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Surface ligand engineering, seed introduction and external driving forces play major roles in controlling
the anisotropic growth of halide perovskites, which have been widely established in CsPbBrs nano-
materials. However, colloidal CsPblz nanocrystals (NCs) have been less studied due to their low formation
energy and low electronegativity. Here, by introducing different molar ratios of surface acids and amines
to limit the monomer concentration of lead—iodine octahedra during nucleation, we report dumbbell-
shaped CsPbls NCs obtained by the in situ self-assembly of nanospheres and nanorods with average sizes
of 89 nm and 325 nm, respectively, which showed a high photoluminescence quantum yield of 89%.
Structural and surface state analyses revealed that the strong binding of benzenesulfonic acid promoted
the formation of a Pb(SOz7),-rich surface of CsPbls assembly structures. Furthermore, the addition of
benzenesulfonic acid increases the supersaturation threshold and the solubility of Pbl, in a high-tempera-
ture reaction system, and controls effectively the lead—iodine octahedron monomer concentration in the
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second nucleation stage. As a result, the as-synthesized CsPbls-S,, NCs exhibited different assembly mor-
phologies and high PLQYs, among which the role of sulfonate groups can be further verified by UV
absorption and surface characteristics. The strategy provides a new frontier to rationally control the
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1. Introduction

Perovskite nanocrystals (NCs) can be self-assembled into more
complex nanostructures that derive unique properties from
their assembly structures (supercrystals, superlattices and so
on), such as large Stokes shift and ultra-fast radiation decay,
and corrective optical property, which make them promising
candidates for various applications in light emitting diodes,>
lasers,>* and so on.” However, despite successes achieved in
synthesizing these assembly structures,®’ the controlled self-
assembly of perovskite NCs is also mainly limited to cubes®’
or platelet shapes in their quantum confinement regimes.°
The construction of more complex assembly structures
remains challenging, especially for iodine-containing perovs-
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surface ligand-induced self-assembly structures of perovskites.

kite NCs. In addition, the fast nucleation process’ and
“highly dynamic surface” of these NCs are still the major
obstacles to overcome when exploring the assembly
mechanism."®* Hence, using the driving force to control the
shape evolution of perovskite NCs remains a more fundamen-
tal understanding to be established, offering more possibilities
for complex superstructure designs.

For understanding more the self-assembly processes as
related to the supporting chemistry and growth kinetics,
different assembly reports on perovskite NCs were investigated.
It was shown that the driving forces of inter-ligand or other
types of interaction induce perovskite NCs to be assembled
into ordered structures.”’>™” For instance, among these
“driving forces”, zwitterionic sulfobetaine,'® cations® and octyl-
phosphonic acid'® were all efficiently used to obtain basic
cubic superstructures by inter-ligand interactions or by short-
ening the spacing between NCs. Unlike the aforementioned
functional ligands, didodecyldimethylammonium sulfide,®
a-haloketones,® and functional poly(ethylene glycols)*' as
capping ligands stabilized NCs with low-dimensional shapes,
and helped to regulate the assembly architectures of these
NCs. Another study of note was the proposal of a seed-
mediated method to synthesize CsPbX; NCs with complex
structures. An overgrowth of CsPbBr; NCs could be obtained
with the transformation process of Cs,PbBre.>* In addition,
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intermediates consisting of CsPb,Brs and Cs;In,Brg as precur-
sor reservoirs gradually released monomers, which could
ensure both the slow growth rate and low defect content of
CsPbBr; nanorods.>® Recently, we proposed a two-step nuclea-
tion strategy to inhibit rapid nucleation and growth processes
in which the complete coordination of oleic acid and 4-dode-
cylbenzenesulfonic acid (4-DBSA) promoted the evolution of
CsPbBr; from stacked to tongue-shaped nanoplatelets.>* Based
on the above considerations, controlling the growth kinetics
does help in constructing new shapes of perovskite NCs.
However, the question remains of how to utilize surface ligand
engineering to control the monomer concentration in the
nucleation process. Optimizing the new shapes of CsPbI; NCs
and constructing more complex assembly structures may shed
new light on meeting the needs of optical applications.

Here, we have utilized the second nucleation stage to
control the monomer concentration when growing lead-iodine
octahedra to realize the in situ self-assembly of dumbbell-
shaped CsPbI; NCs. The assembled structures synthesized
deliver an absolute QY of 89% and good crystallinity.
Meanwhile, it can be found that the strong binding between
the benzenesulfonate ions and the surface lead cations can
lead to the formation of a Pb(SO;™),-rich surface, which is con-
firmed by surface chemical characterization studies.
Furthermore, different lead-iodine octahedron monomer con-
centrations in the nucleation stages can be achieved by chan-
ging the molar ratio of 4-DBSA and OAm, and then CsPbl;-S,
NCs shaped into nanorods, four-leaf clovers and assembled
nanospheres can be successfully prepared, and the role of ben-
zenesulfonate ions further verified by UV absorption and
Fourier transform infrared spectroscopy (FTIR). Also, dumb-
bell-shaped CsPbl; NCs have a high PLQY after repeated
dilutions, which is due to the Pb(SO;™),-rich surface.

2. Results and discussion

CsPbl; NCs were prepared using our previously reported
method.?* Specifically, the lead iodide precursor was dissolved
with the assistance of surface capping ligands and then
injected into preheated cesium oleate to obtain a bright red
CsPbl; mixture (details are provided in the ESIf). Schematic
representations of the process are shown in Fig. 1a and b.
Considering that surface ligands easily attain a highly
dynamic bonding state at a high temperature, excess ligands
are introduced into the precursors to promote the dissolution
equilibrium of lead iodide, although more ligands will lead to
a large consumption of lead iodide, resulting in the formation
of a partial CssPbls phase.”®?” Cs,Pbls NCs were prepared
using more OA and OAm compared with the traditional syn-
thesis approach for CsPbX; NCs, as described in the ESL.¥ The
transmission electron microscopy (TEM) image in Fig. 1c indi-
cates the formation of nearly monodispersed hexagonal
Cs4Pbls NCs, and Fig. S11 shows that hexagonal Cs,Pbls NCs
with no photoluminescence exhibit an obvious characteristic
absorption peak at 368 nm. Based on this synthesis, excess OA
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Fig. 1 Construction process and optical properties of the complex self-
assembled structures of CsPbls NCs at high temperature. Schematic
representations of the synthesis of CsPbls; NCs using (a) one-step
nucleation and (b) two-step nucleation strategies. (c)—(e) TEM images
and (f) XRD patterns of Cs4Pblg NCs, OA-CsPbls and dumbbell-shaped
CsPblz NCs, and (g) PL data of OA-CsPbls; and dumbbell-shaped CsPblz
NCs.

was added to the precursors to promote the phase transform-
ation from Cs,PbXs to CsPbX; NCs.?®?° Then, cubic CsPbl,
NCs (OA-CsPbl;) with uneven shapes were prepared (Fig. 1d).
The continuous addition of OA completely transforms Cs,Pblg
into pure CsPbl; NCs (Fig. S2t). Fig. S3t1 shows that the
stretching vibration peak of 1710 cm™" belongs to the free OA.
With an increase of OA content, the stretching vibration peak
of 1710 em™
more OA results in it being adsorbed on the surfaces of NCs in
the form of free groups, which tend to agglomerate and reduce
the OY and stability of perovskite NCs in a long-term storage
process, which is not conducive to an ordered self-assembly.

was enhanced, indicating that the addition of

Therefore, we used a two-step nucleation method to effectively
separate the ligands with different coordination abilities, that
is, the excess OA on the surface of OA-CsPbl; NCs was replaced
with an equal molar quantity of 4-DBSA ligands during the
first step of precursor dissolution, and the remaining OA was
added subsequently to maintain the dissolution equilibrium,
as shown in Fig. 1b. As a result, dumbbell-shaped CsPbI; NCs
with a homogeneous morphology were obtained (Fig. 1e). The
crystal structures of the as-synthesized NCs were further
characterized by powder X-ray diffraction (XRD). Fig. 1f shows
that OA-CsPbl; NCs still retain the diffraction peak at 11.8° of
the Cs,Pbl, phase (green star), while the only two diffraction
peaks of dumbbell-shaped CsPbI; NCs at 14.1° and 28.6°
belong to the (100) and (200) facets of cubic phase CsPbl;
NCs, which coincided with the TEM images. It also shows that
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the introduction of benzenesulfonic acid is more beneficial in
promoting the phase transition from Cs,Pbls to CsPbl; NCs,
and inducing complex assembly structures. Interestingly,
Fig. 1g and S11 show that the photoluminescence (PL) peak of
dumbbell-shaped CsPbl; modified by 4-DBSA located at
680 nm with a full width at half-maximum (FWHM) of 32 nm
is blue-shifted 7 nm, and it has a good luminescence com-
pared with OA-CsPbl; NCs with a peak of 687 nm under con-
ditions of the same concentration. This could be related to the
strong quantum confinement effects due to the adsorption of
-SO;™ and -NH, head group-containing ligands, as previously
shown for perovskite NCs.”"*° In addition, they are diluted to
a certain concentration, and the PLQYs measured with an inte-
grating sphere were 59 + 5% and 89 + 5%, respectively.

Based on the above point of view, we further studied the
crystal structures of dumbbell-shaped CsPbI; NCs and their
surface states, which were used to figure out the growth
driving force of the structural assembly. Fig. 2a shows that
monodisperse and uniformly arranged dumbbell-shaped NCs
were prepared by a two-step nucleation method. Interestingly,
it is found that the dumbbell-shaped NCs are formed by the
self-assembly of nanospheres and nanorods, with average sizes
of 89 nm and 325 nm, respectively (Fig. S41). After the magnifi-
cation of dumbbell-shaped NCs, the nanospheres were seen to
be assembled from many nanoplates (Fig. 2b). In order to
confirm the crystal phase of dumbbell-shaped NCs, high-
resolution TEM (HRTEM) images of the as-prepared dumbbell-
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shaped NCs were studied (Fig. 2c). We observed a detailed crys-
tallographic structure in which adjacent dumbbell-shaped NCs
have the same lattice spacing of 0.63 nm, even at the interface
between nanospheres and nanorods, which confirms the exist-
ence of lattice matching during the self-assembly process. The
lattice spacing of 0.63 nm can be indexed to the (100) plane of
the a-phase cubic CsPbl; NCs, which further proves the for-
mation of dumbbell-shaped CsPbl; NCs (Fig. 1e and f).*
Based on the cubic CsPbl; crystal structure, the driving force
of the assembly structure of the as-prepared NCs was dis-
cussed. X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared (FTIR) spectroscopy measurements were
performed to investigate the surface properties.

Fig. 2d shows the binding energies of the surface Pb atoms
in the two types of NCs. For OA-CsPbl; NCs, the Pb 4f core-
level signal can be fitted to Pb 4f;,, and Pb 4f;, at 143.3 eV
and 138.45 eV, respectively. A shift of 0.7 eV is observed for
dumbbell-shaped CsPbl; NCs. The shift can be ascribed to the
fact that the binding of more benzenesulfonate ions to Pb
atoms led to the formation of a Pb(SO;7),rich surface for
dumbbell-shaped CsPbl; NCs. Moreover, the analysis of the
Pb/I ratio of the two samples can be used to support the XPS
results, where the atomic ratio of Pb:I (1.4:3.75) is signifi-
cantly lower than that of Pb:I (4:3.2) for the dumbbell-
shaped CsPbI; NCs. Preliminary results further confirm the
existence of a Pb(SO;3;7),rich surface for dumbbell-shaped
CsPbl;, which explains the high PLQY (89%). In comparison,
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Fig. 2 Crystal structure of dumbbell-shaped CsPbl; and validation of the Pb(SO37),-rich surface. (a) TEM image, (b) enlarged TEM image and (c)
HRTEM images of dumbbell-shaped CsPblz NCs. (d) Pb 4f and (e) S 2p XPS spectra, and (f) FTIR spectra of OA-CsPblz and dumbbell-shaped CsPbl;

NCs.
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OA-CsPbI; NCs have a weaker binding environment, which is
well consistent with the variation of the Pb binding energy. In
addition, the existence of sulfonate groups and the binding
motif of Pb-O were evident from the S 2p and O 1s XPS results
(Fig. 2e and S57) and the typical vibration modes of sulfonate
groups.

Fig. 2f shows the FTIR results of the two CsPbl; NC
samples. The wide stretching vibration peak at ~1555 cm™*
can be assigned to the overlap of the carboxylate (R-COO™)
asymmetric stretching vibration and symmetric NH** defor-
mation.”* Obviously, partial oleylammonium ions were
absorbed on the NC surface. In addition, the symmetric
stretching vibration peak at 1411 cm™' also belongs to
R-COO™. The wavenumber difference between the two peaks
was in the range of 100-150 cm™", indicating a bridging or
tilted coordination.*® Therefore, compared with the absorption
peaks of Cs,Pblg NCs at 1561 cm™" and 1545 cm™, the two
CsPbI; NC samples only show a wide infrared vibration peak at
~1555 cm™', and its intensity decreased significantly
(Fig. S6t), which is due to the loss of oleylammonium carboxy-
late.>® Compared with OA-CsPbl; NCs, the characteristic
absorption peaks at 1125 cm™", 1034 cm™', and 1003 cm™" of
dumbbell-shaped CsPbI; NCs are assigned to the stretching
vibration of S=O, while the symmetrical absorption peaks at
1210 ecm ™' and 1179 em™" belong to the stretching vibration of
S-O and have an obvious red-shift compared with free 4-DBSA
(Fig. S77). It is indicative that the strong binding between the
sulfonate group and the lead atom passivates the surface
defects of the lead-iodine octahedron and promotes the for-
mation of a Pb(SO;7),rich surface. Therefore, we speculate
that the growth driving force of the self-assembly of complex
structures can be provided by the monomer concentration of
lead-iodine octahedra in the second nucleation stage with the
assistance of the Pb(SO;™),-rich surface.

In order to investigate the self-assembly process of dumb-
bell-shaped CsPbl; NCs, we used a two-step nucleation strategy
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to explore the growth process of CsPbI; NCs by changing the
molar ratio of 4-DBSA to OAm. As previously reported, the two-
step nucleation strategy was proposed to prepare highly
ordered CsPbBr; nanoplatelets (NPLs).>* For the CsPbl,
system, the bond energy of Pb-I is weaker than that of Pb-Br,
and the instability of its structure will make it more difficult to
maintain the dissolution equilibrium of the Pbl, precursor at
a high temperature and this eventually precipitates some lead
iodide. In addition, the formation energy of the iodide perovs-
kite is relatively low, which makes it easier to promote phase
transformation.>® Therefore, by controlling the molar ratio of
4-DBSA to OAm in the precursor, an appropriate remaining
monomer concentration during the nucleation stage can be
provided to obtain more interesting morphologies and assem-
bly structures for CsPbI; NCs.>®

As schematically shown in Scheme 1, we explore the role of
surface-passivated ligands for the in situ self-assembly of
CsPbl; NCs by controlling the molar ratio of 4-DBSA and OAm.
When the molar ratio of 4-DBSA and OAm is 2.6, the monomer
concentration of large numbers of small nuclei (B1) remaining
in the precursor mainly produces dendritic CsPbl; assembly
structures (CsPbl;-S;) with a size distribution of 18.2 nm
(Fig. 3a and S8at), and these are made up of very small nano-
wires. Surprisingly, the monomer concentration of large nuclei
(A1) gradually increases with a decrease of its molar ratio
during nucleation, but the monomer concentration of B1 is
much greater than that of A1, which promotes the formation
of nanosphere CsPbl; assembly structures (CsPbl;-S,) with a
size distribution of 36 nm (Fig. 3b and S8bt). These obser-
vations also indicate that many small nuclei in the second-step
nucleation stage are helpful in the formation of the assembled
structures. From the TEM data and particle size distributions,
the as-synthesized assembly structures evolve from many small
NPLs. In contrast, when the molar ratio of 4-DBSA and OAm is
0.79, the increase of the monomer concentration of B1 is
exactly equal to the decrease of the A1 monomer concen-
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Scheme 1 Nucleation and growth process diagrams of diverse assembly morphologies. When the 4-DBSA : OAm molar ratio is greater than 0.79,
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Fig. 3 The crystal structure and optical performance of diverse assem-
bly structures. (a)—(d) TEM images, (e) XRD patterns and (f) lumine-
scence photographs (365 nm UV light) and corresponding PL spectra of
CsPblz-S,, NCs by adjusting the molar ratio of 4-DBSA and OAm.

tration; four-leaf clover-like NCs (CsPbl;-S;) with a size distri-
bution of 31 nm were prepared (Fig. 3c and S8ct), and these
symmetrical assembly structures are composed of large and
thick NPLs. Notably, when the molar ratio of 4-DBSA and OAm
is less than 0.79, many nuclei can be formed in the precursor
solution at 160 °C, which can continue to grow after heating
(A2), thus reducing the monomer concentration of the remain-
ing small nuclei in the system (B2). NPL-like structures
(CsPblI3-S,) with a size distribution of 30 nm were prepared
(Fig. 3d and S8d+t). Now, more and more growing nuclei play a
dominant role in the self-assembly system. Hence, the pro-
duction of dumbbell-like CsPbl; NCs (CsPbl;-Ss) is mainly
caused by the re-growth of many growing nuclei and small
nuclei. Finally, with only a monomer concentration of A2 in
the second-step nucleation, CsPbl; nanorods (CsPbls-Ss) with
an uneven size distribution of 61 nm and some small particles
left at the head of the nanorods were prepared (Fig. S97).
Therefore, 4-DBSA increases the concentration of growing
nuclei in the second-step nucleation stage, and promotes the
formation of more Pb-I octahedra, with the size of nuclei
determining the size of the assembly unit, forming assembled
CsPbl;-S¢ NCs of different sizes. In addition, when CsPbI;-S,,
NCs were diluted to a certain concentration, the PLQY as

This journal is © The Royal Society of Chemistry 2023
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measured by the integrating sphere increases gradually
(Fig. S10%), which can be attributed to the formation of more
Pb-I octahedra. XRD patterns of these assembled structures
were recorded. Fig. 3e and Sllat show that the diffraction
peaks of CsPbl;-S, (n =1, 2, ..., 4) and CsPbI;-Se at 26 = 14.76°
and 28.76° are consistent with the cubic CsPbl; phase, indicat-
ing that they have good growth orientation at the (100) and
(200) facets and the same crystal phase. Upon further charac-
terization studies, the bright red CsPbI; NCs show a sharp PL
emission peak at 680 nm with an FWHM of ~32 nm (Fig. 3f
and S11bt). Although CsPbl;-S, NCs have different assembly
structures, the nature of the spectra in their cases remained
identical.

To further confirm the effect of 4-DBSA ligands on the
assembly structure of CsPbI; NCs, we also attempted to syn-
thesize assembled CsPbl; NCs by adding 4-DBSA ligands
during the second nucleation stage, resulting in cubic CsPbl;
NCs with an uneven size distribution, as shown in Fig. S12a.f
In addition, only adding 4-DBSA in the first nucleation leads
to the formation of mixed morphologies, such as nanowires,
nanorods, and nanodots (Fig. S12b¥). Based on the above ana-
lysis, we found that it is difficult to form the CsPbl; assembly
structure without growing nuclei in the second nucleation
stage. Therefore, the monomer concentration of Pb-I octahe-
dra in the second nucleation stage determines the diverse
assembly morphologies of CsPbl; NCs.

This is clear evidence that 4-DBSA promotes the production
of a lead-iodine octahedron and also strongly combines with
surface lead ions to form a Pb(SO;™),-rich surface, as shown in
Fig. 4. As previously reported, the calculated absorption value
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Fig. 4 Verification of the role of benzenesulfonate ions. Absorption
spectra of (a) the second nucleation precursor solutions containing Pblg
octahedra and (b) CsPbls-S, NC solutions containing Pbls(SOz)s*". (c)
FTIR spectra of CsPblz-S,, NCs by controlling the molar ratio of 4-DBSA
and OAm; and (d) PLQY variation and luminescence photographs
(365 nm UV light) of OA-CsPbls NCs and dumbbell-shaped CsPbls NCs
after gradual dilutions.
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(355 nm) of Pbls®" was obtained. Fig. 4a shows that the
obvious absorption peak at 362 nm is attributed to the Pblg*~
octahedron in the second nucleation stage. We also found that
the concentration of the Pbls*~ octahedron increased with a
decrease of the molar ratio of 4-DBSA and OAm, which may be
due to more and more growing nuclei leading to the formation
of more PbIs'~ octahedra. Meanwhile, the results coincide
with the growth mechanism of the assembled CsPbl;-S, as
proposed in Scheme 1.

To illustrate this point of view, UV-vis absorption spectra
and FTIR spectra of CsPbl;-S, were recorded, as shown in
Fig. 4b and c. Fig. 4b shows that CsPbl;-S, has two obvious
absorption peaks: one is the excitonic absorption peak at
672 nm, and the other peak is at 315-337 nm. The changes in
UV-vis spectra of CsPbl;-S,, may be attributed to the formation
of an intermediate PbI(OA or 4-DBSA),_, system.”’
Specifically, the absorption peak of CsPbl;-S, at 315 nm is red-
shifted to 337 nm and gradually weakens as the ratio of
4-DBSA to OAm decreases. This may be due to the strong
binding between more of the 4-DBSA and lead ions to form
PbI,(SO37)s_x for CsPblIs-S,, which can be explained by the pre-
viously reported characteristics of sulfonates in a perfect per-
ovskite lattice similar to those of natural bromine ions.>* In
contrast, Fig. 4c shows that the characteristic adsorption peaks
of CsPbl;-S, in the range of 1000-1300 cm™" and 1710 cm™"
vary with the molar ratio of 4-DBSA and OAm, which are attrib-
uted to the benzenesulfonate group and free carboxylic acid
group, respectively. In addition, the asymmetric and sym-
metric stretching peaks at 1550 cm™" and 1411 cm™" are also
attributed to the carboxylic acid group. The weak infrared
vibration peaks of the carboxylic acid group remained
unchanged with a decrease of the molar ratio of 4-DBSA and
OAm, indicating that the binding types of the carboxylic acid
group as a passivator agent remained unchanged on the per-
ovskite surface. Therefore, the different characteristic adsorp-
tion peaks were further studied. With a decrease of the molar
ratio of 4-DBSA and OAm, the intensity of the two infrared
vibrational peaks is enhanced gradually. This implies that the
benzenesulfonate ions replace some of the carboxylate ions
and adhere to the surfaces of CsPbl; NCs, which in turn leads
to an increase in the number of free carboxylate ions on the
surface. This also confirms that more benzenesulfonate ions
combine with surfaces of CsPbl; NCs, which coincides with a
Pb(SO;7),-rich surface. Fig. 4d shows that a simple dilution
experiment provided an intuitive and controllable way to study
the binding strength between surface ligands and CsPbI; NCs.
The dependence of the PLQY dilution concentration on
halogen vacancy defects has been demonstrated before.*®3°
Then, taking CsPbl;-S; (dumbbell-shaped CsPbl;) as an
example, in our system, we mainly analysed the PLQY changes
of OA-CsPbl; and dumbbell-shaped CsPbl; NCs before and
after dilution. We found that the PLQY decreases from 59 +
5% to 29 + 5% after excess OA dilution on the surfaces of
OA-CsPblI; NCs (Fig. S131) and the crimson solution gradually
changes to light rose red, while the PLQY and bright red
luminescence of dumbbell-shaped CsPbl; NCs remain basi-
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cally unchanged. Therefore, the dilution process accelerates
the desorption of weakly bound surface ligands, such as oley-
lammonium-halide ligand pairs, while 4-DBSA ligands
remained bound to the surfaces of dumbbell-shaped CsPbl;
NCs.*>*! As a result, the dumbbell-shaped CsPbl; NCs main-
tained a high PLQY of 83 + 5% after gradual dilutions, which
is consistent with the strong surface binding of dumbbell-
shaped CsPbl; NCs. In addition, the phase stabilities of
OA-CsPbl; and dumbbell-shaped CsPbl; were also investigated
under atmospheric pressure at room temperature of 25 °C with
a humidity of 75%. Fig. S14t1 shows that the dumbbell-shaped
CsPbl; NCs can maintain its cubic phase and strong fluo-
rescence under 365 nm UV light after one week, while the
OA-CsPbl; NCs transfer from the fluorescent cubic phase to
the non-fluorescent orthorhombic phase in two days. Further
work should focus on improving the phase stability prior to
application in photoelectric devices.

3. Conclusion

In summary, we have provided deep insight into the second
nucleation processes involving the in situ self-assembly of per-
ovskite CsPbl; NCs. A facile two-step nucleation method was
employed to prepare high-quality dumbbell-shaped CsPbl;
NCs with a high PLQY and good crystallinity by controlling the
monomer concentration of lead-iodine octahedra under high-
temperature conditions. In differing from OA-CsPbl; NCs, the
strong binding between benzenesulfonate anions and lead
atoms induces the formation of a Pb(SO;7),rich surface on
dumbbell-shaped CsPbI; NCs, which is further confirmed by
XPS and FTIR data. Furthermore, the as-synthesized CsPbl;-S,,
NCs with the same crystal phase and luminescence properties
exhibit different assembly morphologies by controlling the
molar ratio of 4-DBSA and OAm in the nucleation process.
This indicates that the self-assembly of CsPbl; NCs is related
to the concentration of lead-iodine octahedra during nuclea-
tion, which is confirmed by adsorption data and FTIR spectra.
The dumbbell-shaped CsPbl; NCs have a high PLQY and solu-
tion stability after repeated dilutions due to their Pb(SO;7),-
rich surfaces. Based on this work, we believe that these diverse
assembly structures can provide new ideas for assembly
mechanisms and optoelectronic applications of perovskite
NCs.

4. Experimental section
4.1. Synthesis of OA-CsPbI; NCs

PbI, (0.54 mmol, 0.1242 g), ODE (7.5 mL), OAm (1.5 mL), and
OA (2.36 mmol) were loaded into a 100 mL 3-neck flask and
degassed for half an hour at 120 °C under an Ar flow. The
temperature was increased to 160 °C under an Ar atmosphere.
The preheated Cs-oleate solution (0.75 mL, 0.033 mmol) was
swiftly injected into the transparent precursor solution. After 5
seconds, the reaction mixture was cooled down in an ice bath.
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4.2. Synthesis of dumbbell-shaped CsPbl; NCs (CsPbl;-S5
NCs)

PbI, (0.54 mmol, 0.1242 g), ODE (7.5 mL), and a 0.66 molar
ratio of 4-DBSA to OAm (2.37 mol : 3.6 mol) were loaded into a
100 mL 3-neck flask and degassed for half an hour at 120 °C
under an Ar flow. The temperature was increased to 160 °C
and OA (1.5 mL) was injected into the 3-neck flask, which was
then heated up to 180 °C under an Ar atmosphere. With the
temperature maintained at 180 °C, OAm (0.91 mol) was added
into the reaction solution. The preheated Cs-oleate solution
(0.75 mL, 0.033 mmol) was then injected into the transparent
precursor solution swiftly. After 5 seconds, the reaction
mixture was cooled down in an ice bath.

4.3. Purification of CsPbI; NCs

Ethyl acetate was added into the crude solution at a volume
ratio of 1:3 and the mixture was centrifuged for 1 min at 9000
rpm. The precipitate was dispersed in 1.5 mL of hexane to
obtain a clear solution.
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