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1. Introduction

Multi-peak single object emission of MAPbBr3
nanoplatelets synthesised using a non-template
ligand-assisted reprecipitation route

*@ Dmytro Vorontsov,® Anna Fu¢ikova,® Frantisek Trojanek,”
©d Jozef Vesely, (2 ¢ Petr Harcuba® and Milan Dopita

Suhaas Gupta,
Dominika Zakutna, @

We report a modified non-template ligand-assisted reprecipitation synthesis of colloidal methyl-
ammonium lead bromide (MAPbBrz) perovskite nanoplatelets (NPLs). The room-temperature process
yields highly monodisperse, square-shaped NPLs that are stabilised by oleic acid and n-octylammonium
bromide surface ligands. Scanning transmission electron microscopy (STEM) confirms the ultrathin square-
shaped morphology of the synthesised NPLs with lateral dimensions of 17-20 nm. X-ray diffraction (XRD)
reveals a cubic perovskite phase (Pm3m) with a strong (100) orientation, and MicroStructure fitting reveals
the contribution from two crystallite sizes of 18.3 nm and 117.9 nm. Small-angle X-ray scattering (SAXS) data,
when fitted using a Guinier—Porod function, confirms the quasi-2D confinement of the NPLs, supporting
the morphology observed in STEM analysis. Further fitting using a lamellar model reveals a thickness of
13.5 nm. Ensemble optical spectroscopy exhibits a sharp photoluminescence emission (PLE) peak at 518 nm
with a narrow peak-width of 26 nm, a quantum yield of ~50%, a single-exponential PL decay time of 11.9
ns, and an optical band-gap of 2.3 eV derived from the Tauc analysis of the UV-Visible absorption spectrum.
Single-dot spectroscopy reveals pronounced multi-peak emission behaviour, caused by quantum confine-
ment effects promoted by atmospheric oxygen and laser-assisted photoactivation. This work provides a
reproducible route to high-quality MAPbBrs NPLs, with properties ideal for optoelectronic and quantum
photonic applications like perovskite-based LEDs and ultrathin photodetectors.

long carrier diffusion lengths and lifetimes, while their nano-
sized properties include high photoluminescence quantum

Hybrid organic-inorganic metal halide perovskites, particu-
larly methylammonium lead halide perovskites having the
general formula CH3;NH;PbX; (where X = Cl, Br, I), have
emerged as highly promising materials in the field of opto-
electronics and photovoltaics due to their exceptional optical and
electronic properties. These materials uniquely combine the
structural and thermal stability of inorganics with the solution-
processability and tuneable optoelectronic characteristics of
organics. Hybrid perovskites in the bulk form are popular photo-
voltaic materials due to their high charge carrier mobility and
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yields, tuneable band-gaps, narrow emission linewidths, and
strong absorption coefficients.'™ Such features make perovskite
materials especially suitable for applications in solar cells, LEDs,
lasers, photodetectors, and X-ray imaging, among others.”® The
efficiency of perovskite-based solar cells has soared dramatically
in recent years, and perovskite-based LEDs (PeLEDs) have
demonstrated external quantum efficiencies (EQEs) exceeding
20% for red and near-infrared emission.”**

Among the family of hybrid perovskites, methylammonium
lead bromide (MAPbBr;) has drawn significant attention due
to its favourable band-gap (~2.2 eV), high photoluminescence,
and low exciton binding energy (~40 meV), which closely
matches thermal energy at room temperature. These character-
istics enable efficient excitonic transitions under ambient con-
ditions, making MAPDbBr; an attractive material for green-light
LEDs, solar cells, and optical sensors. Furthermore, MAPbBr;
exhibits a stable exciton absorption for every phase it crystal-
lises in, making it suitable for temperature-tolerant opto-
electronic devices.">™* Its nanostructured forms, particularly
quantum dots and nanoplatelets, offer enhanced lumine-
scence due to quantum confinement, enabling emission
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tuning and higher radiative recombination rates. These fea-
tures, coupled with its relatively facile synthesis and tuneable
optoelectronic properties, position MAPbBr; as a leading can-
didate for next-generation display technologies, multijunction
solar cells, and low-threshold lasers.'>'® However, like its all-
inorganic counterparts, it still suffers from environmental
instability, emphasizing the need for continued development
in encapsulation, passivation, and synthetic control to ensure
long-term operational durability."”2°

Single-dot spectroscopy (SDS) offers a transformative advan-
tage over conventional ensemble measurement techniques by
enabling the direct investigation of individual nanoparticles’
optical properties, thereby revealing intrinsic heterogeneities
that are otherwise masked in bulk measurements.
Nanoparticles, even when synthesized in the same batch,
exhibit some variability in size, shape, surface chemistry,
defect states, and local environment - all of which can signifi-
cantly affect their optical and electronic properties. While
ensemble spectroscopy averages these differences, often dilut-
ing or obscuring signals from unique or functionally impor-
tant subpopulations, SDS isolates and resolves the contri-
butions of individual particles. SDS also enables correlation
with structural data from tools like electron microscopy, pro-
viding a more complete picture of nanoparticle behaviour.
Thus, SDS is indispensable for advancing nanotechnology by
offering insight into particle-level structure-function relation-
ships that are crucial for reproducibility, device design, and
targeted applications.”’ Tachikawa et al.>* observed laser
illuminated 4-step single particle photoluminescence acti-
vation in spherical MAPbBr; nanoparticles; Freppon et al.>®
observed the single particle luminescence from CH3;NH;Pb
(Br;_,L); (x = 0, 0.25, 0.5, 0.75, 1) nanocrystals; Kimura et al.*
observed the single particle luminescence activation and de-
activation from spherical CH3;NH;PbBr; nanoparticles; Jana
et al*” observed the single particle luminescence from Pb
(OH),-coated MAPbBr; and MAPDbBr;_,Cl, nanotubes;
Karimata et al.®® observed the single particle luminescence
during the in situ halide-exchange transition of CH3;NH;Pb
(I;_,Br,); nanocrystals. Based on the literature survey, the
authors of the present work therefore report for the first time
on the SDS of MAPbBr; nanoplatelets (NPLs) synthesised
using a wet-chemical route. The SDS results reported in this
investigation reveal a novel multi-peak PL emission from
single isolated MAPbBr; NPLs synthesised using a non-tem-
plate ligand-assisted reprecipitation technique. The present
work attempts to fill a gap in the knowledge of the correlation
between the structure and optical properties of MAPDbBr;
NPLs, by employing SDS among other structural and optical
ensemble characterisations.

2. Experimental
2.1. Materials and synthesis

MAPDbBr; NPLs were synthesised using the non-template
ligand-assisted reprecipitation method as used by Zhang
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et al.”® with modifications based on the non-template reverse
microemulsion procedure used by Rosa-Pardo et al.*° to sim-
plify the overall process and improve the post-synthesis purifi-
cation protocol. The non-template ligand-assisted reprecipita-
tion synthesis route performed at room temperature typically
has low yields due to the formation of undesirable large par-
ticles, while the reverse microemulsion synthesis route is per-
formed at high temperatures using challenging precursor com-
pounds; the synthesis procedure hence described attempts to
resolve the issues while retaining the advantages of both pro-
cedures. Oleic acid [OLA, C,3H34,0, (technical grade, 90%)],
n-octylammonium bromide [OABr, CH;(CH,),;NH;Br], methyl-
ammonium bromide [MABr, CH3;NH;Br (>99%, anhydrous)]
and lead(u) bromide [PbBr, (99.999% metals basis)] were used
as precursors, while N,N-dimethylformamide [DMF, C;H,;NO
(299%, molecular biology)] and toluene [C¢HsCHj; (for ana-
lysis, GR)| were used as the solvents. The precursors and DMF
were obtained from Sigma-Aldrich (Merck), and the toluene
was obtained from Lach:Ner; all precursors and solvents were
used as obtained without further purification. The precursors
were dissolved in 1 mL DMF (polar precursor solvent) in
ambient conditions with vigorous stirring to make a final solu-
tion having molar concentrations of 0.06 M OLA, 0.02 M OABr,
0.04 M MABr and 0.02 M PbBr,. After 10 minutes of stirring,
the mixture was injected rapidly into 17 mL of vigorously
stirred toluene (non-polar crashing solvent) under ambient
conditions. The solution instantly turns a bright yellow-green,
which indicates the precipitation of the required colloidal
MAPDBr; crystals. After another 10 minutes of stirring, the
yellow-green dispersion was centrifuged at 4000 rpm for
20 minutes, and the precipitate was redispersed in pure
toluene for a second centrifugation round at 2000 rpm to sep-
arate the largest particles and agglomerates. The supernatant
thus obtained was then allowed to sediment overnight at
2-3 °C, and the final colloidal dispersion of the required
MAPDbBr; nanoplatelets was used for all characterisations; the
colloidal dispersion of NPLs in toluene was found to be struc-
turally and optically stable in the dark at 2-3 °C for at least
4 months.

Hybrid organic-inorganic lead-halide perovskites take the
general stoichiometric form of APbXj;, where ‘X’ represents the
halide anion and ‘A’ represents the organic ammonium cation,
which are Br~ and CH;NHj;', respectively, in the case of
MAPDbBr; perovskites. The structure of these perovskites is in
the form of a 6-fold coordination of lead cations, which are
surrounded by an octahedron of halide ions, with the methyl
ammonium ions being embedded in the voids created by the
PbBr,®>~ corner-sharing octahedra. However, these voids are
not big enough for the longer alkyl chain cations of OLA and
OABr, which only fit on the outside of the octahedral structure,
thereby acting as capping ligands for the nanostructures. In
the synthesis process described above, the OLA and OABr
ligands are paramount to restricting the growth of the
MAPDBT; platelets to the nano-scale and to limit crystallisation
in out-of-plane directions. The post-synthesis purification pro-
tocol is also crucial to obtaining the required MAPbBr; NPLs.

This journal is © The Royal Society of Chemistry 2026
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The initial centrifugation cycle removes any unreacted precur-
sor material, and the second centrifugation cycle separates the
largest agglomerates from the colloidal dispersion of NPLs.
The final overnight sedimentation ensures that only the smal-
lest NPLs completely surrounded by the long chain alkyl
ligands are stably dispersed in the toluene solvent. The long
chain alkyl ligands are key to forming a homogenous colloidal
dispersion of the NPLs in toluene, as they bind to the under-
coordinated Br~ anions on the surface. While toluene is
termed as a ‘poor solvent’ in this synthesis due to the poor
solubility of the precursors, it is required to stabilise the col-
loidal dispersion of the NPLs capped by hydrophobic ligands,
since toluene is in fact a good solvent when it concerns the
ligands. Free-standing OLA ligands dissolved in the toluene
also contribute to the structural confinement of the MAPbBr;
NPLs, replacing any ligands that detach from the surface of
the NPLs. Interestingly, when the centrifuged precipitate was
dispersed in acetone, it spontaneously assembled into micro-
metre sized clear rods when left to sediment overnight; the
authors plan to conduct an in situ investigation on this process
and subsequently formed material in due course.

2.2. Characterisations

High-angle annular dark-field scanning transmission electron
microscopy (STEM) was performed on a JEOL JEM-2200FS
Field Emission Electron Microscope operated at an accelerat-
ing voltage of 200 kV. Scanning electron microscopy (SEM) was
performed on a Thermo Fisher Scientific Apreo 2 SEM, oper-
ated in an immersion mode with beam deceleration, with a
landing energy of 2 kV. The SEM was equipped with a middle
in-lens detector and an upper in-lens detector. X-ray diffraction
(XRD) was performed on a Rigaku SmartLab diffractometer
configured in a Bragg-Brentano geometry with a 9 kW copper
rotating anode X-ray source (incident beam of Cu-Ka radiation
with 1 = 0.15418 nm) with a parabolic multilayer mirror in the
primary beam. The diffractometer was equipped with a
HighPix-3000 2D hybrid pixel single photon counting detector,
and a set of axial divergence eliminating soller slits in the inci-
dent as well as the diffracted beam with an acceptance of 5°.
Small-angle X-ray scattering (SAXS) was performed on a Xenocs
Xeuss 2.0 SAXS instrument configured in a transmission geo-
metry equipped with a copper microfocus X-ray source (inci-
dent beam of Cu-Ka radiation with A = 0.15418 nm), with two
sets of scatter-less slits and a parallel beam collimating single
reflection toroidal mirror in the primary beam. The SAXS
instrument was equipped with a Dectris Pilatus 200k detector
and the sample-to-detector distance was 2500 mm.

UV-Visible absorption spectroscopy was performed on an
Analytik Jena SPECORD 250 double-beam spectrophotometer.
Ensemble photoluminescent (PL) spectroscopy was performed
on a custom home-made setup based on an inverted micro-
scope (Olympus IX-71) coupled to a 30 cm imaging spectro-
graph (Action SpectraPro-2300i) with a liquid nitrogen cooled
back-illuminated CCD camera (Princeton Instruments Spec-
10:400B) in the detection path; the sample was excited with a
405 nm diode laser. The same setup was used to perform the

This journal is © The Royal Society of Chemistry 2026
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single-dot spectroscopy (SDS) to measure the photo-
luminescence spectra of individual NPLs at room temperature;
an objective lens with high magnification (100x) was employed
for the collection of the luminescence response, and the back-
port excitation of the sample. PL quantum yield (QY) measure-
ments were performed in the integrating sphere (10 cm dia-
meter, SphereOptics GmbH); the PL of the samples was
excited by a 473 nm laser, and the emission light was coupled
by a fused silica fibre bundle to the detection setup described
above. For the time-resolved PL decay measurements the
sample was excited by a third harmonic frequency (343 nm) of
the femtosecond laser NKT Photonics Origami XP/S (1030 nm,
300 fs, 4 W, 50-1000 kHz); the PL signal was detected by a
streak camera Hamamatsu C5680 (operated in a single sweep
regime with a time resolution of 100 ps) coupled to spectro-
graph Acton. Atomic force microscopy (AFM) was performed
using a JPK NanoWizard3 AFM equipped with an ACTA cantile-
ver obtained from AppNano and operated in an AC mode
(semi-contact mode).

3. Results and discussion

3.1. STEM analysis

For the electron microscopy imaging, the sample was prepared
by dropping 0.5 pL of the colloidal dispersion on a Cu/holey-
carbon transmission electron microscope (TEM) grid (grid size
400 mesh, average hole diameter 100 nm), and the toluene
solvent evaporated within a minute at room temperature.
Fig. 1(a) shows the STEM micrograph for the synthesised
MAPDBr; NPLs. It can be observed from the micrograph that
the synthesised MAPbBr; nanostructures are in the form of
mostly square-shaped nanoplatelets having an edge size from
as small as a few nm to as large as 55 nm, with the largest
number of dispersed square-shaped NPLs having an edge size
of 10-15 nm, as can be seen in the size-distribution histogram
shown in Fig. 1(b). Analysis of the histogram with a normal
distribution function gives a mean edge length = 20.88 nm
with a standard deviation of 10.56, and a mean edge width =
20.36 nm with a standard deviation of 9.99. Gaussian fitting of
the size-distribution histogram gives peak values for NPL edge
length = 17.82 + 2.58 nm and NPL edge width = 17.49 +
1.96 nm. The micrograph also reveals the high degree of dis-
persibility of the low-concentration colloidal dispersion as evi-
denced by the lack of overlapping NPLs which would show up
in varying brightness contrasts.

Fig. 1(c) shows the STEM micrograph for the synthesised
MAPDbBr; NPLs at a higher magnification and reveals the pre-
viously documented instability of MAPbBr; under an electron
beam. Even during the process of a single acquisition, the
NPLs very quickly ‘melt’ into an array of much smaller spheri-
cal particles, much quicker than previously reported instances
of similar observations.**** While the exact composition of
these dot-like nanoparticles raises questions in a number of
different reports, Sichert et al.>* reported that the degradation
of MAPbBr; under an electron beam formed such quasi-
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(a) STEM image of the synthesised MAPbBr; NPLs; (b) particle size distribution histogram obtained from STEM image in (a); (c) STEM image of

the synthesised MAPbBr3; NPLs at higher magnification showing the ‘melting’ of the nanoplatelets.

spherical crystalline nanoparticles with distances and angles
of lattice planes closely matching those characteristic of metal-
lic lead, and showed with energy dispersive X-ray (EDX) spec-
troscopy that these nano-sized dots did in fact contain metallic
lead alongside bromine. With respect to our STEM analysis,
the rapid degradation of the synthesised MAPbBr; NPLs
reveals the extremely thin nature of the dispersed NPLs, but
unfortunately also presents a hard upper limit of maximum
magnification (x100k in our case), limiting the scope of
employing electron micrography to determine the exact micro-
structure and/or thickness of the synthesised MAPbBr; NPLs.

3.2. X-ray diffraction and scattering analysis

For the XRD investigation, the sample was prepared by casting
50% 10.0 puL drops of the colloidal dispersion onto the flat side
of a cleaned low-scattering sample holder, and the toluene
solvent was allowed to evaporate between each drop cast; the
sample holder with the deposited NPLs was then stored in the
dark at 2-3 ©°C overnight before measurement. Software
package MicroStructure (MStruct),”>>” which implements the
whole powder pattern modelling (WPPM) method®® alongside
the FOX/ObjCryst program,***° was used to analyse the XRD
pattern of the deposited sample. Peak intensities were calcu-
lated from a known crystal structure, obtained from the
powder diffraction file (PDF-5+) no. 00-069-1345; peak posi-
tions and their shifts were determined by refining unit-cell
parameters and accounting for the refraction at the sample
interface. Peak broadening was modelled using numerical con-
volution of a known pseudo-Voigt instrumental broadening
function, assuming that the crystallite sizes follow a log-
normal distribution, and several other refinable parameters.
Fig. 2 shows the measured XRD pattern and the MStruct
fitting result of the synthesised MAPbBr; NPLs.

The XRD pattern of the synthesised MAPbBr; NPLs revealed
a cubic-perovskite phase with space group Pm3m, matching
well with the PDF-5+ 00-069-1345, demonstrating that the syn-
thesised MAPbBr; NPLs were indeed in the APbX; stoichio-
metry. Characteristic peaks were evident at diffraction angles
of 14.9° and 30.1°, corresponding to reflections from the (100)
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Fig. 2 XRD plot of the synthesised MAPbBrs NPLs.

and (200) planes, respectively; the diffraction angles are very
slightly shifted to lower 20 values as compared to the PDF. The
deposited NPLs show a strong preference for alignment in the
direction of the (100) plane, which follows the tendency of 2D
perovskites to thermodynamically favour the ‘face-on’ orien-
tation, where the surface normal vector aligns in a direction
perpendicular to the substrate plane.>> However, such strong
orientation of the deposited sample was only observed after
overnight cooling, without which the XRD pattern of the syn-
thesised NPLs exhibited a more randomly oriented polycrystal-
line behaviour. The overnight cooling of the large amount of
the deposited sample promoted the self-assembly of the drop
cast NPLs into a structure more akin to a thin-film as it transi-
tioned from a dispersion to a fully-crystalline multi-layer solid
state,>>3% which it was then observed to maintain for at least
24 hours in ambient atmosphere and room temperature even
under exposure to a X-ray beam. This is further supported by
the fact that the best possible fit was obtained by modelling
the pattern on the basis of two simultaneously occurring cubic
perovskite phases with the same space group and crystal struc-

This journal is © The Royal Society of Chemistry 2026
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ture, but different NPL sizes. The smaller phase exhibited a
crystallite size = 18.36 + 0.22 nm and a cubic lattice parameter
a =5.93923 + 0.00031 A, which is in good agreement with the
NPL size obtained from the STEM analysis, while the larger
phase exhibited a crystallite size = 117.93 + 2.89 nm and a
cubic lattice parameter a = 5.93102 + 0.00021 A.

For the SAXS investigation, the sample was prepared by
injecting the colloidal dispersion into a borosilicate glass
capillary with diameter of 1.5 mm and sealed with UV-harden-
ing glue. The SAXS images obtained from the measurement of
the samples and the buffer (pure toluene prepared similarly)
were azimuthally integrated to obtain 1D SAXS curves. The
buffer signal was then subtracted from the sample signal, and
the resulting 1D SAXS curve was fitted using SasView v6.0.1.
Initially, the SAXS curve was fitted with a Guinier-Porod func-
tion, which calculates the scattering for a generalised power
law object.*! The function is of the form,

G |:_Q2Rg2:|
—EXp [
1Q) =4 ¢

1 (Guinier form)
1 (Porod form)

where I(Q) is the scattered intensity, Q is the scattering vari-
able, G is the Guinier scale factor, D is the Porod scale factor,
and m is the Porod exponent. The value of Q; is not set but cal-
culated internally maintaining the requirement of continuous
values for the Guinier and Porod terms and their derivatives
(slopes) at Q. Fig. S1 in the SI shows the SAXS curve fitted
with the Guinier-Porod function; optimisation of the function
outputted a radius of gyration R, = 6.822 + 0.012 nm and a
dimension variable s = 1.98. The dimension variable reveals
that the shape of the MAPbBr; NPLs, as observed in the col-
loidal dispersion, is very close to that of a platelet (s = 2). From
this observation, different models in the SasView software,
namely the cylinder, the parallelepiped, the lamellar and the
sphere models, were also used to fit the measured SAXS data.
The best fit was obtained from using the lamellar model for
dilute, lyotropic, randomly oriented, ‘infinitely large’ sheets
with polydispersity in the lamellae thickness.">** The scatter-
ing intensity I(q) is given as,

21P(q)

I(q) = 7%

and the form factor P(q) is given as,

aNp* ., (qb
(1 — cos(gd)) = 7511’1 (—)

2

p(g) = 227

where Ap is the scattering length density difference, and § is
the total layer thickness. Fig. 3 shows the SAXS curve fitted
with the lamellar model. The scattering length density of the
solvent (toluene) was fixed, and the optimisation of the other
parameters yielded a thickness = 13.536 + 0.097 nm and a poly-
dispersity ratio (Gaussian distribution of thickness) = 1. The R,
and the NPL thickness obtained from the SAXS analysis are
smaller than the NPL sizes obtained from the STEM and the
XRD analyses. This is to be expected, because the sample

This journal is © The Royal Society of Chemistry 2026
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investigated in the SAXS analysis is a relatively low concen-
tration dispersion, while the sample investigated in the XRD
analysis is deposited in large amounts and develops a crystal-
line solid-state character like a thin-film with overnight
cooling. The discrepancy between the sizes obtained from the
STEM and SAXS analyses occurs because of the destructive
effect of the high-energy STEM electron beam on the syn-
thesised MAPbBr; NPLs, which would have rapidly melted the
smallest NPLs in the process of an acquisition, thereby
skewing the size-distribution towards slightly larger NPLs.

3.3. Ensemble optical analysis

To investigate the ensemble optical properties, the samples
were prepared by transferring 3 mL of the colloidal dispersion
in a clean quartz cuvette. The UV-visible absorption spectrum
was measured in the range of 320-800 nm with the pure
toluene solvent as a reference, while the ensemble PL spec-
trum was measured in the range of 410-688 nm with an exci-
tation wavelength of 405 nm; Fig. 4(a) shows the measured
ensemble optical spectra of the synthesised MAPbBr; NPLs.
The synthesised NPLs exhibited a broad absorption onset in
the visible region with a pronounced shoulder at ~510 nm,
and a sharp PL emission peak centred at 518 nm (corres-
ponding to a bright green colour) with a FWHM of 26 nm and
a lightly asymmetric tail towards longer wavelengths; the small
Stokes shift is evident of the direct exciton recombination as
the primary originator of the PL.

The obtained ensemble optical properties exhibit a strong
blue-shift when compared to previously published reports of
MAPDbBr; single crystals and thin-films,**™*® but are closely
matching to previously published reports of MAPbBr; NPLs.
The blue-shift is understood as a consequence of the quantum
size confinement of the NPLs in terms of their thickness,
which structurally consists of multiple single perovskite layers
of corner-sharing PbBry>~ octahedral sheets, intercalated with
methylammonium cations and stabilised by longer alkyl chain
ligands. Typically, the bright-green emission exhibited by our
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the ensemble UV-visible absorption spectroscopy of the colloidal dispersion of synthesised MAPbBrs NPLs. Inset shows the transmittance obtained

from the UV-visible absorption spectroscopy.

synthesised MAPbBr; NPLs is characteristic of 5-7 PbBrg>~
layers, placing the colloidal ensemble in a weak confinement
regime when compared to the Bohr excitonic radius of
MAPbBr; (~2 nm).**?** MAPbBr; NPLs consisting of 5-7
PbBrg’>~ layers exhibit a thickness of ~3-6 nm, accounting for
the size of a MAPbBr; monolayer (~0.6 nm) and a ligand
length of ~1.5 nm.>>*>* The discrepancy with the thickness
obtained from the SAXS analysis of the ensemble dispersion
can be attributed to the gradual formation of stacked NPLs
separated by intercalating long-chain alkyl ligands; the
extended measurement time leads to limited self-assembly in
the undisturbed dispersion under prolonged exposure to the
X-ray beam. However, the confined thickness of the syn-
thesised NPLs is in agreement with the height distribution
obtained from the AFM analysis performed in the upcoming
section. The strong absorption of the synthesised LHPs at
wavelengths longer than the absorption onset is characteristic
of a direct band-gap semiconductor, and Tauc-plot analysis
has been employed to obtain the energy band-gap E, = 2.3 eV
of the synthesised MAPbBr; NPLs, which is in good agreement
with previously published reports on MAPbBr; semiconductor
thin-films.*”~*° Fig. 4(b) shows the Tauc plot obtained from
the UV-visible absorption spectroscopy of the synthesised
MAPDBr; NPLs, and the inset in the same shows the optical
transmission spectra, which highlights the nearly transparent
nature of the film at wavelengths longer than the absorption
onset.

The PLQY was calculated to be ~50(+5)%, which is quite an
improvement on the QY obtained from MAPDbBr; thin-films
and bulk materials, and is comparable to previously published
reports of MAPbBr; quantum dots and NPLs.’°>> The
improvement of QY in the colloidal MAPbBr; NPLs as com-
pared to thin-film or bulk structures even at low excitation den-
sities is a result of the significant increase in the Wannier type
exciton binding energy, which inhibits the dissociation of the
exciton before radiative decay, and also as a result of the
quenching of radiative losses (which are caused by the reab-
sorption of emitted photons) because of the low concentration

Nanoscale

of the colloidal dispersion. Fig. S2 in the SI shows the time-
resolved ensemble PL decay curve of the synthesised MAPDbBr;
NPLs, fitted with a single-exponential decay function, yielding
a PL decay time 7p;, = 11.9 ns, considerably extended as com-
pared to MAPbBr; thin-films and single crystals. This single-
exponential decay also supports the dominant radiative

exciton decay as interpreted from the high PLQY.?*°>?

3.4. Single-dot spectroscopy

For single particle spectroscopic investigation, the sample was
prepared by casting 1 pL of the colloidal dispersion onto a rig-
orously cleaned and dried silica wafer, followed by spin
coating at 6000 rpm for 1 minute; the spin coating formed a
coffee-ring structure of the deposited MAPbBr; NPLs. Fig. S3
in the SI shows SEM images of the spin-coated sample wafer,
which exhibit the well-isolated single MAPbBr; NPLs. The
spectra of the individual NPLs were analysed and extracted
using WinSpec/32 v2.5.12.2 software. Fig. 5(a) shows a typical
spectral image of the sample on the camera; the vertical red
box highlights the image of the slit, and the horizontal red box
highlights the emission spectra of a single NPL. Fig. 5(b)
shows the emission spectrum integrated over 3 lines for a
single NPL marked in Fig. 5(a) with a horizontal red box. Most
NPLs exhibited a multi-peak emission, and Gaussian fitting
was employed to deconvolute the peaks and obtain their peak
centres where necessary. 481 individual NPLs were analysed by
binning the wavelength of the emission peak maxima with a
binning size of 10 nmj; Fig. 6 shows this emission peak
maxima binning histogram. Fig. S4-S7 in the SI show a similar
illustration of spectral images of the sample followed by the
emission spectrum of an individual NPL - however, these
images highlight the emission spectra differentiated by the
number of emission peaks exhibited. Individual histograms
were constructed to illustrate the binning of peak centres with
respect to the number of emission peaks exhibited and can be
seen in the SI Fig. S4-S7 and S8.

The most obvious observable difference between the
spectra of the individual NPLs and the ensemble luminescence

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Frequency count histogram depicting the wavelength binning of
the emission peak maxima obtained from the extracted emission spec-
trum of single nanoplatelets.

spectrum of the MAPbBr; colloidal dispersion is the multi-
peak emission of the individual NPLs; such a multi-peak emis-
sion (not caused by the presence of PbBr, defects or impurity)
has been observed for MAPbBr; NPLs and NPs before.?32%°3
However, to the best of the knowledge of the authors, such
multi-peak emission has never been reported in the literature
for single isolated square-shaped MAPbBr; NPLs synthesised
using a non-template ligand-assisted reprecipitation route.
The most frequently observed peak centres were at wavelength

This journal is © The Royal Society of Chemistry 2026

values of ~445 nm (2.78 eV), ~465 nm (2.67 eV), ~485 nm
(2.55 eV) and ~515 nm (2.40 eV), with the highest frequency of
emission peaks at ~445 nm (Fig. 6). Interestingly, individual
MAPDBr; NPLs that exhibited an emission peak centred
around 515 nm also exhibited emission peaks at the other
wavelengths; however, the converse was rarely true, ie., there
were a greater number of individual NPL emissions that only
exhibited one or two peaks at shorter wavelengths and did not
exhibit an emission peak around 515 nm (SI Fig. S4-S7). This
can be explained by the quantum confinement of MAPbBr;
NPLs depending on their thickness, or the number of PbBrg>~
layers in the NPL structure. The modified energy band-gap
structure of 2D semiconductors is analogous to a theoretical
quantum well. In the case of our synthesised MAPbBr; NPLs,
the energy band-gap structure can be understood as a 2-step
quantum well, with the core 2D MAPbBr; being surrounded by
long-chain alkyl ligands with strong (but not infinite) confine-
ment energy. As has been noted above, the bright green emis-
sion exhibited by the ensemble dispersion of our synthesised
MAPbBr; NPLs is characteristic of 5-7 PbBrs>~ layers.
Similarly, by comparing the emission peak centres with pre-
viously reported values of PL emission peaks attributed to
specific number of PbBre>~ layers, the emission peaks centred
at wavelengths of ~445 nm, ~465 nm, and ~485 nm can be
attributed to 2, 3 and 4 PbBrs”~ layers, respectively.>*>*>3

The reason why these multi-peak emissions are not exhibi-
ted in the PL of the colloidal dispersion of our synthesised
MAPDbBr; NPLs could be multi-fold. The simplest of the
reasons is that the emission from the thinner layers of the
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NPLs is simply reabsorbed by the main emitting species in the
colloidal dispersion; however, this is less likely due to reasons
already mentioned in the discussion above of the enhanced
PLQY exhibited by the ensemble dispersion of the synthesised
MAPDBr; NPLs. The more likely reason is the existence of
surface trap states that quench the emission from thinner NPL
layers, which is a phenomenon that is quite well documented
in the case of semiconductor nanoparticles, owing to the
increasing surface-to-volume ratio with decreasing size.”*>° To
prepare the samples for SDS, the thin MAPbBr; NPLs were
spin-coated onto a substrate, which exposed them to the
oxygen in the atmosphere. Oxygen molecules have been
reported to play an important role in the PL activation of
MAPDBr; NPs and thin-films, by quenching trapping sites by
surface reaction or the formation of superoxide species.>**%>”
Similarly, the presence of oxygen from the gas phase promoted
photooxidation and inhibited Auger recombination in the de-
posited MAPbBr; NPLs, allowing for the observable emission
peaks attributed to the thinner layers.>*>¢>”

Another mechanism that has been reported for the emis-
sion enhancement in MAPbBr; NPLs is laser-assisted photoac-
tivation, in which photooxidation promoted by atmospheric
oxidation is further facilitated by the continuous generation of
photoinduced charges which contribute to the passivation of
surface defects, leading to an improved PL response.’*?%>*%7
The lack of any significant changes observed in the shape and
position of the individual emission peaks, only in the number
of peaks and their relative intensity, further suggests the role
of this mechanism in the present work. In a typical SDS
measurement, the sample spin-coated onto a cleaned silica
wafer was excited by a continuous laser, and once a spectral
image was captured by the camera, the sample wafer was moved
slightly to obtain the spectral image of a new population on the
wafer, all while the sample was continuously irradiated by the
laser. In this manner, 4-5 spectral images were obtained from
each sample wafer before the NPLs started exhibiting PL de-
activation, after which the sample wafer was replaced by a new
silica wafer freshly spin-coated with the sample NPLs. The PL
deactivation probably occurred due to the irreversible degra-
dation of the perovskite structure by continuous laser
irradiation, or possibly due to the prolonged air-exposure of the
NPLs initially covered with a toluene droplet (as can be seen in
the proceeding AFM analysis). Fig. S9 in the SI shows the emis-
sion spectra integrated over the wafer area under the slit across
4 successive spectral image captures, ie., Fig. S9 shows the
emission spectra from 4 different populations of NPLs that have
been continuously laser irradiated for increasing time from the
1% to the 4™ capture. From Fig. S9 it can be inferred that the
continuous irradiation of the sample not only significantly
increases the PL intensity, but also gradually leads to the emis-
sion of more prominent peaks centred at longer wavelengths,
which supports the role of the laser-assisted photoactivation
mechanism in the present work.>26->457

To further support the viability of this mechanism, AFM
images of the samples were obtained, as shown in Fig. S10 in
the SI. The first image (Fig. S10(a)) was obtained 2 hours after
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the sample was cast onto mica, and the second image
(Fig. S10(c)) was obtained 48 hours later. From the AFM
images it can be observed that the deposited NPLs are initially
surrounded by toluene even after the bulk of the solvent has
evaporated. After 48 hours in ambient conditions, the toluene
appears to have completed evaporated from the edges of the
deposited NPLs but is still present in nano-sized globules on
the surface of the NPL core. This can be considered equivalent
to the sample state when it was first exposed to the continuous
laser excitation after spin coating. The continuous laser
irradiation helped evaporate the nanoscale toluene and expose
more of the NPL to the atmospheric oxygen, starting with the
thinner edges first, a morphological feature of the synthesised
NPLs that can also be observed in the SEM image shown in
Fig. S3; this leads to the initial observation of higher intensity
emission peaks centred at shorter wavelengths (Fig. S9, 1%
capture). As more of the toluene is evaporated with the con-
tinuous laser exposure of the sample, more of the thicker NPL
core (again, morphologically observable in SEM Fig. S3) is
exposed to the atmospheric oxygen, which gradually leads to
the observation of higher intensity emission peaks centred at
longer wavelengths (Fig. $9, 4™ capture). This state can be con-
sidered equivalent to the AFM image obtained 430 hours after
the sample was initially cast onto mica (Fig. S10(e)); the size
distribution histogram obtained from the same (Fig. S10(f)) is
similar to that obtained from the STEM analysis, since the
incident high energy electron beam and the effect of the
vacuum chamber would have evaporated all the nanoscale
toluene present on the sample cast onto the TEM grid.

4. Conclusions

We have developed a modified ligand-assisted reprecipitation
synthesis protocol for MAPbBr; NPLs that employs concepts
from reverse microemulsion methods to enhance phase purity,
morphology control, and colloidal stability. The resulting NPLs
exhibit ultra-thin square morphology with lateral dimensions
of 17-20 nm as confirmed by STEM imaging. XRD patterns
show strong (100) reflection characteristic of the cubic perovs-
kite phase (Pm3m), and MStruct fitting reveals the contribution
from two crystallite sizes of 18.3 nm and 117.9 nm. Small-
angle X-ray scattering (SAXS) data fitted using a Guinier-Porod
function reveals a dimension variable indicating quasi-2D con-
finement and corroborating the morphology obtained from
STEM analysis, and when fitted using a lamellar model yields
a thickness of 13.5 nm. Tauc plot analysis of the optical
absorption spectrum indicates a direct band-gap of 2.3 eV,
reflecting the effects of quantum confinement. Steady-state
photoluminescence spectra display a narrow emission centred
at 518 nm (FWHM = 26 nm), with a quantum yield of ~50%
and a single-exponential PL decay time zp;, of 11.9 ns. SDS
reveals multiple emission peaks per NPL, suggesting energy
quantization arising from strong lateral confinement and
dielectric contrast at the ligand-NPL interface. The SDS ana-
lysis confirms the contribution of the atmospheric oxygen in

This journal is © The Royal Society of Chemistry 2026
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the observation and enhancement of multi-peak PL emission,
and the contribution of continuous irradiation by an excitation
laser in the observation and enhancement of emission peaks
at longer wavelengths. These observations underscore the role
of both quantum and dielectric confinement in modulating
the excitonic landscape of MAPbBr; NPLs. Altogether, our
approach yields structurally coherent, quantum-confined
MAPDbBr; NPLs, that are stable for at least 4 months in a dis-
persion, with bright, size-tuneable emission and narrow line-
widths - key requirements for next-generation optoelectronic
devices such as perovskite-based LEDs, single-photon sources,
and ultrathin photodetectors. The synthetic strategy and in-
depth structure-property correlations presented herein provide
a versatile platform for advancing the fundamental under-
standing and application of 2D hybrid organic-inorganic lead-
based halide perovskites.
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