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Abstract. The synthesis of organic and hybrid organic-inorganic perovskites directly from solution improves the cost- and
energy-efficiency of processing. To date, numerous research efforts have been devoted to investigating the influence of the
various solvent parameters for the synthesis of lead halide perovskites, focused on the effects of different single solvents on the
efficiency of the resulting perovskites. In this work, we investigated the effect of solvent blends for the first time on the structure
and phase of perovskites produced via the Lewis base vapor diffusion method to develop a new synthetic approach for water-
stable CsPbBr; particles with nanometer-sized dimensions. Solvent blends prepared with DMF and water-miscible solvents with
different Gutmann’s donor numbers (Dy) affect the Pb ions differently, resulting in a variety of lead bromide species with
various colors. The use of a DMF/isopropanol solvent mixture was found to induce the formation of the Ruddlesden—Popper
perovskite based on lead bromide. This perovskite undergoes a blue color shift in the solvated state owing to the separation of
nanoplatelets. In contrast, the replacement of isopropanol with DMSO, which has a high DN, induces the formation of spherical
CsPbBr; perovskite nanoparticles that exhibit green emission. Finally, the integration of acetone in the solvent system leads to
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the formation of lead bromide complexes with a yellow-orange color and the perovskite CsPbBrs.
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1. Introduction

The constant advancement of technology necessitates
the continuous research of new materials to develop and
improve electronic devices such as photovoltaics and diodes
(Nayak et al. 2019, Rai and Bajpai 2021, Sergeyev 2021).
Among various materials, lead halide perovskites have
shown their potential to be a candidate for the development
of light-emitting diodes and photovoltaics in recent years
owing to their unique optoelectronic properties, such as
their high absorption coefficient and sustained carrier
diffusion (Li et al. 2017, Xing et al. 2013, Yamanouchi et al.
2018). Moreover, the emission wavelength of metal halide
perovskites can be tuned accurately either by controlling the
size of the nanocrystals (NC) or by using appropriate
mixtures of various halides (Akkerman et al. 2015,
Kovalenko et al. 2017, Shamsi et al. 2019). The combination
of bromide and chloride, for example, contributes to the
formation of blue-emitting perovskites, whereas the
combination of bromide and iodide allows red-emitting
perovskites to be formed. The observed blue- and red-shift
in mixed halides is attributed to the tuning of the bandgap
(Sadhanala et al. 2014). These mixed-halide perovskites,
unfortunately, are adversely affected by non- radiative
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recombination, resulting in low photoluminescence quantum
efficiencies (PLQESs). In addition, photoinduced phase
segregation is usually observed in mixed-halide perovskites,
which can affect their long-term efficiency (Li et al. 2016,
Yoon et al. 2016). This concern was addressed by
synthesizing spectrally stable blue-emitting films of
separated nanoplatelets of Cs4PbBrs under Cs-rich conditions
in the presence of moisture (Zou et al. 2019).

The intrinsic ionic properties of inorganic and organic
perovskites, on the other hand, complicates their long-term
efficiency and makes them particularly unsuitable for
applications requiring the use of water or polar solvents,
such as analytical sensors. To date, several approaches
involving the use of surface passivation to increase the
stability of perovskites have been researched, including
organic Lewis bases (thiophene and pyridine) (Noel et al.
2014), polymers (Han et al. 2022, Li et al. 2018), and metal
oxides (SiO,, Al,Os, and Ta0s) (Hu et al. 2018, Huang et
al. 2016, Loiudice et al. 2017, Zhong et al. 2018). An
alternative approach was the synthesis of organic-inorganic
hybrid and fully inorganic perovskites via the Lewis base
vapor diffusion (LBVD) method, which allowed the surface
to be pacified with lead hydroxide (Pb(OH)), and which
granted the perovskites six months of stability in water
(Jana and Kim 2018). Other methods that were employed to
produce the water-stable methylammonium lead bromide
perovskite (MAPbBr3) entailed surface passivation with
lead bromide hydroxide (PbBr(OH)) using two different
approaches: the first is based on dissolving the precursors in
dimethylformamide (DMF) and ammonia solution
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(NH;3-H20) followed by water treatment (Liu et al. 2020),
whereas the second approach is based on N-donor
imidazole derivatives (Lin et al. 2020).

Recent studies have reported the influence of solvent
interaction with the precursor on the formation of lead
halide perovskite by varying solvent parameters such as the
dielectric constant (Rahimnejad et al. 2016, Saidaminov et
al. 2015) or Mayer bond order (Stevenson et al. 2017). The
polarity of the solvent participating in the synthesis reaction
was suggested to be a determining factor for coordination
with the lead halide salt, thereby resulting in the formation
of lead-solvent complexes (Rahimnejad et al. 2016). On the
other hand, Hamill et al. (2018) investigated Gutmann’s
donor number (Dn) of solvents as a parameter that
influences the ability of Pb?* to coordinate with iodine
during the synthesis of MAPbIs. Their results showed that
solvents with a low Dy are less inclined to interact with
Pb?*, thus promoting the complexation of Pb?* with iodide
ions, whereas solvents with a high Dy showed the opposite
behavior because of stronger coordination with Pb?* ions.

In this work, we present for the first time a simple
synthetic method that enables the phase control of lead
bromide perovskite nanomaterials via variation of solvent
blends and prolonged reaction in LBVD system. We sought
to solvate lead (II) bromide (PbBr;) complexes by
introducing these mixed solvents that contain DMF to slow
the crystallization process, thus minimizing the size of the
formed nanoparticles. Interestingly, mixtures of DMF with
the water-miscible solvents: isopropanol, dimethyl sulfoxide
(DMSO), and acetone, which have different Dy values,
directly influence the strength of interaction between Pb?*
and bromide, resulting in the formation of lead bromide
particles with different properties. These three solvents
were mixed with DMF in a ratio of 3:1 to allow thorough
dissolution of the precursor salts, which were then further
reacted in the presence of a vaporized Lewis base to form
nanoparticles that emit different colors when exposed to UV
radiation: blue-emitting particles (BEPS), green-emitting
particles (GEPs), and yellowish-orange emitting particles
(YEPs). The formed nanoparticles had good water stability
with high photoluminescence quantum yields (PLQYSs) of
49.4%, 66.6%, and 35.5% for BEPs, GEPs, and YEPs,
respectively. The lead hydroxide and lead bromide
hydroxide shells that were formed in this way granted
excellent stability and solvation properties to the formed
nanoparticles. Structural analysis suggested that the
observed color shifts are dictated by the different phases of
cesium lead bromide particles. We propose that BEPs are
formed as the MA4xCsxPbBrs phase under methylammonium
-rich conditions, and that these particles are protected and
solvated by Pb(OH),, which forms a shield, resulting in
blue emission. In contrast, the green color emission of
GEPs originates from particles in the CsPbBr; phase coated
with Pb(OH),. Finally, the yellowish-orange emission was
attributed to lead bromide complexes.

2. Experimental section
2.1 Materials and methods

Lead (1) bromide (PbBry) was purchased from Fisher

Chemical. Cesium carbonate (Cs,COs) (99.9%) and DMF
(HPLC grade) were purchased from Alfa Aesar. Acetone
(Emsure® grade) was purchased from Merck Millipore
(Sigma Aldrich), and DMSO was purchased in Sigma
Aldrich. Methylamine (40% solution in water) and 2-
propanol (HPLC grade) were purchased from Daejung
Chemicals. Hydrobromic acid (HBr) (48%) was purchased
from Fujifilm Wako Chemicals. Ethyl acetate was
purchased from Samchun Chemicals. All chemicals and
reagents were used directly without further purification. In
all experimental procedures, deionized water of Milli-Q
grade was used.

2.2 Characterization

The photoluminescence (PL) intensity measurements
were carried out using an FP-6500 spectrofluorometer
(Jasco, Japan) with a quartz cuvette with a path length of
1 cm. Field-emission scanning electron microscopy (FE-
SEM) measurements were acquired using a CZ/MIRA
LMH FE-SEM microscope. Transmission electron
microscopy (TEM) images were recorded on a JEM-2100F
transmission electron microscope (JEOL, Tokyo, Japan)
operating at 200kV. Dynamic light scattering (DLS)
analysis was carried out using a Zetasizer Nano ZS90
apparatus (Malvern Instruments, Worcestershire, U.K.) The
absorption spectra were obtained using an Agilent 8543
UV/Vis spectrophotometer (Agilent, USA). Diffusion
reflectance spectra of films were acquired using V-670
UV/Vis spectrophotometer (Jasco, Japan). Fourier
transform infrared (FTIR) spectra were recorded on an
FT/IR-6300 Fourier Transform Infrared Spectrometer
(Jasco, Japan). Centrifugation was carried out using a
LaboGene 1580R centrifugal separator (LaboGene, Korea).
X-ray photoelectron spectroscopy (XPS) were carried out
using using a K-Alpha system (Thermo Scientific). X-ray
diffraction (XRD) was carried out on a Bruker D8 Discover
diffractometer with Cu Ko radiation (A = 0.1542 nm).
Samples were fixed to a glass substrate for the analysis.

2.3 Synthesis of multi-colored lead bromide particles

Two acidic precursors were prepared by dissolving 1.5
mmol Cs,COs (500 mg) in 3 mL HBr (denoted as solution
A) and 2.6 mmol PbBr; (1 mg) in 2 mL HBr (denoted as
solution B). Afterward, solution A (300 uL) and solution B
(300 pL) were added to a mixture of 1 mL of DMF and 3
mL of a miscible solvent (DMSQO, acetone, or isopropanol)
as summarized in Table 1. Each of these three vials was
placed in a larger vial containing 25 mL MA and allowed to
react for seven days at room temperature, after which the
reaction mixtures were centrifuged at 3000 rpm to remove
non-luminescent microparticles that had formed. The
supernatant was poured into ethyl acetate (1:10), and after
shaking for one minute, the ethyl acetate layer was carefully
removed. This step allowed the removal of excess DMF and
organic solvents that solvated the nanoparticles. The lower
layer was again poured into ethyl acetate (1:10) to
precipitate the nanoparticles. Finally, the nanoparticles were
collected by centrifugation at 4000 rpm for 15 minutes and
dried at 60 °C overnight.
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Table 1 The ratio of solvents
Vials DMF Acetone DMSO Isopropanol Color

Samplel 1mL 0 0 3mL Blue
Sample2 1mL 0 3mL 0 Green
Sample3 1mL 3mL 0 0 Yellow-orange

2.4 Preparation of multi-colored lead bromide

particles@PVDF-HFP films

The Poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) films were prepared by dissolving 1g of
PVDF-HFP in DMF at 80 °C for 1 hour. Subsequently, the
cesium lead bromide particles dispersed in 1 mL of DMF
were mixed with 9 mL of the prepared PVDF-HFP solution.
The final solution was vortexed for 5 minutes, drop-casted
on glass cover slides, and dried in the oven preheated at 60
°C for 1 hour. The formed films were then immersed in DI
water for 30 minutes.

2.5 Computational details

First-principles calculations were performed using
density functional theory (DFT) implemented in Quantum
Espresso code. (Giannozzi et al. 2009, 2017) The
generalized gradient approximation (GGA) designed by
Perdew, Burke, and Ernzerhof for solid systems (PBEsol)
was used for the exchange-correlation functional.(Perdew et
al. 2008) The plane waves for valence electrons were
expanded up to a kinetic energy cutoff of 70 Ry, and the
interactions between valence electrons and the core
electrons were effectively treated using a scalar-relativistic
version of optimized norm-conserving pseudopotentials in
the PsDojo database. (van Setten et al. 2018) Brioulline-
zone integration was accomplished with a I"-centered k-grid
of 2 x 2 x 2. The electronic total energy was converged
until the total energy difference between electronic steps
became smaller than 1.0 x 10® Ry, and the geometry was
optimized until all atomic forces became smaller than 1.0 x
10" Ry/Bohr. The optimized lattice parameters of Cs4PbBrg
(rhombohedral unit cell, space group R3c) are a = 13.58 A
and ¢ = 17.15 A and agree with those in previous reports.
(Jung et al. 2019).

3. Results and discussion

In recently reported work, the synthesis of lead halide
perovskite by the LBVD approach made it possible to
control the formation of the peripheral layer of the
perovskite such that the geometry is octahedral. In addition,
the formation of the Pb(OH). shell enhanced the stability of
the perovskite toward aqueous media (Jana and Kim 2018).
However, the main drawback of this method is the large
size of the synthesized particles. Combining the Cs,COs
and PbBr; precursor solutions yields a yellow precipitate
that comprises micrometer-sized particles, which further
serves as a base for the formation of the perovskite
particles. The solubility of the precursors in suitable polar

solvents, such as DMF, DMSO, and acetone, encouraged us
to integrate the solvents to form solvent mixtures to impede
the aggregation of the precursors to form large particles at
the beginning of the reaction (Fateev et al. 2020, Li et al.
2018, Shamsi et al. 2019, Stevenson et al. 2017). Thus,
precursor solutions in mixed solvents with different Dy
values, DMF/isopropanol (sample 1), DMF/DMSO (sample
2), and DMF/acetone (sample 3), were reacted in the
presence of methylamine vapor for seven days (Fig. 1(a)
and Table 1). The multi-colored perovskite particles that
were formed were collected by precipitation in excess ethyl
acetate to yield solid particles with bluish green, green, and
dark yellowish-orange emissions, as illustrated in Fig. 1b.
After dispersion in water, the emissions of these
nanoparticles were sky blue, green, and yellowish-orange,
respectively (Fig. 1(b)).

To understand the observed color shifts, photo-
luminescence spectroscopy was used to characterize all
three samples before and after precipitation. As shown in
Fig. 2(a), before precipitation, the three different samples
had broad emission spectra with peaks located at 450 nm,
541 nm, and 605 nm for BEP, GEP, and YEP, respectively.
Interestingly, washing and precipitation with ethyl acetate
caused YEP to undergo blue shift from 605 nm to 562 nm
with a shoulder at around 600 nm. Upon redispersion of the
YEP nanoparticles in water, they exhibit a slight blue shift
with a sharper emission peak. The ability of lead to form
fluorescent complexes such as PbBrs or PbsBri® clusters
in appropriate solvent such as polyethylene glycol or
acetone were reported in previous works (Chin et al. 2020,
Dutta and Perkovic 2002, Li et al. 2009). Moreover, these
complexes have emission peak located at around 600 nm.
Thus, the observed blue shift in YEP indicates the formation
of lead complexes during LBVD synthesis and their
removal during the precipitation step. In contrast, the color
of the BEP emission shifted from sky blue to bluish-green
upon precipitation, which corresponds to a red shift of ~50
nm (Figs. 1(b) and 2(b)). However, the redispersion of BEP
in water led to the recovery of its native sky-blue emission
with an emission peak located at 440 nm. Finally, the GEP
nanoparticles did not exhibit a significant color change with
a slight blue shift. All samples were further characterized
via UV/Vis spectroscopy, XRD, XPS, FTIR, and FE-SEM
techniques to understand the structural and morphological
differences between the formed nanoparticles that dictate
the color changes. Considering the changes in the emission
color observed in the different states, particularly in the case
of BEPs and YEPs, the nanoparticles were loaded into a
PVDF-HFP film (Figs. 1(c) and 2(c)). This allowed their
separate states to be preserved, thus limiting the color
changes in the solid state. Moreover, the photoluminescence
intensity of BEP- and GEP-loaded PVDF-HFP films
exposed to water was found to increase, as shown in Fig.
1(c).

The normalized UV/Vis absorption spectra of dispersions
of the perovskite particles in water showed that BEPs
absorb at 335 nm (Fig. 2(d)). In previously reported studies,
the absorption peak located at ~320 nm was ascribed to the
formation of the Cs4sPbBrs phase under Cs-rich conditions
(Liu et al. 2017, Wu et al. 2017, Zou et al. 2019). Similarly,
the absorption peaks of GEPs are located at 291 nm and
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Fig. 1 Solvent-dependent LBVD synthesis approach for the preparation of multi-colored perovskite nanoparticles (a)
Photographic images of multi-colored perovskite particles under UV light (365 nm) in the solid state (upper row) and
dispersed in water (lower row) (b) Hlustration of the process to prepare the multi-colored PVDF-HFP films (left) and
photographic images of the prepared films (right) (c) The images in the top row were captured under ambient light
without UV light, those in the middle row were captured under ambient light with UV illumination; The images in the
bottom row were captured in the dark under UV light; Note: the UV source was located at a distance of 10 cm
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Fig. 2 Photoluminescence spectra of BEP, GEP, and YEP before the precipitation by ethyl acetate (a) Normalized
photoluminescence spectra of precipitated multi-colored perovskite particles (b) and multi-colored perovskite@
PVDF-HFP films (c) Normalized absorption spectra of perovskites dispersed in water (d) and perovskite@PVDF-
HFP films (e) Reflectance spectra of perovskite@PVDF-HFP films (f) Estimation of band gap energy using the
Kubelka-Munk function (g) FTIR spectra of BEP, GEP, and YEP particles; FTIR spectra confirm the presence of
DMF and MA in all three nanoparticles (h)-(i)

334 nm; however, the absorption spectrum is broadened in similar results. The BEPs had an absorption peak at 300 nm,
comparison. Finally, YEPs absorb at 286 nm and 338 nm with a shoulder located at 338 nm. On the other hand, the
and their spectra are the most broadened. Analysis of the spectrum of the GEPs was similar but less well resolved.
absorbance of the multi-colored perovskite-loaded films via Finally, the absorption spectrum of the YEPs was the
diffuse reflectance spectroscopy, shown in Fig. 2(e), revealed broadest, with maximum absorbance at 337 nm.
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Fig. 3 XRD patterns of blue-emitting film compared with PVDF-HFP films and BEP@PVDF-HFP films (a)-(b).
XRD patterns of green-emitting film compared with PVDF-HFP films and GEP@PVDF-HFP films (c)-(d). XRD
patterns of orange emitting film compared with PVDF-HFP films and YEP@PVDF-HFP films (e)-(f). Note: the blue
and red patterns correspond to the multi-colored PVDF-HFP films containing the lead bromide particles before and

after immersion in water, respectively

Using absorption, reflectance, and Kubelka-Munk
spectra, the bandgaps of the YEP-, GEP-, and BEP-PVDF-
HFP films were estimated to be 2.04, 2.63, and 3.05 eV,
respectively (Figs. 2(e)-2(g)). Importantly, the BEP and
GEP films have indirect bandgaps whereas the YEP film
has a direct bandgap. Previous work reported a large
bandgap of 3.95 eV for CssPbBrs, assuming UV emission
(Akkerman et al. 2018). However, in practice, the emission
wavelengths of the majority of the reported CssPbBrg
perovskites were located in the range of 515 to 524 nm.
Two hypotheses were proposed to explain the origin of the
green emission: (i) the existence of the CsPbBr; phase that
was inserted in the Cs4PbBre matrix, thus down-converting
the emitted light (Quan et al. 2017, Riesen et al. 2019, Xu
et al. 2017, Xuan et al. 2018), and (ii) intrinsic defects
within the wide bandgap, for example, caused by bromine
vacancies (Akkerman et al. 2017, De Bastiani et al. 2017,
Seth and Samanta 2017, Yin et al. 2018). On the other hand,
the bandgap of GEPs was blue-shifted compared to that
reported for CsPbBrs; perovskite nanoparticles. Recently, a
study by Ying et al. (2020) showed a slight blue shift in the
photoluminescence of CsPbBrs; micro-/nanorods coated
with Pb(OH),. Moreover, they also suggested that residual
MA* may cause a photoluminescence blue shift. To confirm
the presence of residual MA* cations, we conducted an
FTIR analysis. As shown in Figs. 2(h) and 2(i), the MA*
vibrational modes for C—N rocking and C—N stretching
are located at <920 cm™ and =1000 cm™, respectively.
Moreover, the C = O bond stretching vibration located at
1671 cm ! in bare DMF solvent appears at <1655 cm™ for
BEPs and GEPs, whereas YEPs do not exhibit this
vibration. Finally, the estimated, red-shifted band gap for
YEPs can be explained via the formation of the lead

bromide complex, which has an emission peak at 610 nm
(Chin et al. 2020, Dutta and Perkovic 2002).

After evaporation of the DMF solvent, the formed multi-
colored films were immersed in water for 30 minutes.
Interestingly, the GEP and BEP films showed substantial
photoluminescence enhancement after incubation in water,
whereas the YEP film did not show significant enhancement
(Fig. 1(c)). To gain insight into the color difference of the
emissions and the enhancement of the emission after
exposure to water, we carried out XRD analyses of the
PVDF-HFP films loaded with BEPs, GEPs, and YEPs
before and after immersion in water (Fig. (3)). As shown in
Figs. 3(a) and 3(b), immersion of the BEPs in water
strongly enhanced the peaks at 26=17° and 26=29°, which
are attributed to Pb(OH),, whereas the remaining peaks
correspond with those of the CssPbBrs phase [mp-23436,
Materials Project data repository]. The reformation of the
Pb(OH), shell, which apparently was removed at high
temperatures during the film preparation process, explains
the photoluminescence enhancement after immersion in
water. Similar PL enhancement was observed by Shan’s
group, who discovered that MAPbBrs@PbBr(OH) has the
ability to enhance its photoluminescence properties in water
(Liu et al. 2020).

On the other hand, the XRD patterns in Figs. 3(c) and
3(d), which correspond to the GEP film, show that water
immersion induces a phase transformation from CsPb;Brs
to CsPbBrz by the apparition of the peak at 26=15°. This
observed phase transformation induced by the removal of
PbBr, explains the substantial color enhancement. However,
the peaks corresponding to CsPb,Brs are still present in
small quantities [mp-1238811, Materials Project data
repository], indicating that residual CsPb.Brs particles
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Fig. 4 FE-SEM images of BEPs, GEPs, and YEPs in the PVDF-HFP films (a) TEM images of BEPs, GEPs, and YEPs
(b) Hydrodynamic size distribution of BEPs, GEPs, and YEPs determined via DLS (c) FE-SEM images of all three

nanoparticles in the aggregated state. (d)

located inside the hydrophobic polymer cannot be
transformed into CsPbBr; by releasing PbBr,. Moreover,
the GEP films also exhibit peaks at 26=17° and 206=29°,
which are attributed to Pb(OH), and allow emission
enhancement and high stability in water and polar solvents.
Finally, the XRD results of the YEP film showed that the
peaks corresponding to PbBrOH located at 26=17° and
20=26° were enhanced (Figs. 3(e) and (f)). In addition, the
XRD results indicate a small amount of the CsPbBr; phase
by the apparition of the peak at 26=15°, thus explaining the
broad emission of YEP.

The morphology and sizes of the BEPs, GEPs, and YEPs
were investigated via FE-SEM and TEM. As shown in Fig.
4(a), the BEPs incorporated in the PVDF-HFP film are
smaller than 50 nm, whereas the GEPs and YEPs are
slightly larger in the film, ranging from 50 nm to 100 nm.
All three types of nanoparticles loaded in the PVDF-HFP
films were confirmed to have spherical shapes and uniform
sizes. To further investigate the morphology of the multi-
colored particles before they were loaded into the PVDF-
HFP film, their TEM images were analyzed (Fig. 4(b)).
These TEM images confirmed that the BEPs are well-
separated nanoplatelets in the solvated state with an average
size smaller than 50 nm, whereas the GEPs are spherical
nanoparticles with a size exceeding 100 nm. Finally, the
YEPs are spherical nanoparticles mixed with nanoplatelets
with a size smaller than 50 nm.

The small size and surface passivation by Pb(OH), and
PbBrOH conferred upon these nanoparticles the unique

characteristic of being instantly solvated by water.
Therefore, the hydrodynamic size of the multi-colored lead
bromide perovskite nanoparticles in the solvated state was
measured via the dynamic light scattering technique. As
shown in Fig. 4(c), the hydrodynamic size of these particles
is relatively much larger than that of the nanoparticles
observed via FE-SEM and TEM owing to the excellent
solvation by water. The FE-SEM images of the BEP, GEP,
and YEP nanoparticles after precipitation without
incorporation into the PVDF-HFP film showed that BEPs
are more likely to occur in the form of aggregated
nanoplatelets, whereas GEPs have a spherical morphology.
(Fig. 4(d))

The photoluminescence lifetime and PLQY of the
synthesized multi-colored particles were investigated. As
shown in Fig. 5, among the three different samples, GEPs
have the longest PL lifetime estimated to be 1.52 ps. The
second-longest lifetime was observed for BEPs with an
average lifetime of 0.19 ps. Finally, YEP had the shortest
lifetime estimated to be 0.0614 ps. The PLQYs of multi-
colored perovskite nanoparticles were estimated and are
presented in Table 2. Among the three different lead
bromide materials, the GEPs had the highest PLQY of
66.6%, which was slightly lower than that of CsPbBrs;
reported previously, where it was estimated to range from
70% to 97% (Du et al. 2017, Shi et al. 2020). Moreover,
PLQY of CsPbBr3; were boosted up to approximately 100 %
by post surface treatment (Koscher et al. 2017). The
anticipated lower PLQY may be caused by the incomplete
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Fig. 5 Photoluminescence lifetime of BEPs, GEPs, and
YEPs in the PVDF-HFP films

Table 2 Lifetime and PLQY of BEP, GEP, and YEP

Material hex (NM) Xem (nM)  Lifetime (us) PLQY (%)
BEP 370 450 0.135 49.4
GEP 370 521 1.520 66.6
YEP 520 550 0.061 328

transformation of CsPbyBrs into CsPbBrsz. On the other
hand, the BEPs had a relatively good PLQY of 49.4%
compared to the result of other studies (Zou et al. 2019).
Finally, the YEPs had the lowest PLQY of 32.8%.

The surface chemistry of the BEPs, GEPs, and YEPs
was explored by XPS analysis (Fig. 6). All three
compounds exhibited two peaks for oxygen 1s at ~532 eV
and ~533 eV. The peak located at ~532 eV is attributed to
the C=0 function of DMF, the presence of which was also
confirmed by FTIR. In another report, the origin of the peak
at ~532 eV was attributed to the PbCO; (Jana and Kim
2018). However, the absence of peaks on the Pb 4f
spectrum corresponding to PbCO; at 139.3 and 144.2 eV
indicates that PbCO; is not present. The second peak at
~533 eV corresponds to Pb(OH), in BEP and GEP, whereas
in YEP, this peak corresponds to PbBrOH. The Pb 4f7;; and
Pb 4fs, peaks appeared at 138.0 eV and 142.8 eV,
respectively. Finally, the peaks of Br 3d at 67.95 eV and
68.93 eV correspond to Br 3ds,, and Br 3da, respectively.

As mentioned above, many researchers have attempted
to identify the solvent parameters that affect the synthesis of
lead halide perovskites. Hamill et al. (2018) demonstrated
that solvents with high Dy interact more strongly with Pb?*
ions, thus inhibiting the coordination of iodide, whereas
solvents with low Dy interact weakly with the Pb?* center,
favoring the complexation of the lead cation with iodide.
Based on the results of our characterizations and previously
reported results, we hypothesized that the Dy of the solvents
used in solvent blends is the main factor that predefines the
structure of lead bromide particles. In this research, DMF
(Dn= 26.6 kcal/mol) was mixed with three water-miscible
solvents with different Dy values: DMSO (29.8 kcal/mol),
isopropanol (Dn=21 kcal/mol), and acetone (Dn=17 kcal/
mol). The solvent blend consisting of DMF and DMSO,

which has a high Dy, strongly coordinates with the Pb?*
center, thereby preventing the formation of lead bromide
complexes and slowing down the crystallization of the
perovskite. The long-term exposure of this mixture to
methylamine, which subsequently transformed into
methylammonium, resulted in the crystallization of the
CsPbBrs; perovskite. Moreover, the XRD results confirmed
the formation of the CsPh,Brs phase, which is subsequently
transformed into CsPbBrz owing to the removal of PbBr;
during immersion in water. The formation of CsPb,Brs
indicates the formation of PbBr, and PbBrs~ complexes and
once again confirms the proposed mechanism. On the other
hand, the solvent blend consisting of DMF and isopropanol,
which has a lower Dy, engages in comparatively less
interaction with the Pb?* center, thus favoring the formation
of PbBre¢* octahedra. In the presence of the cation, the
PbBrg* octahedral complex recrystallizes to form the
Ruddlesden—Popper perovskite based on lead bromide.
However, formation of the CssPbBrs phase requires Cs-rich
conditions, which were impossible to establish in this
synthesis method because of the equivalence of cesium and
lead ions. Bearing in mind that the synthesis was performed
under continuous methylamine vapor diffusion, which
created MA*-rich conditions, we hypothesized that MA*
promotes the formation of the Ruddlesden—Popper MA4.
xCsxPbBrs perovskite. To support our hypothesis, we
performed density functional theory (DFT) simulations to
investigate whether the MA* ion could be incorporated into
Cs4PbBrs with ease. As shown in Fig. 7, we substituted a
single Cs* ion in the unit cell structure of Cs4PbBrs (Six
formula units with an MA®* ion). This enabled us to
calculate the formation energy of the MA* defect,
AE:(MA™"), in consideration of the following reaction (here,
X =1/6 in our case):

Cs,PbBrg + MAm + HBr — Cs,_yMA,PbBrg + CsBr

AE;(MA*) = E(Cs,_4MA,PbBr,) + E(CsBr)
—E(Cs,PbBry) — E(MAm) — E(HBr)

where MAm represents the methylamine molecule, and the
terms on the right-hand side are the total energies of MA*-
doped CssPbBrs, rock-salt CsBr, pure CsiPbBrg, and the
methylamine and HBr molecules, respectively. The defect
formation energy for the MA* substitutional defect was
calculated to be —1.98 eV, meaning that the MA* ion would
preferably be incorporated into the CssPbBrs crystal as we
proposed.

Finally, the blend consisting of DMF and acetone, which
has the lowest Dy, undergoes very little interaction with the
Pb?* center, which results in the formation of PbBrs*
octahedra or PhsBri:* clusters in presence of acetone and
Br-rich conditions. During the washing and precipitation
step of YEP, lead bromide complexes are removed and
transformed into CsPbBr; phase which was confirmed by
XRD patterns.

To confirm the effect of the solvent, we performed the
same reactions with other halides (Table 3). Interestingly,
the replacement of lead bromide by lead iodide resulted in
the formation of nanomaterials with a similar color trend
but with very low photoluminescence efficiency, whereas
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Fig. 7 Substitution of a single Cs* ion in the unit cell structure of Cs4sPbBre to form CssxMAxPbBrs

Table 3 Preparation of perovskite with other halides

Big vials Small vials DMF Acetone DMSO Isopropanol Color
Sample 1 1mL 0 0 3mL Blue
Vial 1 Chlorine Sample 2 1mL 0 3mL 0 No color
Sample 3 1mL 3mL 0 0 Blue-Green
Sample 1 1mL 0 0 3mL Blue
Vial 2 lodine Sample 2 1mL 0 3mL 0 Green
Sample 3 1mL 3mL 0 0 Blue-Orange

the replacement of lead bromide by lead chloride yielded
different results. The lead chloride materials prepared in a
mixture of DMF and DMSO did not undergo luminescence;
however, the lead chloride materials prepared in blends of
DMF/isopropanol and DMF/acetone emitted blue and blue-
green fluorescent light, respectively. The observed
difference may indicate that the Lewis basicity of halides
may also be an essential factor for preparing lead halide
perovskite materials.

4. Conclusions

In summary, a new approach for the synthesis of lead
bromide, simultaneously controlling their phase, was
developed by combining solvent blends and a prolonged
LBVD system. In addition, the properties of the solvent
blend play a crucial role in governing the formation of
different lead bromide materials with different
photoluminescent properties.

» Among the various solvent parameters, we found that
the formation of different materials could most
appropriately be explained in terms of the Dy.

* In contrast to previously reported work, we used
blends of DMF with solvents with a variety of Dy values,
which allowed slow recrystallization in the presence of
methylamine vapor. Interestingly, the strength of the affinity
for the Pb?* center of solvents with different Dy values was
found to be diverse, thus leading to the synthesis of various
bromide perovskite nanomaterials.

» Moreover, the LBVD method allowed the perovskite
materials to be protected by Pb(OH), and PbBrOH shells,
which increased their stability in water to enhance their
accessibility for various applications.

* Our study elucidated the importance of interactions
among the Pb?* center, solvents, and bromide ions during
the synthesis of lead bromide perovskite nanomaterials.
Further investigation with other halides and the
characterization of the resulting materials is expected to
provide insights into the effect of the Lewis basicity of
halides. An improved understanding of the chemistry of the
competition between the solvent and the halide to form a
complex with the lead cation during the synthesis of
perovskite materials is also anticipated.
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