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ABSTRACT: The encapsulation of colloidal lead halide perov-
skite nanocrystals within silica (SiO,) is one of the strategies to
protect them from polar solvents and other external factors. Here,
we demonstrate the overcoating of CsPbBr; perovskite nanocryst-
als with silica by exploiting the anhydride-induced transformation
of Cs,PbBr4 nanocrystals. CsPbBr;@SiO, core—shell nanocrystals
are obtained after (i) a reaction between colloidal Cs,PbBr;
nanocrystals and maleic anhydride in toluene that yields CsPbBr;
nanocrystals and maleamic acid and (ii) a silica-shell growth
around CsPbBr; nanocrystals via hydrolysis of added alkoxysilanes.
The reaction between Cs,PbBr4 nanocrystals and maleic anhydride
is necessary to promote shell formation from alkoxysilanes, as
demonstrated in control experiments. The best samples of as-

prepared CsPbBr;@SiO, nanocrystals consist of ~10 nm single-crystal CsPbBr; cores surrounded by ~5—7 nm amorphous silica
shell. Despite their core—shell structure, such nanostructures are poor emitters and degrade within minutes of exposure to ethanol.
The photoluminescence intensity of the core—shell nanocrystals is improved by the treatment with a solution of PbBr, and ligands,
and their stability in ethanol is extended to several days after applying an additional silica growth step. Overall, the investigated
approach outlines a strategy for making colloidal core—shell nanocrystals utilizing the transformative chemistry of metal halides and
reveals interesting insights regarding the conditions required for CsPbBr;@SiO, nanocrystal formation.

Bl INTRODUCTION

Lead halide perovskites (LHPs) are emerging semiconductor
materials that promise to revolutionize optoelectronic devices
such as photodetectors, solar concentrators, scintillators, solar
cells, and light-emitting diodes (LEDs).'~” Colloidal nano-
crystals (NCs) of LHPs capped with long-chain organic ligands
attracted the attention of many research groups due to their
straightforward synthesis, strong light absorption, and bright
and tunable photoluminescence (PL).*”"' Despite their
outstanding optoelectronic properties, LHP NCs suffer from
several issues that constitute a hurdle for practical applications.

In particular, LHP NCs degrade and lose their bright PL
upon excessive exposure to light and heat, and they do not
tolerate polar solvents and acidic or alkaline environ-
ments.'””™'* To circumvent these issues, several strategies
have been developed to improve stability, including the
encapsulation of LHP NCs in inorganic oxides (e.g, SiO,,
ALO;, TiO,, etc.),' ™ polymers,m_28 metal halides,”® and
metal—organic frameworks (MOFs).>°"** Encapsulating
CsPbBr; NCs, a prototypical example of LHPs, in a polymer
can stabilize them against water/humidity but does not always
provide high thermal resistance.”>***” MOFs and metal halide
matrices provide good thermal stability, but it is often
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insufficient to protect the NCs against water.’””* In this
regard, inorganic oxides are attractive encapsulants because
they can provide both water and thermal stability to the
N, 13222335

Among the inorganic oxides, silica is a promising candidate,
as it is transparent in the visible range, mechanically robust,
and chemically inert. LHP NCs have been encapsulated in
silica by two methods: by embedment in bulk silica or by
growing LHP NCs inside the pores of mesoporous
silica."”'#*°™** The heat-induced sealing of LHP NCs inside
the mesoporous silica has delivered brightly photoluminescent
composites with especially impressive stability against water
and acidic media (e.g,, 1 M aqueous HCl or aqua regia).'”**
The fine tunability of green emission in the narrow 525—53$
nm range has been demonstrated for such composites by
mixing variable amounts of sodium into CsPbBry NCs.”® The
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bulky composites are not optimal for technologies where a
colloidal formulation is desired, for example in inkjet-printed
LEDs and displays. Hence, obtaining luminescent LHP@SiO,
core—shell NCs as colloidal dispersions would be advanta-
geous due to the tunability of emitter content (for control over
concentration quenching) and minimized scattering (due to
the subwavelength grain size of the core—shell NCs). These
reasons motivated our interest in pursuing the LHP@SiO,
core—shell architecture.

Several groups have reported the fabrication of colloidally
stable CsPbBry;@SiO, core—shell NCs with thin shells and
high photoluminescence quantum yield (PLQY).**"** The
thin SiO, shells provide limited stability against polar
solvents,””” and growing thick shells has proven to be difficult.
The complexity of growing thicker SiO, shells onto preformed
CsPbBr; NCs arises from the fast degradation of the NCs
during the coating process. The growth of silica is generally
catalyzed by acids (e.g, HNO;)* or bases (e.g,, ammonia),**
which can easily dissolve LHP NCs.'* One strategy to
circumvent this bottleneck is to utilize reactive metal halide
NCs, such as Cs,PbX, (X = Cl, Br, I), that transform into
emissive LHP NCs under reaction conditions that are
otherwise destructive to LHPs."* For example, Park et al.
treated Cs,PbBrg NCs with HNOj; and tetraethyl orthosilicate
(TEOS): the starting Cs,PbBrg NCs were converted into
CsPbBr; NCs under acidic conditions, and the simultaneous
TEOS hydrolysis led to the formation of a silica matrix around
them.'* Such a procedure provided a route for the scalable
synthesis of bulk LHP/SiO, composites but was unable to
deliver well-defined CsPbBr;@SiO, NCs due to the fast course
of the reactions.

We hypothesize that under milder reaction conditions
compared to those of Park et al,'* it is possible to convert
Cs,PbBrg NCs into CsPbBr; NCs and coat the resulting NCs
with a SiO, shell. To do so, we took inspiration from the
reactivity between poly(maleic anhydride-alt-1-octadecene)
and Cs,PbBrg NCs that yields emissive perovskite CsPbBr;
NCs.** The conversion entails the reaction of the maleic
anhydride (MANH) functional group of the polymer with
oleylamine (OLAM), which is present both as a free molecule
in the colloidal suspension and as a capping ligand on the
surface of Cs,PbBrg NCs, and results in the formation of
maleamic acid.”*~*

In this work, instead of the polymer, we used its reactive
fragment—the small MANH molecule—to trigger the
Cs,PbBry — CsPbBr; NCs transformation and to acidify the
reaction medium, thus catalyzing silica growth (Scheme 1,
steps 1 and 2). The MANH-assisted conversion of Cs,PbBr,
NCs generated CsPbBr; NCs bearing a surface that was
suitable to both promote and withstand a silica shell growth.
As-synthesized CsPbBr;@SiO, core—shell NCs demonstrated
low PLQY (1—4%) and lost their PL after ~15 min of
exposure to ethanol. An additional treatment of core—shell
NCs with PbBr,, dissolved in the mixture of oleic acid (OA)
and OLAM, (Scheme 1, step 3) increased PLQY up to 8%, and
additional growth of silica (Scheme 1, step 4) significantly
extended their stability in ethanol (a negligible loss of PL
intensity after ~9 days). Overall, the developed synthetic
procedure expands the reaction toolbox available to chemists
exploring the reactivity of metal halide NCs.
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Scheme 1. Principal Steps in the Synthesis of CsPbBr;@
SiO, Core—Shell NCs”
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“The process starts from Cs,PbBry NCs that are converted to
CsPbBry@SiO, NCs via reactions with maleic anhydride (MANH,
step 1) and alkoxysilanes (TEOS or TMOS, tetraethyl or tetramethyl
orthosilicate, respectively, step 2). The optical properties of the core—
shell NCs are enhanced by treating them with PbBr, dissolved in the
mixture of ligands (step 3) and by overgrowth of a thicker silica shell

(step 4).

B EXPERIMENTAL SECTION

Materials. Cesium carbonate (Cs,CO;, 99%), lead bromide
(PbBr,, >98%), OA (90%), OLAM (70%), l-octadecene (ODE,
90%), ethyl acetate (>99.5%), toluene (>99.7%), anhydrous toluene
(99.8%), deuterated toluene, MANH (99%), TEOS (>99.5% and the
99.999% for the air-free experiment), and tetramethyl orthosilicate
(TMOS, >99%) were purchased from Sigma Aldrich and used as
received, except for OA and OLAM, which were degassed prior to use
in the air-free experiment. Milli-Q water was obtained from the
Millipore purification station installed in the laboratory. A MANH
stock solution (0.34 M) was prepared by dissolving S00 mg of
MANH in 15 mL of toluene. The OLAM-iodide (OLAM-I) complex
for halide exchange reactions was prepared according to the
procedure detailed in ref 48. With the exception of Cs,PbBrs NC
synthesis, and unless stated otherwise, all the reactions were run under
air at room temperature (~21 °C). The reaction time started when
the MANH solution was added.

Cs,PbBrs NC Synthesis. The Cs,PbBrg NCs were prepared via
the hot-injection method of Akkerman et al. with a few
modifications.” Specifically, a Cs-oleate precursor solution was
prepared by dissolving 400 mg of Cs,CO; in 8 mL of OA at 100
°C in a 20 mL vial under stirring and N, flow. A PbBr,—precursor
solution was prepared in a preweighed 20 mL vial by mixing 72 mg

https://doi.org/10.1021/acs.chemmater.1c03749
Chem. Mater. 2022, 34, 405—413


https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03749?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c03749?fig=sch1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c03749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

=
2
o)

o

f |

bl
g
|

Cs4PbBre

’-‘\ w B 000 eesssss CS PbBr

el 1 CsPbBr@SiO:

S| : -
o

= o

2] . p

C J-

O /\

- \

£ —

iy 475 525

Qo ;

28 *eansasaaans A ------

el

10 15 20 25 30
2 theta (°)

w0 i
| R - 1~ 1 1 11
35 40 45 50 300 350 400 450 500 550

Wavelength (nm)

Figure 1. Characterization of the best sample of CsPbBr;@SiO, NCs prepared via the one-step procedure. (a) BF-TEM image of starting Cs,PbBr,
NCs; dark spots are Pb® domains likely formed under the electron beam;> (b) BE-TEM image of CsPbBr;@SiO, NCs; (c) HR-TEM image of a
CsPbBr;@SiO, NC; the inset shows a fast Fourier transform of the CsPbBr; core, matching better with the cubic CsPbBr; phase (ICSD code
97852) than with the orthorhombic phase, likely due to polymorphism in CsPbBr; NCs;>® (d) HAADF-STEM image of CsPbBr;@SiO, NCs and
(e) corresponding color maps of the distribution of elements obtained with EDS from the sample area indicated by a white dashed box; (f, g) XRD
patterns of CsPbBr;@SiO, NCs and starting Cs,PbBrgs NCs, respectively. The experimental XRD patterns are compared with reference powder
diffraction data for rhombohedral Cs,PbBr, (black bars, ICSD code 162158) and orthorhombic CsPbBr; (red bars, COD code 4510745); (h) PL
and absorption spectra of starting Cs,PbBrs NCs and CsPbBr;@SiO, NCs.

(0.2 mmol) of PbBr,, S mL (15.6 mmol) of ODE, 1.5 mL (4.5 mmol)
of OLAM, and 0.2 mL (0.63 mmol) of OA. The vial was placed under
stirring into a machined aluminum block preheated to about 150 °C
on top of a hot plate. The PbBr,—precursor mixture was left under
stirring for about 15 min at ~100—120 °C. During this time, the
vacuum was applied for a few minutes until the solution stopped
bubbling, and at that point, the vacuum was replaced with nitrogen
flux. Once all PbBr, was dissolved by visual inspection, the vial was
transferred into a secondary hot plate, and the temperature of the
reaction mixture was let to stabilize at 80 °C. At that point, 0.8 mL of
the Cs-oleate precursor was swiftly injected inside the PbBr,—
precursor at 80 °C through a 1 mL syringe equipped with a 16G
needle. An initially clear reaction mixture acquired a cloudy-white
appearance over the course of ~30 s. After an additional 30 s, the vial
was moved into a water-ice bath to quench the reaction. To isolate the
Cs,PbBr4 NCs, the cloudy-white mixture was centrifuged at 4000 rpm
for 10 min, the supernatant was discarded, and the inner walls of the
vials were thoroughly dried from the remaining liquid with a piece of
paper tissue. After this, the vial with an NC solid was weighed again,
and the NC solid was redispersed in the amount of nonanhydrous
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toluene needed to obtain 30 mg/mL dispersion of NCs. This
dispersion is referred to as Cs,PbBrg NC stock solution.

NC Transformations. Unless otherwise stated, all procedures
below were carried out under air, at room temperature, using regular
toluene as a solvent. The reported amounts of reagents and reaction
times are for the optimized syntheses and might be adjusted on a
batch-to-batch basis. To isolate the products of reactions, S00 uL of
ethyl acetate was added to the sample followed by centrifugation at
4000 rpm for 10 min. The supernatant was discarded, and the inner
walls of the vial were thoroughly dried from the remaining liquid with
a piece of paper tissue, and the solid was redispersed in 500 uL of
toluene for further characterization and experimentation.

CsPbBr;@SiO, NC One-Step Synthesis. First, 100 uL of
Cs,PbBrg NC stock solution, 100 yL of toluene, 20 uL of OLAM,
30 uL of alkoxysilane (TEOS or TMOS), 1 mL of MANH stock
solution, and, after a brief period of time (9 min for TMOS; 3 min for
TEOS), 500 uL of OA were combined in this order in a 4 mL vial,
which is kept under stirring (~S500 rpm) on a stir plate. The mixture
was left to react for several hours (16 h for TMOS and 3 h for TEOS,
unless mentioned otherwise) followed by isolation of the product.
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Figure 2. Characterization of the starting Cs,PbBrs NCs, the CsPbBr; NCs isolated after the reaction with MANH, and the CsPbBr;@SiO, NCs
prepared via a two-step procedure. (a—c) BF-TEM images of Cs,PbBrs, CsPbBr;, and CsPbBr;@SiO, NCs, respectively. (d—f) XRD patterns of
CsPbBr;@SiO,, CsPbBr;, and Cs,PbBrs NCs, respectively, along with the reference powder diffraction data (rhombohedral Cs,PbBr, — black bars,
ICSD code 162158; orthorhombic CsPbBr; — red bars, COD code 4510745). (g) Optical absorption and PL spectra of starting Cs,PbBr,, as-

prepared CsPbBr;, and CsPbBr;@SiO, NCs.

CsPbBr;@SiO, NC Two-Step Synthesis. First, 100 uL of
Cs,PbBrg NC stock solution, 100 yL of toluene, 20 uL of OLAM,
and 1 mL of MANH stock solution were combined in this order in a 4
mL vial and kept under stirring (~S00 rpm) on a stir plate. After 15
min of reaction, 100 L of TEOS and 500 yL of OA were added in
this order. The mixture was left to react for about 16 h followed by
isolation of the product.

Cs,PbBrg to CsPbBr; NC Conversion. First, 100 uL of Cs,PbBr,
NC stock solution, 100 uL of toluene, 20 uL of OLAM, and 1 mL of
MANH stock solution were combined in this order in a 4 mL vial and
kept under stirring (~500 rpm) on a stir plate for 15 min, after which
the NCs were isolated.

Further Treatments of CsPbBr;@SiO, NCs: Surface Passiva-
tion with PbBr, and the Thickening of the Silica Shell. A
sample of CsPbBr;@SiO, NCs prepared following the one-step
procedure and the crude reaction mixture was split equally into two 4
mL vials and centrifuged at 4000 rpm for 10 min. The supernatant
was discarded, and the precipitate was redispersed in 250 uL of
toluene. Each sample was stirred at S00 rpm for the entire process.
Then, 37.5 L of PbBr, solution (18 mg of PbBr, dissolved in 850 uL
of OA and 850 uL of OLAM) was added to each vial. After 10 min,
each sample was treated with 250 yL of toluene and 50 uL of TEOS
(or 32.5 uL of TMOS). The completeness of the silica thickening was
tested twice daily by withdrawing an aliquot of the sample and mixing
it with OLAM-I under UV light. If the green-emissive sample turned
orange-/red-emissive (substitution of Br~ with I7),°° then the shell
overgrowth was deemed incomplete, and 1 uL of water was added to
the reaction mixture to catalyze TEOS hydrolysis.** Once the halide
exchange in the aliquot was suppressed (after 24—48 h for TEOS,
12—24 h for TMOS, depending on the batch), the CsPbBr,@SiO,@
SiO, NCs were collected by precipitation with ethyl acetate (250 yL,
followed by centrifugation at 4000 rpm for S min) and redispersion of
the precipitate in 250 uL of toluene.

Optical Measurements. The UV—vis absorption spectra were
recorded with a Cary 300 spectrophotometer. The PL spectra were
recorded with a Varian Cary Eclipse with an excitation wavelength of
350 nm for all spectra. All measurements were performed in quartz
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cuvettes (10 mm optical path) filled with ~1 mL of sample dispersed
in toluene solvent. The absolute PLQY measurements were carried
out with an Edinburgh FLS920 spectrofluorimeter equipped with a
calibrated integrating sphere and an excitation wavelength of 400 nm
(Xe lamp), as detailed elsewhere.*®

X-ray Diffraction (XRD). XRD measurements were performed
with a PANalytical Empyrean X-ray diffractometer equipped with a
1.8 kW Cu Ka ceramic X-ray tube and a PIXcel3D 2 X 2 area
detector, working at 45 kV and 40 mA under ambient conditions with
the paralle]l beam geometry and symmetric reflection mode. The
samples were prepared by drop-casting the NC solution onto a zero-
diffraction silicon substrate and analyzed after the solvent evaporation.

Transmission Electron Microscopy (TEM). Bright-field TEM
(BF-TEM) images were acquired with a JEOL JEM-1011 (W
filament), operated at 100 kV accelerating voltage. The average NC
dimensions were estimated using the ilastik image analysis tool.”" The
samples were prepared by drop-casting the solution onto carbon-
coated Cu grids (200 mesh). High-resolution TEM (HR-TEM),
energy-filtered TEM (EF-TEM), high-angle annular dark-field-
scanning TEM (HAADF-STEM) imaging, and energy-dispersive X-
ray spectroscopy (EDS) analyses were carried out on a JEOL JEM-
2200FS TEM (Schottky emitter), operated at 200 kV accelerating
voltage, equipped with a CEOS Cg-corrector for the objective lens, an
in-column image filter (Q-type), and a Bruker XFlash 5060 silicon-
drift detector for EDS. The sample suspension (in toluene) was drop-
cast onto an ultrathin carbon-coated Cu grid (150 mesh). Prior to
elemental mapping (STEM-EDS and EF-TEM), the TEM grids
underwent a thermal treatment (7 h at 80 °C in high vacuum) aimed
at minimizing carbon contamination upon prolonged electron-beam
irradiation. The STEM-EDS elemental maps presented here are
obtained by integrating the K peak of oxygen, the Ka peaks of Si and
Br, and the La peaks of Cs and Pb.

Nuclear Magnetic Resonance (NMR). Samples for NMR were
prepared in a nitrogen-filled glovebox. A MANH stock solution (74
mg; 0.75 mmol) in 1.8 mL of deuterated toluene was prepared and
kept under stirring for 1 h. Then, 0.6 mL of MANH stock solution
was transferred into S mm disposable NMR tubes, and various

https://doi.org/10.1021/acs.chemmater.1c03749
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amounts of degassed OLAM (33 uL or 0.1 mmol; SS uL or 0.17
mmol; 85 yL or 0.25 mmol) were added. All the spectra were
acquired at a temperature of 300 K with a Bruker Avance 400 MHz
spectrometer, equipped with a BBI probe and Z-gradients, operating
at 400.13 MHz ('H) and 100.62 MHz (**C), respectively. The full
details of the NMR experiments are described in the Supporting
Information.

B RESULTS AND DISCUSSION

The as-synthesized Cs,PbBry NCs appeared roughly spherical
with a diameter of 11.7 + 1.3 nm (Figure la), a rhombohedral
crystal structure (Figure 1g), an absorption peak at 314 nm
(Figure 1h), and no PL emission. Upon addition of MANH
and alkoxysilane, Cs,PbBry NCs reacted to produce
CsPbBr,@SiO, NCs in a one-step procedure (Scheme 1,
steps 1 and 2 combined). Figure 1b shows a BF-TEM image of
one of the best samples that display a clear core—shell
morphology of the NC product (additional images of other
syntheses are shown in Figure S1). The use of TEOS brought
the best core—shell NC morphology, while TMOS gave more
reproducible results. HR-TEM imaging and elemental analysis
with STEM-EDS on the best sample revealed NCs composed
of ~10 nm single-crystal CsPbBr; cores coated by ~5—7 nm-
thick amorphous SiO, shells (Figure lc—e, Figure S2). The
core—shell sample demonstrated green emission, with a PL
peak centered at 507 nm and a full width at half maximum of
~20 nm (Figure 1h) and a low PLQY (~1—4%). Its optical
absorption spectrum featured one peak at lower (497 nm) and
one at higher (314 nm) energies, ascribable to the band edge
absorption of CsPbBr; NCs and Cs,PbBrs NCs, respectively
(Figure 1h). The coexistence of both Cs,PbBry and CsPbBr;
phases was also confirmed by XRD (Figure 1f), suggesting a
partial Cs,PbBrg — CsPbBr; conversion. The absence of other
phases in the XRD pattern corroborates the electron
microscopy observations of a thin, amorphous silica shell.

To gain insight into the one-step synthesis of core—shell
NCs, we analyzed aliquots of the reaction mixture taken at
different reaction times. It was found that the formation of
CsPbBr; from Cs,PbBrs NCs and the silica growth occurred at
different times. Specifically, approximately 20 s after the
MANH addition, the clear and colorless dispersion of
Cs,PbBry NCs turned yellow, indicating the formation of
CsPbBr; NCs. Uncoated CsPbBry NCs were observed via BE-
TEM after ~2 min of reaction, while the presence of SiO,
became distinguishable only after ~4 min (Figure S3). To
further elucidate the reaction mechanism and disentangle the
steps of Cs,PbBrs — CsPbBr; conversion and SiO, growth, we
performed a two-step synthesis of core—shell NCs. The two-
step synthesis consists of the consecutive addition of MANH
(Scheme 1, step 1) followed by TEOS (Scheme 1, step 2) after
15 min.

In the first step, the reaction between Cs,PbBrs NCs (Figure
2afig) and MANH stock solution yielded orthorhombic
CsPbBr; NCs (with a residue of Cs,PbBrg) displaying an
average lateral size of 7.9 + 1.4 nm (Figure 2be), a PL
emission peak with a maximum at 501 nm (Figure 2g), and a
PLQY of ~15%. In analogy with earlier work from our group,*
the Cs,PbBrg — CsPbBr; conversion was initiated by the
condensation reaction of MANH (added in excess) with both
the free OLAM and the OLAM bound to the surface of the
Cs,PbBrg NCs, to form maleamic acid (pK, ~ 3.5—4.0).”%>
The reaction of OLAM with MANH and the formation of
maleamic acid were confirmed by the 'H and *C NMR
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analysis (Figure S4). We ascribe the modest PLQY of the
CsPbBr; NCs to the defective surface or imperfect surface
passivation with maleamic acid.

In the second step, we added TEOS to the crude solution of
freshly formed CsPbBr; NCs after the Cs,PbBrs/MANH
reaction. In this case, we observed the formation of core—shell
structures with a silica coating thickness of about 10 nm, hence
comparable with the one-step procedure (Figure 2c) that
retained the orthorhombic CsPbBr; phase with residual
Cs,PbBr, (Figure 2d) and demonstrated a PL spectrum
centered at 513 nm (Figure 2g). Considering the MANH-
OLAM chemistry, it is reasonable to assume that the maleamic
acid provided an acidic environment that catalyzed TEOS
hydrolysis and a shell formation as a result. To test this
assumption, we conducted two control experiments. In the first
control experiment, we observed that if the CsPbBr; NCs were
isolated from the reaction mixture after the Cs,PbBrs/MANH
transformation, then no silica shell was formed around them
upon addition of TEOS. This indicates that the acidic
environment and reaction byproducts are required for silica
shell formation. In the second control experiment, we used
cesium oleate/oleylammonium-capped CsPbBr; NCs prepared
via the hot-injection method™® and observed no silica shell
growth upon addition of TEOS (Figure SS). This observation
indicates that CsPbBr; NCs derived from the reaction of
Cs,PbBry NCs with MANH have a suitable surface reactivity
to promote and withstand the growth of a silica shell.

The Cs,PbBrs/MANH reaction is not the only requirement
for silica shell growth. Here, we note that when the one-step
procedure was repeated under strictly moisture-free conditions
using anhydrous reagents inside a nitrogen-filled glovebox, no
silica was observed (Figure S6). We surmise that the
adventitious water coming from air and present in non-
anhydrous solvents is necessary for the hydrolysis of
alkoxysilanes. This finding is consistent with prior reports of
TEOS hydrolysis catalyzed by water traces in toluene.”’

The CsPbBr;@SiO, NCs synthesized in one- or two-step
procedures had two shortcomings: low PLQY and a loss of PL
intensity within minutes after immersion in ethanol (Figure
3e). The low PLQY of core—shell NCs is attributed to the
surface traps, in analogy with PL quenching observed in SiO,-
capped CdSe nanoplatelets.”®>” The poor stability of core—
shell NCs against ethanol is attributed to the porosity of the
SiO, shell or partial encapsulation of CsPbBr; cores.

To mitigate the first issue of low PL of CsPbBr;@SiO, NCs,
the samples were separately treated with a PbBr,/OA/OLAM
solution in toluene (Figure S7a) or Cs-oleate (Figure S7b)
(the precursor used for the hot-injection synthesis of CsPbBr;
NCs).%7%* Both treatments increased the PL of the sample.
The highest PLQY (8%) was measured after the addition of
PbBr,. Another sample treated with PbBr, experienced a
negligible PL intensity drop over ~19 days (Figure S7a). We
attributed the relative enhancement in PL and PLQY to the
surface passivation (rather than transformation of any residual
Cs,PbBrg material to extra CsPbBry NCs) since the absorbance
of CsPbBr; NCs did not show any appreciable increase after
the treatment with the PbBr, solution (Figure S7c). The fact
that these treatments altered the photophysics of the CsPbBr;
cores supported the hypothesis that the SiO, shell displays
porosity or defectiveness.

To tackle the second issue and make a thicker SiO, shell, we
performed an extra silica-growing step using TEOS and
obtained what we call CsPbBr;@SiO,@SiO, NCs (Figure 3,
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Figure 3. Characterization of CsPbBr;@SiO,@SiO, NCs and stability
tests in ethanol. (a) Overview HAADF-STEM image; (b) optical
absorption and PL spectra; (c) high-magnification HAADF-STEM
image and corresponding EDS elemental maps; (d) XRD pattern of
the CsPbBr;@SiO,@SiO, NC sample and the reference powder
diffraction data for rhombohedral Cs,PbBr, (black bars, ICSD code
162158) and orthorhombic CsPbBr; (red bars, COD code 4510745);
(e) comparative quenching of PL intensity over time for four NC
samples immersed in ethanol: CsPbBr;@SiO,@SiO,, CsPbBr;@SiO,,
CsPbBry (MANH), and CsPbBr; (hot-injection).

for additional HAADF-STEM images, see Figure S8). The
resulting particles had a thicker silica shell (estimated ~20 nm
or more) around the perovskite core as compared to the initial
CsPbBr;@SiO, NCs. Atomic-number contrast HAADF-STEM
imaging and EDS mapping identify the bright cores as the
CsPbBr; NCs and the darker shell as the silica shell embedding
them (Figure 3c). The second coating carried an additional
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benefit of removing the residual Cs,PbBry, as evidenced by the
disappearance of the 314 nm absorption peak (Figure 3b) and
disappearance of Cs,PbBrg reflections in XRD (Figure 3d).
The PL peak position of the double-shelled sample underwent
a redshift from 507 to 513 nm (Figure 3b), suggesting a
coarsening of the CsPbBr; cores either due to ripening or
further growth of CsPbBry NCs from the consumed Cs,PbBry.
To access whether a thicker silica shell impacted the stability of
CsPbBr;@SiO,@SiO, as compared to CsPbBr; and
CsPbBr;@SiO, NCs, we performed three stability tests:
exposure to ethanol, photostability under 470 nm irradiation,
and anion exchange with OLAM-L

The CsPbBr;@SiO,@SiO, NCs exhibited increased stability
in ethanol by retaining 95% of their initial PL intensity after 9
days of immersion in ethanol (dropping to 11% after the total
of 26 days of continuous immersion, Figure 3e and Figure S9,
see SI for details). For comparison, the PL of bare CsPbBr,
NCs (either synthesized via Cs,PbBrs/MANH or hot-injection
routes) and the PL of single-shelled CsPbBr;@SiO, NCs were
quenched after several minutes of ethanol exposure (Figure
3e) because of the accessible perovskite surface due to organic
ligands and a defectiveness of the thin silica shell, respectively.
Despite the PL retention in ethanol, the stability of the
CsPbBr;@SiO,@Si0, NCs was poor in water: the PL intensity
dropped to 40% of its initial value already after ~30 min of
exposure to a toluene—water mixture (Figure S10, see SI for
details).

In contrast to the ethanol exposure test, both
CsPbBr;@SiO, and CsPbBr;@SiO,@SiO, NC samples
showed enhanced stability against 470 nm irradiation (Figures
S11 and S12, LED source, I, = 100 mW-cm™2, see SI for
details). After 1 h of irradiation, the samples covered with silica
showed ~10% (CsPbBr;@SiO,@SiO, NCs) and ~20%
(CsPbBry@SiO, NCs) drop in the relative PL intensity. On
the other hand, the uncoated samples demonstrated much
faster photodegradation, exhibiting ~75% drop in relative PL
intensity already after 10 min (CsPbBr; hot-injection) and 30
min (CsPbBr; MANH), respectively. Our results indicate that
the photostability of the CsPbBr; NCs increases upon SiO,
shelling.

Finally, the stability toward anion exchange was tested
(Figure S13). CsPbBr;@SiO,@SiO, NCs (Figure S13a,ce)
and CsPbBr; NCs (Figure S13b,d,e) (hot-injection, control
sample) were exposed to OLAM-I. The control sample
changed its PL color from green to red within seconds after
OLAM-I was added. After OLAM-I addition, the green PL of
the CsPbBr;@SiO,@SiO, NCs first increased in intensity
within the first ~5 min and gradually decreased afterward. At
the same time, a PL peak at ~660 nm appeared after ~1 h and
grew in intensity further shifting to ~675 nm on the
subsequent day. These observations indicate that a thicker
silica shell is insufficient to prevent anion exchange reactions.
In the HAADF-STEM images of the starting CsPbBr;@SiO,@
SiO, NCs, it is possible to see the occurrence of large pores
(Figure S14) extending from the surface to the core, which,
together with smaller and less visible pores, might explain why
halide ions were able to reach the perovskite core.

B CONCLUSIONS

In this work, we used the anhydride-mediated chemical
transformation of Cs,PbBrs into CsPbBr; NCs for the
preparation of CsPbBr;@SiO, core—shell NCs in the presence
of alkoxysilanes. A combination of anhydride-amine con-
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densation that drives Cs,PbBry — CsPbBr; conversion and
hydrolysis of alkoxysilanes could be seen as an alternative
approach to colloidal atomic layer deposition developed to
deposit alumina onto perovskite NCs.”*"% The synthetic
strategy presented here allows for the preparation of core—
shell NCs and demonstrates the potential of transformative
chemistry of metal halides for the fabrication of LHP-based
nanoheterostructures. It would be interesting to extend this
approach to NCs of other metal halides, e.g., Cs,Pbls and
Cs,PbCly, as well as to other metal oxides that can be grown by
wet chemistry approaches, e.g,, TiO,, ZrO,, Al,O5, and SnO,.
Aside from the proof-of-principle value of the presented
results, the method and the resulting core—shell NCs have
several shortcomings. The perovskite CsPbBr; NCs obtained
from Cs,PbBr,; with MANH are poor emitters, and their PLQY
is further lowered upon the coating with SiO,. If one could find
an effective treatment to boost the PLQY before the second
silica coating step, the resulting materials would become
attractive for applications relying on bright and stable emitters.
The growth of the SiO, shell requires the presence of
adventitious water, which makes it challenging to reproducibly
prepare CsPbBr; cores uniformly coated with silica. In this
respect, carrying out reactions under controlled humidity or
with alternative alkoxysilane chemistries could result in reliable
synthetic protocols compatible with large-scale production.
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