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Materials: Cs2CO3 (99.9%, Aldrich), octadecene (ODE, 90%, Aldrich), oleic acid (OA, 90%,
Aldrich), PbCl2 (99.999%, Aldrich), PbBr2 (99.999%, Aldrich), PbI2 (99%, Aldrich), oleylamine
(OLA, Aldrich, 70%), hexane (99.9%, Fisher Scientific). All chemicals were used as received.

Methods:
Preparation of Cesium oleate:
Cesium oleate solution was prepared following the reported approach by Protesescu et al. (ref. 6) In brief ,
0.4 g Cs2CO3 and 1.2 mL OA were loaded into a 3-neck flask along with 15 mL ODE, degassed under
vacuum at 120 °C for 1h, following a second degassing phase at 150 °C under Ar until all Cs2CO3 reacted
with OA.

Synthesis of CsPbBr3 NPLs:
ODE (5 mL) and PbBr2 (0.069g, 99.999%, Aldrich), were loaded into 25 mL 3-neck flask and dried under
vacuum for 1h at 120 ºC. Dried oleylamine (0.5 mL, OLA, Aldrich, 70%) and dried OA (0.5 mL) were
injected at 120 ºC under Ar. After complete solubilisation of a PbBr2 salt, the temperature was changed to
130-90 ºC and hot (~100 ºC) Cs-oleate solution (0.4 mL, 0.125 M in ODE, prepared as described above)
was quickly injected and the reaction mixture was immediately cooled by the ice-water bath.
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Isolation and purification of CsPbBr3 NPLs:
The NPLs were extracted from the crude solution by centrifuging at 8500 RPM for 5 min. Lower
temperature reactions were the crude solution concentration is smaller and thinner NPLs are formed demand
longer centrifugation times and cooling the solution to 17 ºC (above freezing point of ODE). After
centrifugation, the supernatant was discarded and the particles were redispersed in hexane forming stable
colloidal solutions further cleaning of the perovskite NPLs has been a challenging task, typical
methanol/acetone washing techniques dramatically reduce the bright PL and physically degrade the NPLs.
We use ethyl acetate or methyl-ethyl-ketone to induce aggregation, typically large amounts of antisolvent
has to be added, with rations of 1:10 and 1:20 to achieve precipitation of the NPLs.

Preparation of anion-exchange solutions
Anhydrous toluene (5 mL) or anhydrous hexanes (5 mL), PbX2 (X = Cl, Br, I; 0.2mmol), dried OA (0.2
mL, 90%, Aldrich) and dried OLA (0.25 mL, 70%, Aldrich) were added to a scintillation vial in argon inert
atmosphere in a glovebox. The solution was stirred at elevated temperatures (100 ºC for toluene, 50 ºC for
hexanes) within the glovebox until the complete solubilisation of the PbX2 salt occurs. The resulting
concentrated stock solution is stable at room temperature, but maintained in a glovebox to maintain dryness
of the solution over time.

Anion-Exchange Reactions
The anion exchange reactions can be conducted in inert or ambient conditions. A solution of nanocrystals
in a non-polar solvent (hexanes or toluene) was stirred, at ambient or elevated temperatures, and the
previously prepared anion-exchange solution was added directly to the solution of nanocrystals. The
amount of anion-exchange solution added depends on the desired bandgap, where the amount of anionexchange solution was adjusted to obtain the desired bandgap. Upon reaching equilibrium, the nanocrystals
do not exchange further and are stable, allowing for facile optical characterization. For further
characterization, the nanocrystals were isolated either by cold centrifugation or by the addition of an antisolvent followed by centrifugation. The obtained nanocrystals were redispersed in dried non-polar solvents
(hexanes or toluene).

Characterization:
Transmission electron micrographs (TEM) were obtained on a 200 kV Tecnai G220 S-TWIN with a Gatan
SC200 CCD camera.
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Absorption spectra were collected using a Shimadzu UV-3600 double-beam spectrometer using the slowest
integration time and 2 nm slit widths.
Fluorescence spectrum were measured on a Horiba Jobin-Yvon FluoroLog 2 spectrofluorometer, with
wavelength calibrated to a Raman signal from water (350 nm excitation, 397 nm Raman peak) to within 1
nm accuracy.
Powder X-ray diffraction (XRD) patterns of the obtained products were obtained using a Bruker AXS D8
advance diffractometer with a Co Kα source.
SAXS data was obtained using a Bruker NanoStar equipped with a Cu target, Samples were measured under
vacuum at room temperature.
Atomic force microscopy (AFM) micrographs of the NPLs were taken using a veeco multimode in tapping
mode. Perovskite NPLs were spin casted from dilute hexane solution on freshly cleaved HOPG substrate
(2000 RPM 30sec).
Self-assembly into 2D sheets:

Dried di-alkene-halides (see table 1 below) were added to 5ml of ODE together with the as
prepared CsPbBr3 perovskite NPLs suspension. The solution was then heated in a 25ml 3 neckflask under Ar to 110-120⁰ C for 5 or 15minutes. The suspension was cleaned and characterized
by TEM and AFM. 2D sheets of perovskite CsPbBr3 of square/rectangular shapes with lateral
dimensions of a few hundred nm were measured. Samples that were heated for 15 minutes with
the chlorinated alkenes presents also some amount of nanowire. Samples that were heated for 5
minutes with the brominated alkenes presents significant amount of 2D sheets in comparison to
the control sample in which no alkene-halides were added.
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Table 1:
name

pvk11
pvk12
pvk13
pvk14
pvk15
pvk16

added heating heating
Co-solvent
volume time
temperature
(ml)
(min)
(⁰C)
1,5-Dichloropentane
0.5
15
115
(sigma 99%)
1,2-Dichloroethane
0.5
15
120
(sigma 99%)
1,4-Dibromobutane
0.5
5
110
(Sigma 99%)
1,4-Dibromohexane
0.5
5
110
(Sigma 99%)

0.5

110

control no alkene-halides
1-Bromobutane

boiling structures formed
point
(⁰C)
some plates, thin
66
wires,2D sheets
many plates, some
84
wires, 2D sheets
columnar phases some
65
2D sheets
90
N/A
100

mostly 2D sheets
columnar phases very
little 2D sheets
some 2D sheets

Figure S1: a. TEM micrographs depicting flat and side laying CsPbBr3 NPLs. b. HRTEM depicting
top and side view of the stacked NPLs, misalignment of NPLs stacking enables the observation of
stacking also of flat lying NPLs (highlighted red dashed line). c. Size distribution histogram of a
5 layer thick, NPLs sample, depicting number of occurrences of the measured lateral side lengths
of the square plates (23.4±3.7nm) and thicknesses (3.36±0.62nm)
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a

b

Figure S2: a,b. TEM micrographs depicting close-ups of lamellar structures. These unexpected
organic mesostructures were observed in the products of the 90⁰ C synthesis. We observed blue
emitting thin NPLs growth along and in between these structures. Suggesting the mechanism
leading to asymmetric growth is related to the lamellae. (scale bar in a is 20nm).
a

b

Figure S3: a,b. Products of the of the 70⁰ C synthesis as deposited on a TEM grid. The TEM
micrographs depict mainly amorphous micron size objects probably unreacted precursors. Small
irregular shaped crystals were observed, indicating 70⁰ C is not sufficient to support bigger crystal
growth.
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Figure S4. a. Size distribution histogram of CsPbBr3 cubes synthesized at 150⁰ C present a mean
side length of 9.7±3nm, (inset) and corresponding TEM micrograph of the sample (scale bar is 50
nm).

b. TEM micrographs depicting nanocrystals synthesized temperatures of 170-200⁰ C

resulting in 10-15nm NCs and high aspect ratio nanowires (scale bar is 100 nm). These wires were
recently studied by our colleagues, evolve sequentially from each other and present an
orthorhombic crystal structure, which is significantly less emissive.(ref. 8)
a

b

Figure S5. TEM micrographs depicting, the physical degradation of CsPbBr3 NPLs after washing
with butanol.
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a

Nanocrystals

b

Figure S6. a. XRD curves of CsPbBr3 nanocubes, the result of 150 ⁰C synthesis and b. bulk
CsPbBr3 cubic phase standard powder diffraction pattern (lower panel). Similar to the plates also
the higher symmetry nanocubes exists in the cubic phase at room temperature similar to previous
reports (ref. 8) (λCo-kα=1.79Å)

Figure S7. a. Two dimensional photoluminescence excitation map, the z-axis color map is
normalized emission intensity (arb units), depicting excitation of specific thickness NPLs
population that exists in a mixed solution. This is achieved by exciting near the band edge energy
which is different due to quantum size effects. This methods enables us to confirm the existence
of different populations and explore their optical properties. The curves in figure 3a for 5 and 4
unit cells thickness are extracted from this data.
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Figure S8. a. Absorption (solid lines) and emission (dashed lines) spectra of stacked NPLs selfassembled into columnar phases. The double peak at 488 and 477nm are assigned to a bimodal
distribution of NPLs with thicknesses of 4 and 5 layers that are challenging to separate, these
resemble the data for the single NPL. The assembled structures are inserted and dried in a quartz
capillary for further SAXS characterization, further verifying the stacked columnar architecture
(Figure 4a in manuscript). b. The absorption spectra of the film inside the capillary after drying
(and exposure the vacuum environment SAXS chamber) exhibits scattering. The appearance of a
new photoluminescence emission peak at 520nm, is associated to CsPbBr3 bulk emission. This
further indicates that some of the NPLs have fussed and are no longer quantum confined.

Figure S9. a. Optical microscope image depicting photoluminescence emission (excitation
λ=457nm) from self-assembled thin sheets, drop casted on a glass slide (40X objective scale-bar
8

3µm). (a inset) detailed image of two such thin-sheets (100X dry-objective scale-bar 1.5µm).
Using the microscope we also acquire the photoluminescence spectra of the sheets. Four such
emission spectra of self-assembled sheets are presented. The presence of an additional
photoluminescence emission peak at 520nm for some of the sheets is assigned to thicker regions
of the sheets that have fused also in the z-dimension. These are no longer quantum confined and
exhibit CsPbBr3 bulk emission.
a

b

c

Figure S10. Additional TEM micrographs depicting, 200 nm thin sheet formed by oriented
attachment. (scale bar 100 nm). b. additional AFM micrograph depicting two such sheets with
cross section that depict the lateral dimensions ~100nm and height ~5nm. c. HRTEM depicting
long range crystallographic orientation suggesting oriented attachment of single plates into sheets.
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