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ABSTRACT: We report the synthesis of colloidal core@shell AgBr@CsPbBr, Hollow CsPbl,
AgBr@CsPbBr; nanocubes by a one-pot approach, where the
nucleation and growth of AgBr nanocrystals occurs rapidly after the
injection of chemical precursors. This is immediately followed by
the overgrowth of CsPbBr;, delivering AgBr@CsPbBr; nanocubes
of several tens of nanometers in size, with the volume of the AgBr
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core being only a small fraction of the overall nanocrystal volume. 0707070
The formation of a core@shell geometry is facilitated by the §o91? 3
epitaxial compatibility between AgBr and CsPbBr; along multiple | * : < : s
crystallographic directions. Exchange with CI”™ ions leads to Ag@ 229802 *
CsPbCl; nanocubes, whereas exchange with I™ ions leads to hollow t T ,,j

CsPbl; nanocubes, due to selective etching of the AgBr (or Ag) structure
core region by the I” ions diffusing in the nanocubes. These hollow

CsPbl; nanocubes can then be converted into hollow CsPbBr; and CsPbCl; nanocubes by halide exchange. The optical emission
properties of the hollow CsPbX; (X = Cl, Br, I) nanocubes are in line with those expected from large, non-hollow halide perovskite
nanocrystals, indicating that the small hollow region in the cubes has no major influence on their optical properties.
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B INTRODUCTION skites,'”'® coupled with the ease of dissolution of metal halides
under various stimuli,'”*’ might provide novel routes to
generate hollow geometries in NCs of these materials in
addition to the Kirkendall effect.

In this work, we have developed a one-pot synthesis of
core@shell AgBr@CsPbBr; nanocubes. The approach is based
on a modification of a standard synthesis protocol for CsPbBr;
NCs with the addition of Ag" ions in the reaction environment,
along with the precursors needed to grow the CsPbBr; NCs.”!
The much lower solubility of AgBr compared to CsPbBr;
under the reaction conditions of our experiments results in the
fast nucleation of AgBr seeds as the first event in the synthesis.
Such nucleation quickly deprives the reaction environment of
Ag" jons and sets the conditions for the subsequent growth of a
thick epitaxial shell of CsPbBr; around the AgBr seeds,
facilitated by the similarity in lattice constants of AgBr and
CsPbBr; (Scheme 1ab), as also ascertained by us using the
recently developed Ogre library for the prediction of ionic
epitaxial interfaces.”” The synthesis delivers cuboidal core@

Lead halide perovskite nanocrystals (NCs) have attracted
significant research attention in the past decade due to their
appealing optical properties, prompting their investigation in
various applications.' ™ Control over size and shape of these
types of NCs has reached a high level of maturity, and this has
gone hand in hand with a deeper understanding of the kinetics
and thermodynamics of NC growth.”"® Yet, compared to NCs
of more traditional semiconductors (for example II—VI and
III-V), the synthesis of core—shell NCs based on halide
perovskites and, more generally, metal halides, has been less
successful, with only a handful cases reported to date.”'’ The
difficulty in matching metal halides with enough similarities in
crystal structures and lattice parameters to attain core—shell
structures is compounded by two additional factors: (i) the
often rapid halide interdiffusion that can quickly alloy initially
segregated domains with different halide composition; (ii) the
lability of metal halide NCs, as they might not withstand the
conditions required for a shell growth. Another less explored
area of research in metal halide NCs is that of hollow
geometries, with only a few routes explored to date. The Received:  April 29, 2025
Kirkendall effect has been used to prepare hollow nanostruc- Revised:  June 3, 2025
tures of various materials (metals,"' metal oxides,'> metal Accepted:  June 4, 2025
chalcogenides and phosphides'”'*) and has been recently Published: June 16, 2025
extended to prepare hollow halide perovskites NCs.'>'® On

the other hand, the high ionic diffusivity in halide perov-
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Scheme 1. (a) Schematic Representation of the Synthesis Route of core@shell AgBr@CsPbBr; Nanocubes; (b) Structural
Models Indicating Good Lattice Matching at the Interface between AgBr and CsPbBr;. The Models on the Right Have been

Prepared Using the Ogre Library;””

(c) Hollow CsPbX; (X = Cl, Br, I) Nanocubes Obtained by Halide Exchange Reactions. In

the First Case (Hollow CsPbI; NCs), the Br~ to I” Exchange is Accompanied by the Dissolution of the Core
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shell AgBr@CsPbBr; NCs of several tens of nm in edge length.
We also verified that the additional presence of Zn>" cations in
the synthesis leads to AgBr@CsPbBr; NCs with a narrower
size distribution than when Zn*' is absent.

Under the transmission electron microscope (TEM) the
samples appeared as CsPbBr; cubes with a small central cavity
partially occupied by an Ag-rich domain, which could be either
AgBr or metallic Ag due to photodegradation by exposure to
ambient light and/or electron irradiation during sample
preparation/analysis. These NCs were then subjected to halide
exchange reactions. While a complete exchange of Br~ with
Cl” ions led to CsPbCl; NCs containing a Ag-rich domain
inside the cavity, a complete exchange of Br~ with I” ions led
to pure, hollow CsPbl; NCs, with no remaining Ag inside
(Scheme 1c). The dissolution of the central AgBr (or Ag)
domain in the core@shell NCs was attributed to its reaction
with the I” ions diffusing in the NCs. These hollow CsPbl;,
NCs could then be used to generate pure CsPbBr; and
CsPbCl; hollow cubes by sequential halide exchanges (Scheme
1c). Time-resolved PL measurements revealed long lifetimes
consistent with low quantum confinement, and transient
absorption (TA) measurements evidenced biexciton dynamics
in line with the expected volume scaling, suggesting that the
photophysics of the hollow cubes is largely determined by their
size, with no apparent effect of the inner hollow region.

B RESULTS AND DISCUSSION

Simulations. We performed simulations of the possible
interface structures between AgBr and CsPbBrs;, which
confirmed excellent structural compatibility between the two
phases (see Figures S1, S2 and Table S1 of the Supporting
Information), with the lowest interfacial energy being that of
the (100)/(100) AgBr/CsPbBr; configuration. This suggests
that a core/shell architecture is feasible and additionally that
the two materials might preferentially share these types of low
energy interfaces.

Synthesis, Characterization and Growth Mechanism
of the AgBr@CsPbBr; Nanocubes. The synthesis consists
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of injecting a solution of benzoyl bromide in a mixture of metal
oleate complexes (Cs, Pb, Zn, and Ag oleate) dissolved in
excess oleic acid and hexadecane at 100 °C and letting the
reaction run for 1 min, after which the reaction was quenched
by immersing the flask in an ice—water bath. The role of Zn in
the synthesis is discussed in detail later. The products of this
synthesis, as seen under TEM, were cubes (inset of Figure 1a)
with 45 + 7 nm in lateral size. The cubes had a distinct core@
shell morphology, with a core region at the center of the cubes
that in most cases was a cubic cavity, of around 12 + 1.8 nm in
size, carrying inside an approximately round, higher-contrast
domain of 9.9 + 1.7 nm in size (see Figure S3 for estimates of
sizes of NCs and related core regions). Hence, the overall
volume fraction originally occupied by the AgBr core is only
around 2% of the whole NC volume. The optical absorption
and PL spectra of colloidal suspensions of this sample were
compatible with what is expected for large CsPbBr; NCs, with
a tail in the absorption spectrum attributed to the strong light
scattering due to partial aggregation of such large NCs in
solution (Figure 1a).

The X-ray powder diffraction (XRD) pattern could be
unambiguously matched to the orthorhombic CsPbBr; phase
(Figure 1b), with no apparent presence of other phases, such
as metallic Ag or AgBr. However, we note that the detection of
AgBr by XRD would be particularly challenging due to the
exact overlap with CsPbBr; peaks and to the small volume
ratio of AgBr in the sample. Elemental analysis by inductively
coupled plasma optical emission spectroscopy (ICP-OES)
confirmed the presence of silver in the sample, with an Ag/Pb
atomic ratio of 0.1 (Table S2), not far from the estimated Ag/
Pb atomic ratio of 0.08 if one considers the ~ 2% volume
fraction initially occupied by the AgBr core. Elemental
mapping by energy dispersive X-ray spectroscopy (EDX) of
a single NC revealed the presence of a small Ag-rich domain in
the cavity (Figure lc).

A more in-depth structural analysis of the NCs was
performed by high-angle annular dark-field high-resolution
scanning TEM (STEM-HAADF). Figure 1d is a STEM-

https://doi.org/10.1021/jacs.5c07200
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Figure 1. Characterization of AgBr@CsPbBr; NCs. (a) Optical absorption and PL spectra, TEM micrograph (inset) and (b) XRD pattern of a
sample of AgBr@CsPbBry; NCs. In (b), the black reference marks are for CsPbBry (ICSD number 97851), the red ones are for AgBr (ICSD
number 56546); (c) EDX elemental mapping of a single NC; (d—i) additional microscopy characterization of two different NCs. The left panels
(d, f, g) refer to one NC, the right panels (e, h, i) refer instead to another NC and actually the same NC on which EDX analysis is reported in
panels (c). (d, e) STEM-HAADF images (inset in d: FFT), (f, h) corresponding 3D renders from STEM-HAADF tomography, and (g, i) ortho-

slices from the reconstructed volumes shown in (f, h), where the slicing planes are also highlighted.

HAADF image of a rare case of core@shell NC in which no
void region is observed and the core appears as a bright central
region in the image due to the higher mass density of AgBr (or
Ag). Fast Fourier transform (FFT) analysis (inset of Figure
1d) confirmed that the NC is essentially monocrystalline
CsPbBr;. AgBr has an excellent lattice match with CsPbBr;
(with a mismatch of 1.2%, as shown in Scheme 1b), making it
challenging to distinguish the AgBr lattice reflections over-
lapping with those from the thick CsPbBrj; shell. Figure le is a
high resolution STEM-HAADF image of the much more
common case of a NC with a cubic shaped cavity and a Ag-rich
domain inside. This is actually the same NC on which STEM-
EDX mapping is reported in Figure lc. To identify the three-
dimensional structure of these two NCs, we performed STEM-
HAADF tomography. Figure 1f, h reports the reconstructed
volumes of the NCs with ortho-slices (i.e., section cuts through
the reconstructed volume), evidencing a solid core region in
one case (Figure 1g) and a cavity in the other case (Figure 1i).
The cubic shape of the cavity is likely dictated by the original
morphology of the AgBr domain, which, as indicated by the
simulations reported in the SI, would need to adopt a cubic
shape to minimize its interface energy with CsPbBr; through
the preferential formation of (100)/(100) interfaces. Yet, we
cannot entirely exclude that the initial shape of the AgBr core
deviates from a perfect cube and the cubic shape of the cavity
arises from a partial reorganization of the CsPbBr; lattice
following the degradation of the core by light/electron beam
irradiation. As a note, it is well-known that silver halides are
photosensitive materials that are quickly degraded under light/
electron beam irradiation.”> > Because of this degradation, the
shape of the Ag-rich domain observed under the microscope
might deviate significantly from that of the void region.

An indirect proof of the core@shell structure was provided
by syntheses that were stopped only 10 s after the injections of
benzoyl bromide. In those cases, the recovered NCs consisted
of pure AgBr NCs, as assessed by XRD (Figure S4). Also in
these cases it was difficult to assess the pristine shape of the
AgBr NCs, as they appeared partially degraded to metallic Ag
under TEM (Figure S4). Only if the reactions were run for at
least 30 s, were core@shell NCs recovered (Figure SS). The
shell thickness could be tuned by adjusting the reaction time,
but only within a ~16—34 nm range (Figure SS).

Notably, despite variations in overall cube size of the final
NCs, the size of the cavity (presumably fully occupied by an
AgBr core prior to degradation) was ~12 nm across all the
batches, based on (S)TEM analyses. All these experiments and
observations agree with a growth process that starts with the
nucleation of monodisperse AgBr cores, followed by the
overgrowth of a perovskite shell. Also, reactions carried out in
the concomitant presence of Ag* and Zn** (both in the form of
metal oleates) led to a narrower size distribution of the final
NCs than those prepared in the sole presence of Ag* (Figures
S3 and $6). According to previous works, Zn>* ions are not
incorporated in the CsPbBr; NCs, although they can influence
their growth.””" Therefore, all analyses discussed in this work
(including those of Figure 1) were carried out only on the
samples prepared in the concomitant presence of Ag" and
Zn**, unless otherwise stated. We also carried out a series of
syntheses aimed at tuning the size of the AgBr core and
CsPbBry shell, by varying the amounts of Ag" and Zn*" ions
and the reaction temperature. They are discussed in more
detail in the experimental section and in the Supporting
Information (Figures S7—S9). These experiments were

https://doi.org/10.1021/jacs.5c07200
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Figure 2. Characterization of Ag@CsPbCl; and CsPbl; hollow cubes. (a, d) STEM-HAADF images and (b, e) corresponding FFT patterns, and (c,
f) STEM-EDX elemental maps of (a—c) Ag@CsPbCl; and (d—f) CsPbl; hollow cubes. Unlike for Cl~ exchange (c), no Ag signal is present after I~
exchange (f). (g) PL spectra and (h) XRD patterns of hollow Ag@CsPbCl; and CsPbl; nanocubes (reference marks: red—CsPbl; (ICSD number

69423), purple—CsPbCly (ICSD number 29072)).

unsuccessful in achieving a finer control over the geometric
parameters in the core@shell NCs.

Halide Exchange Reactions. The core@shell NCs were
then subjected to post-synthesis anion exchange with either
CI” or I". Previous studies have demonstrated the rapid anion
exchange occurring on CsPbX; (X = Cl, Br, I) NCs (5—20 nm
in size).”®*” In the current work, the Cl~ and I~ exchanges
were performed using a lead halide salt (PbCl, and Pbl,)
dissolved in a mixture of oleylamine and oleic acid as the halide
source (see details in the Experimental Section). CI~ exchange
on the NCs delivered hollow CsPbCl; cubes with an Ag-rich
domain that, according to STEM-HAADF and STEM-EDX
elemental mapping, was still localized in the cavity (Figure 2a—
¢, see also Figure S10). Based on ICP-OES analysis, most of
the Ag had been retained inside the particles: the Ag/Pb
atomic ratio was 0.07, to be compared to 0.1 of the starting
AgBr@CsPbBr; nanocubes (Table S2). The PL spectrum from
this sample displayed a characteristic CsPbCl; emission peak at
2.98 eV (Figure 2g), while the XRD pattern confirmed the
cubic CsPbCl; phase, with no indication of metallic Ag peaks,
which, again, would be challenging to detect due to the small
domain size and volume fraction (Figure 2h). Exchange with I~
on the other hand produced hollow CsPbl; cubes, with no Ag
domains in the cavities (Figures 2d—f and S11). Experiments
carried out to monitor the gradual Br™ to I” exchange on the
AgBr@CsPbBr; NCs revealed that the core was already
partially dissolved when a small amount of I~ was added (I/Br
= 0.2) and was completely dissolved at higher I~ loadings (I/
Br = 0.4) (Figure S12). STEM-HAADF imaging and
corresponding FFT analysis of the hollow cubes confirmed
the orthorhombic CsPbl, phase (Figure 2d,e). STEM-EDX
revealed complete I” exchange, with the signals from Cs, Pb,
and I uniformly distributed in the NCs, and no presence of Ag
(Figure 2f). ICP-OES analysis of the supernatant after the I~
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exchange reaction confirmed that all of Ag" ions originally
located in the NCs had been released into the solution (Table
S3). The PL spectrum of these hollow NCs (Figure 2¢g) had an
emission peak at 1.85 eV, consistent with the CsPbl; phase, as
also corroborated by XRD (Figure 2h). The sample had a
PLQY of 46%. Notably, in these NCs the hollow region had a
truncated cubic shape, different from the Ag@CsPbCl; hollow
cubes discussed above in which the hollow region was cubic
(Figure 2a, d).

From our experiments we conclude that the AgBr (or Ag)
cores in the starting core@shell NCs were completely
dissolved during the I” exchange reaction but were unaffected
by the CI™ exchange. To validate these findings, we synthesized
AgBr and Ag NCs and exposed them to either CI” or I” ions,
under the same reaction conditions of the halide exchange
reactions. Adding CI™ to a solution of AgBr NCs had no effect
on them, as the NCs preserved their starting AgBr phase
(Figure S13a—c). Similarly, adding CI™ to a solution of Ag
NCs had no major effect other than inducing their aggregation
(Figure S13d—f). Hence, the Cl™ ions neither facilitate Br™ to
CI” exchange in AgBr NCs nor dissolve the Ag NCs. Thus, the
only side reaction that could occur in the starting core@shell
NCs when treated with Cl™ ions was the (further) reduction of
photosensitive AgBr core region to metallic Ag during sample
handling under light. The same experiments performed by
adding I” ions to either AgBr or Ag NCs verified that such
addition completely dissolved them (Figure S14).

Previous studies have shown that I and Ag" form stable
silver iodide con1p1exes.28_3’0 Also, I" ions and molecular
iodine can dissolve metallic Au,>'™>* and few studies have also
reported the ability of I ions to dissolve metallic Ag.**~*® This
was rationalized by the chemisorption of I” ions on the surface
of the metal particles, which raises their Fermi level and
promotes the electron transfer from the metal particles to

https://doi.org/10.1021/jacs.5c07200
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Figure 3. Characterization of hollow CsPbBr; and CsPbCl; NC. (a) Sketch of Br™ and Cl~ exchange on CsPbl; NCs. (b, ¢, e, f) STEM-HAADF
images and (d, g) corresponding FFT images of (b—d) CsPbBr; and (e—g) CsPbCl, hollow NCs. (h) PL spectra and (i) XRD patterns of hollow

CsPbCl;, CsPbBr; and CsPbl; NCs.

scavenger species (such as O,) and the concomitant release of
Au/Ag metal ions in solution. In our case, it is evident that, as
soon as the I” ions diffusing in the NCs reach the Ag/AgBr
core, they trigger its dissolution. For metallic Ag, we
hypothesize that this occurs most likely through adsorption
of I” ions to the surface of the Ag particles, promoting transfer
of electrons from Ag to the surrounding environment (the
perovskite lattice in this case). These electrons will then find
their way out of the NCs and get scavenged. The release of
electrons causes the formation of Ag" ions, which can easily
diftuse through the perovskite lattice and from there they can
reach out to the solution phase. The halide perovskite lattice is
indeed known to be “permeable” to various ionic species. Ag"
ions, in particular, are capable of diffusing in halide perovskites
through interstitial sites.”’ "’ Finally, another aspect to
consider is that AgBr and AgCl have the same crystal
structures and are compatible with the CsPbBr; (or CsPbCl,)
lattice, while Agl has hexagonal crystal structure and is
therefore not compatible with the CsPbl; perovskite
lattice.*"** Hence, a hypothetical AgI@CsPbl; core@shell
structure would be unstable in any case.

The hollow CsPbl; NCs prepared in the previous step could
then be used as starting material to prepare hollow CsPbBr;
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and CsPbCl; NCs by halide exchange (Figure 3). These
reactions were done sequentially. First, a complete exchange
with Br~ yielded the sample for which STEM-HAADF images
are reported in Figure 3b—d and PL and XRD in Figure 3h,i
(green traces). On this sample, a quantitative exchange with
CI™ led to the sample which features are reported in Figure
e—g (STEM-HAADF) and in Figure 3hi (PL and XRD,
purple traces). Additional (S)TEM data for the two exchange
reactions are presented in Figures S15 and S16. We remark
that, while the cavity in the CsPbl; NCs preserved its
truncated cubic shape after Br™ exchange, it transformed back
to a cubic shape after CI” exchange, an aspect that is
supportive of a perovskite lattice being able to get partly
reorganized and that will require further investigation.
Photophysics of CsPbl;, CsPbBr; and CsPbCl; Hollow
Cubes. The PL spectra of CsPbl;, CsPbBr; and CsPbCly
hollow NCs (Figure 3h) displayed narrow PL peaks (fwhm ~
74—86 meV) at 1.85 eV, 2.37 eV and 2.99 eV consistent with
weakly confined particles.**~* The hollow CsPbBr; cubes, due
to their large size and poor dispersibility in solution, exhibited
a PL quantum yield (PLQY) of approximately 25%. However,
this value is significantly higher than that of the core@shell
AgBr@CsPbBr; cubes, which had a PLQY of only 2.5%,
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Figure 4. (a—c) PL dynamics of CsPbX; (X = I, Br, Cl from left to right) hollow NCs at low excitation fluence. Inset: PL dynamics of medium-
confinement, non-hollow CsPbX; (X = I, Br, Cl from left to right) NCs synthesized with standard routes. (d) PL lifetime for medium-confined
(diamonds) non-hollow NCs and for hollow NCs (crosses). (e—g) Transient absorption dynamics for CsPbX; (X = I, Br, ClI from left to right)
hollow NCs. Fluence is increasing from gray lines ((N) = 0.1 exc/NC) to colored lines ({(N)~S exc/NC). Inset: Extracted biexciton component.
(h) Biexciton lifetimes for non-hollow CsPbX; NCs of different sizes, adapted from refs.** (triangles)," (circles),” (diamonds),”! (square),>

(star) and for the hollow CsPbX; NCs of this study (crosses).

suggesting that the initial presence of AgBr or Ag in the cubes
substantially quenches the PL from CsPbBr;. The hollow
CsPbCl; cubes on the other hand had a very low PLQY
(<1%). Post-treatment of conventional CsPbBr; NCs with
specific Iigands, such as DDAB, can significantly enhance their
PLQY.**" Following this approach, we treated the hollow
CsPbBr; NCs with DDAB, resulting in PLQY values increase
from 25% to 60%.

The photophysics of the CsPbX; (X = Cl, Br, I) hollow NCs
was first investigated at vanishingly low excitation fluence
(<100 nJ/cm®) to ensure a single exciton photophysics. PL
decay dynamics (Figure 4a—c) was multiexponential, with an
initial fast portion followed by a long-lived tail commonly
ascribed to regenerated excitons from shallow traps.”® The
effective lifetime (extracted as the time at which the intensity
dropped by a factor ¢) of the initial portion was 7.4 = 310 ns,
47 and 1.5 ns for CsPbl;, CsPbBr; and CsPbCl; hollow NCs,
respectively. These decay times are longer than analogous
medium-confinement, non-hollow NCs synthesized with
standard routes (insets of Figure 4a—c,d), an observation
that appears to be consistent with enhanced s-p hybridization
in large cubes, which partially prohibits the optical transition.”*
Beyond the single exciton photophysics, the particle size also
influences the multiexciton dynamics, owing to volume scaling
of Auger recombination.” To investigate this, we performed
transient absorption (TA) measurements at increasing
excitation fluences. The TA dynamics of the 1S bleach of
the CsPbX; (X = Cl, Br, I) hollow NCs normalized to their
long-time tails are shown in Figure 4e—g at increasing
excitation fluence spanning average exciton occupancy (0.1
< N < 5).In all cases, increasing the fluence led to the gradual
intensification of the initial fast component indicative of
multiexcitons. By subtracting the N ~0.1 to the N ~1 trace, we
extracted the biexciton (XX) lifetime*® and obtained values of
7xx = 3.8 ns (CsPbly), 2.5 ns (CsPbBr;) and 0.36 ns
(CsPbCly), see Figure 4h. These results are in line with the
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previously reported XX lifetimes for large NCs.**™>* In all
cases, the measured 7xx values are consistent with the
corresponding trend with particle volume.>® Overall, the PL
decay dynamics and TA measurements suggest that the
photophysics of the hollow NCs is largely determined by
their size, with no apparent effect of the inner hollow core.

B CONCLUSIONS

In summary, we have developed a synthesis of AgBr@CsPbBr;
nanocubes by a one-pot approach that exploits the fast
nucleation of AgBr seeds followed by the epitaxial growth of a
CsPbBr; shell. Their subsequent reaction with I” ions
completely dissolved the AgBr/Ag core while transforming
the thick CsPbBrj; shell into CsPblj, thus providing access to a
new mechanism to prepare hollow metal halide nanostructures.
Then, by sequential exchange with Br~ and CI” ions, the
corresponding hollow CsPbBr; and CsPbCl; nanocubes could
be prepared. Photoluminescence decay dynamics and transient
absorption measurements of the hollow CsPbX; (X = Cl, Br, I)
nanocubes indicate that their photophysics is primarily
determined by size, with no discernible effect from the inner
cavity, likely due to the small volume fraction of the cavity in
these large particles. This work expands the morphological
diversity of perovskite nanocrystals that is accessible by
colloidal synthesis routes and provides a simple and effective
pathway for designing hollow perovskite nanocrystals for
potential optoelectronic applications.

B EXPERIMENTAL SECTION

Chemicals. Hexadecane (99%), oleic acid (OA, technical grade,
90%), cesium(I) carbonate (Cs,CO;, 98%), lead(II) acetate
trihydrate (Pb(OAc),-3H,0, 99.99%), silver acetate (AgOAc,
99.9%), silver nitrate (AgNOs, 99.9%), zinc(II) acetate (Zn(OAc),,
99%), sodium citrate dihydrate (Na;CsH;0,-2H,0, >99%), sodium
borohydride (NaBH,, 99%), toluene (anhydrous, 99.8%), oleylamine
(OLAm, 98%), 1-dodecanethiol (98%), ethanol (99.8%), methanol

https://doi.org/10.1021/jacs.5c07200
J. Am. Chem. Soc. 2025, 147, 23192-23201


https://pubs.acs.org/doi/10.1021/jacs.5c07200?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07200?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07200?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07200?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c07200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(99.8%), didodecyldimethylammonium bromide (DDAB, 98%) were
purchased from Sigma-Aldrich. Benzoyl bromide (98%), didodecyl-
methyl amine (DDMA, >85%) were purchased from Tokyo Chemical
Industry (TCI). All reagents were used as received without any
further experimental purification.

Synthesis of Core@Shell AgBr@CsPbBr; NCs. Synthesis of
Core@Shell AgBr@CsPbBr; cubes. 0.05 mmol of Cs,(CO,;), 0.1
mmol of Pb(OAc),-3H,0, 0.2 mmol of Ag(OAc), and 0.025 mmol of
Zn(OAc), were dissolved in a mixture of 1.5 mL (4.73 mmol) of oleic
acid and 6 mL of hexadecane in a flask. The resulting mixture was
pumped to vacuum at room temperature for 30 min and at 100 °C for
50 min. The mixture was subsequently placed under a nitrogen
atmosphere, and the temperature was raised to 125 °C for 10 min to
achieve a transparent solution. The solution was then cooled down to
100 °C and a benzoyl bromide solution (obtained by mixing S0 uL of
benzoyl bromide (0.42 mmol) in S00 L of hexadecane) was swiftly
injected, triggering nucleation and growth of the NCs. After 1 min of
reaction, a tertiary amine solution (obtained by mixing 100 uL
DDMA (0.2 mmol) dispersed in 900 uL hexadecane) was swiftly
injected, and the reaction was quenched within 10 s by rapidly cooling
it down to room temperature using an ice—water bath. The crude
solution was precipitated upon centrifugation at 6000 rpm for 10 min.
The precipitate was redispersed in 4 mL of anhydrous toluene. Then
the resulting dispersion was centrifugated at 2000 rpm for 5 min. The
supernatant was discarded, and the precipitate was redispersed in 4
mL of anhydrous toluene. The final solution was stored in a nitrogen
filled glovebox under dark conditions for further characterizations.

Attempts to Optimize Reaction Conditions. Different amounts of
Zn(OAc), (0.025, 0.05, and 0.1 mmol), different amounts of
Ag(OAc) (0.15, 0.2, 0.25, and 0.30 mmol), and different reaction
temperature (90, 100 and 110 °C) were tested, following the same
reaction protocol of core@shell AgBr@CsPbBr; cubes discussed
above. Increasing the Zn®* amount to 0.05 mmol delivered larger
nanocubes. Larger Zn>* amounts (0.1 mmol) resulted in even larger
particles, along with AgBr NCs (Figure S7). Amounts of Ag" ions
lower than the optimal value of 0.2 mmol (0.15 mmol) led to a
mixture of AgBr@CsPbBr; NCs and CsPbBr; “only” nanocubes.
Amount of Ag" ions over the optimal value of 0.2 mmol (0.25 mmol)
led to broad size distributions and aggregation effects (Figure S8a,b).
Even larger Ag" amounts led to mixtures of AgBr and other products
(PbBr, and CsNO;), with no CsPbBr; (and no PL, Figure S8c).
Working at lower reaction temperature (90 °C instead of 100 °C), to
slow down the growth rate of the NCs and hopefully get a thinner
CsPbBr; shell, were equally unsuccessful and led again to broad size
distributions (Figure S9). Higher temperature (110 °C) led instead to
inhomogeneous samples composed of a mixture of large (~100 nm)
cubes and much smaller NCs.

Synthesis of Halide (CI~, Br~, 1) Precursor Solutions for
Halide Exchange Reactions. The halide (Cl~, Br~, I") precursor
solutions were prepared by loading 0.5 mmol of lead halide (PbCl,,
PbBr, and Pbl,), 2.5 mL of OA, 2.5 mL of OLAm and 15 mL
hexadecane into a 40 mL vial and placing it into an aluminum block
on top of a hot plate. The mixture was pumped to vacuum at room
temperature for 30 min and at 100 °C for 30 min. Then the
temperature was increased to 150 °C until the lead halide salt was
dissolved (~15—20 min). The final mixture was cooled down to room
temperature and stored in a nitrogen filled glovebox.

Synthesis of Hollow CsPbX; (X = Cl, Br, 1) Cubes.

1 Synthesis of hollow CsPbl; cubes: 0.5 mL of a AgBr@CsPbBr;
suspension (15 mM in Br™) was dispersed in 2 mL of toluene,
then 0.5 mL of iodine precursor (S0 mM in I”) solution was
injected under vigorous stirring. After 60 min (complete anion
exchange was confirmed by monitoring the photolumines-
cence, which at the end of the reaction could be related to the
pure CsPbl; phase), the crude solution was precipitated upon
centrifugation at 6000 rpm for 10 min. The precipitate was
redispersed in 0.5 mL of toluene and stored in a nitrogen filled
glovebox under dark conditions for further characterizations.

2 Synthesis of hollow CsPbBr; cubes: 0.5 mL of a hollow CsPbl;
cubes suspension (15 mM in I7, the I” concentration was

estimated considering that it should be three times that of
Pb?*, the latter quantified by ICP-OES analysis) was dispersed
in 2 mL of toluene, then 0.5 mL of bromide precursors (S0
mM in Br™) solution was injected under vigorous stirring. After
60 min anion exchange reaction, the crude solution was
precipitated upon centrifugation at 6000 rpm for 10 min. The
precipitate was redispersed in 0.5 mL of anhydrous toluene
and stored in a nitrogen filled glovebox under dark conditions
for further characterizations.

3 Synthesis of hollow CsPbCl; cubes: 0.5 mL of a hollow
CsPbBr; cubes suspension (15 mM in Br™) was dispersed in 2
mL of toluene, then 0.5 mL of chloride precursors (50 mM in
Cl7) solution was injected under vigorous stirring. After 90
min anion exchange reaction, the crude solution was
precipitated upon centrifugation at 6000 rpm for 10 min.
The precipitate was redispersed in 0.5 mL of anhydrous
toluene and stored in a nitrogen filled glovebox under dark
conditions for further characterizations.

4 Synthesis of core@shell Ag@CsPbCl; cubes: 0.5 mL of a
AgBr@CsPbBr; suspension (15 mM in Br™) was dispersed in 2
mL of toluene, then 0.5 mL of chloride precursors (S0 M in
CI7) solution was injected under vigorous stirring. After 90
min anion exchange reaction, the crude solution was
precipitated upon centrifugation at 6000 rpm for 10 min.
The precipitate was redispersed in 0.5 mL of anhydrous
toluene and stored in a nitrogen filled glovebox under dark
conditions for further characterizations.

Synthesis of AgBr NCs and Their Reactions with I~ and CI".
AgBr NCs were synthesized following the procedure published by A.
E. Saunders et al.>® A stock solution was prepared by dissolving silver
nitrate (13.4 mg, 0.08 mmol) in 10 mL of toluene containing 170 mg
DDAB (0.37 mmol). Sonicating the precursor solution for 60 min
resulted in the complete dissolution of the silver nitrate. Next, 1 mL of
the stock solution (0.008 mmol AgNO,) was diluted with 1 mL of
toluene, then 19 uL of 1-dodecanethiol (0.08 mmol) and 1 mL of
methanol was added under vigorous stirring. The solution
immediately became turbid. After stirring for 30 s, 4 mL of acetone
was added and the crude solution was centrifuged upon precipitate
the NCs. The precipitate was redispersed in 2 mL of anhydrous
toluene and stored in a nitrogen filled glovebox in the dark for further
characterizations. I” and CI™ addition reactions were performed using
the same procedure as for the hollow perovskites. 0.5 mL of a AgBr
NCs suspension (~0.002 mmol) was diluted in 0.5 mL of toluene.
Then, 0.1 mL of I or CI” precursor solution (50 mM in I” or Cl7)
was injected under vigorous stirring. After a 30 min reaction, the
resulting solution was precipitated upon centrifugation at 6000 rpm
for 10 min. Finally, the precipitate was redispersed in 0.5 mL of
toluene and stored in a nitrogen filled glovebox in the dark for further
characterization.

Synthesis of Ag NCs and Their Reactions with I~ and CI~. Ag
NCs were synthesized according to an optimized procedure published
by R. C. Doty et al.*” An aqueous solution of NaBH, (0.3 mL, 10
mM) was added to a 10 mL solution containing AgNO; (0.5 mM)
and sodium citrate (0.5 mM) under rapid stirring. The reaction
mixture was stirred for 90 min, resulting in a dark color solution, and
was then left undisturbed overnight. The crude solution was
precipitated upon centrifugation at 12,000 rpm for 10 min. The
precipitate was redispersed in 1 mL of a mixed solvent (ethanol/Milli-
Q water = 1/1(v/v)) and stored in a nitrogen-filled glovebox for
further characterization. I” and ClI™ addition reactions were performed
using the same procedure as for the hollow perovskites. Specifically, a
0.3 mL of suspension of Ag NCs (~5 mM Ag) was centrifuged upon
12,000 rpm for 10 min, and the resulting precipitate was redispersed
in 1 mL of a mixed solvent (ethanol/toluene = 1/2 (v/v)). Then, 0.3
mL of I” or CI™ precursor solution (50 mM in I” or Cl~) was injected
under vigorous stirring. After 30 min reaction (the initially dark
solution turned colorless upon I addition and it remained dark with
CI™ addition), the crude solution was precipitated upon centrifugation
at 12,000 rpm for 20 min. Finally, the precipitate was redispersed in
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0.5 mL of a mixed solvent (ethanol/Milli-Q water = 1/1(v/v)) for
further characterization.

B CHARACTERIZATION

X-ray Diffraction (XRD). XRD analysis was performed on
a PANanalytical Empyrean X-ray diffractometer, equipped with
a 1.8 kW Cu Ka ceramic X-ray tube (4 = 1.5406 A) and a
PIXcel3D 2 X 2 area detector, operating at 45 kV and 40 mA.
Cubes solutions were concentrated in the vial through a flow of
nitrogen, then they were drop-cast on a zero-diffraction single
crystal silicon substrate. The XRD patterns were collected
under ambient conditions.

Transmission Electron Microscopy and Scanning
TEM. Bright-field TEM (BF-TEM) images with a large field
of view were acquired on a JEOL JEM-1400Plus microscope
with a thermionic gun (LaBy crystal) with an acceleration
voltage of 120 kV. Cubes solutions were diluted ten times in
anhydrous toluene and then drop-cast on copper TEM grids
with an ultrathin carbon film. High-resolution scanning
transmission electron microscopy (HRSTEM) images were
acquired on a probe-corrected Thermo Fisher Spectra 30—300
STEM operated at 300 kV. Images were acquired on a high-
angle annular dark field (HAADF) detector with a current of
30 pA. Compositional maps were acquired using Velox, with a
probe current of ~150 pA and rapid rastered scanning by
energy-dispersive X-ray (EDX) on a Dual-X system comprising
two detectors, on either side of the sample, for a total
acquisition angle of 1.76 Sr. STEM-HAADF tilt series were
acquired by tilting a single tilt tomography sample holder from
—70° to 65° with a step of 5° to minimize sample damage. The
3D volume was reconstructed using commercial software
(Inspect3D) using the SIRT algorithm.

Optical Measurements. The PL spectra of NCs were
measured on a Varian Cary Eclipse spectrophotometer (4., =
350 nm). The photoluminescence (PL) quantum yield (QY)
was measured using a FLS920 Edinburgh Instruments
spectrofluorimeter equipped with an integrating sphere. The
NC samples were dispersed in anhydrous toluene with an
optical density of 0.12 at 400 nm, which was the excitation
wavelength employed for PLQY measurements, to minimize
self-absorption. PL measurements at vanishingly low excitation
fluence were performed with a Horiba Triax 190 spectrometer,
exciting the samples with a laser (1, = 360 nm, 405 nm) and
collecting the emitted light with a CCD. Time-resolved PL
were carried out using a femtosecond amplified laser operated
at 20 kHz (see description below), tuned at 360 or 405 nm.
The emitted light was collected with a phototube coupled to a
Cornerstone 260 1/4 m VIS-NIR Monochromator (ORIEL)
and a time-correlated single-photon counting unit (time
resolution ~200 ps). Ultrafast transient absorption spectros-
copy measurements were performed on Ultrafast Systems’
Helios TA spectrometer. The laser source was a 10 W
Ytterbium amplified laser operated at 1.875 kHz producing
~260 fs pulses at 1030 nm and coupled with an independently
tunable optical parametric amplifier from the same supplier
that produced the excitation pulses at 360 nm, 400 or 500 nm.
After passing the pump beam through a synchronous chopper
phase-locked to the pulse train (0.938 kHz, blocking every
other pump pulse), the pump fluence on the sample was
modulated using a variable ND filter. The probe beam was a
white light supercontinuum.

Inductively Coupled Plasma (ICP) Characterization.
The ICP elemental analysis was carried out via inductively

coupled plasma optical emission spectroscopy (ICP-OES) with
an iCAP 6300 DUO ICP-OES spectrometer. The samples
were first dissolved in 1 mL of aqua regia (HCI/HNO; = 3/1
(v/v)) overnight and diluted with 9 mL of Milli-Q water for
measurements.
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