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This study presents an optimized co-antisolvent modulation strategy for
producing two-dimensional lead-free chiral double perovskite nanoma-
terial with superior chirality and stability. The chiroptical signals or their
dissymmetric factors are significantly influenced by the selection of
antisolvent mixture. This research contributes to the advancement of
chiral semiconductor materials and expands the understanding of their
behavior at the nanoscale.

Chiral 2D organic-inorganic hybrid perovskites (OIHPs) repre-
sent an intriguing class of materials that combine the excellent
crystallinity and exciton properties inherent in 2D perovskites,
as well as the unique chiral optoelectronic and spintronic
properties derived from its chirality."”* The incorporation of
chiral OIHPs into various optoelectronic systems presents
exciting opportunities for advanced technologies in circularly
polarized luminescence (CPL) detection spin modulation, non-
linear optics, bulk photovoltaics, ferroelectrics, and more.**
However, the majority of reported chiral perovskites contain
high concentrations of toxic lead ions and exhibit stability
issues, which significantly impede their feasibility for large-
scale production and practical use.’ The substitution of lead
with tin (Sn) is an attractive choice based on valence state
considerations. However, the susceptibility of Sn™ to oxidation,
resulting in the formation of Sn" and potential material defects
within the material, poses a significant challenge to lead-free tin-
based low-dimensional chiral perovskite.® Therefore, it is impera-
tive to prioritize the development of stable low-dimensional lead-
free chiral perovskites and conduct comprehensive investigations
into their structure-property relationships.
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via co-antisolvent modulation strategyT
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As an alternative, emerging 2D analogues of chiral double
perovskites, incorporating trivalent cations (e.g., Bi**) and mono-
valent cations (e.g., Ag'), are being explored as next-generation
candidates due to their distinct advantages of non-toxicity, phase
stability, and intriguing chiroptical properties. Recent advance-
ments in synthesizing macroscopic single crystals based on chiral
silver-bismuth (Ag-Bi) double perovskites had demonstrated
immense potential in the field of circularly polarized light-
sensitive detection and self-powered X-ray detection.”® Inevitably,
the challenges associated with the utilization of corrosive acid
solutions and the resulting pollution, as well as the stringent
requirements for temperature control and time-consuming pro-
cesses in single crystal growth, pose significant obstacles to large-
scale production." Additionally, the resultant single crystals often
exceed the nanoscale in size, lacking desirable colloidal dispersity
and solution processability, limiting the detailed investigation of
size and structure-dependent characteristics of chiral perovskite
nanomaterials.” Fortunately, colloidal 2D halide perovskites can
be conveniently prepared by an organic antisolvent to impart
supersaturated precipitation caused by solubility changes, elim-
inating the requirement for heating and hydrohalic acids.'
Despite the impressive enlightenment, the implementation of
antisolvent modulation for chiral double perovskite nanomater-
ials, especially Ag-Bi-based systems, has rarely been reported.
Moreover, it is important to highlight that various factors, includ-
ing the structure of chiral organic spacer cations, the selection of
polarity solvents or anti-solvents, and the choice of ligands can
exert significant influence on the morphology, symmetry and the
growth of chiral perovskite nanocrystals.” The interplay between
these factors determines whether the resulting crystals are bulk-
sized or confined to the nanoscale, as well as influencing the final
shape and dimensionality chiroptical properties of the chiral
halide perovskites nanomaterials. This, however, has yet to be
explored in the chiral double perovskite nanomaterials.

In this work, we present a convenient synthesis route to
chiral Ag-Bi double perovskite nanomaterials with compelling
chirality and stability. The key to our strategy lies in the precise
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Fig. 1 (a) Schematic illustration of co-antisolvent modulation strategy via
LARP for the synthesis, (b) SEM, (c) TEM images and (d) XRD pattern of the
2D double perovskite (R-MPEA)4AgBiBrg NBs.

modulation of antisolvent composition during the ligand-
assisted reprecipitation (LARP) method. The co-antisolvent
plays a crucial role in controlling the morphology of the
resulting 2D chiral Ag-Bi double perovskite nanomaterials.
Concretely, the formation of one-dimensional shape chiral
Ag-Bi double perovskite nanobelts (NBs) is driven quickly once
the precursor solution was injected into the co-antisolvent
mentioned above. These NBs exhibit the largest gaps-factor
(at 420 nm) of —1.43 x 10, indicating that the optical transi-
tions originating from the inorganic sublattice acquire a chiral
response. Additionally, these chiral Ag-Bi double perovskite NBs
displayed tuneable photoluminescence and superior stability. Our
study opens up new possibilities for conducting fundamental
studies and exploring the chiroptical applications of these intri-
guing materials.

Fig. 1a schematically depicted the facile co-antisolvent modula-
tion strategy of LARP method for the preparation of the chiral 2D
lead-free double perovskite nanomaterial at room temperature (see
Experimental Section for detail, ESIt). It is worth noting that
employing an appropriate antisolvent and controlling its content
are the key steps in these process to obtain desired nanocrystal
properties successfully, ensuring control over thickness, morphol-
ogy, and its optical behaviour. Here, a mixture of chloroform/toluene
solution in the volume ratio of 2:3 served as the co-antisolvent and
the precise manipulation in antisolvent to achieve the satisfied
properties of the 2D double perovskite (R-MPEA),AgBiBrg NBs is
presented.

The structure and morphological characteristics of 2D dou-
ble perovskite (R-MPEA),AgBiBrg NBs were first scrutinized.
The scanning electron microscope (SEM) image was displayed
in Fig. 1b, revealing the presence of one-dimensional NBs of
double perovskite (R-MPEA),AgBiBrg. The large-scale SEM
image is presented in Fig. S1 (ESIf), revealing that these
nanobelts are not limited to localized formation. The width
of the NBs was 150 £ 40 nm, while the height of the NBs was
30 + 5 nm as determined by the representative TEM (Fig. 1c)
and AFM measurements (Fig. S2, ESIf). The corresponding
histograms (Fig. S3, ESIt) demonstrated a uniform distribution
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of widths and heights among the (R-MPEA),AgBiBrg NBs. The
X-ray diffraction (XRD) pattern of the 2D (R-MPEA),AgBiBrg NBs
exhibited distinct Bragg diffraction peaks at angles of 5.5°, 11°,
and 18°, corresponding to the (00[) crystal planes of the 2D
double perovskite structure, which provides evidence of their
crystalline nature and closely resembles that of the chiral
iodine analogues (R-MPEA),AgBilg single crystal (Fig. 1d)."°
The absence of any impurity peaks in the obtained spectra
suggests the phase purity of the (R-MPEA),AgBiBrg NBs. The
calculated out-of-plane distance of 2 nm was similar to that of
(PEA),AgBiBrg perovskite microplates,"* suggesting that the
(R-MPEA),AgBiBrg NBs also consisted of a single atomic layer
of inorganic octahedron. These results together with the energy
dispersive X-ray spectroscopy (EDS; Fig. S4, ESIt) and X-ray
photoelectron spectroscopy (XPS; Fig. S5, ESIt) substantiated
the successful synthesis of (R-MPEA),AgBiBrg NBs. The dark
spots with higher contrast observed in NBs can be ascribed to
the formation of metallic silver clusters (Fig. S6, ESIT).

The optical properties of the synthesized 2D (R-MPEA),
AgBiBrg NBs were investigated to gain insight into their chir-
optical behaviour (Fig. 2 and Fig. S7, ESItT). The UV absorption
peak was observed at around 405 nm, while the photolumines-
cence (PL) emission peak was located in the blue region at
approximately 470 nm (Fig. 2a). Temperature-dependent PL
spectra analysis was performed on (R-MPEA),AgBiBrg NB col-
loids (Fig. 2b). It was observed that the PL emission intensity
was significantly enhanced at low temperatures compared to
that at room temperature. The intrinsic pronounced quantum
confinement effect in 2D layered perovskite make bound exci-
tons easily formed.'* The bound excitons could relax to self-
trapped states and underwent radiative recombination, which
is responsible for the broad PL emission (a shoulder at around
550 nm in Fig. 2b)."> However, the bound excitons at self-
trapped states were easily detrapped by thermal activation at
higher temperatures (i.e., at 300 K compared with 77 K), which
caused the radiative transition down.' In contrast, at lower
temperatures, as the thermal energy was reduced, the detrap-
ping of bound excitons in self-trapped states by thermal activa-
tion was decreased, leading to enhanced radiative transitions
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Fig. 2 (a) UV absorption and PL emission spectra of (R-MPEA)4AgBiBrg
NBs. (b) Temperature-dependent PL spectra, (c) time-resolved PL decays
spectra, (d) temperature-dependent CD spectra, (e) corresponding CD
intensity at CD peaks of 420 nm and (f) PL intensity of (R-MPEA)4,AgBiBrg
NBs under ambient conditions with the relative humidity of RH = 65 + 5%.
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and increased PL emission intensity."""* In addition, the photo-
luminescence quantum yield (PLQY) of (R-MPEA),AgBiBrg at room
temperature was relatively low (0.06%) probably due to the compe-
titive non-radiative transition by dimensional reduction from 3D to
2D, which was similar with findings in literature (about 0.01%,
PEA,AgBIBrg)."* The time-resolved photoluminescence (TRPL)
decay spectrum of 2D (R-MPEA),AgBiBrg colloidal solution was
measured (Fig. 2c¢). This result was fitted using a biexponential
function and yielded an average PL lifetime of 1.39 ns, which is
close to that of (R-MPA),AgBil; (£, = 3.36 ns)."® Differing from the
previously reported achiral 3D Cs,AgInCls, our 2D material
possessed chirality through the introduction of chiral amine
cation R-MPEA".'®" Differing from the chiral ammonium
(Fig. S8, ESIt), Fig. 2d illustrated the presence of a distinct
circular dichroism (CD) absorption located around their char-
acteristic absorption peak (about 420 nm), which corresponded
to the absorption edge. This bisignate CD pattern near the
absorption edge with two peaks (i.e., 370 nm and 420 nm) of
chiral perovskite excitons can be attributed to the splitting of
the energy state with the opposite spin state of electron
perturbed by chirality, which is known as “cotton effect”.'®
Notably, the CD peak at 335 nm can be ascribed to the
additional CD response within the UV absorption band, due
to transitions into the continuum (i.e., above bandgap) states.**
The g.ps-factor represents the magnitude of the CD signal,
which indicates the difference in absorption of left-handed
and right-handed circularly polarized light. The g.ps-factor of
(R-MPEA),AgBiBrg NBs is determined to be —1.43 x 10 at
420 nm with optimized OAm amount (Fig. S9, ESIt). Even so,
no detectable CPL peak was observed of these NBs solution, as
depicted in Fig. S10 (ESIY). Besides, the temperature-dependent
CD spectra of (R-MPEA),AgBiBrg NBs showcases a steady trend
of CD signal (Fig. 2d and e), implying that these NBs remained
undamaged and maintained good structural stability through-
out the temperature range. The preservation of the chiral signal
at elevated temperatures suggested that the chiral perovskite
structure of the NBs was robust and resistant to thermal
degradation, showing the potential for the application in
optoelectronic devices. Similarly, it can be observed that the
emission intensity of the colloidal solution showed just a small
decline when it was subjected to the ambient environment for a
prolonged period of 6000 minutes, as illustrated in Fig. 2f.
Overall, these findings highlight the exceptional stability of the
colloidal solution under normal atmospheric conditions and
the structural resilience of the (R-MPEA),AgBiBrg NBs at ele-
vated temperatures.

To confirm the significant influence of antisolvents on recrys-
tallization, employment of common antisolvents such as chloro-
form and toluene were studied. Unfortunately, these single
antisolvents did not endow the resultant product with desired
chiroptical properties, even though distinct UV absorption or PL
emission were observed (Fig. S11 and S12, ESIt). Also, the result-
ing morphology appeared in bulk shape or large particle precipi-
tate without the characteristic nanoscale features (Fig. S13, ESIt).

By employing a chloroform/toluene mixture with a volume
ratio of 2: 3, narrower and irregularly shaped NBs were formed,
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Fig. 3 (a) CD spectra, (b) gaps-factor values at maximum CD peak, (c) TRPL
spectra and (d) XRD patterns of 2D double (R-MPEA)4AgBiBrg perovskites
synthesized at different volume ratios of chloroform (CF)/toluene (Tol).

and these NBs exhibited a significant chiral optical signal, as
evidenced by the CD spectra (Fig. 3a). The g.ps-factor reached its
peak at —1.43 x 107, as depicted in Fig. 3b. By introducing
toluene and chloroform as antisolvents, it is possible to mod-
ulate the crystallization kinetics of the NBs. Toluene and
chloroform, being solvents with different polarities, can have
contrasting effects on the crystallization process. Therefore, by
adjusting the ratio of toluene and chloroform in the antisolvent
mixture, it is possible to control the rate and extent of crystal-
lization, ultimately influencing the morphological features of
the NBs. It has been established the chirality expression in
perovskite is associated with particle size, with a decrease in
the CD signal observed in larger particles.">*® Consequently,
the differences in the morphological sizes of these double
perovskite could be potential factors contributing to variations
in CD responses. Furthermore, these double perovskites exhib-
ited an average value of approximately 1 ns (Fig. 3¢ and Fig. 514,
ESIY), indicating the volume ratio of antisolvents delivered little
influence on the radiative process. Samples via different ratio
mixtures with a relatively wider peak compared to the single
antisolvent counterpart (Fig. 3d) revealed the presence of
nanomaterials, which together with the Bi-based controls
(Fig. S15, ESIt) suggested the successful synthesis of (R-MPEA),
AgBiBrg. The optimization of the solvent mixture composition
allows for the enhancement of the chiral optical properties
(Table S2, ESIY), providing valuable insights for tailoring the
properties of chiral perovskite nanomaterials.

In order to achieve continuous tunability of excitonic emis-
sions, the optical properties of the (R-MPEA),AgBiBrg g,lg,
nanocrystals were investigated by introducing iodine into the
reaction system, as depicted in Fig. S16a (ESIt). The solution
emission colour transitioned from blue to green light by
adjusting the iodine percentage. This transition was accompa-
nied by a red-shift in both the UV absorption peak (from
405 nm to 505 nm) and the PL emission peak (from 450 nm
to 570 nm) in Fig. S16b and c (ESIf). The red-shift can be
ascribed to the change in energy band composition resulting
from the substitution of bromine with iodine.*’ The XRD
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patterns of the (R-MPEA),AgBiBrg_g,1s, (Fig. S16d, ESIT) revealed
that the introduction of different ratios of iodine did not cause
significant changes in the diffraction pattern, except for a slight
shift of the diffraction peak towards smaller angles. This shift can
be related to the larger size of the iodine anion. These findings are
consistent with previous reports on the changes in crystal struc-
ture observed in 2D layered perovskite materials with different
halide anion compositions.” The chiroptical activity of mixed
halogen perovskite nanocrystals are shown in Fig. S16e and f
(ESIT). While iodine or bromine perovskites exhibited significant
CD responses, undetectable CD signals were obtained in the
mixed halogen synthesized perovskites. This lack of CD signals
in the mixed halogen perovskites suggested the presence of an
uneven distribution of halide ions, indicating phase separation of
bromine and iodine within the lattice framework.?* This
phase separation may hinder the formation of a chiral structure,
resulting in the absence of chiral optical activity. Furthermore,
the gapsfactor of the iodine perovskite was measured to be
—1.5 x 103, which indicates that the iodine perovskite retains
its chiral and optical activity, despite the absence of CD signals in
the mixed halogen perovskites. These findings highlight the
importance of understanding the influence of halogen composi-
tion on the chiral and optical properties of perovskite materials,
and the need for precise control and uniform distribution of
halide ions to achieve desired chiral and optical responses.

In conclusion, through the optimization of the antisolvent
in the LARP process, we have successfully synthesized 2D lead-
free chiral double perovskite (R-MPEA),AgBiBrg with unique
one-dimensional NB shape. These NBs exhibit significantly
improved chiroptical signal, with a better symmetric CD
response at around 420 nm and a g,ps-factor of approximately
—1.43 x 10*, which is comparable to other 2D lead halide
perovskite nanomaterials. By controlling the proportions of co-
antisolvents, it is possible to optimize the morphology and
chiral chiroptical response of these nanomaterials. It is found
that the use of a co-antisolvent system is more effective than a
single antisolvent in regulating the kinetics and chiral response
of perovskite crystallization, enabling efficient expression of the
chiral properties of the chiral ammonium molecules. This
study opens up new research possibilities for investigat-
ing the influence of anti-solvent properties in ligand-assisted
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reprecipitation strategies on the chiral optical properties of
nanomaterials. It also expands the scope of research on optoe-
lectronic applications based on 2D lead-free nanomaterials.
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