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sisted synthesis of cesium bismuth
halide perovskite nanocrystals and the influences
of slow and fast anion exchange rates†

Rana Faryad Ali, Irene Andreu and Byron D. Gates *

Replacing lead in halide perovskites to address the concerns of their toxicity and stability has driven

a recent surge in research toward alternative lead-free perovskite materials. Lead-free all inorganic

cesium bismuth halide (Cs3Bi2X9) perovskite nanocrystals have attracted attention in recent years due

to the air-stability and non-toxic nature of bismuth. Herein, we demonstrate a facile sonication-

assisted approach for the preparation of all-inorganic cesium bismuth iodide (Cs3Bi2I9) perovskite

nanocrystals (NCs) using propylene carbonate as a green, alternative solvent. The photoluminescence

(PL) spectra of the Cs3Bi2X9 NCs have a peak emission that can be tuned from 410 to 550 nm by

controlling the composition of the NCs through an anion exchange reaction using tetraalkylammonium

halides as a source of halide ions. The rate of this anion exchange reaction is demonstrated to have

a significant influence on the dimensions of the NCs obtained from the parent Cs3Bi2I9 NCs. The PL

emission of these nanocrystals is predominately due to exciton recombination processes. The NCs also

exhibit air-stability for at least 150 days.
Introduction

Metal halide perovskite nanomaterials with a general formula
ABX3 [A ¼ CH3NH3 (MA), Cs; B ¼ Pb, Bi, Sn, Ge, etc.; and X ¼
Cl, Br, I] have drawn extensive attention due to their unique
optical and electronic properties.1–3 This progress has been
spurred by their excellent optical properties (i.e., high photo-
luminescence quantum efficiency and sharp absorption edge),
and the prospect for low-cost synthetic processes.4,5 Addi-
tionally, metal halide perovskites offer considerable tunability
of their optical bandgaps through either the direct incorpo-
ration or exchange of different halides into the crystal struc-
ture, or through reducing the crystallite dimensions to the
nanometer scale.6–9 This change in the bandgaps of the halide
perovskites relies on the different ionization potentials of the
halide ions, which enable tuning of the halide perovskite
emission throughout the entire visible spectrum.10 Among
these materials, lead halide perovskite based nanomaterials
have been extensively explored for photonic applications, such
as solar cells, light emitting diodes, and photodetectors.11,12

The intrinsic toxicity of lead-based materials limits their utility
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due to their hazards to human health and the environ-
ment.13,14 The substitution of lead with relatively non-toxic
metals in the perovskite crystal structure is highly desirable
for the commercialization and widespread utilization of these
materials.13,14

In recent years, lead-free perovskite systems have been
a primary focus of research into perovskite based materials and
sought aer for their use in optoelectronic applications.15–17

Several less toxic metals such as Sn, Ge, Bi, and Sb have been
explored to prepare lead-free perovskite nanomaterials.18–20

Among lead-free perovskites, Sn and Ge containing perovskites
are unstable due to the oxidative transformation of Sn2+ and
Ge2+ to Sn4+ and Ge4+, respectively.21 For decades, Bi has been
used as a nontoxic replacement for Pb in quantum dots and
piezoelectric materials.21 Bismuth is also a promising candidate
for use in perovskite based materials due to the isoelectronic
structure of Bi3+ with Pb2+ and its improved chemical stability
over that of Sn2+and Ge2+.20,22–26 Furthermore, Bi3+ and Pb2+ are
adjacent in the periodic table and have very similar ionic radii,
which may ease the incorporation of Bi3+ into the perovskite
lattice.13 The interest in bismuth-based perovskites quickly led
to the synthesis of nanocrystals (NCs), rst in the form of
organic/inorganic hybrid perovskites, and later also as purely
inorganic cesium-based perovskites.27,28 Among these bismuth
halide based perovskites, the all inorganic based cesium
bismuth halide perovskite nanomaterials have exhibited
a better chemical stability and have a lower density of defects
than the organic based methylammonium (MA) perovskite
nanomaterials.20,22
This journal is © The Royal Society of Chemistry 2019
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To the best of our knowledge, there are relatively few reports to
prepare all-inorganic Cs3Bi2X9 nanocrystals through solution-
phase methods.20,22–24 Many of these methods can provide good
control over the size, shape, and purity of Cs3Bi2X9 nanomaterials.
Thesemethods used to prepare nanomaterials of Cs3Bi2X9 include
hot-injection approaches and ligand-assisted re-precipitation
(LARP) methods. The hot-injection approach uses an inert atmo-
sphere for processing the reagents and temperatures above 100 �C
to initiate the decomposition of the precursors to form the
perovskite nanocrystals.24 The ligand-assisted re-precipitation
process is a low cost and facile approach to synthesize perov-
skite NCs.20,29 In LARP, the precursors are dissolved in a ‘‘good’’
polar solvent (e.g., dimethyl sulfoxide or DMSO; dimethylforma-
mide or DMF) to form a precursor solution. This dissolution step
is followed by the injection of the precursor solution into a ‘‘poor’’
solvent, (e.g., isopropanol, toluene, or octane) to form the perov-
skite NCs.29,30 Similar to the hot-injectionmethods, the nucleation
and growth stages progress rapidly and can both occur simulta-
neously for the LARP approaches.31 The LARP processes can result
in the formation of aggregated and poorly crystallized nano-
structures, and can result in relatively low reaction yields.
Furthermore, somemixtures of polar and nonpolar solvents could
degrade or otherwise dissolve the perovskite NCs.29 Additionally,
a common polar solvent used in LARP is DMF, which is relatively
toxic.31 As an alternative, ultrasonication-based techniques
provide a direct, single-step approach to preparing relatively
large-scale quantities of lead halide perovskites with the ability to
also tune the dimensions and shapes of the products.32–35 These
ultrasonication-based approaches to prepare lead halide perov-
skites provide access to relatively low temperature processes, and
produce a relatively less aggregated product. These approaches
also enable the ability to incorporate a wide range of reagents.32,35

The sonication-based approaches have not yet been extended to
the synthesis of lead-free bismuth halide perovskites.

Herein, we demonstrate a facile, green solution-phase approach
for the synthesis of cesium bismuth iodide (Cs3Bi2I9) perovskite
NCs along with a characterization of their optical properties.
Colloidal NCs of Cs3Bi2I9 were prepared by a simple sonication-
assisted approach carried out in propylene carbonate (PC),
a green solvent. This solution-phase approach to prepare Cs3Bi2I9
NCs has a number of advantages including a relatively low reaction
temperature (e.g., �55 �C), and the manipulation of the reagents
and products under an ambient atmosphere. This process
prepared colloidal Cs3Bi2I9 NCs with an average diameter of 9 nm.
These NCs also had a photoluminescence (PL) emission at 550 nm
with a full-width-half-maximum (FWHM) of 65 nm, and exhibited
photostability when stored as a suspension in PC and exposed to
air over a period of ve months. In addition, the peak position of
the PL emission of the NCs was tuned through an anion exchange
reaction using either tetraoctylammonium bromide (TOA-Br) or
tetrabutylammonium chloride (TBA-Cl) to adjust the halide
composition of the NCs.

Experimental section

All of the chemicals were of analytical grade and were used as
received without further purication. Cesium bismuth iodide
This journal is © The Royal Society of Chemistry 2019
(Cs3Bi2I9) NCs were prepared in a single step process through
a sonication-assisted solution-phase approach. In brief, 60mMof
bismuth acetate [Bi(OOCCH3)3, >99%, Sigma Aldrich] and 90mM
of cesium iodide (CsI, >99%, Sigma Aldrich) were prepared in
5 mL of propylene carbonate (PC, >99%, Sigma Aldrich). This
process was followed by the addition of 0.25 mL oleic acid (OA,
99%, Alfa Aesar) as a capping agent. Themixture was subjected to
tip-assisted sonication for 15 min at 22% of the maximum
ultrasound amplitude (Fisher Scientic Sonic Dismembrator,
Model No. 500, maximum output of 500 W) with intervals of 1 s
on and 1 s off. During the course of the reaction, the colour of the
reaction mixture changed from colorless to dark orange, indi-
cating the formation of the Cs3Bi2I9 NCs. Aer completion of the
reaction, any larger particles were removed from the suspension
via a process of centrifugation (Model No. AccuSpin 400, Fisher
Scientic) at 5000 rpm for 5 min to obtain a transparent orange
colored solution that contained a suspension of the NCs.

The solution containing the Cs3Bi2I9 NCs was used for the
subsequent halide substitution reactions, and for studying the
optical properties of these materials. Both Cs3Bi2Br9 and Cs3-
Bi2Cl9 NCs were prepared by halide substitution of the Cs3Bi2I9
NCs at ambient temperatures. In brief, a 0.03 M (for a slower
anion exchange reaction) and 0.08 M (for a faster anion
exchange reaction) solution of either tetraoctylammonium
bromide (TOA-Br, 99%, Fluka) or tetrabutylammonium chloride
(TBA-Cl, 99%, Fluka) were prepared in propylene carbonate as
the source of halide to be used in the anion exchange processes.
A solution of the appropriate halide species was added either
relatively slowly (e.g., 1 mL per 5 s) or relatively fast (e.g., 10 mL
per 5 s) to the as-prepared colloidal solution of Cs3Bi2I9 NCs. A
series of ultraviolet (UV)-visible absorbance spectra were ob-
tained as a function of reaction time to monitor the anion
exchange processes.

For analysis of the products by powder X-ray diffraction
(XRD) and Raman spectroscopy, the Cs3Bi2X9 NCs were
precipitated from solution by adding chloroform to the
suspension of NCs in propylene carbonate, which was followed
by centrifugation of the solution at 10 000 rpm for 15 min. The
supernatant was decanted and the obtained precipitates were
dried before performing these analyses.
Characterization of the cesium bismuth halide (Cs3Bi2X9)
nanocrystals

The morphology, dimensions, crystallinity, and lattice param-
eters of the Cs3Bi2X9 NCs were characterized using an FEI Osiris
X-FEG 8 transmission electronmicroscope (TEM) operated at an
accelerating voltage of 200 kV. Analyses by energy dispersive X-
ray spectroscopy (EDX) were performed using the FEI Osiris
scanning/TEM, which was equipped with a Super-X EDX system
with ChemiSTEM Technology integrating the signal from four
spectrometers. Samples were prepared for TEM analysis by
dispersing each of the puried products in hexanes followed by
drop casting 5 mL of each suspension onto separate TEM grids
(200 mesh copper grids coated with Formvar/carbon) purchased
from Cedarlane Laboratories. Each TEM grid was dried under
vacuum (�230 torr) for at least 8 h prior to analysis.
Nanoscale Adv., 2019, 1, 4442–4449 | 4443
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Fig. 1 Cesium bismuth iodide (Cs3Bi2I9) nanocrystals (NCs) as char-
acterized by: (a) transmission electron microscopy (TEM) imaging; (b)
a histogram of their size distribution obtained from TEM analyses; (c)
a high-resolution (HR) TEM analysis; (d) a powder X-ray diffraction
analysis; (e) Raman spectroscopy techniques; and (f) a model of the
hexagonal crystal structure for Cs3Bi2I9.
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Phase and crystallinity of each sample was also assessed by
XRD analyses performed using a Rigaku R-Axis Rapid diffrac-
tometer equipped with a 3 kW sealed tube copper source (Ka
radiation, l ¼ 0.15418 nm) collimated to 0.5 mm. Powder
samples were packed into cylindrical recesses drilled into glass
microscope slides (Leica 1 mm Surgipath Snowcoat X-tra Micro
Slides) for acquiring their diffraction patterns.

Purity and phase of the products were further assessed using
Raman spectroscopy techniques. Raman spectra were collected
using a Renishaw inVia Raman microscope with a 50� long
working distance (LWD) objective lens (Leica, 0.5 NA) and
a 785 nm argon ion laser (Modu-Laser, Model No. Stellar-Pro
514/50) set to 10% laser power with an exposure time of 30 s.
The Raman spectrometer was calibrated by collecting the
Raman spectrum of a polished silicon (Si) standard with
a distinct peak centered at 520 cm�1. Raman spectra were
collected for each of the powdered samples, which were sup-
ported on glass slide (Leica 1 mm Surgipath Snowcoat X-tra
Micro Slides). The spectra were acquired from 50 to 300 cm�1

using a grating with 1800 lines per mm.
The optical absorption spectra of the Cs3Bi2X9 NCs were

measured using an Agilent Technologies UV-visible spectro-
photometer (Agilent 8453, Model No. G1103). For these
measurements, the NCs suspended in PC were held in 1 cm
path length poly(methyl methacrylate) cuvettes (VWR™,
Catalog No. 634-8537). For the stability experiments, the NCs
were stored as a suspension in PC over a period of 2 months. A
series of UV-Visible spectra were recorded throughout this
period of time (e.g., 4, 8, 12, 30, 60 and 150 days). Photo-
luminescence measurements of the Cs3Bi2X9 NCs were carried
out using a Photon Technology International (PTI) Quanta-
master spectrouorometer using excitation wavelengths that
matched the extinction maxima for each composition of NCs.
The absolute photoluminescence quantum efficiency (PLQE) of
the Cs3Bi2I9 NCs was measured using an FS5 spectrouorom-
eter (Edinburgh instruments) equipped with an integrating
sphere (FS5 SC-30). To minimize the self-quenching effects, the
absorbance of the sample was set below 0.2 at the excitation
wavelength with a 10 mm quartz cuvette. The blank emission
(e.g., from a solution of PC) was collected with the same cuvette
containing only the solvent as a blank in the same spectral
range used for the sample emissionmeasurement. The absolute
PLQE values were calculated using eqn S1 in ESI.† The time-
resolved PL spectra were collected on a Horiba PTI
QuantaMaster™ 400 with a DeltaFlex time-correlated single
photon counting (TCSPC) lifetime measurement system
equipped with a 370 nm excitation laser pulse. The instrument
response function was measured using a non-uorescent
LUDOX®-50 scatterer (50 wt% suspension of silica beads in
water, Sigma Aldrich).

Results and discussion

The Cs3Bi2I9 NCs were prepared in one-step by a solution-phase
sonication process. We used PC, a green solvent,31 for the
synthesis of the halide perovskite. Propylene carbonate has
a relatively high boiling point (i.e., 240 �C), and is considered to
4444 | Nanoscale Adv., 2019, 1, 4442–4449
be a nonhazardous solvent. The polar nature of the PC enables
the ability to readily dissolve a variety of ionic species, such as
the precursors to the Cs3Bi2I9 NCs. In this method, tip-assisted
sonication was used to induce the formation of Cs3Bi2I9 NCs
through a one-pot process directly from its molecular constit-
uents (i.e., bismuth acetate and cesium iodide) in the presence
of a surfactant, oleic acid. The formation of the Cs3Bi2I9 NCs
during the reaction was noted by a change in the appearance of
the solution, changing from colorless to a dark orange color.
Transmission electron microscopy (TEM) analysis of the as-
synthesized Cs3Bi2I9 NCs indicated the formation of uniform
and well-dispersed NCs with quasi-spherical shapes (Fig. 1a).
The average diameter of these NCs was 9 � 2 nm (Fig. 1b). The
atomic-scale crystallinity of the Cs3Bi2I9 nanoparticles was
analyzed by high-resolution TEM (HRTEM) (Fig. 1c). A uniform
lattice structure was observed throughout each of the nano-
crystals. These results suggested that each nanoparticle was
formed as a single crystal. The periodic fringe patterns observed
by HRTEM for some of these nanocrystals had a spacing of 2.2
�A. This spacing matched the inter-planar spacing for the (315)
planes of Cs3Bi2I9. Composition of the Cs3Bi2I9 NCs was further
conrmed by energy dispersive X-ray spectroscopy (EDX), which
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Ultraviolet (UV)-visible absorption spectra acquired over the
course of the reaction to monitor a relatively slow anion exchange
process for the parent Cs3Bi2I9 NCs through the formation of mixed (a)
I/Br and (b) I/Cl nanocrystals by the substitution of I� with Br� and Cl�,
respectively. The addition of tetraalkylammonium halides in an
increasing concentration (as noted next to the spectra) were used to
initiate the anion exchange reaction, which resulted in a blue-shift in
the absorption spectra. The absorption spectra quickly stabilized,
exhibiting no further shifts with subsequent additions of either Br� or
Cl� anions to the solution. This stabilization of the spectra indicated
a completion of the anion exchange process.
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indicated the presence of Cs, Bi and I in the NCs (Fig. S1 in
ESI†).

Bismuth based perovskite NCs containing other halides (e.g.,
Cs3Bi2Br9, Cs3Bi2Cl9, and mixed halide species) were prepared
through a simple process of anion exchange. Post-synthetic
chemical transformations through ion-exchange reactions are
a simple and versatile approach to creating new materials that
are not readily accessible by other techniques, and can provide
a ne control over the nal composition of a material.36,37

Recently, anion exchange reactions of halide perovskites have
rapidly emerged as an approach to tuning their composition
and to prepare mixed halide phases.29,38 Due to the high
mobility of the halide ions and the rigid nature of the cationic
sub-lattice of halide perovskites, anion-exchange reactions are
a versatile approach to tune the optical properties of a variety of
perovskites.3,29 There is, however, little known with regards to
the effects of the rate of the anion-exchange reactions on the
properties of the product, such as the optical properties and the
dimensions of the resulting perovskites.38 The anion exchange
process is relatively fast (e.g., several seconds) and can be ach-
ieved at ambient or lower temperatures to deliberately achieve
either with a partial or complete exchange of the anions. The
anion exchange reactions reported herein were conducted by
suspending the NCs in propylene carbonate and adding tet-
raalkylammonium halides (TAA-X; X¼ Cl� or Br�) as a source of
the desired anion for the exchange. We selected tetraalky-
lammonium halides to facilitate the exchange of I� with either
Br� or Cl� by hindering the reverse reactions. This unidirec-
tional ion exchange process is attributed to the interactions of
hard and so acids and bases. The tetraalkylammonium cation
(TAA+) with its four alkyl chains is a so acid that prefers to bind
to soer halide ions.38 Therefore, the TAA+ cation prefers to
associate with I� over Br� or Cl�. When reacting the Cs3Bi2I9
NCs with tetraoctylammonium bromide (TOA-Br) the Br�

readily exchanged with I� from the NCs lattice. In other words,
the transformation from TOA-Br to TOA-I is favorable. The
exchange for I� in Cs3Bi2I9 NCs with Cl� available from tetra-
butylammonium chloride (TBA-Cl) is also feasible as the
transformation from TBA-Cl to TBA-I is favorable (e.g., the I�

ions are soer than Cl�).
The dimensions of the NCs were signicantly affected by the

rate of the anion exchange reaction. A relatively slow anion
exchange reaction (Fig. 2) used to prepare the Cs3Bi2Br9 and
Cs3Bi2Cl9 NCs resulted the formation of particles with compa-
rable dimensions to those of Cs3Bi2I9 (Fig. 3, and S2 in ESI†).
The TEM analyses of the Cs3Bi2Br9 NCs acquired aer
completing a relatively slow halide exchange process indicated
that these NCs were also crystalline and maintained a quasi-
spherical shape. The average diameter of these Cs3Bi2Br9 NCs
was 7 � 2 nm (Fig. S3 in ESI†). The TEM analyses of the Cs3-
Bi2Cl9 NCs, also prepared by the relatively slow anion exchange
process, revealed that these NCs were also crystalline, but that
these products exhibited more irregular shapes and an increase
in the polydispersity of the particles. The average diameter of
these Cs3Bi2Cl9 NCs was 11 � 5 nm (Fig. S3 in ESI†). These
variations in the shape and size of the Cs3Bi2Cl9 NCs from the
as-synthesized, parent Cs3Bi2I9 NCs could be attributed to the
This journal is © The Royal Society of Chemistry 2019
larger difference in radii of the Cl� and I� ions. The replace-
ment of the I� by Cl� within the crystalline lattice likely disrupts
the structure of these materials.39,40 This ion exchange process
could lead to a partial dissolution, reshaping, and aggregation
of the NCs. Increasing the relative rate of the anion exchange
reactions (Fig. S4 and S5 in ESI†) resulted in an increase in the
average diameter and polydispersity of the Cs3Bi2Br9 and Cs3-
Bi2Cl9 NCs. These Cs3Bi2Br9 and Cs3Bi2Cl9 NCs had average
dimensions of 12 � 4 nm and 22 � 6 nm, respectively (Fig. 4). A
number of smaller particles with average dimensions of �4 nm
were also observed along with these larger Cs3Bi2Cl9 NCs, which
may result from a partial dissolution of the NCs during the
anion exchange process. It is possible that the overall increase
in size of the NCs observed during this fast ion exchange
process could be attributed to an initial dissolution of the
Cs3Bi2I9 NCs, forming smaller nuclei. Subsequent nucleation
and aggregative growth of these nuclei would result in the
formation of the larger Cs3Bi2Cl9 NCs.41,42 During aggregative
growth, the deposition of the nuclei on the higher energy facets
Nanoscale Adv., 2019, 1, 4442–4449 | 4445
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Fig. 3 Transmission electron microscopy (TEM) analyses of the
nanocrystals (NCs) after a relatively slow anion exchange reaction: (a
and b) cesium bismuth bromide (Cs3Bi2Br9) nanocrystals; and (c and d)
cesium bismuth chloride (Cs3Bi2Cl9) nanocrystals. The larger, dark
regions observed in (c) are associated with assemblies of smaller
nanoparticles as shown in (d).

Fig. 4 Transmission electron microscopy (TEM) analyses of the
nanocrystals (NCs) after a relatively fast ion exchange reaction: (a and
b) cesium bismuth bromide (Cs3Bi2Br9) nanocrystals; and (c and d)
cesium bismuth chloride (Cs3Bi2Cl9) nanocrystals. The average
dimensions of the Cs3Bi2Br9 and Cs3Bi2Cl9 NCs increased to �12 nm
and �22 nm, respectively.
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also lead to a reshaping and an increase in the dimensions of
the NCs.43 The ion-exchange process begins from the edges of
the particles and proceeds toward their core.44,45 These ion
exchange reactions have a small activation energy as they are
thought to proceed through a kick-out mechanism, and that the
rate-determining step is not the rate of diffusion but instead the
rate of the ion exchange.44–46 These faster rates for the ion
4446 | Nanoscale Adv., 2019, 1, 4442–4449
exchange reaction result in a signicant mass transport
between the inner core and exterior of the particles, which could
result in a dissolution or partial deterioration of their
structure.44

Powder X-ray diffraction (XRD) patterns were obtained for
the as-synthesized Cs3Bi2I9 NCs (Fig. 1d, and S6 in ESI†), as well
as for the Cs3Bi2Cl9 and Cs3Bi2Br9 NCs resulting from the
relatively slow halide exchange reactions (Fig. S7 in ESI†). The
major peaks in the XRD patterns of the Cs3Bi2I9 NCs matched
the hexagonal crystal structure expected for Cs3Bi2I9 (space
group P63/mmc, ICSD No. 410726). The Cs3Bi2Cl9 NCs and
Cs3Bi2Br9 NCs were also crystalline, and had major diffraction
peaks similar to the XRD proles to those previously reported
for bulk crystals of Cs3Bi2Cl9 and Cs3Bi2Br9. In comparison to
these bulk single-crystals, the diffraction peaks for the samples
of NCs were signicantly broader, which can be attributed to the
nanoscale dimensions of the colloidal NCs.47,48 Differences in
the peak positions for some of the peaks observed in the XRD
plots for the NCs relative to those for the ICSD standards, as
seen in Fig. S6 and S7 in ESI,† are attributed to the intrinsic
structural properties of the perovskite NCs. These intrinsic
properties include unit cell distortions and other structural
strains that result from the small dimensions of the nano-
crystals, and the preferred directions of crystal growth for the
nanocrystals relative to the bulk crystals used as reference
materials.49 Further distortions could result from the processes
of precipitating the NCs from solution and drying them in
preparation for the XRD analyses. These induced trans-
formations of the perovskite NCs may also lead to the formation
of polycrystalline and/or aggregated products.50 Similar inter-
ferences and environmental inuences on the reections
observed in the XRD plots have been observed in many previous
reports for perovskite-based nanomaterials.20,21,23,24 The relative
intensities of some reections are also distinct from those
observed in the bulk crystals, which is due to changes in the
relative growth directions of the lattices in the form of the NCs.

Phase, crystallinity, and purity of the products were further
analyzed by Raman spectroscopy techniques. Raman spectra
were recorded from 50 to 300 cm�1. No peaks were observed
above 300 cm�1. Raman spectra of Cs3Bi2I9 contain two major
peaks above 110 cm�1, along with three strong modes between
50 and 110 cm�1 (Fig. 1e). The Raman bands associated with the
Cs3Bi2I9 NCs further indicated the formation of a crystalline
product.51 The Raman spectra of the Cs3Bi2Cl9 and Cs3Bi2Br9
NCs also indicated the formation of crystalline products (Fig. S8
in ESI†).52 The observed vibrational modes of the Cs3Bi2I9 lattice
(space group P63/mmc) are derived mainly from the vibrations of
the [Bi2I9]

3� anion. The crystal structure consists of molecular
[Bi2I9]

3� anions bound together by three Cs+ cations per unit
cell (Fig. 1f). The dominant vibrations in the crystalline lattice of
Cs3Bi2I9 arise from the strong bonds of the [Bi2I9]

3� sub-unit
and the weaker modes arise from the ionic interactions of
that sub-unit with the bridging Cs+ cations (Table S1 in
ESI†).51,53,54 The peak positions within the Raman spectra of the
Cs3Bi2Br9 and Cs3Bi2Cl9 NCs were also in agreement with the
data previously reported for larger Cs3Bi2Br9 and Cs3Bi2Cl9
crystals.52
This journal is © The Royal Society of Chemistry 2019
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The optical properties of the Cs3Bi2X9 NCs were investigated
as colloidal suspensions under ambient conditions to evaluate
their excitation and PL response. The Cs3Bi2I9 NCs had an
excitation peak maximum centered at �485 nm and an asso-
ciated emission peak at 550 nm (2.25 eV) with an FWHM of
65 nm. The PLQE of the Cs3Bi2I9 NCs was measured using
a uorescence spectrometer equipped with an integrating
sphere, which yielded a PLQE value of �0.3%. The absolute
PLQE value of these Cs3Bi2I9 NCs is higher than those previ-
ously reported in the literature for Cs3Bi2I9 NCs prepared by
other methods.22,55 The PL spectra of the Cs3Bi2X9 NCs were
nely tuned from 550 to 410 nm by varying their anion
composition (X ¼ Br, Cl, and I). The source of halide species for
these anion exchange reactions were the tetraalkylammonium
halides, which were highly soluble in PC. The extent of the
halide exchange reaction was assessed by monitoring changes
to the optical absorption spectra of the NCs (e.g., Fig. 2). Aer
the anion exchange with Br� or Cl� ions, the excitation peak of
the NCs exhibited a blue-shi (Fig. 5 and Table S2 in ESI†). This
blue-shi in the absorption spectra was associated with an
increase in the bandgap energy of the NCs aer the anion
exchange. The Cs3Bi2Cl9 NCs and Cs3Bi2Br9 NCs exhibited
absorption peaks at 337 nm and 385 nm, and their
Fig. 5 Absorption (solid) and photoluminescence (dashed) spectra of
the perovskite Cs3Bi2I9 NCs, as well as NCs containing Br� and Cl�

prepared by the substitution of I� with Br� (2nd and 3rd panels from
the top) and Cl� (4th and 5th panels from the top).

This journal is © The Royal Society of Chemistry 2019
corresponding PL emission peaks were centered at 410 nm (3.02
eV) and 460 nm (2.70 eV), respectively (Fig. 5). The bandgaps of
the Cs3Bi2I9, Cs3Bi2Cl9, and Cs3Bi2Br9 NCs were each assessed
to determine if they contained either direct or indirect transi-
tions through the use of Tauc plots.56 These plots were obtained
by replotting the absorption spectra as (ahn)1/n versus hn. The
parameter n denotes the type of electronic transition, with
a value of 1/2 used for direct transitions.55 The bandgaps asso-
ciated with direct electronic transitions, as determined from
these Tauc plots, were 2.33 eV, 2.81 eV and 3.37 eV for the
Cs3Bi2I9 NCs, Cs3Bi2Br9 NCs, and Cs3Bi2Cl9 NCs, respectively
(Fig. S9 in ESI†). Peak PL emissions for the Cs3Bi2I9 NCs and
Cs3Bi2Br9 NCs were in close agreement to the bandgaps pre-
dicted for direct electronic transitions through the Tauc plots.
These results do not rule out contributions from an indirect
electronic transitions.55 The peak PL emission for the Cs3Bi2Cl9
NCs were, however, not as closely matched with the bandgaps
predicted for a direct electronic transition. This mismatch
could be attributed to defects resulting from the partial disso-
lution and aggregation of these NCs during the anion exchange
of I� with Cl�, as well as the polydispersity of this product
(Fig. S3 in ESI†).

Time-resolved PL spectra were acquired using time-
correlated single photon counting (TCSPC) to investigate the
dynamics of exciton recombination associated with the NCs
(Fig. 6, and S10 in ESI†). The PL decay of the Cs3Bi2I9 NCs was t
with a biexponential decay function composed of a short-lived
PL lifetime (s1) of 0.92 ns and a long-lived PL lifetime (s2) of
5.3 ns (Fig. S11 in ESI†). Similar lifetimes were observed for the
Cs3Bi2Br9 and Cs3Bi2Cl9 NCs. Each of the NCs exhibited a larger
contribution from the short-lived PL decay processes over the
long-lived PL decay processes (Table S3 in ESI†). Previous
studies suggest that the processes associated with the short-
lived lifetime can be attributed to direct electronic transitions
within the NCs. In contrast, the long-lived component can be
attributed to indirect electronic transitions, such as through
recombination events at surface defects.55,57 The uorescence
decay associated with the Cs3Bi2X9 NCs is likely governed
Fig. 6 Time-resolved PL spectra for Cs3Bi2I9 NCs (green), Cs3Bi2Br9
NCs (blue), and Cs3Bi2Cl9 NCs (red) as measured by time-correlated
single photon counting (TCSPC) using an excitation wavelength of
370 nm. The instrument response function (IRF) of the TCSPC set-up
was measured using a non-fluorescent scatterer, LUDOX®-50.

Nanoscale Adv., 2019, 1, 4442–4449 | 4447
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predominantly by exciton recombination within the NCs.22,58

The Cs3Bi2I9 NCs were also studied over a period of 150 days
while stored under ambient conditions to assess the stability of
their optical properties. A small blue-shi (�8 nm) and slight
peak broadening (�3 nm) were observed in the UV-Visible
absorbance spectra of the nanocrystals over the course of the
ve months of storage (Fig. S14 in ESI†). This indicated that the
Cs3Bi2I9 NCs exhibited stable optical properties when stored in
air as no signicant changes were observed to their absorption
spectra over this period of time. A slight blue-shi (�25 nm)
was observed in their PL spectra along with a similar FWHM
following the 150 days of exposure to air, which indicated the
relative stability of the optical properties of these NCs (Fig. S15
in ESI†).

Conclusions

In summary, we have demonstrated a solution-phase route to
prepare single-crystalline Cs3Bi2I9 NCs via a facile sonication-
assisted method. This single-step process uses propylene
carbonate as a green solvent for the synthesis. The PL spectra of
the perovskite Cs3Bi2X9 NCs were tuned from 410 to 550 nm by
controlling their composition through an anion exchange
process carried out at room temperature using tetraalky-
lammonium halides (TAA-X) as a source of halide ions (X ¼ Br�

or Cl�). Controlling the rates of the anion exchange process had
a signicant inuence on the quality of the products. For
example, following a relatively slow anion exchange reaction the
dimensions of the Cs3Bi2Br9 NCs and Cs3Bi2Cl9 NCs were
comparable to those of the parent Cs3Bi2I9 NCs. A faster anion
exchange reaction yielded NCs of Cs3Bi2Br9 and Cs3Bi2Cl9 with
an increase in the relative dimensions of these products and an
increase in their polydispersity. Time-resolved PL measure-
ments indicated that the uorescence decay associated with the
NCs proceeds predominately through an exciton recombination
within the NCs. The Cs3Bi2I9 NCs were also air stable for over
150 days with a slight blue-shi of their absorbance and PL
properties.
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