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The mono- and divalent spacer cation investigation in sodium/indium-
based 2D double perovskites revealed significant impacts on optoelec-
tronic properties due to distortions in the inorganic layers. The strong
electron—phonon coupling in a novel lead-free Dion—Jacobson phase
highlights a promising class for broad-emission devices based on self-
trapped excitons (STE), offering enhanced structural stability.

Rapid advancements in halide perovskites are crucial for optoe-
lectronic devices, but challenges such as ion migration, struc-
tural instability, and toxicity still persist." Although 3D Pb-based
halide perovskites show high electronic density and symmetry,
their application in photovoltaics is hindered by degradation,
high ionic conductivity,” and moisture sensitivity.® Conse-
quently, extensive research has triggered the scientific commu-
nity to find alternatives to these 3D structures. A well-studied
approach involves utilizing 2D layered structures with organic
spacer cations to confine inorganic entities. The best studied 2D
halide perovskites are: (i) 2D Ruddlesden-Popper (2D-RP), which
feature double layers of protonated organic molecules (R-NH>")
forming van der Waals gaps,* and (ii) 2D Dion-Jacobson (2D-DJ),
which have a single layer of bi-protonated organic molecules
(NH*'-R-NH**) that eliminate the van der Waals gap, promoting
direct connectivity between inorganic layers and exhibiting
greater structural robustness.” Low-dimensional halide perovs-
kites are notable for their tunable bandgaps,® structural
stability,” and strong electron-phonon coupling,® resulting in
pronounced emission properties.” These features made them
promising candidates for optoelectronic devices compared to
their 3D counterparts. The hydrophobic organic spacer notably
prevents the degradation of inorganic sheets, enhancing envir-
onmental stability.
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Aligned with the structural confinement in 2D perovskites, the
degree of rotation and tilting of [BXe]'~ inorganic octahedrons is
responsible for tuning the optoelectronic properties in these materi-
als. Furthermore, the chemical nature of the organic spacer and the
interaction with the halide component are also decisive for the core
properties of these materials. Undoubtedly, the presence of lead in
the main reports in the area is still under debate due to its high
toxicity. The substitution of Pb with nontoxic divalent metals that
maintain excellent semiconducting properties is a topic of ongoing
discussion; however, their susceptibility to oxidation affects perovs-
kite efficiency and stability, which demand a careful analysis of the
benefits of these alternatives.'®! Under these conditions, double
perovskites have shown robustness, achieving efficiencies compar-
able to Pb-based materials. Herein, this study aims to merge the
benefits of layered perovskites with lead-free alternatives. We present
advancements in synthesizing lead-free 2D double perovskites and
explore different spacers to understand how cationic motifs influ-
ence their physicochemical properties. An attempt was made to
describe the role of spacer cation configuration on octahedral
distortions and excitonic properties using both experimental and
theoretical approaches.

Specifically, a monovalent cation (Na*) and a trivalent cation
(In**) were used to achieve the charge balance necessary for the
perovskite thermodynamic stability. The synthesis procedure was
adapted from a previously reported method for synthesizing Na-In-
based perovskite with stoichiometry (PEA),NaInClg.">"* In our
approach, the samples were prepared using a precipitation method
at a temperature of 110 °C under stirring, followed by the rapid
incorporation of organic molecules (details in the ESIf). Two
different molecules were employed: (I) phenylethylamine (PEA), a
mono-protonated amine with an aromatic ring, to form 2D-RP
structures characterized by large interlayer space; and (II) 1,3-
diaminopropane (DAP), a bi-protonated single-chain amine, aimed
to form 2D-DJ structures with shorter interlayer and enhanced
interaction between adjacent inorganic layers representing a novel
approach in lead-free 2D perovskites.

By performing powder X-ray diffraction (PXRD), we con-
firmed the phase and structure of the synthesized samples,
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Fig. 1 Powder X-ray diffraction patterns (PXRD): (a) Rietveld refinement of (PEA)4NalnClg; (b) Pawley refinement of (DAP),NalnClg. (c) Schematic
representation of the crystal structure at the organic—inorganic interface showing large and small interlayer spacings. Scanning electron microscopy

(SEM) images of (d) (PEA)4NalnClg and (e) (DAP),NalInClg.

both with low dimensionality, » = 1 (Fig. 1). Under ambient
conditions, 2D-RP sample, (PEA),NaInClg, fits in the monoclinic
phase with the centrosymmetric space group P2,/c (no 14) with
lattice parameters a = 7.3924(6) A, b = 39.42(4) A, ¢ = 7.3492(6) A,
and f = 90.326°, displayed in the Fig. 1a, in accordance with the
previously reported in the literature."> PXRD analysis for (PEA),.
NaInClg was performed on a macerated sample, and to observe
orientation differences, we present the refinement for the as-grown
sample in Fig. S1 (ESIf). Similarly, for the novel 2D-DJ stoichio-
metry, (DAP),NaInClg, the obtained PXRD pattern (Fig. 1b) shows
its characteristic diffraction peaks at 10.60, 11.05, 11.52, 13.13,
15.60,18.16, 18.51, 19.19 and 19.85° (20, 1 = 1.54056 A) corres-
ponding to the (002), (101), (101), (011), (101), (110), (103), and
(112) planes, respectively. This indicates that (DAP),NaInClg con-
sists of a monoclinic phase, indexed to the P2, space group with
lattice parameters a = 8.8531(6) A, b = 7.3328(9) A, ¢ = 16.748(7) A,
and f3 = 93.46(4)°. The phase was relaxed by theoretical calculations,
which showed consistent agreement with experimental data. The
schematic structure shown in Fig. 1c illustrates that the combined
crystallographic arrangement and the short covalent interlayer
spacing in the DJ structure led to a reduced distance between
adjacent octahedral layers.

SEM images confirmed the lamellar morphologies of both
samples. The 2D-RP sample exhibited well-defined square
plates (Fig. 1d). Similarly, (DAP),NaInClg showed a lamellar
morphology with less defined growth in the xy-plane (Fig. 1e)

Table 1 Local in-plane (Af;,) and out-of-plane (Afiou) angles asymme-
tries between DJ (DAP),;NalnClg, phase and the (PEA)4NalnClg RP phase.
We sort the out-of-plane asymmetries by the metallic ion composing the
octahedra. The structures considered in the Table are PBE + TS-optimized
crystals based on our DFT calculations (further details on the ESI)

System (DAP),NaInClg (PEA),NaInClg
Aﬁ%\? )((“) 8.53 0.45
Aﬁoua! 5(°) 12.87 0.56
InXg (o
ABIXs (o) 12.14 0.56

This journal is © The Royal Society of Chemistry 2024

and colorless thin crystals (Fig. S2, ESIT). This suggests that the
incorporation of the DAP and the resulting change in the
chemical environment during synthesis modify the long-
range symmetry in the crystal growth mechanism, preventing
the formation of well-defined square plates. Additionally,
density-functional theory (DFT) calculations of angle distor-
tions in the axial and equatorial planes reveal considerable
local asymmetries in the (DAP),NaInClg sample (Table 1 and
Fig. 2a). This suggests that the bi-protonated molecule pro-
motes greater distortions by directly interacting with two adja-
cent inorganic layers. Because the system retains a global
centrosymmetric space group, it does not exhibit Rashba-type
spin splitting at any path of the Brillouin zone for conduction-
band- or valence-band-derived bands, Fig. S3 (ESIt). Fig. S4a
(ESIT) shows that the conduction band mainly comes from the
anti-bonding halogen np and In 5p orbitals. In contrast, the
valence band primarily derives from the halogen p orbitals
along the axial direction. The orbital composition is evident
from the partial density of states (pDOS) shown in Fig. S4b
(ESIY). The presence of anti-bonding orbitals in the edge bands
leads to increased repulsion due to local asymmetries, which is
the main mechanism for the emergence of a large [HSE06 +
SOC] band gap of 4.95 eV for (DAP),NaInClg, thus leading the
synthesized DJ phase to be expected to be a wide-bandgap
semiconductor.

X-ray photoelectron spectroscopy (XPS) was employed to
gain insights into the surrounding chemical environment at
the interface between the organic spacer and the halide within
the inorganic octahedron, utilizing a monochromatic Al Ko
X-ray source. The high-resolution spectra for Cl 2p and N 1s are
displayed in Fig. 2b and Fig. 2c, respectively. The Cl 2p core-
level spectrum (Fig. 2b) revealed a binding energy shift of
approximately 0.7 eV between (DAP),NaInClg (upper panel)
and (PEA),NaInClg (lower panel). Such energy shift suggests a
change in the chlorine atoms neighbors.

As expected for 2D structures, the penetration of the organic
molecule into the octahedral plane and the formation of
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Fig. 2 (a) Schematic showing the asymmetric in-plane and out-of-plane
tilting within the inorganic parts of the perovskites along with their
mathematical definitions used to build Table 1. XPS core-level spectra of
(b) Cl 2p and (c) N 1s of the 2D perovskite (DAP),NalnClg (upper panel) and
(PEA)4NaInClg (lower panel).

hydrogen bonds can significantly modify the chemical environ-
ment. High-resolution N 1s spectrum in Fig. 2¢ shows a peak at
~399.6 eV in both perovskites, attributed to the C—=NH,"
interactions.’ However, a higher energy peak was also
observed (~401.6 eV), corresponding to the amino group
(NH,) in the organic molecules. This peak exhibited a shift of
approximately 0.6 eV (~402.2 eV) between the different struc-
tures. Studies using NMR indicate that the rotational rigidity of
NH; groups correlates with the chemical nature of the spacers
and is directly associated with octahedral inclination.® The
balance of Coulombic and hydrogen-bond interactions with
octahedra and van der Waals forces (in the RP structure)
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significantly influences the local dynamics. Consequently, the
rotational rigidity of the covalently locked spacer in the DJ
structure directly affects interlayer interactions.'® Similarly, Li
et al.'’ experimentally observed that spacers and interface
interactions notably alter the electronic density around the B
(or B') site and the halide due to the strong conjugation of these
molecules. Notably, the lower binding energy values observed
for the (DAP),NaInClg suggest a higher electron density. Thus,
the XPS shifts observed here, among different structures, can
be linked to changes in the interactions within the local
chemical environment.

Furthermore, previous studies'® have shown that interstitial
dopants can cause lattice deformations and larger octahedral
tilting, leading to shifts in XPS binding energy. Liang et al.*®
showed that lattice strain accumulates within the inorganic
layers but is dampened by the organic layers. In low-
dimensional structures, the strain extends both in-plane and
out-of-plane. The organic layer allows rotational freedom for
the octahedra, leading to the greatest distortions observed in
these n = 1 perovskites. The (DAP),NaInClg structure, with a
single spacer layer connecting two adjacent octahedral layers,
promotes a higher degree of distortion in the inorganic con-
tent. Compared to the PEA molecule, which has significant
rotational freedom around its ethylammonium tail, the DAP
cation exhibits restricted rotation and increased steric bulk
within the interlayer. This distortion, confirmed by structural
analysis and theoretical calculations, plays a crucial role in
shaping the optoelectronic properties.

In this context, the optical characterization was performed
using photoluminescence (PL) spectroscopy, as shown in
Fig. 3a. With the structural change, the static PL spectra
emission peak shifts by about 103 nm. (PEA),NaInClg exhibits
an asymmetric peak with strong intensity around 283 nm, while
(DAP),NaInClg emits at ~386 nm. Further, we investigated the
excitation spectra (PLE), where the 2D-RP phase (Fig. 3b) shows
an emission independent of the excitation. Such behavior
indicates that the exciton recombination dynamics stem from

[ (PEA),NaInCl, (a)
[ ](DAP),NaInClg
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Fig. 3 (a) Normalized PL-intensity of two-dimensional double perovskites; excitation-dependent photoluminescence spectra (PLE) for: (PEA)4NalnClg
and (DAP),;NalnClg, (b) and (c) respectively. Schematic sketch of radiative recombination in the 2D-RP structure (d) and 2D-DJ structure (e).
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a single excited state, primarily band-to-band transition.
Conversely, the 2D-DJ phase (Fig. 3c) exhibits an excitation-
dependent emission shift, indicating that the excitation—-
emission processes originate from different excited states.*> In
the schematic Fig. 3d and e, it is shown that the emission
mechanism differs between (PEA),NaInCl; and (DAP),NaInClg
due to sub-gap states, with the latter exhibiting emission from
sub-gap states. The intrinsic lattice distortion in the 2D-DJ sample
(Fig. 3e) promotes recombination dominated by self-trapped exci-
ton states (STE), enabling the tuning of optical properties based on
excitation. These excitation-dependent transitions result in a broad-
band emission mechanism. In other words, the intrinsic distor-
tions in the DJ structure trap free excitons in states with an energy
barrier below the gap due to increased exciton-phonon coupling in
the inorganic layer.>*** Thus, the emission process is dominated
by STE states, resulting in radiative recombination with energies
lower than the bandgap energy. Specifically, our results indicate
that the photoexcitation and emission processes in these low-
dimensional perovskites are significantly influenced by the
organic-inorganic interface and its resulting distortions and struc-
tural configurations. These factors directly affect the optoelectronic
structure-property relationships, aligning with discussions in pre-
vious reports.>>?®

The dynamics of organic spacers can significantly modify
the local chemical environment, including local distortions and
potential differences, leading to changes in physical properties.
Additionally, the softening effect caused by the spacers enhance
the electron-phonon coupling in 2D perovskites, strongly
impacting carrier dynamics.”” In summary, we have developed
a new lead-free double-layered perovskite material with excel-
lent stability and optical properties under ambient conditions.
By reducing dimensionality and introducing intrinsic distor-
tions in the inorganic lattice, we achieve emissions dominated
by self-trapped states, leading to adjustable optical properties.
Lead-free halide perovskite has gained attention for its low
toxicity and wide range of applications, including LEDs, detec-
tors, and scintillators, covering nearly all areas of opto-
electronics.*® Thus, our study provides new perspectives into
underexplored 2D double perovskites with potential for solid-
state optoelectronic applications.
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