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imeter-size two-dimensional
hybrid perovskite single crystals with tunable, pure,
and stable luminescence
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Peng Chena and Zijiong Lia

The environment-friendly synthesis and property modulation of two-dimensional organic–inorganic halide

perovskite (2D OHP) single crystals with large sizes and high quality are important for the fabrication of

optoelectric devices. In this work, plate-like and centimeter-size (BA)2Pb(BrxI1−x)4 (BA = n-

butylammonium, x: 0–1) single crystals with high crystallinity were synthesized via the cooling

crystallization method in a mixed HX (X: I, Br) acid aqueous solution. The synthesized samples were

single-phase with homogenously distributed Br and I ions. The lattice structure and bandgap of

(BA)2Pb(BrxI1−x)4 were both finely tuned through halide alloying. Pure photoluminescence with unitary

wavelength was obtained in the mixed-halide samples compared to those of monohalides (BA)2PbI4 and

(BA)2PbBr4. This is attributed to the structural homogeneity of the alloyed crystals. Moreover, the

prepared (BA)2Pb(BrxI1−x)4 samples showed higher photo and thermal stability for a long duration even

with ion migration. This study will be an important reference for the fabrication and property modulation

of 2D OHP-based light-emitting and other optoelectric devices.
1. Introduction

Two-dimensional organic–inorganic halide perovskites (2D
OHPs) with a layer-to-layer structure are considered bread slices
owing to their three-dimensional (3D) parent structures with
long chains or large-size alkylammonium ligands.1 The dielec-
tric alkylammonium unit in 2D OHPs connes the carrier in the
inorganic layer to form a quantum well. This unique electronic
structure endows 2D OHPs with unique properties including
high exciton binding energy,2–4 photoluminescent quantum
yield (PLQY),5,6 anisotropy,7–9 and outstanding stability.10–12

Thus, based on the above-mentioned advantages, 2D OHP lms
and single crystals are considered potential candidates for the
fabrication of photo/X-ray detectors,13–17 light-emitting
devices,18–20 and photovoltaic cells.21,22

2D OHP single crystals (2D OHP SCs) possess better optical
and electronic properties than polycrystalline lms owing to
their low density of defects and high carrier transport capacity.
Therefore, the fabrication and property modulation of large-size
and high-quality 2D OHP SCs have attracted increasing atten-
tion. 2D OHP SCs are mainly synthesized via solution methods
using organic solvents such as dimethylformamide and
dimethyl sulfoxide,15,16,23,24 which are toxic to the environment,
g, Zhengzhou University of Light Industry,
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limiting the application of 2D OHP SC-based devices. Alterna-
tively, the use of water as a solvent affects the solubility and
crystallization temperature of different OHPs, leading to the
formation of OHP alloys with different compositions; the
product content cannot be controlled, especially for heavily
mixed perovskites.25–27 Therefore, it is urgent to develop
methods for the fabrication of 2D OHP SCs with tunable
performances and a stable phase structure in a nontoxic
aqueous solution.

The overlapping orbitals of a metal cation and halide anion
dictate the electronic structure of OHPs. Hence, halidemixing is
an effective way to modulate the bandgap and light emission
wavelength of OHPs. A large halide has small bandgap energy,
and consequently broad range of colors is emitted using mixed-
halide perovskites (MHPs) as emitters.28–31 Halide mixing regu-
lates the light emission of 2D OHPs through the lattice distor-
tion of octahedral [PbX6]

4− (X= halide). It has been veried that
lattice distortion induces broadband white-light emission in
layered OHPs by introducing self-trapped excitons (STEs).32–35

STE related to electron–phonon coupling is dependent on the
distance between the inorganic layers.36 However, the inuence
of lattice distortion on the distance of the neighboring inor-
ganic layers and the consequent emission property of 2D OHPs
has attracted limited attention.

Presently, halide ion migration in MHP emitters is still not
well understood. Different halides migrating in opposite
directions result in phase separation and the spectral instability
of MHPs.37,38 Ion migration in 3D MHPs has been widely
© 2023 The Author(s). Published by the Royal Society of Chemistry
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studied, whereas the study of 2D MHPs is scarce. Low-
dimensional perovskites can suppress halide ion migration
because of the intercalated spacer ligands.39 The results of
density functional theory also indicated that octahedral
distortions signicantly hinder bromide migration along the
out-of-plane direction in Br–I mixed 2D MHPs.40 Thus, system-
atic exploration is required to study the specic effect of lattice
distortion in ion migration and the spectral stability of 2D
MHPs. The fabrication of 2D MHP SCs and evaluation of their
luminescent characteristics with lattice structure evolution can
be performed by studying 2D OHPs for their application in
commercial light-emitting diodes (LEDs).

In this study, centimeter-size 2D (BA)2Pb(BrxI1−x)4 (x = 0–1)
single crystals were fabricated in an aqueous solution by
designing the solution composition and the cooling procedure.
Subsequently, a systematic study was performed by focusing on
the chemical composition, crystal structure, bandgap, and
light-emission properties of the multiple-halide 2D OHP crys-
tals. The compositional deviation between the prepared (BA)2-
Pb(BrxI1−x)4 crystals and precursor solutions was measured and
analyzed in detail. The tunable lattice structure and the
bandgap of samples were detected. Further, the unique photo-
luminescent characteristics and excellent stability of the (BA)2-
Pb(BrxI1−x)4 alloys were explored for their application in light-
emitting devices. This study will be an important reference for
the fabrication and property tuning of 2D OHP-based light-
emitting and other optoelectric devices.
2. Experimental details
2.1 Synthesis of MHP single crystals

2.1.1. (BA)2Pb(BrxI1−x)4 single crystals. 2.5 mmol of PbO
powder was added to a mixed solution of hydroiodic acid (HI,
46.21%) and hydrobromic acid (HBr, 48%). A total of 40 mmol
of HI and HBr was taken. Then, 0.9 mL of hypophosphoric acid
(H3PO2, 54%) was added as a stabilizer to the above solution to
form solution A. Solution A was heated at 100 °C for 30 min
under stirring to dissolve the PbO powder completely. In
another set, 5 mmol of n-butylamine (C4H11N, 99.5%) was
slowly added dropwise to a mixed solution of HI and HBr to
form solution B. The total quantity of HI and HBr was 5mmol in
solution B, and the ratio of HI : HBr was kept consistent with
that of solution A. Then solution B was added dropwise to
solution A to form solution C. Solution C was heated at 140 °C
for 20 min, and then cooled from 140 °C to 20 °C at a rate of 5 °C
h−1. The mixed-halide (BA)2Pb(BrxI1−x)4 single crystal was
ltered and vacuum dried in a freezer dryer.

2.1.2. (BA)2Pb(ClxBr1−x)4 single crystal. The process for the
fabrication of the (BA)2Pb(Br–Cl)4 single crystal was the same as
that for the (BA)2Pb(BrxI1−x)4 single crystal, except that chlo-
rhydric acid (HCl, 35%) was used in the place of hydroiodic acid
(HI, 46.21%).
2.2 Characterization

The morphology and crystallinity of the samples were detected
via eld emission scanning electron microscopy (FE-SEM, JSM-
© 2023 The Author(s). Published by the Royal Society of Chemistry
7001F, Japan), X-ray diffraction spectrometry (XRD, SmartLab
SE, China), and high-resolution transmission electron micros-
copy (HR-TEM, Philips CM-20 microscope). The XRD instru-
ment was operated at a voltage of 40 kV and 50 mA current, and
Cu-Ka radiation (l = 1.5406 Å) was used as the X-ray source.
XRD patterns were recorded in the 2q range of 5° to 70° at a scan
rate of 5° min−1 with the energy step of 0.02°. Energy dispersive
X-ray spectroscopy (EDS) was used to measure the doping effi-
ciency of the second halide and the homogeneity of the alloy by
scanning an area of 25 × 25 mm2. The chemical composition of
the products was analyzed through X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250 Xi) using Al-Ka radiation with an
energy of 1486.6 eV, beam size of 500 mm, pass energy setting of
40 eV and energy step of 0.1 eV. The bandgap and emission of
the samples were measured using a UV-visible spectropho-
tometer (UH4150, China) and a uorescence spectrometer
(Horiba; Fluoro Max-4) with an integrated sphere (Horiba;
Quanta-4), respectively, at room temperature. The photo and
thermal stability of the synthesized (BA)2Pb(BrxI1−x)4 were
executed using a UV lamp and hot stage, respectively.

3. Results and discussion
3.1 Morphology and structure

Different colors of plate-like centimeter-size (BA)2Pb(BrxI1−x)4
single crystals grew in the mixed HX acid aqueous solutions.
The method for the synthesis of the crystals is shown in
Fig. 1(a). The morphology of the synthesized (BA)2PbI4, (BA)2-
Pb(Br0.8I0.2)4, and (BA)2PbBr4 single crystals grown in pure HI,
HI + HBr, and pure HBr acids, respectively, is shown in Fig. 1(b).
The surface morphology of the samples was observed using an
optical microscope. Fig. 1(c) shows the layered structure of the
(BA)2PbI4 crystal, which was also observed in the other (BA)2-
Pb(BrxI1−x)4 samples.

Fig. 2(a) shows the powder XRD patterns of the synthesized
(BA)2Pb(BrxI1−x)4. The series of well-dened periodic diffraction
peaks assigned to the (00n, n = 1, 2, 3.) lattice planes
demonstrates the orientation of the high growth. The small full
width at half maximum (FWHM) of the (001) plane proves the
excellent crystalline quality of the samples. The concentration
of Br ion increased from the bottom to the top with a decrease
in the diffraction angle of the (001) plane. The distance between
the (001) plane was calculated using the Scherrer equation
[Fig. 2(b)]. The ionic radius of the Br ion (0.196 nm) is smaller
than that of the I ion (0.206 nm). Hence, the (001) plane
distance of (BA)2PbI4 (1.377 nm) increased in (BA)2PbBr4 (1.387
nm).41 The (00l) peaks did not increase linearly with an increase
in the amount of Br. However, the substitution of I by a small
amount of Br ion increased the (00l) peaks abnormally. This
unusual trend is different from the previously reported (BA)2-
Pb(Br–I)4 single crystals, but similar to that for (PEA)2PbX4 (X =

Br, I) single crystals42 and (PEA)2Pb(Br–I)4 thin lms.43 Thus, the
sharp increase in the interlayer separation can be ascribed to
the lattice distortion of the octahedral [PbX6]

4−.
The crystal structure, morphology, and phase purity of the

synthesized samples were further detected using HR-TEM, FE-
SEM, and EDS, respectively. Fig. 2(c) shows the HR-TEM
RSC Adv., 2023, 13, 22886–22894 | 22887
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Fig. 1 (a) Schematic of the procedure to grow the mixed halide 2D perovskite (BA)2Pb(BrxI1−x)4 single crystals. (b) (BA)2PbI4, (BA)2Pb(Br0.8I0.2)4,
and (BA)2PbBr4 single crystals (from left to right). (c) (BA)2PbI4 single crystal.
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image of (BA)2Pb(Br0.35I0.65)4. The lattice spacing of 0.30 nm
corresponds to the perovskite (010) plane, where the regular
crystal structure proves the high quality of the
Fig. 2 (a) XRD patterns of (BA)2Pb(BrxI1−x)4 single crystals. (b) Distance of
TEM image of the (BA)2PbI4 single crystal. (d) FE-SEM image of (BA)2Pb(B
of (e) Br and (f) I.

22888 | RSC Adv., 2023, 13, 22886–22894
(BA)2Pb(Br0.35I0.65)4 single crystal. The surface morphology of
(BA)2Pb(Br0.35I0.65)4 analyzed by FE-SEM is shown in Fig. 2(d).
The sample surface is uniform and smooth on a 30 × 30 mm
the (001) plane calculated according to the Scherrer equation. (c) HR-
r0.35I0.65)4. EDS element scanning measurement of (BA)2Pb(Br0.35I0.65)4

© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
scale. EDS detected the element distribution of the Br and I ion
in the mixed halide alloy of (BA)2Pb(Br0.35I0.65)4, and the results
are shown in Fig. 2(e) and (f), respectively. The uniform distri-
bution of Br and I in the sample indicates that (BA)2Pb(Br0.35-
I0.65)4 is a single-phase alloy.
3.2 Chemical composition

In previous reports,25,34,35,44,45 the halide content in MHPs was
assumed to be the same as that in the precursor solutions and
the small composition deviation was ignored, which might have
introduced errors in the study of MHP alloys. Consequently, the
composition of the products would be inaccurate due to the
ignored deviation and the decision on property would be
incorrect given that the property of MHPs highly depends on
their composition. We measured the chemical composition of
the prepared (BA)2Pb(BrxI1−x)4 in this work using XPS, especially
the atomic ratio of I and Br in the synthesized crystals. The
binding energy of the 3d electrons of I and Br of all the samples
is shown in Fig. 3(a). With an increase in the mole ratio of HBr
and HI in the precursor solutions, the intensity of the 3d peak of
I decreased, while the intensity of the 3d peak of Br increased.
This proves that the Br ion entered the [PbX6]

4− octahedral
structure and replaced the I ion. The 3d lines of Br and I in
(BA)2Pb(BrxI1−x)4 were studied to explore the valence state of the
halide ions, and the results are shown in Fig. 3(b) and (c),
respectively. The XPS spectra of Br 3d and I 3d were tted using
Gaussian curves. The results indicate that Br and I have
a valence state of −1. Therefore, the atomic ratio of Br and I in
the perovskite crystals can be calculated by comparing the peak
area of the 3d orbitals of Br and I. Fig. 3(d) presents
Fig. 3 (a) XPS survey of (BA)2Pb(BrxI1−x)4 crystals fabricated in mixed HX
Comparison of the measured and theoretical contents of I and Br in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
a comparison of the halide contents of the crystals and their
precursor solutions. The Br content in the crystals is lower than
that in their solutions, whereas the I content is higher. The XPS
results demonstrated that it was difficult for the Br ion to be
incorporated in the [PbI6]

4− octahedron although it has
stronger affinity to combine with Pb2+. It has been proven that
the complexation of Pb2+/Br− occurs before that of Pb2+/I− when
PbI2 or PbBr2 is dissolved in organic solvents with equimolar
concentrations.46–48 The deviation in the measured and theo-
retical composition of (BA)2Pb(BrxI1−x)4 was mainly ascribed to
the different ionic radii of the halogens. The ionic radius of Br
and I is 0.196 and 0.206 nm, respectively. It has been reported
for several other MHPs49,50 that it is difficult for a smaller
halogen ion to be incorporated in the [PbX6]

4− octahedron with
a bigger halogen occupying the X site. Notably, we observed
a deviation in the halide composition in the 2D MHP SCs from
that in their solutions, and this deviation cannot be neglected;
otherwise, the relation between composition and property, such
bandgap width, of the MHPs would become absurd and
confusing.

To verify the above-mentioned result, (BA)2Pb(Cl–Br)4 was
synthesized in mixed HX (X: Cl, Br) solutions and its composi-
tion was measured using XPS. Fig. 4(a) shows the XPS result of
(BA)2Pb(Cl–Br)4 synthesized in mixed HX (X: Cl, Br) solutions.
Fig. 4(b) shows the comparison of the measured and theoretical
Cl and Br in (BA)2Pb(Cl–Br)4, indicating the deviation in the
composition. A marked deviation was observed in (BA)2Pb(Cl–
Br)4. The atomic ratio of Cl : Br in (BA)2Pb(Cl–Br)4 is much less
than in the precursor solution. Specically, 15% of Br was
substituted by Cl in the synthesized crystal when HCl : HBr was
9 : 1 in the solution. The ionic radius of Cl (0.181 nm) is much
solutions. (b) Br 3d and (c) I 3d spectra fitted using Gaussian curves. (d)
(BA)2Pb(BrxI1−x)4 single crystals.

RSC Adv., 2023, 13, 22886–22894 | 22889
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Fig. 4 (a) XPS survey of (BA)2Pb(Cl–Br)4 fabricated in mixed HX solutions. (b) Comparison of the measured and theoretical contents of Cl and Br
in the (BA)2Pb(Cl–Br)4 single crystals.
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View Article Online
smaller than that of Br. The difference in the ionic radius of Cl
and Br is 7.6%, where a larger difference in radius would have
led to more a severe deviation in composition in the Cl–Br
system. Thus, less Cl can be incorporated in the Br-based
perovskite lattice (BA)2Pb(Cl–Br)4. Thus, although single-phase
2D OHP alloys were successfully fabricated using an aqueous
solution method, the halide content in the products distinctly
deviated from that in the precursor solutions.
3.3 Bandgap

The absorption spectra of (BA)2Pb(BrxI1−x)4 were investigated to
understand the regulation of its bandgap by mixed halides, as
shown in Fig. 5(a). The absorption spectra of the samples
gradually shied toward a shorter wavelength with an increase
in the Br content, showing a blue shi from 550 to 425 nm. The
substitution of I by Br gradually increased the width of the
bandgap. The tangent method and the Kubelka–Munk formula
were used to calculate the actual change in the bandgap width.
The Kubelka–Munk formula is expressed as eqn (1), as follows:

FðAÞ ¼
�
1� 1

10A

�2
,

2

10A
(1)

where A is the absorbance. The Tauc plots corresponding to the
absorption spectra were calculated. The graph was plotted
Fig. 5 (a) Absorption spectrum of (BA)2Pb(BrxI1−x)4 single crystals and (b)
Br composition of (BA)2Pb(BrxI1−x)4.

22890 | RSC Adv., 2023, 13, 22886–22894
considering hn = 1240/l as the abscissa and (Ahn)1/2 as the
ordinate [Fig. 5(b)], and a tangent was drawn to the resulting
graph to obtain the bandgap width. The calculated bandgap
widths of (BA)2Pb(BrxI1−x)4 are shown in Fig. 5(c), indicating
that its bandgap can be tuned by varying the Br/I ratio. However,
the bandgap varied nonlinearly with an increase in the content
of Br. The variation in Eg can be described as a quadratic
function of composition, as follows:

Eg[(BA)2Pb(BrxI1−x)4] = Eg[(BA)2PbI4] + {Eg[(BA)2PbBr4]

− Eg[(BA)2PbI4] − b}x + bx2

where b is the bowing parameter. The tting of the experimental
result is

Eg = 2.20 + 0.69x + 0.65x2

The bowing parameter of 0.65 eV is small enough to
demonstrate that high miscibility was obtained in the single
crystal of (BA)2Pb(BrxI1−x)4.51,52

The dual bandgap observed in 2D or quasi 2D perovskites53–55

was measured for (BA)2Pb(BrxI1−x)4. However, the origin of the
dual bandgap is still debatable. Some authors ascribed it to
different structures in 2D perovskites,53 whereas others to the
electron–phonon coupling caused by the local strain in perov-
skite crystals.54 The photoluminescence (PL) of
corresponding Tauc plot. (c) Relation curve between the band gap and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(BA)2Pb(BrxI1−x)4 was measured to clarify its light emission
characteristics and the origin of its dual bandgap. The results
are shown in the following section.
3.4 Light emission

The PL spectra of (BA)2Pb(BrxI1−x)4 measured at room temper-
ature of 25 °C are shown in Fig. 6(a). Br doping strongly regu-
lated the emission characteristics of the 2D perovskite crystals,
where the light emitted from (BA)2Pb(BrxI1−x)4 shied to
a shorter wavelength with an increase in the Br content. Inter-
estingly, the emission at a low energy shied to a shorter
wavelength more quickly, and nally resulted in a high-energy
emission. The emission at 550 nm disappeared when 0.25 of I
was substituted by Br. This indicates that pure light with
a unitary wavelength was obtained in the mixed-halide samples
compared to the (BA)2PbI4 and (BA)2PbBr4 monohalides. The
symmetrical shape of the single peak demonstrates that it is not
formed by the merger of two peaks. The small PL peak broad-
ening may have been caused by the disorder-induced effects in
the mixed-halide perovskite alloy. An important report about
layered perovskite alloys conrmed that the 2D excitons present
Wannier character rather than Frenkel character due to the
disorder-induced effects.28 Therefore, mixed halides can tune
the PL emission from dual peaks to a single broad peak.

The PL of different portions of (BA)2Pb(BrxI1−x)4 was
measured to explore the origin of the dual emission and the
inuence of lattice distortion on the emission property of the
2D OHPs. (BA)2PbI4 and (BA)2PbI4 were split into two, i.e., the
Fig. 6 (a) PL of (BA)2Pb(BrxI1−x)4 at room temperature of 25 °C with diff
Pb(BrxI1−x)4, milled powder of (BA)2Pb(BrxI1−x)4, and intact crystal. (c) XRD
and (BA)2PbI4 single crystals.

© 2023 The Author(s). Published by the Royal Society of Chemistry
surface and bulk, and the PL from these two different parts are
shown in Fig. 6(b). According to the results, a high energy
emission was obtained from the surface, while a low energy
emission was obtained from the bulk. We supported that the
electronic interaction between the inorganic layers in a layered
perovskite single crystal is the origin of the dual emission.55 An
increase in the distance between the inorganic layers can
decrease these electronic interactions. Our experimental results
and some important reports offer solid proof for this claim.
Firstly, the XRD pattern of (BA)2Pb(BrxI1−x)4 indicates that
a small amount of doped Br sharply increased the d-spacing of
the (001) plane. This may reduce the stacking effect and elec-
tron–photon coupling in the inner region of the crystal and
diminish the lower-energy emission. Secondly, the (PEA)2PbBr4
and (PEA)2PbI4 crystals were prepared and measured as the
reference samples. According to the XRD result in Fig. 6(c),
a larger interlayer distance was obtained in the PEA perovskites
based on the smaller diffraction angle of the (001) plane. The PL
measurement results [Fig. 6(d)] revealed that a single PL peak
was detected for the (PEA)2PbBr4 and (PEA)2PbI4 samples. The
pure light emission of (BA)2Pb(BrxI1−x)4 was due to the struc-
tural homogeneity of the alloyed crystals. Thus, Br doping can
improve the light emission purity of 2D I-based perovskite
single crystals.

The emission intensity under the same excitation decreased
suddenly when 0.8 of I was substituted by Br. We monitored the
PL emission of the x = 0.8 sample in dozens of positions care-
fully and a faint blue emission was captured at a few of posi-
tions. However, in most of the positions, no emission was
erent Br− compositions. (b) PL of few layers on the surface of (BA)2-
patterns and (d) PL spectra of the (PEA)2PbBr4, (PEA)2PbI4, (BA)2PbBr4
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Fig. 7 (a) PL intensity of the (BA)2Pb(BrxI1−x)4 crystals with time under UV illumination. (b) PL intensity of (BA)2Pb(BrxI1−x)4 crystals with
temperature.
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detected. According to the wavelength of the emission, we
attributed the faint blue emission to the trace (BA)2PbBr4 crys-
tals separated from of the MHP alloy. The rich-Br MHPs did not
emit light when they were excited by the 310 nm UV light. A
similar phenomenon was observed in the x = 0.9 sample. The
emission degeneration of the rich-Br samples can be ascribed to
the inhibition of exciton transport of halide mixing. Michael
Seitz et al.56 veried that the random distribution of alloying
sites in phase-pure mixed-halide 2D and 3D perovskites can
induce an energetically disordered potential in the alloys. The
disordered potential inhibited the exciton transport drastically,
especially in the Br-rich samples. Thus, combined with the
abundant defects induced by the deep deformation of [PbX6]

4−,
the emission intensity of the Br-rich samples was reduced
sharply.

3.5 Stability

The photo and thermal stability of the synthesized (BA)2-
Pb(BrxI1−x)4 were measured under UV illumination at high
temperatures. Their stability was determined based on the
reduction in the absolute PL intensity of the samples. A UV
lamp with a wavelength of 275 nm and power of 5W was used to
illuminate the samples to measure their photostability. The PL
intensity was recorded using a uorescence spectrometer and
the results are shown in Fig. 7(a). The PL intensity of (BA)2PbBr4
and (BA)2PbI4 decreasedmonotonously with time when exposed
to light. However, the mixed-halide (BA)2Pb(BrxI1−x)4 showed an
abnormal increase in PL intensity in the rst few seconds, fol-
lowed by a stable intensity aer 200 s. Thus, the (BA)2Pb(Brx-
I1−x)4 samples exhibited high photostability aer ion migration
was completed. The thermal stability of the samples was
detected by heating then from 20 °C to 80 °C using a hot stage.
With an increase in temperature, a smaller decrease in PL
intensity was observed in the (BA)2Pb(BrxI1−x)4 mixed-halide, as
shown in Fig. 7(b). Thus, according to the above-mentioned
results, the mixed- (BA)2Pb(BrxI1−x)4 halide shows higher
photo and thermal stability compared to the single-halide
(BA)2PbBr4 crystals.

There are two possible reasons to explain the long-duration
photo and thermal stability of the (BA)2Pb(BrxI1−x)4 mixed-
halide. Firstly, the rearrangement of the halide ion caused by
22892 | RSC Adv., 2023, 13, 22886–22894
the photo-induced ion migration may have donated a low energy
state for (BA)2Pb(BrxI1−x)4. The increase in the PL intensity in the
rst few seconds under UV light illumination indicated I ion
migration. When the photo-induced ion migration was
complete, a relatively stable structure was formed in the MHP
samples, which contributed the subsequent long-time photo
stability of (BA)2Pb(BrxI1−x)4 effectively. Secondly, halide doping
may have increased the stability of the mixed-halide perovskites
by enhancing the interaction between the BA moiety and the
inorganic cage. It has been reported that the stability of 3D and
2D perovskites is inuenced by the interaction between the
organic cation and the inorganic framework, where a stronger
interaction leads to higher stability.57,58 Thus, the substitution of
I by Br in the mixed-halide samples should have increased the
interaction due to the stronger affinity of the Br ion.
4. Conclusion

In this study, centimeter-size, high-quality 2D organic–inor-
ganic perovskite plates with tunable bandgaps and light emis-
sion were successfully prepared in a mixed HX (X = Br and I)
aqueous solution. The synthesis of the highly efficient luminous
crystals was performed using an economically and environ-
mentally friendly method. The structure, composition, and
property results indicated the difficulty in controlling the
atomic ratio of the halogens in the perovskite products using
the solution method because the affinity and the ionic radius of
the halogens are different. The substitution of I by Br could tune
the lattice and electronic structures of (BA)2Pb(BrxI1−x)4. An
increase in the substituted Br enlarged the (001) plane distance
of the 2D perovskite from 1.377 to 1.387 nm. However, the
increase in the plane distance was not linear because of the
lattice distortion of [PbX6]

4−. The distortion regulated the
emitted light of the mixed halide 2D perovskite. Pure light was
obtained from the (BA)2Pb(BrxI1−x)4 mixed-halide. Thus,
halogen doping improved the purity of the emitted light of the
2D perovskite single crystals. The mixed halide enhanced the
thermal and photostability of the 2D perovskite even with ion
migration. This study offers an effective pathway to improve the
light emission property and stability of 2D OHP-based light-
emitting and other optoelectric devices.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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46 L. Atourki, E. Vega, B. Maŕı, M. Mollar, H. Ait Ahsaine,
K. Bouabid and A. Ihlal, Appl. Surf. Sci., 2016, 371, 112–117.

47 Y. Dou, F. Cao, T. Dudka, Y. Li, S. Wang, C. Zhang, Y. Gao,
X. Yang and A. L. Rogach, ACS Mater. Lett., 2020, 2, 814–820.

48 C. Kaewmeechai, Y. Laosiritaworn and A. P. Jaroenjittichai,
Results Phys., 2022, 42, 106015.

49 E. L. Unger, A. R. Bowring, C. J. Tassone, V. L. Pool, A. Gold
Parker, et al., Chem. Mater., 2014, 26, 7158.

50 Q. Dong, Y. B. Yuan, Y. C. Shao, Y. J. Fang, Q. Wang and
J. S. Huang, Energy Environ. Sci., 2015, 8, 2464.
22894 | RSC Adv., 2023, 13, 22886–22894
51 R. Hill, Energy-gap variations in semiconductor alloys, J.
Phys. C: Solid State Phys., 2001, 7, 521.

52 R. Venugopal, P. I. Lin and Y. T. Chen, J. Phys. Chem. B, 2006,
110, 11691–11696.

53 T. Sheikh, A. Shinde, S. Mahamuni and A. Nag, ACS Energy
Lett., 2018, 3, 2940–2946.

54 Q. Du, C. Zhu, Z. Yin, G. Na, C. Cheng, Y. Han, N. Liu, X. Niu,
H. Zhou, H. Chen, L. Zhang, S. Jin and Q. Chen, ACS Nano,
2020, 14, 5806–5817.

55 T. Sheikh, V. Nawale, N. Pathoor, C. Phadnis, A. Chowdhury
and A. Nag, Angew. Chem., Int. Ed., 2020, 132, 11750–11756.

56 M. Seitz, M. Meléndez, P. York, D. A. Kurtz, A. J. Magdaleno,
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