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ABSTRACT: Organic−inorganic halide perovskites possess flexible
structures with tunable optical properties at high pressures, but the
pressure-induced amorphization limits the understanding and explora-
tion of the structure−property relationships. Herein, we report an edge-
shared octahedral MAPbBr3 via multiple-stage transformation of the
traditional corner-shared three-dimensional perovskites at high-pressure
and high-temperature (P−T) conditions. In situ synchrotron X-ray
diffraction reveals that upon heating at 8.7 GPa, the amorphized
MAPbBr3 transforms into a high P−T structure above 654 K via
multiple-stage crystallization. The high P−T phase is determined to be a monoclinic P2/m structure with layered edge-shared Pb−Br
octahedra, which can be quenched to RT at high pressures but converts back to the initial cubic perovskite structure below 0.7 GPa
under decompression. The Raman and optical measurements demonstrate that the high P−T phase has similar vibrational behavior
and tunable optical properties to those of the pressure-induced amorphous phase, indicating the similarity in the local structure with
the edge-shared PbBr6 octahedral frame and the MA organic cations between the high P−T phase and the amorphous state. The
present results demonstrate the structural diversity and interconversion in MAPbBr3 by overcoming the large kinetic barrier derived
from the anisotropic organic cations and disordering arrangement of the Pb−Br octahedra, providing new insights into the
understanding of structural transitions and amorphization of halide perovskites.

1. INTRODUCTION
Metal halide perovskites (MHPs) and perovskite-related
materials exhibit exceptional optoelectronic properties, which
are promising for applications in solar cells,1,2 light-emitting
diodes,3,4 and photodetectors.5 The three-dimensional (3D)
MHPs with a general chemical formula of ABX3, where A =
CH3NH3

+ (MA), CH(NH2)2+ (FA), or Cs+; B = Pb2+, Sn2+, or
Ge2+; X = Cl−, Br−, or I−, are constructed by corner shared
octahedra and each A-site cations sits in the cavity formed by
eight octahedra. The inorganic metal halide octahedral
building blocks dominate the unique properties of MHPs
and their complex relationship with A-site cations provides
additional tunability of the crystal structures. Beyond the 3D
compounds, the MHP analogues with edge- or face-shared
octahedra are also of considerable interest owing to the higher
stability and structural diversity. The structural diversity of
MHPs and the interconversion between perovskites and
analogues can be realized with chemical tailoring such as the
exchange of cations or anions within the lattice,6−8 vacancy
control,9,10 and dimensional manipulations.8,11 However, the
tunability of the structures and properties is limited by the
ionic radius with the criterion of tolerance factor.12 Pressure
provides an alternative method to effectively modulate the
crystal lattices and electronic configurations of MHPs by

altering the interatomic distances and electronic orbitals but
without changing the chemical compositions.13

In the last few decades, increasing numbers of research on
MHPs under high pressure have been reported,14−21 adding
numerous new structures with novel physical properties to the
family of perovskite materials. In inorganic MHPs, for instance,
CsPbI3 and CsPbBr3 have been reported to undergo the
conversion from the Pm3m perovskite structure with corner-
shared BX6 octahedra to the Pnma structure with double
chains of edge-shared PbX6 under pressure;

22,23 2D CsPb2X5
(X = Br and I) with face-shared BX6 octahedra (space group
I4/mcm) was synthesized by the direct phase separation of 1D
CsPbI3 with edge-shared PbX6 octahedra (space group C2/m)
at high-pressure and temperature (P−T) conditions.24 The
tunable connectivity modes of BX6 octahedra observed in
inorganic MHPs under high P−T conditions provide a new
possibility for the design and synthesis of more perovskite-
related structures, but the underlying mechanisms remain
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unclear in organic MHPs due to the limitation of the pressure-
induced amorphization and temperature-induced decomposi-
tion. In this work, we control the thermodynamic parameters
of both pressure and temperature and select MAPbBr3 as an
example to explore the new structures and physical properties.
As a typical 3D MHPs, MAPbBr3 adopts cubic perovskite

structures with a Pm3m symmetry at ambient conditions and
converts to a cubic Im3 structure at ∼0.4 GPa, followed by the
transformation into an orthorhombic perovskite phase with the
Pnma space group at 1.8 GPa.18,25−27 Meanwhile, the band gap
of MAPbBr3 exhibits a V-shape change, namely, a red shift
from ambient pressure to 0.9 GPa and then blue-shifts.25,28,29

Upon further compression from 2 to 34.0 GPa, a reversible
amorphization occurs, accompanied by the decreasing of the
band gap.25 Different from the isotropic metal ions (such as
Cs+) in the A-site of the inorganic MHPs, the pressure-induced
amorphization in the organic MHPs may be derived from the
directionality of MA and distortion of the PbBr6 octahedron,
leading to the large kinetic barrier in the pressure-induced
phase transformation of the corner-shared octahedral perov-
skite into the thermally denser crystalline phases.25,30 This
restricts the exploration of the structural interconversion
between the crystalline phases with different connectivity
modes of the octahedra and also limits the understanding of
the structure−property relationship of organic MHPs. In this
work, we demonstrated two transition routes for the formation
of an edge-shared octahedral MAPbBr3 via multiple-stage
transformation of the cornered-shared octahedral perovskites
at high P−T conditions. The multiple-stage crystallization of
the amorphized MAPbBr3 is uncovered, which is distinguished
from inorganic MHPs with isotropic metal ions in the A-site, in
the formation of a high-pressure crystalline phase.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. MAPbBr3 (CH3NH3PbBr) perovskite

crystals were prepared from a solution using a previously reported
method.25,31,32 Methylammonium halide precursors CH3NH3Br were
synthesized through the reaction of hydrobromic acid HBr with
methylamine followed by recrystallization from ethanol. An equimolar
amount of HBr acid solution in water was added dropwise into
methylamine (40% in methanol) in an ice bath and stirred for 2 h.

Removal of the solvent was followed by recrystallization from ethanol
to yield CH3NH3Br crystals. A total of 0.23 g freshly prepared
CH3NH3Br and 0.72 g PbBr2 were mixed in 4 mL N-
dimethylformamide (∼40 wt %) at 60 °C and stirred for 12 h.
Then, the precursor solution was heated at 65 °C under the vacuum
for 24 h to produce orange CH3NH3PbBr3 crystals.
2.2. Generation of High P−T Conditions. The high-pressure

environment was provided by symmetric diamond anvil cells (DACs)
with 400 μm anvil culets. Stainless-steel (T301) gaskets were pre-
indented to 30−40 μm in thickness and holes of about 150 μm
diameter were laser-drilled to serve as the sample chambers. No
pressure-transmitting medium was used. The MAPbBr3 and a ruby
ball and/or NaCl were loaded together into the sample chamber. The
pressure calibration was determined utilizing the ruby fluorescence
method.33 The generation of high P−T conditions is similar to that
previously reported in CsPbI3.

24

2.3. High P−T X-ray Diffraction Measurements. In situ
synchrotron high P−T X-ray diffraction (XRD) experiments were
conducted at the beamline 4W2, Beijing Synchrotron Radiation
Facility (BSRF) with a wavelength of 0.6199 Å. The X-ray beam was
focused in the horizontal and vertical direction to a 16 μm × 8 μm
(full width at half-maximum) spot using Kirkpatrick-Baez mirrors, and
CeO2 was used as the standard sample for calibration. XRD patterns
were collected with a Pilatus 3 2 M detector. The image of patterns is
obtained at 10−50 °C intervals and each image was collected for 100
s. In situ high-pressure XRD experiments for the investigation on the
structure of original MAPbBr3 were conducted with an average
acquisition time of 50 s at RT. The diffraction patterns were
integrated into a one-dimensional profile by using the Dioptas
software.34 Structure refinements were carried out using the Le bail
method, using General Structure Analysis software (GSAS).35

2.4. In situ High-Pressure Vibrational and Optical Measure-
ments. The high-pressure environment was provided by symmetrical
DACs. Type II-a ultralow fluorescence diamonds with 400 μm anvil
culets were used. Raman experiments were carried out on a Renishaw
micro-Raman spectroscopy system equipped with a second-harmonic
Nd:YAG laser (operating at 633 nm) in a backscattering geometry for
excitation and signal collection. The system was calibrated by the
Raman peak of the standard Si sample. In situ high-pressure UV−vis
absorption spectra, photoluminescence (PL) spectra, optical images,
and fluorescence images were collected in a home-designed
spectroscope system in a micro-region (Gora-UVN-FL, built by
Ideaoptics, Shanghai, China). The absorption spectra were measured
using a Xenon light source between 200 and 1700 nm. The PL spectra
were measured using a 405 nm laser excitation at a power of 10 mW.

Figure 1. In situ structural characterization of MAPbBr3 under high P−T conditions. (a) Two-dimensional raw XRD images at six selected
temperature points and (b) one-dimensional integrated XRD profiles. NaCl was used as the pressure calibrant. (c) Normalized grain size as a
function of temperature during the crystallization process. (d) Integrated XRD patterns of the sample quenched under ambient conditions in
comparison with the PDF card of original cubic perovskite MAPbBr3 with the space group of Pm3m.18
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3. RESULTS AND DISCUSSION
3.1. Multiple-Stage Transformations from Perovskite

to High-Pressure Crystalline MAPbBr3. The cubic perov-
skite MAPbBr3 was loaded in DACs for high-pressure studies.
Upon compression at room temperature (RT), the perovskite
MAPbBr3 underwent two pressure-induced crystal−crystal
transitions below 2 GPa (from Pm3m to Im3 and then to
Pnma) (Figure S1). When the pressure increases to over 3.2
GPa, the structural disordering occurred with Bragg diffraction
peak broadening and disappearing. Above 8 GPa, the
broadbands of the amorphous state were dominated with a
few peaks remaining in the XRD profiles. The pressure-
induced transition sequence of MAPbBr3 at RT was consistent
with the previous report25 and the amorphous state observed
was considered as an intermediate state due to the insufficient
thermal energy to overcome the kinetic barrier in the
transformation of perovskite MAPbBr3 into the high-pressure
crystalline phase.36−39 This leads to the question regarding
what is the high-pressure crystalline phase.
To explore the high-pressure crystalline phase, we heated the

amorphous MAPbBr3 in an externally heated DAC at 8.7 GPa.
The structural evolution in the crystallization process of the
amorphous MAPbBr3 was monitored by in situ XRD. Figure 1
shows that the crystal Bragg diffraction peaks of the original
perovskite MAPbBr3 disappeared gradually upon heating with
pure broad diffuse reflection appearing at 588 K, indicating
completely structural amorphization (Figure 1a,b). Upon
further heating, the amorphous MAPbBr3 started to crystallize
with several broad crystal diffraction peaks appearing at 591 K.
Above 628 K, the broad crystal peaks became sharp and split,
accompanied by new diffraction reflections emerging. For
instance, the diffraction peak at 2.88° split into a strong peak at
2.65° and a weak peak at 3.01°. Upon heating the sample up to
641 K, another phase transition occurred, which was evidenced
by the disappearance of the old diffraction peaks at 2.51° and
the appearance of new peaks at 3.78°, as well as the obvious
splittings of diffraction peaks at 5.10 and 6.05° (Figure S2).
Under further heating from 644 to 654 K, neither peaks
disappeared nor new peaks appeared with only crystal
diffraction peak sharpening. This implies the formation of a
stable high P−T phase of MAPbBr3 above 644 K. The
transition sequence observed above demonstrated multiple-
stage kinetic processes from the perovskite structure to the
stable denser crystalline MAPbBr3 under high P−T conditions.
The crystal grain size in the crystallization of the amorphous

sample during the heating process was estimated using the
Debey−Scherrer equation with D = Kλ/(β cos θ), where K is a
dimensionless shape factor, λ is the X-ray wavelength, β is the
full width at half maximum (FWHM) of the diffraction peak, θ
is the Bragg angle, and D is the average crystallite size. The
FWHM of the diffraction profile was contributed by the
instrumental broadening and the grain size. Here, the
calculated grain size, normalized by the value at 644 K, is
used to reflect the trend of the crystal growth with
temperature. As shown in Figure 1c, three stages are presented
in the crystallite size as a function of temperature. The
crystallinity during the crystallization process increased slowly
in the grain size from 591 to 623 K, then grew sharply up to
644 K, and finally reached a plateau above 644 K. This
corresponded to the multiple-stage kinetic processes in the
phase transformation into the stable crystalline MAPbBr3.

The structural evolution of MAPbBr3 under high P−T
conditions is repeatable. It is found that both the high P−T
phase and the intermediate metastable phases obtained in the
crystallization processes can be quenched to ambient temper-
ature at high pressure (Figures 1b and S3 and S4). In the
present work, we focus on the final high P−T crystalline phase.
Under decompression of the high P−T phase, the crystal
diffraction peaks shifted to a low angle. Below 0.7 GPa, the
high P−T phase transformed back into the cubic perovskite
phase with some residual peaks of the high P−T phase at
ambient pressure (Figures 1d and S4). Notably, the diffraction
peaks of the recovered sample at ambient conditions were
broad and weak with the coexistence of perovskites and high
P−T phases. When the recovered sample was heated above
365 K, the high P−T phase transformed completely into the
cubic perovskite structure, implying that thermal energy was
required for the phase transformation of the high P−T phase
back into perovskite MAPbBr3 (Figure S5). This also means
the high P−T phase of MAPbBr3 may be retained at ambient
pressure at low temperatures (such as at liquid nitrogen
temperature). When compressing the perovskite MAPbBr3 up
to 3.7 GPa at high temperatures; interestingly, the perovskite
phase transformed directly into the intermediate crystalline
phase without amorphization, which is associated with the new
crystal diffraction peaks emerging and the parent peaks
disappearing. The formation of high P−T phases can be
repeated via the heating−compression path, as well as the
compression−heating path, implying the amorphous MAPbBr3
served as an intermediate state at high pressures (Figure S6). It
should be noted that the conversion of the high P−T phase
back to the perovskite MAPbBr3 at RT implied no
decomposition of MAPbBr3 into MABr and PbBr2 at high
P−T conditions.
3.2. Crystal Structure of the Stable High P−T

Crystalline Phase. The low diffraction angles with large d-
spacing values and lots of diffraction peaks implied the low
symmetry of the structure for the high P−T phase, making it
difficult to determine the crystal structure accurately via the
powder diffraction data. The high P−T phase cannot be
attributed to the structure with corner-shared octahedra in
indexation, which is limited by the extinction examination. It is
also not the decomposed products (PbBr2 and MABr) of
MAPbBr3, as the high P−T phase can transform back directly
into the cubic perovskite under decompression at room (or
high) temperature. If so, the chemical reaction should occur in
the products at a high temperature.40 Thus, it is reasonable to
speculate the high P−T crystalline MAPbBr3 may have an
edge-shared octahedral structure, such as the structural
transition from the corner-shared octahedra to the edge-shared
octahedral structure in CaRhO3.

41 However, distinguished
from CaRhO3 with space group P21/m, the A-site ions in an
organic halide perovskite have directionality and intra-
molecular interactions, which may result in a crystal structure
with a lower symmetry for the high P−T phase. To confirm the
speculation, the structure of the high P−T phase is analyzed
based on the XRD data.
Using the program Dicvol, all diffraction peaks of the high

P−T crystal structure of MAPbBr3 can be well indexed into a
monoclinic phase and the space group is determined
tentatively to be P2/m according to the reflection conditions.
The monoclinic structure of the high P−T phase with a quasi-
2D structure may be obtained by expanding three times along
the b axis of the CaRhO3. Referring to the structure of
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CaRhO3, a full profile refinement for the high P−T phase of
MAPbBr3 yielded a good enough resolution for a peak
assignment (Figure 2). The unit cell parameters of the high P−
T phase were a = 16.1508(7) Å, b = 11.3527(7) Å, c =
8.5396(3) Å, β = 91.364°, and V = 1565.3(1) Å3 at 654 K
(Figure 2a) and a = 15.8865(1) Å, b = 11.0778(8) Å, c =
8.3322(6) Å, β = 91.358°, and V = 1465.9(1) Å3 at RT (Figure
2b). The volume was 12% denser at 4.6 GPa than the corner-
shared octahedral perovskite. The crystal structure of the high
P−T phase is illustrated in Figure 2c. Each PbBr6 octahedron
shared the edges with the nearest neighbor PbBr6 octahedra to
form single PbBr6 octahedral chains parallel to the b-axis.
Pb1Br6 octahedral chains and Pb2Br6 octahedral chains shared
the corners of octahedra to form chains. Two Pb3Br6
octahedral chains shared edges to form a double chain, similar
to that in δ-CsPbI3. Similar structures with both edge- and
corner-shared octahedra have been reported in 2D halide
perovskites,42,43 where the configurational strain imposed by
the organic cations to the inorganic skeleton breaks the
standard connectivity mode of PbBr6 octahedra and instead
stabilizes an edge-shared network. It should be noted that this
is a probable structure and the precise crystal structure may
need to be confirmed in further studies.
3.3. Vibrational and Optical Properties of the High

P−T Phase. To explore the structural feature of both organic
MA and inorganic octahedral blocks and understand the
relationship between the high P−T phase and the original
perovskite phase of MAPbBr3, vibrational and optical proper-
ties were investigated by using high-pressure Raman spectros-
copy and absorption spectra at RT. In Raman spectra, the low-
frequency vibrational modes (ν1 and ν2) with broad features at
50−250 cm−1 were assigned to the lattice vibration of the Pb−
Br octahedral frame (Figure 3a); in contrast, the high
frequencies (ν3−ν5) at 300−3200 cm−1 were assigned to
vibrational modes of the MA organic cations (Figures 3b,c and
S8), which was affected by the distortion and tilting of PbBr6

octahedra around MA.32,44,45 In situ high-pressure Raman of
the original perovskite phase of MAPbBr3 and the detailed
analysis can be seen in Figure S7, Supporting Information.
Briefly, the vibrational modes of the initial perovskite
MAPbBr3 underwent distinct changes for the vibration of
MA and octahedra block in the amorphization above 4.5 GPa,
which was associated with a structural phase transition in the
previous report.46 The phase transition derives from the
serious distortion and tilting of the adjacent octahedron and
orientationally disordered MA under compression.30,47,48

Interestingly, the vibrational modes of the high P−T phase
of MAPbBr3 is similar to that of the amorphous phase. This
implies the high P−T phase has a local structure in both edge-

Figure 2. Full profile refinement for the high P−T phase of MAPbBr3. (a) at 654 K and (b) quenched to RT. Symbols: observed patterns; red solid
line: calculated patterns; plum vertical line: diffraction positions of the monoclinic phase; blue solid line: differences between the observed and
calculated patterns. (c) Schematic diagrams of the crystal structure of the high P−T phase referring to CaRhO3.

41

Figure 3. Selected Raman spectra of MAPbBr3 within (a) 50−400,
(b) 800−1300, and (c) 2600−3400 cm−1. The color shows different
phases of MAPbBr3 with elevated pressure, that is, the original crystal
phase (black), the amorphous phase (blue), and the high P−T phase
quenched to RT (orange). An excitation wavelength of 632 nm is
used to avoid the fluorescence background.
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shared PbBr6 octahedral frame and the MA organic cations
similar to the amorphous phase.
Optical properties of the high P−T phase were studied via

the UV−vis absorption and PL measurements under high
pressure (Figure 4). At ambient conditions, the original
perovskite MAPbBr3 exhibited a sharp absorption edge near
560 nm with a corresponding optical band gap of 2.19 eV. The
absorption and band gap of original MAPbBr3 during
compression−decompression processes are shown in Figures
S9 and S10.
The absorption of the high P−T phase exhibited a

continuously red shift with pressure increasing (Figure S11).
At 21.5 GPa, the absorption edge of the high P−T phase was
located at ∼500 nm with a band gap of 2.48 eV. However, the
absorption of the high P−T phase shown remarkable changes
during decompression. As shown in Figure 4a, the absorption
edge underwent a distinct blue shift to 400 nm above 0.7 GPa,
corresponding to a huge increase in the band gap (Figures 4b
and S11). Thereafter, it exhibited a sudden red shift to 540 nm
with a band gap of 2.28 eV when the pressure was released to
0.4 GPa, attributing it to the high P−T phase recovery to the
original perovskite phase observed in the XRD measurements.
Correspondingly, the colors of the sample changed from light
yellow to dark yellow during compression (Figure 4d). Upon
decompression, the sample gradually became colorless and
then suddenly converted to orange below 0.4 GPa. Notably,
the band gap evolution of the high P−T phase is similar to that
of the amorphous phase (Figures S12 and S13), which
confirmed the similarity in the band structure.
The high-pressure PL spectroscopy and fluorescent images

were conducted to explore the variations of emission property
for the high P−T phase of MAPbBr3. The original perovskite
phase of MAPbBr3 exhibited a broadband emission located at
525 nm (Figure S14). In the high P−T phase, the PL emission
can be detectable below 3.3 GPa during decompression and
was located at 538 nm. The PL intensity of the high P−T
phase shows a remarkable enhancement and reached a
maximum at 0.7 GPa and then dropped under decompression

from 0.7 to 0.4 GPa due to phase transformation from the high
P−T phase into the perovskite MAPbBr3 (Figures 4c and S15).
Subsequently, the peak position shows a blue shift to 526 nm
at 0.2 GPa and the PL intensity raised continuously under
further decompression from 0.2 GPa to ambient pressure. The
inset of Figure 4c shows the PL peak position as a function of
pressure, where a slight difference of emission property was
observed between the high P−T phase and the amorphous
MAPbBr3 below 1 GPa. In addition, the fluorescent micro-
graphs in Figure 4d exhibit the PL brightness variations during
the decompression process.
Theoretical calculations reported that the conduction band

minimum is mainly dominated by Pb-6p orbitals, while the
valence band maximum mainly consists of Br-4p orbitals.25

This indicates the band gap of MAPbBr3 is mainly governed by
the PbBr6 octahedra and the MA cations do not contribute to
the band gap directly. Remarkably, the band gap of perovskites
with corner-shared octahedra is smaller than that of the
perovskite-related materials with edge-shared octahedra, which
has been evidenced in the MHPs with two different
connectivity modes of PbX6 octahedra.

25,49−51 For instance,
the band gap of the γ-CsPbBr3 with corner-shared octahedra
was ∼2.3 eV, while that of the δ-CsPbBr3 with edge-shared
octahedra was ∼2.9 eV;23,52 the black α-CsPbI3 with octahedra
shared by the corners had a band gap of only ∼1.7 eV, but
∼2.6 eV in the yellow δ-CsPbI3 with octahedra shared by the
edges.53,54 These demonstrate that the discrepancy in the band
structure between the high P−T phase and the initial
perovskite phase arises from the disparity in the PbBr6
octahedral arrangement. Besides, both Raman and PL further
confirmed the distinctively local octahedral structure in the
high P−T phase different from the initial corner-shared
perovskite phase.
3.4. Transition Mechanism in the Formation of High

P−T Crystalline Phase. The XRD peaks of crystalline
MAPbBr3 are highly related with the long-range ordered
packing of heavy atoms Pb and Br, as the MA organic cations,
consisting of light atoms (i.e., C, N, and H), only contribute to

Figure 4. Pressure-dependent optical properties of high P−T phase. (a) UV−vis absorption during decompression. (b) Optical band gap of the
original perovskite phase (blue), amorphous phase (glaucous), and high P−T phase (red) under various pressures. (c) In situ PL spectra of high P−
T phase during decompression. Inset: PL peak position as a function of pressure (decompression), compared with the original MAPbBr3 phase,
shows a fine position switch from 538 to 525 nm. (d) Optical and fluorescent images at the selected pressures. The uneven color in the sample
chamber is attributed to the non-hydrostatic pressure condition.
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the broad diffraction background. The vibrational and optical
measurements demonstrated that the amorphous phase has a
local structure in both edge-shared Pb−Br octahedral frame
and the MA organic cations similar to the high P−T phase.
Therefore, the amorphous MAPbBr3, indicated by the halo
peaks in the diffraction patterns, reflects a disordered
arrangement of the PbBr6 octahedra. This raises questions
regarding what reason causes the disordering of the octahedra
in the pressure-induced amorphization. How to synthesize the
high-pressure phase bypassing the amorphous state? Is the
kinetic mechanism in MAPbBr3 unique or ubiquitous in
inorganic and organic MHPs?
At ambient conditions, MAPbBr3 adopted a cubic structure

with regular PbBr6 octahedra and dynamically rotating MA
molecules.55−57 With increasing pressure up to 1.8 GPa, the
cubic perovskite structure underwent Pm3m → Im3 → Pnma
transitions with a lattice contraction, accompanied with frozen
MA ligands and distortion of the PbBr6 octahedron. The
octahedron is connected with MA through the N−H···Br
hydrogen bonding. Previous studies demonstrated that the
anisotropy of the organic cations is a crucial factor to affect
asymmetric deformation of the octahedral framework under
compression,28,30,45,58 giving rise to the distortion of the PbBr6
octahedra at high pressures with deviation from the perfect
local octahedral symmetry.53,59 Upon further compression
above 4.5 GPa, application of pressure leads to the atomic
distance shortening and the enhanced N−H···Br interactions.
The anisotropy of the MA cation causes more deformation of
the octahedron. Thus, it is reasonable to speculate that the
disordered arrangement and distortion of the octahedra,
indicated by the X-ray diffraction, in the pressure-induced
amorphization of MAPbBr3 may be attributed to the strong
anisotropic interactions between the orientational MA cation
and inorganic octahedron.60 Meanwhile, it will lead to a large
kinetic barrier in the phase transformation from the corner-
shared octahedral perovskites into the high-pressure denser
crystalline phase with an edge-shared octahedron. It should be
noted that the amorphization could be enhanced by deviatoric

stress at the non-hydrostatic condition by promoting the
deformation of the octahedra.61,62

Interestingly, thermal energy, provided by heating, can be
applied to overcome the energy barrier and rendered into two
distinctively different transition routes in the phase trans-
formation from the corner-shared octahedral perovskite
MAPbBr3 into the high-pressure edge-shared octahedral
crystalline phase, viz., multiple-stage crystallization of the
amorphized MAPbBr3 upon heating at high pressures (path I,
blue line in Figure 5), and direct phase transformation of the
cubic perovskite into the high-pressure crystalline phase under
compression at high temperatures (path II, orange dotted line
in Figure 5). In path I, the perovskite structure undergoes
pressure-induced amorphization first owing to the lower
kinetic barrier; then, the amorphous MAPbBr3 as an
intermediate state is structurally relaxed to crystallize into the
edge-shared crystalline phase. It should be noted that several
intermediate crystalline phases were observed in the
crystallization of the amorphous MAPbBr3. This demonstrates
the structural diversity and potential interconversion between
them. In path II, the perovskite structure can transform directly
into the high-pressure crystalline phase, as the thermal energy
is sufficient to overcome the large kinetic barrier. The
transition kinetic observed in MAPbBr3 is unique and
distinguishable from inorganic MHPs in which the metal
ions of A-site are isotropic but is ubiquitous in the organic
MHPs as the organic cation has the directionality and
anisotropic interaction with the octahedra.

4. CONCLUSIONS
In summary, we have demonstrated different transition routes
in MAPbBr3 at high P−T conditions, wherein a layered edge-
shared octahedral crystalline phase has been revealed via
multiple-stage crystallization from the pressure-induced
amorphous phase. Upon heating at 8.7 GPa, the amorphized
MAPbBr3 crystallizes at 591 K, followed by several crystal−
crystal transitions upon further heating to 654 K and finally
forms a stable high P−T structure. The structural analysis
demonstrated that the high P−T phase possesses a monoclinic

Figure 5. (a) Schematic diagram for two transition paths in the phase transformation of MAPbBr3 at high P−T conditions. Path I (blue line): The
phase transition sequence is cubic perovskite → orthorhombic perovskite → amorphous MAPbBr3 at high pressure and RT, followed by multiple-
stage crystallization of amorphous MAPbBr3 at high P−T conditions; path II (orange dotted line): the transformation from the initial perovskite
structure into a denser high P−T phase without amorphization under compression at high temperatures. Bottom: the pictorial configurations of
Pb−Br inorganic skeleton and the MA organic cations on increasing pressure and/or temperature.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c03172
Chem. Mater. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03172?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03172?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03172?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03172?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


P2/m structure, which can be quenched to RT at high pressure
but recovered to the original perovskite structure (Pm3m)
below 0.7 GPa under decompression. The Raman and optical
measurements indicate that the high P−T phase has character-
istic vibrational and tunable optical properties similar to those
of the amorphous phase, implying the similarity of the local
structure in both MA ligands and PbBr6 octahedra. Therefore,
we propose that the amorphization of MAPbBr3 is derived
from the random orientation of MA cations during
compression and the subsequent anisotropic interaction
between MA cations and Br−Pb octahedra. This behavior
results in the disordered arrangement of the PbBr6 octahedra
and the kinetic barrier for the transformation from the
amorphous phase into the high-pressure crystalline phase can
be overcome upon heating. On the other hand, the
transformation from the initial perovskite structure into the
high P−T phase can be realized without amorphization
because sufficient thermal energy has been provided in this
case. The present results demonstrate the structural diversity
and different transformation routes in MAPbBr3, distinguish-
able from inorganic MHPs with the isotropic metal ion in the
A-site but ubiquitous in 3D organic MHPs. Our findings
provide new insights into understanding the formation of the
amorphization mechanism and, more broadly, the under-
standing and exploration of the structure−property relation-
ship of MHPs.
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