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MATERIALS AND METHODS

Chemicals and Materials

All the chemical reagents were at least of analytical grade and used as received without
further purification. Lead (II) bromide (PbBr,, 99%), cesium carbonate (Cs,CO3, 99%),
I-octadecene (ODE, technical grade 90%), oleic acid (OA, technical grade 90%),
oleylamine (OAm, 90%), were all purchased from Sigma Aldrich. 008-FS in HFE-7500
(5wt%), 008-FS in FC-40 (5wt%), HFE7500 and FC-40 were all purchased from RAN
Biotechnologies. Hexane, toluene, pentane, cyclohexane, and octane were all obtained

from Honeywell.

Preparation of CsPbBr; NCs

CsPbBr; NCs were synthesized according to the widely used method developed by
Protesescu.! Cs-oleate was prepared by loading 0.814g Cs,COj3 into a 100 mL flask
with 40 mL ODE and 2.5 mL OA, drying it for 1 hour at 120 °C and subsequently
heating it under N; to 150 °C until all Cs,COj3 had reacted with the OA. 30 mL ODE
and 1.88 mmol PbBr; are dried under N, and 120 °C. Dried 5 mL OAm and 5 mL OA
are injected and the temperature is raised to 160 °C until all the PbBr; is dissolved. This
earlier prepared Cs-oleate is then heated to 100°C and 4 mL is injected in the 160 °C
hot PbBr, solution which is cooled in an ice-water bath 5 seconds later. The mixture
was subjected to several purification cycles by centrifugation and redispersion in

solvent (i.e., toluene). The process was repeated 3 times.



Self-assembly of CsPbBr; NCs

(1) 12 pL or 60 pL 008-FS in FC-40 (5wt%) was injected into 588 uL or 540 puL
neat FC-40, forming 0.1 wt% or 2 wt% 008-FS in FC-40, respectively.

(2) Add CsPbBr; NCs in toluene (5 mg/mL) into the above solution, followed by
vortex mixing for 5 minutes.

(3) Stirring and evaporating at 20 °C for a certain time.

SC assembly variations

SCs were assembled using the above reported protocol varying the concentration of
008-FS in FC-40. Reactions varying the evaporation temperature and duration were
also performed. Meanwhile, the emulsion templated assembly was tested with varying
dispersed phase i.e. solvents (toluene, hexane, pentane, cyclohexane and octane) and
varying continuous phase i.e. FC-40 and HFE-7500. All the reaction conditions are

listed in Table S5.

Stability of the dual-phase emulsion

Here, the stability of the two-phase emulsion system was checked (toluene, hexane,
pentane, cyclohexane, octane-FC-40/HFE-7500) using the same procedure as shown in
the part of self-assembly of CsPbBr; NCs. It is shown that concentration of surfactant
i.e. 008-FS used in FC-40 and HFE-7500 to stabilize the emulsion is different due to
their different stability of solvents in the continuous oil phase after forming the

emulsion (Table S1). The concentration limit of the surfactant to stabilize different



solvents were investigated, including the duration of the stability of the emulsion. The

results are shown in Table S1 and the emulsion are shown in Figure S2.

Instruments and Characterization

STEM imaging was conducted on FEI Verios 460 from FEI Company using Cu grids
as support materials. For STEM imaging, the sample was drop casted onto the Cu grids
and then dried under vacuum for a whole day. EDX was conducted in the same system
as mentioned above. We performed high-resolution TEM (HRTEM) on a Titan 80-
300ST transmission electron microscope from FEI Co. XRD were performed on Rigaku
MiniFlex benchtop X-ray diffractometer. A LAMBDA 950 UV/VIS/NIR
spectrophotometer, PerkinElmer, was used to measure the absorbance/optical density
in an excitation range of Eg = 0.4-5.6 eV. Here, the absorption spectrum of the solvent
(i.e., hexane) is measured separately and subtracted from the spectrum. A Jobin Yvon
FluoroLog spectrofluorometer, Horiba, is used to measure the PL excitation. As an
excitation source, a 450W xenon lamp (250-700 nm) coupled to a monochromator is
used providing a range of excitation wavelengths. The emission from the sample is
always collected in a right-angle geometry. All spectra are corrected for the spectral
sensitivity of the spectrofluorometer. The PL QY is measured by placing the sample in
an integrating sphere. Here a 150W xenon lamp coupled to a spectrometer (Solar, MSA-
130) is used as an excitation source, providing a selection of excitation wavelengths.
The excitation and emission light is scattered diffusively in the integrating sphere. The

respective emission and excitation spectra are subtracted to calculate the QY. The



spectra are recorded by a CCD camera (Hamamatsu). The time-resolved PL
measurements are performed using a LifeSpecll time correlated single photon counting
(TCSPC) spectrometer (Edinburgh Instruments). It has a 230-850 nm detection range
(MCP-PMT). A diode laser with excitation wavelength A, = 375 nm (EPL series)
provides a 100 ps pulse. A right angle between the excitation and emission beam paths
is maintained to avoid detecting scattered excitation light. Finally, the interface tension
of toluene in FC-40 oil (0.1 wt% and 2 wt %) was measured using the pendant drop
method (Kriiss EasyDrop). Since the measured density and surface tension values
showed a very good agreement with the literature values (£ 0.5 %) they were used

without further purification for the subsequent ultrarapid camera experiments.
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Figure S1. Schematic view of the boiling point of the solvents and oil.
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Figure S2. Stability for the emulsion system formed between different kinds of solvent
(toluene, hexane, pentane, cyclohexane and octane) and oil (FC-40 and HFE-7500). (a)
the mixture of solvents and oils (5 wt%): No. 1, toluene and FC-40 (0.1 wt%); No. 2,
hexane and FC-40; No. 3, pentane and FC-40; No. 4, cyclohexane and FC-40; No. 5,
octane and FC-40; No. 6, toluene and HFE-7500; No. 7, hexane and HFE-7500; No. 8,
pentane and HFE-7500; No. 9, cyclohexane and HFE-7500; No. 10, octane and HFE-
7500. Note that in sample 7 of hexane in HFE-7500, precipitates appeared and in
sample 8 (pentane in HFE-7500) and sample 10 (octane in HFE-7500), two solution
can be mixed well. (b) The final emulsion system for the above systems.



(b)

Figure S3. Stability of emulsion in HFE 7500 and solvents. (a) Toluene added into
2.5 wt% 008-FS in HFE-7500. (b) Cyclohexane added into 2 wt% 008-FS in HFE-
7500.
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Figure S4. (a) STEM image for fresh CsPbBr; NCs. (b) STEM image for the CsPbBr;
NCs. The inset shows a histogram of size distribution. Approximately 100 NCs were
counted. (¢) XRD spectra for the CsPbBr; NCs. (d) UV-visible absorption and PL
spectra of colloidal CsPbBr; NCs. (e) UV-visible absorption and PL spectra of CsPbBr;
NCs in films. The PL spectra was collected at 400 nm excitation wavelength. (f)
Lifetime and fitting for NCs in colloidal and films.



Figure SS. Low-magnification SEM images of the supercubes made from fresh

nanocrystals.
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Flgue S6. View of the three-dimensional structure of the supercubes obtained by
rotating the SEM sample holder to different angles (0-45°).



Figure S7. SBs obtained from NCs stored after 6 weeks. 0.1wt%, 20°C, 48 hours
(toluene in FC-40).
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Figure S8. Surface measurements for different concentrations of surfactant in FC-
40. (a) Distribution of surface tension for 0.1 wt% 008-FS contained FC-40. (b)
Distribution of surface tension for 2 wt% 008-FS contained FC-40.



The mathematical superball family describes the shape that smoothly interpolates
between a sphere and a cube and can be represented by 2
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where m is the shape parameter and a, b and c are side length of the balls (usually not
very standard balls). To simplify the quantification process, we used projections, i.e.
super-ellipses to quantify the shape. These two-dimensional projections are described
by
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The quantification of the sharpness of the NCs is based on high-resolution TEM images
of the NCs. In order to get sufficient statistics, we automated the fitting in Matlab and
applied it to ~50 NCs for each suspension. Furthermore, we used images of isolated
NCs of the suspension of assembled NCs to make sure that we measure the shape of
the actually relevant NCs at the time of their assembly. The resulting shape parameter
m 1s shown as a function of the aspect ratio »=a/b in Figure S10. It is clear that, besides
significant scatter, the freshly synthesized NCs exhibit on average a larger shape
parameter (m=5.3+1.4) than the old NCs (m=3.6£1.5), indicating that they exhibit
sharper corners.
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Figure S9. Quantification of the sharpness of the cubic NCs. (a) Schematic of the
super-discs obtained for specific shape parameter, m. The values m=3.6 and 5.3
correspond to the average shape parameters of old and freshly synthesized NCs,
respectively. (b) Scatter plot of the m-values versus the NC aspect ratio r=a/b. Average
m values of the two NC batches are indicated.

Figure S10. Zoom-in image of irregular SCs. Orange box highlights crystalline
ordering. Inset: Fast Fourier transform for the selected area.
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Figure S11. Schematic illustrating the effect of evaporation time, surfactant
concentration and evaporation temperature on the morphology of the resulting SCs.

Figure S12. Different morphology formed in the emulsion templated methods. (a, b)
‘donut’ SCs/hollow SCs/colloidal vesicles. (¢) The schematic view of the formation of
the ‘donut’ SCs/hollow SCs/colloidal vesicles. Oil trapped in the inner part of the donut
cannot easily transport through the NC dispersion, thus remaining trapped in the SCs.
This is visible in the inner part of the ‘donut’, where a blurred film can be observed
with a different contrast than the substrate.
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Figure S13. Absorption and PL properties. (a, b) SCs colloidal and film, (c,d) SBs-
420 colloidal and film, (e,f) SBs-90 colloidal and film, (j,k) NCs fresh colloidal and
film, (I,m) supercubes colloidal and fresh. PL lifetime for (g) SCs in colloidal and film,
(h) SBs-420 in colloidal and film, (i) SBs-90 colloidal and film, (n) NCs fresh colloidal
and film and (o) supercubes colloidal and film.



Figure S15. STEM images at different areas of the grids for (a) fresh sample, (b) 22
days, (c) 39 days, respectively. (d,e) STEM images for the SCs after deposited on Cu
grids for 2 months.

Figure S16. (a, b) Low resolution SEM image of superhexagons.



Figure S17. SEM images of the superhexagons. Blue squares highlight crystalline

domains, FFT images of which are shown in the inset. Scale bar, 1 1/nm.
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Figure S18. STEM images for SBs-420 (a-d), and SBs-90 (e-1).



Figure S19. STEM image for sample No. 10, 0.1wt%, 20°C, 48 hours (Octane in FC-
40).

Figure S20. STEM image for sample No. 6, 0.1wt%, 20°C, 48 hours (hexane in FC-
40).

Effect of evaporation condition on the morphology of SCs

Adjusting the evaporation temperature and duration as well as the surfactant
concentration, irregular SCs, superballs and superhexagons were obtained. Regarding
the superballs, we observed First, in order to check the effect of surfactant concentration
on the SCs, 2 wt% and 0.1 wt% of surfactant were used. At a surfactant concentration
of 2 wt%, we obtained irregular SCs as shown in Figure S11a, which might be due to
the uncomplete evaporation of the solvent in the droplets or the concentrated surfactant.



The average size of the SCs is around 150 nm. For comparison, a long evaporation
experiment at the same condition was also performed, which still displayed irregular
SCs with blurred edges. In contrast, at a concentration of 0.1 wt%, large superballs with
average diameter of 420nm (SBs-420) were obtained as shown in Figure S11c. Based
on these results, we conclude that a high surfactant concentration leads to an irregular
morphology of the SCs, while moreover the surfactant concentration has a pivotal
influence on the size of the SCs, with lower surfactant concentration featuring larger
SCs. This is reasonable as one usually needs a high surfactant concentration to stabilize
small-size emulsion droplets. Second, to investigate the effect of the evaporation
temperature on the SCs, we fixed all other parameters and applied two different
temperatures, 40 and 20 °C. At 40 °C, SBs-420 were obtained, while at 20 °C, in
addition to SBs, highly ordered superhexagons were also observed. We suggest that, at
lower evaporation temperature, highly ordered SCs could be obtained. For assembling
a dense film, superballs might not be a good choice. Instead, superhexagons could form
a closely packed and well-ordered film, which could be a good choice for device
applications. At a lower temperature, 20 °C, both SBs-90 and superhexagons were
obtained, where SBs-90 are dominant for about 90 % (Figure S18e). A close inspection
of the SBs and superhexagons is provided in Figure 2a and Figure 5, where a well-
ordered arrangement of NCs is observed. Based on the above considerations, future
works should address the investigation of superhexagons and the corresponding dense
hyperstructure in more detail. Third, by increasing the evaporation time to 24 h, cleaner
SCs could be obtained, indicating that the evaporation time mainly affects the
evaporation degree of the solvents and surfactant inside the droplets. Lastly, different
kinds of solvents could also have great effects on the final morphology of the SCs
(Figure S19-20).

Table S1. Lower limit of surfactant concentration to form the emulsion of different
kinds of solvents in oil.

wt% toluene hexane pentane cyclohexane octane
FC-40 0.1 - - 0.045 -
HFE-7500 2.5 precipitates soluble 2 soluble




Table S2. Absorption and PL peak positions for the dispersed NCs, and the SCs and

SBs.

Samples Abs. (nm) Energy (eV) PL (nm) Energy (eV)
NCs colloidal 498 2.49 519 2.39
NCs film 499 2.48 519 2.39
SCs colloidal 504 2.46 519 2.39
SCs film 504 2.46 515 2.41
SBs-420 colloidal 516 2.40 520 2.38
SBs-420 film 503 2.47 519 2.39
SBs-90 colloidal 508 2.44 522 2.38
SBs-90 film 510 2.43 521 2.38
NCs-fresh-colloidal 489.8 2.53 509.2 2.44
NCs-fresh-film 4943 2.51 512.0 2.42
Supercubes-colloidal 501.1 2.47 516.9 2.40
Supercubes-film 503.5 2.46 517.0 2.40

Table S3. PL QY for dispersed NCs, SCs and SBs, excited at 400 nm wavelength.

Samples PL QY (%)
NCs colloidal 50.8
NCs film 28.2
SCs colloidal 28
SCs film 15
SBs-420 colloidal 17
SBs-420 film 16
SBs-90 colloidal 13
SBs-0 film 13.9
NCs-fresh-colloidal 68
NCs-fresh-film 38
Supercubes-colloidal 51
Supercubes-film 23




Table S4. The lifetime fitting parameters for NCs, SCs and SBs. The fresh NCs
colloidal sample displays higher PL QY (68%) than the old colloidal NCs. This could
also explain why the assembled supercubes possess higher PL QY than the assembled
SCs made from old stored NCs.

Samples A Xy T B C Tavg
NCs colloidal 1.04045 8.30 6.67153  0.81795 0.0014 7.44
NCs film 1.00921 10.74 5.69521 0.86992 0.00582 6.11
SCs colloidal 0.99411 10.85 6.58226  0.797 0.00839  7.48
SCs film 1.00257 10.74  4.81348 0.73355 0.00631 5.84
SBs420 colloidal 1.05976 10.74 3.20218 0.70989  0.00731 4.00
SBs-420 film 1.03121 10.74  2.17282 0.69615 0.00185 2.77
SBs-90 colloidal 1.08368 10.64 537263 0.65212 0.00727 7.31
SBs-90 film 1.06494 8.3 3.61609  0.6022 0.00188 5.41
NCs-fresh-colloidal 4.07944 - 9.47244 - 0.00822 947
NCs-fresh-film 0.81328 6.445 3.19743  0.81328 0.00841 3.58

Supercubes-colloidal 1.28483 10.55  3.08334  0.68168 0.00334 4.01
Supercubes-film 1.43005 10.55  2.03876 0.52303  0.00685  3.77

Note: For the fresh dispersed NCs (NCs colloidal), it can only be fitted by single
exponential function, which indicates the NCs are monodisperse.



Table SS5. The synthesis variations for the self-assembly of CsPbBr; NCs.

Sample NCs Oil Solvent Ratio Oil  Evaporation Evapora
S concentra Surfactan tion
tion (S:0) t Temperature time
(mg/mL) Concentr °C) (hour)
ation
(wt %)
1 5 FC-40 toluene 1:3.125 2 40 3.5
2 5 FC-40 toluene 1:3.125 2 40 24
3 5 FC-40 toluene 1:2 0.1 40 24
4 5 FC-40 toluene 1:2 0.1 20 48
5 5 HFE-7500  toluene 1:2.67  2.65 20 48
6 5 FC-40 hexane 1:437 275 20 48
7 5 HFE-7500  hexane 1:2.67 2.65 20 48
8 5 FC-40 pentane  1:5.88  0.165 20 48
9 5 FC-40 cyclohexane 1:2 0.1 20 48
10 5 FC-40 octane 1:2.08 0.289 20 48
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