs in the channel of m-SiO, inevitably contacts
with the external environment, leading to their limited long-
range stability.

To solve this problem, Li et al. proposed a new strategy
whereby m-SiO, was first soaked into the solutions of CsBr
and PbBr,, followed by drying at 80 °C. Next, the resulting
solid was placed into a muffle furnace and heated to 600-900 °
C at a heating rate of 5 °C min ' in air atmosphere (Fig. 2d).>
In this case, perovskite NCs were formed in the confined
pores of m-SiO,; meanwhile, the pore channel of m-SiO,
gradually collapsed, finally forming an embedded, dense
CsPbBr3/SiO, composite. Fluorescence measurement showed
that the as-prepared CsPbBr;-SiO, has a high

1420 | RSC Adv, 2024, 14, 1417-1430

photoluminescence quantum yield (PLQY), up to 71% and
a narrow emission of full width half peak at about 20 nm. In
addition, because CsPbBr; NCs was completely sealed by
dense SiO,, CsPbBr;-SiO, could maintain no significant
photoluminescence intensity change for 50 days in hydro-
chloric acid solution (1 M HCI), proving that CsPbBr;-SiO,
powder possessed a very high stability against water and
hydrochloric acid (Fig. 2e). However, the high temperature
used in this synthesis can lead to the regrowth of SiO, parti-
cles, resulting in the formation of large particles or even bulk
glasses, which limits their possible applications in practical
devices because of poor dispersion in the solvent. Therefore,
in order to achieve high stability and solution dispersion, it is
necessary to develop a new pore sealing strategy that is more
practical than high-temperature annealing, while preventing
the particles from sintering together. Inspired by films or m-
SiO, sintering methods that use low melting salts as the flux
agent to initiate surface melting or particles binding through
the solid/liquid interface, Li et al. synthesized solution-
dispersible, uniform sized, highly luminescence, and ultra-
stable CsPbBr;-SiO, nanospheres (CsPbBr;-SiO, NSs) by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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selectively sintering m-SiO, nanoparticles loaded with the
precursor of CsPbBr; (CsBr, PbBr,) and low melting salts
(K,CO3).” In particular, K,CO; not only passivated the surface
defects of CsPbBr; NCs but also promoted the complete
collapse of internal pores of m-SiO, at an annealing temper-
ature of 600 °C. The TEM images showed that SiO, nano-
spheres sintered at 600 °C maintained their original single-
particle spherical morphology (Fig. 2f), indicating that this
sintering temperature did not cause the aggregation of m-
SiO, into bulk particles. Optical measurements displayed that
the as-prepared CsPbBr;-SiO, nanospheres had a high pho-
toluminescence quantum yield (87 + 5%, Fig. 2g) and narrow
emission width (=20 nm). Finally, the resulting CsPbBr;-
SiO, nanospheres were used as the basic material to make
photolithographic ink for the fabrication of p-LED conversion
patterns with pixels less than 20 um (Fig. 2h and i).

3.3 Mediated anchoring

It is widely known that the surface modification of SiO, with
organosilanizing agent will enhance the interactions of SiO,
with other materials. Moreover, amino and carboxyl groups
possess strong binding with perovskite quantum dot (QDs).
Therefore, amino and carboxyl-modified SiO, can provide
specific sites for the nucleation and growth of perovskite QDs,
thus significantly reducing fluorescence degradation and
improving the stability of perovskite QDs.****In 2017, Zeng et al.
reported a one-pot and universal strategy for the synthesis of
highly luminescent, environmentally stable CsPbBr; QDs/A-
SiO, composite powders by amino-mediated anchoring of
perovskite QDs to SiO, surfaces (Fig. 3a).>® Also, the emission
wavelength could be tuned over the entire visible region by
changing the anion composition (Fig. 3b). In addition, the
photostability of perovskite QDs was greatly improved by
separating perovskite QDs from each other and inhibiting the
light-induced QDs regrowth. Thus, 80% photoluminescence
intensity was maintained after 108 h of continuous UV light
exposure (Fig. 3c), and little photoluminescence degradation
was observed after 40 days of storage under ambient conditions
(Fig. 3d). An extremely stable random laser was also achieved
after 2 months of storage or continuous optical pumping for
8 h.

However, from the above method, perovskite QDs are only
anchored on the surface of amino-modified SiO,, and the
external water molecules can still intrude on perovskite QDs.
Recent studies have shown that the mediated anchoring of
perovskite QDs on the hydrophobic SiO, surface will improve
the moisture resistance of perovskite QDs. In 2019, Liu et al.
developed a highly stable perovskite CsPbBr; NCs composite
(CsPbBr;@CA-SiO,) obtained by the in situ growth of CsPbBr;
NCs grown on octadecyl/propylamine-coated SiO, nanowires
(Fig. 3e and f).*® In this case, octadecyl/propylamine-coated
SiO, nanowires were first prepared in water/oil emulsion
using an anisotropic sol-gel growth method. The octadecyl
group on the SiO, surface provided a hydrophobic environ-
ment, while the amino group served as the surface ligand,
coordinating the precursors (Pb>* or Cs") to form nucleation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sites and templating the formation of CsPbBr;@CA-SiO,.
Next, the suspension of CsPbBr;@CA-SiO, and toluene was
cast onto a compact filter paper and filtered under reduced
pressure to obtain the CsPbBr;@CA-SiO,-based membrane.
As expected, the CsPbBr;@CA-SiO,-based membrane exhibi-
ted excellent de-wetting and high hydrophobicity with a water
contact angle of 162° and showed excellent stability toward
water, heat, and UV irradiation (Fig. 3g-j).

3.4 Double coating

As mentioned above, SiO, coating has been shown to be an
effective strategy for improving the stability of perovskite
QDs. In addition, strategies such as hydrophobic polymer
embedding can also improve the stability of perovskite QDs.
Hence, it is reasonable to envisage the combination of SiO,
coating with other embedding methods to enhance the
stability of perovskite QDs.>** In 2019, Chen et al. reported
a dual protection strategy to embed perovskite QDs in double
hydrophobic shells of alkyl-functionalized SiO, and hydro-
phobic poly(vinylidene fluoride) (PVDF) to improve the
stability of perovskite QDs (Fig. 4a).* During the synthesis,
the perovskite precursor solution was first infiltrated in the
cavity of hollow alkyl-functionalized SiO, via capillary forces.
Next, PVDF wrapped around the alkyl-functionalized SiO,
through hydrophobic interactions. Finally, the perovskite
QDs capped with hydrophobic SiO, and PVDF shells were
obtained after vacuum drying. Under the dual protection of
hydrophobic SiO, and PVDF shell, the as-synthesized perov-
skite QDs composite (MAPbBr;@SiO,/PVDF) showed long-
term storage and significantly improved the stability against
moisture, air, and UV irradiation (Fig. 4b-d). Also, a white
light-emitting diode (WLED) was fabricated by combining
green emitting MAPbBr;@SiO,/PVDF with red-emitting
K,SiFg:Mn*" on blue-emitting GaN chips (Fig. 4e), exhibiting
a luminescence efficiency of 147.5 Im W™ ' and a color gamut
of 120% of the National Television System Committee stan-
dard. However, the photoluminescence intensity of
MAPbBr;@SiO,/PVDF decreased obviously after being
immersed in water, indicating that the hydrophobic SiO, and
PVDF shells are not completely dense and that the external
water molecules can still penetrate the dual protective shells
under harsh conditions.

Recently, many reports have shown that high-temperature
sintering can achieve a dense protective layer with few
pinholes and good barrier properties.**®* However, it is
a challenge to improve the stability of perovskite QDs using
two dense inorganic protective layers obtained by high-
temperature sintering. In 2022, Bi et al. proposed a one-pot
method for the synthesis of high stable inorganic double-
protected perovskite QDs composites (CsPbBr;@PbSO,/
Si0,), in which CsPbBr; QDs were embedded in the sintered
SiO, matrix and further coated with PbSO, shell (Fig. 4f).** In
this process, the SiO, matrix not only provides a sufficient
space for the growth of perovskite QDs but can also be
densified under high temperature sintering. At the same
time, PbSO, can be formed in situ on the surface of CsPbBr;
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Fig. 3 (a) Schematic illustration of the fabrication of perovskite/A-SiO,. (b) Adjustable photoluminescence via anion modulation. (c) PL spectra of
the CsPbBrs QDs/A-SiO, composites as functions of UV light illumination. (d) Stability of the CsPbBrz QDs/A-SiO, composites after storage
without any protection. Reproduced with permission from ref. 55. Copyright 2017 John Wiley and Sons. (e and f) Schematic illustration of the
construction strategy and growing process of CsPbBrz@CA-SiO, composites. (g) Schematic illustration of the CsPbBrs@CA-SiO, membrane for
enhanced stability and de-wetting property. (h) Plot of water contact angles of the CsPbBrs@CA-SiO, membrane at different pH values. Relative
PLQY plots (i) against the time being immersed in water and (j) against different UV irradiation times for composites. Reproduced with permission
from ref. 56. Copyright 2018 American Chemical Society.

QDs by high-temperature induced reaction, which further
passivates and protects CsPbBr; QDs. However, the formation
of the PbSO, shell was unexpected because no SO,>~ was
added in the experiment. A reasonable explanation is that
DMSO, as the only sulfur source, underwent a gas phase
reaction at high temperature and transformed into SO,>~,
inducing the formation of PbSO, on the surface of CsPbBrs;.
Thanks to the dual protective effects of SiO, and PbSO, shells,

1422 | RSC Adv, 2024, 14, 1417-1430

CsPbBr;@PbS0,/SiO, could maintain its excellent PL inten-
sity after 1 year of immersion in water (Fig. 4g). In addition,
CsPbBr;@PbS0,/SiO, could survive in concentrated aqueous
HCI solution and HBr aqueous solution for 25 days (Fig. 4h)
and 500 °C for 24 h (Fig. 4i), indicating that the dual inorganic
protective shells prevent the decomposition and anion
exchange of CsPbBrs;.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the preparation process of MAPbBrz@SiO,/PVDF NPs. (b) Photographs of the stability of MAPbBrs@SiO,/PVDF

NPs floating on water for 30 days. (c) PL intensity of MAPbBrs@SiO,/PVDF NPs under ambient conditions for 60 days. (d) Changes in the PL peaks
of the MAPbBr3-based films with illumination time. (e) Emission spectra of the WLED. Reproduced with permission from ref. 60. Copyright 2019
American Chemical Society. (f) Schematic illustration of the formation mechanism of CsPbBrs@PbSO,4/SiO,. Water stability (g), stability in HCland
HBr solution (h), and thermal stability (i) of the sample. Reproduced with permission from ref. 62. Copyright 2022 American Chemical Society. (j)
Schematic illustration of the fabrication process of CsPbBrs@Ce-MOF@SiO, composites. (k) Emission spectrum and corresponding photograph
of the white CsPbXz@Ce-MOF@SiO, LED. Reproduced with permission from ref. 63. Copyright 2022 American Chemical Society.

As newly developed crystalline porous materials, metal-
organic frameworks (MOFs) have ultra-high porosity and
large internal surface area, which endows them with great
application potential in gas storage and separation,

© 2024 The Author(s). Published by the Royal Society of Chemistry

luminescence, sensing, catalysis, magnetism, and other
fields. In particular, the diverse porous structure, high
structural stability, and good compatibility also make MOFs
good matrixes for loading guest species such as drugs,
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nanoclusters, and semiconductor QDs. In recent years, MOFs
have been widely used in the encapsulation of perovskite QDs
to improve the stability. However, the pore structure of MOFs
used for loading perovskite QDs is still open to the environ-
ment, which will expose perovskite QDs to external environ-
mental factors, such as water and oxygen. In 2022, Wang et al.
proposed a dual encapsulation strategy to prepare mono-
disperse CsPbX;@Ce-MOF@SiO, composites by the growth
of CsPbX; QDs in situ in mesoporous Ce-MOF, followed by
silane hydrolysis-encapsulation (Fig. 4j).°* The as-prepared
CsPbX;@Ce-MOF@SiO, showed high luminescence yield,
which benefits from the waveguiding effect of the Ce-MOF
mesoporous structure, thus inhibiting the self-reabsorption
losses of perovskite QDs. Moreover, the dual protective
shells effectively blocked the perovskite QDs from the
external environment so that CsPbX;@Ce-MOF@SiO,
composites exhibited greatly enhanced stability against heat,
UV light, air, and halide ion. CsPbX;@Ce-MOF@SiO,
composites allowed for the flexible regulation of the band
gap by controlling the ratio of CI/Br/I in the precursor.
Therefore, the emission color of CsPbX;@Ce-MOF@SiO,
composites could be tuned throughout the entire visible
region. By combining green-emitting and red-emitting
CsPbX;@Ce-MOF@SiO, composites with blue-emitting
InGaN chip, a warm white light LED could be obtained
(Fig. 4k), showing their potential application in the opto-
electronics field.

View Article Online

Review

To facilitate the comparison between different synthesis
strategies, the synthesis, stability, size, and LED characteristics
of several SiO,-coated perovskite NCs are summarized in Table
1.

4. Applications of SiO,-coated LHP
NCs

4.1 White light-emitting diodes

Perovskite QDs is a new type of photoelectric materials, which
has the advantages of high fluorescence quantum efficiency,
high brightness, high defect tolerance, and color gamut
meeting the BT.2020 standard. Environmental instability is the
main obstacle to their application, but this problem can be
solved by oxide coating.*** In 2020, Costa et al. developed
a dual oxide-coated CsPbBr;@SiO,/ZrO, composite by kineti-
cally controlling the sol-gel reaction of APTES and zirconium
tert-butoxide. The perovskite-converted hybrid light-emitting
diodes (pc-HLEDs) fabricated by CsPbBr;@SiO,/ZrO, dis-
played a high efficiency of 75 Im W™ " and stabilities of =200
and 700 h operating at 100 and 10 mA, respectively.®® However,
long exposure to moisture under continuous blue excitation still
hinders the long-term stability of the device, probably because
the protective shell prepared by the sol-gel method is not
completely dense. In 2021, Manna et al. proposed a molten salt-
assisted sintering strategy to synthesize the high stability of the
CsPbBr;/m-SiO, composite (Fig. 5a).°” In this case, the pores of

Table 1 The synthesis, stability, size, and LED characteristics of the SiO,-coated perovskite NCs

Sample Synthesis Stability Size/structure LED characteristics Ref.
QD/silica One step in situ coating  PL QY decays by less than 5%  Bulk PL intensity is hardly reduced 35
composites after 90 days storage after 10 h of continuous
illumination

CsPbBr;@SiO,  One step in situ coating  PL intensity increases by 12%  18.2 nm/core-shell 42
core-shell NPs after 40 min of ultrasound
CsPbBr;@SiO, Two-step coating PL intensity declines to 62% 47 nm/core-shell 43
NCs after immersion in ethanol for 30

min
Meso-SiO,- Limit-domain growth in ~ PLQY remains unchanged after 6 0.5-1 pm particles with 50
templated mesopore days of UV lamp irradiation ordered 1D-channels of 7 nm
CsPbBr; in diameter
CsPbBr;-SiO,~  Limit-domain growth in ~ PLQY remains unchanged after Bulk PL intensity maintains 100% 51
HF mesopore/sintering immersion in water for 50 days after 1000 h of continuous

CsPbX;-Si0, NSs Limit-domain growth in
mesopore/K,COj; assisted

PL intensity remains unchanged 200 + 26 nm
after sonication in water for 20 h

illumination
PL intensity maintains 94% 52
after 1000 h of continuous

sintering illumination
CsPbBr; QDs/A- Amino-mediated PL intensity remains unchanged =250 nm 55
SiO, anchoring after 40 days storage in air
CsPbBr;@CA-  Amino-mediated PL intensity decays by less than 5-10 pm/nanowire 56
SiO, anchoring 5% after immersion in water for

60 days

MAPbBr;@8SiO,/ Double coating with SiO, PL intensity decays by 3% after 20.7 nm/core-shell The WLED exhibits a luminous 60
PVDF and PVDF 40 days storage in air efficiency of 147.5 Im W
CsPbBr;@PbSO,/ Double coating with SiO, PL intensity decays by 3% after Bulk 62
SiO, and PbSO, immersion in water for one year
CsPbBr;@Ce- Double coating with SiO, PL intensity decays by 24% after 500 nm/octahedron The WLED exhibits a luminous 63
MOF@SiO, and Ce-MOFs 60 days storage efficiency of 87.8 Im w™*

1424 | RSC Adv, 2024, 14, 1417-1430
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the SiO, protective layer were sealed, thus conferring a high
stability to the CsPbBr;/m-SiO, composite. Moreover, utilizing
CsPbBr;/m-SiO, as a green color emitter for a white LED was
capable of generating a white light with a correlated color
temperature (CCT) of 7692 K (Fig. 5b-e). These results indicate
that perovskite QDs have broad application prospects in the
field of light-emitting diode.

4.2 Fluorescence imaging and detection

Over the past years, the rapid development of fluorescence
imaging and detection technology has provided a great oppor-
tunity for early warning and differential diagnosis of diseases.
Also, fluorescence probes are the key to realize fluorescence
imaging and detection. Recent studies have found that perov-
skite QDs with high luminescence quantum yields, narrow
emission band, and broad spectral tunability are good candi-
dates for the fluorescence probes.®®”* But the following issues
need to be addressed: (1) water stability. A common way to
improve the poor water stability of perovskite QDs is to use inert
SiO, as a protective shell to encapsulate or coat perovskite QDs.
(2) Water dispersibility. The hydrophilic surface and small size
favor  particle dispersion; thus, the monodisperse
perovskite@SiO, composites are good for bioimaging and
detection. (3) Biotoxicity. Silica coating can mitigate lead
leakage and reduce the biological and environmental toxicity of
perovskite QD. In 2020, Park et al. developed a highly lumi-
nescent biocompatible CsPbBr;@SiO, core-shell nanoprobe for
bioimaging and drug delivery.” The thickness of the SiO, shell
around the CsPbBr; core could be tuned from 9 to 51 nm by
controlling the coating time, resulting in an increase in the size
of the CsPbBr;@SiO, core-shell nanoprobe from 70 to 210 nm.
The CsPbBr;@SiO, core-shell nanoprobe showed high water
stability and good biocompatibility, making it suitable for
fluorescence-mediated bioimaging and detection. Confocal
fluorescence images showed that the CsPbBr;@SiO, core-shell
nanoprobe induced endocytosis to HeLa cells (Fig. 6a), allowing
the treated HeLa cells to exhibit green fluorescence upon
488 nm light excitation (Fig. 6b). Moreover, doxorubicin (Dox)

© 2024 The Author(s). Published by the Royal Society of Chemistry

could be physically adsorbed on the shell of the CsPbBr;@SiO,
core-shell nanoprobe and efficiently delivered to the nuclei of
HelLa cells (Fig. 6¢ and d). But the SiO, shell of the CsPbBr;@-
SiO, core-shell nanoprobe is not dense and contains a large
number of mesoporous; thus, the long-term stability and
toxicity of the CsPbBr;@SiO, core-shell nanoprobe need to be
studied.

In 2021, Xu et al. reported the synthesis of polymer surface
ligand and SiO, coating perovskite QDs (CsPbBr;-mPEG@SiO,)
for efficient glutathione (GSH) detection (Fig. 6e).”” The methox-
ypolyethylene glycolamine (mPEG-NH,) ligand and SiO, encap-
sulation effectively passivated the perovskite QDs, greatly
enhancing its fluorescence emission intensity and water stability.
Moreover, the fluorescence of CsPbBr;-mPEG@SiO, could be
effectively quenched by Hg”" ions, which is explained by the
dynamic quenching model. But the fluorescence was restored
after the addition of GSH in CsPbBr;-mPEG@SiO, + Hg>" solu-
tion, which is mainly derived from the strong interaction of
glutathione with GSH. Thus, the “on-off-on” type fluorescence
detection system based on CsPbBr;-mPEG@SiO, can be estab-
lished to achieve an efficient detection of GSH (Fig. 6f).

4.3 Catalysis

Today, the energy crisis has become a global problem. Since
Fujishima and Honda first reported TiO, photocatalytic water
splitting to produce hydrogen,” photocatalysis has evolved into
an efficient and green technique that can solve these problems.
In the last decade, an emerging semiconductor material, lead
halide perovskite, shows great potential in photocatalysis
applications due to its low band gap energy and high photon-to-
electron conversion capability.”**° In 2022, Li et al. reported the
synthesis of CsPbBr;/CsPb,Brs@silica yolk-shell composite
microspheres for the photocatalytic degradation of dyes
(Fig. 7a).®' The authors found that precisely controlling the
composition of perovskite precursors (Cs* and Pb*" ratio) could
form the CsPbBr;/CsPb,Br; heterostructure with different ratios
in mesoporous SiO, hollow spheres. XRD was performed to
evaluate the stability of CsPbBr;/CsPb,Brs@silica after

RSC Adv, 2024, 14,1417-1430 | 1425
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(a) Schematic illustration of the proposed mechanism of endocytosis induced by the CsPbBrs@SiO, core—shell nanoprobe. (b) Confocal

fluorescence image of Hela cells after incubation with the CsPbBrz@SiO, core—shell nanoprobe. (c) Schematic illustration of the proposed
mechanism of drug loading and release in the CsPbBr:@SiO,@Dox-embedded Hela cells. (d) Confocal fluorescence image of Hela cells after
incubation with Dox-loaded CsPbBrz@SiO, core—-shell nanoprobe. Reproduced with permission from ref. 75. Copyright 2020 The Royal Society
of Chemistry. (e) Schematic illustration of the synthesis of the CsPbBrs-mPEG@SIOs. (f) “On—off—on” type fluorescence sensing of Hg>" and
GSH. Reproduced with permission from ref. 76. Copyright 2021 The Royal Society of Chemistry.

photocatalysis. After one cycle of photocatalysis, no obvious
miscellaneous peaks appeared in the XRD pattern, indicating
that most of the CsPbBr;/CsPb,Br; is still in the SiO, shell.
Moreover, TEM revealed the formation of the heterojunction
between CsPbBr; and CsPb,Brs, which likely improves the
carrier dissociation and transport for the photocatalytic reac-
tion. The photodegradation of Rhodamine B showed that
CsPbBr;/CsPb,Brs@silica has higher photocatalytic activities
than commercial P25.

Over the past two decades, the photocatalytic reduction of CO,
to C1 compounds has aroused great interest because C1 obtained
by reducing CO, can be further converted into clean fuels such as
ethanol and acetic acid. In 2023, Wang et al. synthesized a Cs,-
AgBiBrs@SiO, yolk-shell composite via a ship-in-a-bottle tech-
nology for water-stable photocatalytic CO, reduction (Fig. 7b).*>
The SiO, protective layer gave Cs,AgBiBrs good thermal stability
and photostability as well as good corrosion resistance to polar
solvents. To evaluate the performance of photocatalytic CO,
reduction, model experiments were performed in a mixture of
acetonitrile and water under visible light irradiation with Cs,-
AgBiBrs@Si0, as the catalyst, Co(bpy);>" (bpy = 2,2"-bipyridine) as
the co-catalyst, and triethanolamine as the hole scavenger. It was
found that CO, was mainly reduced to CO, with a little H,
generated as the byproduct. Also, the CO-evolution rate was
measured as 271.76 umol g~ ' h™", indicating that Cs,AgBiBrs@-
SiO, has a high CO, photoreduction performance (Fig. 7c).

1426 | RSC Adv, 2024, 14, 1417-1430

Photocatalytic organic synthesis is a promising green
synthesis method that can use light energy to excite the catalyst,
thereby achieving specific organic reactions under mild condi-
tions. In recent years, numerous studies have shown that lead
halide perovskites can effectively activate the C-H bond under
light irradiation for subsequent transformations.**** In 2020,
Tiiysiiz et al. reported a strategy for the selective activation of
aliphatic and aromatic C-H bonds using supported bismuth
halide perovskite photocatalysts.®” The photocatalyst (Cs;Bi,-
Bro/SBA-15) was prepared using the incipient wetness impreg-
nation method. The well-dispersed halide perovskite
nanoparticles (2-5 nm) were confined to the mesoporous SBA-
15 matrix, which allowed for better electron-hole separation
and tighter contact with hydrocarbons. Under visible light
irradiation, Cs;Bi,Bro/SBA-15 could effectively oxidize the satu-
rated C-H bonds of various hydrocarbons to the corresponding
oxygenates (mainly aldehydes/ketones), with a conversion rate
up to ~32900 pmol g., ' h™' and high selectivity >99%
(Fig. 7d). Mechanistic studies showed that photo-induced hole
(h") cleaved the saturated C-H bonds to form carbon-centered
radicals, which further reacted with O, to form oxygenated
compounds (Fig. 7e). In contrast to most studies on C-H bond
activation that closely focus on benzyl or allyl positions, this
study achieves the activation of aliphatic C-H, which greatly
expands the use of perovskite as the photocatalyst in organic
synthesis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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shell composites. (c) Formation rates of photocatalytic reduction of CO, to CO and H, over Cs,AgBiBrg nanocrystals and Cs,AgBiBre@SiO,.
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permission from ref. 85. Copyright 2019 The Authors.

5. Conclusions and outlooks

As a new semiconductor material, LHP NCs display fascinating
optical and electronic performance, making them ideal candi-
dates for light-emitting and display devices. But their
commercial applications are seriously hindered by the poor
stability, toxicity, and anion exchange. In particular, owing to
their high intrinsic ion mobility and dynamic ligand binding,
LHP NCs can undergo phase transition or structural decom-
position upon exposure to moisture, oxygen, and UV light.
Given the huge application potential of LHP NCs to be exploi-
ted, the stability of LHP NCs has become a prominent problem
to be solved. SiO, coating is an effective method to improve the

© 2024 The Author(s). Published by the Royal Society of Chemistry

stability of LHP NCs with the advantages including less tech-
nical risk, low cost, and good repeatability. The review
summarizes four methods to improve the stability of LHP NCs
by SiO, coating: (1) in situ hydrolytic coating, (2) mesoporous
silica loading, (3) mediated anchoring, (4) double coating. The
in situ growth of LHP NCs in mesoporous SiO, by a ship-in-a-
bottle technology is considered as a convenient method for
preparing monodisperse LHP NCs@SiO, core-shell (yolk-shell)
composites, which are conducive for practical application in
optoelectronic and biological fields.

Despite many significant progresses that have been made in
the synthesis of SiO,-coated LHP NCs, some important prob-
lems still need to be addressed in the future. (1) The cost of
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preparing silica-coated perovskite NCs with organosilane as
a raw material is high. Relatively cheap commercial silicon-
based raw materials, such as diatomite and kaolin, can be
explored to coat perovskite NCs. (2) The large-scale preparation
of SiO,-coated LHP NCs for photoelectric application is still
missing, which has greatly hindered the commercialization
process. One step in situ preparation method may enable the
large-scale preparation of the SiO,-coated perovskite NCs. (3)
High temperature can eliminate the pinhole of the SiO, shell
but makes it easy to regrow SiO, to form large particles; thus,
simultaneously controlling the SiO, shell density and the mono-
dispersity of SiO,-coated LHP NCs is a challenge. Low-
temperature salt-assisted sintering method provides the possi-
bility to solve this issue. (4) Double coating LHP NCs with SiO,
and other oxides or non-oxides can not only improve the
stability of LHP NCs but also give the composites novel prop-
erties. Among them, TiO,, Al,O3, and ZnS are worth exploring.
With the unremitting efforts of the researchers, we believed that
the SiO, coating technology will provide opportunities for the
development and commercialization of LHP NCs.
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