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This work clarified the effects of self-assembly of perovskite cesium lead bromide (CsPbBrs) nanocubes
(NCs) covered with didodecyldimethyl ammonium bromide (DDAB) on photoluminescence (PL)
properties. Although the PL intensity of isolated NCs was weakened in the solid state even under inert

conditions, the quantum yield of PL (PLQY) and the photostability of DDAB-covered NCs were drastically
Received 7th November 2022 i d by the formation of two-dimensional (2D) ordered bstrate. The PLQY of the 2D
Accepted 31st March 2023 improved by the formation of two-dimensiona ordered arrays on a substrate. The of the

arrays increased to ca. 60% by initial excitation illumination at 468 nm and was maintained for over

DOI: 10.1039/d2na00784c 4000 h. The improved PL properties are attributable to the fixation of the surface ligand around the NCs
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Introduction

Perovskite CsPbX; (X: Cl, Br, and I) nanoparticles attract much
attention as fluorescent materials due to their excellent photo-
luminescence (PL) characteristics, such as tunable wavelength,
narrow peak width, high absolute quantum yields of PL
(PLQYs), and short lifetimes."™ However, the PL stability of
CsPbX; against light illumination, heating, humidity, and polar
solvents should be improved for practical applications.*™®
Nanocubes (NCs) of CsPbX; are usually synthesized by the hot-
injection method." Oleic acid (OA) and oleylamine (OLA) are
used as surface ligands that cover the nanograins in liquid
media. The PL performance of CsPbX; NCs is degraded with
desorption of surface ligands.*" The stabilization of CsPbX;
NCs was reported by core/shell structuring,'*® hybridization
with polymers,'#** cation exchange,'"” and surface passiv-
ation."®*® The original surface ligands were replaced by dido-
decyldimethyl ammonium bromide (DDAB), which binds
tightly to the ionic surface of CsPbX; for the stabilization of
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PL.>** However, the effective photostability of CsPbX; NCs has
not been achieved in solid states under several days of excita-
tion illumination. In general, the PL stability of phosphors is
extremely important for practical use, and it is essential to study
the degradation behavior of phosphors under long-term light
irradiation. However, there are no studies regarding the
degradation behavior of CsPbBr; under light irradiation for
several thousand hours. For example, the PL intensity of
CsPbBr; with DDAB ligand exchange in resin was reported to
decrease to 70% of the initial value after blue light irradiation
for 50 h.** In this study, we demonstrated the stable PL
performance of CsPbBr; under long-term light irradiation of
more than 4000 h.

The self-assembly of rectangular nanoblocks, such as NCs
and nanocuboids, has been regarded as a fascinating bottom-
up approach because single-crystal-like superstructures called
mesocrystals are easily obtained by the oriented aggregation of
specific crystal faces.>* A wide variety of ordered superstruc-
tures are fabricated from various kinds of NCs.**?**?” Specific
electrical, electrochemical, photonic, and mechanical proper-
ties were found to originate from the ordered structures.***!
Thus, nanometer-scale brickwork using NCs is regarded as
a fundamental technique for fabricating elaborate micro- and
nanostructures for exploring novel functions. In our previous
work, the controlled fabrication of two-dimensional (2D) and
three-dimensional (3D) arrangements of NCs and nanocuboids
was demonstrated using evaporation-driven self-assembly.?>3*
Binary arrangements of 2D arrays are attracting attention for
the enhancement of specific functions, including magnetic
properties originating from large areas of heterogeneous junc-
tions.*” Since perovskite nanoparticles commonly have a cubic
shape, the ordered arrays of CsPbX; NCs are easily produced
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through self-assembly processes. PL properties were reported to
be influenced by the 3D assembly of CsPbBr; NCs.***' However,
the influence of the ordered assembly on CsPbBr; NCs has not
been studied sufficiently with regard to the PLQY and its
stability.

In this paper, we clarified the effect of various assembled
structures of CsPbBr; NCs covered with DDAB on PL properties.
We successfully produced 2D ordered arrays of NCs on a silica
glass substrate using several kinds of evaporation-driven
assembly processes. The PL properties of NCs in 2D lattices
were investigated by comparing them with isolated NCs. Here,
the PLQY and photostability of CsPbBr; NCs were found to be
strongly influenced by the ordered assembly on a substrate. The
PL properties of CsPbBr; NCs are discussed based on the ligand
stability in the ordered arrays. The PLQY is also important for
the performance of a light emitting diode (LED).>**> Our find-
ings in the present work are important for practical applications
and the development of perovskite phosphors.

Experimental procedures
Preparation of CsPbBr; NCs and ligand exchange

Perovskite NCs were prepared according to a previous article.*
As starting materials, we used Cs,COj; (99.99%, Mitsuwa Pure
Chemical) and PbBr, (99%, Mitsuwa Pure Chemical) without
further purification. A mixture of 1-octadecene (40.0 cm®) and
OA (2.5 cm®) containing Cs,CO; (2.50 mmol) was vacuum-dried
for 1 h at 120 °C and then heated to 150 °C under Ar until the
powder was completely dissolved. The precursor solution was
preheated at 100 °C before injection. A mixture of 1-octadecene
(5.0 cm®) and PbBr, (0.188 mmol) was vacuum-dried for 1 h at
120 °C and then purged with Ar. OLA (0.50 cm®) and OA (0.50
cm?) were added to the mixture, which was then heated to 165 ©
C. We injected a preheated Cs precursor rapidly into the
mixture. The resultant solution was then cooled in an ice-water
bath. Solid powder was aggregated by adding tert-butyl alcohol
(25.0 cm®) and collected by centrifugation. The resultant
powders were redispersed in toluene.

The ligand exchange was performed according to a previous
article.?* We added OA (0.10 cm?) and 0.05 M DDAB (0.20 cm?)
to a CsPbBr; NC dispersion (1.0 cm®) with a concentration of
1.87 g dm>. Solid powder was aggregated by adding ethyl
acetate (1.0 cm®) and collected by centrifugation. The ligand-
exchanged CsPbBr; NCs were redispersed in toluene.

Preparation of various CsPbBr; NC arrays

DDAB-covered CsPbBr; NCs were dispersed in an organic
medium (toluene: hexane = 1:1 (v/v)). Highly ordered nano-
cube layers were formed through evaporation-driven self-
assembly on a silicon substrate.***** We washed silica glass
substrates (7 x 16 mm) with acetone by ultrasonication for
30 min and then placed them into a 0.5 cm® organic medium
containing CsPbBr; NCs in a glass vial (Fig. S1a in the ESI{). The
dispersion spread on the glass substrate after immersion. The
nanocube assemblies were then deposited on the substrate by
the evaporation of the liquid medium (Fig. S1a in the ESI{). For
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the formation of ordered monolayers, the particle concentra-
tion was adjusted to 12.7 x 10~ " g dm™>. Monolayers of NCs
were also prepared by a conventional spin-coating method
(Fig. S1b in the ESIf). Isolated NCs were deposited on a collo-
dion film that was placed on a silica glass substrate through the
evaporation of the liquid medium after casting a drop of the
dispersion (Fig. Sic in the ESI{).

Blue LED irradiation of the NC arrays

Irradiation was performed according to a previous study.** The
NCs on the substrate were covered with a silica glass plate with
ultraviolet (UV) curing resin (Bondic BD-SKE]) to prevent
degradation due to water and oxygen in the atmosphere (Fig. S2
in the ESIT). The NC films were irradiated using a flat-panel blue
LED (Nissin Electronics TE-4556). A typical procedure for the PL
measurement is described in Fig. S2 in the ESI.f The lumines-
cence wavelength and irradiance were 468 nm and 48.5 W m ™2,
respectively. The irradiated sample was stored in the dark. A
distinct increase in temperature was not observed after LED
irradiation for 24 h.

Characterization

The UV-visible absorption spectra of the dispersion and film
samples were measured using UV/visible/near-infrared optical
absorption spectrometers (JASCO V-750 and V-570). PL spectra
were measured using a fluorescence spectrometer (JASCO FP-
8500). PLQYs of the dispersion and film samples were
measured using an absolute quantum yield spectrometer
(Hamamatsu €9920-02G). The morphology and the crystalline
phase of the NCs were monitored using transmission electron
microscopy (TEM, FEI Tecnai G?), scanning electron microscopy
(SEM, JEOL JSM-7100), X-ray diffractometry (XRD, Bruker D8
Advance and Bruker D8 Discover), and Fourier-transform
infrared spectroscopy (FT-IR, JASCO 4200ST).

Results and discussion
Preparation of CsPbBr; NCs and ligand exchange

We prepared CsPbBr; NCs by the hot-injection method and
then exchanged the ligands around the NCs from OA and OLA
with DDAB. Fig. 1 and S3 in the ESIf show TEM images,
selected-area electron diffraction (SAED) patterns, size distri-
bution, and appearance in a toluene dispersion of ligand-
exchanged (DDAB-covered) and as-synthesized NCs. The SAED
patterns (Fig. 1b and S3 in the ESIf) indicate the presence of
cubic CsPbBr; regardless of the ligand exchange. The average
side length of NCs was estimated to be 8.6 & 1.9 nm and 7.3 +
1.2 nm for the as-synthesized and DDAB-covered NCs, respec-
tively (Fig. 1a and S3 in the ESIt). The NCs were miniaturized
with a slight dissolution through the ligand-exchanging
process. We confirmed the presence of DDAB based on FT-IR
spectra of NCs before and after ligand exchange (Fig. S4 in
the ESIT). Intense PL at around 520 nm was observed by exci-
tation at 470 nm (Fig. 1c). A slight shift in the PL peak with the
ligand exchange is ascribed to a decrease in the size of NCs
(Fig. S3 in the ESIf). The PLQY increased to ca. 80% from ca.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic TEM image, (b) SAED pattern, and (c) optical

properties of DDAB-covered CsPbBrz NCs.

30% by the ligand exchange. In a previous study, the PLQY was
improved by reducing the cesium, lead, and bromide defects in
CsPbBr;.>*** The increase in the PLQY was ascribed to
a decrease in the number of bromide vacancies or low-
coordinate lead ions through surface passivation by DDAB
(Fig. S5 in the ESIt), which adsorbs to the surface more rigidly
than the original ligands, such as OA and OLA.* Therefore, the
improvement in PLQY suggests a decrease in the trap density.

Assembly of CsPbBr; NCs

As shown in Fig. 2 and S6 in the ESI,i we successfully
produced various arrangements of CsPbBr; NCs using several
methods. Detailed conditions for the arrangements are
described in the ESI.{ Here we obtained two kinds of 2D arrays
(monolayered NCs) of CsPbBr; NCs on a silica glass substrate.

- 12 - - - 241
;‘ (d) dilute dls‘persu)n (e)
o 10 isolated °
g 8 small 2D % 240 [ o
g large 2D ‘o °
o [
© 0.6 2 239 |
3 5
N 04 o
©
£ 238 °
5 0.2
=z

0.0 2.37

500 510 520 530 5 50 500 5000
Wavelength [nm] Average domain size [nm]
Fig. 2 (a—c) SEM images with schematic illustrations, (d) UV absorp-

tion edges, and (e) Eg as a function of the domain size in NC arrays; (a)
isolated NCs, (b) small 2D arrays, and (c) large 2D arrays.
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Moreover, isolated NCs were prepared on a collodion film. The
ordered domain scale of 2D arrays was ca. 100 nm in the small
2D array and ca. 500 nm in the large 2D array. Ordered
assemblies of NCs covered with ligands are basically formed
via oriented self-assembly with lateral capillary force at the
liquid-air interface. Random aggregation through direct
attachment of the NCs is prevented by the surface ligands
(Fig. S5 in the ESIf).

The absorption edge shifted to a higher wavelength as the
size of the ordered domains increased. The bandgap (E,) of
CsPbBr; NCs in various states was determined from a Tauc plot
calculated from the UV-visible absorption spectra (Fig. S6 in the
ESIY). This indicates bandgap shrinkage through the formation
of a mini-band with strong interaction between the NCs, as
reported in a previous study.*

Photoactivation and photostability of CsPbBr; NCs

Fig. 3a-d show the appearance and the PL spectra of the large
2D and isolated NCs before and after blue light illumination at
450 nm. Since the absolute PL intensity was proportional to the
occupancy of NCs on the substrate, the emission of the large 2D
array was larger than that of the small 2D array and the isolated
NCs. Interestingly, the PL intensities of the isolated NCs on
a substrate were weak and decreased to ca. 60% of the initial
value after 120 h of irradiation (Fig. 3c). The PL was not recog-
nized by visual evaluation after 3600 h (Fig. 3a). On the other
hand, the PL intensity of the small and large 2D arrays steeply
increased with initial illumination for 72 h (Fig. 3d). The time
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Fig. 3 (aand b) Changesin PL and (c and d) PL spectra of isolated NCs

and large 2D arrays of CsPbBrs NCs under illumination at 450 nm; (e
and f) time courses of Pl intensity and the PLQY of small and large 2D
arrays and isolated NCs under illumination at 450 nm.
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courses of the PL intensity and the PLQY of the small and large
2D arrays and isolated NCs under illumination are shown in
Fig. 3e and f. The initial and final values of PLQY for the isolated
NCs were ca. 20% and 10%, respectively. Although the initial
values of PLQY of the 2D arrays were ca. 20%, they were boosted
to 50-60% and maintained for over 4000 h. Thus, the ordered
arrays of DDAB-covered NCs enhanced the photoactivation and
suppressed the degradation of the PL intensity.

The enhancement of the PLQY for the large 2D array was
higher than that for the small 2D arrays. This suggests that the
regularity of the arrangement influences photoactivation and
photostabilization. We confirmed the repeatability of the
assembly-enhanced PL intensity using another set of 2D arrays
and isolated NCs on the substrate (Fig. S7 in the ESIT).

The essence of photostability is the rigid adsorption of
ligand molecules on the crystal surface. Fig. 4 shows schematic
illustrations of the photodegradation and photoactivation
mechanisms for isolated NCs and 2D arrays. The ligands would
gradually desorb from the isolated NCs, resulting in lumines-
cence quenching because of non-radiative relaxation through
the surface trap levels. The PL intensity of CsPbBr; NCs in resin
decreased under light illumination.** In contrast, silica coating
was found to induce effective photostability,**** because the
desorption of the ligands on NCs is suppressed by the covered
silica. Our results indicate that the desorption of the ligands on
NCs is suppressed by the neighboring NCs on the substrate.
Moreover, the photoactivation was remarkable for the 2D
arrays. This means that the initial state of the ligands in the
arrays is disordered. The initial illumination arranges the
ligands between NCs in the ordered arrays. The higher regu-
larity contributes to the higher stability of the ligand
arrangements.

The structure difference between the large and small 2D
arrays and isolated NCs is explained in Fig. S8 in the ESI.f We
compared the ratio of the total area attached to other NCs to the
total surface area of NCs. All the faces of the isolated NCs are not
attached to other NCs. In the small and large 2D arrays, about
90% and 99% of the faces of NCs are attached to other NCs
respectively. The higher ratio of the total surface area in contact
with other NCs improves the PLQY and the photostability,
because the surface ligands between two faces are not easily
desorbed.

photodegradation
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— ¥
S

isolated NCs
W B
&

¥ =
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Fig. 4 Schematic illustrations of the photodegradation and photo-
activation mechanisms for isolated NCs and 2D arrays.
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Conclusion

We found that the self-assembly of perovskite cesium lead
bromide (CsPbBr;) nanocubes (NCs) enhances and stabilizes
photoluminescence (PL) properties. The CsPbBr; NCs covered
with didodecyldimethyl ammonium bromide in 2D ordered
arrays are activated and stabilized by blue illumination. The
PLQY of the 2D arrays increased to ca. 60% from ca. 30% by
initial excitation illumination at 468 nm and was maintained
for over 4000 h. The enhancement effect of the ordered struc-
tures is important for practical applications and the develop-
ment of perovskite phosphors.
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