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of methylammonium lead bromide 
(MAPbBr3) perovskites were highly sensi-
tive to the crystal structure change under 
pressure.[3] Jiang et al. discovered that the 
band gap alignment of MAPbI3 perovs-
kites can be fine-tuned using pressure.[4a] 
However, these reported studies have been 
limited to bulk perovskites without consid-
erations of the perovskite crystals’ sizes, 
shapes, and assemblies.

Herein, we studied, for the first time, 
the behavior of self-assembled CsPbBr3 
perovskite nanocube superlattices (NC-
SLs) under high pressure. We derived 
detailed correlations of the band gaps and 
atomic/mesoscale structures of CsPbBr3 
NC-SLs as functions of pressure. More-
over, we found that pressure converted 
periodically ordered NCs into lateral 2D 
nanoplatelets (NPLs) that have essen-
tially identical thicknesses, great crystal-
linity, and enhanced optical properties. 

Our results not only suggest that this pressure technique can 
serve as an efficient approach to access new types of perovskite 
materials overcoming the limitations of conventional synthetic 
chemistry, but also sheds light on the rational materials design 
of perovskites.

CsPbBr3 perovskite NCs were synthesized by modifying a 
published method (see details in the Supporting Information)[5] 
Figure 1A shows the absorption and photoluminescence (PL) 
spectra of the NCs we produced. The electronic absorption fea-
tures and the sharp emission peak (full width at half maximum 
(FWHM) ≈19 nm) indicated the monodispersity of the sample. 
Transmission electron microscopy (TEM) measurement con-
firmed that the NCs were highly uniform with an average edge 
length of 10.2 ± 0.6 nm (Figure 1B). The typical square pat-
tern of the atomic fringes, with a d-spacing of 5.8 Å, indicated 
the high crystallinity of individual NCs (Figure 1B, inset). The 
crystal structure of the CsPbBr3 NCs was identified by a high-
resolution (HR), synchrotron-based, wide angle X-ray scattering 
(WAXS) technique, and the coexistence of an orthorhombic 
phase (aor = 8.230 Å, bor = 11.901 Å, and cor = 8.156 Å) and a 
cubic phase (ac = 5.862 Å) was observed (Figure S3, Supporting 
Information).[6]

Self-assembled NC-SLs were formed upon solvent evapo-
ration of the CsPbBr3 NCs suspension. The resulting SLs 

Lead halide perovskites are promising materials for a range of applica-
tions owing to their unique crystal structure and optoelectronic properties. 
Understanding the relationship between the atomic/mesostructures and the 
associated properties of perovskite materials is crucial to their application 
performances. Herein, the detailed pressure processing of CsPbBr3 perovskite 
nanocube superlattices (NC-SLs) is reported for the first time. By using in situ 
synchrotron-based small/wide angle X-ray scattering and photoluminescence 
(PL) probes, the NC-SL structural transformations are correlated at both 
atomic and mesoscale levels with the band-gap evolution through a pressure 
cycle of 0 ↔ 17.5 GPa. After the pressurization, the individual CsPbBr3 NCs 
fuse into 2D nanoplatelets (NPLs) with a uniform thickness. The pressure-
synthesized perovskite NPLs exhibit a single cubic crystal structure, a 1.6-fold 
enhanced photoluminescence quantum yield, and a longer emission lifetime 
than the starting NCs. This study demonstrates that pressure processing can 
serve as a novel approach for the rapid conversion of lead halide perovskites 
into structures with enhanced properties.

Lead halide perovskites (i.e., ABX3, where B = Pb, X = Cl, Br, 
or I) have unique chemical compositions, crystal structures, 
and superior optoelectronic properties, and therefore, emerge 
as pivotal materials in current energy and optical-related 
studies.[1] Further understanding of the structural details and 
properties is urgently needed to fulfill the potential of lead 
halide perovskites in applications.[1a] In this context, a high 
pressure technique using diamond anvil cells (DACs) coupled 
with in situ X-ray scattering techniques and characterization 
tools offers one comprehensive way to investigate the struc-
ture–property relationship of materials.[2] For example, Wang 
et al. reported that the electrical resistance and photocurrent 
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had a simple cubic superstructure with a lattice constant of 
≈12.5 nm (Figures 1C,D and Figure S4, Supporting Informa-
tion). The small angle X-ray scattering (SAXS) pattern unam-
biguously confirmed the simple cubic superstructure of the SLs 
(Figure 1E and Table S3, Supporting Information). The inter-
NC separation was determined to be ≈2.3 nm, suggesting the 
intercalation of surface-coating ligands between neighboring 
NCs. The SLs emitted a sharp PL emission at 528 nm with an 

FWHM of ≈15 nm (Figure 1F). This PL peak 
was ≈15 nm redshifted and ≈25% narrower 
than the solvent-dispersed NCs, indicating 
that the densely packed NC-SLs underwent 
a photon propagation process that resulted 
in the re-absorption and re-emission of light 
(Figure 1F).[7]

SAXS, WAXS, and PL spectra were 
obtained simultaneously from the same com-
pressed volume of NC-SLs.[3,4,8] Figure 2A 
shows a series of WAXS patterns collected 
from the NC-SLs during a compression cycle 
of 0 ↔ 17.5 GPa, during which four pressure-
induced atomic structural phases were iden-
tified (Figure S5, Supporting Information). 
The CsPbBr3 NCs were originally comprised 
of a mixture of cubic and orthorhombic 
phases (Stage I, Figure S3, Supporting Infor-
mation). These phases merged into a pure 
orthorhombic phase at a pressure of 0.4 GPa 
(Stage II, Figure 2B). The orthorhombic 
phase remained stable up to a pressure of 
5.1 GPa. Increasing above this pressure, 
three neighboring peaks of the orthorhombic 
phase (i.e., (112), (020), and (200)) merged 
into one single, broad peak, indicating an 
amorphous-like phase (Figure 2C).[3,4,8] This 
pressure-induced amorphization included an 
intermediate phase, as shown by short-range, 
tetragonal ordering (Figure 2C). A similar 
orthorhombic-to-tetragonal phase transfor-
mation was observed in a thermally treated, 
single crystal of CsPbBr3 perovskite. We 
refer to this local tetragonal-ordered amor-
phous phase as a “quasi-amorphous” phase 
(Stage III), which remained stable up to the 
peak pressure of 17.5 GPa (Figures 2A and 
Figure S5, Supporting Information). Upon 
release of pressure, the quasi-amorphous 
phase remained rigid, and, at pressure close 
to 0 GPa, it rapidly transformed to a single 
cubic phase (Stage IV) (Figures 2D and 
Figure S6, Supporting Information). Thus, 
it is suggested that the direct crystallization 
of perovskites from an amorphous precursor 
could cause the nucleation and growth of a 
single cubic perovskite phase.

Atomic movements that occur during 
phase transitions are important for the 
understanding and design of perovskite 
materials with precise structures and con-

trolled properties.[9] We conducted a detailed, zoomed-in 
structural analysis in Stage II (see details in the Supporting 
Information). In this stage, the orthorhombic CsPbBr3 NCs 
with the space group Pnma can be interpreted as a distorted 
perovskite structure in which the BX6 units (i.e., PbBr6 octa-
hedra) are tilted compared to the cubic perovskite in the 
three-orthogonal Cartesian axial system (Figures S7 and S8, 
Supporting Information).[10] The tilting of the BX6 octahedron 
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Figure 1. A) Absorption (blue) and PL (green) spectra of the NCs with the inset showing a pho-
tograph of the NCs in toluene under UV illumination. B) A typical TEM image of the CsPbBr3 
perovskite NCs with an average edge length of ≈10.2 nm with the inset showing a high-reso-
lution TEM image (scale bar, 5 nm). C) A representative TEM image of NC-SLs viewed along 
the [001] zone axis. D) The corresponding SA-ED pattern. E) SAXS pattern (integrated from the 
inset image) and the fitted peaks (red), indicative of a simple-cubic packing. F) The PL spectra 
of the NCs in solutions (blue dotted line) and the assembled NC-SLs (green solid line) with 
the inset showing a photograph of the NC-SLs emitting inside a DAC under UV illumination.
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can be denoted by a Glazer notation of a−b+a− (Figure S8, Sup-
porting Information) and described using a single tilt angle (ω) 
as long as the octahedra remain rigid (with all X-B-X angles 
being equal to 90°). Based on our structural assignments, the 
compression of lattice parameters (Figure 2E) indicated that 
the PbBr6 octahedral tilt angle (ω) increased continuously from 
18.7° at 0.4 GPa to 31.1° at 5.1 GPa in Stage II (Figure 2F and 
Figure S9 and Table S6, Supporting Information).[4a] Figure 2G 
shows the volumetric change of a unit cell as a function of pres-
sure, which gives a bulk modulus of ≈16.9 GPa via fitting the 
second-order Birch–Murnaghan equation of state (see details 
in the Supporting Information).[11] The minimum variation of 
volume (1.4%) for the PbBr6 octahedral units suggested that 
the octahedral tilting was wholly responsible for the reduction 
of the unit cell volume (Figure 2G). This result was consistent 
with the compressibility estimation calculated based on the 
bond-valence theory (see details in the Supporting Informa-
tion), which showed exceptional rigidity of the PbBr6 units 
(≈4.2 times more rigid than the CsBr12 units; Table S1, Sup-
porting Information).[12]

To further investigate the pressure-induced SL phase trans-
formation at the mesoscale, we conducted a series of in situ 
SAXS measurements of the assembled NC-SLs.[13] Figure 3A,B 
shows typical SAXS patterns of the NC-SLs and the calculated 
d-spacings of SL(001) at various pressures, respectively. When 
the pressure was increased from 0 to 5 GPa, all of the SAXS 
peaks shifted to higher q positions, and, accordingly, the 
SL(001) d-spacing was reduced from 12.6 to 11.3 nm. Con-
tinuously increasing the pressure caused reversed shifts of  
both the SL(001) and inter-NC spacings. This change indi-
cated that the NC-SL underwent a pressure-driven process  
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Figure 2. A) WAXS patterns during the compression and decompression processes. The WAXS patterns of different structural phases are coded by 
color, i.e., black for Stage I, red for Stage II, blue for Stage III, and green for Stage IV. A star labels the gasket peak. B–D) Integrated WAXS spectra with cal-
culated Bragg reflection positions at 1.4, 14.5, and 0 GPa (after decompression), respectively. The bars show the calculated Bragg reflection positions of 
individual phases. The white circles in the insets are noise signals on the detector. E–G) Plots of the evolution of the structure as a function of pressure: 
E) orthorhombic perovskite lattice parameters (blue: a, red: b, green: c); F) the octahedral tilt angle; and G) the volumes of unit-cell (black) and PbBr6 
octahedron (blue). The red line in (G) is a fitted curve using the second-order Birch–Murnaghan equation of state, giving a bulk modulus of ≈16.9 GPa.

Figure 3. Superstructural evolution of the CsPbBr3 perovskite NC-SLs 
under high pressure: A) in situ SAXS patterns; B) the corresponding 
SL(001) d-spacing of the first Bragg reflection of the SAXS spectra during 
compression (black, peak pressure of 17.5 GPa) and decompression 
(green) processes, showing a pressure-induced hysteresis. The inset in 
(B) shows the reversible change of d-spacing in the compression and 
release processes with a peak pressures of 1.3 GPa (black) and 5.1 GPa 
(red); C) SAXS pattern (integrated from the inset SAXS image) of the 
pressurized NC-SLs (peak pressure of 17.5 GPa). The fitted peaks shown 
in red present the sequence from (01) to (04) of the lamellar structure.
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of detachment and rearrangement of 
surface ligands.[2b,14] Coincidentally, the 
reversal pressure of ≈5 GPa was close to the 
orthorhombic-to-quasi-amorphous transition 
pressure of 5.1 GPa. Thus, it is suggested 
that the atomic movement associated with 
phase transformation facilitated the detach-
ment of ligands from the surfaces of NCs.[15] 
When the pressure was reduced to ambient 
pressure, the d-spacing of the SAXS peak 
did not return to 12.6 nm; instead, it con-
tinuously increased to 14.3 nm (Figure 3B). 
However, when the peak pressure was less 
than 5.1 GPa, irreversible d-spacing shift did 
not occur (Figure 3B, inset). The smearing 
of the SAXS patterns at high pressures did 
not allow for the determination of changes  
in the SL, but the recovered sample displayed 
a linear correlation, i.e., q/q0 = 1/2/3/4 
(Figure 3C and Table S7, Supporting Infor-
mation), indicating the transformation of 
the SL phase from the initial simple cubic 
structure to the final lamellar SL structure.

Electron microscopy characterizations 
have provided evidence of the formation and 
preservation of pressure-driven lamellar SLs. 
The standing lamellar NPLs shown by TEM 
have uniform thicknesses of 10.1 ± 1.0 nm, 
which is equivalent to ≈17 atomic layers 
(Figure 4A, inset and Figure S14, Sup-
porting Information).[16] TEM images of 
disassembled samples confirmed the for-
mation of 2D, single-crystal NPLs with edge 
lengths of 20 to ≈100 nm (Figure 4A and 
Figure S15, Supporting Information). The 
HR-TEM images (Figure 4B and Figure S15, 
Supporting Information) and fast-Fourier 
transform (FFT) patterns (Figure 4B, inset) 
show a perfect single-crystalline cuboidal atomic lattice, 
consistent with the perfect cubic phase measured in WAXS 
(Figure 2D). The formation of irregularly shaped NPLs, such 
as concave NPLs, nanosquares, and nanoprisms (Figure 4A 
and Figure S16, Supporting Information), was also observed, 
suggesting that the formation of lateral NPLs resulted from 
pressure-driven, facet-to-facet attachment and the subsequent 
fusion of individual NCs.

Analysis of the SAXS, WAXS, and TEM datasets allowed 
us to reconstruct the pressure-driven nucleation and growth 
pathway of large, 2D perovskite NPLs (Figure 4C). At pressures 
less than 5.1 GPa, the SLs are in a hydrostatic state in which the 
SLs shrink isotropically.[15] When the NC-SLs were compressed 
at pressures greater than 5.1 GPa, an anisotropic pressure gra-
dient appeared across the SLs, initiating the deformation of 
organic ligands.[15] Increasing the pressure further ultimately 
drives the ligands to detach from the NCs. After the detached 
ligands migrate completely out of the gaps between the NCs, 
the NCs come into direct facet-to-facet contact and eventu-
ally fuse into 2D NPL (Figure 4C). The formation of large 2D 
NPLs also explains the stabilization of the single cubic phase by 

minimizing the surface area, thereby resulting in the dramatic 
release of the stress on the surface.[17]

In situ PL spectra were collected to evaluate the evolution of 
the band gaps in the CsPbBr3 NCs associated with pressure-
induced atomic and SL phase transformations (Figure 5A). 
The emission peak of the CsPbBr3 NC-SLs shifted from 528 
to 525 nm at 0.1 GPa, and the PL intensity was enhanced 
about sixfold (Figure 5B). While the small blueshift could be 
explained by the lattice compression,[2c] this dramatic enhance-
ment of the PL intensity was most likely triggered by the 
reconstruction of the NC surfaces.[18] Upon further increase of 
pressure, a redshift in emissions and PL quenching occurred 
until the emission became undetectable at a pressure of 
1.3 GPa (Figure 5A,B). This pressure-induced PL redshift 
has been reported in MAPbX3 perovskites at a similar pres-
sure region.[3,4] With further compression and decompres-
sion, no emissions associated with the NC-SLs were observed. 
However, returning the pressure to the ambient level caused 
reemergence of a green emission at 518 nm that was 1.6 times 
as intense as the emission of the starting perovskite NC-SLs. 
This emission increase was likely due to the formation of 
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Figure 4. Formation of CsPbBr3 perovskite NPLs under pressure: A) representative TEM image 
of the pressure-sintered NPLs. Inset: A TEM image of the pressurized sample with a lamellar 
structure before disassembly. B) An HR-TEM image and the corresponding FFT pattern (inset) 
of the pressure-synthesized CsPbBr3 perovskite NPLs. C) Schematic demonstration of the 
proposed pressure-sintering process: NC-SL evolution (top) and interparticle fusion (bottom) 
under pressure. The particle labeled by the red dashed line in (A) shows a concave shape of NPL.
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cubic perovskite NPLs (Stage IV) that have increased crystal-
linity and fewer defect and surface-related exciton trap states.[19] 
The two control experiments conducted at peak pressures of 
1.3 and 5.1 GPa indicated that the emissions were recovered 
without any significant changes in the position and inten-
sity of the PL (Figure S17, Supporting Information). This is  
consistent with that the NCs did not fuse into the 2D NPLs 
(Figure S18, Supporting Information) or have increased crystal-
linities (Figure S19, Supporting Information).

After the pressure-synthesized NPLs were dispersed in 
a toluene solution, their PL spectrum showed a symmetric 
emission peak at 504 nm with a narrow FWHM of ≈15 nm 
(Figure S20, Supporting Information). This suggested that the 
variously shaped NPLs with different lateral sizes had uniform 
thicknesses (quantum-confined dimension), consistent with our 
TEM measurements (Figure 4A and Figure S14, Supporting 
Information).[16] This further supports our proposed mechanism 
for the formation of NPLs from NCs (Figure 4C). The steady-state 
ensemble PL lifetime measurements of the NPLs (Figure 5C) 
showed long-lived charge carriers with a slow PL decay curve. The 
measured average lifetime of ≈23.6 ns was almost double the life-
time of the initial NCs (Figure 5C and Table S2, Supporting Infor-
mation) and also dramatically longer than that of the CsPbBr3 
bulk materials.[20] In addition to the pressure-induced surface 
reconstruction, the PL enhancement and their longer lifetime 
also explained the single-crystallinity phase with minimal defects 
of the pressure-synthesized NPLs that had a low probability of 
recombination of the photogenerated electron and hole.[19b]

In conclusion, we probed the pressure-induced structural 
changes and property improvements of CsPbBr3 NC-assem-
bled SLs upon compression to 17.5 GPa. The CsPbBr3 NCs 
underwent structural transitions from a mixture of cubic 
and orthorhombic phases, to a single orthorhombic phase 
(at 0.4 GPa), followed by a quasi-amorphous phase (at 5.1 GPa). 
During the processes, the SLs transformed from a simple cubic 
to a lamellar structure. Associated with the structural changes, 
the PL of the NC-SLs displayed a small pressure-induced 
blueshift and a sixfold enhancement in intensity at a pres-
sure of 0.1 GPa, followed by a reversed redshift with a gradual 
decrease in intensity until it became undetectable at ≈1.3 GPa. 
Additionally, 2D lateral NPLs with a perfect cubic phase were 
formed through a pressure-gradient-induced inter-NC fusion 
process. The resultant NPLs not only have an increased crystal-
linity and uniform thicknesses, but also display an ≈1.6 time 
enhancement of PL intensity with a prolonged ensemble life-
time compared to the initial CsPbBr3 NCs. The results pre-
sented here provide a new approach for combining nanocrystal 
assembly with pressure processing to make functional mate-
rials that have increased crystallinity, structural stability, and 
enhanced properties for applications in various technologies 
such as light emitting diodes and solar devices.

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