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Heating-up synthesis of cesium bismuth bromide
perovskite nanocrystals with tailored composition,
morphology, and optical propertiesT
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This study represents the heating-up synthesis of lead-free cesium bismuth bromide perovskite
nanocrystals (NCs). CsBr and BiBrs precursors are used to synthesize uniform and phase-pure cesium
bismuth bromide NCs, and the reaction is performed via an injection-free, heating-up method in the
presence of a solvent mixture with a high boiling point. The size and composition of cesium bismuth
bromide NCs are readily controlled by changing the reaction time, temperature, and amount of
surfactant added to the reaction mixture. Upon heating, sequential phase evolution occurs, resulting in
the formation of kinetically stable BiOBr in the early reaction stages, which transformed into the
thermodynamically stable CszBiBrg and CszBiBrg with an increase in either the reaction time or the
reaction temperature. Furthermore, the absorption and photoluminescence properties of CszBiBrg and
Cs3BioBrg NCs are characterized to investigate their composition-dependent optical properties. This
work provides the potential to synthesize various types of lead-free perovskite NCs by tailoring the size

rsc.li/rsc-advances and compositions.

Introduction

Halide perovskites with an ABX; (A, B = cation, X = halide)
structure have been extensively studied for application to elec-
tronic and optoelectronic devices."? Perovskite nanocrystals
(NCs) in particular have attracted much attention owing to their
unique photoluminescence (PL) properties.*® Perovskite NC
band gaps are tunable by changing the size, shape, and compo-
sitions of the NCs,*” which enables the tailoring of the absorption
and emission wavelengths of the NCs. Among a variety of
perovskite NCs, lead-based perovskite NCs are particularly
interesting owing to their outstanding luminescent properties.®’
Lead-halide perovskite NCs exhibit very high photoluminescence
quantum yields (PLQYs), at higher than 90%,'* narrow absorp-
tion and emission band widths (FWHM is 12-25 nm) owing to
the quantum confinement effect,'""* and short fluorescence
lifetimes.'*** In addition, the size, shape, and compositions of
these NCs can be easily changed by controlling the reaction
parameters*>™® and post-synthetic treatments;*** this allows for
the facile management of spectral conversion. However, despite
this outstanding potential, lead-based perovskite NCs have heavy
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metal composition, which makes it potentially toxic to the envi-
ronment and human health.>® Therefore, many researchers have
made considerable effort to develop lead-free perovskite NCs with
superior optical properties.

Various lead-free perovskite NCs using tin,*”*® bismuth,**?
and antimony,*** have been investigated. Among them, Bi-
based perovskite NCs exhibit the potential for stability and
environment-friendliness. Bismuth is a less-toxic heavy metal,
which reduces concern regarding environmental and health
issues for Bi-based NCs.* In addition, the luminescent prop-
erties of Bi-based perovskite NCs have been tremendously
improved along the development of synthetic methods for the
preparation of these NCs.*** After Park et al. discovered the
synthesis of a A3;Bi,X, (A = methylammonium or cesium)
perovskite structure,® the colloidal synthesis of A;Bi, Xy NCs
using the hot-injection method was demonstrated.*® Yang et al.
reported on a ligand-assisted re-precipitation method (LARP)
for the synthesis of Cs;Bi,Brg NCs; their method showed a 4.5%
PLQY.* Moreover, Leng et al. synthesized this NC by using
ethanol as the antisolvent; the PLQY reached approximately
20% with this method.** Recently, the synthesis of cesium
bismuth bromide with Cs;BiBrs composition has been reported
in the literature.””*>»* In addition, many studies have been
carried out to improve the stability of perovskite; for instance,
the core-shell or double perovskite structure (A,BB'Xs) has been
explored.** Although various procedures for the preparation of
Bi-based perovskite NCs have been developed, synthetic
methods to systematically tune the size and shape of Bi-based
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perovskite NCs and methods to tailor their optical properties
have been rarely studied.

Among the various types of colloidal synthetic methods, the
heating-up process for the synthesis of inorganic NCs has been
widely studied.***” The heating-up method is a one-pot and
injection-free process designed to synthesize highly uniform
NCs and to tailor the sizes and shapes of the NCs.*® In this
process, metal precursors and solvents are placed in reaction
vessels and the reaction temperatures increases. At the high
temperature, the nucleation and growth of NCs is induced to
form crystalline NCs. Since such a high temperature injection
process is typically not used in synthesis, the heating-up
method offers a relatively safe and controllable synthetic
process, which is potentially beneficial for mass production.
Various types of NCs are synthesized using the heating-up
process; for example, metal oxide,*>** metal chalcogenides,*"**
and lanthanide NCs.**** Many literatures note that the size and
shape of NCs can be easily controlled by changing reaction
parameters such as reaction time® and temperature,®®*’ types
of metal precursors,” and the presence of shape directing
reagent®®*" during preparation. Despite the various advantages
of the heating-up process, heating-up process to synthesize
bismuth perovskite NCs has not been extensively studied thus
far. In addition, there are very few papers on controlling the size
and shape of perovskite NCs using the heating-up process.

In this paper, we demonstrate a method of injection-free
heating-up synthesis of cesium bismuth bromide NCs which
allows for the tuning of the size, shape, and composition of
perovskite NCs. CsBr and BiBr; precursors are used to synthe-
size uniform and phase-pure perovskite NCs. We observed that
the phase evolution of Bi-based NCs occurs during the heating-
up reaction. At the early reaction stages, BIOBr NCs are formed
from BiBr; precursors. In the presence of CsBr at a higher
reaction temperature, BiOBr NCs are transformed into Cs;BiBrg
phase NCs. With further increase in the reaction temperature,
the composition of the NCs transform from Cs;BiBr; to trigonal
Cs;Bi,Bry nanoplates (NPs); in contrast, metallic Bi is formed in
the absence of CsBr. We demonstrate that the size and shape of
Cs;3Bi,Brg NCs are tuned by changing the amount of oleic acid
added into the reaction solution and by modulating the
temperature. In addition, we analyze the optical properties of
Cs;BiBrg NCs and Cs;Bi,Bry NPs to understand the effect of the
composition of NCs on their photoluminescence.

Experimental section
Chemicals

Cesium bromide (99.999%, trace metals basis), oleic acid (tech,
90%), 1-octadecene (90%) and oleylamine (tech, 70%) were
purchased from Sigma-Aldrich and bismuth bromide (97%) was
purchased from Alfa Aesar. All chemicals were used without any
further purification.

Heating-up synthesis of Cs;BiBrs perovskite NCs

1.072 g of CsBr and 0.252 g of BiBr; were added to a 100 mL
three-necked flask containing 20 mL of 1-octadecene (ODE),
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1.5 mL of oleylamine (OM), and 1.5 mL of oleic acid (OA). The
reaction mixture was heated to 105 °C and the temperature was
maintained for an hour under vacuum to remove volatile
solvents. After degassing, the reaction mixture was further
heated to 160 °C for the synthesis of perovskite NCs. After
60 min of reaction, the solution was cooled to room tempera-
tures. The reaction mixture was diluted with anhydrous toluene
and centrifuged at 3000 rpm for 15 s to precipitate unreacted
cesium bromide and BiOBr nanoplate byproducts. After
precipitates were discarded, the perovskite NCs were collected
using centrifugation at 8000 rpm and 3 min.

Heating-up synthesis of Cs;Bi,Bro perovskite NPs

For the synthesis of large sized NCs, 15 mL of OA, 1.5 mL of OM,
and 7.5 mL of ODE were added to the reaction mixtures and the
synthesis was performed under the same conditions as the
aforementioned experiment.

Synthesis of pure BiOBr NPs

All reactants and processes were the same as those used in the
synthesis of cesium bismuth bromide perovskite NCs, except
that CsBr was absent. 0.252 g of BiBr3, 20 mL of ODE, 1.5 mL of
OM and 1.5 mL of OA were loaded into a 100 mL three-neck
flask. The mixture was then heated to 105 °C under vacuum
for 1 h. After this, the mixture was heated to 135 °C and this
temperature was maintained for 1 h to form BiOBr nanoplates.
The nanoparticles were purified with toluene and methanol,
and hexane was used as the storage solvent.

Characterization

Transmission electron microscopy (TEM) images were recorded
by a JEOL JEM-2100 operating at 200 kV. High-Resolution
Transmission Electron Microscopy (HRTEM) images were
collected by a JEOL-F200 and JEOL JEM-3010. Energy Dispersive
X-ray Spectroscopy (EDS) measurement and mapping were
performed using JEOL JEM-ARM200F. Scanning electron
microscopy (SEM) images were recorded using Carl Zeiss
SIGMA operating at 5 kV. X-ray diffraction (XRD) was conducted
using Bruker-AXS New D8-Advance. X-ray photoelectron spec-
troscopy (XPS) measurements were performed using Thermo-
Fisher Scientific K-alpha. Absorption and transmission spectra
were collected with a JASCO V-770 UV-VIS-NIR spectrometer.
Photoluminescence (PL) spectra were obtained using EDIN-
BURGH FS5. The PLQY was measured using a fluorimeter
equipped with an integrating sphere. Time-resolved photo-
luminescence decay data were collected using a HORIBA
Fluorolog-3 with a single photon-counting photomultiplier tube
(PMT) under a 374 nm pulsed laser diode.

Result and discussion

Colloidal cesium bismuth bromide perovskite NCs are prepared
via heating-up synthesis using CsBr and BiBr; precursors. In
this experiment, BiBr; and CsBr are added together into the
reaction mixture with an excess of Cs precursors. As CsBr does
not completely dissolve in the ODE, OM, and OA solvent
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mixture, the reaction is conducted between solid-phase CsBr
and dissolved BiBr; in the solution. Fig. 1a-d displays TEM
images of the cesium bismuth bromide NCs. The low-
magnification image shows the monodisperse cesium
bismuth bromide NCs with a narrow size distribution. The size
of the cesium bismuth bromide NCs is 14.22 nm =+ 1.72 nm, as
calculated by statistical size analysis of the TEM images. The
cesium bismuth bromide NCs are linearly arrayed into one-
dimensional chains, as displayed in Fig. 1a and b. At the
same time, the one-dimensional chains are also self-assembled
into close-packed structures to form extended two-dimensional
superlattice arrays (Fig. 1c and d). HRTEM images show single-
crystalline structures of the cesium bismuth bromide NCs
(Fig. 1e). Fig. 1f shows the XRD pattern of the cesium bismuth
bromide NCs. The XRD pattern is very similar to that of the
Cs;BiBrg composition reported in the recent literature.’”*>3
The STEM-EDS analysis also reveals the composition of the
Cs;BiBrg NCs. Fig. 1g shows the dark-field TEM image of the
Cs;BiBrg NCs, and Fig. 1h-j are the STEM-EDS elemental
mapping images, which exhibit a homogeneous elemental
distribution of Cs, Bi, and Br in the NCs. The relative ratio of
Cs : Bi : Br atoms is 34.96 : 11.18 : 53.86, which reveals that the
composition of the as-synthesized NCs is Cs;BiBrg.

Fig. 1
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The synthesis of cesium bismuth bromide with the compo-
sition Cs;BiBry is readily controlled by increasing the amount of
OA added into the reaction mixture. As the amount of OA
increases from 1.5 mL to 15 mL, two-dimensional Cs;Bi,Bry NPs
are synthesized. Fig. 2a shows TEM images of the Cs;Bi,Bro
NPs. The size of the Cs;Bi,Bry NPs is approximately 200-
400 nm. HRTEM images show the single-crystalline structure of
a Cs;BiyBro nanoplate (Fig. 2d and S2, ESIf). Fast Fourier
Transform (FFT) patterns of the HRTEM image exhibit hexag-
onal symmetry, representing the trigonal structure of the Cs;-
Bi,Bry NPs (Fig. 2d, inset). The STEM-EDS elemental mapping
image exhibits a homogeneous elemental distribution of Cs, Bi,
and Br in the NPs. The XRD patterns also indicate the trigonal
diffraction of the Cs;Bi,Bro NPs (JCPDS no. 44-0714, Fig. 2i).
Compositional information is further confirmed by XPS
measurements. XPS profiles confirm that the Cs;Bi,Brg NPs
comprise Cs, Bi, and Br (Fig. 2j-1).

During the heating-up process, gradual color change of the
reaction solution is observed. When 1.5 mL of OA is used for the
reaction, the color of the solution is transparent up to 105 °C.
Upon heating, the solution color changes to white at approxi-
mately 135 °C and then changes to bright yellow at 160 °C,
indicating the formation of Cs;BiBrs NCs. In order to under-
stand the growth mechanism of perovskite NCs during the
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(@ and b) Low-magnification and (c and d) high-magnification TEM images of colloidal Cs3BiBrg NCs, (e) high-resolution TEM image and

FFT image of CszBiBrg NCs, (inset) (f) XRD pattern of CszBiBrg NCs. (g) Dark-field TEM image of CszBiBrg NCs. (h—j) STEM-EDS mapping of

Cs3BiBrg NCs.
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(a) low-magnification, (b) high-magnification TEM images and (c) SEM image of Cs3Bi,Brg NPs. (d) HRTEM image of CszBi,Brg NPs. ()

Dark-field TEM image of CszBi,Brg NPs. (f—h) EDS mapping of CszBi,Brg NPs. (i) XRD patterns of trigonal Cs3Bi>Brg NPs. (j—1) XPS profiles of

CSZ,BizBrg NPs.

heating-up process, we systematically varied the reaction
temperature and investigated the crystal structure of the as-
synthesized NCs. When the reaction is performed at 135 °C in
the presence of 1.5 mL of OA, BiOBr NPs are formed as a final
white product. Fig. S3a-c (ESIT) show TEM and HRTEM images
of the BiOBr NPs, which exhibit a rectangular nanoplate
morphology. The size of the BiOBr NPs is approximately
25.5 nm. Fig. S3d (ESIt) shows XRD pattern of BiOBr NPs. The
XRD pattern reveals pure tetragonal BiOBr phases (JCPDS no.
73-0348). The (101) and (102) diffraction planes are relatively
broad compared to the other planes, indicating that the top and
bottom surfaces of the nanoplates are (001) planes.

Up to a reaction temperature of 160 °C, the BiOBr NPs are
predominantly formed as final products and there is no
evidence of reaction between the CsBr and BiBr; precursors.
When the reaction temperature is further increased to over
160 °C, CsBr precursors are involved in the reaction to form
slightly yellowish Cs;BiBrg NCs. Cs;BiBrgs NCs are predomi-
nantly formed at 160 °C with BiOBr NPs as the residual. When
the temperature increases to approximately 170 °C, Cs;Bi,Brq
NPs are synthesized predominantly, as shown in the XRD
patterns (Fig S4, ESIt). The Cs;Bi,Brg NCs are predominantly
formed even at a higher reaction temperature, up to 300 °C,

This journal is © The Royal Society of Chemistry 2020

without the formation of other phases of Bi-based materials.
This reveals that the Cs;Bi,Bro NCs do not transform into the
metallic Bi phase even at higher temperatures. This phase
transition signifies that BiOBr is a kinetically stable phase and
forms in an early reaction stage. In the presence of CsBr, ther-
modynamically stable Cs;BiBrs NCs are initially formed. When
sufficient energy is provided by an increase in the reaction
temperature, trigonal phase Cs;Bi,Brg NCs are formed. When
the reaction temperature is set above 180 °C while in the
absence of CsBr, the reaction solution becomes gray in color,
and the XRD pattern indicates that metallic Bi is present, which
indicates that the BiOBr phase is reduced to the metallic Bi
phase in the absence of CsBr. Even in the presence of CsBr, the
Bi phase can appear at a higher temperature and a lower
amount of OA in the reaction mixture, which is attributed to the
structure transformation from the BiOBr to Bi phases (Fig. S5,
ESIY).

To further understand phase evolution from BiOBr NPs to
Cs;Bi,Brg NCs during the reaction, aliquots are taken at
different time intervals at a fixed temperature and crystal
structure is investigated. Fig. 3 displays XRD patterns of the Bi-
based NCs taken 15 min from the time interval at 170 °C. The
reaction is performed in presence of 1.5 mL of OA. XRD reveals

RSC Adv, 2020, 10, 7126-7133 | 7129
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Fig. 3 Reaction time-dependent phase evolution. XRD patterns of Bi-
based NCs synthesized at 170 °C with different time intervals.

that BiOBr is predominantly formed during the early stages of
the reaction. After 60 minutes of reaction, phase transformation
from BiOBr NPs to Cs;Bi,Bry NCs occurs to form the mixture of
BiOBr and Cs3Bi,Brg NCs. As the reactions are performed at
170 °C, the Cs;BiBrg phase is not indicated by the XRD patterns.
After 90 minutes of reaction, BiOBr NPs are completely con-
verted into Cs;Bi,Bry NCs. This trend confirms that the kineti-
cally stable BiOBr forms in the early stage of the reaction and is
then transformed into Cs;Bi,Brg NCs, as illustrated in Fig. 4.
Since much smaller Cs;BiBrg NCs are formed from BiOBr NPs

#2 2
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) Metallic Bi
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- wT B
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BiOBr NPs Cs;BiBrg NCs
H 3 6
Bulk BiBr; el
precursors -
CsBr ’
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Fig. 4 A schematic representation of the formation of CszBiBrg NCs
and CszBizBrg NPs from BiBrz and CsBr precursors.
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during the phase transformation, Cs;BiBrs NCs are formed
while dissolution of BiOBr NPs occurs. We also observed that
the amount of OA plays an important role in the phase transi-
tion during the reaction. As the amount of OA increases, the
Cs;BiBrg phase is diminished, and Cs;Bi,Bry forms at a lower
reaction temperature. In the presence of 1.5 mL of OA, Cs;Bi,-
Bro NCs begin to form at 170 °C. When the amount of OA
increases to 15 mL, the reaction solution turns yellow even
below 100 °C (Fig. S6, ESIt), which is lower than the formation
temperature of BiOBr (Fig. 4). This indicating that the presence
of OA facilitates the formation of Cs;Bi,Bry NPs, which may be
attributed to the interaction between OA surfactants and CsBr
salts promoting the dissolution of CsBr salts in the non-polar
solvent. The ratio of Bi precursors to Cs precursors is an
important parameter to control the growth of Cs;Bi,Brg NCs. As
CsBr is not completely soluble in non-polar solvents, excess
CsBr is added to facilitate the growth of NCs during the reac-
tion, instead of adding a stoichiometric amount of the CsBr
precursors. If Cs and Bi are used at a stoichiometric ratio, the
phase transformation of BiOBr to Cs;Bi,Bry is delayed and
a relatively large amount of BiOBr remains as a final product.
We investigated the composition-dependent optical proper-
ties of Cs;BiBrs NCs and Cs;Bi,Brg NPs. Fig. 5a displays the
absorption spectra of the small Cs;BiBrs NCs and large Cs;-
Bi,Bry perovskite NPs. Band absorption spectra in blue is
observed in the UV region. The band gap of large Cs;Bi,Br, is

a
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S — Cs BiBr NPs| ~— = Emission
m 329 :.
o L
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© ~
0 (A}
’5 wd
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Fig. 5 Optical properties of CszBiBrg NCs and CszBi>Brg NPs. (a)
Absorption spectrum of CszBiBrg NCs (blue) and Cs3Bi>Brg NPs (red).
(b) Excitation and emission spectrum of Cs3zBiBrg NCs. Emission
spectra is collected under an excitation wavelength of 360 nm and the
excitation spectra is measured under an emission wavelength of
440 nm. (c) Excitation and emission spectra of CszBi>Brg NPs. Emission
spectra is collected under an excitation wavelength of 358 nm and the
excitation spectra is measured under an emission wavelength of
461 nm. (d) Time-resolved photoluminescence decay of CszBiBrg NCs
(blue) and CszBi>Brg NPs (red) under 374 nm excitation.
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2.67 eV (464 nm), which is close to the band gap of bulk Cs;-
Bi,Bro.** On the other hand, strong blue-shift of the band gap is
observed for smaller Cs;BiBrg NCs. Compared to Cs;Bi,Brg NPs,
the onset of the absorption band-edge is blue-shifted to 3.05 eV
(406 nm), indicating an increased optical band-gap in addition,
very narrow first excitonic absorption is observed at 383.5 nm of
peak position. We also characterize the PL properties of Cs;-
BiBrg NCs and Cs;Bi,Brg NPs. Fig. 5b and c exhibit the excita-
tion and emission spectra of Cs;BiBrs NCs and Cs;Bi,Brg NPs,
respectively. While large Cs;Bi,Bro NPs show weak photo-
luminescence properties, with an emission maximum of
461 nm, deep blue luminescence is observed in small Cs;BiBrg
NCs, with an emission maximum of 435 nm. The PLQY of
Cs;BiBrg NCs is measured as 6.03%, which is one of the highest
values among solvothermally synthesized Cs;BiBrs NCs without
further treatments. Fig. 5d shows the PL decay curves of Cs;-
BiBrs NCs and Cs3Bi,Brg NPs. Time-resolved PL decays are
monitored at 440 nm and 461 nm for Cs;BiBrg NCs and Cs;-
Bi,Bro NPs, respectively, under 374 nm of excitation. All decay
curves were fitted according to bi-exponential functions, and
the fitting results are listed in Table S1.f The PL decay is
attributed to sub-bandgap transition, charge carrier recombi-
nation processes, and sub-bandgap state emission (trap emis-
sion).***>*** The PL decay of Cs;BiBrs NCs is much longer than
that of Cs;Bi,Brg NPs, revealing the higher PLQY of Cs;BiBr¢ via
radiative recombination (Table S1, ESI{).

Conclusions

In this study, we demonstrate the heating-up synthesis of lead-
free cesium bismuth bromide perovskite NCs. The size and
composition of perovskite NCs is readily controlled by changing
the amount of OA added to the reaction and by adjusting the
reaction temperature. In the presence of 1.5 mL of OA, the small
Cs;3BiBrg NCs are synthesized with uniform size distribution.
When the amount of OA added in the reaction or the reaction
temperature increases, large Cs;Bi,Brq NPs are obtained as
a final product. We systematically investigated the growth
mechanism of cesium bismuth bromide NCs during the heat-
ing up process. In the presence of 1.5 mL of OA, phase evolution
from BiOBr to Cs;BiBrs occurs upon increasing the reaction
temperature, as confirmed by XRD and microscopic measure-
ments. Thermodynamically stable Cs;Bi,Bry NPs are formed in
higher temperature reactions, with extended reaction times,
and by increasing the amount of OA in the reaction mixture. We
investigate the optical properties of Cs;BiBrs NCs and Cs;Bi,Brq
NPs. The band-gap of small Cs;BiBrs NCs and large Cs;Bi,Brgy
NPs are 3.05 eV and 2.67 eV, respectively. Blue photo-
luminescence is observed owing to the presence of small Cs;-
BiBr¢ NCs, while large Cs;Bi,Bry NPs show faint
photoluminescence properties. Photoluminescence quantum
yield of small Cs;BiBrg NCs is 6.03%, which is the highest value
of the high-temperature solvothermally synthesized Cs;BiBrg
NCs. The heating-up method provides a novel approach for
synthesizing perovskite based NCs with readily controlled size,
shape, and composition. We believe that our approach provides

This journal is © The Royal Society of Chemistry 2020
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the potential to synthesize various types of lead-free perovskite
NCs.
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