Chemical Engineering Journal 475 (2023) 146209

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

t.)

Check for

Thermal and chemical durability of metal halide perovskite CsPbBr3 | e
single crystals

Daniu Han®, Kun Yang ™, Chengying Bai b Feida Chen®, Zhangjie Sun®, Yibo Wang “, Hao Ji®,
Zhou Yang“, Xiaobin Tang ™

& College of Materials Science and Technology, Nanjing University of Aeronautic and Astronautics, Jiangsu Province, 210016, PR China
Y College of Materials Science and Chemical Engineering, Harbin Engineering University, Heilongjiang Province, 150001, PR China

ARTICLE INFO ABSTRACT

Keywords:

Perovskite single crystal
Chemical durability
Non-congruent leaching

Halide perovskite CsPbBrj single crystals have shown promising applications in high-energy radiation detection
because of their high gamma-ray blocking capability, strong hole carrier transport capability, and manufacturing
feasibility. However, the soft ionic properties of perovskite octahedral lattice facilitate the phase transformation
of CsPbBr3 under a hydrothermal environment, which significantly limits their application. The current work
systematically studied the phase stability of the CsPbBrj single crystals under high temperatures and high hu-
midity to accelerate their potential application in high-energy radiation detection. Thermal and water degra-
dation behaviors of the CsPbBrj single crystals under elevated temperature were investigated for the first time
via in situ Raman spectroscopy and semi-dynamic leaching testing methods. Results indicated that the CsPbBr3
single crystals exhibited good thermal stability below 460 °C without obvious phase degradation and rapidly
transformed to CsPbyBrs, followed by PbBr(OH) with the continuous water interaction. The water interaction
and phase degradation mechanism of single crystals with the preferential release of Cs, surface reorganization,
and formation of PbBr(OH) alteration layer with rod-like structure was revealed. The phase degradation of
CsPbBrj single crystals along surface defects from the growth process was further confirmed, which can be used
to guide subsequent work on single-crystal stability regulation.

1. Introduction

The development and application of high-performance and long-life
semiconductor materials have always been the concern of researchers in
the field of modern nuclear radiation detection since the 1960 s [1]. At
this stage, variable semiconductor materials, including gallium arsenide
(GaAs), mercury iodide (Hgly), and cadmium telluride (CdTe) [2], have
been developed to meet the requirements of modern radiation detection,
such as high sensitivity, high detection efficiency, and convenience [3].
However, those materials suffer from the disadvantages of high
manufacturing cost [4], low stability, and ready to decomposition [5]

Halide perovskite single crystals have shown broad application
prospects in solar cells, light-emitting diodes, and radiation detectors
because of their simple preparation process, excellent carrier transport
properties, and surprisingly high defect tolerance [6-10]. Currently, the
widely studied halide perovskite materials are mainly focused on Pb-
based halide perovskites, which contain heavy ions of Pb, making
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them effective at blocking high-energy radiation; the abundant energy
level structure of Pb ions greatly enhances the charge transport capa-
bility of the materials [11]. Existing studies showed that organ-
ic-inorganic hybrid perovskite MAPbBr3 and FAPbBrj single crystals
with organic functional group cations MA™ and FA" at the A-position
have high electronic quality [12,13], with their photoelectric conversion
efficiency exceeding 22% [14,15]. However, the readily volatile MA™
results in rapid thermal decomposition at relatively low temperatures,
whereas the strong polarization of MA™ raises the issue of ion migration
[16,17], which is not favorable for long-term stable applications.
Compared with hybrid perovskites, the substitution of organic cations by
the inorganic metal cation Cs* to form CsPbBrj single crystals increases
the structural stability [18,19], with a large band gap of 2.3 eV and a
large average atomic number (effective atomic number Z.g of 65.9,
which is much higher than that of CdZnTe (50.2)) [20]. He et al. [21]
enabled a CsPbBrj; single-crystal semiconductor detector to achieve a
remarkable energy resolution of 1.4 % for '*’Cs by improving the
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electrode structure design and preparation process.

Although the CsPbBrj single crystal exhibits promising application in
radiation detectors, the inherent soft ionic property of its crystalline
structure makes CsPbBrs single crystals unfavorable for use in high-
humidity environments [22]. As a result, the environmental degrada-
tion and elemental release of Pb-based halide perovskites have received
increasing attention. Caddeo et al. [23] studied the water-caused
perovskite MAPbI3 degradation mechanism and obtained a collective
water dissolution mechanism in which MA™ ions are removed from the
lattice in 10 ps. This MA™ ion dissolution time was even faster at 8.5 ps
in the study by Mosconi et al. [24]. Bryce et al. [25] experimentally
investigated the chemical durability and degradation mechanisms of
CsPbl3 polycrystalline perovskite in aqueous environments and found
that both I and Cs ions exhibit incongruent leaching behavior with a
release rate faster than Pb, especially under long leaching times and high
temperatures. Zhang et al. [26] simulated the spontaneous dissolution
process of CsPbls in water, and they deduced that the large hydration
enthalpy of CsPbl3 together with the low lattice energy of the perovskite
structure may be responsible for the rapid release of Cs* and the fast
degradation of CsPblg in water. Although numerous studies on the Pb
halide perovskite stability are based on the polycrystalline structure, few
studies have focused on the degradation behavior toward the single
crystal despite the fact that the single crystal has demonstrated superior
photovoltaic behavior due to the disappearance of the defect [27]. In
particular, studies on the water degradation of CsPbBr3 single crystals
are rare.

In the current study, CsPbBrs single crystal was successfully syn-
thesized through a water-based anti-solvent vapor-assisted method. The
thermal and chemical durability of the single crystal was systematically
studied via in-situ Raman and semi-dynamic leaching tests. The phase
degradation pathway and microstructure evolution of single crystals in
deionized water were further revealed through scanning electron
microscopy—energy dispersive spectroscopy (SEM-EDS), X-ray diffrac-
tion (XRD), Raman spectroscopy. The elemental release rate of the single
crystal was revealed by induced couple plasma-mass spectroscopy (ICP-
MS) to elucidate the underlying dissolution behavior and achieve a
mechanistic understanding of corrosion and surface reorganization.

2. Materials and methods
2.1. Single-crystal preparation
The CsPbBr3 single crystal was synthesized by an anti-solvent vapor-

assisted method [28,29], which is shown in Fig. la. CsBr (Macklin,
99.9%) and PbBr, (Macklin, 99.0%) with a molar ratio of 1:1.5 were
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dissolved in 15 mL of dimethyl sulfoxide (DMSO, Macklin. GC, > 99.8%)
to configure a pure CsPbBr3 phase solution with a concentration of 0.4
mol - L1 (Cs concentration of 0.4 mol - L™ 1) [29], followed by stirring at
60 °C for 0.5 h until the solution was clear. The solution was then
titrated with 5 mL of methanol (MeOH, Nanjing Chemical Industry Co.
AR, > 99.8%) until an insoluble yellow CsPbBr3 precipitate appeared in
the beaker. The precipitate was further removed with polytetrafluoro-
ethylene (PTFE) 0.1 pm pore-size filter paper, leaving a saturated pre-
cursor solution. About 30 mL of dilute methanol anti-solvent was made
by equally mixing 10.9 mL MeOH with 19.1 mL DMSO in a molar ratio of
1:1. The beaker containing CsPbBrs saturated precursor solution was
placed in a large beaker with diluted methanol anti-solvent at 40 °C for
3 days to obtain a number of single crystals with a size of 1-4 mm, as
shown in Fig. 1a. Large single crystals (~4 mm) were further grown from
the CsPbBrj3 seeds following the seed crystal method [30], in which the
seed crystals with regular shapes and large sizes were selected as
nucleation sites to assist single-crystal growth and further increase the
single crystal size.

2.2. Single-crystal phase and micro-structural characterization

Crystalline phase property of the single crystal before and after the
leaching test was evaluated by XRD (PAN analytical, the NL) with a
PIXcel3D array detector receiver and a copper target for ray character-
ization (scan ranged from 10° to 70° with a scanning speed of 0.094°-
s’l); the microstructure evolution before and after the leaching test was
determined by using a double ionization beam (SEM/FIB) electron mi-
croscope (TESCAN LYRA3 GM, CZ) equipped with an EDS system (Ox-
ford system, the UK).

2.3. Thermal stability

The thermal stability of the single crystal was evaluated by TGA-DSC
(STA 449 F3, GER) with a temperature range from 25 °C to 1000 °C and
a temperature ramping rate of 10 °C - min " in argon atmosphere. The
crystalline phase evolution was further characterized by in situ Raman
spectroscopy under air atmosphere using a high-resolution Raman
spectrometer (HORIBA HR Evolution, FR) with an excitation wave-
length of 633 nm. The temperature was dynamically controlled by a
heating stage (Linkam, the UK) with a heating rate of 5 °C- min~! from
10 °C to 460 °C.

2.4. Dissolution experiment

A semi-dynamic leaching test [31] (ASTM C1308) was conducted to
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Fig. 1. (a) Anti-solvent vapor-assisted crystallization and optical view of the CsPbBr; single crystals; (b) X-ray diffraction pattern of the CsPbBrj single crystals.
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characterize the chemical stability of the CsPbBrj3 single crystals to un-
derstand the phase degradation behavior and dissolution kinetics. Spe-
cifically, the sample was immersed in a PTFE vial with deionized water
for a given time interval, and the leachate was periodically replaced
with new leachate after each time interval. The semi-dynamic leaching
test was performed under three different temperature ranges from 20 °C,
59 °C, and 90 °C. The Cs, Pb, and Br concentrations in leachate were
then diluted 100 times and analyzed with an inductively coupled
plasma-mass spectrometry (ICP-MS) system (ICAP6300, US) to obtain
the time-dependent dissolution amounts of the three elements. The
corresponding release rate m(i) of each element (in mg - m2. d’l), as
well as elemental dissolution control rate constant k; and diffusion
control rate constant ky, was calculated by the method proposed by Yang
etal. [31]. The elemental dissolution activation energy E, (in kJ - mol 1)
associated with the dissolution mechanism of each element was further
obtained by calculating the Arrhenius equation according to Bryce et al.
[25].

3. Characterization of CsPbBrj3 single crystals
3.1. Phase and microstructure

The XRD profiles of the prepared CsPbBrjs single crystals shown in
Fig. 1b demonstrated a high-purity meritocratic orientation with char-
acteristic peaks at 15.03°, 30.37°, and 46.24°, belonging to the single
crystalline orientations of (001), (002), and (003), respectively. The
XRD characterization also revealed that the single crystals belonged to
the orthorhombic structure. The surface microstructure of the CsPbBr3
single crystals is shown in Fig. 2. The lamellar growth morphology of
single crystals followed the crystal lamellar growth theory (Kossel-
Stransky theory) [32], where a single crystal grew stepwise like a
reversed pyramid from one stage to another, thereby forming a multi-
layer lamellar structure (Fig. 2a-d). The elemental mappings and cor-
responding semi-quantitative analysis on the surface of the CsPbBrs
single crystal indicated the uniform distribution of the three elements
(Cs, Pb, and Br) on the surface with the elemental ratio close to 1:1:3
(Fig. 2e-h).

3.2. Thermodynamic stability
The temperature-dependent thermal weight loss curves and the DSC

curves of the CsPbBr3 single crystal are shown in Fig. 3a, b, respectively.
A sharp DSC absorption peak was found at 567.9 °C (Fig. 3b), which was
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consistent with previous reports and implied a melting point at 567.9 °C
[33]. Before 580 °C, the heat loss curve exhibited a plateau (Fig. 3a),
indicating minimal weight loss in the single crystal, probably due to the
remaining organic solvent. The heat weight loss curve, as well as two
successive decreases for the DSC curve (starting at 580 °C and 900 °C,
respectively), may be attributed to the thermal decomposition of the
single crystal, which experienced two distinct scenarios, namely, the
decomposition reaction of PbBr; started at about 500 °C [34,35], and
CsBr sublimated at about 800 °C [36,37]. The decomposition tempera-
tures of PbBr; and CsBr were slightly higher than those in previous re-
ports [35,36], indicating the enhancement of thermal stability by
forming a single crystal.

The thermal stability of the CsPbBrs single crystal was further
studied by in-situ Raman spectroscopy from 10 °C to 580 °C with a 633
nm laser as the excitation source at a temperature interval of 50 °C
(Fig. 3c). The Raman spectra of the CsPbBrs single crystal were
composed of three active Raman vibrations concentrated at 76, 135, and
311 ecm ™! [13,38]. The central peak at 76 em! corresponded to the
phonon vibration mode of TO,, which was related to the motion of Cs™
and the vibration of [PbBr6]4’ [13], whereas the broad low-intensity
peak around 135 em ! corresponded to the phonon vibration mode of
TOs, which was mainly related to the motion of Cs ions [38]. The peak at
311 ecm™! was related to the Raman second-order phonon scattering
mode of CsPbBr3 [38-40]. The result of in situ Raman spectra test
revealed that the three characteristic peaks of CsPbBr3 gradually shifted
to a high angle (red-shift) as well as broadened with increasing tem-
perature from 10 °C, which could be attributed to the stress-strain
formed by the lattice distortion derived from the volume expansion of
the single crystal upon heating [38,41]. No obvious new peaks could be
found for the current temperature range (from 10 °C to 460 °C) as evi-
denced by the current Raman spectra, which meant that the single
crystal had not decomposed. Previous work showed that the all-
inorganic perovskite CsPbBrs with inorganic metal cation Cs' at the
A-site has excellent thermal stability compared with the organ-
ic-inorganic hybrid perovskite MA-PbX3 [30,42], which was also veri-
fied in the current work. We observed the good thermal stability of
CsPbBrjg single crystals below 460 °C. The corresponding optical mi-
crographs in Fig. 3d demonstrated the ripple-like morphology on the
surface of a single crystal from 310 °C, which became more obvious by
elevating the temperature. This result suggested that the CsPbBrj single
crystal started to melt and transformed to the molten state at 310 °C.
Therefore, temperatures above 310 °C were not favorable for the
application of bulk CsPbBr3 single crystal.

@,

(e

62.18
18.12 19.7
Cs Pb Br
Atom

Fig. 2. SEM morphology of CsPbBrj single crystal: (a-d) surface morphology of CsPbBrj single-crystal sheet structure with magnification from 80 to 10 k times; (e-h)

EDS mappings of CsPbBrj single-crystal sheet structure from Fig. 2d.



D. Han et al.

Chemical Engineering Journal 475 (2023) 146209

(a) —— Weight (C)
100
80+
&
=
< 60 77.49 %
w
w
]
> 404
_____________ Yy
201 R
21.21 %l =
0 1 L 1 1 L 1 1 1 \5
100 200 300 400 500 600 700 800 900 1000
- -
Temperature(°C) %
(b) —psc| E
L]
. T\_\[
I e
)
§ 0.4
£
> -0.8-
o
)
(=]
-1.24
1 567.9°C

Temperature(°C)

100 200 300 400 500 600 700 800 900 1000 50

150 250 350 450
Raman shift (cm™)

Fig. 3. (a) Thermal weight loss curve of CsPbBrjs single crystals; (b) CsPbBrs DSC curve; (c) In situ Raman spectra of CsPbBr; single crystals (at 50 °C temperature

intervals); (d) Optical microscopy images at corresponding temperatures.
4. Chemical durability of CsPbBrj3 single crystal
4.1. Crystalline structure evolution

The crystalline structural evolution of the CsPbBrj single crystal after
water interaction was analyzed, and the XRD and Raman spectral
characterization results of the single crystal are shown in Fig. 4. The XRD
profiles of CsPbBrj3 single crystals post-water interaction at 20 °C for 0.5,
6, and 24 h are shown in Fig. 4a. The characteristic peaks of CsPbBr3 that
were diminished with CsPbyBrs5 (23.35°, 29.35°, 33.34°, 35.44°, 37.90°,
and 47.86°) appeared after the reaction for 0.5 h at 20 °C, demonstrating
the phase degradation of CsPbBr3 in aqueous and oxygen environments.
The complete decomposition of CsPbBrs into CsPbyBrs occurred by
extending the time to 6 h, and the characteristic peaks of PbBr(OH)
(17.73°, 21.45°,29.34°, and 30.06°) and PbO (29.81°) appeared at 24 h,
which could be attributed to the further decomposition of the CsPbyBrs
phase. The characteristic peak at 30.37° was greatly weakened at 59 °C
compared with the peak intensity of the sample at 20 °C for CsPbBr3
(Fig. 4b) and further disappeared at 90 °C, indicating that the phase
degradation process was thermodynamically driven.

The Raman spectra of the sample post-leaching test at 20 °C for
0.5-24 h are shown in Fig. 4c. The CsPbBr3 characteristic peaks of 76,
135, and 311 cm™! diminished but replaced by the Raman peaks of
CsPb2Brs at 70 (belongs to By phonon vibration mode), 77 (B1g), and
132 cm™! (A1g) at 6 h, which confirmed the decomposition of CsPbBr3
into CsPbyBrs; these findings were consistent with the XRD results
[43,44]. New characteristic peaks were found at 90 cm’l, which
belonged to the phonon vibration mode of Ag associated with the
orthogonal phase PbO, indicating the formation of PbO in the 24 h
eroded sample [45,46], and at 262 and 325 cm ™, belonging to the Ag
phonon vibration mode, which was attributed to the vibration of the
PbOHT™ integral stacking band [47] (the latter two peaks are shown in
Fig. 4cl). In the Raman spectroscopic study by Reid et al. [45] for the Pb,
KCl, and H30 corrosion system, the 108 cm ™! Raman peak was attrib-
uted to the vibration of the PbOH" band, which was due to the phase

degradation and formation of the PbCI(OH) phase. Considering the
similarity between PbCI(OH) and PbBr(OH), we assumed that the 108
em ! characteristic peak in the Raman spectrum of the 24 h sample was
due to the formation of the PbBr(OH) phase.

The optical microscopy images of the sample surface post-phase
degradation at different stages are shown in Fig. S1 (supplementary
material), which clearly indicated a rod-like crystalline structure of the
sample surface at 20 °C for 24 h, consistent with the microscopic
morphology of PbBr(OH) [48,49]. These results further suggested that
the rod-like crystallization was the recrystallization product of the single
crystal surface. The water-induced phase decomposition pathway could
then be summarized in the sub-sequential chemical equations (1-4)
below.

2CsPbBr; + H,O—CsBr + CsPb,Brs + H,O 1
CsPb,Brs + H,O—CsBr + 2PbBr, + H,O (2)
PbBr, + H,O—PbBr(OH)| + HBr 3)
PbBr(OH)—PbO + HBr 4

Initially, CsPbBr3 interacts with water molecules and decomposes
into CsBr and CsPbyBrs (Eq. (1)), followed by decomposition into CsBr
and PbBr; (Eq. (2)), in which CsBr is readily dissolved in solution.
Meanwhile, the hydration of PbBr; leads to the formation of PbBr(OH),
which is recrystallized on the surface of the single crystal (Eq. (3)).
Further dehydration of PbBr(OH) results in PbO (Eq. (4)), which is
evidenced by the Raman and XRD profiles (Fig. 4). Similar degradation
phenomena could also be observed for the sample etched at 90 °C for 0.5
h, suggesting that degradation behavior was thermodynamically driven
(Fig. 4d, d1). On the other hand, the absence of CsPbBr3 Raman peaks
between 220 and 360 cm ! for the Raman spectra of single crystal post
leaching test at 59 °C for 0.5 h in Fig. 4d has been attributed to the
different sampling scale between Raman spectra and XRD. The XRD is a
wide-angle scanning technique, which interacts with the entire single
crystal, while Raman laser beam is point-scanning, with a spot area of
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Fig. 4. X-ray diffraction spectra and Raman spectra of single-crystal degradation in deionized water with variable temperature and time: (a) time-dependent X-ray
diffraction patterns after leaching at 20 °C; (b) X-ray diffraction patterns after leaching at 20 °C, 59 °C, and 90 °C for 0.5 h; (c) time-dependent Raman spectra at
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Fig. 5. Surface microstructure morphology of CsPbBrj single crystal after the leaching test: (a) 20 °C for 0.5 h; (b) 59 °C for 0.5 h; (c) 20 °C for 6 h; (d) 20 °C for 24 h;
(e) rod-like crystal byproduct lay on the surface; (f-j) EDS data of rod crystal from Fig. Se.
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only 1.54 um square, thus results in the absence of CsPbBr3 Raman peaks
in the 220-360 cm™? range.

4.2. Microstructure evolution

The water-induced microstructure evolution of the CsPbBrs single
crystal resulted in a large number of ellipsoidal particles packed on the
surface for 0.5 h (Fig. 5a, b). With the intensification of corrosion, the
corrosion-induced cavities between alteration products nearby contin-
uously grew and expanded from 6 h to 24 h (Fig. 5c, d). Besides,
numerous needle-like phase degradation products (Fig. 5d, e) were
loosely packed on the single crystal surface, consistent with the results of
optical microscopy in Fig. S1 (supplementary material). Elemental
analysis on the needle-like alteration product demonstrated that the
product was Cs-free and enriched with O, Pb, and Br, thereby indicating
that it was a mixture of the hydrate PbBr(OH), PbO, and PbBr, origi-
nating from the decomposition of CsPbyBrs to PbBr(OH) based on the
previous results of XRD characterization. Fig. 5b, ¢ show that the non-
uniform feature of the water corrosion regions on the surface (boun-
ded by the white dashed lines) might be ascribed to the presence of
surface defects in these regions, which were generated by the single
crystal growth. In these places, vacated ionic bonds were susceptible to
water and oxygen and decomposed first, and the related arguments were
proven by the results of the leaching experiments, which will be dis-
cussed in subsequent sections.

The cross-section microstructure and elemental distribution of the
alteration layer corroded for 0.5 h at 20 °C are shown in Fig. 6a-e, and
compared to the CsPbBrj3 single crystal before the leaching test (Fig. S2).
The results show that the uncorroded single-crystal profile presents a
good single-crystal step-like morphology and uniform elemental distri-
bution. Compare to the single crystal before leaching test, the water-
induced phase degradation of the single crystal started from the sur-
face and gradually penetrated into the interior of the matrix with the
thickness of the alteration layer around 600 pm within 0.5 h (Fig. 6a).

(a)

20°C for 0.5 h
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The alteration layer from the top down to the center of the matrix could
be divided into three distinct layers, namely, corroded layer, transition
layer, and uncorroded layer (Fig. 6b). The morphology of the corroded
layer showed a sheet-like structure with different length, and the tran-
sition layer showed the characteristics of pitting corrosion starting from
the edge and center, whereas the uncorroded matrix still maintained the
features of a CsPbBrs single crystal. A distinguishable interface was
noted between the top corrosion layer and the transitional layer with a
weak Cs signal in the corrosion layer, which suggested that the corrosion
mechanism might be dominated by the stripping of Cs element at the
early stage of corrosion based on the elemental maps (Fig. 6¢c-e). The
increase in the proportion of Cs element for 0.5 h at 20 °C (Fig. 6f) may
be due to the aggregation behavior of Cs stripping from the substrate. In
addition, we inferred that the pitting corrosion morphology in the
transition zone was due to a small amount of Cs stripping, and the pitting
corrosion morphology will expand into the sheet-like crystal layer
morphology with the intensification of corrosion.

The cross-sectional morphology of the single crystal post-leaching
under high temperatures and long-term regimes is shown in Fig. 6g, h.
The temperature-driven pitting corrosion with a similar sheet-like
structure for the alteration layer post-leaching test (59 °C) is shown in
Fig. 6g. The sheet-like structure converted to rod-like crystallization
structure as corrosion increased by comparing the cross-section
morphology of the samples at 0.5 and 24 h after the leaching test
(Fig. 6b, h). Elemental mapping on the cross-section of the sample at 24
h post-leaching test indicated a partial Cs-depleted structure with an
atomic ratio of Cs:Pb close to 1:2.2, further implying that the CsPbBr;
structure was no longer present under this scenario (Fig. 6i-k, f).
Considering the needle-like alteration product shown in Fig. 5d, e, we
could reasonably assume that the continuous phase degradation of
CsPbyBrs, which was derived from the early phase degradation of
CsPbBr3 with the release of Cs from the matrix, resulted in the alteration
products of PbBry and PbBr(OH) precipitate on the surface.

@
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60| I 20 °C for 24 h

59 °C fo
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Fig. 6. Cross-sectional morphology of CsPbBrj single crystal after the leaching test: (a) 20 °C for 0.5 h; (b) the alteration layer from Fig. 6a; (c—e) EDS data of the
alteration layer from Fig. 6b; (f) EDS quantitative results from Fig. 6b and Fig. 6h; (g) 59 °C for 0.5 h; (h) 20 °C for 24 h; (i-k) EDS result of the corrosion morphology

from Fig. 6h.
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4.3. Dissolution behavior and kinetics

The time-resolved dissolution curves for each element are shown in
Fig. 7a-c. The dissolution behavior of CsPbBr; could be divided into two
distinguishable regions, including an initial stage, which showed a
leaching rate plateau and a gradual decreasing stage controlled by the
diffusion mechanism (Fig. 7b, c), consistent with ceramic corrosion
transition state theory [50]. However, the rapid release rate of Cs and Br
elements at the early stage of corrosion (0.5 h) at 20 °C (Fig. 7a) could be
attributed to the surface defects of single crystals [51,52]. The high
surface energy and chemical inhomogeneity of these defects led to the
rapid release of Cs element, which was evidenced by our previous SEM
analysis (Fig. 5b, c¢), from which we demonstrated inhomogeneous
corrosion of the single crystal surface. The elemental release rate of Cs is
higher than that of Br and Pb. Pb element demonstrated the lowest
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elemental release rate among the three temperatures at the early stage of
corrosion (0.5 h), as confirmed by Fig. 7a-c. The rapid release of Cs and
Br elements at the early stage of corrosion under three temperatures
with elemental depletion observed by the SEM images could be related
to the weak Cs-Br ionic bond’s breakage [25]. The elemental release rate
of all three elements increased and reached the leaching equilibrium
state faster with high temperatures, indicating that the elemental release
and the transition of dissolution mechanisms from the initial non-
stationary leaching to the final equilibrium leaching of the elements
was thermodynamically driven.

The non-congruent leaching mechanism dominated the elemental
release behavior of the three elements, as denoted by the atomic ratio in
Fig. 7d-f. Specifically, the atomic ratio of Cs/Pb above 1.0 under three
temperatures was at the early stage of corrosion (0.5 h) and gradually
reduced below 1.0 with a final atomic ratio close to 0.5 at 32 h, which
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Fig. 7. Elemental release rate curves at various temperatures: (a) 20 °C; (b) 59 °C; (c) 90 °C; (d) Various atomic ratios (Cs/Pb (e) Br/Cs (f) Br/Pb) at 20 °C, 59 °C,

and 90 °C.
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was consistent with the Cs/Pb atomic ratio of CsPbyBrs. These results
were consistent with the analysis of the XRD profiles in Fig. 4. The
atomic ratio transition point was reached early by elevating the tem-
perature from 20 °C to 90 °C, consistent with the XRD analysis, and this
result confirmed that the degradation of CsPbBr3 to CsPboBrs was
thermodynamically driven. Moreover, the molar ratio for Br/Pb (5:2)
and Br/Cs (5:1) was observed at 10 h, in accordance with CsPbyBrs and
the leaching mechanism transition from non-congruent to congruent.
The elemental cumulative dissolution curves with time are shown in
Fig. 8a-c, which were further fitted by Cote’s model [53], from which
the corresponding dissolution control rate constants k; and diffusion
control rate constants k> were obtained (Table 1). The dissolution free
energy E, of the three elements was further obtained by fitting the
dissolution rate control constant k; versus the inverse of temperature
with the Arrhenius equation [54] (as shown in Fig. 8d and Table 2). Cs
element had the lowest dissolution free energy E, with a value of 14.04
kJemol ™!, which demonstrated the preferential release of Cs ion. The
low dissolution activation energy of Cs ion and favorable release of Cs
could be further attributed to the weak Cs-Br chemical bond [55]. Pb
had the highest dissolution activation energy of 28.36 kJemol ™!, which
was the main reason for the slowest leaching rate of Pb ions during the
leaching test of the single crystal. The high dissolution activation energy
of Pb ions may be related to the strong bonding energy of Pb-Br ionic
bonds [55]. The dissolution rate constants of Cs at all three temperatures
were higher than the diffusion rate constants of Cs, which suggested that
the release of Cs was mainly controlled by the dissolution process. By
contrast, the diffusion rate constants of Pb and Br ions were greater than
the dissolution rate constants, suggesting a diffusion-controlled
elemental leaching mechanism for both elements at a low temperature
of 20 °C. However, the dissolution rate constants of both elements
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Table 1
Dissolution control rate constant k; and diffusion control rate constant k5 (in 108
mgy - m 2 - h™!) for each element fitted to Cote’s equation.

Atom Fitting parameters 20 °C 59 °C 90 °C
(x 108 mgy - m “2.p Y

Cs kq 3.04 5.64 9.39
k2 1.31 2.23 1.80

Pb kq 0.69 2.83 6.59
ka 2.56 4.32 3.04

Br k; 1.52 4.97 9.41
k2 2.25 4.12 3.39

Table 2
Dissolution activation energy E, for each element ac-
cording to the Arrhenius equation (in kJ - mol ™).

Dissolution
Activation energy kJ - mol™!
Cs 14.04
Pb 28.36
Br 23.04
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exceeded the diffusion rate constants at elevated temperatures, further
suggesting that the dissolution of CsPbBrj single crystals was a ther-
modynamically driven process.

5. Discussion

Compared with polycrystals, the single crystal structure maintains a
regular crystal arrangement between ions rather than disordered
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stacking without grain boundaries, which might demonstrate superior
stability to the polycrystalline structure [58]. Previous research by Al
Jassim et al. revealed the degradation behavior of MAPbI3 films and
single crystals exposed to air by CL spectroscopy [56] and suggested
higher phase stability of a single crystal than polycrystalline due to the
more defects and grain boundaries of MAPbI3 polycrystals, which can
lead to severe phase degradation than single crystals. However, the
CsPbBrs single crystals studied herein demonstrated severe phase
degradation by water interaction, which could be attributed to the for-
mation of pyramid-like vacancy defects and edge dislocations on the
surface during the spontaneous growth of the single crystals, as previ-
ously observed in the SEM characterization of the single crystals in
Fig. 2a-d. Liang et al. previously reported that CsPbBrs polycrystalline
films can maintain stable performance in humid air (90%-95% RH,
25 °C) for more than 3 months [57], so the humidity stability of CsPbBr3
single crystals in humid air must be further evaluated.

The presence of Cs™ cations in the A-site of CsPbBrj3 single crystals
makes them naturally more thermally stable compared with organic-
inorganic hybrid perovskites, which has been favorably demonstrated
in previous literature and in the current work [30,42]. Although hybrid
perovskites have been found to achieve superior photoelectric conver-
sion efficiencies [15], their MAT volatility leads to rapid thermal
decomposition at relatively low temperatures. Bert Conings et al. [16]
experimentally found that MAPbI3 perovskites exhibit irreversible
degradation behavior even in an inert atmosphere at 85 °C, which is
detrimental to the stability of hybrid perovskites. The strong polariza-
tion of MA™ also causes ion migration problems in light and thermal
environments. Yuan et al. [17] discussed in detail the mechanism and
means to eliminate the ion migration of MAPbCl3 perovskites on the
devices in their work. Currently, the replacement of organic-inorganic
hybrid perovskites with all-inorganic perovskites CsPbBrsz or the
doping of inorganic cation Cs* into the A-site of hybrid perovskites to
improve the performance and stability of hybrid perovskites is an
interesting direction to scientists [58,59].

Therefore, the hydrolysis of the CsPbBrj3 single crystals is actually the
result of the combined action of water, heat, and oxygen. Combined with
the previous analysis, we reviewed the chemical dissolution process of
single crystals. The step-wise phase decomposition and elemental
dissolution behavior of CsPbBrs single crystals are proposed in Fig. 9
based on the following observation: the interaction between a water
molecule and CsPbBrs single crystal leads to the preferential release of
Cs and Br from the surface point defects and edge dislocations due to the
relatively low dissolution activation energy (E,) and weak bonding
strength [55]. The continuous waste diffusion and penetration following
the surface etching pits down to the center of the single crystal resulted
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in the sheet-like structure and porous alteration layer, as shown in the
SEM images (Fig. 6b). Meanwhile, the preferential release of Cs and Br
led to phase degradation, with the surface alteration layer being iden-
tified as CsPbyBrs, as confirmed by the XRD results (Fig. 4a, b). Further
water molecule diffusion and reaction resulted in the phase decompo-
sition of CsPbyBrs into PbBry and CsBr, with PbBry diffusing and
migrating out of the matrix to form a needle-like crystal structure of
PbBr(OH) loosely packed on the surface. A simple mean square
displacement (MSD) calculation by ab-initio first-principles has further
been carried out for the aqueous corrosion of CsPbBrj single crystals, try
to understanding the bonding strength of CsPbBrs (Fig. S3). Results
indicate a higher MSD of Br~ and Cs* compared to Pb?t over 6 ps and
implies that the Br™ first separates, followed by Cs*, and Pb,zJr which is
consistent with our experimentally results for the preferential release of
Cs* and Br™.

The corrosion degradation mechanism of CsPbBrs single crystals
with the preferential release of Cs and Br ions obtained in this work
would likely guide the stability regulation of this material. For example,
the binding energy of Cs and Br in the lattice can be enhanced by arti-
ficially doping small radius or electronegative elements at the B-site and
then achieve elemental reinforcement, such as in the work of Hu,
Jitendra et al. [60,61]. In addition, specific elements can be incorpo-
rated in the perovskite to accelerate the in-situ formation of passivation
film, similar to the metal oxide layers [50], thereby passivating the
CsPbBr3 surface. Organic molecules with hydrophobic properties can
also be used to modify the surface of single crystals to enhance their
resistance to humidity and slow down the corrosion of perovskite [62],
which can accelerate the application of halide perovskite single crystal
by increasing its phase stability.

6. Conclusions

In this study, the thermal and chemical stability of the CsPbBr3 single
crystals were thoroughly studied. Results demonstrated that the single
crystal exhibited robust thermal stability without phase degradation
observed at 460 °C. However, the single crystal started to melt at around
310 °C, which would affect the application of bulk single crystals above
this temperature. The chemical degradation behavior of CsPbBrj3 single
crystals under an aqueous environment was also studied by semi-
dynamic leaching experiments. The water-induced phase degradation
of CsPbBr3 to CsPbyBrs with the preferential release of Cs and Br ele-
ments was the main mechanism of phase degradation of CsPbBrj3 single
crystals, which could be attributed to the low ionic bonding energy of Cs
and Br ions in the lattice, as evidenced by their low dissolution activa-
tion energy. Moreover, surface point defects and edge dislocations of

Deionized water

CsPbBr; =

PbBr(OH)(PbO) enriched alteration layer
Surface reaction/reorganization.

CsPb,Br; alteration layer
Massive release of Cs caused collapse of
CsPbBr; structure to CsPb,Brs.

Initial CsPbBr; corrosion layer
CsPbBr; / water interaction induced preferential
release of Cs relative to Pb and Br.

Unreacted CsPbBr; matrix
Good crystalline form.

Fig. 9. Schematic mechanistic diagram to illustrate the stepwise phase degradation process of CsPbBrs single crystals in deionized water.
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single crystals led to a rapid initial element release because of the high
surface energy and chemical inhomogeneity of these sites. A step-wise
single-crystal dissolution behavior was further revealed, which could
guide the design of a single crystal through multiple scale strategies to
enhance the stability of single-crystal applications.
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