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del simulation of the hexagonal to
circular transition of perovskite cesium lead halide
nanosheets by rapidly changing the temperature†

Zhong-Hai Lin, *a Fei Gao,a Hong Chen,a Jia-Yi Lei,a Zhi Yang, b Jun-Wei Cai,a

Ping-Jian Wanga and Ming-Qiang Wangb

Lead halide perovskites have emerged as promising optoelectronic materials due to their excellent

efficiencies in photovoltaic and light-emitting applications. CsPbBr3 is a kind of all-inorganic perovskite

that exhibits higher stability. Here, we report the synthesis of hexagonal and circular all-inorganic

CsPbBr3 perovskite nanoplates by changing the reaction temperature. As time goes on, the different

reaction temperatures play an important role in determining the shape and size. We use first-principles

to explicate the formation of hexagonal nanoplates. Meanwhile, a model is built and the calculation of

the properties is conducted. In brief, a method to directly and conveniently synthesize all-inorganic

CsPbBr3 is proposed.
1 Introduction

The past few years have witnessed important progress demon-
strating the outstanding optoelectronic characteristics of halide
perovskite materials, which are emerging as one of the most
promising materials for photovoltaic devices,1–4 LEDs,5,6

photodetectors7–9 and lasers.10,11 Halide perovskite materials
exhibit an ABX3 crystal structure, and include hybrid organic–
inorganic and all-inorganic perovskite materials. The hybrid
organic–inorganic lead halide perovskite materials such as
CH3NH3PbX3 (X ¼ Cl, Br, I) have made rapid progress and have
attracted intense attention from the research community due to
their power conversion efficiency.12–14 However, the stability
issue of hybrid organic–inorganic halide perovskite materials
has become a crucial problem. Compared to hybrid organic–
inorganic halide perovskites, all-inorganic perovskites exhibit
higher stability and present huge potential in various opto-
electronic applications.

With similarly high optoelectronic quality, such as small
exciton binding energy, high thermal stability, and balanced
electron and hole mobility lifetime, all-inorganic perovskites
like CsPbX3 present a high quantum yield, narrow emission
bandwidths, tunable photoluminescence (PL) emission spectra,
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and higher stability compared with CH3NH3PbX3, which makes
them promising for optoelectronic applications.15–17 Recently,
high-quality CsPbX3 nanocrystals with a cubic shape were
successfully synthesized, and demonstrated superior optoelec-
tronic properties over the traditional metal-chalcogenide
quantum dots (QDs).18–20 Besides, other forms of CsPbX3

nanostructures like 1D nanowires and 2D nanoplates have
attracted enormous attention because of their respective phys-
ical features.21,22 Quasi-two-dimensional (2D) nanoplates are
attractive mainly due to their exceptional photophysical prop-
erties, such as increased exciton binding energy, enhanced
absorption cross sections with respect to the bulk, low
threshold stimulated emission, and notable optical nonlinear-
ities.23,24 The preparation and characterization of 2D nanoplates
has invited more detailed studies toward better synthetic
control and full understanding of their excellent optoelectronic
characteristics. In this perspective, we aim to provoke new
breakthroughs in the preparation and characterization of 2D
nanoplates.

This paper reports the colloidal synthesis of two-
dimensional all-inorganic cesium lead bromine (CsPbBr3)
perovskite nanoplates with lateral sizes up to a few hundred
nanometers. Themorphology changes from hexagons to circles.
The PL color also changes from blue to green.
2 Experimental
2.1 Synthesis of CsPbBr3 hexagonal-circular nanoplates

In this paper, the synthesis of hexagonal and circular CsPbBr3
nanosheets by varying the reaction temperature to room
temperature was put forward. The different reactant tempera-
ture is critical in the reactant formation process because this
RSC Adv., 2020, 10, 4211–4217 | 4211
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affects their shapes. Furthermore, the sudden cooling process is
crucial to nucleation and growth.25 Therefore, we reduced the
reactant temperature abruptly aer mixing the prepared
precursor well. This unique process of temperature adjustment
could ensure the different shapes of the nanosheets. During the
synthesis process, we rstly synthesized the Br precursor by
mixing TBABr, OA, OAm and ODE at a temperature of 120 �C
and protected the mixed precursor under Ar airow. In a typical
synthesis of CsPbBr3 hexagonal nanoplates, the mixed
precursor (Cs-OA, Pb-OA) was put under Ar airow at 100 �C.
Then, the Br precursor was injected rapidly and the temperature
was swily changed to room temperature. The approach of
synthetizing CsPbBr3 circular nanoplates was similar to the
synthesis of CsPbBr3 hexagonal nanoplates except for the
reaction condition (temperature, time etc.).

The specic experimental method is as follows. In a typical
synthesis of the Br precursor, 96 mg of TBABr (0.03 mmol),
0.5 mL of OA, 0.5 mL of OAm, and 5mL of ODE were loaded into
a three-neck ask and dried under Ar airow at 120 �C for
20 min. The mixed precursor was under Ar-protection
immediately.

In a typical synthesis of CsPbBr3 hexagonal nanoplates, 8.1mg
of Cs2CO3 (0.025 mmol), 11.5 mg of PbO (0.05 mmol), 0.5 mL of
OA, and 10 mL of ODE were loaded into a three-neck ask under
Ar airow at 100 �C for 20 min. Aer the reaction and drying, the
temperature was adjusted to 90 �C, at which point 3 mL of the Br
precursor was swily injected into the ask by using a syringe.
The reaction was maintained for several seconds and then
promptly cooled to room temperature using a water bath.

In a typical synthesis of CsPbBr3 circular nanoplates, the
processing of the Cs-OA and Pb-OA mixed precursors was
similar to the synthesis of CsPbBr3 hexagonal nanoplates. Aer
the reaction and drying of the Cs-OA and Pb-OA mixed precur-
sors, the temperature was adjusted to 120 �C and 3 mL of the Br
precursor was swily injected into the ask by using a syringe
for several seconds. The reaction mixture was subsequently
maintained at 100 �C for several minutes and then promptly
cooled to room temperature using a water bath.
2.2 Characterization

The crystal phase of the samples was identied by a Rigaku D/
max-2400 X-ray diffractometer (XRD) using CuKa radiation.
Transmission electron microscope (TEM) images, and high-
resolution TEM (HRTEM) images were obtained on a JEOL
2100. The optical absorptance spectra were measured by
a Jasco-V570 UV-vis-NIR spectrophotometer. Fluorescence
experiments were performed with a uoroSENS 9000 system
and WITec Alpha300 R laser-scanning confocal microscope. All
measurements were conducted in air. In addition, we used
Materials Studio to simulate the model and calculate the
surface energy in order to better analyze the results.
Fig. 1 (a) X-ray diffraction (XRD) pattern of the CsPbBr3 perovskite
nanoplates. (b) High-resolution transmission electron microscope
(HRTEM) image of a single CsPbBr3 perovskite nanoplate. (c) Sche-
matic of the (100) facet of the CsPbBr3 atomic structure.
3 Results and discussion

XRD was used to determine the crystallographic nature of the
CsPbBr3 perovskite nanoplates. Fig. 1(a) shows the XRD pattern
4212 | RSC Adv., 2020, 10, 4211–4217
of the CsPbBr3 perovskite nanoplates, where the peaks (2q ¼
21.4 and 30.7) correspond to diffraction from the (110) and (200)
facets. The XRD data conrm the formation of CsPbBr3 perov-
skite nanoplates, which is in good agreement with JCPDF#18-
0364. Fig. 1(b) shows the HRTEM image, which indicates the
existence of a single crystalline structure. The d-spacing value of
0.59 nm is consistent with the value for the (200) facet of bulk
perovskite CsPbBr3. Fig. 1(c) shows the (100) facet of the
CsPbBr3 atomic structure. The distance between adjacent Cs
atoms should be 0.59 nm, which is in agreement with the
calculated lattice constants.26

The ionic nature of themetathesis reaction dictates the rapid
nucleation and growth kinetics of the resulting nanocrystals.23

We observed that the nanoplates had different shapes and sizes
under different reaction temperatures as time went by. The
reaction conducted at 90 �C and with rapid cooling produced
mostly hexagonal CsPbBr3 perovskite nanoplates (Fig. 2(a)). The
reaction conducted at higher temperature and for a longer time
presented mostly circular CsPbBr3 perovskite nanoplates
(Fig. 2(c)). An appropriate increase in temperature is of benet
to nanoplates growth. The ligands absorbed on the edge of the
hexagonal nanoplates became unstable when increasing the
reaction temperature. In addition, J. J. Urban et al.27 and J. E.
Murphy et al.28 have found that the reactant temperature and
stable ligands are crucial because they inuence the reactivity of
the nanoplates. Therefore, the hexagonal nanoplates became
circular under higher temperature over time and they became
more stable. Moreover, excessive temperature and lower
temperature are not conducive to shape formation (Fig. S1 and
S2†). The average lateral size of the nanoplates increased from
160 to 200 nmwith themorphological change (Fig. 2(b) and (d)).
The circular nanoplates also exhibited a quite broad lateral size
distribution.

According to the research of J. Shamsi et al.,29 the use of short
ligands enables the synthesis of nanoplates with large lateral
dimensions, in which the vertical dimension is always in the
strong quantum connement regime. In our synthesis process,
the ligands and the changing temperature may be the reason for
the formation of hexagonal CsPbBr3 perovskite nanoplates. If
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 TEM images and lateral size distribution of the hexagonal (a and
b) and circular (c and d) CsPbBr3 perovskite nanoplates.

Table 1 Crystal parameters and energy levels under different opti-
mized settings

Optimized quality/cutting
energy (eV) Crystal parameter (�A) Energy (eV)

Coarse/170 6.056 �3313.016
Medium/220 5.969 �3312.974
Fine/260 5.926 �3312.905
Ultra-ne/290 5.927 �3312.911
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conducted at higher temperature and for a longer time,
a CsPbBr3 morphology change (hexagon to circle) would be
observed because of the solubility equilibrium principle and
Ostwald ripening.30

Surface energy is an important parameter to characterize the
surface properties of materials. It is widely used in the study of
surface adsorption, chemical reactions, and strength and frac-
ture of materials. From the perspective of atomic bonding, the
surface of the crystal has a strong tendency to interact with
atoms or molecules in the environment due to the existence of
unsaturated bonds, and electron exchange to saturate the
bond.31 Materials Studio uses an effective and widely used
method in material simulation to create a modelling environ-
ment that integrates quantum mechanics, molecular
mechanics, mesoscopic models, and analytical tools. It is easy
to establish and process graphical models for organic and
inorganic crystals, polymers, amorphous materials, surfaces
and layered structures. Therefore, the simulation of the Mate-
rials Studio model and the calculation of surface energy can
explain the promoting effect of the ligands on the transverse
growth of the (100) plane to some extent.

First of all, we used the calculation GGA-PBE, which is more
accurate, to optimize the CsPbBr3 crystal cell with a lattice
constant of 5.84 Å.32 In order to improve the computational
efficiency, the pseudopotential ultrasound was selected. In this
experiment, we selected the cutoff energies of 170 eV, 220 eV,
260 eV and 290 eV, and then optimized the convergence. The k-
point setting varies according to the set quality. According to the
quality of optimization, the convergence tolerance will change.
Taking the ultra-ne optimized quality with a cut-off of 290 eV
as an example, the energy of each atom corresponding to it does
not change more than 5 � 10�6 eV, and the residual force per
atom is not higher than 0.01 eV Å�1. The maximum pressure
and maximum displacement are not more than 0.02 GPa and
0.0005 Å, respectively. The remaining optimization parameters
can be rectied according to requirements.

Table 1 shows the crystal parameters aer calculation under
several optimized parameters. Through several experiments, it
This journal is © The Royal Society of Chemistry 2020
was found that the lattice parameters are mostly stable at about
5.93 Å when the cut-off energy is above 260 eV. Aer optimiza-
tion, the lattice constant of the unit cell became 5.93 Å. The
optimized unit cell was close to the size of the nanocrystalline
cell, and it had good maneuverability. Then, the optimized unit
cell (100) plane, (011) plane, and (200) plane should be cut. In
order to meet the requirement of no external interaction
between the two atoms, a certain thickness of vacuum layer
should be added.33 For convenience, the thickness of the
vacuum layer was 20 Å.

H. X. Xiao et al.33 proposed a relatively simple scheme for
calculating surface energy. According to Gibbs surface ther-
modynamics, the total energy Utotal of the surface of a plane
system satises eqn (1):

Utotal ¼ U + Ua (1)

where U and Ua represent the energy without surface inuence
and the energy of the surface, respectively. If the former two are
known, the surface energy Ua can be obtained, and then the
surface energy a of the solid material can be obtained by
dividing by the surface area.

According to this scheme, U1 is the total energy of a slice with
thickness A aer iteration, and U2 is the total energy of a slice
with thickness 2A, as shown in Fig. 3(a), which can be used to
obtain the surface energy per unit area aer subtraction.

Es1 ¼ �U2 � 2U1

2S
(2)

In eqn (2), S represents the area of the tangent plane, and U1 and
U2 are the total energy of a single layer thick slice and a double
layer thick slice, respectively.

The surface energy of the multilayer thickness can be
expressed as eqn (3):

Es ¼ �Us �NU1

2ðN � 1ÞS (3)

where US calculates the total energy of the thickness and N
represents a multiple of the difference between the thicknesses
of the rst two.

Table 2 shows the calculated surface energy of each crystal
plane. In crystallography, the growth of crystals always follows
a rule that the crystal face that has larger surface energy always
grows faster and gradually disappears, and the nal crystal is
composed of a low surface energy crystal face with a slow growth
rate.34 From Table 2, we obtain that |E(200)| > |E(011)| > |E(100)|.
RSC Adv., 2020, 10, 4211–4217 | 4213
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Fig. 3 (a) Schematic diagram of the surface energy calculation. (b) The (200) surface charge density distribution. (c) The (100) surface charge
density distribution. (d) The (011) surface charge density distribution.
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Therefore, the growth rates of the (200) plane and (011) plane
are faster.

In order to better understand this result, from the thermo-
dynamic and chemical point of view, TBA has four butyl groups,
so it can't form a strong ionic hydrogen bond. Since the (100)
plane has less energy, it will tend to combine with stable TBA. Q.
A. Akkerman et al.35 found that TBA-X is unable to form
hydrogen bonds and has weak ionic properties, so it has
obvious unidirectional substitution characteristics in anion
exchange of perovskites. On the contrary, the surfaces of OA-Pb
and OA-Cs have strong Coulomb forces, which makes the
perovskite grow on the (200) plane and (011) plane along the
direction of the h100i crystal.

In addition, because the surface energy of the (011) plane is
smaller than that of the (200) plane, its growth rate is slower. As
the adsorption growth proceeds, the (200) plane area will
become smaller and smaller, so the nal nanoplates will be
exposed mainly as the (100) plane. Combined with Fig. 1(a) and
(b), the peak value of the (110) plane is large because prefer-
ential growth can occur on the surface of the perovskite. In
thermodynamics, the thermodynamic equilibrium of the crystal
follows the Wulff-construction rule; that is, the sum of the
Table 2 Surface energy of CsPbBr3 crystal faces

Single layer (eV) Two layers (eV)

(200) �5706.083 �9018.873
(100) �4231.014 �7543.790
(011) �9200.088 �15 825.039

4214 | RSC Adv., 2020, 10, 4211–4217
surface energy of each crystal surface is the minimum. There-
fore, the free growing crystal surface in the solution environ-
ment is generally caused by the exposure of the crystal with low
surface energy in the low miller index surface.36 It can be seen
from Fig. 1(c) that preferentially grown CsPbBr3 nanoplates are
cubic, so we calculated the surface energies of the (100) plane
and (110) plane with low index single crystal surfaces using
Materials Studio. Table 3 shows the calculated surface energy of
each crystal plane, where the energy of the (100) plane of CsBr is
203.875 mJ m�2, and the energy of the (100) plane of PbBr2 is
254.427 mJ m�2. Either way, the surface energy obtained by
cutting can satisfy |E(110)| > |E(100)|. Since the surface energy of
the (110) plane is larger than that of the (100) plane, the (110)
plane grows faster, the exposed surface is smaller, and the (100)
plane grows more easily because of the smaller surface energy.
This is probably because of the restriction of tetrabutylammo-
nium, oleic acid and oleyl amine on the (100) plane and (110)
plane in the experiment, meaning that the CsPbBr3 nanosheets
displayed under TEM are mainly composed of 6 {100} exposed
crystals. The 6 {100} and 12 {110} exposed crystal faces are
formed, so the CsPbBr3 nanosheet becomes a hexagonal shape
that is truncated along the {110} edge. Ostwald ripening occurs,
Supercial area (�A2) Energy (eV �A�2)

35.110 �34.083
35.110 �13.077
49.653 �25.931

This journal is © The Royal Society of Chemistry 2020
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Table 3 Cleavage energy, relaxation energy and surface energy under different cut surfaces (mJ m�2)

Energy

(110) plane (100) plane

PbBr Cs Br (type A) Br (type B) CsBr PbBr2

E(unrel)s 482.743 482.743 389.551 574.318 257.266 257.266
Erel �43.478 �180.883 �41.508 �235.810 �53.391 �2.839
Esurface 439.265 301.860 348.043 338.508 203.875 254.427
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and the particle radius of the CsPbBr3 solute in the solution
gradually increases during growth.37 The results of the above
corollary are consistent with the smaller peaks of the (200) plane
in Fig. 1(a). Y. Zhao et al.38 also found a similar phenomenon.
Adding MACl to the solution of MAPbI2Br precursor changed
the morphology of the MAPBI2Br crystals and aky crystals
appeared. The charge density calculated by the rst-principles
method can be used to describe the bonding properties of the
solid.39 The surface charge densities of the (200) plane, the (100)
plane, and the (011) plane are shown in Fig. 3(b)–(d). The
surface density of the (011) plane is smaller from Fig. 3. The
surface energy of the crystals is also related to the arrangement
of surface atoms, and a denser atomic surface has a smaller
surface energy.40 According to this rule, the surface atoms of the
(011) plane have an unsaturated valence bond in the outward
direction. In contrast, the (100) plane has a smaller surface
energy. This proves that the surface energy of the (011) surface is
larger and the surface energy of the (100) surface is smaller,
resulting in geometric growth of the perovskite. Similarly, the
(200) plane is much larger because there is a strong covalent
bond perpendicular to the (020) plane.31

Reaction under different conditions resulted in a blue-shi
of the CsPbBr3 perovskite nanoplate absorption (Fig. 4(a)).
These absorption peaks are directly related to the reaction
Fig. 4 (a) The optical absorption of CsPbBr3 perovskite nanoplates. (b)
The optical absorption and PL emission spectra of CsPbBr3 perovskite
nanoplates. (c) Hexagonal to circular CsPbBr3 perovskite nanoplates
under excitation using an ultraviolet LED (5 mW cm�2, l ¼ 365 nm) at
room temperature. (d) The room-temperature PL image of hexagonal
CsPbBr3 perovskite nanoplates, obtained using a laser-scanning
confocal microscope.

This journal is © The Royal Society of Chemistry 2020
temperature and time. We observed both nucleation and
growth processes in our synthesis. The efficient separation of
nucleation and growth is essential in the synthesis.25 At the
nucleation stage of 120 �C, since the size of the particles was
small and uniform, the absorption was concentrated as shown
in the peak of the rst curve (Fig. 4(a)). As the temperature
became 100 �C, the nanoplates became hexagonal with the
particle radius gradually increasing. This was the growth stage.
An absorption peak is not obvious because of Ostwald ripening,
as shown in the second and third curves (Fig. 4(a)). Meanwhile,
the PL broadens (Fig. 4(b)). We hypothesize that this phenom-
enon arises from the different thicknesses by an integer number
of CsPbBr3 perovskite unit cells. Specically, we measured the
peaks at 435 and 468 nm, which may be assigned to a thickness
of 2 and 3 CsPbBr3 perovskite unit cells. The successful growth
of CsPbBr3 perovskite nanoplates from hexagons to circles
allows us to continuously tune the band gaps. The three
components in Fig. 4(c) correspond to the three curves of
Fig. 4(a), respectively. A color change was observed from blue to
green when excited by an ultraviolet LED (Fig. 4(c)). A laser-
scanning confocal microscope was used to obtain the room-
temperature PL images (l ¼ 365 nm). The test pattern in
Fig. 4(b) is consistent with the above test results.
4 Conclusions

In summary, we have developed an approach to directly
synthesize hexagonal and circular all-inorganic CsPbBr3 perov-
skite nanoplates. The CsPbBr3 perovskite nanoplates exhibit
lateral sizes from 160 to 200 nm with a morphological change
(from hexagons to circles) on varying the reaction conditions.
The sudden cooling process is crucial to nucleation and growth.
The ligands and the changing temperature could be the reason
for the formation of hexagonal CsPbBr3 perovskite nanoplates.
We use rst-principles to explicate the formation of hexagonal
nanoplates. The large lateral dimensions of the CsPbBr3
perovskite nanoplates obtained allow us to identify the crystal
phase by means of XRD and HRTEM. CsPbBr3 perovskite
nanoplates are emerging as one of the most promising mate-
rials for photovoltaic devices, LEDs, photodetectors and lasers.
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