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D hybrid perovskites: emerging
insights and future opportunities

Aditya Kutty a and Yang Song *ab

Two-dimensional (2D) hybrid organic–inorganic perovskites (HOIPs) are attracting growing attention for

their exceptional structural flexibility, environmental stability, and unique quantum confinement effects.

While chemical design has dominated the field, high-pressure techniques are emerging as a powerful,

non-invasive route to tune lattice structures and optoelectronic responses in situ. Here, we present our

perspective on the rapidly developing landscape of pressure-tuned 2D perovskites, focusing on

Ruddlesden–Popper (RP) and Dion–Jacobson (DJ) systems. We highlight recent discoveries of pressure-

induced structural phase transitions, direct–indirect bandgap conversions, broadband emission from

self-trapped excitons, and the stabilization of metastable states. Particular emphasis is placed on

contrasting soft vs. rigid organic spacers and lead-based vs. lead-free systems (Sn, Cu, Ge, and Bi). We

argue that pressure not only serves as a diagnostic tool but also as a synthetic strategy for accessing

hidden phases and functionalities. Looking ahead, the convergence of high-pressure spectroscopy,

synchrotron techniques, and computational modeling offers exciting opportunities to rationally engineer

sustainable, pressure-responsive optoelectronic materials.
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1. Why pressure matters for 2D
perovskites

Over the years, the application of halide perovskites in the eld of
optoelectronics has increased substantially owing to signicant
improvement of their photovoltaic performance.1 As such,
perovskites have garnered high interest in a number of opto-
electronic applications, with the most prominent to date being
solar cells.2–4 Halide perovskites typically exist in either the three-
Fig. 1 Structure of 2DHOIPs. (a) Crystal structure for n= 1, 2, and 3 and (b
from ref. 6 with permission from American Chemical Society, copyright
from Wiley-VCH GmbH, copyright 2019, and alternating cation 2D HO
American Chemical Society, copyright 2018. (d) Effect of external pressur
ref. 47 with permission from PNAS, copyright 2018.

This journal is © The Royal Society of Chemistry 2026
dimensional (3D) or two-dimensional (2D) form, with 3D halide
perovskites adopting an ABX3 structure (where A is a small
monovalent cation such as MA+ or Cs+, B is Pb2+ or Sn2+, and X is
a halide).5,6 3D perovskites have been shown to exhibit excellent
light absorption,7,8 long charge-carrier diffusion lengths,9,10 and
high defect tolerance.11 However, 3D perovskites suffer from
limited stability, restricted chemical composition, sensitivity to
moisture and light, and the use of highly volatile and toxic
cations.12,13 To address these limitations, low-dimensional
(especially 2D) perovskites have been explored.6,13–15
) electronic structure showing 2Dmultiple quantumwells. Reproduced
2018. (c) RP and DJ phases, reproduced from ref. 13 with permission
IP crystal structures. Reproduced from ref. 6 with permission from

e on the Pb–I–Pb bond angle and Pb–I bond length. Reproduced from
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Fig. 2 Schematic roadmap of pressure effects in 2D hybrid perovskites. At the center, the diamond anvil cell (DAC) symbolizes pressure as an
external tuning knob. Sequential arrows highlight the cascade of responses under compression: (i) structural changes such as phase transitions,
octahedral tilting, and eventual amorphization; reproduced from ref. 36 with permission from American Chemical Society, copyright 2023. (ii)
Electronic effects including bandgap narrowing, anomalous widening, and direct–indirect conversions; reproduced from ref. 53 with permission
from Wiley-VCH GmbH, copyright 2020. (iii) Optical responses ranging from photoluminescence enhancement to broadband self-trapped
exciton (STE) emission; reproduced from ref. 45 with permission fromWiley-VCH GmbH, copyright 2025. (iv) Metastable states where narrowed
gaps or persistent PL remain after decompression. Reproduced from ref. 53 with permission fromWiley-VCH GmbH, copyright 2020. Together,
these links illustrate how pressure serves not only as a probe but also as a design pathway for uncovering and stabilizing functional states in 2D
perovskites.
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In comparison to 3D perovskites, 2D perovskites exhibit
greater stability towards humidity and light, and they tend to
use bigger, less volatile organic cations (typically hydrophobic)
which enhances both the thermal and chemical stability.13 In
general, 2D hybrid organic–inorganic perovskites (HOIPs) adopt
the following formula (A0)mAn−1BnX3n+1 (Fig. 1a), where A0 is the
organic spacer cation and can be either monovalent (m = 2) or
divalent (m = 1) and n (or thickness) is the number of metal-
halide octahedra between the adjacent organic layers.6,13,16 The
specic arrangement of the organic-inorganic layers forms a 2D
multiple quantum well (MQW) electronic structure (Fig. 1b)
with the organic spacers acting as insulating barriers, thus
restricting the charge carriers in two dimensions.6 This struc-
ture introduces both quantum and dielectric connement
effects, due to the difference in permittivity between the ionic
perovskite layer and bulky organic cation,17 while the organic
layers provide environmental shielding, enhancing moisture
resistance, and thermal stability.6 Depending on the structure
286 | J. Mater. Chem. A, 2026, 14, 284–312
of the organic spacer, 2D perovskites can adopt Ruddlesden–
Popper (RP, typically monovalent spacers) (Fig. 1c), Dion–
Jacobson (DJ, typically divalent spacers) (Fig. 1c), or alternating-
cation layered perovskite phases (ACI) (Fig. 1c).6,13,18 RP phases
contain metal-halide inorganic layers separated by bilayers of
bulky ammonium spacer cations via weak van der Waals
interactions,13 allowing for greater interlayer distances and
isolated layers exhibiting no perovskite–perovskite interac-
tions,6while adopting a (A0)2(A)n−1BnX3n+1 formula.16 In contrast,
DJ phases contain inorganic layers which stack directly on top
of each other and employ bifunctional spacer cations, allowing
direct bonding between layers,13 and the close proximity of the
layers enables weak perovskite–perovskite interactions,6 while
adopting a (A0)(A)n−1BnX3n+1 formula.18 The ACI phase,
a subclass of the DJ phase, employs alternating organic cations,
typically guanidinium (GA) and methylammonium (MA), in the
interlayer space, thus stabilizing the structure and adopting
a (A0)2(A)nBnX3n+1 formula.13 In recent years, signicant efforts
This journal is © The Royal Society of Chemistry 2026
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have gone into understanding and tuning the optoelectronic
behavior of 2D perovskites, in particular through physical
approaches. Most notably, high pressure has emerged as
a powerful tool to continuously modulate both the structures
and optoelectronic properties of 2D metal-halide perovskites
without altering their composition.19–46

High pressure can impart changes to the structures of 2D
perovskites resulting in distortion of the crystal lattice,
depending on the direction of the applied external pressure,
and subsequent octahedral tilting, bond contraction, and bond
angle shortening,6 whilst the earliest known account of
pressure-induced octahedral tilting and bond contraction of 2D
perovskites was on (EA)2CuCl4 in 1994.48 In halide perovskites,
compression results in relaxation of the inorganic lattice that
occurs through bond contraction and octahedral tilting, with
the former typically dominating at low pressures (#∼2–3 GPa),
while the latter tends to dominate at moderate to high pressure
(∼3–8 GPa).49 Such structural changes are oen governed by
changes in the Pb–X–Pb bond angles and Pb–X bond lengths,
such as in lead-iodide 2D perovskites where these changes
result from narrowing of the Pb–I–Pb bond angle and short-
ening of the Pb–I bond length.47 Structural changes subse-
quently result in changes to the optoelectronic properties with
narrowing of the Pb–I–Pb bond angle leading to bandgap
widening, whilst shortening of the Pb–I bond length leads to
bandgap narrowing, as seen in Fig. 1d.47 Such changes can
reduce interlayer spacing and, in some cases, trigger irreversible
structural rearrangements or amorphization. The onset of these
transitions is typically lower in 2D HOIPs compared to their 3D
counterparts, due to greater structural soness. For more
complicated 2D HOIP structures especially those with n > 1, the
intralayer and interlayer organic structures and their interplay
with Pb–I octahedra need to be considered to understand the
structure-optoelectronic property relationship.39 High-pressure
studies are particularly attractive because they not only allow
for the modication of both the structures and optoelectronic
properties but can also reveal rare pressure-induced
phenomena.47,50–56 In particular, high pressure has been
shown to induce direct-to-indirect bandgap shis,51 broadband
emission from self-trapped excitons,52,55,56 hidden poly-
morphs,47,55,56 the presence of metastable phases with enhanced
properties,47,50,53 and pressure-induced metallization in perov-
skite compositions.54 In recent years several reviews have begun
to map out the broader landscape of pressure tuning in perov-
skite materials.57–59 However, no dedicated review has yet
focused exclusively on 2D perovskites, in particular comparing
RP and DJ types or systematically exploring the behavior of lead-
based and lead-free systems under pressure. Our work aims to
ll that gap by offering a detailed synthesis of high-pressure
behavior in 2D perovskites, focusing on structural transitions,
bandgap evolution, and the relationship between mechanical
stress and optoelectronic properties. A roadmap schematic of
pressure effects on 2D HOIPs is shown in Fig. 2.

We begin by classifying the structural motifs of 2D perov-
skites and then introduce the experimental tools and tech-
niques used in high-pressure research (Section 2). Subsequent
sections detail pressure-induced structural phase transitions of
This journal is © The Royal Society of Chemistry 2026
both RP and DJ systems (Section 3) and evolution of optical and
electronic properties of RP and DJ systems (Section 4). We also
highlight the growing interest in lead-free 2D perovskites
(Section 5) and conclude with a forward-looking outlook
(Section 6).
2. How we study 2D perovskites
under pressure

Diamond, being the hardest natural material on earth, is capable
of withstanding very high pressures and exhibits excellent trans-
parency to both visible light and X-rays, thusmaking the diamond
anvil cell (DAC) the optimal tool for performing in situ high
pressuremeasurements.60,61 For 2D perovskites, single-crystal and
polycrystalline samples are compressed between the culets of
opposing diamonds, oen with a ruby chip (Cr3+ doped Al2O3,
Al2O3: Cr

3+) for pressure calibration (via uorescence shi) and
a pressure-transmitting medium (e.g., silicone oil and inert gases
such as He, Ne, or Ar, and N2) to maintain hydrostatic or quasi-
hydrostatic conditions.60,62 A schematic of a typical DAC can be
seen in Fig. 3a. In terms of experimental methods, pressure-
induced phase transitions and unit cell evolution are oen
revealed using synchrotron X-ray diffraction (XRD) with Raman
and infrared spectroscopy (FTIR) able to provide further conr-
mation of the phase transitions along with pressure-induced
changes in organic cation vibrations, octahedral tilting, and
lattice strain.36,45 The typical Raman and IR setup can be seen in
Fig. 3b and c. In situ optical absorption (UV-vis) and photo-
luminescence (PL) spectroscopy track bandgap modulation and
excitonic responses upon compression,36,45 while time resolved
photoluminescence (TRPL) can be used to examine charge carrier
lifetimes.21,34 A general setup for PL and UV-vis can be seen in
Fig. 3d. In addition to experimental studies, computational
studies, typically through density functional theory (DFT) calcu-
lations, can provide further conrmation of the pressure-induced
changes to both the structures and optoelectronic proper-
ties.36,37,45 However, this review will focus on experimental high-
pressure effects. Recent improvements in high-pressure experi-
mental platforms have enabled more precise control over pres-
sure conditions and enhanced optical accessibility within
diamond anvil cells, allowing for real-time, multimodal
measurements. These advancements facilitate a deeper under-
standing of the correlation between structural changes and
optoelectronic properties, ultimately guiding the rational design
of pressure-tunable 2D perovskite materials.
3. Pressure-induced phase transitions
in 2D perovskites

The layered nature of 2D hybrid organic–inorganic perovskites
(HOIPs) gives rise to complex and highly tunable structural
responses under hydrostatic pressure. Compared to their 3D
counterparts, 2D HOIPs exhibit more diverse and pressure-
accessible polymorphic behavior due to their so organic
interlayers and relatively weak van der Waals bonding.6,13 This
section summarizes representative high-pressure phase
J. Mater. Chem. A, 2026, 14, 284–312 | 287

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta07554h


Fig. 3 High-pressure setup and instrumentation. (a) Schematic of a DAC. Reproduced from ref. 63 with permission from IntechOpen, copyright
2011. (b) Raman setup. Reproduced from ref. 64 with permission from the University of Western Ontario, copyright 2012. (c) FTIR setup.
Reproduced from ref. 65 with permission from American Chemical Society, copyright 2010. (d) PL and UV-vis setup. Reproduced from ref. 66
with permission from the University of Western Ontario, copyright 2022.
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transitions in selected 2D HOIPs, emphasizing how such tran-
sitions differ in RP and DJ-type systems and how spacer exi-
bility can inuence phase stability and transformation
pathways and how the type of spacer can also lead to the
occurrence of rare phenomena such as negative linear
compressibility (NLC) and decreased octahedral distortion.

3.1. RP-type 2D perovskites

Pressure-induced phase transitions have been observed at low
pressures (typically <5 GPa) in most RP-type 2D HOIPs. For
example, (BA)2PbI4 (BA = butylammonium), because of the so
organic spacers and van der Waals gaps, undergoes rapid and
sequential structural phase transitions from its orthorhombic
Pbca phase at ambient pressure.21,22 Yin et al. reported three
phase transitions starting with the room temperature (RT) to
the low temperature (LT) Pbca phase at 0.1 GPa, followed by a LT
+ HP (monoclinic P21/a) phase at ∼1.6 GPa, and nally
a completed transition to the monoclinic P21/a HP phase
288 | J. Mater. Chem. A, 2026, 14, 284–312
∼5.2 GPa and amorphization above ∼6 GPa, highlighting the
intrinsic exibility and pressure sensitivity of RP structures
(Fig. 4a and b).21 Similarly, Yuan et al. also reported a sequence
of phase transitions beginning with an isostructural phase
transition observed at around 0.17 GPa evidenced by the
appearance of several new peaks in the XRD spectra and the
abrupt shi of the rst reection (Fig. 4c) resulting in more
staggered octahedra along with rearrangement of the BA
organic cations (Fig. 4d).22 The appearance of further reections
at around 2 GPa (Fig. 4c) indicates a second phase transition
likely corresponding to an orthorhombic (Pbca) / monoclinic
(P21/a) transition resulting in a disordered structure with
uncorrugated inorganic layers (Fig. 4d).22 These transitions are
driven by a combination of increased octahedral tilting, the
disruption of long-range order under compression, and the
exibility and bulkiness of the BA spacer cation, which facili-
tates layer sliding.22 In contrast, (PEA)2PbI4 (PEA = phenethyl-
ammonium) with a rigid PEA organic spacer has been shown to
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Sequential phase transitions of RP-type (BA)2PbI4. (a) In situ XRD spectra upon compression to 7.6 GPa and (b) schematic of crystal
structures in the RT, LT, and HP phases. Reproduced from ref. 21 with permission from American Chemical Society, copyright 2018. (c) XRD
spectra upon compression to 25.5 GPa and (d) schematic of change in the crystal structure from ambient pressure to 2.0 GPa. Reproduced from
ref. 22 with permission from Wiley-VCH GmbH, copyright 2019.
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undergo a more subtle transition.19,51 Liu et al. reported
considerable broadening of the XRD peaks beyond 10.2 GPa,
indicating distortion of the crystal lattice under high pressure
(Fig. 5a), whilst the equatorial and axial Pb–I bond lengths were
found to contract signicantly upon compression from 0 to
6 GPa (Fig. 5b) and further conrmed by the theoretical crystal
structures at 0 and 4 GPa, respectively, which underlined
signicant out-of-plane squeezing of the organic part.19 Thus,
these results suggest anisotropic compression and a lack of
distortion between 0 and 6 GPa.19 In another study, Guo et al.
reported that (PEA)2PbI4 maintains its layered orthorhombic
symmetry until ∼5.8 GPa, followed by a subtle order-disorder
transition evidenced by the observed broadening in the XRD
spectra (Fig. 5c) involving realignment of phenyl rings resulting
This journal is © The Royal Society of Chemistry 2026
in a transition from AB (perpendicular) to AA (parallel)
arrangement of the PEA spacer cations (Fig. 5d).51
3.2. DJ-type 2D perovskites

DJ systems, which incorporate more rigid organic spacers,
undergo more subtle phase transitions which are oen iso-
structural in nature such as those observed in (2meptH2)PbCl4
(2mept = 2-methyl-1,5-diaminopentane) (Fig. 6a)34 and (API)
PbBr4 (API = N-(3-aminopropyl)imidazole) (Fig. 6b).46 In
(2meptH2)PbCl4 only broadening of the ADXRD peaks is
observed upon compression (Fig. 6c) along with signicant unit
cell volume collapse at 2.1 GPa (Fig. 6d), suggesting an iso-
structural phase transition at 2.1 GPa.34 Similarly, for (API)PbBr4
again only broadening of the XRD peaks is observed upon
J. Mater. Chem. A, 2026, 14, 284–312 | 289
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Fig. 5 Subtle structural transition of RP-type (PEA)2PbI4. (a) XRD spectra upon compression to 19.9 GPa and (b) Pb–I bond lengths as functions of
pressure. Reproduced from ref. 19 with permission from American Association for the Advancement of Science, copyright 2019. (c) XRD spectra
upon compression to 9.2 GPa and (d) crystal structures showing both AB and AA stacking arrangements. Reproduced from ref. 51 with
permission from American Chemical Society, copyright 2019.
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compression (Fig. 6e), once again suggesting an isostructural
phase transition at around 2.7 GPa evidenced by the appearance
of a new peak in the Raman spectra beyond 2.7 GPa (Fig. 6f).46

Furthermore, an abrupt decrease in both the cell parameters
(Fig. 6g) and unit cell volume is observed at around 2.7 GPa
(Fig. 6h), providing further evidence of the isostructural phase
transition at around 2.7 GPa.46 DJ systems can also resist
pressure-induced reorganization until much higher pressures.
When deformation nally occurs, irreversible transitions to
disordered or amorphous states can occur, such as those
observed in 3AMP-based compounds (3AMP = 3-(aminomethyl)
piperidinium).25 Kong et al. observed monotonic shis of the
diffraction peaks to higher 2q angles followed by structural
collapse and irreversible amorphization at higher pressures.25 It
should be noted that the pressure-driven amorphization was
a progressive process rather than a sharp transition.25
290 | J. Mater. Chem. A, 2026, 14, 284–312
3.3. Effects of spacer geometry and rigidity

Spacer geometry and rigidity can also play a central role in
pressure response. So spacers such as BA and CMA (cyclo-
hexylmethylammonium) offer greater exibility and thus allow
for more prominent pressure responses leading to sequential
phase transitions previously discussed for (BA)2PbI421,22 and
signicant negative linear compressibility (NLC) in (CMA)2PbI4
as discussed later.36 In contrast, systems with rigid p-conju-
gated spacers such as PEA, have been found to restrict lattice
adjustment and can induce octahedral distortions under
compression. For instance, octahedral distortion exhibited in
RP systems incorporating PEA, i.e., (PEA)2PbX4 (X = I, Br, Cl),
oen leads to deformation of the Pb–X framework as observed
in (PEA)2PbBr4 (ref. 27 and 52) and (PEA)2PbCl4.30 Similarly, Liu
et al. observed a greater resistance to compression for (PEA)2-
PbI4,19 while Gao et al. observed broad band XRD peaks upon
compression attributed to deformation of the PbI4 skeleton.51
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Pressure-induced structural changes in DJ-type 2D HOIPs with rigid spacers. (a) Crystal structure at ambient pressure of (2meptH2)PbCl4.
Reproduced from ref. 34 with permission from the Royal Society of Chemistry, copyright 2023. (b) Crystal structure at ambient pressure of (API)
PbBr4. Reproduced from ref. 46 with permission fromWiley-VCHGmbH, copyright 2024. (c) and (d) In situ ADXRD spectra upon compression to
30.8 GPa and unit cell volume as a function of pressure of (2meptH2)PbCl4. Reproduced from ref. 34 with permission from the Royal Society of
Chemistry, copyright 2023. (e)–(h) In situ XRD spectra upon compression to 10.6 GPa, Raman spectra upon compression to 8.2 GPa, normalized
unit cell parameters as functions of pressure, and unit cell volume as a function of pressure of (API)PbBr4. Reproduced from ref. 46 with
permission from Wiley-VCH GmbH, copyright 2024.
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However, rigid spacers can also induce more complex phase
diagrams. For example, triazolium-based perovskites exhibit
four distinct polymorphs under pressure, as observed in Tz2-
PbBr4 (Fig. 7a) which was found to undergo three separate
phase transitions evidenced by signicant changes in the
Raman spectra upon compression (Fig. 7b).56 First, the splitting
of the dC–H, dNCN and gN–H modes at 1251.0, 949.3, and
722.3 cm−1 is observed above 2.4 GPa (phase II), which is then
This journal is © The Royal Society of Chemistry 2026
followed by further signicant changes at 6 GPa where two high-
pressure phases (phase II and phase III) coexist, and lastly weak
changes of the Raman bands in the lattice mode region are
observed up to 8 GPa followed by signicant broadening above
8.5 GPa indicating a third phase transition (phase III to phase
IV) between 8 and 8.5 GPa.56

Frequently, isostructural phase transitions have been
observed in 2D HOIPs with both so and rigid spacers. For
J. Mater. Chem. A, 2026, 14, 284–312 | 291

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta07554h


Fig. 7 Space-influenced pressure-induced structural changes of 2D HOIPs. (a) Crystal structure of Tz2PbBr4 at ambient pressure and (b)
representative Raman spectra of Tz2PbBr4 in the 200–40 cm−1 range. Reproduced from ref. 56 with permission from the Royal Society of
Chemistry, copyright 2024. (c) Crystal structure of (CMA)2PbI4 at ambient pressure and (d) ADXRD spectra upon compression at selected
pressures. Reproduced from ref. 36 with permission from American Chemical Society, copyright 2023. (e) Crystal structure of DPDAPbI4 at
ambient pressure and (f) normalized unit cell volume as a function of pressure. Reproduced from ref. 45 with permission fromWiley-VCHGmbH,
copyright 2025.

Journal of Materials Chemistry A Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
d’

oc
tu

br
e 

20
25

. D
ow

nl
oa

de
d 

on
 1

4/
4/

20
26

 7
:3

4:
24

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
example, an isostructural phase transition was observed in so
RP-type (CMA)2PbI4 (CMA = cyclohexylmethylammonium)
(Fig. 7c) evidenced by the lack of signicant changes in the XRD
spectra (Fig. 7d).36 Similarly, an isostructural phase transition
292 | J. Mater. Chem. A, 2026, 14, 284–312
was also observed in rigid DJ-type DPDAPbI4 (DPDA = N,N-di-
methylphenylene-p-diammonium) (Fig. 7e), again evidenced by
a lack of signicant changes in the XRD spectra and further
This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Pressure-induced rare phenomena in (CMA)2PbI4. (a) Normalized unit cell parameters and unit cell volume as functions of pressure
showing NLC along the b direction and (b) possible rotation of the CMA ring (shown by a red arrow) along the a-axis. Reproduced from ref. 36
with permission from American Chemical Society, copyright 2023.
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conrmed by a discontinuity in the experimental Rietveld
rened unit cell volume at around 1.5 GPa (Fig. 7f).45

For both RP and DJ systems, when compression pressure is
sufficiently high, pressure-induced amorphization is oen
observed but with different transition pressures. In general, RP
systems with so spacers exhibit a higher threshold for
amorphization, typically in the range of 5–10 GPa, whereas DJ
systems have a relatively lower amorphization threshold (2–3
GPa), oen preceded by an order-disorder transition. The
different amorphization thresholds between the two systems
are associated with the spacer rigidity and its interplay with the
inorganic octahedra, such that external stress is mitigated by
the spacer component of RP systems whereas the inorganic
moiety of the DJ systems acts as the primary responder to
compression. Nonetheless, the amorphization threshold
compared to that for pure inorganic perovskites such as
CsPbBr3 (typically > 20 GPa) is much lower due to the lack of an
Fig. 9 Pressure-induced uncommon phenomena in DPDAPbI4. (a) Bo
octahedral distortion at low pressure and (b) penetration depth of the D
permission from Wiley-VCH GmbH, copyright 2025.

This journal is © The Royal Society of Chemistry 2026
organic spacer as a disorder precursor and contributor. Corre-
spondingly, the reversibility of the amorphization–recrystalli-
zation cycles can be rationalized by examining several factors
including spacer rigidity and exibility, layer thickness,
hydrogen bonding character, and experimental conditions.
Typically, both RP and DJ-type 2D HOIPs were found to exhibit
either full or partial reversibility upon decompression, whereas
irreversible amorphization or disordering is observed in inor-
ganic perovskites such as CsPbBr3. These ndings highlight
how spacer rigidity and conformational freedommodulate both
the mechanical anisotropy and phase stability of 2D HOIPs,
offering a pathway to tailor their pressure resilience through
molecular design.

3.4. Pressure-induced rare phenomena

Furthermore, the type of organic spacer (either so or rigid) can
also result in the rare or uncommon pressure-induced
nd length distortion as a function of pressure showing relaxation of
PDA spacer as a function of pressure. Reproduced from ref. 45 with
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Table 1 Pressure-induced phase transitions or structural modifications in 2D hybrid perovskites

Perovskite Type Spacer type Phase transitions/structural modications Critical pressure (GPa) Ref.

(PEA)2PbI4 RP Rigid AB / AA stacking 5.8 51
(BA)2PbI4 RP So Isostructural (Pbca I / Pbca II) / amorphous ∼0.5 and ∼4.77 20

Pbca (1b / 1a) / P21/a / amorphous 0.1, ∼1.6, and ∼5.2 21
Pbca / Pbca / uncorrugated phase / P21/a 0.17 and 2, 3 22

(BA)2PbBr4 RP So I (PbBr6 octahedra and BA tilting) ∼3.7 26
Pbca / P21/c 0.3 28

(BA)2(MA)Pb2Br7 RP So I (PbBr6 octahedra tilting and BA and MA rotation) 3.4–4.8 26
II (PbBr6 octahedra tilting and BA and MA rotation) 4.8–8.1

(OA)2PbI4 RP So LP (Pbca) / (LP + HP (Pbca + P21/a) / HP (P21/a) /
amorphous

∼0.5, ∼2.17, and ∼7.29 20

(DDA)2PbI4 RP So LP (Pbca) / LP + HP (Pbca + P21/a) / HP (P21/a) /
amorphous

∼0.8, ∼4.09, and
∼10.17

20

(PMA)2PbI4 RP Rigid Pbca / Pccn / isostructural 4.6 and 7.7 29
(GA)2PbI4 RP So Isostructural 5.5 32
(BzA)2PbBr4 RP Rigid Isostructural 0.15–0.25 33
(CMA)2PbI4 RP So Isostructural phase transition and NLC / amorphous ∼1.1–1.3 36
MHy2PbI4 RP So Phase II (Pmcn)/ phase V (Pmmn)/ phase VI (Pmn21)/

phase VII (P21)
0.22, 1.15, and 3.00 41

MHy2PbBr4 RP So Phase III (Pmn21) / phase IV (P21) / phase V (P212121) ∼4 and ∼4.4 43
Phase III (Pmn21) / phase IV (P21) ∼4 55

(Tz)2PbBr4 RP Rigid Phase I / phase II / phase III / phase IV 2.4, 6, and 8–8.5 56
(2meptH2)PbCl4 DJ Rigid Isostructural (unit cell volume collapse) 2.1 34
IMMHyPbBr4 DJ Rigid First order (abrupt shis of Raman modes) ∼1.25–1.53 40
(API)PbBr4 DJ Rigid Isostructural (abrupt unit cell volume change) 2.7 46
DPDAPbI4 DJ Rigid Isostructural (unusual octahedral distortion) /

amorphous
∼0–2 45
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phenomena in 2D HOIPs. For example, RP-type (CMA)2PbI4
exhibits a prominent negative linear compressibility (NLC)
which is observed between 1.1 and 1.2 GPa evidenced by the
increase in the b parameter (Fig. 8a), which is in stark contrast
to both (PEA)2PbI4 and (BA)2PbI4.36 The observed NLC is
believed to result from possible rotation of the CMA ring along
the a-axis thus enhancing the stacking efficiency but subse-
quently causing a slight expansion of the b-axis (Fig. 8b).36 Such
NLC behavior resulting in enhanced anisotropic pressure-tuned
stacking efficiency involving a so and highly exible spacer
cation was not previously observed in other 2D HOIPs.36 In
contrast, the rigidity of the DPDA spacer in DJ-type DPDAPbI4
plays a signicant role in the pressure behavior; in particular
distortion analysis underlined the uncommon phenomenon of
reduced octahedral distortion until 1 GPa followed by an abrupt
enhancement between 1 and 2 GPa (Fig. 9a) with the initial
decrease believed to be caused by the deep insertion of the
DPDA spacer cation into the PbI6 octahedral pockets resulting
in decreased penetration depth upon compression (Fig. 9b).45

Overall, pressure is a highly effective method for modifying
the structures of 2D HOIPs in particular by inducing phase
transitions, octahedral tilting and distortion, and amorphization.
The geometry and rigidity of the organic spacer cations can not
only inuence the pressure response but can also at times result
in rare phenomena. Table 1 summarizes key structural transi-
tions reported in representative 2D HOIPs under compression.

This table summarizes key high-pressure structural
responses of 2D perovskites, classied by phase type (RP or DJ),
spacer rigidity, and inorganic composition. Phase transitions
294 | J. Mater. Chem. A, 2026, 14, 284–312
typically occur at relatively low pressures (<5 GPa), reecting the
structural soness of 2D HOIPs compared to their 3D coun-
terparts. RP systems with so organic spacers (e.g., BA and
CMA) undergo sequential phase transitions and amorphization,
while those with rigid aromatic spacers (e.g., PEA) exhibit subtle
or order–disorder transitions. DJ systems, stabilized using
bifunctional spacers, generally show higher resistance to
compression, oen undergoing isostructural transitions or
gradual amorphization at elevated pressures. The table high-
lights the inuence of spacer geometry and connectivity on
compressibility and phase stability.
4. Tuning optoelectronic properties
with pressure

Whilst high pressure has been shown to be highly effective at
inducing structural modications through phase transitions
primarily caused by changes in the octahedral distortion and
interlayer interactions, high pressure has also been shown to
effectively tune the optoelectronic properties (i.e. PL emissions
and bandgaps) of 2D HOIPs thus making high pressure a prom-
ising method for tuning such properties to make them ideal
candidates for several applications, in particular solar cells and
light emitting diodes. In this section the pressure-induced
optoelectronic properties of 2D HOIPs are discussed showing
how pressure can cause changes to the bandgaps, PL emissions,
and charge carrier lifetimes, whilst also enabling metastable
states with enhanced properties in certain compounds.
This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Pressure-induced optical absorbance behavior of 2D HOIPs with differing organic spacers. (a) In situ UV-vis absorption spectra upon
compression to 15.23 GPa and (b) bandgap as a function of pressure for (CMA)2PbI4. Reproduced from ref. 36 with permission from American
Chemical Society, copyright 2023. (c) In situ UV-vis absorption spectra upon compression to 6.87 GPa and (d) bandgap as a function of pressure
for DPDAPbI4. Reproduced from ref. 45 with permission from Wiley-VCH GmbH, copyright 2025.
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4.1. General trend of bandgap evolution

One of the most prominent pressure responses in 2D HOIPs is
the modulation of the bandgap. Several bandgap trends can
occur upon compression with the most common one being
a gradual redshi of the absorption edge (gradual bandgap
narrowing) upon compression which was observed in several
previously studied 2D HOIPs. Ratté et al. observed a continuous
gradual redshi of the absorption edge until 15.23 GPa
(Fig. 10a) corresponding to a signicant bandgap reduction
from 2.33 to 1.89 eV (DEg = 0.44 eV) upon compression to
11.3 GPa (Fig. 10b) for so RP-type (CMA)2PbI4, in good agree-
ment with the DFT calculated bandgap values, and the bandgap
This journal is © The Royal Society of Chemistry 2026
was found to remain direct throughout the compression
process.36 The authors attributed the monotonic bandgap nar-
rowing and constant direct nature to anisotropic contraction of
the PbI6 octahedra as opposed to tilting evidenced by the
compression of the axial and equatorial Pb–I bond lengths with
the latter showing greater compression at high pressure.36

Similarly, Kutty et al. also observed a gradual continuous
redshi of the absorption edge upon compression beyond
6.87 GPa (Fig. 10c) corresponding to a signicant monotonic
bandgap reduction from 2.26 to 1.87 eV (DEg = 0.39 eV) upon
compression to 8.84 GPa (Fig. 10d) for rigid DJ-type DPDAPbI4,
again in excellent agreement with the DFT computations and
J. Mater. Chem. A, 2026, 14, 284–312 | 295
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once again the direct bandgap nature was maintained
throughout compression.45 However, unlike for (CMA)2PbI4, the
monotonic bandgap reduction for DPDAPbI4 was found to
result from the strong correlation between the enhancement of
both the N–H/I hydrogen bonding interactions and PbI6
octahedral distortion at low pressure (>2 GPa) whilst at higher
pressure the rigidity of the DPDA spacer and overall electronic
congurations collectively determined the optoelectronic
properties.45

Similar strong correlations between the hydrogen bonding
interactions and bandgap evolution were observed in a rigid RP-
type system, (PMA)2PbI4, where (PMA = phenyl-
methylammonium), with the enhancement of the hydrogen
bonding interactions inducing distortion of the PbI6 octahedra
and in turn a signicant bandgap narrowing from 2.19 to
1.26 eV (DEg = 0.93 eV).29 Interestingly, Gao et al. observed
bandgap narrowing from 2.26 to 1.83 eV (DEg = 0.43 eV) upon
compression to 5.8 GPa in another rigid RP-type system,
(PEA)2PbI4, followed by an abrupt jump to 1.95 eV and a direct-
to-indirect bandgap transition attributed to the AB to AA
stacking arrangement phase transition discussed previously.51

These results not only underline how the type of organic spacer
can inuence the bandgap behavior at high pressure but as
observed in (PEA)2PbI4 pressure can also result in deviations
away from the general bandgap trends as discussed later.

Overall, all 2D HOIPs, including both RP and DJ types,
display universal pressure-induced bandgap narrowing albeit to
different extents. Remarkably, compared to classical inorganic
2D materials such as MoS2, the absolute value of pressure-
induced bandgap reduction in 2D HOIPs is exceptionally
high, given that most inorganic 2D materials already have low
initial bandgaps (e.g., <1.5 eV) and oen undergo a transition to
a metallic state at moderate pressures. As summarized in Table
3 below, while the general tunability for 2D HOIPs is DEgz
0.5 eV over a 10 GPa range on average, select systems exhibit
much greater bandgap reductions – e.g., 1.33 eV and 0.93 eV
observed for RP-type (BA)2PbI4 and (PMA)2PbI4, respectively.22,29

Moreover, compared to the DJ type, RP type HOIPs generally
show more prominent bandgap reduction, especially with so
spacers due to the larger compressible-pressure range, although
some RP systems with rigid spacers may display non-monotonic
trends as illustrated below.
4.2. Beyond the norm: blueshis and non-monotonic trends

One such unusual and intriguing pressure-induced bandgap
trend is an initial blueshi of the absorption edge (bandgap
widening) at low pressure due to lattice contraction and
increased octahedral tilting, which reduces electronic coupling
and narrows bandwidths, whilst at higher pressure the bond
lengths shorten and Pb–X–Pb bond angles approach linearity,
enhancing orbital overlap and resulting in a redshi of the
absorption edge (bandgap narrowing). Such a trend was observed
previously in (BA)2PbI4.21,22 Yin et al. observed piezochromic
transitions upon compression to 10 GPa (Fig. 11a) evidenced by
an initial blueshi of the absorbance peak upon compression to
0.4 GPa followed by a continuous redshi upon further
296 | J. Mater. Chem. A, 2026, 14, 284–312
compression and the emergence of a second peak beyond
1.9 GPa whilst broadening beyond 5 GPa indicating the onset of
amorphization (Fig. 11b).21 Theoretical studies indicated
a decrease in the Pb–I–Pb bond angle from 150.2° to 144.9° along
with an increase in the average equatorial Pb–I bond length from
3.09 Å to ∼3.14 Å at 0.4 GPa, thus leading to diminished Pb–I
orbital overlap and the subsequent initial blueshi of the
absorbance peak.21 Further compression resulted in the expected
opposite trend, the bond angle and average equatorial bond
length increased and decreased back to 150.5 Å and 3.09 Å,
respectively leading to the continuous redshi of the main
absorbance peak and the second peak beyond 1.9 GPa
(Fig. 11b).21 Similarly, Yuan et al. also observed an initial abrupt
blueshi of the absorption edge (Fig. 11c) and subsequent
bandgap widening from 2.28 to 2.37 eV (Fig. 10d) upon
compression to 0.22 GPa followed by a continuous redshi
(Fig. 11c) and bandgap narrowing to 0.95 eV at around 35 GPa
(Fig. 11d).22 Yuan et al. also observed new absorption edges upon
compression to 2.2 and 13.1 GPa (Fig. 11c) which they attributed
to second and third phase transitions with increased PbI6 octa-
hedral tilting leading to initial bandgap widening and subse-
quent decreased tilting and Pb–I bond length shortening
resulting in gradual bandgap narrowing (Fig. 11d).22

Another unusual pressure-induced bandgap trend that has
been observed is that of a continuous redshi of the absorption
edge (bandgap narrowing) followed by an abrupt blueshi
(bandgap widening) and nally a re-redshi (re-reduction).
Such pressure-induced bandgap behavior was previously
exhibited in (PEA)2PbBr4.27,52 Ren et al. observed a prominent
redshi of the absorption edge upon initial compression to
10 GPa (signicant bandgap narrowing from 2.99 to ∼2.5 eV)
followed by an abrupt blueshi (bandgap widening) between
10–28.4 GPa and a subsequent re-redshi (re-reduction)
between 28.4–48.2 GPa (Fig. 12a and b).27 Once again the rst
redshi was attributed to lattice contraction of the crystallized
sample while abrupt blueshi was attributed to amorphization
causing the distorted PbBr6 octahedra with subsequent
contraction of the disordered lattice resulting in re-redshi.27

Zhang et al. also observed a signicant redshi of the absorp-
tion edge upon compression to ∼12 GPa followed by an abrupt
blueshi until ∼15 GPa and nally a gradual re-redshi until
28.4 GPa (Fig. 12c) resulting in a signicant bandgap narrowing
from 2.96 to 2.46 eV followed by a slight bandgap widening and
gradual re-reduction (Fig. 12d).52 The initial redshi and
signicant bandgap reduction were attributed to the so
oriented organic cation layer causing enhanced orbital overlap
of Pb s and Br p states.52 The abrupt blueshi and subsequent
bandgap widening were attributed to PbBr6 octahedral distor-
tion leading to reduced compressibility and in turn decreased
metal-halide orbital coupling.52 Finally, the re-redshi and re-
reduction of the bandgap were believed to result from the
competition of the compression effect with the interlayer bond
contraction and lattice distortion.52

These diverse pressure-induced bandgap behaviors—mono-
tonic, non-monotonic, or attened—can be consistently ratio-
nalized using the competing effects of bond contraction and
octahedral tilting. In so-spacer (e.g. long alkylammonium
This journal is © The Royal Society of Chemistry 2026
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Fig. 11 Pressure-induced optical absorbance behavior of (BA)2PbI4. (a) Optical images at selected pressures illustrating piezochromism and (b) In
situ UV-vis absorption spectra. Reproduced from ref. 21 with permission from American Chemical Society, copyright 2018. (c) In situ UV-vis
absorption spectra upon compression to 39.7 GPa and (d) bandgap as a function of pressure. Reproduced from ref. 22 with permission from
Wiley-VCH GmbH, copyright 2019.

Perspective Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
d’

oc
tu

br
e 

20
25

. D
ow

nl
oa

de
d 

on
 1

4/
4/

20
26

 7
:3

4:
24

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
chains) RP systems, exible organic layers accommodate pres-
sure through lattice compression, allowing bond shortening to
dominate and yielding continuous bandgap narrowing. In
contrast, rigid DJ systems, where the organic layer is more rigid
or tightly bound (e.g. diammonium linkers or aromatic cations
that lock adjacent layers together), oen resist direct compres-
sion, leading to enhanced octahedral tilting or distortion at
lower pressures, which can counteract or even reverse the
redshi, leading to bandgap widening. This framework also
explains the non-monotonic trends observed in certain systems:
an initial redshi arises from bond contraction, followed by
a blueshi or bandgap plateau as tilting becomes more
pronounced beyond a structural crossover pressure. Recog-
nizing this mechanistic balance provides a unied lens through
which it is possible to interpret the system-dependent optical
responses seen across 2D HOIP families under compression.
4.3. Photoluminescence: enhancement and quenching
pathways

Along with modulation of the bandgap, pressure can also, at
times, increase photoluminescence (PL) intensity in many 2D
This journal is © The Royal Society of Chemistry 2026
perovskites. This PL enhancement is oen attributed to the
suppression of non-radiative recombination pathways, such as
trap-assisted processes, as pressure passivates defects and
reduces lattice strain. Such suppression of trapped states was
previously observed in GA-based (GA = guanidinium) 2D
HOIPs.50,53 For example, Chen et al. observed a 5-fold PL
enhancement upon compression to 1.3 GPa (Fig. 13a) followed
by a gradual decrease until quenching at 7 GPa in (GA)(MA)2-
Pb2I7 (Fig. 13b).50 Interestingly, the PL peak was found to
redshi initially followed by an abrupt blueshi until quench-
ing (Fig. 13a and b).50 The PL enhancement was believed to
result from connement of the charge carriers due to volume
contraction upon compression thus leading to increased
exciton binding energy, while the gradual decrease in intensity
was believed to result from the suppression effect in the emis-
sion process.50 Similarly, Guo et al. observed a sharp 12-fold PL
enhancement upon compression to 1.59 GPa followed by
a gradual decrease until eventual quenching at 9.48 GPa in
(HA)2(GA)Pb2I7 (Fig. 13c).53 Upon tting the PL spectra, the
authors observed a strong contribution to the PL emission from
trapped states at ambient pressure which then gradually
decreases upon compression until 1.59 GPa where the
J. Mater. Chem. A, 2026, 14, 284–312 | 297
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Fig. 12 Pressure-induced optical absorbance behavior of (PEA)2PbBr4. (a) In situ UV-vis absorption spectra upon compression to 48.2 GPa and
(b) bandgap as a function of pressure. Reproduced from ref. 27 with permission from AIP Publishing, copyright 2020. (c) In situ UV-vis absorption
spectra upon compression to 28.4 GPa and (d) bandgap as a function of pressure. Reproduced from ref. 52 with permission from Wiley-VCH
GmbH, copyright 2018.
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contribution is fully from free excitons (FEs) (Fig. 13d).53 More
signicantly, Guo et al. reported an extraordinary 72-fold PL
enhancement for RP-type (BA)2(GA)Pb2I7 upon compression to
2.1 GPa, which was attributed to the suppression of exciton
trapping.39 Thus, it is believed that PL enhancement in general
is associated with the suppression of carrier trapping due to
reduced distortion of the Pb–I sublattice leading to a decrease in
the energy barrier between the FE and trapped states.53

In comparison to the RP-type and ACI-type systems, DJ-type
2D HOIPs tend to exhibit less prominent PL enhancements
upon compression. For example, the PL intensity for DPDAPbI4
298 | J. Mater. Chem. A, 2026, 14, 284–312
exhibits a slightly more than twofold enhancement upon
compression to 1.5 GPa followed by a gradual decrease until
eventual quenching at 5.6 GPa.45 For (API)PbBr4, the FE PL peak
shows an approximately vefold enhancement upon compres-
sion to 2.7 GPa followed by a gradual decrease until quenching
at around 6 GPa.46 Furthermore, all the observed PL enhance-
ments were in excellent agreement with the corresponding
isostructural phase transitions.45,46 Overall, it appears that all
RP-, DJ- and ACI-type 2D HOIPs undergo initial pressure-
induced PL enhancements followed by quenching, although
the associated PL mechanisms may differ, as discussed below.
This journal is © The Royal Society of Chemistry 2026

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta07554h


Fig. 13 Pressure-induced PL enhancement of GA-based 2D HOIPs. (a) and (b) In situ PL spectra upon compression to 1.3 and 7.0 GPa
respectively for (GA)(MA)2Pb2I7. Reproduced from ref. 50 with permission from the Royal Society of Chemistry, copyright 2019. (c) and (d) In situ
PL spectra upon compression to 9.48 GPa and fitted PL spectra at selected pressures for (HA)2(GA)Pb2I7. Reproduced from ref. 53 with
permission from Wiley-VCH GmbH, copyright 2020.
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4.4. From free excitons to STEs: pressure-driven PL
mechanisms

Notably, pressure not only tunes PL intensity but can also quali-
tatively change its nature. In several lead-based RP perovskites,
initial PL emission is associated with free excitons followed by
broadband emission emerging under moderate pressure (∼4–6
GPa), associated with self-trapped excitons (STEs). Such behavior
was previously exhibited in RP-type (PEA)2PbBr4, where Zhang
et al. also observed a gradual redshi and intensity decrease of the
initial FE PL peak and the emergence of the broadband STE peak
at around 4 GPa in RP-type (PEA)2PbBr4 (Fig. 14a).52 The presence
This journal is © The Royal Society of Chemistry 2026
of the STE peak was attributed to increased lattice distortion upon
compression due to localization of charge carriers leading to
stable STEs, while the lack of lattice distortion at low pressure
means stable STEs cannot form, and thus only the FE peak is
visible (Fig. 14a).52 Similarly, Mączka et al. observed an initial
linear redshi of the FE PL peak upon compression to ∼2 GPa
followed by a less pronounced redshi between 2 and 6 GPa and
the emergence of a broadband STE PL peak at 4.42 GPa in RP-type
Tz2PbBr4 (Fig. 14b).56 The redshi until ∼2 GPa was attributed to
substantial shortening of the Pb–Br bonds while the less
pronounced shi between 2 and 6 GPa was attributed to tilting
J. Mater. Chem. A, 2026, 14, 284–312 | 299
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Fig. 14 Pressure-induced change in the PL nature of RP-type 2D HOIPs. (a) In situ PL spectra upon compression to 15.6 GPa of (PEA)2PbBr4.
Reproduced from ref. 52 with permission from Wiley-VCH GmbH, copyright 2018. (b) In situ PL spectra upon compression to 13.4 GPa of
Tz2PbBr4. Reproduced from ref. 56 with permission from the Royal Society of Chemistry, copyright 2024.
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and distortion of the PbBr6 octahedra, consistent with the rst
pressure-induced phase transition at around 2 GPa.56 The lack of
signicant shi of the FE peak between 6–8 GPa but the
continued intensity increase was attributed to the compensation
of the Pb–Br bond length shortening by the octahedral tilting and
distortion, consistent with the second pressure-induced phase
transition at around 6 GPa, and nally an abrupt blueshi and
decreased intensity beyond 8 GPa of both the FE and STE peaks is
observed attributed to stronger pressure-induced octahedral tilt-
ing and distortion in comparison to Pb–Br bond length short-
ening, consistent with the third and nal pressure-induced phase
transition between 8 and 8.5 GPa.56

Building on this mechanistic picture, Guo et al. presented
a concise structure-PL map that links how the inorganic sheets
and organic spacers accommodate compression to the balance
between free-exciton and self-trapped emission for RP-type
HOIPs.39 They showed that pressure which primarily reduces
intralayer disorder while tightening interlayer coupling tends to
suppress trap-assisted or STE-like features and steer the spectra
toward brighter, more symmetric FE emission; conversely,
when compression is absorbed mainly through enhanced
octahedral tilting or layer misregistry, STE signatures are
stabilized and can overtake FE. Viewed this way, the appear-
ance, crossover, or quenching of broad STE bands across RP
families—and the possibility of reproducing FE-dominated
emission by chemically emulating the pressure-optimized
packing through spacer choice—follow from the same struc-
tural lever, offering a transferable design rule for tuning emis-
sive pathways under pressure.

DJ-type 2D HOIPs also exhibit both FE and STE contribu-
tions, but their pressure evolution oen contrasts with RP
analogues. In (API)PbBr4, an initially STE-dominated spectrum
narrows into an FE-like line under modest compression as
enhanced carrier delocalization suppresses STE formation.46
300 | J. Mater. Chem. A, 2026, 14, 284–312
Conversely, DPDAPbI4 shows a transient broadening and
asymmetry at low compression consistent with the STE admix-
ture, followed by recovery of a symmetric, FE-dominated prole
as further pressure reduces octahedral distortion.45 Across these
DJ examples, PL enhancement at increasing pressure is
primarily associated with the FE channel,45 while STE features
are typically stabilized only within a limited low-to-intermediate
pressure window when tilting or interlayer misregistry is
prominent—opposite to many RP cases where STE bands
emerge and intensify at moderate pressures. This behavior is
reected in stronger through-layer connectivity in DJs (bifunc-
tional spacers and robust hydrogen bonding) that constrains
layer sliding and promotes pressure-induced delocalization,
broadening the regime where FE emission outcompetes STE; at
sufficiently high loads, however, accumulated disorder and
non-radiative pathways ultimately quench luminescence. The
precise crossover pressures remain spacer- and composition-
dependent.45,46
4.5. Charge-carrier lifetimes: pressure as a trap suppressor

Pressure can also modulate charge-carrier lifetimes, which can
be measured using time-resolved PL (TRPL) measurements,
where carrier lifetimes typically increase as non-radiative
pathways are eliminated under pressure and then collapse
when amorphization or non-emissive transitions dominate. For
example, Yin et al. found that in (BA)2PbI4, the lifetime
increased from 150 to 190 ps upon compression to 0.4 GPa, with
the STE (slow decay) lifetime undergoing a signicant increase
from 320 to 440 ps (Fig. 15a and b) attributed to an increase of
trapped excitons by the distorted PbI4

2− lattices.21 Upon further
compression to 2.3 GPa, the lifetime decreased to 53 ps with the
STE lifetime decreasing to 148 ps (Fig. 15c) as non-radiative
recombination increased resulting from increased defects due
to the onset of amorphization.21 Similarly, in (2meptH2)PbCl4
This journal is © The Royal Society of Chemistry 2026
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Fig. 15 Pressure-induced charge carrier lifetimes of 2D HOIPs. (a)–(c) TRPL spectra of (BA)2PbI4 at 0, 0.4, and 2.3 GPa, respectively. Reproduced
from ref. 21 with permission from American Chemical Society, copyright 2018. (d) Average PL lifetime as a function of pressure of (2meptH2)
PbCl4. Reproduced from ref. 34 with permission from the Royal Society of Chemistry, copyright 2023.
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the average carrier lifetime exhibits a signicant increase until
10.2 GPa, again associated with increased radiative recombi-
nation resulting in PL enhancement, followed by a gradual
decrease, again associated with increased non-radiative
recombination resulting in PL quenching (Fig. 15d).34

Furthermore, in certain cases, structural rearrangements
persist aer pressure release, resulting in metastable phases with
enhanced optoelectronic properties. For example, structural
amorphization upon compression followed by recrystallization
upon decompression in (BA)2(MA)2Pb3I10 resulted in metastable
states which exhibited a signicant bandgap narrowing of 8.2%.47

Metastable states have also been observed in GA-based
compounds; for example in (GA)(MA)2Pb2I7 decompression
from 25.1 GPa resulted in a colour change from dark red to black
and a bandgap decrease from 2.00 (pre-compression) to 1.79 eV
(post-decompression), indicating irreversible pressure behavior
ideal for practical applications.50 In (HA)2(GA)Pb2I7 decompres-
sion until 1.5 GPa results in signicant PL enhancement via laser
irradiation accompanied by a yellow to orange colour change
which is retained at ambient pressure and exhibits a PL
enhancement of 100% compared to the original pre-compressed
sample.53 These observations raise the possibility of using pres-
sure not only as a diagnostic tool but also for post-synthetic phase
engineering, whilst also suggesting a strategy for “strain-
This journal is © The Royal Society of Chemistry 2026
quenching” of pressure-induced states that could be useful for
stabilizing materials for light emission or sensing.

Taken together, these results demonstrate that high pressure
provides a robust route to tailor and even stabilize the opto-
electronic properties of 2D HOIPs. The magnitude of modula-
tion, reversibility, and emissive pathways depend strongly on
dimensionality, spacer rigidity, interlayer coupling, and metal/
halide identity. The strategic use of pressure can thus advance
both the fundamental understanding and practical engineering
of 2D perovskites. Table 2 summarizes the pressure-induced
optoelectronic properties of representative 2D HOIPs.

This table collates optical and electronic responses (bandgap
shis and PLmodulation) under hydrostatic compression. Several
general trends are evident: (i) so-spacer RP systems oen display
monotonic bandgap narrowing with pressure, (ii) rigid-spacer
systems can show abnormal behaviors such as initial blueshi
or non-monotonic shis, and (iii) DJ systems exhibit gradual
tuning due to stronger interlayer interactions. Photoluminescence
(PL) is frequently enhanced at low pressure due to defect passiv-
ation, followed by quenching at higher pressures. Notably,
broadband self-trapped exciton (STE) emission and direct-to-
indirect bandgap transitions have been observed in select
systems, highlighting pressure as a versatile tuning parameter.
J. Mater. Chem. A, 2026, 14, 284–312 | 301
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5. Lead vs. lead-free: contrasting
pressure responses

Two-dimensional (2D) perovskites based on lead halides have
been extensively studied for their superior optoelectronic
properties and tunability under hydrostatic pressure. However,
the toxic nature of Pb2+ and associated environmental concerns
have motivated the development of lead-free alternatives. This
section summarizes the pressure behavior of lead-free 2D
perovskites, including Sn2+, Cu2+, Ge2+, and Bi3+ analogs, in
terms of structural stability, bandgap evolution, PL response,
and phase transition mechanisms.

A key advantage of lead-free 2D perovskites, in particular Sn2+

and Cu2+-based ones, is the narrow bandgaps which allow for
greater tuning under high pressure allowing for greater possibility
for reaching the ideal Shockley–Queisser (SQ) limit, which states
that at an optimal bandgap of 1.34 eV a maximum efficiency of
33.7% is achieved.67,68 Unfortunately, lead-free analogs oen
exhibit greater susceptibility to oxidation (e.g., Sn2+/ Sn4+), which
can inuence their high-pressure behavior and long-term stability.
Despite this, certain Sn and Cu-based systems have demonstrated
similar or even enhanced phase transition pathways, PL
enhancements, and bandgap shis in comparison to their lead-
based analogues. Bi3+-based 2D perovskites, with their larger
tolerance for structural distortion, typically show broader bandg-
aps and more rigid frameworks, resulting in less pronounced PL
modulation under pressure. Overall, while lead-free systems offer
promising environmental advantages, their pressure responses are
oenmore limited or require additional chemical tuning tomatch
the performance and versatility of their lead-based counterparts.
5.1. Tin-based systems: high tunability but oxidation
challenges

Sn2+ is believed to be the most promising substitute for lead in
the generation of 2D HOIPs owing to the highly favourable
optical and electronic properties of Sn2+-based 2D HOIPs.69 In
particular, Sn2+-based 2D HOIPs with optical bandgaps between
1.2–1.4 eV have the potential to reach a power conversion effi-
ciency (PCE) of around 33%.70 Furthermore, they also tend to
exhibit similar or enhanced optical and electronic properties in
comparison to their Pb-based analogues, including greater
charge carrier mobilities and long-lived hot carriers.69,71,72

Unfortunately Sn2+-based 2D HOIPs suffer from lower chemical
stability with Sn2+ readily oxidizing to Sn4+ under ambient
conditions,73 leading to poor reproducibility and efficiency and
large doping concentrations.74 Furthermore, high-pressure
studies of Sn2+-based 2D HOIPs are very limited. A recent
study by Kong et al. on an RP-type family, (BA)2(MA)n−1SnnI3n+1
(n = 2–4), showed a signicant bandgap reduction for the n = 2
sample from 1.65 to 1.17 eV upon compression to 6.2 GPa and
signicant enhancement of PL intensity until 1 GPa followed by
a signicant decrease and eventual quenching at 6.5 GPa
(Fig. 16).75 Interestingly, all three samples exhibited similar
patterns for both the PL emission and bandgap, with the PL
intensity enhancing at low pressure before reducing and the
bandgap exhibiting a signicant redshi before a slight
This journal is © The Royal Society of Chemistry 2026
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blueshi and re-redshi at high pressure (Fig. 16).75 Further-
more, the n = 2 sample exhibited the greatest bandgap
tunability (DEg= 0.48 eV), much greater compared to that of the
lead analogue (DEg = 0.15 eV), and lowest bulk modulus of
4.8 GPa indicating signicant compressibility compared to its
3D Sn and 2D Pb counterparts.75 The bandgap and crystalline
structure of the n = 2 sample were also found to be retained
upon decompression from mild pressures.75 This recent study
underlines the strong possibility of Sn2+-based 2D HOIPs for
achieving the desired SQ limit with considerable compress-
ibility in comparison to the lead analogues. However, the
limited high-pressure studies open the door for more extensive
studies to be conducted to fully understand the effects of high
pressure on the structures and tuning of optoelectronic prop-
erties of Sn2+-based 2D HOIPs. These ndings highlight the
potential of Sn2+-based 2D HOIPs as viable alternatives for
environmentally friendly optoelectronic applications—provided
that oxidative degradation can be effectively mitigated.
Fig. 16 Tuning of optoelectronic properties of the (BA)2(MA)n−1SnnI3n+1
(b) (BA)2(MA)2Sn3I10, and (c) (BA)2(MA)3Sn4I13. PL spectra upon compress
Bandgap as a function of pressure for (g) (BA)2(MA)Sn2I7, (h) (BA)2(MA)2Sn
from Wiley-VCH GmbH, copyright 2024.

This journal is © The Royal Society of Chemistry 2026
Continued advancements in encapsulation strategies and inert-
atmosphere processing will be key to unlocking the full promise
of these materials in high-pressure regimes.
5.2. Copper-based systems: stability with narrow bandgaps

Another commonly studied alternative to lead in 2D HOIPs is
copper, specically Cu2+, which has emerged as a highly
promising candidate due to its abundance, low cost, and low
environmental impact and the unique electronic structure and
excellent optoelectronic properties of Cu2+-based 2D HOIPs.76,77

In contrast to tin, copper-based 2D HOIPs exhibit excellent
stability mostly due to the use of hydrophobic organic cations as
spacers in between the inorganic layers, making them more
moisture resistant in comparison to unstable 3D perovskites,
and they are also less susceptible to oxidation under ambient
conditions.77,78 The majority of Cu2+-based 2D HOIPs consist of
Cu–Br or Cu–Cl octahedra, with Cu–Cl ones known for
RP family. Absorption spectra upon compression for (a) (BA)2(MA)Sn2I7,
ion for (d) (BA)2(MA)Sn2I7, (e) (BA)2(MA)2Sn3I10, and (f) (BA)2(MA)3Sn4I13.

3I10, and (i) (BA)2(MA)3Sn4I13. Reproduced from ref. 75 with permission
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Fig. 17 Pressure-induced bandgap behavior of Cu-based 2D HOIPs. (a) Bandgap as a function of pressure for (PMA)2CuBr4. Reproduced from
ref. 79 with permission from Wiley-VCH GmbH, copyright 2022. (b) Bandgap as a function of pressure for (EA)2CuBr4. Reproduced from ref. 80
with permission from Wiley-VCH GmbH, copyright 2019. (c) Bandgap as a function of pressure for DABCuCl4. Reproduced from ref. 81 with
permission from American Chemical Society, copyright 2017. (d) Bandgap as a function of pressure for (PEA)2CuCl4. Reproduced from ref. 82
with permission from American Physical Society, copyright 2023.
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exhibiting thermochromism resulting from the lattice under-
going phase transitions resulting from temperature-dependent
hydrogen bonding of cations.77,78 More extensive high-pressure
studies have been conducted on Cu2+-based 2D HOIPs
compared to Sn2+-based ones, with those containing Cu–Br
octahedra exhibiting greater potential for achieving the SQ limit
compared to those with Cu–Cl octahedra due to the narrow
bandgaps at ambient pressure. For example, Zahn et al.
observed a signicant bandgap reduction from 1.8 to 1.47 eV
upon compression to 5 GPa (Fig. 17a) in (PMA)2CuBr4 resulting
from the deformation of the Cu–Br octahedra due to rapid
compression of the volume, but no signicant phase transi-
tion.79 Compression beyond 5 GPa results in a slight blueshi of
the bandgap to 1.52 eV, attributed to pressure-induced tilting of
the Cu–Br octahedron, aer which the bandgap remains stable
and at 1.52 eV up to 29.1 GPa (Fig. 17a), which is highly
favourable for photovoltaic devices.79 Similarly, Jaffe et al.
observed a large bandgap reduction from 1.7 to 0.3 eV in
(EA)2CuBr4 upon compression to 65 GPa (Fig. 17b).80 In contrast
to (PMA)2CuBr4, (EA)2CuBr4 undergoes two distinct phase
transitions, rst from the monoclinic P21/c structure at ambient
pressure to orthorhombic Cccm upon compression to 2.6 GPa,
resulting in octahedral tilting, followed by a second-order iso-
structural phase transition above 4 GPa, resulting in reduced
306 | J. Mater. Chem. A, 2026, 14, 284–312
compressibility.80 Li et al. also observed a substantial bandgap
reduction in DABCuCl4 from 2.44 to 2.05 eV upon compression
to ∼12 GPa along with an isostructural phase transition
between ∼6 and ∼10 GPa (Fig. 17c).81 Zhou et al. observed an
even greater bandgap reduction in (PEA)2CuCl4 from 2.93 to
1.77 eV upon compression to 20.37 GPa (Fig. 17d), but similar to
(PMA)2CuBr4 no signicant phase transition was observed.82

These ndings help underline the greater probability for
achieving the desired SQ limit in Cu–Br 2D HOIPs in compar-
ison to Cu–Cl 2D HOIPs, and the lack of oxidation under
ambient conditions and excellent stability make Cu2+ a highly
promising candidate to replace lead but further studies are
likely required to deepen the understanding of both the struc-
tural evolution and bandgap behaviour under high pressure.

5.3. Germanium-based systems: underexplored but
promising

In contrast to tin and copper, germanium (Ge2+) has been
studied far less as a potential alternative to lead mainly due to
its rare abundance and high cost. However, germanium exhibits
little toxicity and environmental damage in comparison to lead
and a growing interest in Ge2+-based 2D HOIPs for various
applications is anticipated in the coming years.83 Unfortunately,
like Sn2+ Ge2+ also shows a strong tendency to oxidize to Ge4+
This journal is © The Royal Society of Chemistry 2026
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under ambient conditions, but the majority of the solutions to
suppress the oxidation proposed for Sn2+ can also be applied to
Ge2+.83 Furthermore, high-pressure studies on Ge2+-based 2D
HOIPs are also highly scarce. In 2021 Morana et al. observed
a reversible broadband PL peak in (DA)2GeI4 upon compression
beyond 2.1 GPa, which reaches its maximum intensity at
around 3.7 GPa (Fig. 18a), likely resulting from STE emission
due to octahedral distortion.84 An initial blueshi of the
absorption edge is observed upon compression to 0.2 GPa fol-
lowed by a continuous redshi until 11.4 GPa leading to
a signicant reduction of the absorption edge from 2.28 to
1.64 eV (Fig. 18b).84 The onset of both the broadband PL emis-
sion and bandgap blueshi–redshi transition correlate excel-
lently with the proposed phase transition from orthorhombic
Pbca to monoclinic P21/a with a reduced c-axis between 0.56 and
2.20 GPa, evidenced by peak splitting in the XRD spectra at
2.20 GPa (Fig. 18c) and discontinuity of the unit cell parameters
Fig. 18 Behavior of (DA)2GeI4 under high pressure. (a) PL spectra upon
spectra upon compression, and (d) unit cell parameters as functions o
copyright 2022.

This journal is © The Royal Society of Chemistry 2026
at around 0.56 GPa (Fig. 18d).84 Overall, this study once again
indicates the strong probability for reaching the SQ limit in
lead-free 2D HOIPs; however, furthermore, more in-depth
studies are required to obtain a more solid foundation of the
pressure response of Ge2+-based 2D HOIPs.

5.4. Bismuth-based systems: robust but optically limited

Lastly, Bi3+-based double perovskites and layered compounds
represent another lead-free direction. These systems are
generally more rigid and exhibit wider, oen indirect bandgaps.
Under pressure, Bi-based compounds show mild bandgap
narrowing, but less pronounced structural phase transitions
compared to Pb or Sn systems.54,85,86 For example, MA3Bi2Br9
exhibited a phase transition between 4.3 and 5.0 GPa from
trigonal P�3m1 to monoclinic P21/a evidenced by the emergence
of new peaks in the XRD spectra (Fig. 19a).85 A continuous
redshi of the absorption edge (Fig. 19b), resulting in a mild
compression, (b) absorption edge as a function of pressure, (c) XRD
f pressure. Reproduced from ref. 84 with permission from Elsevier,
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Fig. 19 Behavior of MA3Bi2Br9 under high pressure. (a) ADXRD spectra upon compression, (b) UV-vis absorption spectra upon compression, and
(c) bandgap as a function of pressure. Reproduced from ref. 85 with permission from American Chemical Society, copyright 2019.
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bandgap reduction of ∼0.2 eV (Fig. 19c), upon compression to
4.1 GPa was observed followed by a slight blueshi between 4.6
and 5.5 GPa and nally a re-redshi upon further compression
to 10.4 GPa (Fig. 19b), resulting in another mild bandgap
reduction of∼0.1 eV (Fig. 19c).85 In comparison, Cs3Bi2I6Cl3 was
found to exhibit a near constant bandgap upon compression to
13.6 GPa, followed by a gradual redshi, and no signicant
phase transition.86 Furthermore, the PL response in Bi perov-
skites is oen weak and pressure-insensitive, though certain
mixed-halide Bi compounds have shown slight activation under
compression.86 For instance, a sharp increase in the PL intensity
until 13.4 GPa was observed in the mixed-halide Cs3Bi2I6Cl3.86

The 6 s2 lone pair of Bi3+ contributes to local structural distor-
tion, but its stereochemical activity is less pronounced than in
Sn2+ or Pb2+, resulting in reduced exciton localization and
diminished light emission under pressure. As a result, Bi3+-
based 2D perovskites may be more suited for applications
requiring structural robustness and environmental stability
rather than dynamic optoelectronic tunability. Nonetheless,
ongoing efforts to enhance their emissive properties through
halide alloying, organic spacer modication, and external
stimuli like pressure continue to expand the design space for
stable, lead-free perovskite materials.

Sn2+-based compounds offer good compressibility and
bandgap tunability but suffer from oxidation. Cu2+ systems offer
similar properties to Sn2+ systems with the added bonus of
reduced oxidation, but Cu–Cl systems exhibit wider bandgaps and
thus a lower probability for reaching the desired SQ limit. Ge2+
308 | J. Mater. Chem. A, 2026, 14, 284–312
systems are also less prone to redox instability but require pres-
sure to activate their emissive states. Bi3+ perovskites are struc-
turally robust but have limited optical responsiveness. Despite
these differences, all four lead-free systems benet from pressure-
tuning as a non-invasive method to modulate properties, access
metastable phases, or suppress defects. For example, pressure-
cycled (DA)2GeI4 retained broadband emission even aer
decompression,84while stabilized Sn2+ systems retained narrowed
bandgaps post-pressure.75 These results underscore the impor-
tance of integrating high-pressure studies into the evaluation of
next-generation lead-free perovskites. Table 3 summarizes struc-
tural, optical, and reversibility trends observed under pressure
across Pb2+ Sn2+, Cu2+, Ge2+, and Bi3+-based 2D HOIPs.

This table contrasts the high-pressure responses of Pb-based
2D HOIPs with those of Sn, Cu, Ge, and Bi analogues. Pb-based
systems exhibit rich polymorphism and strong bandgap
tunability but raise toxicity concerns. Sn-based systems display
even greater bandgap shis and compressibility, though they
suffer from oxidation instability. Cu-based systems (especially
Cu–Br) combine tunability with greater environmental stability,
whereas Cu–Cl analogues have wider bandgaps and limited
photovoltaic relevance. Ge-based systems are underexplored but
show promising pressure-activated photoluminescence and
signicant bandgap narrowing. Bi-based layered perovskites are
structurally robust with only mild optical responses. Taken
together, these comparisons underscore the potential of pres-
sure as a universal tool for accessing metastable phases and
tailoring properties in both lead and lead-free 2D HOIPs.
This journal is © The Royal Society of Chemistry 2026
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Table 3 Comparison of high-pressure behavior between lead-based and lead-free 2D perovskitesa

Property
Lead-based (Pb2+) and Lead-free
(Sn2+, Cu2+, Ge2+, and Bi3+) Representative examples with references

Bandgap (1) Redshi and bandgap reduction (1) ETA2PbI4 (ref. 23), (Bz)2PbI4 (ref. 33), (Bz)2PbBr4
(ref. 33), (PDMA)PbBr4 (ref. 33), (CMA)2PbI4 (ref. 36), and
DPDAPbI4 (ref. 45)

(2) Redshi / blueshi (2) (BA)2(MA)Pb2Br7 (ref. 26), (GA)2PbI4 (ref. 32), and
MHy2PbBr4 (ref. 43 and 55)

(3) Initial blueshi / redshi (3) (BA)2PbI4 (ref. 22)
(4) Initial redshi/ abrupt blueshi/
re-redshi

(4) (3AMP)PbI4 (ref. 25), (3AMP)(MA)Pb2I7 (ref. 25),
(PEA)2PbBr4 (ref. 27 and 52), (PMA)2PbI4 (ref. 29),
(GA)(MA)2Pb2I7 (ref. 50), and (HA)2(GA)Pb2I7 (ref. 53)

Redshi (Sn2+, Cu2+, and Ge2+); stable or
weak shi (Bi3+)

(BA)2(MA)Sn2I7(ref. 75), (PMA)2CuBr4(ref. 79),
(EA)2CuBr4(ref. 80), DABCuCl4(ref. 81), (PEA)2CuCl4(ref. 82),
(DA)2GeI4(ref. 84), Cs3Bi2Br9(ref. 54), MA3Bi2Br9(ref. 85), and
Cs3Bi2I6Cl3(ref. 86)

Photoluminescence (1) Gradual decrease / quenching (1) (PEA)2PbI4 (ref. 19 and 51), (BA)2(MA)Pb2Br7 (ref. 26), S-
[4APEA]PbI4 (ref. 31), and (BA)2(MA)Pb2I7 (ref. 37)

(2) Initial enhancement / gradual
reduction / quenching

(2) (BA)2PbI4 (ref. 20 and 22), ETA2PbI4 (ref. 23),
(CMA)2PbI4 (ref. 36), and DPDAPbI4 (ref. 45)

STE activation in Ge2+; weak in Bi3+ (DA)2GeI4(ref. 84) and Cs3Bi2I6Cl3(ref. 86)
Compressibility High (smaller B0) (BA)2PbI4 (ref. 20–22) and (CMA)2PbI4 (ref. 36)

Sn2+ and Ge2+: comparable Bi3+: lower (BA)2(MA)Sn2I7(ref. 75), (DA)2GeI4(ref. 84),and
MA3Bi2Br9(ref. 85)

Phase transitions Multiple and oen reversible (PEA)2PbI4 (ref. 19 and 51), (BA)2PbI4 (ref. 20–22),
(PMA)2PbI4 (ref. 29), and Tz2PbI4 (ref. 56)

Fewer in Sn2+, Cu2+, and Ge2+; less
pronounced in Bi3+

(BA)2(MA)Sn2I7(ref. 75), (EA)2CuBr4(ref. 80),
DABCuCl4(ref. 81), (DA)2GeI4(ref. 84),andMA3Bi2Br9(ref. 85)

Metastability Observed in select compositions (GA)(MA)2Pb2I7 (ref. 50) and (HA)2(GA)Pb2I7 (ref. 53)
In Sn2+andGe2+only (BA)2(MA)Sn2I7(ref. 75)and (DA)2GeI4(ref. 84)

PL persistence
post-compression

Common (PEA)2PbI4 (ref. 19 and 51), (CMA)2PbI4 (ref. 36), and
DPDAPbI4 (ref. 45)

In Ge2+; rare in Bi3+ (DA)2GeI4(ref. 84)

a Lead-based are in normal font and lead-free are in italics.
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6. Perspectives and outlook: pressure
as a materials design tool
6.1. Conclusions

High-pressure research has opened a genuinely new control axis
for 2D hybrid perovskites (2D HOIPs). Unlike chemical substitu-
tion, pressure enables continuous and reversible tuning of
interlayer spacing, bond angles, and orbital overlap, thereby
reshaping band structures and excitonic landscapes at will. In
both Ruddlesden–Popper (RP) and Dion–Jacobson (DJ) phases,
compression drives a spectrum of structural responses—from
subtle order–disorder rearrangements to sequential polymorphic
transitions and, at higher loads, amorphization—each with
distinct optoelectronic signatures. This direct structure–property
leverage has already yielded robust demonstrations of bandgap
modulation (red/blue shis), exciton conversion (FE4STE),
photoluminescence (PL) enhancement, and even rare elastic
responses such as negative linear compressibility (NLC) in so-
spacer systems, together with metastable-state retention upon
decompression that preserves desirable properties for device-
relevant conditions.

A central, unifying insight is the role of spacer chemistry.
So, van-der-Waals-separated RP systems (e.g., BA and CMA)
This journal is © The Royal Society of Chemistry 2026
accommodate layer sliding/tilting and oen show gradual,
reversible tuning with pressure, while rigid, H-bond-connected
DJ frameworks favor more abrupt or isostructural transitions
and can quench PL when distortion pathways dominate. This
RP–DJ contrast maps cleanly onto optical behavior—RP mate-
rials frequently show pressure-enhanced PL or reversible
emission shis; DJ analogues more oen exhibit spectral
abruptness and quenching—providing practical design rules
for pressure-tolerant emitters and detectors.

Beyond acting as a diagnostic probe, pressure also serves as
a synthetic handle. Several RP systems (e.g., PEA/Br, MHy/Br,
and triazolium/Br) demonstrate pressure-activated broadband
emission via self-trapped excitons; lead-free analogues such as
(DA)2GeI4 and tin-based RP families show strong bandgap
tunability and, in some cases, post-pressure retention of nar-
rowed gaps or broadband PL. These case studies illustrate the
potential of compression to discover and then “lock in” hidden
phases and emissive states that are difficult to access under
ambient conditions through chemistry alone.

Finally, the lead-free landscape is converging with the pressure
toolbox. Sn2+ systems offer large tunability but face oxidation; Cu2+

(especially Cu–Br) combines stability with promising gaps; Ge2+

remains underexplored yet exhibits pressure-activated emission;
Bi3+ frameworks are robust but optically conservative. Taken
J. Mater. Chem. A, 2026, 14, 284–312 | 309
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together, these advances establish pressure as a universal, non-
invasive route to compare, tune, and stabilize both Pb- and Pb-
free chemistries toward environmentally responsible optoelec-
tronics. Collectively, they underscore the emerging role of pressure
as a true materials-design parameter for 2D HOIPs—one that
complements composition and dimensionality to expand the
accessible property space for adaptive photonics, sensing, and
energy devices.
6.2. Outlook

Building on these advances, several directions can guide the
next stage of progress:

� Quantitative structure–property maps under true hydro-
static conditions.

Many reported anomalies (e.g., blueshi / redshi cross-
overs and non-monotonic trends) hinge on subtle balances
between octahedral tilting and bond contraction, which are
sensitive to pressure media and gradients. A priority is stan-
dardized hydrostatic protocols (medium choice, loading, and
calibration) paired with parameterized descriptors (Pb–X–Pb
angles and axial/equatorial bond compressibilities) to enable
cross-study comparability and predictive design.

� Correlative, time-resolved in situ measurements.
Linking phase transitions to optical responses demands

synchronized ADXRD/Raman/FTIR with PL/UV-vis in the same
DAC and at identical pressure points. Adding TRPL will quantify
trap suppression vs. STE formation kinetics; combined with
variable-temperature and decompression cycles, this will separate
reversible tuning frommetastable trapping with device relevance.

� Metastable-state engineering (“pressure-quench” pathways).
Several systems retain narrower bandgaps or enhanced PL

aer pressure release, suggesting pathways to strain-lock useful
states. Systematic maps of load-hold-release protocols (rates,
dwell times, and partial unloads) could turn pressure into
a post-synthetic step akin to annealing—particularly attractive
for broadband emitters and near-ideal bandgaps in lead-free
families. Additionally, pressure-induced compaction of inter-
layer spacing could offer practical stability benets by limiting
diffusion pathways for moisture ingress— a concept supported
by studies on DJ-phase perovskites, where tighter interlayer
connectivity is known to enhance humidity resistance. This
suggests that pressure tuning may not only unlock new optical
states but also passively improve environmental durability.

� Spacer-directed mechanics: designing soness vs. rigidity.
The RP–DJ divide is a design lever. So spacers (e.g.,

aliphatic and cyclic) favor large, smooth tunability (and
phenomena like NLC), while rigid, bifunctional spacers (DJ)
enforce connectivity that can stabilize or sharply redirect tran-
sitions. Rational spacer engineering—including p-rigid, H-
bonding, or ionic crosslinks—should target predictable
compressibility and desired PL pathways (FE vs. STE).

� Lead-free platforms with pressure-assisted stabilization.
A particularly urgent frontier is the stabilization of Pb-free

perovskites under pressure. For Sn-based systems, combining
hydrostatic compression with tight redox control and mapping
retention windows could turn transient narrowing into usable
310 | J. Mater. Chem. A, 2026, 14, 284–312
states. Pressure can also serve as a rapid screening tool, linking
compressibility descriptors with tunability and persistence to
identify promising compositions. Beyond Sn, Cu–Br
compounds and emerging Ag–Bi/Sb layered analogues deserve
exploration as intrinsically more stable and environmentally
benign candidates, with pressure guiding their optimization
and eventual integration into devices.

� Theory/simulation/ML: closing the experiment-theory loop.
First-principles calculations should be used to deconvolute

angle vs. bond-length contributions to band dispersion under
pressure. Building open datasets that connect pressure, struc-
ture, and optical properties for representative RP/DJ chemistries
will enable machine learning models to predict critical pres-
sures, phase sequences, STE onsets, and retention windows.
Tight closed-loop workows—where theory guides experi-
mental pressure ranges and experiments iteratively rene
models—will accelerate discovery and deliver prescriptive
design rules for pressure-responsive, lead-free 2D perovskites.
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M. Kappes, S. Lebedkin and M. Ruben, Inorg. Chem., 2020,
59, 12431–12436.

25 L. Kong, G. Liu, J. Gong, L. Mao, M. Chen, Q. Hu, X. Lü,
W. Yang, M. G. Kanatzidis and H.-k. Mao, Proc. Natl. Acad.
Sci. U. S. A., 2020, 117, 16121–16126.

26 H. Li, Y. Qin, B. Shan, Y. Shen, F. Ersan, E. Soignard, C. Ataca
and S. Tongay, Adv. Mater., 2020, 32, 1907364.

27 X. Ren, X. Yan, D. V. Gennep, H. Cheng, L. Wang, Y. Li,
Y. Zhao and S. Wang, Appl. Phys. Lett., 2020, 116, 101901.

28 P. Shen, T. Vogt and Y. Lee, J. Phys. Chem. Lett., 2020, 11,
4131–4137.

29 C. Tian, Y. Liang, W. Chen, Y. Huang, X. Huang, F. Tian and
X. Yang, Phys. Chem. Chem. Phys., 2020, 22, 1841–1846.
This journal is © The Royal Society of Chemistry 2026
30 R. Fu, W. Zhao, L. Wang, Z. Ma, G. Xiao and B. Zou, Angew.
Chem., Int. Ed., 2021, 60, 10082–10088.

31 F. F. Gao, X. Li, Y. Qin, Z.-G. Li, T.-M. Guo, Z.-Z. Zhang,
G.-D. Su, C. Jiang, M. Azeem, W. Li, X. Wu and X.-H. Bu,
Adv. Opt. Mater., 2021, 9, 210003.

32 H. Li, D. Wines, B. Chen, K. Yumigeta, Y. M. Sayyad,
J. Kopaszek, S. Yang, C. Ataca, E. H. Sargent and S. Tongay,
ACS Appl. Mater. Interfaces, 2021, 13, 44964–44971.
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55 M. Mączka, S. Sobczak, P. Ratajczyk, F. F. Leite,
W. Paraguassu, F. Dybała, A. P. Herman, R. Kudrawiec and
A. Katrusiak, Chem. Mater., 2022, 34, 7867–7877.
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