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Thickness-Dependent Microstructural Evolution of CsPbBr;
Nanobricks Induced by Electron Beam Irradiation

Feiyu Diao, Qingye Zhang, Jiaju Wang, Wenshuang Liang, Federico Rosei, Xuyan Xue,*

and Yigian Wang*

All-inorganic halide perovskites exhibit exceptional optical properties and are
promising photoactive materials for optoelectronics. However, their stability
remains a key challenge, exacerbated by a limited understanding of degradation
mechanisms. Herein, in situ transmission electron microscopy (TEM) is used to
investigate the effect of thickness on the structural stability of CsPbBr; nano-
bricks under electron beam irradiation. CsPbBr; nanobricks with different
thicknesses have been prepared using a traditional hot-injection method, giving
rise to a distinctive cubic structure. A modulated structure, caused by bromine
vacancy ordering, has been observed in the thin nanobricks. The degradation
behaviors of nanobricks are related to thickness-dependent bromine vacancy
formation in the CsPbBr; lattice. More bromine vacancies exist in thin nanobricks
than thick ones, resulting in a greater number of undercoordinated Pb atoms
which accelerate irradiation-induced degradation. Decomposition products
include Pb nanoparticles, which also demonstrate thickness-dependent char-
acteristics. TEM images of Pb nanoparticles formed from thin nanobricks show
evidence of irradiation-induced amorphization. In thicker nanobricks, Pb nano-
particle size increases with the duration of electron beam irradiation, while the
remaining Cs atoms bond with Br atoms to form relatively stable CsBr nano-
particles. These results contribute to understanding of degradation mechanisms
in cesium lead halide perovskites under electron beam irradiation.

the discrete electronic energy states of
CsPbXj; can be tuned by adjusting the size,
shape, and chemical composition of
nanocrystals.”™ Despite intensive studies
on their preparation and applications,®®
CsPbX; materials exhibit inherent struc-
tural instability when exposed to moisture,
heat, or various forms of irradiation.’'"
While device encapsulation can mitigate
humidity-induced damage, it falls short
in safeguarding against thermal and
irradiation-induced degradation. Particularly
in space solar cells, CsPbX; materials
encounter significant stability issues when
subjected to electron, X-ray, and photon
irradiation. Currently, the precise mecha-
nism underlying the photoinduced degrada-
tion process remains elusive."? An in-depth
understanding of damage mechanisms in
CsPbX; under different stimuli, particularly
light irradiation, is needed to facilitate stabil-
ity improvements and enable commercial
applications.

Some investigations propose that
photoinduced degradation may arise from
electron bombardment during ionization
processes.'*) Others indicate that the

1. Introduction

Cesium lead halide perovskites (CsPbX;, X=Cl, Br, I) are a
widely studied class of materials with unique optoelectronic
properties. Of particular interest are a high absorption
coefficient, high carrier mobility, narrow photoluminescence
emission, and a high luminescence efficiency.! In addition,

generation of substantial photocurrents under short-circuit
conditions induces the formation of additional trap states, sub-
sequently deteriorating the performance of perovskite solar
cells.™ Manifestly, electrons play a pivotal role in the degrada-
tion of CsPbX; nanomaterials. High-resolution transmission
electron microscopy (HRTEM) provides an ideal method for in
situ characterization of structural stability and transformation

F. Diao

Industrial Research Institute of Nonwovens & Technical Textiles
Shandong Engineering Research Center for Specialty Nonwoven Materials
College of Textile and Clothing

Qingdao University

No. 308 Ningxia Road, Qingdao 266071, P. R. China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/sstr.202300577.

© 2024 The Authors. Small Structures published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/sstr.202300577

Small Struct. 2024, 5, 2300577 2300577 (1 of 11)

F. Diao, Q. Zhang, ). Wang, W. Liang, X. Xue, Y. Wang
College of Physics & State Key Laboratory

Qingdao University

No. 308 Ningxia Road, Qingdao 266071, P. R. China
E-mail: xuexy@qdu.edu.cn; yqwang@qdu.edu.cn

F. Rosei

Centre Energie Matériaux et Télécommunications

Institut National de la Recherche Scientifique

1650 Boulevard Lionel-Boulet, Varennes, Québec J3X 1P7, Canada

© 2024 The Authors. Small Structures published by Wiley-VCH GmbH


https://doi.org/10.1002/sstr.202300577
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:xuexy@qdu.edu.cn
mailto:yqwang@qdu.edu.cn
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

behaviors in CsPbX; nanomaterials. The high-energy electron
beam (EB) in HRTEM can be used as a controllable irradiation
source to induce the degradation of CsPbX; nanomaterials while
simultaneously imaging microstructural transformations in real
time. This technique is frequently used to characterize beam-
induced changes in radiosensitive materials, including morpho-
logical transformations, phase transitions, mass loss, and defect
formation.">™"”) In the case of halide perovskites, degradation
induced by the EB can cause formation of nanoparticles, which
give high image contrast in transmission electron microscopy
(TEM). Some researchers have claimed that these nanoparticles
are made of Pb,!"® while others suggest that they are PbX,, CsX,
or CsPb.""?% Such discrepancies reflect that the degradation
mechanism remains controversial for CsPbX; under electron
irradiation, which might be caused by different operating condi-
tions in TEM and the intrinsic properties of CsPbX;.

Interactions between electron and specimen in an electron
microscope predominantly include knock-on collisions and radi-
olysis, depending on the operation conditions.>?"??/ Knock-on
damage is dominant at high incident electron energy (i.e.,
200keV), resulting in an irreversible displacement of atoms
and defect formation. Radiolysis occurs mainly at lower incident
electron energy (i.e., 80keV), which is caused by inelastic
scattering accompanied by a strong thermal effect. Manna
etal***! investigated the influence of TEM operating conditions
(including incident electron energy, irradiation dose rate, and
temperature) on the transformation behavior of CsPbBr; nano-
sheets with a thickness of 3 nm. Radiolysis was found to be the
dominant damage mechanism, and the degradation process was
accompanied by desorption of halogen species and the nucle-
ation of metallic Pb particles. It was also found that a low
surface-to-volume ratio helped to prevent irradiation-induced
damage. Nevertheless, the influence of nanoparticle size on
the structure and stability of CsPbBrs is not well understood.
Size, especially thickness, is known to play a prominent
role in determining the optical properties of perovskites
materials.**?® Therefore, it is important to investigate the
structural stability of different CsPbX; thicknesses under EB
irradiation.

Here, we report the synthesis of CsPbBr; nanobricks with
different thicknesses, and their transformation behaviors are
induced by EB irradiation. Thick nanobricks are found to be
more robust than thin nanobricks. The rapid degradation of thin
nanobricks is attributed to intrinsic bromine vacancies which
provide more undercoordinated Pb atoms with decreased diffu-
sion energy. The presence of bromine vacancies inside CsPbBr;
is demonstrated by both TEM imaging and density functional
theory calculations. Crystal defects including dislocations, stack-
ing faults, and twinning are generated to release excess energy
during the formation process of Pb nanoparticles.

2. Results and Discussion
2.1. Structure Identification of CsPbBr; Nanobricks
Figure 1a displays a typical bright-field (BF) TEM image

of as-synthesized and undamaged CsPbBr; nanobricks,
showing cuboid morphologies with nonuniform edge lengths.
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Statistical analysis of 240 nanobricks produced a distribution
of edge lengths ranging from 30 to 120 nm with an average value
of 60nm. Both atomic force microscopy (AFM) (Figure S1
and S2, Supporting Information) and electron energy-loss spec-
troscopy (EELS) (Figure S3, Supporting Information) measure-
ments suggest that thin nanobricks have thicknesses between
10 and 20nm, whereas thick nanobricks have thicknesses
between 50 and 60nm. TEM contrast differences seen in
Figure 1a,b are thought to originate mainly from nanobrick thick-
ness variation. Figure 1b shows a typical HRTEM image, corre-
sponding to a region of Figure 1a (enclosed by a white rectangle)
which includes both thick (I) and thin (II) nanobricks. Crystal
lattice spacings can be measured directly from Figure 1b. For
nanobrick I, the lattice spacing is 2.92 A; nanobrick II has a
slightly smaller spacing of 2.88 A. A modulated structure with
a periodicity of approximately 5.76 A can also be observed, which
is further corroborated by the intensity distribution extracted
from the magnified HRTEM image in Figure 1c.

To determine whether these lattices originate from a cubic
phase (a=5.83A) or an orthorhombic phase (a=8.207 A,
bh=8255A, c=11.759 A), we carried out detailed analysis of
SAED patterns acquired from thick nanobrick I and thin nano-
brick II, shown in Figure 1d,e, respectively. These patterns are
rotated by an angle of ~39° with respect to the HRTEM image in
Figure 1b. The SEAD pattern in Figure 1d is in good agreement
with the simulated electron diffraction pattern for cubic CsPbBr3
in Figure 1f. The measured spacing of 2.92 A in the nanobrick I
(Figure 1b) corresponds to {200} planes in simulated cubic
CsPbBr;. However, the (220), (2-20), and (004) planes of an
orthorhombic CsPbBr; also have a lattice spacing of ~2.9 A.
To exclude the presence of an orthorhombic phase, we simulated
electron diffraction along the [001] zone-axis of an orthorhombic
CsPbBr3, as shown in Figure 1g. Compared to the experimental
SEAD pattern in Figure 1d, the simulated pattern shows addi-
tional diffraction spots marked by purple circles. This suggests
that thick nanobrick I has a cubic, rather than orthorhombic,
crystal structure. For nanobrick II, the SEAD pattern in
Figure le contains superlattice spots (indicated by white arrows)
in the midway between primary diffraction spots along the [010]
direction in addition to the primary diffraction spots of the cubic
phase. This SEAD pattern has the potential to cause confusion, as
similar diffraction patterns have apparently been obtained from
an orthorhombic phase viewed along [110] direction.?*>% It
should be noted that the majority of existing diffraction
analysis?*=Y of the orthorhombic phase has been performed
from fast Fourier transforms (FFTs) of HRTEM images, and var-
ious reports have shown intensity variations of diffraction spots
in the FFTs.?31 No experimental SEAD patterns, like that of
Figure 1le, have previously been obtained. To further clarify
the origin of superlattice spots, we have simulated the [110]
zone-axis diffraction pattern for orthorhombic CsPbBr;, shown
in Figure 1h. Although the simulated distribution of diffraction
spots is similar to the observed SEAD pattern (Figure le), some
experimentally observed superlattice spots are extinct in the mid-
dle row (enclosed by orange dash lines in Figure 1f), while other
simulated superlattice spots differ in intensity from experimental
observation (e.g., the regions enclosed by green dash lines in
Figure 1f). This suggests that the superlattice spots observed
in Figure le stem from a modulated structure in the cubic phase
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Figure 1. a) Typical BF TEM image of CsPbBr; nanobricks; b) typical HRTEM image of nanobrick | and II; ) enlarged HRTEM image of nanobrick Il with
an inset showing intensity variation along the red line; d) selected-area electron diffraction (SAED) patterns acquired from nanobrick | and ) nanobrick II;
f) simulated electron diffraction patterns of cubic CsPbBr; along the [001] zone axis and g) orthorhombic CsPbBr; along the [001] and h) [110] zone axes.

rather than the orthorhombic phase of CsPbBr;. Previous
studies?®** have demonstrated that a cubic phase of CsPbBr;
can be obtained at reaction temperatures above 150°C. Our
synthesis temperature reaches ~200°C, and cubic CsPbBrs
nanobricks form, which is consistent with previous findings.
Moreover, previous investigation® has reported a phase transi-
tion from a cubic to an orthorhombic structure for CsPbBr;
nanoparticles when their size surpasses 10 nm. This contradicts
our findings because both thick and thin nanobricks are larger
than 10 nm, but have a cubic structure.

Previous reportsi®**=# suggested that modulated structures in
perovskite oxide materials can originate from cation ordering,
spin ordering, or oxygen vacancy ordering. Cation ordering*®
is a major cause of modulated structures in perovskite oxide
materials doped with alkaline earth metals; spin ordering®”!
modulated structures usually occur in ferromagnetic materials;
oxygen-vacancy ordering?®® is very common in perovskite oxide
materials. However, to the best of our knowledge, a modulated
structure has not previously been observed in cesium lead bro-
mide perovskite materials. Compared with traditional perovskite
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oxides, Br atoms in CsPbBr; occupy O atomic sites at the vertices
of PbBrs*™ octahedra. Thus, we hypothesize that the modulated
structure observed in thin nanobricks is associated with bromine
vacancy ordering in CsPbBr;. To test this hypothesis, we
acquired EDS spectra from both thick and thin nanobricks, as
shown in Figure 2a,b. Spectral quantification shows that the
atomic ratio for Cs, Pb, and Br in thick nanobricks is 1:1:2.98,
whereas for thin nanobricks it is 1:1:2.75. In addition, elemental
quantification analysis of other nanobricks (Table S1, Supporting
Information) demonstrates that thin nanobricks have a much
lower bromine content than thick ones. It has been reported that
the surface termination of CsPbBr; crystals is induced by Cs—Br
interactions.?**% Considering the higher specific surface area
of thin nanobricks, their percentage bromine content should
be much higher than that of thick nanobricks. However, the
observed trend contradicts this expectation. Therefore, it can
be inferred that there are abundant bromine vacancies in the thin
nanobricks, and the ordered arrangement of these vacancies
leads to structural modulation. Moreover, EELS is performed
to further confirm the presence of Br vacancies in the thin
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Figure 2. Energy dispersive X-ray spectroscopy (EDS) spectra acquired from a) thick and b) thin nanobricks; c) atomic model of CsPbBr;-V2; d) top-down
view of the CsPbBr;-V2 atomic model; e) simulated electron diffraction pattern of CsPbBr;-V2; f) X-ray diffractometer (XRD) pattern acquired from
CsPbBr; nanobricks (black line), the computed powder diffraction (CPD) patterns of CsPbBr;-V2 (red line), cubic CsPbBr; (blue line), and orthorhombic

CsPbBr; (purple line) models.

nanobricks. Figure S4 (Supporting Information) shows the
EELS spectra of Br M4, 5 edges acquired from both thick and
thin nanobricks. As depicted in Figure S4 (Supporting
Information), the peak intensity of Br M4, 5 acquired from
the thin nanobrick is lower than that from the thick one, indicat-
ing the presence of Br vacancies in the thin nanobricks, consis-
tent with the observation of oxygen vacancies in a-Fe,0;.[*!
In addition, the presence of Br vacancies in the thin nanobrick
induces changes in the valence state of Br, leading to a more
pronounced shoulder peak at ~65 eV.

Density functional theory (DFT) calculations and electron dif-
fraction simulations were performed to further verify the origin

Small Struct. 2024, 5, 2300577 2300577 (4 of 11)

of structural modulation. (2 x 2 x 2) supercells (CsgPbgBr,y4)
were used to build CsPbBr; atomic models with bromine vacan-
cies. By considering the orientation of bright and dark stripes
observed in our HRTEM images, we determined that bromine
vacancies in our CsPbBr; atomic models should be ordered along
the [010] direction. We built a series of CsPbBr; atomic models
with different numbers of bromine vacancies, while still
maintaining the integrity of the crystal structure. These include
CsPDbBr; (without any bromine vacancies), CsPbBr;-V1 (one bro-
mine vacancy), CsPbBr;-V2 (two bromine vacancies), CsPbBr;-
V3 (three bromine vacancies), and CsPbBr;-V4 (four bromine
vacancies). Figure 2¢,d shows the atomic models of CsPbBr3-V2;
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the rest of the models are shown in Figure S5 (Supporting
Information). Figure 2e presents a simulated electron diffraction
pattern from CsPbBr3-V2. The simulated pattern in Figure 2e is
in good agreement with the SAED pattern acquired from nano-
brick II (Figure 1e), suggesting that CsPbBr;-V2 matches the real
crystal structure of nanobrick II. In addition, after structural opti-
mization, we find that Pb atoms adjacent to bromine vacancies
are pushed closer to each other. This relaxation of nearby Pb
atoms toward vacancies can be seen in the top-down view of
the CsPbBr3;-V2 model (Figure 2d). It is reasonable to conclude
that bromine vacancy ordering along the [010] direction is
responsible for the structure modulations found in nanobrick
11, and that a resultant contraction in Pb—Pb interatomic distan-
ces leads to the decreased (020) interplanar spacing observed in
the thin nanobrick (Figure 1d). This observation is supported by
the XRD results from as-synthesized CsPbBr; nanobricks
and the CPD patterns of cubic CsPbBr;, CsPbBr3-V2, and ortho-
rhombic CsPbBr; models, as depicted in Figure 2f. In the XRD
pattern, we see numerous splitting peaks in addition to the
characteristic peaks of cubic CsPbBrs. Careful examination
reveals that the experimental XRD pattern encompasses all peaks
observed in the CPD pattern of CsPbBr; and CsPbBr;-V2, sug-
gesting the presence of different phases within the synthesized
CsPbBr; nanobricks. Coexistence of stoichiometric CsPbBr;
(thick nanobricks) and nonstoichiometric CsPbBr; 75 (thin nano-
bricks) can account for the splitting peaks observed in the exper-
imental XRD pattern. Although the double peaks appearing at
~30° are typically considered characteristic of the orthorhombic
CsPbBr;,*?! a detailed analysis of Figure 2f reveals several dis-
crepancies between our results and the standard orthorhombic
CsPbX; XRD pattern. Our experimental pattern shows several
peaks (indicated by arrows) with changes in position or intensity
compared to the orthorhombic phase pattern. Thus, the splitting

www.small-structures.com

peaks observed in the experimental XRD pattern are attributed to
the interplanar spacing differences between the thick (stoichio-
metric CsPbBr3) and thin (nonstoichiometric CsPbBr; 55) nano-
bricks rather than an orthorhombic phase. It is concluded
that the synthesized CsPbBr; nanobricks are a mixture of stoi-
chiometric cubic CsPbBr; and nonstoichiometric CsPbBr, 5.
These results reveal a correlation between nanobrick thickness
and the presence of Br vacancies. The nanobricks with a thick-
ness of 10-20 nm exhibit a Br vacancy concentration of ~8%,
while those with a thickness of 50-60 nm show no detectable
Br vacancies.

2.2. Degradation Behaviors of CsPbBr; Nanobricks under
Electron Irradiation

The effect of thickness on the structural stability of CsPbBr;
nanobricks was investigated by real-time TEM imaging.
Previous literature suggests that the total electron dose is a
key factor influencing the degradation of perovskite struc-
tures.**) Herein, electron dose rate is adopted as an important
parameter to identify the stability of CsPbBr; nanobricks.
Specifically, when the dose rate is below 500e~ A~?s™!, the
nanobricks are relatively stable. However, as the dose rate
increases to 1250e” A~?s™!, significant degradation of
CsPDbBr; nanobricks occurs rapidly. This is attributed to the fact
the high dose rate accelerates the degradation process. In addi-
tion, it is found that thick nanobricks appear to be more robust
than thin ones. The thick CsPbBr; nanobricks last for 10~30s
from initial formation of high-contrast nanoparticles to comple-
tion of the degradation process, while thin nanobricks decom-
pose within seconds. Degradation behaviors differ between
thick and thin CsPbBr; nanobricks. High-contrast nanoparticles
first appear along the corners and edges of the thick nanobricks,

Figure 3. Typical BF TEM images of thick and thin CsPbBr; nanobricks in different states: a,d) undamaged, b,e) initially damaged, and c,f) fully

decomposed.

Small Struct. 2024, 5, 2300577 2300577 (5 of 11)

© 2024 The Authors. Small Structures published by Wiley-VCH GmbH

51017 SUOLLILLIOD) BAIIRID 3|ed [ddke 81 AQ PRULBAOB 82 DI WO ‘38N JO SN 0} ARRiq 1T UIIUO AB]1A UO (SUOIPUCO-PUE-SLLLBILIOO" A3 1WA R1q] [BUUO//SAIL) SUOIIPLOD PUB SWLR 13U} 39S *[7202/20/80] U0 ARIqIauliuo AB1IM *A1SieAIun 0epbuid) Ad /5006202 1SS/Z00T 0T /10p/L0o" A3 1M ATRIG[BU1|UO//STIY WOJ} PapeOIuMO ‘. ‘Y202 ‘29078892


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

as shown in Figure 3a,b. When decomposition is complete, as
shown in Figure 3c, the thick nanobricks contain numerous
voids and there are many large high-contrast nanoparticles. As
for the thin nanobricks, Figure 3d,e shows that the damage takes
place immediately, with many small high-contrast nanoparticles
appearing randomly on surface. Upon further EB irradiation,
some of the newly formed nanoparticles become blurred or even
disappear (Figure 3f), without significant agglomeration. This is
similar to previously reported degradation behaviors of CsPbBr3
nanosheets.*”! The high degradation rate of thin nanobricks may
be attributed to the fact that bromine vacancies provide a greater
number of undercoordinated atoms, decreasing the dissociation
energy of atoms from the CsPbBrs; lattice. It has been reported
that Br vacancies in CsPbBr; (acting as negative-U centers)
are favorable sites for Pb nanoparticle and Pb-Pb dimer
formation.!**)

To further explain the different degradation processes in thin
and thick nanobricks, we acquired HRTEM images and EDS
spectra to characterize the corresponding decomposition prod-
ucts. The resultant high-contrast nanoparticles observed in BF
TEM image (Figure 4a) can be identified as metal Pb with a cubic
structure (a=4.95A) from the HRTEM images in Figure 4b.
The interplanar spacing in particle A is measured to be

(@),

www.small-structures.com

2.84 A, which is consistent with the interplanar spacing of
{111} planes for cubic Pb. In addition, the angle between two
planes is about 109.5°, which matches the angle between
{111} planes of Pb. The lattice spacing in particle B is measured
to be 2.45 A, corresponding to the (200) crystal plane of Pb. The
HRTEM images here provide further evidence for the generation
of Pb nanoparticles. Although Br~—Br°® and Pb*"—Pb° transfor-
mations during decomposition have previously been reported,**
products other than Pb nanoparticles have not been clearly iden-
tified, especially the final state of Cs atoms. In Figure 4D, there
are many low-contrast nanoparticles (enclosed by dashed lines)
scattered around the high-contrast Pb nanoparticles. The inter-
planar spacing of these low-contrast nanoparticles is measured
to be 3.04A, corresponding to the {110} plane of CsBr
(a = 4.29 A). This indicates that crystalline CsBr is formed along-
side Pb nanoparticles. The generation of Pb and CsBr is further
supported by spectroscopic characterization of the nanobricks
before and after decomposition. Quantification analysis of
EDS spectra is presented in Table 1. The Cs/Pb atomic ratio
(1.18:1) remains unchanged under EB irradiation, while the
atomic ratio for Br/Pb changes from 2.98:1 to 0.66:1, indicating
a drastic decrease in Br atomic percentage. Considering the inev-
itable Br loss during the acquisition of EDS spectra, the residual

Amdtphious Pb- - * -

).s
A SF:’an :

Figure 4. Decomposition products of CsPbBr; nanobricks under EB irradiation: a,b) thick CsPbBrs; nanobricks; c,d) thin CsPbBr; nanobricks.
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Table 1. Quantification analysis of EDS spectra from thick CsPbBr;
nanobricks before and after decomposition under EB irradiation.

Composition  Weight percentage [%]  Atomic percentage [%]  Atomic ratio

Before After Before After Before After
Cs 26.10 37.60 22.90 41.60 118 1.8
Pb 34.50 49.80 19.40 35.30 1.00  1.00
Br 39.60 12.60 57.70 23.20 298  0.66

Cs/Br atomic ratio is approximate to 1:1, consistent with the
stoichiometry of CsBr. However, CsBr nanoparticles are only
observed in thick nanobricks, suggesting that thickness plays
an important role. Unlike the nanoparticles formed from thick
nanobricks, the blurred nanoparticles formed from thin nano-
bricks (Figure 4c) appear to be largely amorphous. This is further
confirmed by the HRTEM image in Figure 4d. The amorphiza-
tion of newly formed, high-contrast Pb nanoparticles is thought

www.small-structures.com

to be induced by EB irradiation.”” The surrounding low-contrast
amorphous region might consist of Cs and Br atoms. This EB-
induced amorphization is specific to thin nanomaterials such as
3 nm-thick nanosheets?? and the thin nanobricks in this work;
the thick nanobricks (50 ~ 60 nm) contain enough material to
support the growth of large and stable Pb nanoparticles as well
as CsBr nanoparticles.

Due to the extremely rapid degradation of thin nanobricks, we
chose to use thick CsPbBr; nanobricks for detailed examination
of structural evolution during the degradation process. Figure S6
(Supporting Information) shows time-resolved TEM images of
morphological evolution in an individual thick nanobrick.
High-contrast nanoparticles first appear along the corners and
edges of thick CsPbBr; nanobricks after 10 s of irradiation, which
is attributed to the fact that edge atoms are under-coordinated
and more easily activated. As irradiation continues, the number
and size of nanoparticles increase rapidly. When the nanopar-
ticles reach a critical size, the surrounding nanobrick regions
are destroyed and voids appear. The voids spread very fast

Average MSD

1.6 ——Pb
Cs
Br

—Pb Maximum MSD

—Cs
By

MSD (A%

0 T T T T T

00 05 1.0 15 20 25 30
Time (ps)

2.8 ps

Figure 5. a) Time-resolved microstructure evolution of CsPbBrs under EB irradiation (dose rate: 2000 e~ A~2s™"). The time interval between successive
image acquisitions is 2 s. b) Ab initio molecular dynamics (AIMD) simulations of the CsPbBr; supercell after losing one Br atom: the top image is for
all Cs, Pb, and Br atoms and the bottom image is for Cs, Pb, and Br atoms with the maximum displacements as marked with purple arrows in (c);
c) time-resolved structural models of CsPbBr;.
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and the perovskite lattices collapse very quickly, resulting in rapid
degradation of CsPbBr;. After 22 s, the decomposition process
of CsPbBr; nanobricks is almost complete. Subsequently, the
high-contrast nanoparticles undergo constant migration and
rearrangement to maintain thermodynamic stability under fur-
ther EB irradiation.

The dynamic variation of chemical composition is reflected by
microstructural evolution during nanobrick breakdown.
Figure 5a shows time-resolved (time interval: 2s) HRTEM
images obtained from an individual CsPbBr; nanobrick after
appearance of high-contrast Pb nanoparticles. Upon closer exam-
ination of Figure 5a, it is evident that the image contrast evolves
over time, signifying the gradual degradation of CsPbBr;. In
addition, careful observation of Figure 5a-1 reveals variations
in contrast among different regions, implying diverse material
compositions. Furthermore, the interplanar spacings are mea-
sured from the image to identify the different species, as dem-
onstrated in Figure 5a. The regions enclosed by dashed lines
delimit newly formed Pb nanoparticles. The evolution processes
of CsPbBr;, CsBr, and Pb phases can be observed. From
Figure 5a-1, we observe an epitaxial orientation relationship of
[001] cspppr, //[1-10]p, and {200} cepppy, //{111}p, Which demon-
strates that Pb° atoms, once transformed from Pb** ions,
migrate out of the parent CsPbBr; lattice and gather together

www.small-structures.com

to form Pb nanoparticles. The contrast variation observed in
regions enclosed by white solid lines in Figure 5a-1,2 indicates
Br loss from CsPbBrs. This is analogous to the occurrence of
oxygen vacancies in BiMnO; induced by EB irradiation.!*’)
Subsequently, the perovskite lattice collapses, and dissociated
Br atoms are stabilized by the remaining Cs atoms to form
CsBr nanocrystals around Pb nanoparticles, as shown in
Figure 5a-3,4. The formation of CsBr nanocrystals leads to the
appearance of voids (Figure S5, Supporting Information). We
ascribe this to lattice shrinkage due to the smaller lattice constant
of CsBr compared to CsPbBr;. The epitaxial relationship between
Pb nanoparticles and the parent lattice gradually degrades. Upon
further EB irradiation, dynamic microstructural evolution and
deformation of Pb nanoparticles are observed, implying a contin-
uous Pb lattice reconfiguration. This is attributed to thermal
effects and the specific crystal structure of Pb. Some degree of
heating is inevitable when the EB interacts with the specimen,
especially for materials with poor thermal conductivity.™® Pb
has better thermal conductivity than CsBr, but thermal suscepti-
bility is also affected by the crystal structure of materials. Pb and
CsBr have different structures, the former being face-centered
cubic (fcc) and the latter being body-centered cubic (bcc). The
fee crystals possess more slip systems, leading to increased plas-
tic deformation. Consequently, in the presence of accumulated

Figure 6. a—d) Formation of a stacking fault and twinning during lattice rearrangement of a Pb nanoparticle. The time interval for image acquisition is 2's

and the dose rate is ~2000e~ A=2s™". The scale bar is 1 nm.
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thermal energy, Pb nanocrystals are more prone to continual lat-
tice reconstruction.

AIMD simulation was implemented for a 2 x 2 x 2 CsPbBr3
supercell with one bromine vacancy to further explore the
dynamic structural evolution of CsPbBr; after losing Br atoms.
It is exceedingly difficult to reconstruct a complete degradation
process using AIMD simulations because of difficulty in model-
ing atomic motion within the supercell. Instead, a very short time
interval (just 2.8 ps) was chosen to focus on the initial degrada-
tion phase only. The calculated average mean-squared displace-
ment (MSD) of all Cs, Pb, and Br atoms (Figure 5b) indicates that
the loss of Br atoms makes the supercell thermodynamically
unstable and triggers the degradation of CsPbBr;. The initial
MSDs for Cs, Pb, and Br atoms increase quickly, confirming that
the degradation process is fast. After 2 ps, Cs atoms tend to reach
equilibrium, while Pb and Br atoms continue to move, increas-
ing their opportunity to escape from the lattice. In addition, the
MSD of maximally displaced Br atoms is much larger than the
average MSD. We infer that a fraction of Br atoms is constrained
by Cs atoms, as expected. Figure 5c illustrates structural evolu-
tion during the dynamic process. We conclude that the two Pb
atoms adjacent to a bromine vacancy move toward each other
until the distance between them is less than 4.93 A (close to
the lattice parameter of metallic Pb), where a new equilibrium
state is attained. These results provide additional evidence for
our proposed degradation mechanism of CsPbBr;.

Under persistent EB irradiation, atomic rearrangements occur
continuously in the Pb nanocrystals. During the atomic rear-
rangement process, numerous crystal defects (including disloca-
tion and twinning) are observed. A typical HRTEM image of the

(8  Thick nanobrick

Br vacancy

Br- —»Br" & Pb2+—>Pb°

www.small-structures.com

misfit dislocation (D) is presented in Figure S7a (Supporting
Information). The Burgers vector for the D is determined to
be 1/2 < 110>. The grain and twin boundaries in the Pb nano-
particle are illustrated in Figure S7b (Supporting Information).
The grain boundary is marked as GB and the twin boundary is
labeled as TB. The lattice spacing is measured to be 2.82 A, cor-
responding to the (111) plane. The microstructural evolution of
the Pb crystal is recorded, as shown in Figure 6. Due to the weak
bonding of edge atoms, the Pb° seed crystal preferentially forms
at the corner of the nanobrick, as shown in Figure 6a. The Pb°
seed then grows into nanoparticle, with accumulation of Pb°
atoms originating from the parent CsPbBr; nanobrick. The
resulting Pb nanoparticle is still bound to the initial lattice
and restricted by its boundary. Cumulative stress drives the lat-
tice planes to bend as depicted by white lines in Figure 6a and
triggers the formation of new grain boundaries in the growing Pb
nanoparticle, as shown in Figure 6b. Residual stress can induce
further reconstruction of Pb nanoparticles, resulting in the high-
energy stacking fault seen in Figure 6¢. Meanwhile, energy from
continuous EB irradiation continues to accumulate. The GB and
TB form to release excess energy from the system, as shown in
Figure 6d.

Based on the above results, Figure 7 proposes a plausible
mechanism for the degradation of CsPbBr; nanobricks with dif-
ferent thicknesses under EB irradiation. As shown in Figure 7a,
damage in thick nanobricks starts preferentially at corners
or edges where there are many dangling bonds and under-
coordinated Pb atoms. The degradation process starts at the out-
side and proceeds toward the center of thick nanobricks. At first,
the bonding of Br atoms to adjacent Pb atoms is broken by knock-

Pb+CsBr

Figure 7. a) Schematic diagrams of the decomposition process in thick and b) thin CsPbBr; nanobricks under EB irradiation.
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on collisions of electrons with high incident energy. Br atoms
escape the lattice to form Br, (the oxidation of Br™), leaving
numerous bromine vacancies in the lattice. Knock-on collisions
play a dominant role at this stage. To lower the defect states
of bromine vacancies, adjacent Pb atoms tend to approach each
other,**! providing an opportunity to form a Pb seed crystal. This
phenomenon is more visible in thin nanobricks (Figure 7b).
Under further irradiation, the Pb seed crystal tends to migrate
out of the lattice along vacancies to form Pb nanoparticles
(the reduction of Pb*™). The process relies on two key phenom-
ena. First, due to the formation of bromine vacancies, numerous
Pb atoms become undercoordinated*”’ and their diffusion
energy decreases significantly. Second, bromine vacancies pro-
vide channels for Pb seed crystals to agglomerate and migrate
out of the lattice. Continuous thermal accumulation in the newly
formed Pb nanoparticles under EB irradiation induces agglom-
eration and lattice rearrangement. Pb and Br deficiencies imply
the destruction of PbBre*~ octahedra, which are the support
structure of the CsPbBrj lattice, leading to complete lattice col-
lapse. Meanwhile, a fraction of Br atoms is captured by Cs atoms
to form CsBr. In the case of thin nanobricks, bromine vacancies
within the crystal lattice provide more active sites for Pb diffusion
and become the origin of structural damage, leading to rapid for-
mation of small Pb nanoparticles at random locations in the
nanobrick. Upon further EB irradiation, the resultant Pb nano-
crystal is fragmented and transformed to amorphous Pb° which
spreads out onto the supporting carbon film. With the frame-
work collapsed, an amorphous structure composed of Cs and
Br appears; there are no longer sufficient Cs and Br atoms in
the ultrathin CsPbBr; nanobrick to form a stable CsBr nanocrys-
tal. The different transformation behaviors of thick and thin
nanobricks are therefore ascribed to their inherent crystal struc-
ture and thickness.

3. Conclusion

In summary, CsPbBr; nanobricks with different thicknesses
have been synthesized by a hot-injection method. Thick nano-
bricks exhibit better stability than thin ones under EB irradiation.
The different EB-induced transformations in thick and thin
nanobricks are caused by thickness-dependent microstructural
dynamics. A modulated crystal structure observed in thin nano-
bricks indicates that bromine vacancies become ordered along a
particular direction, as confirmed by further study of experimen-
tal and simulated electron diffraction patterns. Bromine vacan-
cies provide a large number of under-coordinated Pb atoms
which facilitate the degradation of CsPbBr; under EB irradiation.
Progressive irradiation damage of CsPbBr; nanobricks involves
the oxidation of Br™ to Br,, the reduction of Pb*" to Pb°, and the
formation of CsBr. A continuous lattice rearrangement coincid-
ing with the formation and growth of crystal defects is observed
in newly formed Pb nanoparticles, driven by EB irradiation.
Although CsPbBr; nanocrystals are highly defect-tolerant with
respect to their optoelectronic properties, bromine vacancies
have a great impact on their structural stability. Our work
suggests a possible strategy for the development of defect-free
lead halide perovskites via careful control of their thickness.
An improved understanding of EB-induced damage in CsPbX;

Small Struct. 2024, 5, 2300577 2300577 (10 of 11)
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materials will contribute to future characterization and develop-
ment of these materials.

4. Experimental Section

Chemical Reagents: Cs,CO3 (99.9%), PbBr;, (99.0%), oleic acid (OlAc,
90%), oleylamine (OlAm, 90.0%), octadecene (ODE, 90.0%), octanoic
acid (OctAc, 99.0%), octylamine (OctAm, 99.5%), and hexane were
purchased from Aladdin and used without any further purification.

Preparation of Cs-Oleate Precursor Solution: The Cs-oleate precursor
solution was prepared by loading 0.13 g of Cs,CO; and 20 mL of OlAc into
a 100 mL three-neck flask. The mixture was then stirred for 1 h at 100 °C
under vacuum. Finally, the solution was heated to 150 °C under N, until
Cs,CO; reacted with OlAc completely and a brownish-red Cs-oleate
solution was obtained.

Synthesis of CsPbBrs Nanobricks: CsPbBr; nanobricks were synthesized
using a hot-injection approach®® with slight modifications. 10 mL of ODE,
1.25 mL of OlAc, 1.25 mL of OlAm, 1.25 mL of OctAc, 1.25 mL of OctAm,
and 0.13 g of PbBr, were degassed at 100 °C for 30 min in a 100 mL three-
neck flask. Then, the solution was heated to 200 °C under a N, atmosphere
for 30 min to completely solubilize PbBr,, followed by a rapid injection of
5mL of Cs-oleate solution. After 5min, the suspension was cooled to
room temperature using a water bath. 10 mL of hexane was added to
the suspension, and the mixture was centrifuged at 700 rpm for 5 min.
After centrifugation, the supernatant was discarded and the nanobricks
were dispersed in hexane for further characterization.

Characterization: A Rigaku SmartLab XRD with Cu-K, radiation
(4= 1.5406 A) was used to profile the crystal structures. BF TEM imaging,
HRTEM, SAED analyses, and EDS were performed on a JEOL JEM 2100F
transmission electron microscope operating at 200 kV. The total electron
dose for EDS spectrum acquisition was ~4500 e~ A~2. The composition
of the nanobricks was determined from the EDS spectra using the Cliff-
Lorimer approximation method, involving fitting of the Cs La, Pb La, and
Br Ka lines. AFM measurements were conducted using an MFP-3D Origin
atomic force microscope under a nitrogen atmosphere. EELS spectra were
performed on probe-corrected FEI G2 80-200 S/TEM operating at 200 kV.
The EELS spectra were obtained in STEM mode with a semi-convergence
angle of 21 mrad and a collection angle of 62 mrad.

Computational Methodology: DFT calculations were used to geometri-
cally optimize CsPbBrs atomic models using the DMol® program package
in Materials Studio. The generalized gradient approximation with
the Perdew-Burke—Ernzerhof functional was used to calculate the
exchange-correlation energy. Atomic valence-band orbitals were described
using the double-numeric polarization basis set, and core electrons were
replaced by DFT semicore pseudopotentials. Energy and displacement
convergence criteria for structure optimization were set to 2.0 X 10°°
Hartree per atom and 0.005 A, respectively. To investigate the degradation
behavior of CsPbBr;, AIMD treated by the canonical ensemble (NVT) was
carried out on a 2 x 2 x 2 supercell using the CASTEP program package.
The AIMD simulation was performed at room temperature (300 K), lasting
2800 steps with a time step of 1fs. Theoretical electron diffraction and
X-ray powder diffraction patterns were generated from the optimized
atomic models using CrystalMaker Software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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