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ABSTRACT: Cesium bismuth halides (Cs-Bi-X) have
recently been the subject of considerable attention as possible
less-toxic alternatives to lead halide perovskites for lumines-
cence and photovoltaics applications, but the full range of
synthetically accessible Cs-Bi-X compositions has not been
thoroughly explored, and some inconsistent results have
appeared in the literature. Here, we have used a combination
of hot-injection synthesis and post-synthetic anion exchange
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to prepare Cs-Bi-X nanocrystals with many structures and compositions, including several that have not previously been
characterized. The structural and optical properties of Cs;BiX, (X = Cl, Br, I) nanocrystals and Cs;Bi,X, (X = Cl, Br, I)
nanoplatelets are reported, and interconversion of these structures between different halide compositions is demonstrated
through anion exchange using trimethylsilyl halides. Notably, we find that anion exchange can be used to access structural
polymorphs not readily prepared through direct synthesis. In particular, a new structural modification of Cs;Bi,ly has been
accessed; whereas hot injection gives the previously reported “zero-dimensional” nonperovskite structure, anion exchange
provides access to a “two-dimensional” layered, ordered-vacancy perovskite phase with a red-shifted absorption spectrum and
distinctly different photoluminescence. Spectroscopic and computational characterization of these materials provides insight
into structure/property relationships, including properties of the layered Cs;Bi,I, material, that may be advantageous for

optoelectronic applications.

B INTRODUCTION

Lead halide perovskites (APbX;, X = Cl, Br, I, and A =
methylammonium (MA), formamidinium, Cs) are currently
being widely explored for applications in photovoltaics and, in
nanocrystal form, as light emitters, > but concerns about the
toxicity of lead present obstacles to their widespread
application.® The search for lead-free perovskite analogues is,
thus, a highly active area of research.””” Most efforts have
focused on finding lead-free materials with both structural and
electronic similarities to the lead halide perovskites. Prominent
candidates include other metal halide materials incorporating
heavy-metal cations with an ns® electron configuration such as
ASnXj;, elpasolites (i.e, double perovskites, such as
Cs,AgBiX,), and materials based on trivalent cations such as
A;Bi, X, and A;Sb,X,.'""'* Each of these classes of materials
has some disadvantages, however, and none has yet come very
close to matching the effectiveness of lead halide perovskites
either for photovoltaics or light emission. For instance, Sn*'-
based materials suffer from serious stability problems due to
the ease of oxidation to Sn*"."” In addition to the need to
replace Pb** with a less-toxic cation, materials with greater
long-term stability under ambient conditions are sought.'*
Further work on the synthesis and understanding of this class
of materials is desirable, both for the fundamental aim of
exploring more thoroughly the lead-free metal halide perov-
skites as a class and for the practical objective of replacing lead-
based semiconductors in future device technologies.

Cesium and methylammonium bismuth halides, in particular
Cs;Bi, Xy and MA;Bi, Xy, have been the subjects of several
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recent reports that describe their preparation as nanocrystals
and as thin films and their potential application as light
emitters or in solar cells.”'>~"" Although these materials have
been identified by computational screening as likely candidates
for defect-tolerant semiconductors,” photovoltaics incorporat-
ing Cs;Bi)ly and MA;Bi)ly have reached only relatively low
efficiencies. The first A;Bi,Iy thin-film solar cells had power
conversion efficiencies (PCEs) of only 0.12 and 1.09% for A =
MA and Cs, respectively;'® improvements in film morphology
have since pushed their PCEs to 3.17 and 3.20%,
respectively.'”*"*> Thus, although A;Bi,l, films do show
markedly enhanced stability compared to hybrid lead iodide
perovskite films,””** their PCEs to date are not yet
competitive. A number of reasons for these low PCEs have
been hypothesized, primarily on the basis of computational
studies. Recent studies have suggested that these materials may
possess problematic deep defect states that cause both the low
PCEs and the poor luminescence observed in this family of
materials.”> On the other hand, low PCEs have also been
attributed at least in part to a combination of high carrier
effective masses, large exciton-binding energies, and poor
charge-carrier mobilities, all of which stem in part from the
low-dimensional A;Bi,I, (A = Cs, MA) crystal structures.” ™%’
Additionally, these materials are believed to be indirect
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bandgap semiconductors, albeit with a direct bandgap only
slightly higher in energy than the indirect gap.*®

Interest in Cs;Bi,X, as lead-free perovskite replacements has
also stimulated investigation into colloidal nanocrystals of
these materials, largely with the hope that they might share the
excellent emissive ;)roperties exhibited by lead halide perov-
skite nanocrystals.” Although several syntheses of Cs-Bi-X
colloidal nanocrystals have been reported, discrepancies in the
reported optical properties highlight the complexity of this
system and warrant additional characterization.'”””™** The
combination of Cs*, Bi**, and halide anions (CI~, Br~, I") can
give rise to numerous different crystalline materials with
varying compositions or structures, including Cs;BiX; (Scheme
1A) and structural modifications of Cs;Bi,X, that include

Scheme 1. Structures of Cs;BiClg, Cs;Bi,Br,, and Cs;Bi,l, in
Bulk

A. Cs;BiClg B. Cs;Bi,Bry (layer)  C. Cs;Bi,l, (dimer)
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either layers of BiXs®™ octahedra (X = CI7, Br™) or Bi, Xy~
dimers (X =17) (Scheme 1B,C). A systematic examination of
colloidal Cs-Bi-X nanocrystals to identify and characterize the
range of accessible compositions is still lacking.

In addition to the synthesis of known materials as colloidal
nanocrystals, the ability of numerous halide nanocrystals to
undergo facile anion-exchange reactions offers the possibility of
accessing novel compositions or structural modifications that
have not been accessed in bulk.***° In this context, Cs;Bi,l, is
of particular interest. As noted above, it has been suggested
that one reason for the poor photovoltaic and luminescence
efficiencies of A;Bi)I; (A = Cs, MA) may be the low electronic
dimensionality of these materials, which feature isolated Bi,l,>~
dimers of face-sharing octahedra interspersed with Cs™ or MA™
cations (Scheme 1C), resulting in large effective masses and
exciton-binding energies.26’37 In contrast, variants with other
halides or other A-site cations, including Cs;Bi,Bry and
Rb;Bi,l,, feature a two-dimensional layered structure that is
related to the perovskite structure by replacing one third of the
B-site cations with vacancies (referred to as a “vacancy-
ordered” or “defect” perovskite; Scheme 1B).>**” It has been
hypothesized that this layered structure may offer more
favorable charge-transport properties.'”*”**™* In particular,
a recent computational study compared Cs;Bi,l; in its
experimentally observed “zero-dimensional” dimer form
(P63/mmc) with a hypothetical “two-dimensional” layered
form (P3m1) and found that the layered polymorph showed a
lower bandgap (by 0.5 eV) and a higher degree of orbital
delocalization at the conduction-band (CB) minimum, both
potentially leading to improved performance in photovoltaic
devices.”

A similar situation exists for the antimony-containing halide
materials, A;Sb,ly, where the comparison between the dimer
and layered modifications has been more thoroughly studied.
In this system, both modifications of Cs;Sb,Iy can be accessed
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as thin films using different preparation methods.""* The
layered polymorph (P3m1) has been reported to have a lower
bandgap than the dimer polymorph (P6;/mmc), and some
studies have suggested that the layered modification can
outperform the dimer modification in photovoltaic applica-
tions.*"*>***" These results lend some credence to the
importance of the structure in modifying the optoelectronic
properties of these materials. For Cs;Bi,ly, the analogous
comparison has not yet been possible because of the lack of
methods for preparing the layered modification. The layered
polymorph is known in K;Bi,I, and Rb;Bi,]l,, however, albeit
with a lower-symmetry distorted lattice (P2,/n), presumably
due to the smaller A-site cation size. Direct comparisons
between these materials are limited, but a change in the nature
of the bandgap from indirect to direct on going from the dimer
structure (A = Cs) to the layered structure (A = Rb) has been
noted.*”*

Here, we report the synthesis and characterization of
colloidal nanocrystals of Cs;BiX4 and Cs;Bi, Xy (X = Cl, Br,
I). Access to these nanomaterials, several of which had not
been previously characterized, was achieved through a
combination of hot-injection synthesis and anion-exchange
routes, using trimethylsilyl halide (TMSX) reagents whose
utility we have recently established in this context.**
Characterization of these nanocrystals has allowed us to
begin to interrogate the influence of the composition and
crystal structure of the cesium bismuth halide materials on
their electronic structure and optical properties. In particular,
we present evidence suggesting that a new layered modification
of Cs;Bi,I, can be accessed using anion exchange on Cs;Bi,Br,
nanocrystals, providing a route to previously uncharacterized
lead-free perovskite analogues of potential relevance to future
optoelectronic applications.

B EXPERIMENTAL SECTION

General. Manipulations were carried out in ambient air except
where otherwise stated. Oleylamine (70%), oleic acid (90%),
octadecene (90%), anhydrous Cs(OAc) (>99.99%), anhydrous
Bi(OAc); (>99.99%), TMSBr (97%), and trimethylsilyl iodide
(TMSI) (97%, with Al as a stabilizer) were purchased from Sigma-
Aldrich and used as received; TMSCIl (98%) was purchased from
Acros Organics. Anhydrous toluene was de%assed and dried by
passage through a Grubbs-type solvent system® prior to use; hexane
was dried by refluxing over sodium/benzophenone and distilled. Any
other solvents and reagents were purchased from standard chemical
suppliers and used as received. TMSX reagents are air-sensitive and
reactive liquids; TMSBr and TMSI were manipulated in a nitrogen-
filled glovebox or using Schlenk techniques, whereas TMSCI was
generally handled in air without special precautions.

Characterization Methods. UV—vis absorption measurements
were carried out on a Varian Cary 60 or 5000 spectrometer in 1 cm
quartz cuvettes. Low-temperature photoluminescence (PL) spectra
were collected with the sample deposited as a dropcast film on 1 cm
quartz disks in a liquid-helium-cooled cryostat using 405 nm
excitation. Emission from the sample was passed through a fiberoptic
cable and monochromator, and the spectrum was collected on a
liquid-nitrogen-cooled silicon charge-coupled device. Transmission
electron microscopy (TEM) images were obtained on an FEI
TECNAI F20 microscope operated at 200 kV; TEM samples were
prepared by drop-casting dilute nanocrystal solutions onto 400 mesh
carbon-coated copper grids from TED Pella, Inc. Size distributions
were determined by the analysis of >200 individual nanocrystals,
unless otherwise stated. For inductively coupled plasma atomic
emission spectroscopy (ICP-AES), samples were dried, digested in
concentrated nitric acid by sonicating overnight, and analyzed with a
PerkinElmer 8300 spectrometer; concentrations were determined by
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comparison to a calibration curve constructed using a Bi** standard
from Sigma-Aldrich. Nanocrystal samples were prepared for powder
X-ray diffraction (PXRD) by depositing from the solution onto a
silicon substrate and analyzed on a Bruker D8 Discover diffractometer
using Cu Ko radiation; unless otherwise stated, a polynomial
background correction was applied to the XRD data in postprocess-
ing. XRD samples were prepared in a nitrogen glovebox and exposed
to the air briefly during data collection. For energy dispersive X-ray
spectroscopy (EDS) analysis, samples dropcast onto silicon substrates
were coated with a ~200-nm-thick layer of carbon; spectra were
acquired in an FEI Sirion scanning electron microscope operating at
25 kV using an Oxford EDS spectrometer. Standardless quantification
was used.

Synthesis of Cs;Bi,X, (X = Cl, Br) Nanoplatelets. Cesium
acetate (48 mg, 0.25 mmol), bismuth(III) acetate (193 mg, 0.50
mmol), oleylamine (250 mg), octadecene (6 g), and oleic acid (4 g)
were combined in a 50 mL three-neck round-bottom flask. The
mixture was degassed and dried by stirring and heating to 120 °C
under vacuum for 1 h. Then, under an N, atmosphere, the reaction
mixture was heated to 160 °C, and 500 uL of neat TMSX (X = Cl or
Br, 4 mmol) was swiftly injected; the reaction mixture immediately
became cloudy and white (X = Cl) or yellow (X = Br). After 15 s, the
flask was immersed in an ice-water bath and cooled to room
temperature. The crude reaction mixture, which typically contains
minor amounts of impurities, such as Cs;BiX4 nanocrystals, was
decanted from the reaction flask and centrifuged for 30 min at 6000
rpm; the supernatant was then thoroughly drained from the white (X
= Cl) or yellow (X = Br) precipitate. The precipitate was resuspended
in a small amount of toluene (~4 mL) and briefly sonicated before
centrifuging again for 30 min. The supernatant, which typically
contains Cs;BiX, impurities as well as some Cs;Bi, Xy nanocrystals, is
decanted from the precipitate and discarded. The precipitate is
resuspended in hexane (~15 mL) with brief sonication and again
centrifuged for 30 min. The hexane supernatant contains the desired
Cs3Bi)X, nanoplatelets, which are decanted from the precipitate,
which is discarded. The nanocrystals are stored under anhydrous
conditions in an N, drybox; storing in ambient conditions typically
results in the nanocrystals precipitating from the solution after a few
days, although they can be resuspended by adding a small amount of
oleic acid and oleylamine and sonicating.

Synthesis of Cs;BiXg (X = Cl, Br) Nanocrystals. Cesium acetate
(for X = Cl: 190 mg, 1.0 mmol; for X = Br: 95 mg, 0.5 mmol),
bismuth(II) acetate (193 mg, 0.5 mmol), oleylamine (2 g),
octadecene (8 g), and oleic acid (2 g) were combined in a 50 mL
three-neck round-bottom flask. The mixture was degassed and dried
by stirring and heating to 120 °C under vacuum for 1 h. Then, under
an N, atmosphere, the reaction mixture was heated to 160 °C, and
380 uL of neat TMSX (X = Cl or Br, 3 mmol) was swiftly injected;
the reaction mixture immediately becomes cloudy and off-white. After
15 s, the flask was immersed in an ice-water bath and cooled to room
temperature. The crude reaction mixture was centrifuged for 30 min
at 6000 rpm, and then the supernatant was thoroughly drained from
the white or pale yellow precipitate. Toluene (~10 mL) was added to
resuspend the precipitate; typically, the precipitate can be fully
resuspended with little to no insoluble material remaining. Ethyl
acetate (~10 mL) is added to precipitate the nanocrystals, and the
mixture is centrifuged for 10 min. The supernatant is then decanted,
and the nanocrystals resuspended in hexane (~10 mL) and briefly
centrifuged (S min) to remove any insoluble material (typically
minimal). The nanocrystals are stored under anhydrous conditions in
an N, drybox.

Synthesis of Cs3Bi,l, (Dimer Modification) Nanocrystals.
Cesium acetate (24 mg, 0.13 mmol), bismuth(IIl) acetate (97 mg,
0.50 mmol), octadecene (3 g), oleylamine (150 mg), and oleic acid (2
g) were combined in a 25 mL round-bottom three-neck flask and
dried and degassed by heating and stirring at 120 °C under vacuum
for 1 h. Then, the reaction mixture was heated to 160 °C under an N,
atmosphere, and neat trimethylsilyl iodide (TMSI, 250 xL, 1.8 mmol)
was swiftly injected. The reaction mixture immediately turned bright
orange, and after 15 s, it was immersed in an ice-water bath and
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cooled to room temperature. The crude reaction mixture was
centrifuged for 60 min at 6000 rpm, and then the supernatant was
thoroughly drained from the orange precipitate. The precipitate was
resuspended in a small amount of toluene (~4 mL) and briefly
sonicated before centrifuging again for 30 min. The supernatant is
decanted from the precipitate and discarded. The precipitate is
resuspended in hexane (~1S mL) with brief sonication and again
centrifuged for 10 min. The hexane supernatant contains the desired
Cs3Bi,Iy nanocrystals, which are decanted from the precipitate, which
is discarded. The nanocrystals are stored under anhydrous conditions
in an N, drybox.

General Procedure for Anion-Exchange Reactions. Essen-
tially, the same procedure was used for all anion-exchange reactions
on Cs;BiX; or Cs;Bi,X, nanocrystals using either TMSBr (for
chloride to bromide exchange) or TMSI (for bromide to iodide
exchange). Anion-exchange reactions were carried out in a nitrogen
glovebox. A solution of nanocrystals in toluene was prepared at a
concentration of ~1—5 mM (<0.5 mM for Cs;Bi,Bry to Cs;Bi,l,
exchange). The anion-exchange reagent (TMSBr or TMSI) was
added to the nanocrystals at room temperature as a 0.1 M solution in
toluene. After the exchange reached completion (monitored by UV—
vis absorbance), excess reagent and the TMSCI or TMSBr byproduct
from the exchanged halide can be removed by drying the nanocrystals
in vacuo.*

Density Functional Theory (DFT) Calculations. Calculations
were performed with the Vienna ab initio simulation package®>*’
using a plane-wave basis set with the projector augmented wave
method and Perdew—Burke—Ernzerhof exchange correlation func-
tional.>>**> Wavefunctions were expanded in-plane waves with an
energy cutoft of 500 eV. For Cs, Bi, and I atoms, 5sSp6s, 6s6p, SsSp
valence electrons were explicitly treated, respectively. The con-
vergence criterion in total energy was set to 10™* eV. To calculate
band structures, lattices were first relaxed until the Hellman—
Feynman force on each atom was below 0.01 eV/A. To sample the
Brillouin zones for the layered and hexagonal structures, 6 X 6 X 5
and 6 X 6 X 2 k-meshes were used, respectively. The special k-points
and the k-point paths used to calculate the band structures were those
defined by Setyawan and Curtarolo; we interpolate 30 points between
each pair of special k-points.>* Effective masses were calculated based
on the parabolic fitting of 6 points on each side of the conduction-
band minima and valence-band (VB) maxima. Due to the significant
computational cost, spin-orbit coupling is not considered in these
calculations. Prior work on related heavy-metal halide perovskites
suggests that higher levels of calculations (such as including spin-orbit
coupling, using GW method, or hybrid functionals) can give more
accurate band gaps but do not significantly alter the forms of the band
structures.”

B RESULTS AND ANALYSIS

Hot-Injection Synthesis and Structural Character-
ization of Cs;Bi,X; Nanocrystals. We first set out to
develop a synthesis of well-defined Cs;Bi,X, (X = Cl, Br)
nanocrystals. Although prior reports of Cs;Bi, Xy nanocrystals
exist, especially for X = I, synthetic routes to well-characterized
samples of Cs;Bi,Cl, and Cs;Bi,Br, nanocrystals are scarce.'”
One complication in the synthesis of these materials is the fact
that phases with different stoichiometries, in particular
Cs;BiX,, can also occur, and some care must, therefore, be
taken to ensure that the desired phase is accessed cleanly.
Some discrepancies exist in the literature concerning the
spectral properties of Cs;Bi,X, nanocrystals (X = Cl, Br),
which may in part be due to this complication (see the
Supporting Information (SI)). For this reason, we have taken
care to separately synthesize and fully characterize both
Cs;BiXs and Cs;Bi, Xy nanocrystals, which can both be
accessed through modifications to our same synthetic
conditions.
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Scheme 2. Injection of TMSX (X = Cl, Br) into a Hot Solution of Cs(OAc), Bi(OAc);, Oleylamine, and Oleic Acid (OA) in
Octadecene Produces Either Cs;BiX4 or Cs;Bi, X, Nanocrystals Depending on the Ratio of Precursors and Surfactants Used

octadecene (ODE)
oleylamine (OM)
Cs(OAc) + Bi(OAc);  oleic acid (OA)
TMSX injection

X=Cl, Br

low [Cs]/[Bi]
high [OA]

Cs,BiX, Q

high [Cs]/[Bi]
lower [OA]

Synthetic access to Cs-Bi-X nanocrystals was achieved via a
hot-injection route combining trimethylsilyl halides (TMSX)
with metal acetate salts through a modification of a method
that we have previously used to synthesize lead halide
perovskite (CsPbX;) and elpasolite (Cs,AgBiXy) nanocryst-
als.***®%° Materials with different stoichiometries (Cs;Bi,X, or
Cs;BiX,) could be isolated through the systematic variation of
the reaction parameters and workup procedure, as detailed in
the Experimental Section. Scheme 2 summarizes a typical
reaction, which involved a rapid injection of neat TMSX (X =
Br, Cl, or I) into a degassed solution of Cs(OAc), Bi(OAc);,
oleylamine, octadecene, and oleic acid followed by rapid
cooling. The desired nanocrystals could then be isolated
through centrifugation and washing.

The formation of Cs;Bi,X, nanoplatelets (X = Cl, Br) is
favored under conditions using a high [Bi]/[Cs] ratio and a
large excess of oleic acid (see Experimental Section and SI for
more details). This procedure results in the isolation of
hexagonal nanoplatelets ~20—25 nm in diameter and ~3 nm
thick; representative TEM images are shown in Figure 1A,B.
The anisotropic shapes of the particles are consistent with the
layered crystal structure and its hexagonal lattice. TEM
imaging is complicated by the poor stability of the materials
under electron beam irradiation (see SI), a property shared by
the lead halide perovskites and other related materials.*”*’

Figure 1C,D shows powder X-ray diffraction (PXRD) data
collected for the Cs;Bi,X, nanoplatelets. In bulk, Cs;Bi,Br,
exhibits a hexagonal crystal lattice (P3m1) at room temper-
ature with bilayers of Bi** octahedra lying perpendicular to the
crystallographic c-axis; a low-temperature monoclinic form is
also known with a similar connectivity.””*® The measured
PXRD for the Cs;Bi,Br, nanoplatelets (Figure 1D) is in good
agreement with the reported P3m1 structure; the PXRD of the
Cs;Bi,Cl, nanoplatelets (Figure 1C) is also consistent with a
layered, hexagonal structure similar to its reported high-
temperature P321 phase (see the SI for further discussion).
The profile of the PXRD pattern for the nanoplatelets reflects
their anisotropic shape.”’ Reflections corresponding to planes
lying fully parallel to the c-axis are relatively sharp, including
the prominent (hk0) and (h00) sets of reflections, whereas
reflections corresponding to planes with components perpen-
dicular to the c-axis are significantly broadened, indicating a
smaller dimension in this direction. These properties, which
are observed both for the Cs;Bi,Bry and the Cs;Bi,Cl
materials, are consistent with the large lateral size (~20-25
nm) and small thickness (~3 nm) of the nanoplatelets; the
anisotropy of the nanocrystal shapes corresponds directly to
the crystallographic anisotropy.

Figure 2 shows electronic absorption spectra collected for
the Cs;Bi, X, nanoplatelets described above. Both spectra show
a strong, sharp feature at the absorption onset, peaking at 360
nm and 430 nm for X = Cl and Br, respectively. The first
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Figure 1. TEM characterization of (A, B) Cs;Bi,X, (X = Cl, Br)
nanocrystals prepared by direct synthesis. In some materials, TEM
images show black dots ~2 nm in diameter, similar to what has been
observed in CsPbX; and Cs,AgBiXs nanocrystals; these dots are
tentatively assigned as Bi(0) particles.”® Additional TEM images and
sizing data are provided in the SI. (C) Powder XRD data for
Cs;Bi,Cly nanocrystals. Blue sticks correspond to an adjusted
reference pattern for the high-temperature trigonal form of bulk
Cs;Bi,Cl, (PDF 01-073-0907); lattice parameters have been adjusted
to account for the different measurement temperatures (see SI). (D)
Powder XRD data for Cs;Bi,Bry nanocrystals. Reference pattern for
Cs3Bi,Bry (PDF 01-070-0493) is shown as green sticks. Selected
sharper reflections corresponding to (hk0) planes are labeled (see
text).
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Figure 2. Absorption spectra of Cs;Bi,Br, (green) and Cs;Bi,Cl,
(orange) nanoplatelets as colloidal solutions in toluene.

strong absorption feature in Cs;Bi, Xy materials has been
attributed to photoexcitation into a narrow region of the CB
with a high density of states, although the possibility that this
absorption has excitonic character has not been fully
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excluded.”® In these materials, the valence-band (VB)
maximum consists primarily of a mixture of halide p and
bismuth 6s orbitals, whereas the CB minimum derives
primarily from the bismuth 6p orbitals, giving the band-edge
transition a mix of charge-transfer and bismuth 6s-6p
character.”” The absorption spectra of the nanoplatelets are
generally similar to those reported for bulk crystals and thin
films; given the large effective masses and resulting limited
delocalization of carriers in these materials,>” significant size
effects on the band gaps and spectral features due to quantum
confinement are not expected.62

We also directly synthesized Cs;Bi,I; nanocrystals using a
similar TMSI hot-injection procedure to facilitate the
comparison to our anion-exchanged materials (vide infra).
Several syntheses of Cs;Bi,Iy nanocrystals have been reported
involving a variety of methods, and our nanocrystals show
similar absorption spectra to those in these prior reports, with a
first absorption feature peaking at 492 nm and exhibiting a
long tail to lower energies.'””"”” The PXRD of our material is
in good agreement with the nongerovskite dimer P6;/mmc
structure (PDF 01-073-0707),°” and the TEM reveals
relatively large, irregularly shaped platelet-like particles roughly
5 to 6 nm in thickness and 24.9 + 3.7 nm in diameter. These
results are discussed in more detail below.

None of the Cs;Bi, X, nanoplatelets we have synthesized
exhibited detectable PL at room temperature; at cryogenic
temperatures, we do observe some PL (vide infra). Although
PL at room temperature has been reported from some samples
of Cs;Bi,Xy nanocrystals, particularly, bright blue PL in the
case of X = Br, excitation spectra for these samples, when
provided, differ substantially from the absorption spectra,
typically showing excitation peaks at much higher energies
than the absorption edge. The origin of this PL is consequently
unclear.”?>** Notably, similar PL has been observed from
Bi** and halide-containing precursor solutions (for X = Cl, Br,
I) prior to the addition of Cs*, suggesting that in at least some
cases, the reported PL may actually originate from precursors
that have not been fully removed from the nanocrystal sample,
rather than from the Cs;Bi,X; nanocrystals themselves,
especially in cases where the nanocrystals were not purified
prior to spectroscopic characterization.’*”> In bulk, weak
photoluminescence from Cs;Bi,Bry has been observed above
cryogenic temperatures only in rare instances;’” in contrast,
BiX, ">~ molecular species in solution have long been known
to be luminescent at room temperature, especially for X = CL%*

Synthesis and Anion Exchange of Cs;BiX; Nanoma-
terials. In addition to Cs;Bi,X, nanocrystals, we have found
that Cs;BiXs (X = Cl, Br, I) nanocrystals can be selectively
formed by the modification of the reaction conditions used
above. Specifically, higher [Cs]/[Bi] ratios and less oleic acid
favor the formation of Cs;BiClg over Cs;Bi,Cly, as summarized
in Scheme 2. Rather than nanoplatelets, the Cs;BiClg
nanocrystals exhibit a more isotropic shape and a smaller
average dimension. The structure of Cs;BiCly reported in bulk
belongs to the monoclinic C2/c space group and features
isolated BiClg octahedra with no Bi-Cl-Bi bridges.é" Figure 3A
shows a representative PXRD pattern for the Cs;BiCly
nanocrystals prepared here. Beyond Cs;BiCly, Cs;BiBrg
nanocrystals could be most conveniently synthesized by
anion exchange on Cs;BiCl; nanocrystals using TMSBr;**
the material synthesized by anion exchange showed the same
structural (PXRD, Figure 3B) and spectroscopic (UV—vis
absorption, vide infra) properties as materials synthesized
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Figure 3. Powder XRD data collected for Cs;BiCl nanocrystals (A,
blue) prepared by direct synthesis, and for Cs;BiBr, (B, green) and
Cs;Bil (C, red) nanocrystals prepared by sequential anion exchange
from the Cs;BiClg nanocrystals using TMSBr and TMSIL The
reference pattern for Cs;BiClg (black sticks, PDF 84-1037) is also
shown; crystal structures of the other materials have not been
reported. Gray lines are guides to the eye, showing shifts of selected
reflections to progressively lower angles on going from Cs;BiCly to
Cs;BiBry and to Cs;Bilg. TEM images of (D) Cs;BiCls nanocrystals
prepared by direct synthesis and of (E) Cs;BiBrs and (F) Cs;Bilg
nanocrystals prepared by anion exchange starting from the
corresponding chloride sample. In some materials, TEM images
show black dots ~2 nm in diameter, similar to what has been
observed in CsPbX; and Cs,AgBiX4 nanocrystals; these dots are
tentatively assigned as Bi(0) particles.58 Additional TEM images and
sizing data are provided in the SIL

30
20

directly by TMSBr injection into Cs* and Bi** precursors, but
the directly synthesized materials suffered from a persistent
CsBr impurity (see the SI). Further conversion from Cs;BiBry
nanocrystals to Cs;Bilg nanocrystals was also achieved by
anion exchange, using TMSI as the anion-exchange reagent
(Figure 3C). SEM/EDS analysis confirms that the final
product corresponds to essentially a full exchange of Br~ to
I", with <2% residual Br~. We find that the PXRD patterns of
our Cs;BiBrg and Cs;Bily nanocrystals can be reasonably
predicted by assuming a model isostructural to Cs;BiClys but
with larger lattice constants (Figure 3A—C; see the SI for
modeling). While this paper was in review, the first crystal
structure determination of bulk Cs;BiBrs was published; it was
found to exhibit a similar zero-dimensional structure to
Cs;BiCly, albeit in a different space group (Pnma).® The
structure of bulk Cs;Bils has not yet been reported.

TEM images of the starting Cs;BiClg nanocrystals and the
nanocrystals obtained from anion exchange (Figure 3D—F)
show that the particles are still of good quality after anion
exchange, with similar size, shape, and size distribution to the
starting materials, suggesting that anion exchange occurs
without significant restructuring or dissolution/reprecipitation.
The nanocrystal size does increase slightly, from 14.2 + 2.3 nm
for Cs;BiClg to 14.5 + 2.3 or 15.5 + 3.1 nm for Cs;BiBry or
Cs;Bilg, consistent with the increased lattice parameter.

The physical isolation of BiX¢’~ octahedra in this lattice
suggests that the electronic structure of these materials will
feature orbitals essentially localized on individual BiXy>~
moieties, with little delocalization, narrow bands, and large
carrier effective masses. Figure 4A plots absorption spectra of
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Figure 4. (A) Absorption spectra of Cs;BiClg (blue), Cs;BiBry
(green), and Cs;Bils (red) nanocrystals prepared by the direct
synthesis, as colloidal solutions in toluene. (B) Anion-exchange
reaction of Cs;BiClg nanocrystals with TMSBr to produce Cs;BiBrg
nanocrystals. The reaction progresses from blue to green; the dashed
curve shows the spectrum at an intermediate composition. (C) Anion-
exchange reaction of Cs;BiBrg nanocrystals with TMSI to produce
Cs;Bil4 nanocrystals. The reaction progresses from green to red; the
dashed lines show spectra at intermediate compositions. All
absorption spectra are arbitrarily scaled.

Cs3BiXs (X = CL, Br, I) nanocrystals prepared by direct
synthesis. The first absorption maxima in the spectra of the
Cs;BiX4 nanocrystals are shifted to a significantly higher energy
than those of their Cs;Bi,X,, relatives (Figure 2); sharp, strong
absorption peaks are observed at 340 and 380 nm for Cs;BiClg
and Cs;BiBrs nanocrystals, respectively. Figure 4B,C plots
absorption spectra collected before and after anion-exchange
reactions converting Cs;BiClg to Cs;BiBrs and Cs;BiBry to
Cs;Bilg, respectively. The Cs;BiBrg absorption spectrum
obtained after anion exchange is essentially indistinguishable
from that obtained from the direct synthesis. In Cs;Bilg, the
major absorption features are shifted to still lower energy; the
first absorption peak occurs at 480 nm, with two additional
peaks now discernable at higher energies (~400 and ~360
nm). In each of these spectra, the first prominent absorption
peak is similar in shape and position to features reported for
isolated molecular BiX*~ ions in solution. This transition is
typically attributed to a Bi**-centered 6s-to-6p transition. The
shift to lower energy for X = Br, I is then attributable to mixing
between the s-p transition and a ligand-to-metal charge-
transfer transition on the same ion.®*%’

Anion Exchange in Cs;Bi,Bry Nanoplatelets to Form
Layered Cs3Bi,lg. As noted above, the layered crystal
structure of the Cs;Bi,Bry nanocrystals differs significantly
from the structure of bulk Cs;Bi,1;, where Bil; moieties exist as
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dimers of face-sharing octahedra (Bi,X,*~ units). The lack of
Bi-I-Bi bridges between neighboring dimers limits electronic
communication between Bi, dimers, and the Bi,X,>~ dimers
can be essentially regarded as isolated molecules. This isolation
may result in limited orbital delocalization at the band edges,
large exciton-binding energies, large carrier effective masses,
and relatively poor carrier mobilities, and it has been
speculated that this structural feature is at least in part
responsible for the poor performance of photovoltaics based
on Cs;Bi,l; or MA;Bi,ly, which has a similar structure.”®*”*
Access to a layered modification of Cs;Bi,l,, isostructural to
Cs3Bi,Bry or Cs;Sb,l, could help shed light on this issue by
allowing the effect of structural dimensionality on the physical
properties of the material to be studied; however, it has
apparently not been possible to access the layered modification
of Cs;Bi,Iy through direct synthesis in nanocrystalline, bulk, or
thin-film forms. Notably, three very recent reports have shown
that the two-dimensional layered structure of Cs;Bi, X, can be
maintained in alloys containing up to 2/3 I" (e.g., Cs;Bi,Br;];
and Cs;Bi,CLIg), but layered structures with higher iodide
content still remain elusive.”*””°

Given that anion exchange in metal halide nanocrystals can
proceed in many cases with preservation of the cation
sublattice,””*® we hypothesized that post-synthetic anion
exchange to convert layered Cs;Bi,Bry nanocrystals into
Cs;Bi,I could yield the layered modification of Cs;Bi,], as a
kinetically trapped phase at room temperature. To this end, we
performed anion-exchange reactions on Cs;Bi,Bry nano-
platelets using TMSI as the anion-exchange reagent. Treating
a dilute solution of Cs;Bi,Bry nanoplatelets with TMSI results
in a color change from yellow to orange and eventually to deep
red. Figure 5 shows the evolution of the absorption spectrum

Cs;Bi,Brg

S —>
Cs3Bislg

Absorbance (arb. u.)

350 400 450 500 550 600 650
Wavelength (nm)

700

Figure 5. Absorption spectra collected during an iodide anion-
exchange reaction on Cs;Bi,Bry nanoplatelets to produce Cs;Bi,l,
nanoplatelets with a layered crystal structure (the reaction proceeds
from green to red). All spectra correspond to the same concentration
of nanocrystals.

for varying amounts of added TMSI. The prominent peak at
the absorption edge shifts to lower energy over the course of
the exchange and broadens significantly at intermediate points;
when the exchange has reached completion, this peak has
shifted to 550 nm and has a similar breadth and intensity to the
analogous feature in the Cs;Bi,Br, starting material. Additional
features are also observed at higher energies, including a
prominent broad absorption band centered at 390 nm.
Figure 6 shows TEM data for the anion-exchanged material;
these data, in combination with the PXRD data discussed
below, confirm the successful synthesis of a novel layered
modification of Cs;Bily. Starting from ~24 nm Cs;Bi,Bry
nanoplatelets with a hexagonal shape, TEM images of the
exchanged Cs;Bi,], and an intermediate alloyed material (see
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Figure 6. TEM characterization of (A) Cs;Bi,Bry nanoplatelets
prepared by the direct synthesis and (B) Cs;Bi,l; nanocrystals
resulting from complete anion exchange on the sample shown in
panel A. (C, D) Diameter distributions for the nanocrystals shown in
panels A and B. Each histogram corresponds to the measurement of at
least 200 individual nanoplatelets.

SI) still show a nanoplatelet morphology with a similar size and
size distribution. The size distribution measured by TEM does
not change significantly; both the starting Cs;Bi,Bry nano-
platelets and the Cs;Bi,I; nanoplatelet products are 24 + 4 nm
in diameter. A small increase in size (~7%) would have been
expected based on the change in the lattice parameter. The fact
that such a change is not clearly observed may be consistent
with a small amount of etching during the exchange.

Figure 7 summarizes PXRD data collected at various stages
of the anion-exchange conversion of Cs;Bi,Bry to Cs;Bi, 1. The
powder XRD data from the exchanged Cs;Bi,l; sample are
modeled well using a structure derived from the layered P3m1
structure of Cs;Bi,Br, with expanded lattice parameters (a = b
= 8.58 A; ¢ = 10.54 A). Importantly, the signatures of the
nanoplatelet morphology in the PXRD peak widths, discussed
above for Cs;Bi,Brg, are still present in the exchanged
nanocrystals, e.g., the (h00) and (hk0) reflections are distinctly
sharper than other reflections, which include components
along the narrow dimension of the nanoplatelets. This result
supports the structural assignment. At intermediate composi-
tions, the powder XRD data show signs of peak splitting,
particularly in the (202) and (201) diffraction peaks,
suggesting that the speciation of these mixed-halide materials
may be more complex than simple homogeneous alloying. For
instance, it may involve a lowering of the symmetry, e.g, to
monoclinic, a preference for different halides in different sites
or the presence of a mixture of phases with distinct
compositions.”” In fact, recent studies of Cs;Bi,X, alloyed
crystals have shown evidence for the preferential ordering of
the anions, with the larger anion (I”) occupying predominantly
terminal positions within the Bi-X layers, whereas the smaller
anion (Br~ or Cl7) preferentially occupies bridging posi-
tions.”*®” The reference lines for the alloyed structures shown
in Figure 7 assume that the P3m1 symmetry and structure of
Cs;Bi,Bry are preserved, which is only an approximation.
Nevertheless, alloy halide compositions estimated from the
powder XRD using Vegard’s law agree with elemental
compositions determined by SEM/EDS on the same samples
(see the SI). Although our analysis of the nanocrystal powder
XRD data cannot be considered a complete structure
determination, because such determination would require
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Figure 7. Powder XRD patterns for Cs;Bi,(Br,_,I,), nanoplatelets at
different extents of anion exchange with TMSI, proceeding from top
to bottom. The reference pattern of bulk Cs;Bi,Bry is reproduced in
the top panel (green sticks, PDF 01-070-0493); modeled XRD
patterns are shown in the other panels (see text for further
discussion). The compositions indicated here were estimated using
Vegard’s law and confirmed by SEM/EDS on a subset of the samples
(see the SI).

more detailed XRD studies ideally of bulk material or single
crystals, our experimental data are fully consistent with the
proposed layered P3ml structure and strongly suggest the
successful formation of this previously unknown layered
modification of Cs;Bi,l,.

Figure 8 provides a direct comparison of absorption spectra
and the PXRD data collected for the layered Cs;Bi,l,
nanoplatelets from anion exchange and the dimer-modification
Cs;Bi]y nanocrystals obtained from hot-injection synthesis.
The absorption spectra (Figure 8A) are plotted in terms of
absolute extinction coefficient relative to the experimental
(ICP-AES) Bi** concentrations in each sample. These data
indicate that the layered modification of Cs;Bi,l, has a larger
extinction coefficient than the dimer modification throughout
the visible range. The first prominent absorption peak in the
dimer Cs;Bi,]; modification occurs at 492 nm, and a similar
transition appears to be red shifted to 550 nm in the layered
modification, although the broad sloping tail of the dimer
Cs;Bi,ly absorption®” extends almost as far as the considerably
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Figure 8. Comparison of the dimer and layer modifications of
Cs;Bi,], nanocrystals. (A) Extinction coefficient (relative to molarity
of Bi** measured by ICP) for two polymorphs of Cs;Bi,], (solid lines)
and corresponding emission spectra (dashed lines; collected at S K
with 405 nm excitation) for layered (blue) and dimer (green)
polymorphs of Cs;Bi)I; synthesized by anion exchange and hot
injection, respectively. Emission spectra are scaled arbitrarily. (B)
Powder XRD patterns for layered (blue, top) and dimer (green,
bottom) polymorphs of Cs;Bi, 1y, compared to the standard reference
pattern for the dimer polymorph and the calculated pattern for the
layered form.

sharper absorption edge of the layered Cs;Bi,l,. This difference
in band shape could reflect a change in the character of the
band-edge transitions. The higher-energy features appear to be
similarly red shifted. For example, a broader absorption feature
at 420 nm in dimer Cs;Bi,], appears to have shifted to 490 nm
in the layered Cs;Bi,ly, and a third higher-energy peak shifts
from 340 to 390 nm and gains considerable intensity in the
layered Cs;Bi,I; modification. The second peak in the layered
Cs;Bi,]y nanoplatelet spectrum nearly coincides with the first
peak in the dimer Cs;Bi,I; modification. Although it is difficult
to rule out the presence of a small amount of dimer Cs;Bi,l,
nanocrystals in the nanoplatelet sample, the powder XRD data
(Figure 8B) and the uniformity of the particles observed by
TEM (Figure 6) suggest that contamination is minimal, and
this peak is a bona fide feature of the layered Cs;Bi,l,
nanoplatelets.

None of the Cs;Bi,Iy nanocrystal samples showed detectable
PL at room temperature, but PL was successfully observed at
cryogenic temperatures (S K), where we find that the layered
and dimer polymorphs show distinctly different emission
spectra. Figure 8A plots these PL spectra. Nanocrystals of the
layered polymorph show relatively sharp emission (full width
at half-maximum (FWHM) ~ 85 meV) centered at 605 nm
(2.05 eV), shifted from the first absorption peak by ~200 meV.
Some additional, broader emission is also observed at lower
energy, attributable to traps. In contrast, the nanocrystals of the
dimer polymorph show a broader PL band (FWHM ~ 200
meV) at 643 nm (1.93 eV), with a larger apparent Stokes shift
of ~600 meV from the first absorption peak. Similar PL has
been observed in bulk and thin-film samples of dimeric
Cs;Bi,] and has been tentatively attributed to self-trapped
excitons.'*® Note that both materials show slight blue shifts of
the first absorption peaks with decreasing temperature, along
with sharpening of the absorption features (see SI). The
difference in PL spectra for the two Cs;Bi,]y structural
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polymorphs is suggestive of a change in the nature of the
emissive state, possibly stemming from changes in the band
structure between the two. We cannot rule out the possibility
that a structural phase change occurs between room temper-
ature and 5 K for the layered polymorph, although variable
temperature PXRD shows no evidence of any dramatic phase
change at least down to 139 K (see SI). The P6;/mmc dimer
modification of Cs;Bi Iy is known to undergo a structural
transition below 218 K to a similar but slightly distorted
monoclinic phase.”’

Computed Band Structure of Cs;Bi,ly. To understand
these spectroscopic differences, we examined the band
structures of the two Cs;Bi)l; polymorphs computationally
using plane-wave DFT, as described in the methods section.
Geometry optimizations were carried out starting from the
experimentally determined crystal structures; for both
polymorphs, the computed optimized structures show slightly
larger lattice parameters than the measured unit cells (see SI).
Figure 9 summarizes the band structures calculated for the

Energy (eV)

T M K r A L H
Layered

Energy (eV)

AL MK H

Figure 9. Calculated band structures for dimer and layered phases of
Cs;Bi,], (top and bottom, respectively). VB maxima and CB minima
are marked by red circles.

layered P3ml and dimer P6y/mmc structures of Cs;Biyl,.
These results are generally consistent with those from previous
computational work,*>”* but a few salient features are
noteworthy.

First, the layered polymorph boasts a significantly smaller
calculated bandgap than the dimer polymorph (1.9 vs 2.3 €V),
in qualitative agreement with the experimental results.
Inspection of the band structure diagrams suggests that this
difference arises largely from the lower CB minimum in the
P3m1 structure. Both structures show indirect band gaps with
the CB minimum at the I" point, but for the P6;/mmc dimer
structure, this minimum occurs in a flat area of the band
extending between the I' and A points, whereas for the P3m1
structure, the CB minimum exhibits greater curvature and a
wider band. This contrast is consistent with the expectation,
discussed above, that the greater interconnectivity of the
layered structure should be manifested as more dispersive
bands, which could lead to better carrier mobilities. Our
calculated carrier effective masses corroborate this conclusion,
with a lower effective mass for the electron in both the in-plane
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and out-of-plane directions in the layered polymorph (Table
1). The VB maxima occur at A for the layered structure and

Table 1. Calculated Effective Masses for Different Structural
Polymorphs of Cs;Bi,I,*

m* (o) m* (Lo)  m* (o) m* (Lc)
layered (P3m1) 0.52meb 0.09m, 2.7m, 1.02m,
dimer (P6,/mmc) 1.56m, 0.11m, ¢ 1.14m,

“Effective masses parallel (out-of-plane) or perpendicular (in-plane)
to the crystallographic c-axis are given. “m, = electron rest mass.
“Since the VB maximum for the dimer form lies between the K and "
points, on an entirely in-plane path, no out-of-plane value is available
from this calculation.

between I' and K for the dimer structure. In both cases, there
are several points along the top of the VB that are fairly close in
energy; the layered polymorph also shows slightly greater
curvature at the VB maximum and thus a lower hole effective
mass (Table 1). The carrier effective masses are larger than or
comparable to values that have been previously calculated for
CsPbl; (e.g., ca. 0.11m, and 0.13m, for the electron and hole
effective masses, respectively).”> Density of-states plots show a
significant split in the CB for layered Cs;Bi,l, that is absent for
the dimer polymorph, and that is similar to what was
previously calculated for Rb;Bi,l,, which occurs in a similar
layered structure (see SI).*

It is worth noting that small changes to the geometries of
these materials can change the calculated locations of their VB
maxima. For example, a 2% lattice contraction of the layered
polymorph raises the calculated energy of the VB at the I'
point to nearly match the A point (see SI). On one hand, given
the slight differences between the calculated and experimen-
tally determined crystal structures, it cannot be stated
conclusively that the location of the calculated VB maximum
here accurately reflects the real system. From another
perspective, this strong sensitivity to geometry suggests that
the electronic characteristics of these materials may be highly
sensitive to pressure effects, for example, from external sources

(diamond anvil cell, epitaxial strain) or from internal sources
(cation substitution), and such effects should be explored
further. Overall, these computational results validate our
expectation, and the available experimental evidence, that the
crystal structure and even the specific lattice parameters both
have a significant influence on the electronic band structures of
these materials.

Concentration Dependence of Anion-Exchange Re-
actions. Finally, during the course of our anion-exchange
experiments on Cs;Bi,Bry nanoplatelets, we observed that the
reaction provided qualitatively different results depending on
the concentrations of the reactants used. The reactions
discussed above were all carried out under relatively dilute
conditions (e.g,, the concentration of TMSI in the reaction
solution was ~5 mM for full conversion to Cs;Bi,l;). Under
these conditions, the reactions are fairly slow, requiring several
hours to reach completion, and preservation of the nano-
platelet cation sublattice selectively gives the layered
modification of Cs;Bi,]; as the dominant product. When the
reaction was run at a higher reactant concentration, however, a
substantial fraction of the nanocrystals was converted to the
dimer modification. Figure 10 illustrates this conversion by
showing the appearance of the absorption peak at 490 nm that
is characteristic of the dimer modification. This peak is
observed when either the nanocrystal concentration (propor-
tional to the Bi*" concentration) and the TMSI concentration
or just the TMSI concentration is increased. TEM also showed
significant changes to the particle morphology associated with
these spectral changes (see the SI).

A possible source of this concentration dependence could be
the reaction kinetics. Although kinetic studies of nanocrystal
anion exchange are sparse, a stopped-flow time-resolved study
of anion exchange on CsPbBr; nanocrystals with PbX,
identified two different kinetic regimes, a surface-limited
regime and a diffusion-limited region.”* In the surface-limited
regime, the exchange of the incoming and outgoing anions at
the nanocrystal surfaces is slower than the diffusion of anions
within the lattice, and the nanocrystal maintains a homoge-
neous (alloyed) composition throughout the exchange. In the
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Figure 10. Effect of concentration on the anion-exchange reaction of Cs;Bi,Br, nanoplatelets with TMSL (A) Absorption spectra of Cs;Bi,],
nanocrystals resulting from anion exchange at different reaction concentrations. The Bi** concentration for each reaction mixture was determined
based on ICP measurements of a stock solution; for this size of nanoplatelets, a I mM concentration of Bi** corresponds to roughly a 0.2 uM
concentration of nanoplatelets. TMSI was added as a 0.1 M stock solution in toluene, and the TMSI/Bi** molar ratio was fixed at 10:1 for all
reactions. Absorption spectra were arbitrarily normalized to the first absorption peak. (B) Absorption spectra of Cs;Bi,I, nanocrystals resulting
from anion exchange at different TMSI concentrations, with a constant nanocrystal concentration (1 mM in Bi*"). Absorption spectra were
arbitrarily normalized to the first absorption peak. (C) Proposed schematic of anion-exchange behavior in different solvated-anion concentration

regimes.
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Scheme 3. Two Different Synthetic Procedures Give Rise to Different Polymorphs of Cs;Bi,I, as Nanoplatelets, the Dimer

Polymorph and a New, Layered Polymorph
Syntheses of Cs;Bi,lq

i. direct synthesis
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diffusion-limited regime, the exchange of anions at the surfaces
is fast and the diffusion of anions inside the lattice is rate
limiting. As a result, the nanocrystals have an inhomogeneous
composition during the reaction, with the incoming anion
concentrated near the surfaces. Koscher et al. observed the
diffusion-limited behavior in bromide to iodide exchange and
surface-limited behavior in bromide to chloride exchange but
did not report any concentration-dependence studies.”* A full
kinetic description of this anion-exchange reaction is complex
and beyond the scope of the present study, but it is likely that
the rate of anion exchange at the nanocrystal surface is
dependent on the reagent (TMSI) concentration, whereas
anion diffusion within the nanocrystal does not depend
fundamentally on the solution TMSI concentration. Therefore,
it may be possible to switch between surface- and diffusion-
limited regimes by changing the reagent concentration, as
summarized schematically in Figure 10C. Our data would then
suggest that surface-limited reactions performed at low TMSI
concentrations maintain a homogeneous alloy composition
throughout the reaction and better preserve the cation
sublattice, whereas diffusion-limited reactions at higher TMSI
concentrations are more likely to cause restructuring, perhaps
as a result of greater lattice strain due to the inhomogeneous
composition. The concentration dependence observed here
may have implications for anion exchange in a range of halide
systems and warrants further study.

B CONCLUSIONS

In summary, we have developed synthetic methods that
provide facile and selective access to cesium bismuth halide
nanocrystals with different stoichiometries (Cs;BiXs and
Cs;Bi,X,) for X = Cl, Br, and I, some of which had not
been previously reported as nanocrystals or in any form. We
have additionally provided structural and spectroscopic
characterization of these materials that should prove useful
for distinguishing among the manifold structures and
compositions that can result from similar synthetic conditions.
Although we have not yet explored variants with other A-site
cations, it is likely that the closely related methylammonium
bismuth halides share a similar structural and compositional
diversity.

We have further shown that post-synthetic anion-exchange
reactions can be used to tune the halide compositions in these
nanocrystals, providing access to structural modifications that
are difficult or perhaps impossible to synthesize directly. Most
notably, we showed that a layered structural modification of
Cs;BiyJg can be accessed by anion exchange on Cs;Bi,Bry
nanoplatelets. Although the previously reported nonperovskite
(P6;/mmc) phase that is accessed through the direct synthesis
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of Cs3Bi,], features isolated Biyly>~ bioctahedra, anion
exchange has allowed us to access a layered ordered-vacancy
perovskite phase of Cs;Bi,I, that has not previously been
reported. The ability to access distinct structural modifications
with the same Cs;Bi)l; composition depending on the
synthesis route is summarized in Scheme 3.

Spectroscopic and computational characterization of both
Cs;Bi,]y modifications indicate significant differences in their
electronic structures that are consistent with greater band
dispersion in the new two-dimensional Cs;Bi,l, structure
formed by anion exchange than in the dimer modification
formed by direct synthesis. These results indicate a strong
sensitivity of the electronic properties of these materials to
structural variation and suggest potential routes for tuning
those electronic properties based on chemical or physical
perturbations.

Overall, this work highlights the utility of anion-exchange
reactivity in nanocrystals for accessing new and otherwise
inaccessible electronic materials. Given the facile anion
exchange generally displayed by similar classes of ionic halide
materials, we anticipate that similar methods should allow the
extension of these chemistries to polycrystalline thin films as
well.*® This strategy can be particularly powerful in the search
for lead-free perovskite analogues for optoelectronics applica-
tions.
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