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A B S T R A C T

The operational stability of all-inorganic perovskites CsPbX3 (X = Cl, Br, I) remains a bottleneck in advancing 
their use in optoelectronics and space-based photovoltaics. A key challenge lies in understanding their degra
dation under high-energy radiation, which is poorly characterized at the atomic scale, largely because con
ventional high-resolution characterization techniques often induce structural damage they aim to probe. Herein, 
we address this challenge by employing an edge-view imaging geometry in-situ scanning-transmission electron 
microscopy, enabling direct atomic-scale visualization of radiation-induced degradation in orthorhombic 
CsPbBr3 under controlled electron-beam irradiation. This cross-sectional approach reveals a previously unrec
ognized degradation pathway: the endotaxial nucleation and growth of metallic Pb nanocrystals within the 
perovskite matrix, characterized by Pb {111} planes parallel to CsPbBr3 {022}/{202} planes and twinning along 
Pb {111} planes during growth. Complementary density functional theory calculations show that interfacial Pb 
atomic layers energetically stabilize this epitaxial alignment, thereby directing the endotaxial growth process. 
These results reveal the atomic-scale mechanisms governing radiation-induced degradation in CsPbX3 perov
skites, which offer broad insights for designing radiation-resistant perovskite-based devices such as space solar 
cells and for interpreting beam-induced effects in radiation-sensitive semiconductors.

1. Introduction

All-inorganic metal halide perovskites, particularly cesium lead 
halide perovskites (CsPbX3, X = Cl, Br, I), have attracted significant 
attention over the past decade due to their exceptional optical and 
electronic properties, positioning them as promising materials for next- 
generation optoelectronic devices, including solar cells, light-emitting 
diodes (LEDs), photodetectors, lasers, and luminescent solar concen
trators (LSCs) [1–6]. Despite their remarkable performance, the wide
spread application of CsPbX3-based devices is severely limited by their 
intrinsic instability under external environmental stimuli, such as heat, 
moisture, and irradiation [7–12]. Among these, irradiation-induced 
degradation is particularly critical. Specifically, when the 
CsPbX3-based devices are used for space solar cells, irradiation often 
induces a series of detrimental changes, including structural phase 

transition, defect formation, and the segregation of constituent elements 
into distinct phases. Notably, the formation of lead (Pb) nanoparticles is 
a prominent feature of these changes [13–17] These Pb nanoparticles 
can perturb the local electronic structure, introduce additional scat
tering centers, and alter carrier dynamics, ultimately compromising 
device efficiency and operational stability. Therefore, understanding the 
mechanisms underlying irradiation-driven degradation of CsPbX3 at 
atomic scale is essential for designing radiation-resistant per
ovskite-based solar cells suitable for space missions.

Advanced characterization techniques, in particular high-resolution 
transmission electron microscopy (HRTEM), are essential for eluci
dating the structural transformation and decomposition products of 
CsPbX3 [13–18]. For instance, Manna et al. [13]. investigated the effect 
of high-energy electron-beam irradiation on CsPbBr3 nanosheets, 
nanowires, and nanocubes, demonstrating that electron beams could 
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induce the nucleation and growth of Pb nanoparticles. Similar obser
vations were reported by Wang et al. [14]., further confirming formation 
of metallic Pb under electron-beam irradiation. In addition to Pb, other 
studies have identified formation of CsX nanoparticles. Manna et al. 
[15]. examined the impact of electron-beam irradiation on CsPbBr3 
nanosheets and nanocubes under low-temperature (≤ − 40 ◦C) condi
tions, and observed the formation of CsBr, CsPb, and PbBr2 on the sur
faces of nanosheets and nanocubes. Diao et al. [16]. employed in-situ 
HRTEM to study the degradation behaviors of CsPbBr3 nanobricks with 
different thicknesses under electron-beam irradiation. It is revealed that 
thick CsPbBr3 nanobricks undergo decomposition, leading to formation 
of Pb and CsBr nanoparticles, whereas thin nanobricks decompose into 
amorphous Pb. Likewise, metallic Pb and Cs2IBr nanoparticles were 
observed on the surface of CsPbIBr2 films subjected to electron-beam 
irradiation [17]. Despite these insights, in-situ atomic-resolution 
studies of irradiation-induced degradation are still limited. This is pri
marily ascribed to the high sensitivity of all-inorganic metal halide pe
rovskites to electron beam. Although these materials are generally more 
stable than the organic-inorganic hybrid counterparts, prolonged 
exposure to high-dose electron irradiation still causes rapid degradation, 
severely hindering atomic-resolution imaging and leaving critical gaps 
in understanding their microstructural evolution.

Recently, integrated differential phase-contrast scanning-trans
mission electron microscopy (iDPC-STEM) has enabled low-dose, 
atomic-scale imaging of CsPbI3 quantum dots, resolving local struc
tures such as surfaces and interfaces [19]. Despite these advances, key 

questions remain regarding the dynamic processes governing 
Pb-nanoparticle formation during irradiation-induced degradation of 
CsPbBr3, including identification of initial nucleation sites, growth ki
netics, and interactions with the surrounding CsPbX3 lattice. Without 
atomic-level insights, understanding the fundamental mechanisms of 
irradiation-induced degradation and designing more robust and efficient 
CsPbX3-based optoelectronic devices remains challenging.

In this work, orthorhombic CsPbBr3 nanocrystals were synthesized 
using a slightly-adapted room-temperature supersaturated recrystalli
zation (SR) method. Atomic-resolution imaging was employed to probe 
their microstructure and surface characteristics. In-situ STEM observa
tions from an edge-view geometry were performed to investigate the 
degradation pathways of CsPbBr3 nanocrystals under electron-beam 
irradiation, revealing that Pb nanoparticles form through endotaxial 
growth. Density functional theory (DFT) calculations further confirmed 
the oriented growth of Pb nanoparticles and elucidated the atomic-scale 
interfacial interactions stabilizing this process. Collectively, these find
ings provide critical insights into the irradiation-induced degradation 
mechanisms of CsPbX3 and offer guidance for the rational design of 
more robust perovskite-based optoelectronic devices.

2. Methods

2.1. Synthesis of CsPbBr3 nanocrystals

CsPbBr3 nanocrystals were synthesized by a slightly modified room- 

Fig. 1. Structural characterization of CsPbBr3 nanocrystals. (a) XRD pattern of the as-synthesized products. (b) Typical low-magnification STEM image of CsPbBr3 
particles. Typical STEM images, together with the corresponding SAED patterns and aberration-corrected HAADF images for (c-f) CsPbBr3 cube, (g-j) CsPbBr3 cuboid 
I, (k-n) CsPbBr3 cuboid II. Insets in (f,j,n) show atomic models of orthorhombic CsPbBr3, viewed from different directions, where purple, green, and orange spheres 
represent Cs, Pb and Br atoms, respectively.
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temperature SR approach. Briefly, 0.15 mmol of CsBr (99.5 %) and 0.15 
mmol of PbBr2 (90.0 %) were dissolved in 3.5 mL of N, N-Dime
thylformamid (DMF, 99.5 %) by stirring in air at 30 ◦C for 1 h to form a 
clear precursor solution. Subsequently, 200 μL of oleic acid (90.0 %) and 
50 μL of oleylamine (90.0 %) were added into the precursor solution. 
Under continuous stirring, 10 mL of ethanol was rapidly added, leading 
to a color change from transparent to orange-yellow. The resulting crude 
nanocrystals were centrifuged at 1500 rpm for 5 min. The supernatant 
was then removed, and the remaining solution was centrifuged at 
10,000 rpm for 10 min. The obtained products were washed by centri
fugation three times and then re-dispersed in hexane.

2.2. Structural characterization

X-ray diffraction (XRD) patterns were recorded using a Rigaku 
SmartLab SE apparatus with Cu-Kα1 radiation (λ = 1.5406 Å). Selected- 
area electron diffraction (SAED), STEM or high-angle annular dark field 
(HAADF) imaging, and energy-dispersive X-ray spectroscopy (EDS) 
elemental mapping were performed on a Thermo Scientific Spectra 300 
(S)TEM operating at 300 kV.

2.3. Computation methods

All calculations were carried out using the CASTEP program package 
in Material Studio [20]. The Perdew-Burke-Ernzerhof (PBE) functional 
within the generalized gradient approximation (GGA) was employed for 
the exchange-correlation potential [21]. Structural optimizations were 
performed with a plane-wave cutoff energy of 220 eV and a k-point mess 
with a resolution of 2π × 0.05 Å-1. Convergence criteria were set such 
that the total energy change was less than 0.02 meV atom-1, and the 
maximum force on each atom was below 0.03 eV Å-1, and the maximum 
atomic displacement was less than <0.005 Å.

3. Results and discussion

3.1. Structural and morphological characterization of CsPbBr3 
nanocrystals

The crystal structure of the synthesized CsPbBr3 nanocrystals was 
examined using XRD. As shown in Fig. 1a, the diffraction peaks match 
well with orthorhombic CsPbBr3 (PDF#01–072–7929, a = 8.207 Å, b =

8.255 Å, c = 11.759 Å, α = β = γ = 90◦), with no detectable impurities. 
Fig. 1b presents a low-magnification STEM image of the product, 
revealing that the nanoparticles have three main dominant morphol
ogies: cube, cuboid I, and cuboid II. Particles with an aspect ratio close to 
1 are defined as cubes, those with an aspect ratio of ~1.5 as cuboid I, and 
those with an aspect ratio greater than 2 as cuboid II. Statistical analysis 
of particle distribution (Table S1) shows that cubes, cuboid I, and cuboid 
II account for approximately 19.4 %, 34.4 %, and 46.2 % of the whole 
nanoparticles, respectively.

Fig. 1c, g and k present typical STEM images of individual CsPbBr3 
particles representing various morphologies (cubes, cuboid I, and 
cuboid II). The corresponding SAED patterns are illustrated in Fig. 1d, h 
and l, respectively. These SAED patterns can be indexed as [001], [001], 
and [110] zone axes of orthorhombic CsPbBr3. HAADF imaging clearly 
resolves the elemental distribution within the nanocrystals. In these 
aberration-corrected HAADF images, the image contrast scales approx
imately with the atomic number Z as Z1.67, so heavier elements appear 
brighter: Pb as the brightest, Cs as the second-brightest, and Br as the 
darkest.

Detailed examination of the HAADF images shows that, in cubes 
(Fig. 1f), the observed crystal planes correspond to (110) and (110) of 
orthorhombic CsPbBr3 with an interplanar spacing of 5.82 Å and an 
angle of 90◦, viewed along the [001] direction. Cuboid I (Fig. 1j) exhibits 
similar plane orientations. For cuboid II (Fig. 1n), the interplanar 
spacings are measured to be 5.88 Å and 5.82 Å, corresponding to the 
(002) and (110) planes of orthorhombic CsPbBr3, observed along the 
[110] direction. Although the [001] and [110] zone axes produce 
similar Pb and Cs atomic patterns, the Br atom distribution allows un
ambiguous distinction: along the [001] direction, Br atoms form 
rhombic arrangements with alternating orientations, whereas along the 
[110] direction, Br atoms form nearly square arrangements, as illus
trated in the corresponding atomic models in Fig. 1f, j and n. Atomic 
models of orthorhombic CsPbBr3, viewed along the [001], [110], [100], 
and [111] directions, are shown in Fig. S1.

Based on morphological analysis and high-resolution atomic imag
ing, the exposed surfaces of all three types of CsPbBr3 nanocrystals, 
cube, cuboid I and cuboid II, are predominantly {001} and {110} crystal 
facets. This assignment is consistent with previous reports, indicating 
that the {001} and {110} faces of orthorhombic CsPbBr3 are low-energy 
surfaces [22–25]. For the CsPbBr3 cubes, in addition to the top-view 

Fig. 2. Edge-view images of CsPbBr3 nanocrystals. Typical STEM images, the corresponding SAED patterns and aberration-corrected HAADF images for CsPbBr3 
cubes observed from edges along the (a-d) [100] and (e-h) [111] zone-axes. Insets in (d,h) show atomic models of orthorhombic CsPbBr3, viewed from different 
directions, where purple, green, and orange spheres represent Cs, Pb and Br atoms, respectively.
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along the [001] zone axis (Fig. 1c-f), a side-view along the [110] zone 
axis is present in Fig. S2. However, it is challenging to observe cuboid I 
along [110] and cuboid II along [001] due to their anisotropic shapes 
and morphological characteristics. As shown in Fig. S3, the small 
CsPbBr3 cube (“seed crystal”) exposes two {001} faces and four {110} 
faces. Because the surface energies of {001} and {110} facets are com
parable [23], these seed crystals can assemble through different faces: 
assembly through both {110} and {001} faces produces larger cubes, 
enabling STEM imaging along the [001] and [110] zone axes. Assem
bling predominantly through {110} faces forms cuboid I, which re
sembles nanosheets with minimal thickness along the [001] direction; 
consequently, only HAADF images along the [001] zone axis can be 
obtained. Conversely, assembly primarily through {001} faces yields 
cuboid II, for which only HAADF images along the [110] zone axis can 
be observed due to its elongated shape. Schematic illustrations of 
different self-assembly pathways, demonstrating the transformation 
from seed crystals into cube, cuboid I, and cuboid II, are presented in 
Fig. S4.

During extensive STEM observations, CsPbBr3 cubes were examined 
not only from the top view but also from the edge view. In the top-view 
image (Fig. 1c), the contrast is homogeneous, whereas in the edge-view 
images (Fig. 2a, e), the middle region shows brighter contrast than the 
upper and lower edges. This suggests that the edge is thinner than the 
middle region, which is more suitable for SAED and HAADF observa
tions. The SAED (Fig. 2b, f) and HAADF images (Fig. 2c, g), obtained 

from the upper edges, can be indexed as [100] and [111] zone axes of 
orthorhombic CsPbBr3. The SAED patterns of these two edge-oriented 
CsPbBr3 cubes exhibit prominent differences, providing clear and 
definitive evidence for accurately identifying their respective zone axes. 
In contrast, distinguishing between the [100] and [111] zone axes based 
solely on HAADF images is more challenging, as the Pb and Cs atom 
arrangements appear very similar, as illustrated in the atomic models in 
Fig. S1c, d. Furthermore, the measured interplanar distances are also 
very close. In the magnified HAADF image in Fig. 2d, the interplanar 
distances of 4.13 Å and 5.88 Å correspond to the (020) and (002) planes, 
respectively, of orthorhombic CsPbBr3. In Fig. 2h, the measured inter
planar spacings of 4.14 Å and 5.82 Å correspond to the (112) and (110) 
planes. The near equivalence of these spacings, (020) vs. (112), (002) vs. 
(110), makes it difficult to distinguish between the [100] and [111] zone 
axes based only on the interplanar spacings. Thus, the SAED patterns 
serve as the most reliable method for unambiguously differentiating the 
[100] and [111] zone axes of orthorhombic CsPbBr3.

3.2. Electron-beam irradiation-induced decomposition pathways of 
CsPbBr3 nanocrystals

In-situ TEM, with its unique capability for real-time observation, has 
been widely applied to the study of the stability of CsPbX3 nano
materials. In our experiments, CsPbBr3 nanocrystals exhibiting multiple 
orientations, combined with high-resolution STEM imaging technique, 

Fig. 3. Electron-beam irradiation-induced decomposition of CsPbBr3 nanocrystals. Aberration-corrected HAADF images of CsPbBr3 (a) cube, (d) cuboid I and (g) 
cuboid II after electron-beam irradiation. Corresponding enlarged HAADF images of CsPbBr3 (b) cube, (e) cuboid I and (h) cuboid II. Corresponding FFT patterns of 
CsPbBr3 (c) cube, (f) cuboid I and (i) cuboid II. Insets are the atomic models of overlapping views for the parent CsPbBr3 lattices and the newly-formed Pb particle.
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offer an ideal platform for investigating their decomposition behaviors. 
It is well-established that CsPbX3 nanomaterials degrade under electron- 
beam irradiation, typically manifested by formation of bright-contrast 
nanoparticles on their surfaces, as seen in Fig. 3a, d, and g. Detailed 
examination of the HAADF images (Fig. 3b, e, h), viewed along [001] 
and [110], reveals that bright-contrast particles with a circular shape, 
outlined by white dashed lines, are significantly brighter than the host 
CsPbBr3 lattice. This brighter contrast arises from beam-induced 
decomposition of CsPbBr3, leading to the aggregation of Pb on the 
CsPbBr3 surface [13,16]. More STEM examinations (Fig. S5) show that 
Pb nanoparticles can also form in the edge region, with a shape similar to 
those observed on the CsPbBr3 surface.

The corresponding fast Fourier transform (FFT) patterns (Fig. 3c, f, 
i), indexed as the [001], [001], and [110] zone axes of orthorhombic 
CsPbBr3, show that diffraction information from Pb is not readily 
detectable due to the extremely small size of the newly-formed Pb 
nanocrystals. Moreover, when viewed along the top-down perspective of 
the CsPbBr3 cube, cuboid I and cuboid II, the lattices of the base CsPbBr3 
overlap with those of the newly-formed Pb nanocrystals. This overlap, 
caused by the finite thickness of the CsPbBr3 nanocrystals, complicates 
the real-time identification of degradation pathways along the [001] or 
[110] zone axes, and makes it hard to determine the orientation rela
tionship between CsPbBr3 and the newly-formed Pb particles. In 

addition, the top-down perspective might even render misleading in
formation about the growth mode and shape of the formed Pb 
nanoparticles.

From extensive STEM examinations, it is found that the edge- 
oriented CsPbBr3 particles with distinct edges (as shown in Fig. 2a, e) 
offer a clear perspective for probing their decomposition behaviors, 
which is ascribed to the fact that the edges are thinner than the other 
regions when viewed from certain directions, and degrade more easily 
under electron-beam irradiation[16]. As shown in Fig. 4a, a large 
number of brighter nanoparticles appear on the surface of CsPbBr3 
particles after electron-beam irradiation, with a particular high density 
along the edges. The enlarged HAADF image (Fig. 4b) clearly reveals 
that these nanoparticles adopt specific orientation relationship with the 
CsPbBr3 lattices. It is noteworthy that the morphology of these Pb 
nanocrystals seems to vary in different regions, as shown in Fig. S6. In 
the edge region, most Pb particles manifest as regular triangles, while in 
the central region some Pb nanocrystals display irregular shapes. This 
morphological variation is associated with the sample thickness at 
different regions. Compared to the edge region, the central region is 
much thicker. In the central region, the nucleation sites are denser and 
the coalescence of adjacent Pb nanocrystals happens more easily, thus 
leading to appearance of irregular shapes. The corresponding FFT 
pattern (Fig. 4c) confirms this observation: the diffraction spots marked 

Fig. 4. STEM observations of damaged CsPbBr3 nanocrystals from the edge view. (a and g) Aberration-corrected HAADF image of edge-oriented CsPbBr3 particles 
after electron-beam irradiation. (b) Enlarged HAADF image from (a). (c) FFT pattern corresponding to (b). (d and e) Enlarged HAADF images of the regions enclosed 
by the white and yellow squares in (b), respectively. (f) Atomic model schematic illustrating the interface between CsPbBr3 and the newly-formed Pb, corresponding 
to (e). (h) Enlarged HAADF image from (g), with an inset showing the corresponding FFT pattern. (i) Enlarged HAADF image of the region enclosed by the white 
square in (h), with an inset showing the corresponding schematic atomic model of the interface structure.
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by white circles can be indexed to the {022} planes of orthorhombic 
CsPbBr3 along the [100] zone axis, while the additional diffraction spots 
marked by green circles correspond to the {111} planes of cubic Pb 
viewed along the [110] zone axis. In contrast to the decomposition 
behavior reported by Shen et al. [26], our STEM observations reveal the 
lattice signatures only corresponding to CsPbBr3 and Pb. This indicates 
that no intermediate phases, such as PbBr2 or CsBr, form under our 
experimental conditions (incident electron energy of 300 keV, dose rate 
of 650 e-1 Å-2 s-1). The absence of these intermediates is attributed to the 
rapid displacement of Br atoms from the CsPbBr3 lattice under the 
electron-beam irradiation, likely driven by knock-on collisions [16], 
which promotes the direct reduction of Pb2+ into Pb. To further confirm 
the composition of the decomposition products, EDS mapping was 
performed on the irradiated regions (Fig. S7). The elemental mappings 
are consistent with the CsPbBr3 framework, but they also show strong Pb 
intensity at the nanoparticle locations. This confirms that the 
newly-formed nanoparticles with a high contrast are composed of Pb, in 
agreement with the previous reports [13,16].

Closer inspection of the region highlighted by a white square in 
Fig. 4b provides further insights. In the darker-contrast region (Fig. 4d), 
the measured interplanar spacings are 4.13 Å and 5.88 Å, corresponding 
to the (020) and (002) planes of orthorhombic CsPbBr3, consistent with 
the analysis results from Fig. 2d By contrast, the brighter-contrast area 
enclosed by the white dashed lines shows slightly-reduced interplanar 
spacings of 4.05 Å and 5.83 Å. This suggests that the Pb atoms lost from 
the base CsPbBr3 lattices accumulate in the bright-contrast region, 
leading to the lattice shrinkage of base CsPbBr3.

To establish the orientation relationship between CsPbBr3 and Pb, a 
detailed analysis of the interfacial structures was performed (Fig. 4e). 
For the undamaged portion of the CsPbBr3 lattices, two planes are 
identified: (022) and (022) planes, both with an interplanar spacing of 
3.38 Å and an angle of 109.9◦ For the Pb nanoparticles, an interplanar 
spacing of 2.86 Å and an angle of 109.5◦ is measured, corresponding to 
the {111} planes of cubic Pb. Fig. 4f shows the atomic model of the 
CsPbBr3-Pb interface derived from the above analysis. Consequently, the 

orientation relationships between CsPbBr3 and Pb, when viewed along 
the [100] zone axis of orthorhombic CsPbBr3, are determined as follows. 

[100]CsPbBr3//[110]Pb (1) 

(022)CsPbBr3//(111)Pb (2) 

(022)CsPbBr3//(111)Pb (3) 

We further examined the edge-oriented CsPbBr3 particles along the 
[111] zone axis after the electron-beam irradiation, as shown in Fig. 4g-i. 
The inset FFT pattern in Fig. 4h confirms that the particle is oriented 
along the [111] zone axis of orthorhombic CsPbBr3. The diffraction 
spots marked by white circles can be indexed as the {202} and {022} 
planes of orthorhombic CsPbBr3, while the additional diffraction spots 
marked by green circles correspond to the {111} planes of cubic Pb. In 
Fig. 4i, in addition to the (112) and (110) planes of orthorhombic 
CsPbBr3, two additional planes separated by 109.2◦ are observed. The 
measured interplanar spacings of 3.37 Å and 3.38 Å agree well with 
those of the (202) and (022) planes of orthorhombic CsPbBr3. For the Pb 
nanoparticles, the structural features are consistent with the results 
obtained from Fig. 4e. The inset in Fig. 4i shows the corresponding 
atomic model of the CsPbBr3-Pb interface. From the above analysis, the 
orientation relationships between CsPbBr3 and Pb, when viewed along 
the [111] zone axis of orthorhombic CsPbBr3, can be deduced as follows. 

[111]CsPbBr3//[110]Pb (4) 

(202)CsPbBr3//(111)Pb (5) 

(022)CsPbBr3//(111)Pb (6) 

Comparing the orientation relationships (1) to (6), it becomes clear 
that the orientation relationship consistently occurs between the {111} 
facets of cubic Pb and the {022}/{202} facets of orthorhombic CsPbBr3. 
The growth of Pb nanoparticles thus exhibits characteristic endotaxial 
growth behavior [27]. Specifically, this is enabled by two factors: (i) the 

Fig. 5. Interface structure between host CsPbBr3 and newly-formed Pb nanoparticles. Partially enlarged HAADF images of CsPbBr3 particles along the (a) [100] and 
(d) [111] zone-axes after electron-beam irradiation, with insets showing the corresponding FFT patterns. Enlarged HAADF images of the region enclosed by the (b 
and e) white and (c and f) yellow squares in (a and d) respectively, with the corresponding atomic models shown on the right of each HAADF image. (g) Schematic 
illustrations of the Pb unit cell (space group Fm3m) and the CsPbBr3 unit cell (space group Pbnm) with CsPbBr3 atomic layers stacking along the [011] and [101] 
directions, and the corresponding CsPbBr3-Pb interfaces with the lowest energy.
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high lattice matching between the {111} planes of cubic Pb and 
{022}/{202} planes of orthorhombic CsPbBr3[28], and (ii) the ther
modynamic stability of the {111} planes of cubic Pb as the 
lowest-energy facets[29]. Together, these factors provide both crystal
lographic compatibility and surface energy advantage, promoting the 
endotaxial embedding of Pb nanoparticles within the CsPbBr3 lattices. 
This crystallographic matching, coupled with interface energy minimi
zation, not only explains the orientation-controlled growth of Pb 
nanocrystals, but also clarifies the mechanism underlying the prefer
ential decomposition of CsPbBr3 nanocrystals in the edge regions. In 
addition to the high density of dangling bonds and surface defects at the 
edge sites, the preferential nucleation and growth of cubic Pb nano
crystals at the low-coordination edge sites are also an important factor 
that accelerates the decomposition of CsPbBr3 nanocrystals.

To gain deeper insight into the interface structure between CsPbBr3 
and Pb nanocrystals, detailed STEM examinations were performed. 
Fig. 5a presents a typical HAADF image of a damaged CsPbBr3 particle. 
The corresponding FFT pattern (inset) confirms that this particle orients 
along the [100] zone axis of orthorhombic CsPbBr3. Two Pb nano
crystals are observed at the particle edge. Although both Pb nanocrystals 
share the same overall orientation relationships with the CsPbBr3 crys
tal, subtle differences in their atomic arrangements at the interface are 
apparent. Magnified HAADF images and corresponding atomic models 
are shown in Fig. 5b, c. In Fig. 5b, the topmost Pb atom (enclosed by a 
white circle) aligns with the PbBr layer of CsPbBr3 along the vertical 
direction (indicated by the upward white arrow) and Br layer along the 
horizontal direction (labeled by the horizontal white arrows). In 

contrast, in Fig. 5c, the topmost Pb atom enclosed by the yellow circle 
aligns with the Cs layer vertically (indicated by the upward yellow 
arrow) and the PbBr layer horizontally (marked by the horizontal yellow 
arrows). In both cases, a layer of Pb atoms is present at the interface, 
indicated by the green circles, which can be proved by the corre
sponding atomic models. Notably, the atomic contrast at these positions 
is darker than that of Pb atoms within the CsPbBr3 lattices, suggesting 
that Pb atoms in the adjacent CsPbBr3 lattice are consumed during the 
endotaxial growth of Pb nanocrystals. Consequently, the observed 
atomic contrast originates from deeper Pb atoms within the CsPbBr3 
lattice along the STEM observation direction. Similar phenomena are 
observed along the [111] zone axis of orthorhombic CsPbBr3, as shown 
in Fig. 5d-f. These observations indicate that, regardless of whether the 
interface is viewed along the [100] or [111] zone axis, the outermost 
atomic layer of CsPbBr3 at the interface is primarily composed of Pb 
atoms.

The formation of unique interfacial structures between CsPbBr3 and 
Pb is further supported by DFT calculations. For the interface simula
tions, the (011) and (101) planes of CsPbBr3 were chosen to combine 
with the (111) plane of Pb, based on the orientation relationships 
observed in Fig. 5a, d. For Pb, only one type of (111) plane was 
considered, while for CsPbBr3, four types of (011) and four types of 
(101) termination layers were selected (Fig. 5g), resulting in eight 
possible interface structures depending on the CsPbBr3 termination 
plane. Schematics of these optimized interface structures are shown in 
Fig. S9, and the corresponding interface energies are summarized in 
Table S2. The calculation results indicate that, for both the (011) and 
(101) planes of CsPbBr3, the interface energy is lowest when terminated 
by Pb atomic layers, in good agreement with our STEM observations.

Furthermore, the formation energies of point defects in the ortho
rhombic CsPbBr3 were also calculated, and the results are summarized 
in Table 1. The corresponding calculation details can be found in the SI. 
The results indicate that Cs atoms have the lowest point-defect forma
tion energy, suggesting that Cs atoms preferentially detach from the 
lattice during the degradation, consistent with the previous report [30]. 

Table 1 
Formation energies of point defects in CsPbBr3 obtained by 
DFT calculations.

Point defect Formation energy (eV)

VCs − 3.51
VPb 3.36
VBr 0.69

Fig. 6. Morphological evolution of Pb nanoparticles in an individual CsPbBr3 nanocrystal under electron-beam irradiation (dose rate: ~ 650 e- Å-2 s-1). (a) HAADF 
image of a representative frame from video S1. (b) Enlarged HAADF image of the region enclosed by the yellow square in (a), defined as the initial frame at the very 
beginning of irradiation (0 s). Time-lapse HAADF images showing nanoparticle evolution at (c) 0 s, (d) 0.8 s, (e) 1.6 s, (f) 2.4 s, (g) 3.2 s, (h) 4.0 s, (i) 4.8 s, and (j) 
13.0 s. (k) Time-dependent evolution of the horizontal and vertical distances between the apexes of particles A and B in (b). (l) Intensity profiles along the purple 
dashed lines in the time-lapse HAADF images.
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Pb atoms exhibit the highest defect formation energy, indicating greater 
stability within the lattice compared to Cs and Br atoms. However, Br 
atoms, having the lowest atomic mass, are more susceptible to 
electron-beam bombardment. Consequently, during the electron-beam 
irradiation, Br and Cs atoms detach first from the CsPbBr3 lattice, 
creating vacancies that facilitate the diffusion of Pb atoms. This can 
explain why the Pb atoms marked by the white and yellow circles in 
Fig. 5b, c, e and f occupy positions previously occupied by Cs and Br 
atoms in the CsPbBr3 lattice, leading to the observed unique interface 
structure in which the outermost layer of the CsPbBr3 consists of Pb 
atoms.

To directly observe the degradation process of CsPbBr3 particles, 
extensive in-situ STEM observations were conducted (Video S1, 

Supporting Information, SI). The video reveals that nucleated Pb 
nanoparticles undergo layer-by-layer endotaxial growth, followed by 
coalescence through twinning under continuous electron-beam irradi
ation. For detailed analysis, a representative frame from Video S1 was 
selected, as shown in Fig. 6a. Fig. 6b represents an enlarged HAADF 
image of the region enclosed by the yellow square in Fig. 6a, where two 
Pb nanoparticles, labeled A and B, are clearly observed. Video S1 shows 
that nanoparticle A grows layer by layer, while nanoparticle B gradually 
fuses into A. The layer difference between the outermost Pb layers of 
nanoparticles A and B is used as a marker for the growth rate of Pb 
nanoparticle A. In Fig. 6b, this layer difference is 8 layers, which is 
defined as the initial frame at the very beginning of irradiation (Fig. 6c). 
As irradiation continues, as shown in Fig. 6c-g, nanoparticle A grows one 

Fig. 7. Schematic illustration of degradation mechanism for the orthorhombic CsPbBr3 under electron-beam irradiation. (a) Edge views of CsPbBr3 cube along [100] 
and [111] directions. (b) Sequential stages of the degradation process of CsPbBr3 under electron-beam irradiation, viewed along the [100] direction.
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layer every 0.8 s. From Fig. 6g to 6i, the growth rate increases to two 
layers every 0.8 s, indicating that the coalescence rate accelerates as the 
size difference between nanoparticles A and B increases.

The temporal evolution of the horizontal distance (blue lines in 
Fig. 6c-h) and vertical distance (red lines in Fig. 6c-h) between the 
apexes of nanoparticles A and B is plotted in Fig. 6k, providing a 
quantitative visualization of the coalescence dynamics. After 13 s of 
irradiation, the coalescence process ceases and the shape of Pb nano
particle A stabilizes (Fig. 6j).

Intensity profiles surrounding the Pb nanoparticles (Fig. 6l) show 
that as coalescence proceeds, the image intensity increases and becomes 
stronger in the middle part of the profile, reflecting the thickening of the 
fused Pb nanoparticle. Simultaneously, the minimum contrast intensity 
decreases, indicating ongoing decomposition of the surrounding 
CsPbBr3 lattice, which supplies additional Pb atoms for the endotaxial 
growth. In addition, twinning via {111} planes of Pb nanoparticles is 
also observed (Fig. S8). These results demonstrate that under electron- 
beam irradiation, Pb nanoparticle grows layer by layer. When Pb 
nanoparticles are in close proximity, coalescence occurs via {111} 
twinning, with Pb atoms supplied from the fused nanoparticle and the 
surrounding CsPbBr3 lattice, until a larger and more stable Pb nano
particle is produced.

3.3. Degradation mechanism of orthorhombic CsPbBr3 under electron- 
beam irradiation

Based on the above analysis, a potential degradation mechanism for 
the orthorhombic CsPbBr3 under electron-beam irradiation is proposed, 
as depicted in Fig. 7. Fig. 7a shows a typical CsPbBr3 cube, where the 
termination surfaces consist of two {001} facets and four {110} facets of 
orthorhombic CsPbBr3, accompanied by distinct orientations of ortho
rhombic CsPbBr3 observed from two different edge perspectives. The 
edge between two {110} facets yields the [100] zone-axis, while the 
edge between the {001} and {110} facets corresponds to the [111] zone- 
axis. Because the degradation behaviors along the [100] and [111] zone- 
axes of orthorhombic CsPbBr3 are very similar, only the [100] zone-axis 
is discussed as an example.

When an edge of the CsPbBr3 cube is exposed to electron-beam 
irradiation, the combined effects of electron beam bombardment and 
irradiation-induced heating induce to the successive detachments of Br 
and Cs atoms from their lattice sites (Stage 1 in Fig. 7b). These atoms 
diffuse outward, resulting in Cs and Br vacancies (highlighted by the red 
circles). It should be noted that a significant number of Br vacancies 
already exists on the surfaces of CsPbBr3 particles prior to irradiation, 
which facilitates Pb nanoparticle formation [31]. Subsequently, Pb 
atoms detach from lattice sites and aggregate by occupying Br and Cs 
vacancies (blue circles) and interstitial sites (pink circles), as shown by 
the Stage 2 in Fig. 7b The detailed nucleation mechanism can be found in 
our previous work [16] Once nucleation conditions are met, Pb nano
particles and CsPbBr3 lattice form special orientation relationships 
(Stage 3 in Fig. 7b). As irradiation continues, Pb nanoparticle grows 
layer by layer. When nearby Pb nanoparticles are sufficiently close, they 
coalesce through {111} twinning (Stage 4 in Fig. 7b), forming larger Pb 
nanoparticles. Once the irradiated CsPbBr3 lattice is fully decomposed, 
the growth and coalescence processes stop, and the Pb nanoparticles 
stabilize in shape (Stage 5 in Fig. 7b), as observed in Fig. 6j.

4. Conclusions

In summary, orthorhombic CsPbBr3 nanocrystals have been suc
cessfully synthesized using a room-temperature SR method. Atomic- 
resolution STEM imaging reveals that the exposed surfaces of the 
CsPbBr3 nanocrystals correspond to the {001} and {110} planes. 
Extensive in-situ STEM observations from the edge-view imaging ge
ometry are performed to investigate the growth mechanism of Pb 
nanoparticles during the degradation of CsPbBr3 nanocrystals under 

electron-beam irradiation was investigated using in-situ STEM and sup
ported by DFT calculations. The results show that the {111} planes of Pb 
align parallel to the {022} and {202} planes of CsPbBr3, with Pb atomic 
layers forming an interface between CsPbBr3 and Pb. Furthermore, the 
Pb nanoparticles exhibit an endotaxial growth mode along the 〈111〉
direction. DFT calculations further corroborate this oriented growth and 
clarify the atomic interface structure to stabilize this process. These 
findings provide detailed insights into the degradation pathways of all- 
inorganic metal halide perovskites under electron-beam irradiation, 
offering a fundamental atomistic understanding that is essential for the 
future design of irradiation-resistant perovskite-based optoelectronics.
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