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Abstract Cuboid fine crystals of methylammonium lead
tribromide (MAPbBr3) perovskite have been synthesized by
ligand-free reprecipitation method employing N,N-dimethylformamide (DMF) and 1,2,4-trichlorobenzene (TCB) as
good and poor solvents, respectively. A small amount of
DMF solution dissolving precursor chemicals of M
 APbBr3
was rapidly injected to TCB under vigorous stirring to promote the reprecipitation. Mean crystal size could be varied
between 70 and 600 nm by controlled addition of cyclohexane to TCB, since cyclohexane has been found to play a
role to retard droplet diffusion. Cyclohexane was miscible
with TCB but poorly miscible with DMF. Thus, addition
of cyclohexane to TCB retarded diffusion of the injected
droplets of DMF solution for reprecipitation of MAPbBr3.
As the mixing of good and poor solvents was retarded, the
recrystallization process was also slowed down, resulted
in a small number of nuclei and their growth to large size.
Moreover, extreme addition of cyclohexane has resulted
in a hollow core spherical particles of MAPbBr3 due to

aggregation of the cuboid fine crystals at the boundary
between the added droplet and the poor solvent, so that the
spheres formed preserving the shape of the droplet. Due to
the limited miscibility of cyclohexane to DMF, increasing
the cyclohexane content resulted in reduced rate of diffusion of the injected MAPbBr3 solution, thus increasing the
size of the crystals.

1 Introduction
Organic/inorganic hybrid lead halide perovskite
CH3NH3PbX3 (X = Cl, Br, and I) crystals are emerging as
the solution processible light absorber materials in highly
efficient solar cells (Green et al. 2016). These perovskite
crystals exhibit attractive features such as wide-range color
tunability adjusted by halide ions in perovskite crystal
structure (Zhang et al. 2015), high absorption coefficient
in visible range (Miyasaka 2015), long carrier diffusion
length of free carriers (Dong et al. 2015), and the small
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exciton binding energy (Lin et al. 2015). They are therefore promising for their applications in the state-of-the-art
technologies such as light emitting diodes (Tan et al. 2014),
lasers (Zhang et al. 2014), field effect transistors (Chin
et al. 2015), and efficient optical devices (Sutherland and
Sargent 2016), in addition to solar cells.
Recently, quantum size effects in nanocrystals (NCs) of
MAPbBr3 has also been investigated, owing to the establishment of various preparation methods of NCs. Kojima
et al. have succeeded in suppressing rapid crystal growth
of MAPbBr3 by employing a mesoporous scaffold of Al2O3
(Kojima et al. 2012). Schmidt et al. have prepared colloidal
MAPbBr3 NCs based on a non-template strategy, in which
they used several additives such as long chain ammonium
bromide, oleic acid, and octadecene to control the crystal
growth (Schmidt et al. 2014). These reports revealed superb
luminescent properties of MAPbBr3 NCs.
We have previously developed reprecipitation method to
prepare various kinds of organic NCs (Tan et al. 2008) and
discussed the mechanism of nano-crystallization (Shito and
Masuhara 2015). In this process, shapes, sizes and structures
of NCs can be flexibly controlled simply by changing the
preparation conditions without relying on use of surfactants
(Masuhara et al. 2009). Recently, Tachikawa et al. reported
ligand-free reprecipitation of MAPbBr3 NCs and observed
their photoluminescence characteristics as investigated
by single-particle spectroscopy (Tachikawa et al. 2015).
Nanocrystals size is a key factor in determining the photoluminescence peak. The ligand-free synthetic approach has
also turned out to be useful to study the influence of surface
passivation by Lewis bases, as the surface of the synthesized
MAPbBr3 NCs was not covered with ligands.
In this work, we have focused on ligand-free reprecipitation of MAPbBr3 crystals to establish methods to control
their sizes and shape. In this study, cuboid M
 APbBr3 fine
crystals were successfully synthesized by employing N,Ndimethylformamide (DMF) and 1,2,4-trichlorobenzene
(TCB) as good and poor solvents, respectively. Addition
of cyclohexane to TCB has turned out to be an effective
means to control the crystal size and overall morphology of
the nanoparticles. The range of the size and shape control,
crystallographic characteristics of the products have been
identified, leading us to a proposal of the mechanism of
nanocrystallization in this system.

2 Experimental
2.1 Materials
PbBr2 powder (99.999%) was purchased from Aldrich.
Methylammonium bromide (MABr) powder (98.0%),
DMF, TCB, and cyclohexane were purchased from Wako
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Pure Chemical Industries. All the chemicals were used
without purification.
2.2 Preparation of MAPbBr3 fine crystals
Stoichiometric amounts of precursor chemicals, namely,
5.6 mg 
PbBr2 and 18.4 mg MABr were dissolved into
0.5 ml of DMF to form a solution of M
 APbBr3. In standard experiments, a given amount (60 μl) of the MAPbBr3
solution was injected into a 3 ml of TCB at room temperature under vigorous stirring, causing a rapid change of the
color of the solution from colorless to yellow, indicating
formation of fine crystals. The dispersion was filtered with
a membrane filter and the filtered solid sample was dried
under air at room temperature. Size and shape control of the
fine crystals have been achieved by mixing cyclohexane into
TCB up to a ratio of TCB: cyclohexane = 0.3: 2.7 in ml.
2.3 Characterization
The products were observed by a JEOL JSM-6700F scanning electron microscope (SEM). X-ray diffraction (XRD)
patterns of the samples were measured on a Rigaku SmartLab (using Cu Kα radiation at 45 kV and 200 mA).

3 Results and discussion
Fine crystals synthesized by the reprecipitation method
described above were of cuboid shape with sharp crystal
facets. Figure 1 shows SEM images of the products, representing the smallest [70 nm, (a) and (b)] and the largest [600 nm, (c) and (d)] M
 APbBr3 fine crystals. Despite
of their significant difference of the size, they both are
MAPbBr3 perovskite of the same quality without inclusion
of DMF molecules used as the good solvent, as evidenced
in their XRD patterns conforming to the perovskite single
phase (Fig. 2). Size control was achieved without changing these features simply by adding cyclohexane to TCB.
For the largest 600 nm cube, a mixture of 0.5 ml TCB and
2.5 ml cyclohexane was employed as the poor solvent.
The variation of the crystal size is plotted as a function of volume ratio of cyclohexane in the poor solvent
in Fig. 3. When the vol % of cyclohexane is below 20%,
the small crystal sizes of ca. 70 nm was maintained. Upon
further increase of cyclohexane, the crystal size gradually
increased. It rather abruptly jumped up to approach 600 nm
between 50 and 65% of cyclohexane.
Our previous studies on reprecipitation have revealed
that the control of miscibility between good and poor solvents is the key factor to control the size and morphology of the NCs (Tan et al. 2008). Cyclohexane is miscible
with TCB but poorly miscible with DMF. Thus, addition
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Fig. 1  SEM image of MAPbBr3 fine crystals. a, b Using the TCB and c, d using the TCB-Cyclohexane mixed solvent as a poor medium

Fig. 2  XRD patterns of 70 nm and 600 nm M
 APbBr3 crystals,
respectively

Fig. 3  Relationship between obtained M
 APbBr3 crystals sizes and
cyclohexane volume ratio. Dashed line represents the maximum
attained crystal size

of cyclohexane to TCB retards diffusion of the injected
droplets of DMF solution for reprecipitation of M
 APbBr3.
As the mixing of good and poor solvents is retarded, the
recrystallization process is also slowed down, resulting in
a small number of nuclei and their growth to large size.
Another important factor is the viscosity of the good solvent. In our previous research, hollow-core spherical particles formed as an assembly of C60 NCs was achieved
by employing trans-decahydronaphthalene with a high

viscosity (2.27 mPa s) as a good solvent. Since the droplet injected to the poor solvent diffuse slowly, nanocrystallization takes place only at the boundary between the added
droplet and the poor solvent, so that such a hollow sphere
preserving the shape of the added droplet could be formed.
Extreme addition of cyclohexane to TCB indeed resulted in
the formation of such hollow-core spheres. Figure 4 shows
SEM images of assemblies of M
 APbBr3 fine crystals in
a hollow-core spherical shape obtained in a poor solvent
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Fig. 4  a SEM images of MAPbBr3 crystals with hollow spherical structures. b Enlarged view

containing only 0.3 ml of TCB and 2.7 ml of cyclohexane.
Cuboid NCs of MAPbBr3 with about 530 nm size aggregate to form the shell of the spheres.
Based on these observations for the transition of the
crystal size as well as the formation of the hollow sphere,

and the results of our previous investigations (Shito and
Masuhara 2015), we propose the following mechanism of
MAPbBr3 nanocrystallization in the present system, schematically illustrated in Fig. 5. When a compatible set of
good and poor solvents is employed, namely, DMF and

Fig. 5  Schematic illustrations of proposed mechanisms for MAPbBr3 fine crystals. 1 70 nm MAPbBr3 NCs, 2 600 nm MAPbBr3 Crystals and 3
MAPbBr3 crystals with hollow spherical structures
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TCB which are nicely miscible, the injected DMF solution
dissolving MAPbBr3 smoothly diffuse into TCB. Such a
situation corresponds to Fig. 5(1) in which abrupt decrease
of the solubility of MAPbBr3 results in a formation of a
large number of nuclei. However, they cannot grow large
because source chemicals are quickly depleted. Thus, a
large number of tiny NCs are formed. When the compatibility of the solvents is worsened, namely, when cyclohexane with limited miscibility to DMF is added to the poor
solvent, the diffusion of the M
 APbBr3 solution should be
retarded [illustrated as Fig. 5(2)]. As the solubility is only
gradually reduced, in other words, only a moderate level
of supersaturation of M
 APbBr3 is reached, a small number
of nuclei can only be formed. These nuclei, however, have
chances to grow larger due to continuous supply of the
source ions from the injected droplet acting as the chemical reservoir. Thus, relatively large sized cuboid crystals
could be formed. Upon extreme addition of cyclohexane
[the situation illustrated as Fig. 5(3)], the injected solution is expected to survive as droplets in the mixture for
some time, due to the significantly reduced miscibility of
the good and poor solvents. Then, the recrystallization of
MAPbBr3 is to take place at the boundary between such
droplets and the poor solvents. Each one of the cuboids
can grow fairly large due to supply of the source chemicals
from the droplets. But more importantly, crystallization in
such a confined space results in their interconnection to
form a shell that copies the shape of the droplets. This way,
the observed assemblies of the cuboid fine crystals into hollow-core spheres are formed.

4 Conclusion
Cuboid fine crystals of M
 APBr3 have been successfully
synthesized by a ligand-free reprecipitation method. Mean
crystal sizes were controlled between 70 and 600 nm by
addition of cyclohexane to TCB used as the poor solvent.
Due to the limited miscibility of cyclohexane to DMF,
increasing the cyclohexane content resulted in reduced
rate of diffusion of the injected MAPbBr3 solution, thus
increasing the size of the crystals. With an extreme addition of cyclohexane, hollow-core spheres made as assemblies of the cuboid MAPbBr3 fine crystals were formed. A
mechanism for such a transition of the size and shape has
been proposed. Size controlled synthesis MAPbBr3 crystals in distinctive cuboid shape by the present reprecipitation method can provide new synthetic route to photoactive
materials in solar cells as well as in various other optoelectronic devices.
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