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ABSTRACT: All-inorganic metal halide perovskites have at-
tracted considerable attention due to their high application
potentials in optoelectronics, photonics, and energy conversion.
Herein, two-dimensional (2D) CsPbBr3 nanosheets with a
thickness of about 3 nm have been synthesized through a simple
chemical process based on a hot-injection technique. The lateral
dimension of CsPbBr3 nanosheets ranges from 11 to 110 nm,
which can be tuned by adjusting the ratio of short ligands
(octanoic acid and octylamine) over long ligands (oleic acid and
oleylamine). The nanosheets result from the self-assembly of
CsPbBr3 nanocubes with an edge length of about 3 nm, which
possess the same crystal orientation. In addition, an amorphous
region of about 1 nm in width is found between adjacent
nanocubes. To investigate both the structure and the growth mechanism of these nanosheets, microstructural characterizations at the
atomic scale are conducted, combined with X-ray diffraction analysis, 1H nuclear magnetic resonance (1H NMR) measurement, and
density functional theory (DFT) calculation, aiming to determine the configuration of different ligands adsorbed onto CsPbBr3. Our
results suggest that the adjacent nanocubes are mainly connected together by short ligands and inclined long ligands. On the basis of
the DFT calculation results, a relationship is derived for the volume ratio of short ligands over long ligands and the lateral
dimensions of CsPbBr3 nanosheets. Moreover, a physicochemical mechanism is proposed to explain the 2D growth of CsPbBr3
nanosheets. Such a finding provides new insights regarding the well-ordered self-arrangement of CsPbBr3 nanomaterials, as well as
new routes to synthesize 2D CsPbX3 (X = Cl and I) nanosheets of suitable dimensions for specific and large-scale applications.

KEYWORDS: CsPbBr3 nanosheets, hot-injection, microstructure, formation mechanism, self-assembly

■ INTRODUCTION

All-inorganic CsPbX3 (X = Cl, Br, and I) nanomaterials have
attracted specific attention because of their high light
absorptivity, narrow photoluminescence (PL) emission, and
high PL quantum yield (PLQY).1−5 The physicochemical
properties of these nanomaterials strongly depend on their size,
shape, and composition.6−15 For example, the bandgap of
CsPbX3 nanocubes can be controlled by adjusting their size,16

and their PL emission spectra can be tuned by introducing
different halide anions.2 As compared to the nanocubes, two-
dimensional (2D) CsPbX3 nanosheets exhibit better optical
nonlinearity,17 larger exciton binding energy,18 shorter PL
decay time,19,20 and lower stimulated emission threshold.11

Up to now, high-quality 2D CsPbX3 nanosheets have been
prepared using a reliable colloidal synthesis approach.21 Liang
et al.11 fabricated 2D CsPbBr3 nanosheets with an average
lateral dimension of 75 nm and a thickness of 3 CsPbBr3
perovskite unit cell layers by introducing oleic acid and
octylamine ligands of a specific amount. Xiao et al.22

synthesized CsPbBr3 nanosheets with a thickness of 4.4 nm
and an average lateral dimension of 30 nm by introducing
additional metal bromides dissolved by oleic acid and
oleylamine. Sun and co-workers23 prepared CsPbBr3 nano-

sheets with a typical thickness of 5.2 nm and an average lateral
dimension of 100 nm by replacing hexanoic acid with oleic
acid. Shamsi and co-workers21 achieved control of the lateral
dimension of CsPbBr3 nanosheets by tuning the ratio of short
ligands (octanoic acid and octylamine) over long ligands (oleic
acid and oleylamine). In addition, Bekenstein et al.24

synthesized 2D CsPbBr3 nanosheets of 3 nm thickness,
which originated from the attachment of single plates along
specific directions. These reports demonstrated the critical
effects induced by organic ligands on the lateral dimension of
2D CsPbBr3 nanosheets. However, few studies paid attention
to the fundamental dependence of the lateral dimension on
organic ligands. Especially, the attachment of single plates
resulting in 2D structures instead of three-dimensional (3D)
structures still remains unclear. Such physical insight is
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essential to design CsPbBr3 nanosheets with a specific
dimension and to develop efficient synthesis processes.
In this work, 2D CsPbBr3 nanosheets with a uniform

thickness of about 3 nm are prepared using a slightly adapted
hot-injection approach. The lateral dimensions of the nano-
sheets are adjusted by controlling the volume ratio of short
ligands over long ligands. The microstructures of the
nanosheets are investigated by high-resolution transmission
electron microscopy (HRTEM). These observations indicate
that large 2D CsPbBr3 nanosheets form through the self-
assembly of 3 nm CsPbBr3 nanocubes separated by an
amorphous homogeneous region of 1 nm in width. 1H NMR
measurements and DFT calculations suggest the presence of
short and long ligands between adjacent CsPbBr3 nanocubes.
A relationship is set up between the lateral dimension and the
volume ratio of short ligands over long ligands. A reasonable
self-assembly mechanism is proposed to describe the formation
process of CsPbBr3 nanosheets.

■ EXPERIMENTAL SECTION
Materials. The samples were prepared using the following

chemical reagents: cesium carbonate (Cs2CO3, 99.9%, Aladdin), 1-
octadecene (ODE, 90.0%, Aladdin), oleic acid (OlAc, 90.0%, Hushi),
lead bromide (PbBr2, 90.0%, Aladdin), oleylamine (OlAm, 90.0%,
Aladdin), octanoic acid (OctAc, 90.0%, Hushi), octylamine (OctAm,
99.0%, Aladdin), and hexane (99.0%, Hushi). Each of them is used as
received without further purification.

Methods. The 2D CsPbBr3 nanosheets were prepared via the hot-
injection method, according to the procedure described by Shamsi et
al.,21 by adding ODE into the mixture during the process of preparing
cesium−oleate (Cs−oleate) solution.

For the preparation of cesium−oleate (Cs−oleate) solution, 0.2 g
of Cs2CO3 was loaded into a three-neck flask of 100 mL along with 3
mL of OlAc and 5.1 mL of ODE. This mixture was stirred at 200 °C
under N2 flow until the complete dissolution of Cs2CO3, and then
degassed under vacuum at 130 °C for 30 min. For further usage, the
Cs−oleate solution was preheated at 100 °C.

To prepare CsPbBr3 nanosheets, 10 mL of ODE and 0.145 g of
PbBr2 were loaded into a three-neck flask of 100 mL. Subsequently,

Figure 1. (a) Typical BF TEM image of the as-synthesized product. Inset is the corresponding SAED pattern. (b) XRD pattern of CsPbBr3
nanosheets. (c) Enlarged BF TEM image of CsPbBr3 nanosheets. (d) HRTEM image of the region enclosed by a black square in (c). Inset is the
corresponding FFT pattern. (e) Statistical size distribution of CsPbBr3 nanosheets. (f) Optical absorption (solid line) and PL emission (dash line)
spectra of CsPbBr3 nanosheets.
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long ligands (1 mL of OlAc and 1 mL of OlAm) and short ligands
(0.325 mL of OctAc and 0.325 mL of OctAm) were added. The
obtained mixture then was degassed under a vacuum at 120 °C for 1
h. After the complete dissolution of PbBr2, the solution was heated to
130 °C under N2 flow, and 0.9 mL of Cs−oleate solution was swiftly
injected. After 5 s, the reaction mixture was cooled using an ice−water
bath. Here, the volume ratio of short ligands over long ligands is
defined as RS/L. RS/L is adjusted by varying the volume of OctAc and
OctAm from 0.18 to 0.45 mL to synthesize CsPbBr3 nanosheets with
different lateral dimensions.
To isolate and purify the synthesized products, the crude solution

was centrifuged at 1000 rpm for 10 min. After centrifugation, the
precipitation was discarded, and the supernatant was centrifuged at
3000 rpm for another 10 min. The supernatant was then discarded,
and the precipitation was redispersed in 15 mL of hexane.
Characterization. The ultraviolet−visible (UV−vis) absorption

spectra were recorded using a Persee TU-1901 double-beam
spectrometer. To conduct the photoluminescence (PL) measure-
ments, a Cary Eclipse fluorescence spectrophotometer was used. The
X-ray diffraction (XRD) patterns were conducted on a Rigaku
SmartLab apparatus using a Cu Kα1 radiation source (λ = 1.5406 Å)
with a step scan of 2° between 10° and 70°. The bright-field (BF)
imaging, selected-area electron diffraction (SAED), and high-
resolution TEM (HRTEM) examinations were performed using a
JEOL JEM 2100F electron microscope operating at 200 kV. As the
nanosheets were found to be sensitive to the electron beam exposure,
all TEM images were recorded at a low beam current density of ∼15
pA/cm2 to avoid any change induced by impinging electrons. Electron
energy-loss spectroscopy (EELS) spectra were obtained on a JEOL
JEM ARM200CF transmission electronic microscope, operating at
200 kV. The atomic force microscopy (AFM) examination was
performed using a MFP-3D Origin atomic force microscope. The 1H
NMR patterns were recorded using a Bruker Avance III HD 400
MHz.
Computation Methods. All calculations were carried out using

the CASTEP program package in Material Studio.25 The Perdew−
Burke−Ernzerhof (PBE) model of generalized gradient approximation
(GGA) was used as the exchange-correlation function.26 The ultrasoft
pseudopotentials were used to treat the electron−ion interaction.27,28

The convergence criteria of the energy, force, and displacement for
optimized configuration were 5.0 × 10−6 eV per atom, 0.05 eV Å−1,
and 0.005 Å, respectively. An energy cutoff of 500 eV and a k-point
mesh of 2π × 0.03 Å−1 were used. Periodic (3 × 3) slab models with
one Br−Pb−Br or Pb−Br−Pb layer were created to represent the 2D
nanosheets synthesized in the experiment, with the top and bottom
surfaces being the Cs−Br or Pb−Br terminated (001) facets. The
adsorption energy (Eads) was calculated using the following
equation:29

E E E Eads adsorbate surface adsorbate/surface= + − (1)

where Eadsorbate/surface is the total energy of the (001) surface of
CsPbBr3 with the adsorbed species, Eadsorbate is the energy of the
isolated adsorbed species in the vacuum, and Esurface is the energy of
the (001) surface of CsPbBr3 without the adsorbed ligands. According
to this equation, the positive value of Eads means the adsorption
configuration is thermodynamically stable and the stability of the
adsorption configuration is positively correlated with Eads.

■ RESULTS AND DISCUSSION
Microstructure of the Nanosheets. The size and

morphology of the as-synthesized product were examined by
TEM. Figure 1a shows a typical bright-field (BF) TEM image
of the nanosheets synthesized with RS/L = 0.325. Their shapes
are found to be roughly squared, with lateral dimensions
varying from 30 to 100 nm. The thickness of the synthesized
nanosheets is determined to be ∼3 nm by both AFM (Figures
S1 and S2) and EELS (Figure S3) measurements. The SAED
pattern of the synthesized nanosheets, displayed in the inset of

Figure 1a, can be indexed using a cubic phase CsPbBr3 (space
group: Pm3m, a = b = c = 5.83 Å, α = β = γ = 90°), showing
three distinct diffraction rings, labeled as 100, 110, and 200.
The XRD pattern of the nanosheets shows that the diffraction
peaks at 15.2°, 21.6°, 26.5°, 30.6°, 34.4°, 37.8°, and 43.9°
correspond to the {100}, {110}, {111}, {200}, {201}, {211},
and {220} crystal planes of cubic CsPbBr3 (JCPDS no. 54-
0752), respectively. Because the lateral dimension is much
larger than the thickness of the nanosheets, four peaks
corresponding to the {100}, {110}, {200}, and {220} planes
exhibit higher intensity than the others, which is consistent
with the SAED pattern shown in the inset of Figure 1a. A
single peak located at ∼30° indicates that the CsPbBr3
nanosheets do not belong to an orthorhombic phase.30 No
other crystal phase or impurity is detected.
To investigate the microstructure of the CsPbBr3 nanosheets

in detail, extensive HRTEM examinations were carried out.
Figure 1c and d shows the enlarged BF TEM and HRTEM
images of the CsPbBr3 nanosheets. The HRTEM image
displayed in Figure 1d is obtained from the region enclosed by
a black square in Figure 1c. From Figure 1d, small nanocubes
with an edge length of about 3 nm are observed, which are
indicated by dashed lines. The lattice spacing of the small
nanocubes is measured to be 2.92 Å, labeled by two parallel
lines, which can be identified as the (020) plane of cubic
CsPbBr3. The fast Fourier transform (FFT) pattern presented
in the inset of Figure 1d demonstrates that the nanosheet is
single crystalline, in agreement with HRTEM observations. It
is worth noting that an amorphous region with a width of
around 1 nm is observed between two adjacent nanocubes. To
display the amorphous regions more clearly, an enlarged
HRTEM image of part of the CsPbBr3 nanosheet is shown in
Figure S4. Figure 1e shows the size-distribution of more than
300 CsPbBr3 nanosheets observed by TEM. Their average
dimension is found to be 55 nm, as obtained from the
Gaussian fit of the size-distribution histogram. Figure 1f
presents both the optical absorption (in solid line) and the PL
emission (in dash line) spectra of the CsPbBr3 nanosheets. As
compared to the CsPbBr3 nanocubes,

31 the absorption and PL
emission peaks of CsPbBr3 nanosheets are blue-shifted from
510 and 512 nm to 473 and 490 nm, respectively, which is
attributed to the quantum confinement effect.8

Determination of the Amorphous Regions in the
CsPbBr3 Nanosheet. The amorphous region between two
adjacent nanocubes (Figure 1d) is thought to be associated
with the chemical ligands. To determine the type of ligands
adsorbed on the surfaces of CsPbBr3 nanocubes, 1H NMR
measurements were carried out. The investigations were
conducted on dry CsPbBr3 powders to avoid the decom-
position of CsPbBr3 caused by direct contact with water.
Figure 2 shows the 1H NMR patterns of pure OctAm, OlAm,
OctAc, and OlAc ligands and of as-prepared CsPbBr3
nanosheets. For pure OctAm, OlAm, OctAc, and OlAc, the
peak at 2.50 ppm is related to the chemical shift of hydrogens
(δ) in DMSO-d6 solvent, and the peak at 3.35 ppm
corresponds to water in DMSO-d6.

32 For OlAm and OctAm,
the peaks marked by asterisk (*) are located at 7.54 ppm,
which corresponds to the amino proton (−NH3

+).33 The
measurements recorded on CsPbBr3 nanosheets reveal a shift
from 7.54 to 7.69 ppm, indicating that amino protons from
OlAm and OctAm ligands are bonded with Br− ions in the
CsPbBr3.

34 In comparison with the 1H NMR patterns of OlAc
and OctAc, the peak marked by “▽” is slightly shifted from

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c12247
ACS Appl. Mater. Interfaces 2021, 13, 44777−44785

44779

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c12247/suppl_file/am1c12247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c12247/suppl_file/am1c12247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c12247/suppl_file/am1c12247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c12247/suppl_file/am1c12247_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c12247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.73 to 2.77 ppm, indicating that the carboxyls (COO−) of the
OlAc and OctAc ligands are bonded with the Cs+ and Pb2+

ions in the CsPbBr3,
34 which affects the chemical potential of

the carboxyl protons (−CH2COO
−). These results suggest

that all of the chemical ligands of OlAc, OlAm, OctAc, and
OctAm are adsorbed onto the surfaces of the CsPbBr3
nanocubes.
The 1H NMR results indicate the existence of both short

and long ligands on the surfaces of the CsPbBr3 nanosheets,
but fail to distinguish the active sites of various ligands. Thus,
the DFT calculations are performed to investigate the
adsorption behaviors of OlAc, OlAm, OctAc, and OctAm
onto the CsPbBr3 (001) surfaces. The chain lengths of the
OlAc, OlAm, OctAc, and OctAm molecules are calculated to
be 24.34, 23.85, 10.96, and 11.02 Å, respectively. It can be
found that the length of the short ligand is compatible with the
1 nm width of the amorphous region between the adjacent
nanocubes observed in Figure 1d. Meanwhile, the long ligands

tilted at a certain angle (≤30°) along the surface of the
nanocubes also satisfy with the width of the amorphous
regions. Figure S5 shows a schematic illustration of the
amorphous region composed of a long ligand with a tilt angle
of 30° and a short ligand perpendicular to the nanocube
surface. Therefore, several adsorption configurations of differ-
ent ligands including perpendicular long ligands, inclined long
ligands, and perpendicular short ligands on CsPbBr3 (001)
surfaces are considered to clarify the ligand species in the
amorphous regions. Figure 3 shows all of the optimized
configurations of chemical ligands adsorbed on the Cs−Br
terminated (001) surfaces, and Figure 4 presents the optimized
configurations of chemical ligands adsorbed on the Pb−Br
terminated surfaces. The corresponding adsorption energies
are displayed in Table 1. From Table 1, it can be seen that
positive adsorption energies are obtained for all of the
configurations, confirming that both short and long ligands
can adsorb on the CsPbBr3 (001) surfaces, which is consistent
with the 1H NMR results. By further examining the calculated
absorption energies, it can be found that amino ligands (i.e.,
OlAm and OctAm) are preferentially adsorbed on the Pb−Br
terminated surfaces, while carboxylic ligands such as OlAc and
OctAc are preferentially adsorbed on the Cs−Br terminated
surfaces. In addition, for the Pb−Br terminated surfaces, the
order of preferential adsorption for the chemical ligands is
OctAm, inclined OlAm, and perpendicular OlAm. However,
for the Cs−Br terminated surfaces, the order of preferential
adsorption for the chemical ligands is OctAc, inclined OlAc,
and perpendicular OlAc. In one word, the short ligands are
preferentially adsorbed on CsPbBr3 (001) surfaces as
compared to the long ligands, and the inclined long ligands
are more stable than the perpendicular ones when adsorbed on
CsPbBr3 (001) surfaces. Accordingly, it can be inferred that
both short ligands (OctAm and OctAc) and inclined long
ligands (OlAm and OlAc) are dominated to locate in the
amorphous regions between the adjacent CsPbBr3 nanocubes,
while perpendicular long ligands are mainly adsorbed on the
exposed surfaces of the nanosheets.

Geometric Configuration of the CsPbBr3 Nanosheet.
On the basis of the results of DFT calculations, a theoretical

Figure 2. 1H NMR spectra of pure OctAm, OlAm, OctAc, and OlAc
ligands and of CsPbBr3 nanosheets with ligands.

Figure 3. Adsorption configuration of ligands on Cs−Br terminated CsPbBr3 (001) surfaces. (a) Perpendicular OlAc, (b) inclined OlAc, (c)
perpendicular OlAm, (d) inclined OlAm, (e) perpendicular OctAc, and (f) perpendicular OctAm.
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model for the geometric configuration of CsPbBr3 nanosheet is
built to disclose the relationship between the lateral size (L)
and RS/L. As shown in Figure 5, we hypothesize that there are

N×N nanocubes in one nanosheet. Two ligands per nanocube
face are assigned to make it easy to count the number of short
and long ligands, respectively. Considering that long ligands
serve as the capping agents, two perpendicular long ligands are
located on the exposed surfaces of the nanocube. According to
the DFT calculations, the amorphous region between adjacent
nanocubes is composed of short ligands and inclined long
ligands. Although the location of short and long ligands is
clear, the number of short or inclined long ligands is uncertain
in the amorphous regions. For one amorphous region, it is
ascertained that there are no more than four ligands because of
the steric hindrance. We then derive the mathematical formula
to describe the relationship between the lateral size (L), the
theoretical number of short ligands (Nshort), the number of
long ligands (Nlong), and N as follows:

L N N N3 ( 1) 1 4 1= × + − × = − (2)

N N N x2 ( 1)short = × × − × (3)

N N N N N

N x

2 ( 4 2) 2 ( 1)

( )

long
2

in

= × × + × + × × −

× − (4)

where Nin is the sum of the numbers of short and long ligands
in an amorphous region, which is less than 4, and x is the
number of short ligands. Accordingly, the theoretical volume
ratio of short ligands over long ligands (RT‑S/L) is given as
follows:

R
N
N

1
2T S/L

short

long
= ×‐

(5)

To ascertain Nin and x, we discussed all possible models of
the as-prepared nanosheet (RS/L= 0.325, L = 55 nm, and N =
14) as listed in Table 2. It shows that the RT‑S/L value (0.289)
in the case of Nin = 3, x = 2 is nearest to the experimental one
(0.325), meaning that two short ligands and one long ligand
exist in the amorphous region between the adjacent CsPbBr3
nanocubes, as illustrated in Figure 5.

Figure 4. Adsorption configuration of ligands on Pb−Br terminated CsPbBr3 (001) surfaces. (a) Perpendicular OlAc, (b) inclined OlAc, (c)
perpendicular OlAm, (d) inclined OlAm, (e) perpendicular OctAc, and (f) perpendicular OctAm.

Table 1. Adsorption Energies of Ligands Adsorbed on Cs−
Br and Pb−Br Terminated CsPbBr3 (001) Surfaces

ligand termination surface configuration Eads (eV)

OlAc (long) Cs−Br inclined 0.870
perpendicular 0.515

Pb−Br perpendicular 0.406
inclined 0.024

OlAm (long) Pb−Br inclined 1.852
perpendicular 1.658

Cs−Br perpendicular 1.285
inclined 0.879

OctAc (short) Cs−Br perpendicular 0.966
Pb−Br 0.494

OctAm (short) Pb−Br perpendicular 2.005
Cs−Br 0.139

Figure 5. Schematic illustration of the geometric configuration of the
CsPbBr3 nanosheet.
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To verify this theoretical model, we adjusted RS/L to prepare
the CsPbBr3 nanosheets with different lateral sizes. The

CsPbBr3 nanosheets with average lateral sizes of 11, 15, 55, and
110 nm are produced with RS/L = 0.154, 0.21, 0.325, and 0.38,
respectively. Figure 6a,b and c,d presents typical BF TEM and
HRTEM images of CsPbBr3 nanosheets produced with volume
ratios of 0.21 and 0.38, respectively. The HRTEM images
show that these nanosheets are also composed of many small
nanocubes. The FFT patterns presented in the inset of Figure
6b and d clearly indicate that the nanosheet is single crystalline,
in good agreement with HRTEM observations. Figure S6
shows the statistical lateral size distributions of the CsPbBr3
nanosheets produced with RS/L = 0.21 and 0.38, showing an
average lateral size of 15 and 110 nm, respectively. The XRD
patterns show that all of the produced nanosheets are cubic
perovskite CsPbBr3. The XRD patterns of CsPbBr3 nanosheets
with a lateral size of 11 and 15 nm show more random
orientation than that of the CsPbBr3 nanosheets with a lateral
size of 110 nm, which is ascribed to the fact that larger

Table 2. Calculated RT‑S/L Values of Different Models for
the CsPbBr3 Nanosheets with L = 55 nm and N = 14

models Nshort Nlong Nshort/Nlong RT‑S/L

Nin = 4, x = 4 1456 896 1.625 0.813
Nin = 4, x = 3 1092 1260 0.867 0.434
Nin = 4, x = 2 728 1624 0.448 0.224
Nin = 4, x = 1 364 2072 0.176 0.088
Nin = 3, x = 3 1092 896 1.219 0.609
Nin = 3, x = 2 728 1260 0.578 0.289
Nin = 3, x = 1 364 1624 0.224 0.112
Nin = 2, x = 2 728 896 0.813 0.407
Nin = 2, x = 1 364 1260 0.289 0.144
Nin = 1, x = 1 364 896 0.406 0.203

Figure 6. Typical BF TEM (a and c) and HRTEM images (b and d) of the CsPbBr3 nanosheets produced with a volume ratio of 0.210 and 0.380,
respectively. (e) Experimental XRD patterns of the corresponding CsPbBr3 nanosheets along with the standard XRD pattern of cubic CsPbBr3
(JCPDS no. 54-0752). (f) Optical absorption (solid line) and PL emission (dash line) spectra of the corresponding CsPbBr3 nanosheets.
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nanosheets are more easily tiled on a flat surface. The
absorption and PL emission peaks of the CsPbBr3 nanosheets
synthesized with RS/L = 0.154, 0.21, and 0.38 are also blue-
shifted, which are analogous to the nanosheets synthesized
with RS/L = 0.325. Figure S7 presents the corresponding
measurements for CsPbBr3 nanosheets with an average lateral
size of 11 nm produced with RS/L = 0.154.
Similarly, we calculated the RT‑S/L values for the CsPbBr3

nanosheets with an average lateral size of 11, 15, 55, and 110
nm using eqs 3−6 with Nin = 3 and x = 2. The calculated
results are displayed in Table 3. A considerable deviation is

found between RT‑S/L and RS/L except for the CsPbBr3
nanosheets with an average lateral size of 15 nm. In other
words, only when N = 4 is the theoretical RT‑S/L value
approximately equal to the experimental RS/L value. In
addition, when N < 4, RT‑S/L is more than RS/L; when N >
4, RT‑S/L is less than RS/L. This can be explained by the fact that
the steric hindrance in the CsPbBr3 nanosheet increases with
the expansion of its lateral size, which reduces the number of
long ligands in the amorphous region between two adjacent
nanocubes. Therefore, we define a coefficient of steric
hindrance (k = 1/log(N, 4)) to get Nlong corrected as follows:

N N N N N k2 ( 4 2) 2 ( 1)long
2= × × + × + × × − ×

(6)

We then can obtain the revised theoretical volume ratio
(Rr

T‑S/L) of short ligands over long ligands:

R
N
N

N N
N N N N k

1
2

1
2

2 ( 1) 2
2 ( 4 2) 2 ( 1)

r
T S/L

short

long

2

= × =

× × × − ×
× × + × + × × − ×

‐

(7)

From Table 3, it can be seen the revised theoretical volume
ratios are very close to the experimental ones. Now, the
relation between L and RS/L is established through N, as shown
in Figure 7. These results indicate that the geometric
configurations in Figure 5 are in good accord with the real
structure of the CsPbBr3 nanosheet and are helpful to control
the lateral size of the 2D CsPbBr3 nanosheet.
2D Growth Mechanism of Nanosheets. On the basis of

the above results, a possible formation mechanism of the
CsPbBr3 nanosheets is proposed, as shown in Figure 8. Figure
8a shows the 3D model of a formed CsPbBr3 nanocube. In
Figure 8b−f, the self-assembly process of nanocubes to
nanosheet is presented from the top view, where the 2D
arrangement of the nanocubes defines the horizontal x−y
plane. At the initial stage of the reaction, a large amount of
CsPbBr3 nanocubes with an edge length of 3 nm form, which
are packaged by different ligands including short and long
ligands. According to the DFT calculations, the adsorbed
ligands are dominated by short ligands and inclined long

ligands and some perpendicular long ligands. Under the van
der Waals interactions between nanocubes,35 these small
nanocubes tend to agglomerate together to form larger
nanostructures. However, the ligands prevent the random
agglomerations and guide the ordered self-assembly of

Table 3. Calculated RT‑S/L and Rr
T‑S/L Values of the CsPbBr3

Nanosheets with Different Lateral Sizes

L (nm) N RS/L RT‑S/L Rr
T‑S/L

11 3 0.154 0.167 0.159
15 4 0.210 0.200 0.200
55 14 0.325 0.289 0.328
110 28 0.380 0.310 0.379

Figure 7. Evolution of the lateral size of CsPbBr3 nanosheets upon
the volume ratio RS/L. Insets are BF TEM images of CsPbBr3
nanosheets with different lateral sizes. (All of the scale bars represent
30 nm.)

Figure 8. Schematic illustration of the formation mechanism for the
CsPbBr3 nanosheet. (a) CsPbBr3 nanocube with adsorbed ligands,
(b) top view of the CsPbBr3 nanocube with adsorbed ligands, (c,d)
formation of a pre-CsPbBr3-nanosheet, and (e,f) 2D self-assembly of
CsPbBr3 nanocubes.
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nanocubes to 2D nanosheets. Here, we choose one CsPbBr3
nanocube as the seed of a nanosheet (labeled S in Figure 8b)
to explain the epitaxial growth. In the early stage of the self-
assembly process, oriented attachment of nanoparticles takes
place predominantly in one direction to decrease the overall
energy of system.36 Therefore, in the first step of the 2D
growth (Figure 8c), nanocubes A and B attach to S from the
horizontal direction and are stabilized by short ligands and
inclined long ligands. During this process, the perpendicular
long ligands adsorbed onto two linking surfaces of nanocubes S
and A (and B) would desorb or turn to inclined adsorption
under the pressure between nanocubes. Because of the energy
minimization principle of the system, the attachment of the
latter nanocubes (C and D) takes place from the vertical
direction, as shown in Figure 8d. So far, a preliminary
anisotropic 2D CsPbBr3 nanosheet (pre-CsPbBr3-nanosheet)
forms. The top and bottom surfaces along the z-axis
accommodate a great number of perpendicular long ligands,
which act as inhibitors of the growth along the z-axis.
Subsequently, the nanocubes E, F, G, and H attach to the
pre-CsPbBr3-nanosheet diagonally, which promotes the 2D
growth of CsPbBr3, as depicted in Figure 8e and f. The self-
assembly process will stop with the depletion of the ligands
around the formed CsPbBr3 nanosheet.
From the foregoing, it is reasonable to conclude that the self-

assembly of CsPbBr3 nanocubes takes place only along the
horizontal x−y plane, which is motivated by the van der Waals
interactions between nanocubes and the energy minimization
principle of the system. In addition, the assembly of CsPbBr3
nanocubes along z-axis is hindered by the long ligands
perpendicular to the top and bottom surfaces of nanocubes.
The formation mechanism of the CsPbBr3 nanosheets is
similar to that of the ultrathin PbS sheets.37,38

■ CONCLUSIONS
In this work, 2D CsPbBr3 nanosheets with a thickness of about
3 nm have been synthesized using a simple method based on
the hot-injection technique. The lateral dimension of the
nanosheets can be tuned by adjusting the ratio of short ligands
(octanoic acid and octylamine) over long ligands (oleic acid
and oleylamine). The CsPbBr3 nanosheets consist of many
CsPbBr3 nanocubes with an edge length of 3 nm. The DFT
calculations of the CsPbBr3 surfaces terminated by Pb−Br or
Cs−Br layers reveal that the nanocubes are connected together
through short ligands and inclined long ligands, forming an
intermediate amorphous layer of 1 nm in width. In addition,
the predominant adsorption of perpendicular long ligands onto
the top and bottom faces of the nanosheets prevents the
assembly of nanocubes along the direction perpendicular to the
nanosheet plane. Our work can deepen the understanding of
the formation mechanism for the 2D CsPbX3 (X = Cl, Br, I)
nanosheets.
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