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ABSTRACT: In this work, we report a polar-solvent-free, low-cost, and environmentally
friendly method for synthesizing highly stable all-inorganic CsPbBr3 nanocrystals (NCs).
Their shape and size are controlled by adjusting key parameters in the synthesis, such as
capping ligands as well as ultrasound power and radiation time. The CsPbBr3 NCs are
tunable from three-dimensional to two-dimensional and finally to 0-dimensional, by
controlling the ratios and types of capping ligands. The CsPbBr3 NCs exhibit optical
properties dependent on their shape and size, with photoluminescence quantum yield as
high as 83%. Moreover, the role of nonpolar solvents in improving the stability of the
CsPbBr3 NCs and the mechanism for the tunable growth of CsPbBr3 NCs are studied
and discussed. Controlled shape and size of perovskite NCs are desired for applications,
including solar cells, lasers, light-emitting diodes, and solar concentrators.

■ INTRODUCTION

Lead halide perovskites (LHPs) of the typical formula APbX3
(A = Cs+, CH3NH3

+, or CH(NH2)2
+; X = Cl−, Br−, and I−)

have emerged as a new potential class of optoelectronic
materials because of their novel properties, such as large
absorption coefficients, high charge carrier mobility, and long
exciton diffusion lengths.1−4 These outstanding properties have
shown them to be promising prospects of applications in light-
emitting diodes (LEDs),5 high-efficiency solar cells,6 field-
effect transistors,7 lasers,8 photodetectors,9 and memory
devices.10 Thin-film perovskite solar cells have achieved
>23% power conversion efficiency,11 and perovskite LEDs
with external quantum efficiencies over 10%.12 Key to these
successes is the development of various synthetic techniques to
control the morphology, shape, and size of the LHPs. Tuning
the dimension from the bulk to the nanoscale, the LHPs
exhibit distinctive properties, including narrow emission band,
high photoluminescence (PL) quantum yield (QY), broad
wavelength coverage, and low trap state density.13−15Given the
dimension-dependent optical and electronic properties, a
better understanding of the fundamental relationship between
dimensionality and properties requires synthesis of different
shapes and sizes of LHPs. Despite the fact that LHP
nanocrystals (NCs) with various shapes and sizes, such as
three-dimensional (3D) nanocubes,16 two-dimensional (2D)
sheets/nanoplatelets,17,18 one-dimensional (1D) nanorods/

nanowires (NWs),19,20 and 0-dimensional (0D) quantum
dots (QDs),21 have been reported, it is desired to develop
highly efficient synthesis strategies for LHP nanostructures
with controlled shape and size.
To date, two classes of synthetic approach have been

developed to synthesize all-inorganic CsPbX3 NCs, namely,
chemical vapor deposition (CVD)22,23 and solution chemical
process.24 Compared to CVD, the solution chemical process,
mainly including hot injection,25 room-temperature (RT)
ligand-mediated reprecipitation,15 and RT supersaturated
recrystallization (SR) process,26 has advantages of facile
processing, low cost, and control over size, morphology, and
shape. The widely adopted approach for preparing CsPbX3

nanocubes with high PL QY is based on hot injection, which
was proposed by Kovalenko and co-workers in 2015,25 and
developed by Alivisatos et al. to achieve nanoplatelets.27

However, high temperature, inert atmosphere, and vacuum
environment are required for the hot injection approach, which
will greatly increase cost and result in low reproducibility.
Toward this issue, several RT synthesis strategies were
developed, involving a ligand-assisted reprecipitation that
allows for shape control.15 Additionally, an RT SR method
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was used to prepare CsPbX3 NCs, which can be finished within
a few seconds.26 However, RT methods were processed by
mixing a precursor solution in the polar solvent [such as N,N-
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)]
with a large amount of nonpolar solvent (such as toluene and
n-hexane), whereas the CsPbX3 NCs are found to be very
sensitive to polar solvents. The commonly used polar solvents,
such as DMF or DMSO, result in defects in CsPbX3 NCs. In
addition, DMF, DMSO, toluene, and n-hexane are toxic and
not environmentally friendly.28,29

At present, one of the major issues facing LHP NCs is their
instability toward polar solvents, oxygen, heat, and UV light
illumination, which limits their practical applications.30 A
common approach for improving LHP stability is surface
modification and passivation, including modifying with hydro-
phobic molecules, integrating/coating with polymers/metal
oxides, and doping perovskites with dopant ions (e.g., Mn2+, to
enhance energy of formation).31,32 Another strategy for
stabilizing LHPs is to use nonpolar solvents (e.g., 1-
octadecene) to prevent oxygen and moisture from reaching
the core ionic crystal. Whereas some methods have been
reported for synthesizing LHP NCs without using polar
solvents,33,34 they do not allow control over shape and size.
Besides product quality, cost is also an important factor for

practical applications. One potential strategy for large-scale
synthesis with low cost is to simplify the process of the one-pot
reaction. Ultrasonication-assisted synthesis, as a promising
method to quickly achieve high-quality particles, has been
widely used to synthesize various nanomaterials, such as
graphene,35 carbon nanotubes,36 semiconductors,37,38 metal,39

and metal oxide nanoparticles.40 This method has been
recently employed by Feldmann et al.16,41,42 and Rogach et
al.43 for the synthesis of perovskite NCs, demonstrating the
potentials for ultrasonication-assisted synthesis of high-quality
CsPbX3 NCs. Different from the common hot injection
method, the ultrasonication-assisted reaction proceeded in an
open environment, during which the precursors and solvents
were not pretreated and degassed. It will not only drive the
nucleation and growth of high-quality NCs but also reduces
energy consumption and time. To date, however, little
attention has been paid to analyze in detail the effects of
ultrasonication on the shape and size of perovskite.
In this work, we address the above issues by introducing

ultrasonication and nontoxic and polar-free-solvent liquid
paraffin to synthesize CsPbBr3 NCs with desired shape and
size in a one-pot reaction. This method avoids the use of any
polar solvent and uses minimum toxic solvent (such as toluene
and n-hexane) compared to RT synthesis strategies.
Furthermore, it avoids multiple dissolution and reprecipitation
and can significantly reduce the synthesis time, effort, and
thereby the production cost. The optimized CsPbBr3 NCs
show a high PL QY of up to 83%. By tuning the ratios and
types of capping ligands as well as ultrasound power and
radiation time, CsPbBr3 NCs with 3D nanocubes, 2D
nanoplatelets, 1D NWs, and 0D QDs were obtained, as
shown in Scheme 1. The CsPbBr3 NCs exhibit shape- and size-
dependent PL. Moreover, their photostability, thermostability,
and chemical stability are improved compared to LHP NCs
prepared using the RT SR method. The reason for the
improved stability with nonpolar solvent and the mechanism
for the formation of CsPbBr3 NCs with different shapes and
sizes are investigated.

■ EXPERIMENTAL SECTION
Materials. Lead(II) bromide (PbBr2, 99.99%), cesium carbonate

(Cs2CO3, 99.99%), liquid paraffin (AR), oleic acid (OA, 90%),
oleylamine (OAm, 90%), ethyl acetate (EA, 99%), DMF (99.9%),
methanol (99.5%), ethanol (75%), isopropanol (99.5%), anhydrous
toluene (99.8%), and n-hexane (99.5%) were purchased from
Shanghai Aladdin Biochemical Technology Co. Poly(methyl meth-
acrylate) (PMMA, Mw 50 000) was purchased from Sigma-Aldrich
Co. All materials used in the present work were purchased from
commercial suppliers and used without further purification.

Nanocubes. In a typical synthesis of CsPbBr3 nanocubes, Cs2CO3
(0.10 mmol) and PbBr2 (0.30 mmol) precursor powders were added
to a mixture of 10 mL of liquid paraffin, 0.50 mL of OA, and 0.50 mL
of OAm. Then, the reaction medium was processed by tip-sonication
(Ultrasonic Processor FS-300N, China, see Figure S1) at a power of
90 W (30% of the total power) for 40 min (see Table 1). During the
sonication, the colorless reaction medium gradually transformed into
a yellow and then an orange yellow solution (see Figure S2), which
suggests the generation of LHP NCs and demonstrates bright
fluorescence emission under 365 nm UV light excitation. After
completion of the reaction, unreacted precursors and excess ligands
were removed by centrifugation at a speed of 8000 rpm for 10 min
and then the precipitate was redissolved in 5.0 mL of n-hexane. Then,
the solution was centrifuged at a speed of 12 000 rpm for 5 min and
the sediment was redissolved in toluene or n-hexane for further
characterization.

Nanoplatelets. Cs2CO3 (0.10 mmol) and PbBr2 (0.30 mmol)
precursor powders were added to a mixture of 10 mL of liquid
paraffin, 0.20 mL of OA, and 0.80 mL of OAm. Then, the reaction
medium was processed by tip-sonication at a power of 120 W (40% of
the total power) for 80 min. The reaction mixture was centrifuged at
2000 rpm to remove the large particles and unreacted reagents. Then,
the solution was centrifuged at a speed of 12 000 rpm for 5 min. The
purified samples were redissolved in toluene or n-hexane for further
characterization.

Nanowires. Cs2CO3 (0.10 mmol) and PbBr2 (0.30 mmol)
precursor powders were added to a mixture of 10 mL of liquid
paraffin, 3.0 mL of EA and 0.20 mL of OAm. Then, the reaction
medium was processed by tip-sonication at a power of 120 W (40% of
the total power) for 30 min. The reaction mixtures were centrifuged
at 2000 rpm to remove the large particles and unreacted reagents.
Then, the solution was centrifuged at a speed of 12 000 rpm for 5
min. The purified NW samples were redissolved in toluene or n-
hexane for further characterization.

Quantum Dots. Cs2CO3 (0.10 mmol) and PbBr2 (0.30 mmol)
precursor powders were added to a mixture of 10 mL of liquid

Scheme 1. Illustration of Synthesis of CsPbBr3 NCs with
Different Shapes and Sizes (3D Nanocubes, 2D
Nanoplatelets, 1D NWs, and 0D Quantum Dots) through
One-Pot Ultrasonication in the Liquid Paraffin with the
Assistance of Capping Ligands
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paraffin, 0.60 mL of OA, and 0.40 mL of OAm. Then, the reaction
medium was processed by tip-sonication at a power of 120 W (40% of
the total power) for 20 min. After completion of the reaction,
unreacted precursors and excess ligands were removed by
centrifugation at a speed of 5000 rpm for 10 min and then the
precipitate was redispersed in 5.0 mL of n-hexane. Then, the solution
was centrifuged at a speed of 12 000 rpm for 5 min and the sediment
was redissolved in toluene or n-hexane for further characterization.
Synthesis of CsPbBr3 Nanocubes with SR Strategy. The

CsPbBr3 nanocubes were prepared by following the procedure
reported by Zeng et al.,26 PbBr2 (0.30 mmol) and CsBr (0.30
mmol) were loaded in DMF (10 mL). OAm (0.50 mL) and OA (0.50
mL) were added to stabilize the precursor solution. Then, 1.0 mL of
the precursor solution was quickly dropped in toluene (10 mL) with
intense stirring. The centrifugation process was same as that of the
nanocubes.
Fabrication of the CsPbBr3 Film. To fabricate the CsPbBr3 NCs

film, the as-prepared CsPbBr3 NCs were added into a PMMA/toluene
solution and the mixture was intensely stirred in a vacuum mixer for 6
min to degas bubbles. Subsequently, the mixture was injected into a
mold and heated at 40 °C for 10 h to remove the toluene.
Characterization. The crystal surface morphology of the LHP

NCs were measured by a transmission electron microscope (JEM-
2100F, JEOL, Japan) with an accelerating voltage of 100 kV. High-
resolution TEM (HRTEM), high-angle annular dark field scanning
TEM (HAADF-STEM) images, and energy-dispersive X-ray (EDX)
spectroscopy were taken on a JEOL JEM-2100F instrument operating
at 200 kV. Atomic force microscopy (AFM) images were obtained by
employing a Multimode 8 (Bruker, Germany) in intermittent contact
mode. The crystal phase of the LHP NCs were characterized by
applying an X-ray diffractometer (D8-ADVANCE, Bruker, Germany)
with a Cu Kα radiation source (λ = 0.15418 nm) at a counting rate of
2°/min in the scanning angle (2θ) range from 5° to 80°. The UV−vis
absorption spectra of the CsPbBr3 NCs were recorded using a UV−
vis spectrometer (Shimadzu, Japan) over the wavelength from 300 to
700 nm, at a 1 nm interval. The PL spectra of the NCs were measured

using a fluorescence spectrophotometer (RF-6000, Shimadzu, Japan)
with a xenon lamp as an excitation source. The PL QYs of the
CsPbBr3 NCs were calculated by utilizing the following equation.44

=Q Q
K
K

n
n

x x
st

st st (1)

where Q is the QY, and the subscripts x and st represent the sample
and standard, respectively. Quinine sulfate (the QY is 0.55) is used as
the standard for LHP NCs. K is the slope determined by the ratio of
the linear curves of the integrated fluorescence intensity to
absorbance. n is the refractive index of the solvent.

■ RESULTS AND DISCUSSION
Characterization of CsPbBr3 Nanocubes. We first

synthesized CsPbBr3 nanocubes by adding 0.5 mL of OA
and 0.5 mL of OAm in the liquid paraffin and then the mixture
was processed by tip-sonication at a power of 90 W for 40 min.
TEM was performed to characterize the crystal structure and
surface morphology of as-prepared CsPbBr3 NCs. Figure 1a
shows the forming of CsPbBr3 nanocubes with quasicubic
structure in the current reaction systems. The HRTEM image
in Figure 1b displays lattice fringes with an interplanar spacing
of 5.7 Å, corresponding to the (100) crystal plane of bulk
CsPbBr3, which is consistent with the JCPDS PDF #18-0364
or the Inorganic Crystal Structure Database (ICSD) Collection
Code #97851. Figure 1c demonstrates that the typical CsPbBr3
nanocubes have a narrow size distribution with an average
diameter of ∼14.9 nm. Furthermore, the EDX spectrum
confirmed that the CsPbBr3 nanocubes consisted of Cs, Pb,
and Br elements (Figure S3). In order to determine the phase
structure, XRD was used to characterize the as-prepared
samples. As shown in Figure 1d, the main peaks of XRD
pattern at 2θ = 15.2°, 21.5°, 26.5°, 30.4°, 30.7°, 34.3°, 37.6°,

Table 1. Synthesis Conditions for Various Shapes and Sizes of CsPbBr3 NCs

shapes OA/(mL) OAm/(mL) EA/(mL) ultrasound power/(W) ultrasound time/(min)

nanocubes 0.5 0.5 90 40
nanoplatelets 0.2 0.8 120 80
NWs 0.2 3.0 120 30
QDs 0.6 0.4 120 20

Figure 1. Characterization of the CsPbBr3 nanocubes. (a) TEM image. (b) HRTEM image. (c) Size distribution. (d) XRD patterns. Black line and
red line represent experimental data and standard reference, respectively. (e) UV−vis absorption spectra (red line) and PL emission spectra (blue
line). Inset is a representative digital photograph under 365 nm UV light irradiation. (f) Contour plot of the colored PL intensity measured as a
function of excitation wavelength with CsPbBr3 nanocubes.
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43.7°, and 46.6° coincide with the diffractions pattern from
(001), (110), (111), (002), (200), (201), (121), (202), and
(212) crystal planes of orthorhombic CsPbBr3. The XRD
analysis demonstrated the formed CsPbBr3 nanocubes with a
space group Pbnm(62), which also corresponded with the
JCPDS PDF #18-0364. Additionally, some other weak peaks of
the XRD pattern at 2θ = 12.6, 12.9, 20.0, 22.4, 27.5, 28.9, and
39.0 were detected, corresponding to byproduct rhombohedral
Cs4PbBr6 (JCPDS PDF #73-2478).
The UV−vis absorption spectra and PL spectra of the

CsPbBr3 nanocubes are displayed in Figure 1e. The UV−vis
absorption spectrum has a single and steep absorption peak at
505 nm. Accordingly, a strong PL emission centered at 520 nm
was detected with a narrow full width at half-maximum (fwhm)
of 17.4 nm, which shows a good dispersity of the perovskite
nanoparticles obtained by the ultrasonication employed.
Additionally, the CsPbBr3 nanocubes have a small Stokes
shift (∼15 nm) between the first excitionic absorption peak
and the PL emission peak, which coincides with a direct
exciton recombination process.45 The PL QY was calculated to
be 83% by using eq 1, as presented in Table S1. The contour
plot (Figure 1f) of the PL emission and PL excitation spectra
of CsPbBr3 nanocubes shows the strongest emission centered
at about 520 nm when excited at different excitation
wavelengths (400−500 nm). The observed contour demon-
strates that the CsPbBr3 nanocubes have an excitation-
independent emission behavior, implying that the CsPbBr3
nanocubes have a highly homogeneous surface structure and a
narrow size distribution, consistent with TEM results.
The photostability and thermostability of the as-prepared

CsPbBr3 nanocubes synthesized by ultrasonication used in this
study have been compared with the same CsPbBr3 nanocubes
prepared by the RT SR (as presented in the Experimental
Section). Two kinds of LHP NCs disperse in toluene without
any further protection in the air environment and the mean
relative humidity is 70%. Figure 2a shows the photostability of

these two different CsPbBr3 nanocubes under a 365 nm UV
light continuously illuminated for up to 3000 s. For CsPbBr3
nanocubes fabricated by the SR approach, the PL intensity
declines fast within 200 s, and remained at approximately 57%
of its original value after 3000 s of the 365 nm UV light
illumination. Surprisingly, the PL intensity of CsPbBr3
nanocubes prepared by ultrasonication reduces slowly and
remained at 86% after 3000 s of UV light illumination, showing
superior stability as compared with SR. This is mainly ascribed
to the lack of any disruptive polar solvent, such as DMSO or
DMF used in the SR synthesis process, where the CsPbBr3

NCs are found to be very sensitive to these polar solvents. The
main cause of the instability of LHP NCs is the deprotonation
reaction between nucleophilic solvent molecules and proto-
nated amino ligands. As a consequence, the amino ligands will
drop off the surface of LHP NCs, which are subsequently
decomposed by polar solvents.12 In addition, the thermo-
stability of these two CsPbBr3 nanocubes’ film under 80 °C
heating was further studied. The PL intensity of CsPbBr3
nanocubes synthesized by SR reduced quickly within 30 min,
and the PL emission signal almost disappeared after 150 min,
as shown in Figure 2b. The CsPbBr3 nanocubes synthesized by
ultrasonication proved to be much more stable than SR-
synthesized LHP NCs, as indicated by their slower decrease in
PL intensity and remained at around 80% of theri original
value after 150 min. Furthermore, we evaluated the chemical
stability of CsPbBr3 nanocubes at different protic and polar
solvents, including methanol, water, ethanol, and isopropanol.
As shown in Figure S4a, the relative PL intensity of the
CsPbBr3 nanocubes remained at 67% for ultrasonication and at
5% for SR after 2 h of being dispersed in isopropanol.
Moreover, Figure S4b−d shows that the CsPbBr3 nanocubes
synthesized by ultrasonication are also more stable than SR-
prepared nanocubes. These results indicate that the CsPbBr3
nanocubes synthesized by ultrasonication have a much higher
stability than SR because of the assistance of nonpolar liquid
paraffin.
The above results demonstrate that the substitution of polar

solvent (DMF or DMSO) by liquid paraffin greatly improved
the stability of CsPbBr3 nanocubes. There are two possible
explanations as shown in Scheme 2. First, the liquid paraffin, as

a highly hydrophobic substance, can prevent moisture and
oxygen from getting incorporated into the intrinsic ionic
crystal structure during the synthesis process, as shown in
Scheme 2a.46,47 The decomposition of LHP NCs is confirmed
to be sped by external factors, including oxygen and moisture,
integrated with the intrinsic ionic crystal structure, which result
in structural instability and ion migration.48 The capping
ligands combined with oxygen and moisture are prone to
generate some kinds of hydrated LHP, which would be
aggravated because of the removal of capping ligands.
Meanwhile, the adjoining LHP NCs tend to be aggregated
owing to the decrease of energy potential barrier between
them, which results in the decomposition and ion migration of

Figure 2. (a) Photostability of CsPbBr3 nanocubes’ colloidal solution
under a 365 nm UV continuous excitation. (b) Thermostability of
CsPbBr3 nanocube film under 80 °C heating. Red and blue lines
represent the CsPbBr3 nanocubes synthesized by ultrasonication and
room temperature SR, respectively.

Scheme 2. Illustration of Liquid Paraffin Improving the
Stability of CsPbBr3 Nanocubes: (a) Liquid Paraffin
Prevents Moisture and Oxygen from Getting Incorporated
Into the Intrinsic Ionic Crystal Structure during the
Synthesis Process; (b) Liquid Paraffin Protects Halogen
Hydrogen-Bonding from Being Broken Because of Free
Oxygen
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LHP NCs.46 However, the liquid paraffin, as a hydrophobic
oily substance, can block moisture and oxygen contact with
LHP NCs and thus improve their stability. Second, liquid
paraffin protects halogen hydrogen-bonding from breaking
because of free oxygen, as shown in Scheme 2b. Both
carboxylates and ammonium ions bind to the nanocrystal
surface, with carboxylates chelating with surface lead atoms
while alkylammonium interacting with the surface bromide via
[Br···N−H+] hydrogen-bonding interactions,33 as the ligands
on CsPbBr3 nanocubes surface are highly dynamic. In addition,
the strength of the [Br···N−H+] hydrogen-bonding interaction
is weaker compared to metal−ligand coordination, which is
further subdued in water or other polar solvents.49 As shown in
Figure S4, the use of polar solvents, such as DMF, methanol,
water, ethanol, and isopropanol, unsettles the [Br···N−H+]
hydrogen-bonding interaction and separates the ammonium
ions from the surface. Liquid paraffin acting as the non-
coordinating solvent, whose molecular formula can be
expressed as R−(CH2)n−CH3 (16 ≤ n ≤ 20), is readily
oxidized to be more stable R−CHCH−(CH2)n−2CH3 with
two H atoms dehydrogenated under ultrasonic stimulation,
and these H atoms can interact with oxygen to avoid breaking
[Br···N−H+] hydrogen-bonding and even supply H+ for
protonation reaction.50,51 Therefore, liquid paraffin stabilizes
the CsPbBr3 NCs.
The synthesis conditions, such as ultrasound time and

power, and capping ligands, determine the final size,
morphology, shape, and optical properties of the LHP
NCs.15,49,52 We first investigated the effects of ultrasound
time on the properties of CsPbBr3 NCs. Figure 3a,b shows the
change of UV−vis absorption spectra and PL spectra of
CsPbBr3 NCs that were synthesized at different ultrasound

times (2−100 min). The UV−vis absorption spectra in Figure
3a first red shift and then blue shift as the ultrasound time
increases from 2 to 100 min, which is possibly related to the
change of surface state and size of LHP NCs. At the beginning
of the reaction (2−20 min), the size of the LHP NCs increases
with increasing ultrasound time, whereas the effective band gap
decreases and the corresponding absorption spectra red shifts.
As time increases (20−100 min), in spite of the size of the
LHP NCs continuing to increase, which would be further
confirmed by TEM, a blue shift in the absorption peak owing
to the carboxylates and ammonium ions binding to the NC
surface results in an increase in the strength of the bond.
Meanwhile, the normalized PL spectra in Figure 3b gradually
red shift because of the size of LHP NCs increasing with
increasing ultrasound time.
TEM was applied to monitor the change on morphology and

size of CsPbBr3 NCs. Figure 3c−f shows the representative
TEM images of CsPbBr3 NCs that were synthesized at 5, 20,
50, and 80 min, respectively. At 5 min, the TEM image shows a
mainly amorphous structure, indicating no LHP NCs formed.
With the ultrasound time increasing, the well-defined and
monodispersed CsPbBr3 NCs were achieved and their size
increased significantly (Figure 3d−f). Therefore, the size of the
LHP NCs can be tuned by controlling the ultrasound time and
result in a corresponding PL spectral shift. We further
investigated the relationship between band gap energy and
the corresponding size of CsPbBr3 NCs by collecting the data
from previous reports,25,53−55 as shown in Figure 3g. It is
demonstrated that the band gap energy of CsPbBr3 NCs
depends on their size. We found that the relationship between
band gap energy and size of CsPbBr3 NCs in this work is
consistent with fitting in Figure 3g (the data fitted by the
effective mass approximation theory, which is expressed by a
1/r2 function, where r represents the size of the LHP NCs),53

suggesting that the CsPbBr3 NCs PL spectral shift is mainly
due to size effect. Stokes shift was further measured between
the PL emission peak and the absorption band edge, as shown
in Figure 3h. The Stokes shift decreases gradually to a
minimum value at an ultrasound time of 25 min, followed by
an increase at a longer time. When the ultrasound time was
<25 min, the Stokes shift reduced gradually because of the size
effect, consistent with previous reports.55,56 However, as the
ultrasound time was >25 min, Stokes shift increased, which is
possibly due to nonradiative recombination of excitons’
dominance over size effect as a result of exciton−phonon
interaction.
Moreover, we also investigated the effect of ultrasound

power on the properties of CsPbBr3 NCs. Figure S5a,b shows
that when the ultrasound power is ≤60 W, very weak PL
intensity was detected, indicating there was almost no LHP
NCs formed. When the ultrasound power was >60 W, with
increasing ultrasound power, both the UV−vis absorption and
PL spectra red shifted. Such red shifts occur either because of
the higher energy light emitted by a smaller NC is reabsorbed
by a larger NC with a smaller optical band gap, and/or the
excited smaller NC nonradiatively transfers its energy to a
larger NC.57 Meanwhile, the absorption spectra have a sharp
valley (509 nm) and peak (527 nm) when the ultrasound
power was 180 W, suggesting that too high an ultrasound
power can change the structure of perovskites (Figure S6 and
Table S3). Additionally, the signal for longer wavelengths
increased with ultrasound power, which is indicative of
increased scattering because of the presence of larger crystals

Figure 3. (a,b) UV−vis absorption and PL spectra of CsPbBr3 NCs
that were synthesized at different ultrasound times (2−100 min). (c−
f) TEM images of CsPbBr3 NCs that were synthesized at 5, 20, 50,
and 80 min, respectively. (g) Dependence of the band gap energy on
size for CsPbBr3 NCs. (h) Stocks shift of CsPbBr3 NCs versus
ultrasound time.
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in the dispersion. The Stokes shift increases with the increase
of ultrasound power, as shown in Figure S5c. In terms of
colloidal NCs, Stokes shift results from phonon-assisted
emission, band-edge fine-structure splitting, and size poly-
dispersity, or a combined effect of them.58 Compared with
single CsPbBr3 NCs, the bigger Stokes shift in CsPbBr3 NCs
possibly arises from their broader size distribution. As shown in
Figure S6, the size polydispersity becomes more and more
obvious. However, large size polydispersity results in
fluorescence quenching as high energy photons emitted by

smaller NCs were probably reabsorbed by larger NCs, thereby
leading to a decrease of PL QY. The PL QY increased
gradually to a maximum value at an ultrasound power of 120
W, followed by a decline at a higher power, as shown in Figure
S5d. Therefore, the highest PL QY was reached with the
optimum ultrasound power of 120 W.

Characterization of CsPbBr3 Nanoplatelets. We
adjusted the ratio of OA and OAm, ultrasound power, and
irradiation time, while maintaining other synthesis conditions
same as those of CsPbBr3 nanocubes. With 0.2 mL of OA and

Figure 4. Characterization of the CsPbBr3 nanoplatelets. (a) TEM image. (b) HRTEM image. (c) Atomically resolved HAADF-STEM images and
(d) corresponding averaged EDX elemental mapping (green-Cs, yellow-Pb, and red-Br) of a small selection of CsPbBr3 nanoplatelets. (e) XRD
patterns. Black lines and red lines represent experimental data and standard reference. (f) Optical absorption spectra (red line) and PL emission
spectra (blue line). Inset is a representative digital photograph under 365 nm UV irradiation, and 1, 2, and 3 represent PL emission peaks at 432,
457, and 580 nm, respectively. (g) Graphical depictions of the colored PL intensity measured as a function of excitation wavelength with CsPbBr3
nanoplatelets’ colloidal solution.

Figure 5. Characterization of the CsPbBr3 NWs. (a) TEM image. (b) HRTEM image. (c) Size distribution. (d) XRD pattern. Black lines and red
lines represent experimental data and standard reference, respectively. (e) Optical absorption spectra (red line) and PL emission spectra (blue line).
Inset is a representative digital photograph under 365 nm UV irradiation. (f) Graphical depictions of the colored PL intensity measured as a
function of excitation wavelength with CsPbBr3 NWs’ colloidal solution.
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0.8 mL of OAm, and 120 W of ultrasound power applied for
80 min, we obtained CsPbBr3 nanoplatelets with ∼40 and ∼7.2
nm in lateral dimension and thickness, respectively, as shown
in Figures 4a and S7. The HRTEM image shown in Figure 4b
exhibits a d-spacing of 4.1 Å corresponding to the (110) crystal
plane, which is consistent with the JCPDS PDF #18-0364. The
HAADF-STEM images in Figure 5c further demonstrate the
as-prepared CsPbBr3 NCs with nanoplatelets’ shape. Addi-
tionally, the corresponding STEM−energy-dispersive spectros-
copy images were screened from the green region of Figure 4c.
The Cs, Pb, and Br elements are uniformly distributed in the
LHP NCs (Figure 4d).
After analyzing the crystal structures of a significant number

of particles by using HAADF-STEM, we found that all of the
CsPbBr3 nanoplatelets are single crystals and mostly adopt the
orthorhombic perovskite phase. This result was further
confirmed by the XRD measurement performed on the LHP
NCs. By carefully comparing the corresponding XRD
diffraction pattern of the CsPbBr3 nanoplatelets (Figure 4e),
we can find a split peak different from the cubic phase at ∼30°,
which is consistent with the orthorhombic CsPbBr3 JCPDS
PDF #18-0364. It is noteworthy that the diffraction peaks of
orthorhombic and cubic CsPbBr3 are exactly similar except for
the delicate difference at ∼30°, where there are some very
close peaks at ∼30° for the orthorhombic phase and not for
the cubic phase.45,59 The difference between these two phases
is the slanting of the Pb−Br6 octahedrons, and such slanting
does not affect the discussion in this study.60 The CsPbBr3
nanoplatelets show a sharp first characteristic absorption at 517
nm and a strong PL emission peak at 523 nm with an fwhm of
25 nm, as presented in Figure 4f. Three additional weaker PL
emission peaks at 432, 457, and 580 nm were observed. The
deep-blue emission peaks at 432 and 457 nm may be a result of
CsPbBr3 nanoplatelets with ultrathin thickness, whereas the
580 nm peak is likely from a thicker or multilayered structure.
In addition, because of the wide emission linewidth of these
redder peaks, it is also possible that they arise from band gap
defect states. Figure 4g shows the PL emission intensity
calculated as a function of excitation wavelength (320−480
nm), where the PL emission intensity is expressed by color as a
function of excitation and emission wavelength.

Characterization of CsPbBr3 NWs. The synthesis of
CsPbBr3 NWs was carried out by replacing OA with EA with
ultrasound power and irradiation time at 120 W and 30 min,
respectively. Figure 5a−c shows the typical TEM and HRTEM
images of CsPbBr3 NWs and their size distribution. The
CsPbBr3 NWs have a length of >1 μm and a diameter of ∼11
nm. The HRTEM image shown in Figure 5b clearly exhibits a
d-spacing of 5.6 Å corresponding to the (100) crystal face.
Upon changing the amounts of EA, different morphologies and
sizes of CsPbBr3 NCs were obtained, as shown in Figure S8
and Table S4, which indicate 1D NWs were formed by the
oriented attachment with the assistance of organic ligands.
Figure 5d shows the XRD pattern with peaks at 2θ = 15.1°,
21.7°, 30.4°, 30.7°, 37.6°, and 43.6°, corresponding to
diffraction patterns from the (100), (110), (002), (200),
(121), and (202) crystal planes of bulk orthorhombic CsPbBr3.
The XRD data verified the forming of CsPbBr3 NWs with a
space group Pbnm(62), which corresponds to the JCPDS PDF
#18-0364. In addition, weak peaks in the XRD pattern suggest
that some rhombohedral Cs4PbBr6 (JCPDS PDF #73-2478)
were formed. The first excitonic absorption peak of the
CsPbBr3 NWs is at approximately 493 nm and the PL emission
peak is at about 503 nm with a narrow fwhm of 18 nm, as
shown in Figure 5e. Figure 5f shows the PL image calculated as
a function of excitation wavelength (280−480 nm) for the
CsPbBr3 NWs. This result demonstrates that the emission
range coincides with the change of excitation wavelength,
suggesting uniform CsPbBr3 NWs.

Characterization of CsPbBr3 QDs. Upon changing the
ratio of OA and OAm to 0.60 and 0.40 mL and decreasing the
ultrasound time to 20 min, we obtained monodispersed
CsPbBr3 QDs. Figure 6a,b demonstrates the TEM and
HRTEM images of CsPbBr3 QDs with an interplanar distance
of 3.3 Å, which is in accord with the (111) crystal plane of the
orthorhombic CsPbBr3 bulk crystal. Figure 6c indicates the
CsPbBr3 QDs have uniform size distribution with an average
diameter of 3.9 nm. To further analyze the crystal structure,
XRD was applied, as shown in Figure 6d, and reveals peaks at
2θ = 15.1°, 21.5°, 30.4°, 30.7°, 34.2°, and 37.6°, complying
with diffractions of the (100), (110), (002), (200), (121), and
(202) planes of orthorhombic CsPbBr3, corresponding to

Figure 6. Characterization of the CsPbBr3 QDs. (a) TEM image. (b) HRTEM image. (c) Size distribution. (d) XRD patterns. Black lines and red
lines represent experimental data and standard reference, respectively. (e) Optical absorption spectra (red line) and PL emission spectra (blue line).
Inset is a representative digital photograph under 365 nm UV irradiation. (f) Graphical depictions of the colored PL intensity measured as a
function of excitation wavelength with CsPbBr3 QDs’ colloidal solution.
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JCPDS PDF #18-0364. Comparing with the standard XRD
PDF card, very small parts of rhombohedral Cs4PbBr6 and
PbBr2 (JCPDS PDF #73-2478, 31-0679) were found,
demonstrating this reaction not completely. The UV−vis
absorption spectra and PL emission spectra of CsPbBr3 QDs
show the first characteristic absorption peak of about 482 nm
and the PL emission of around 493 nm with a narrow fwhm of
16 nm, as displayed in Figure 6e. Furthermore, the small
Stokes shift (11 nm) indicates the PL emission of CsPbBr3
QDs results from the bound exciton recombination.45 The PL
QY was estimated to be ∼58% (see Table S1), lower than
those of CsPbBr3 nanocubes and nanoplatelets, possibly due to
increased OA concentration leading to formation of non-
fluorescent bulk LHP NCs from smaller QDs.61 The PL
images characterized as a function of excitation wavelength for
the QDs are presented in Figure 6f.
Furthermore, we studied the effect of other ratios of OA and

OAm on the properties of CsPbBr3 NCs. For example,
morphology changes of CsPbBr3 NCs at different ratios of OA
and OAm were shown in Figure S9 and Table S5,
demonstrating that this approach can be used to make
CsPbBr3 NCs with tunable shape and size. Compared to the
TEM images of different CsPbBr3 NCs, we can draw some
significant conclusions. On the one hand, no fluorescent LHP
NCs were produced when no OA or OAm was used as
coordinating ligands in the reaction system (Figure S9a,b),
indicating that different morphologies can be obtained only in
the presence of both OA and OAm. On the other hand,
increasing the OAm amount can slow down the growth rate of

the LHP NCs, whereas an excess amount stops the nucleation
process (Figure S9c−f). Besides, much excessive OAm will
result in the forming of CsPbBr3 NCs derivative Cs4PbBr6,
which will cause fluorescence quenching of LHP NCs (Figure
S9g−i). All the above results show that the ammonium ions are
effective for regulating the anisotropic growth of the LHP NCs,
whereas carboxylate ions are more effective in manipulating the
size of the LHP NCs.

Formation Mechanism of CsPbBr3 NCs with Different
Shapes and Sizes. The above results demonstrate that 3D
CsPbBr3 nanocubes were achieved with equal OA and OAm,
and 2D nanoplatelets could be obtained with relatively more
OAm used. By replacing OA with EA, 1D NWs could be
obtained. With an increase in OA, the 3D nanocubes would be
changed into 0D QDs. These represent the fact that the shape
of the as-synthesized LHP NCs could be tailored from 3D to
2D and finally to 0D, by controlling the ratios and types of
capping ligands. Such shape-change is mainly ascribed to the
micellar transition and growth kinetics, where the organic
ligands are selectively attached to the given facets via
electrostatic and hydrophobic interaction, resulting in the
different growth rates in various crystal facets.49,62 There are
two possible stages in the growth processes of the four distinct
kinds of LHP NCs, as illustrated in Scheme 3. At the initial
stage, the ligands play the role of generating micelles for the
perovskite precursors, and react quickly (within 10 min) to
form a turbid dispersion, as shown in Figure S2, named as
micelle formation. After that, the dispersion followed a
prolonged ultrasonic processing, during which the ligands

Scheme 3. Formation Mechanism of CsPbBr3 NCs with Different Shapes and Sizes with Ligand Assistancea

aThere are two possible stages in the growth processes of the four distinct kinds of LHP NCs: micelle formation and oriented growth. 3D CsPbBr3
nanocubes were achieved with equal OA and OAm, and 2D nanoplatelets could be obtained with relatively more OAm used. With an increase in
OA, the 3D nanocubes would be changed into 0D QDs. By replacing OA with EA, 1D NWs could be obtained.
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preferentially absorb with particular crystal facets to form
various shapes, known as oriented growth.
The shape-change with the variation of OAm and OA or EA

confirms that the ammonium ions are effective for tuning the
anisotropic growth of the LHP NCs, whereas carboxylate ions
are more effective in regulating the size of the LHP NCs. When
equal OA and OAm or more OA were added, both of them act
synergistically, which favors the micelles isotropic growth.
Increasing the amounts of OAm, the excess OAm selectively
binds with (001) crystal faces of CsPbBr3 NCs and inhabits
their vertical oligomerization. Therefore, the formation rates of
(001) crystal facets are much slower than that of (100) and
(110) crystal facets (as XRD shown in Figure 4e), which form
2D nanoplatelets. A similar situation has been observed in
previous reports.45,63 The EA is readily decomposed into acetic
acid (AA) and ethanol (EtOH) with continuous ultrasonic
treatment. As OA is replaced by EA, it can remove some OAm
from the bound surface of the LHP where small NCs can
attach easily, which can lead to an oriented growth of the LHP
NCs, thereby forming some nanorods (Figure 5a). Moreover,
hydrophobic, hydrocarbon-terminated groups of AA between
adjacent LHP NCs are situated closely via electrostatic
interaction.64 Therefore, the final 1D NWs could be formed
through the oriented attachment of these small NCs and
nanorods. The XRD in Figure 5d and TEM images in Figure
S8 confirmed the formation of 1D NWs via oriented
attachment along with (200) facet with the assistance of
OAm and EA.

■ CONCLUSIONS

In summary, we have demonstrated a fast, low-cost, environ-
mentally friendly, and polar-solvent-free strategy using ultra-
sonication for synthesizing all-inorganic CsPbBr3 NCs with
tunable shape and size. Changing the ratio of OA and OAm,
3D nanocubes, 2D nanoplatelets, and 0D QDs can be
obtained, whereas replacing OA with EA results in 1D NWs.
Meanwhile, the sizes of the CsPbBr3 NCs could be tuned by
controlling the ultrasound power and radiation time. The
optical band gap and emission wavelength of the CsPbBr3 NCs
are tunable by varying shape and size. Moreover, by taking
advantage of liquid paraffin, the photo-, thermo-, and chemical
stabilities of the LHP NCs are significantly enhanced
compared to the LHP NCs prepared by the RT SR method.
This is attributed to the ability of liquid paraffin in preventing
moisture and oxygen from reaching the crystal core structure
and breaking [Br···N−H+] hydrogen-bonding during the
synthesis process. Additionally, mechanistic studies reveal
that the shape change is related to micellar transition and
growth kinetics, where ammonium ions are effective for tuning
the anisotropic growth of the LHP NCs and carboxylate ions
are more efficient in regulating the size of the LHP NCs. This
work provides valuable insights into the mechanism growth of
different dimensional LHP NCs with high stability and desired
optical properties potentially useful for optoelectronic
applications.
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Vanderlinden, W.; Sichert, J. A.; Tong, Y.; Polavarapu, L.; Feldmann,
J.; Urban, A. S. Tuning the Optical Properties of Perovskite
Nanoplatelets through Composition and Thickness by Ligand-
Assisted Exfoliation. Adv. Mater. 2016, 28, 9478−9485.
(43) Huang, H.; Xue, Q.; Chen, B.; Xiong, Y.; Schneider, J.; Zhi, C.;
Zhong, H.; Rogach, A. L. Top-Down Fabrication of Stable
Methylammonium Lead Halide Perovskite Nanocrystals by Employ-
ing a Mixture of Ligands as Coordinating Solvents. Angew. Chem.
2017, 129, 9699−9704.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.8b03298
Chem. Mater. 2019, 31, 365−375

374

http://dx.doi.org/10.1021/acs.chemmater.8b03298


(44) Brouwer, A. M. Standards for Photoluminescence Quantum
Yield Measurements in Solution (IUPAC Technical Report). Pure
Appl. Chem. 2011, 83, 2213−2228.
(45) Liang, Z.; Zhao, S.; Xu, Z.; Qiao, B.; Song, P.; Gao, D.; Xu, X.
Shape-Controlled Synthesis of All-Inorganic CsPbBr3 Perovskite
Nanocrystals with Bright Blue Emission. ACS Appl. Mater. Interfaces
2016, 8, 28824−28830.
(46) Yang, D.; Li, X.; Zeng, H. Surface Chemistry of All Inorganic
Halide Perovskite Nanocrystals: Passivation Mechanism and Stability.
Adv. Mater. Interfaces 2018, 5, 1701662.
(47) Huang, H.; Bodnarchuk, M. I.; Kershaw, S. V.; Kovalenko, M.
V.; Rogach, A. L. Lead Halide Perovskite Nanocrystals in the
Research Spotlight: Stability and Defect Tolerance. ACS Energy Lett.
2017, 2, 2071−2083.
(48) Nandal, V.; Nair, P. R. Predictive Modeling of Ion Migration
Induced Degradation in Perovskite Solar Cells. ACS Nano 2017, 11,
11505−11512.
(49) Pan, A.; He, B.; Fan, X.; Liu, Z.; Urban, J. J.; Alivisatos, A. P.;
He, L.; Liu, Y. Insight into the Ligand-Mediated Synthesis of
Colloidal CsPbBr3 Perovskite Nanocrystals: The Role of Organic
Acid, Base, and Cesium Precursors. ACS Nano 2016, 10, 7943−7954.
(50) Ma, D. W.; Cheng, C. Synthesis of SnSe2 Nanorods and
Nanoplates by an Organic Solution-Phase Route. J. Nanosci.
Nanotechnol. 2013, 13, 4433−4436.
(51) Deng, Z.; Cao, L.; Tang, F.; Zou, B. A New Route to Zinc-
Blende CdSe Nanocrystals: Mechanism and Synthesis. J. Phys. Chem.
B 2005, 109, 16671−16675.
(52) Long, Z.; Ren, H.; Sun, J.; Ouyang, J.; Na, N. High-throughput
and tunable synthesis of colloidal CsPbX3 perovskite nanocrystals in a
heterogeneous system by microwave irradiation. Chem. Commun.
2017, 53, 9914−9917.
(53) Lin, J.; Gomez, L.; de Weerd, C.; Fujiwara, Y.; Gregorkiewicz,
T.; Suenaga, K. Direct Observation of Band Structure Modifications
in Nanocrystals of CsPbBr3 Perovskite. Nano Lett. 2016, 16, 7198−
7202.
(54) Diroll, B. T.; Nedelcu, G.; Kovalenko, M. V.; Schaller, R. D.
High-Temperature Photoluminescence of CsPbX3 (X = Cl, Br, I)
Nanocrystals. Adv. Funct. Mater. 2017, 27, 1606750.
(55) Brennan, M. C.; Herr, J. E.; Nguyen-Beck, T. S.; Zinna, J.;
Draguta, S.; Rouvimov, S.; Parkhill, J.; Kuno, M. Origin of the Size-
Dependent Stokes Shift in CsPbBr3 Perovskite Nanocrystals. J. Am.
Chem. Soc. 2017, 139, 12201−12208.
(56) Brennan, M. C.; Zinna, J.; Kuno, M. Existence of a Size-
Dependent Stokes Shift in CsPbBr3 Perovskite Nanocrystals. ACS
Energy Lett. 2017, 2, 1487−1488.
(57) Swarnkar, A.; Chulliyil, R.; Ravi, V. K.; Irfanullah, M.;
Chowdhury, A.; Nag, A. Colloidal CsPbBr3Perovskite Nanocrystals:
Luminescence beyond Traditional Quantum Dots. Angew. Chem.
2015, 127, 15644−15648.
(58) Zhao, H.; Zhou, Y.; Benetti, D.; Ma, D.; Rosei, F. Perovskite
Quantum Dots Integrated in Large-Area Luminescent Solar
Concentrators. Nano Energy 2017, 37, 214−223.
(59) Song, J.; Li, J.; Li, X.; Xu, L.; Dong, Y.; Zeng, H. Quantum Dot
Light-Emitting Diodes Based on Inorganic Perovskite Cesium Lead
Halides (CsPbX3). Adv. Mater. 2015, 27, 7162−7167.
(60) Ravi, V. K.; Santra, P. K.; Joshi, N.; Chugh, J.; Singh, S. K.;
Rensmo, H.; Ghosh, P.; Nag, A. Origin of the Substitution
Mechanism for the Binding of Organic Ligands on the Surface of
CsPbBr3 Perovskite Nanocubes. J. Phys. Chem. Lett. 2017, 8, 4988−
4994.
(61) Seth, S.; Samanta, A. A Facile Methodology for Engineering the
Morphology of CsPbX3 Perovskite Nanocrystals under Ambient
Condition. Sci. Rep. 2016, 6, 37693.
(62) Liu, W.; Zheng, J.; Cao, S.; Wang, L.; Gao, F.; Chou, K.-C.;
Hou, X.; Yang, W. General Strategy for Rapid Production of Low-
Dimensional All-Inorganic CsPbBr3 Perovskite Nanocrystals with
Controlled Dimensionalities and Sizes. Inorg. Chem. 2018, 57, 1598−
1603.

(63) Lv, L.; Xu, Y.; Fang, H.; Luo, W.; Xu, F.; Liu, L.; Wang, B.;
Zhang, X.; Yang, D.; Hu, W.; Dong, A. Generalized Colloidal
Synthesis of High-Quality, Two-Dimensional Cesium Lead Halide
Perovskite Nanosheets and Their Applications in Photodetectors.
Nanoscale 2016, 8, 13589−13596.
(64) Hu, L.; Wang, C.; Kennedy, R. M.; Marks, L. D.; Poeppelmeier,
K. R. The Role of Oleic Acid: From Synthesis to Assembly of
Perovskite Nanocuboid Two-Dimensional Arrays. Inorg. Chem. 2014,
54, 740−745.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.8b03298
Chem. Mater. 2019, 31, 365−375

375

http://dx.doi.org/10.1021/acs.chemmater.8b03298

