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ABSTRACT: Crystallization and growth of anisotropic nanocryst-
als (NCs) into distinct superlattices were studied in real time,
yielding kinetic details and designer parameters for scale-up
fabrication of functional materials. Using octahedral PbS NC
blocks, we discovered that NC assembly involves a primary lamellar
ordering of NC-detached Pb(OA), molecules on the front-
spreading solvent surfaces. Upon a spontaneous increase of NC
concentration during solvent processing, PbS NCs preferentially
self-assembled into an orientation-disordered face-centered cubic
(fcc) superlattice, which subsequently transformed into a body- 4
centered cubic (bcc) superlattice with single NC-orientational [
ordering across individual domains. Unlike the deformation-based
transformation route claimed previously, this solid—solid phase
transformation involved a hidden intermediate formation of a lamellar-confined liquid interface at cost of the disassembly (melting)
of small fcc grains. Such highly condensed and liquidized NCs recrystallized into the stable bcc phase with an energy reduction of
1.16 kgT. This energy-favorable and high NC-fraction-driven bcc phase grew as a 2D film at a propagation rate of 0.74 ym/min,
smaller than the 1.23 gm/min observed in the early nucleated fcc phase under a dilute NC environment. Taking such insights and
defined parameters, we designed experiments to manipulate the NC assembly pathway and achieved scalable fabrication of a large/
single bec supercrystal with coherent ordering of NC translation and atomic plane orientation. This study not only provides a design
avenue for controllable fabrication of a large supercrystal with desired superlattices for application but also sheds new light on the
nature of crystal nucleation/growth and phase transformation by extending the lengths from the nanoscale into the atomic scale,
molecular scale, and microscale levels.
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B INTRODUCTION

The nucleation and growth of crystalline solids occur

access the time and space domains in real materials processing
o 8,9
for in situ study.

ubiquitously in nature, but very little is known of how a
crystal starts nucleating in a structure and grows large."” As
this spontaneous process goes at a fast pace, it is also
questionable of whether one additional event such as a phase
transformation happens and how such an intermediate event
changes the energy landscape and transforms the early
nucleated lattice into another one.’ At the atomic and
molecular levels, techniques with sufficient temporal and
spatial resolutions in the simultaneous capture of the fast
kinetic events over the course of the crystal nucleation and
growth are still largely absent. This is typically true for the
samples with largely extended dimensions and under realistic
enwronments, once the real-world applications are taken into
account.” Nanocrystals (NCs) behave like atoms and can
spontaneously self-assemble into periodically ordered struc-
tures so that NC assembly appears as an alternative platform
and can be used to explore a rich variety of structures and
polymorphs.” With such designer atoms, experiments can be
also controlled to innovate the applications of existing
techniques with a penetration capability into large samples to
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NC assembly displays increased structural complexities as
NCs change shape from isotropic to anisotropic.”'’~'* As the
simplest one, spherical NCs preferably crystallize in the close
packing superlattice of either a face-centered cubic (fcc) or
hexagonal close packing (hcp) lattice.”> Once NCs become
anisotropic, the emergent shapes introduce directional
interaction forces,'® driving NC assembly into a rich diversity
of complex superlattices from open lattices of body-centered
cubic (bec)'* and diamond'® to porous clathrate'®'” and
topological object'® or even aperiodic quasicrystal.'”*° The
delicate tuning of directional interaction forces between shaped
NCs through the modification of the surface molecular
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decoration and assembly environment not only further induces
superlattice transformations”'~>> but also produces orienta-
tional ordering of NCs within the superlattice.”**° In order to
leverage the large top-down control and fabrication of such
superlattices discovered from the bottom-up NC assem-
bly,”'"*® it is apparently critical to gain an in-depth
understanding of the structural correlations of such superlattice
polymorphs and underlying kinetics’’~>' and further to
construct a distinct roadmap of NC assembly from the early
nucleation and growth of a metastable lattice through
additional intermediate events to the final formation of a
stable one.””**

Instead of using spherical NCs that display structural
simplicity and morphological uncertainty, we synthesize
octahedral PbS NCs with well-controlled dimensions® as
anisotropic building blocks to design the experiment, fabricate
an environment cell, and develop the technique to investigate
and analyze NC assembly (see the Experimental Section and
the Supporting Information for full details). Such intelligent
combination overcomes the limitations of previously studied
samples of only several NC layers either with a fast nucleation
rate or under a vacuum environment or both, enabling in situ
and real time studies of NC assembly and subsequent growth
at largely extended dimensions and under application-
accessible operando conditions.

Through the systematic synchrotron-based in situ X-ray
scattering experiments, we observed the spontaneous self-
assembly of octahedral NCs into a NC-orientational
disordered fcc 2D film and its subsequent transformation
into a bcc superlattice with single NC-orientational ordering.
Over the course of such a superlattice transformation, we
discovered that this fcc-to-bcec solid—solid phase trans-
formation did not undergo a deformation-based conventional
martensitic transformation pathway and indeed involved an
intermediate formation of a lamellar-confined liquid interface
at the cost of the disassembly (melting) of fcc grains, which are
smaller than a threshold grain size. Such an intermediate liquid
represents another type of newly developed dense and
disordered state of NCs, which recrystallize into an energy-
favorable bcc phase. The recrystallization-based phase trans-
formation was completed through the propagation of this
intermediate liquid interface across the 2D fcc film. This
condensed liquid-mediated phase transformation is associated
with an energy reduction of 1.16 k3T, falling into the range of
thermal fluctuation energy. With such a well-constructed
kinetic roadmap and defined parameters, we further designed
experiments to guide the superlattice nucleation and growth
and successfully harvested the large and single bee supercrystal
with coherent ordering of NC translation and atomic plane
orientation.

B EXPERIMENTAL SECTION

Synthesis of Octahedral PbS NCs. Octahedral PbS nanocrystals
(NCs) were synthesized using a modified protocol.*® Briefly, 0.87 g
(2.3 mmol) of lead(II) acetate trihydrate and 3.5 mL (11 mmol) of
oleic acid were mixed in 15 mL of diphenyl ether in a three-neck flask.
The mixture in the flask was heated to 85 °C under a nitrogen
atmosphere and thus degassed under vacuum (107" mbar) at 85 °C
for 1.5 h. Subsequently, SO 4L (0.87 mmol) of acetic acid was added
to the solution under a nitrogen atmosphere and stirred for 10 min at
85 °C. The reaction solution was heated to 100 °C, and then, 1.0 mL
(0.16 mmol) of the thioacetamide (TAA) solution was injected. The
S precursor solution, called the TAA solution, was prepared by
dissolving 0.16 g (2.2 mmol) of TAA in a mixture of 1.0 mL of N,N-

dimethylformamide and 12.0 mL of diphenyl ether and stored in a
nitrogen filled glovebox. The reaction was quenched after 10 min by
the removal of the heating mantle. To improve the quality of the
synthesized NCs, 1.0 mL (13 mmol) of 1,2-dichloroethane was added
together with acetic acid after the vacuum step. The resultant PbS
NCs were purified with S mL of acetonitrile and centrifuged (4500
rpm, S min). After the removal of the supernatant, the collected NCs
were resuspended in 2 mL of toluene. This process was repeated three
times, and the harvested NCs were preserved in toluene for additional
studies.

Self-Assembly of Octahedral PbS NCs. Octahedral PbS NCs
were suspended in toluene with NC concentrations of 10 and 40 mg/
mL, respectively. Such NC solutions were controlled under several
designed environments for NC assembly.

Thin films of NC assembly were made using 10 mg/mL solutions
of NCs in toluene. Typically, 2—10 L of the solution was drop-cast
on substrates of Kapton tape, TEM grid, or silicon wafer under air
conditions, and the evaporation took a minute or less.

2D NC assemblies with extended thicknesses were performed using
a 40 mg/mL solution of NCs in toluene. Briefly, 2 uL of the solution
was injected into a glass capillary with 1 mm in diameter, and then,
about 10 yL of ethanol was quickly introduced into the capillary from
another side. An air separating gap of ~1.5 cm was intentionally
created in-between antisolvents of toluene and ethanol. Using soft
wax, the two openings of the glass capillary were thoroughly sealed to
form a close and stable environment. The antisolvents evaporate/
diffuse at a considerately reduced rate, and the thick 2D assemblies
were formed at the contact areas between glass wall and spreading
solvents. The whole process took about 7 h.

3D NC assemblies at large scale were made using a 40 mg/mL
solution of NCs in toluene controlled at a slow evaporation rate.
About 300 L of the solution was stabilized in a small capped glass
vial for NC assembly, and the whole process took about 2 weeks.

In Situ and Static Experimental Design and Character-
ization. Synchrotron-based small angle and wide-angle X-ray
scattering (SAXS and WAXS) measurements were performed to
characterize the NC assemblies under real time (in situ) and static
environments at the B, station of the CHESS, Cornell University.*®
The monochromatic X-rays collimated at an energy of 25.514 keV
were reduced to a 100 gm diameter beam for the sample illumination.
X-ray scattering patterns at small and wide angle ranges were collected
using a large area Mar3450 detector. Both Ag-behenate and CeO,
powder standards were used to calibrate the sample-to-detector
distances and additional detector-seating parameters for SAXS and
WAXS analysis, respectively.

Using the capillary-based environmental cell, the two sitting
geometries of X-ray illumination on the solvent processing samples of
in situ NC assembly inside the cell were designed and used in the real
environmental measurements (Figure S2): (1) incident X-rays were
foot-printed on the edge of the capillary and propagated tangentially
across the inner capillary wall, called as Tangential Incident SAXS
(TISAXS); (2) incident X-rays were delivered to illuminate directly
through the central region of the glass capillary and penetrated
through the capillary wall onto the NC assembly samples, called
Normal Incident SAXS (NISAXS).”” The TISAXS works in principle
the same as that in the grazing incident SAXS (GISAXS), giving rise
to similar X-ray scattering pattern, whereas the NISAXS originates
from the in-plane X-ray scattering from the samples sitting on the
inner capillary wall.

For the static experiments, NC assembled samples were loaded
onto the Kapton tapes and then transferred onto the stage into the B,
station. A large area Mar3450 detector seated at an optimized distance
from the sample was used to simultaneously collect both SAXS and
WAXS images from the same volume of the samples.

Transmission electron microscopy (TEM) and scanning TEM
(STEM) imaging, including high-angle annular dark field (HAADF)
TEM imaging, were carried using a JEOL ARM 200 equipped with a
probe corrector and an image corrector. Scanning electron
microscopy (SEM) characterizations were performed on the NC
assembly samples under various magnifications using a Hitachi
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SU8010 operating at 5.0 kV. For individual NCs, the hexane-
dispersed suspensions with a NC concentration of 10 mg/mL were
dropped onto a carbon coating 200 mesh TEM copper grid and dried
under air conditions. For the large, thick 2D and 3D NC assemblies,
small fractions of superlattice crystals were taken and transferred with
great caution from the capillary or glass vial onto the TEM grid or
silicon substrate.

Computation and Analysis. A Fit2D program was used to
reduce SAXS and WAXS images into 1D patterns with plots against
two 0 (deg) or the inverse nanometer (nm™'). A CrystalMaker
package was used to simulate and analyze the X-ray scattering and
electron diffraction patterns for structural determination. Computer
models of NC building blocks and assembled structures were
constructed using packages of CrystalMaker, Vesta 3, and Cinema4d.

TISAXS and NISAXS patterns collected under in situ (real time)
and static conditions were analyzed and indexed using a Matlab with a
partial adaption and modification of the GIXSUI 1.6.2 package.”® In a
connection with the SAXS-indexed structure with the TIWAXS and
NIWAXS patterns from the same volume of the sample, the
orientational alignments of NCs in fcc and bcc are determined
accordingly. A model of the rhcp structure was constructed on the
basis of a mixed stacking sequence of ABCABC in fcc and ABABAB in
hep through a series of stacking faults, and then, the final rhcp
stacking sequence was optimized to reproduce the X-ray scattering
pattern as observed from the NC assembly.

Upon superlattice indexing, the X-ray scattering intensities and
spotty distribution features of various superlattices were computed
and modeled to define the total X-ray scattering loss and superlattice-
based asymmetric offsets, full width at half maximums (fwhms) of in-
plane and out-of-plane scattering spots, and angular X-ray cross-
correlation between various superlattices. Such data sets were fitted
using various models to obtain parameters of superlattice domain size,
growth rate, transformation interface width and propagation rate,
Avrami exponent, and 2D film propagation rate. The details are given
in the Supporting Information.

3D Structural Reconstruction at Reciprocal Space. A single
supercrystal grain was loaded onto a mesh grid (MiTeGen) and
transferred onto a homemade portable two-circle diffractometer to
collect the full sets of SAXS and WAXS patterns using a large area
detector (Mar3450). The sample was aligned with the rotation axis of
@. Subsequently, both SAXS and WAXS images were collected upon
rotation of the specimen from 0 to 180° at an angular interval of 1°.
The full sets of SAXS and WAXS images were analyzed using Matlab
to make the 3D structural reconstruction of the single supercrystal at
the reciprocal space (see the Supporting Information for details).
Briefly, the whole process was taken by converting the pixel index (i,
¥p)o of the detector at each rotation angle @ into the reciprocal space
index (g, 9y q.)o- Subsequently, the data sets were exported into a
volumetric data visualization software, such as Avizo (Thermo Fisher
Scientific) for visualization and analysis (see the Supporting
Information for the details).

B RESULTS AND DISCUSSION

A typical TEM image (Figure la) reveals the great
monodispersity of as-synthesized octahedral PbS NCs that
have an average edge length of 10.5 nm (Figure 1b,c and Table
S1). Synchrotron-based WAXS identifies that individual NCs
have an atomic cubic rocksalt structure with a lattice constant
of 5.946 A (Figure 1d). Upon drop-casting of NC suspensions
on a solid support, e.g., Kapton film, synchrotron-based SAXS
characterizes the exclusive formation of a bcc superlattice that
has a cell constant of 14.7 nm (Figure le). Individual domains
of NC assembly controlled at a slow evaporation rate display a
single orientational alignment of atomic crystallographic planes
across the extensive array of NCs (Figures 1f,g and S1)."*
Controlled diffusion and evaporation of air-separated
antisolvents (i.e., ethanol/toluene) with NC suspensions in a
closely sealed glass capillary (Figures 2a and S2) dramatically
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Figure 1. Structural characterizations of octahedral PbS nanocrystals
(NCs): (a) transmission electron microscopy (TEM) image with (b)
a high-angle annular dark field (HAADF) high resolution TEM image
and (c) schematics of an octahedral PbS NC with surface
terminations by eight PbS(111) facets. (d) Wide angle X-ray
scattering (WAXS) pattern showing an atomic cubic rocksalt structure
of individual NCs. (e) Small angle X-ray scattering (SAXS) pattern
showing a body-centered cubic (bcc) superlattice of the NC assembly.
(f) SAXS and (g) WAXS patterns collected from a single crystalline
domain defined with the same orientation of (1.4 0.4 0.9) in an NC-
assembled bcc superlattice and an atom-based cubic rocksalt lattice.

reduces the rate of NC assembly, allowing for the use of a
synchrotron-based X-ray technique with accessible temporal
and spatial resolutions to capture and identify the structural
variation and underlying kinetics of the NC assembly under
real solvent-processing environments. The two SAXS geo-
metries at tangential and normal footprints of incident X-rays
on the sample (Figure 2b) are designed to make comple-
mentary collections of both in-plane and out-of-plane
structural information, capable of not only an overall structural
reconstruction of NC assembly but also a quantitative
determination of the kinetic rates of the underlying events,
i.e, superlattice nucleation, growth, transformation, and so on.

Figure 2c presents several typical tangential and normal
incident SAXS (TISAXS and NISAXS) patterns of octahedral
PbS NC assemblies collected under real solvent processing
environments of 40 mg/mL NC concentrations (Videos S1
and S2 for complete data sets). The observed variation of in
situ SAXS as a function of time reveals the four key stages of
NC assembly (Figure 2c and Table 1), including (1) early
nucleation of unbound molecules on the front-spreading
solvent surfaces, (2) nucleation and growth of the fcc
superlattice, (3) fcc-to-bee solid—solid phase transformation,
and (4) subsequent condensation of the final bcc superlattice.
Over the early solvent processing period of ~417 min, NC
assembly also involves additional events (Table 1), which
include rich and subtle kinetic details.

Preliminary Nucleation Event. At the very early stage,
NC suspensions undergo a primary ordering event of oleic acid
(OA)-based unbound molecules on the solvent surfaces. A
typical TISAXS pattern (Figure 2c at 0 min) displays a series of
parallel arc-shape spots, in which one guiding line through a
connection of parallel spots with a defined symmetric center
deviates from the vertical dimension at an angle of 10° (Figure
S3). These X-ray scattering spots develop a positional
correlation of ¢;/q, = 1:2:3, indicative of the formation of a
lamellar structure with an interlayer spacing of 5.06 nm,
equivalent to the molecular length of lead oleates [Pb(OA),]
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Figure 2. Experimental setup and typical tangential and normal
incident SAXS (TISAXS and NISAXS) patterns collected in situ from
the NC assembly under real solvent processing conditions: (a)
capillary-based environment cell of the NC assembly in the view of a
3D (top) and 2D (bottom) cross-section; (b) experimental
schematics of in situ TISAXS (top) and NISAXS (bottom)
geometries.; (c) typical TISAXS and (d) NISAXS patterns collected
under real solvent processing environments, identifying the four
dominant stages of the NC assembly: (1) prenucleation of lamellar
molecules; (2) nucleation and growth of the fcc superlattice; (3) fec-
to-bce solid—solid phase transition; (4) final bee superlattice. Note:
fcc and bcec represent face-centered cubic and body-centered cubic
superlattices, respectively.

under solvent-wetting environments (Figures 3 and S4 and
Table S2). Apparently, these OA-based molecules are initially
bonded with Pb atoms and subsequently detached from NC
surfaces as a molecular form of [Pb(OA),] into nonpolar
solvents, e.g., toluene (Table $2).%° The resultant ordering
layers are seated on the tilting surfaces of spreading solvents on
the inner capillary wall. The wetting state developed at a
starting tilt angle (0) of 10° represents an equilibrium achieved
between the wetting solvent liquid (L) on the solid capillary
wall (S) in a vapor phase (V) through the Young equation,*”
which is written as

Table 1. Experimentally Observed and Determined
Parameters of Octahedral PbS NC Assembly at Various
Stages”

the fcc
molecular nucleation  the fcc-to-bcc  densification
ordering  and growth transformation of single becc
starting/ 0/18 18/160 160/320 320/417
ending time
(min)
total time 18 142 160 97
(min)
propagation extremely 1.23 0.74 0.74
rate quick
(um/min)
interface 18.5
width (um)

“Note: After the solvent processing time of 417 min, the resultant
single bce remains stable in both structure and volume.
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Figure 3. Synchrotron-based X-ray scattering pattern of OA-based

molecular ordering observed on the front-spreading solvent surfaces
at the very early stage of NC assembly.

N
n
o

v ~ XL
nv (1)

cos 0 =

where y represents the surface energy of a given interface at
equilibrium.

As the antisolvents proceed gradually with both diffusion
and evaporation at a slow rate, the spreading frontline of the
NC suspending solvent recesses, and accordingly, the [Pb-
(OA),] lamellar layers reduce in tilt angle. As shown in Figure
SS, upon reduction of the front solvent tilt angle during the
solvent-evaporation process, the surface tensions at the triple
interfaces induce gradual enhancement of the driving (solvent
contraction) forces in both directions, which are perpendicular
and parallel to the solid capillary wall, respectively. This
process accordingly triggers the nucleation and growth of the
NC assembly and additional intermediate events (Figure 2c).

Nucleation and Growth of Metastable fcc Super-
lattice. As the solvent surface reduces its tilt angle to 4° (t =
18 min), the X-ray scattering intensity of lamellar Pb(OA),
ordering layers is dramatically weakened, and an additional set
of X-ray scattering spots appear accordingly (Figures 2c at 35
min; S3b), indicative of the nucleation of a fcc superlattice. As
the exponent of n = 2.2 is derived from an Avrami analysis on
the growing superlattice crystals (Figure $6),"" the fcc phase is
favored by a 2D growth of nucleated grains on the solid
capillary wall, which coincidently develop a single fcc(111)
out-of-plane orientation (Figure 2c at 35 min; Figure 4a—e)
and random fcc(110)-preferred in-plane orientations (Figure

https://dx.doi.org/10.1021/jacs.0c12087
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12087/suppl_file/ja0c12087_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12087/suppl_file/ja0c12087_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12087/suppl_file/ja0c12087_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12087/suppl_file/ja0c12087_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12087/suppl_file/ja0c12087_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12087/suppl_file/ja0c12087_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12087/suppl_file/ja0c12087_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12087?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12087?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12087?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12087?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12087?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12087?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12087?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12087?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c12087?ref=pdf

Journal of the American Chemical Society

| Article |

pubs.acs.org/JACS

¢ hcp(001)

e In-plane

TISAXS
fec/hep

f Out-of-plane fec(110)

L.

b N -
fce(111) g fee(110),
Out-of-plane g ™ .
e o o o : . ]
gunees | .,
A 4 — : LTI Lt
. JBuanza R
L} L] L] * . B
L |
|
bce(110) .
o M Out-of-plane |0  Pce(100)
« o o ...... . e e B
EREEENE — - - - -
EEEEEE | . .
bce(110)
p . bee(111) .
: 2 . : . — - Y -
.« . Y
. N . . .

Figure 4. NISAXS and TISAXS patterns of fcc/hcp and bec superlattices: (a—i) Structural analysis of fcc and hep through a correlation and
connection between TISAXS and NISAXS observations. (j—r) Structural analysis and correlation of bcc between TISAXS and NISAXS
observations. For the NISAXS patterns of fcc/hcp (a) and bec (j) and corresponding theoretical patterns (b, k), each one decomposes into
individual domains of fcc/hep (c—e) and bec (1), whereas each computed TISAXS pattern of fcc (£, g) and bec (m—p) is merged to compare with
the experiments (h, i; q, r). Similarly, the TISAXS patterns are also analyzed as fcc (f, g) and bec (o, p) with merged patterns (i, r) of each
computed one. Note: The hcp-based TISAXS analysis can be found in Figure S8.

2c at 35 min; Figure 4f—i). Upon 2D growth of fcc grains as
indicated by a dramatic enhancement of spotty intensity, the
2D fcc grains collectively develop a twinning-like in-plane
structure, in which the two sets of fcc(110)-preferred grains are
arranged in order, sharing a fcc(112)-directed interface (Figure
2c at 104 min; Figure 4f—i). The development of such a
twinning-like in-plane structure implies a growth-induced
attachment and rearrangement of fcc grains through boundary
interactions, which transform the aggregated fcc grains into a
largely extended 2D superlattice film with substantial improve-
ment of in-plane fcc(110) ordering texture (Figure 2c at 104
min).

Individual fcc grains display an anisotropic supercrystal
growth, in which the growth rates of individual grains within
in-plane and out-of-plane are determined to be 14 and 3 nm/
min, respectively (Figure S7). The overall 2D superlattice film
propagates across the capillary wall at a rate of 1.23 ym/min
(Table 1). At t = 130 min, the 2D fcc grains reach the
maximum of domain size (e.g, ~840 nm). The fcc growth
does not show apparent Oswald ripening (Figure 2c at 34 and
104 min: NISAXS) but involves a noticeable development of
stacking faults (Figure 2c at 104 min: TISAXS), so that a
random hexagonal close packing (rhcp) lattice sporadically

appears in the film (Figure S8). Additional computation
determines the rhcp stacking sequence of ABCBABCABCAC
(Figure S8e,f), which represents an intermediately mixing
sequence of fcc (ABCABC) and hcp (ABABAB) (Figure
$8g)."" The 6-fold symmetry of the X-ray scattering spots
observed in both fcc and rhep (Figure 4ab) reveals the
crystallographic correlations of in-plane fcc(220)//rhep(110)
and out-of-plane fcc(111)//rhep(001) (Figure 4c,d).

Solid—Solid Phase Transformation from fcc to bcc
Superlattice. As the evaporation-induced solvent recession
moves forward, additional X-ray scattering spots emerge at t =
160 min (Table 1) and are accordingly indexed as a bcc
superlattice, indicative of a fcc-to-bec solid—solid phase
transformation (Figure 2c at 224 min). The bcc coexists
with fcc over a superlattice growth course of 160 min, and at ¢
= 320 min, a single bcc phase is completely formed (Table 1).
This single bcc phase reduces its volume until ¢ = 417 min
(Figure S10) and then remains stable in both structure and
volume (Figure 2c at 417 min, Videos S1 and S2).

Over the coexisting range of the two superlattice
polymorphs (Figure 2c at 224 and 245 min), the bcc(110)
consistently overlaps in the X-ray scattering spotty position
with the fcc(111) in out-of-plane, but within in-plane, the
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Figure 5. Liquid interface mediated fcc-to-bec superlattice phase transformation: (a) integrated intensity of the selected TISAXS region (see Figure
S17a) against the wave vector (Q, vertical component) and time. (b) Demonstration of the scattering asymmetric scattering offset of fcc and bec
with various ratios within the interface region. (c, d) Observed offsets in (c) TISAXS and (d) NISAXS patterns. (e) Variation of the observed offset
as a function of time. (f) Intensity distribution of fcc and bcc and their ratio within the interface region upon the transformation processing. (g)
Total X-ray scattering variations of various superlattices as a function of time, in which the shallow area in yellow highlights the loss of total X-ray
scattering within in-plane, indicative of the existence of a liquid-like phase behind phase transformation.

bcc(110) becomes smaller in spacing than fcc(111) (Figure
S10). Such observations indicate a significant discontinuity of
in-plane NC packing but a continuous presence of the original
lamellar geometry of out-of-plane NCs. Upon accomplishment
of the phase transformation, all the bcc domains develop with a
single bcc(110) out-of-plane orientation (Figures 4q,r and
S11), which seemingly inherits the 6-fold spotty symmetry
(Figure 4j,k) from the fcc domains (Figure 4a,b). In principle,
each single bcc(110)-oriented domain produces only one pair
of symmetric bec(110) spots (Figures 41 and S12). Therefore,
the observed 6-fold symmetric spots stem indeed from at least
the three sets of bcc(110) in-plane domains, which are
arranged into order at an angular separation of 120° (Figure
4k,1). As the three sets of in-plane bcc grains are examined in
the out-of-plane direction, one set has the bcc(100) orientation
(Figure 4m,0), whereas the other two sets hold identical
bcc(111) orientations (Figure 4n,p). A structural projection of
three individual domains into one single SAXS pattern agrees
with the experimental observations (Figure 4q), well explaining
the orientation-induced loss of certain X-ray scattering spots
(Figures 4h,i,qr and S11-S13).

Hidden Lamellar-Confined NC Liquid Behind Phase
Transformation. The fcc-to-bec solid—solid phase trans-
formation takes place as a consequence of the solvent
evaporation-induced thermodynamic and kinetic processes so
that the energy difference between the two superlattices is only
on the order of thermal fluctuation energy, i.e., several kyT
(Figure SS). Synchrotron-based WAXS characterization reveals
an additional orientational transformation of NCs from the
random orientations in fcc to a single orientational ordering in

bec (Figure S14). In a comparison of TEM-defined NC
dimensions (i.e., the tip-to-tip length = 14.85 nm and the edge
length = 10.5 nm) with SAXS-determined inter-NC distance of
14.08 nm and inter-NC separating gap of 4.03 nm in fcc at the
transition stage, no sufficient free space allows NCs to rotate or
diffuse directly from the random orientations in fcc into a
single orientation to form the bcc phase (Figure S1Sa).
Obviously, both energy and space are not satisfied to induce
either a deformation-driven or a diffusion-based fcc-to-bec
solid—solid phase transformation (Figure S15 and Video S3).

Alternatively, this fcc-to-bec solid—solid phase transforma-
tion is mediated through an unconventional and hidden
intermediate liquid state (Figure S). At the interface-mediated
region where both fcc and bcc coexist (Figure Sa) but are
separate by an interface (Figure 2c at 224 and 245 min), either
phase of bcc and fcc develops a noticeable asymmetric
distribution of X-ray scattering spots over the course of phase
transformation. Accordingly, an offset appears between the two
defined virtual centers: (1) symmetric center of superlattice-
based X-ray scattering spots and (2) static center of incident X-
ray window (Figure S16). If the phase transformation takes
place in random sites or grains of the early nucleated fcc
superlattices, the offset should be zero. However, at the early
stage of either the superlattice nucleation or the phase
transformation, fcc and bcc always start with an asymmetric
offset, in which the static center of the X-ray window does not
overlap with the defined center by the superlattice-scattered X-
ray spots (Figures Sb—d and S17 and S18). Upon superlattice
growth, the resultant 2D film propagates across the X-ray
window, and accordingly, the two virtual centers approach so
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that the resultant offset displays gradual variations as functions
of time and intensity as a consequence of increased/decreased
ratios of fcc/bec across the static X-ray window (Figure Se).

Once the phase transformation takes place, the interface-
mediated region enters into and propagates across the X-ray
window (ie., 100 ym in diameter) (Figure S19), producing a
reliable correlating variation of the fcc/bec ratio as a function
of time (Figure Se). The observed variation of time-dependent
offset reveals a transition-induced increase of the bce phase and
a simultaneous decrease of the fcc phase as well as the ultimate
formation of a single bee phase across the entire X-ray window
(Figure Sb,e). On the basis of such time-dependent offset
variations of both fcc and bec phases (Figures Se,f and S20),
the propagation rate of the interface across the capillary wall is
determined to be 0.74 ym/min. Equivalently, the bcc phase
also has a propagation rate of 0.74 ym/min, smaller than the
fcc one of 1.23 ym/min (Table 1).

A profile analysis and correlation of the total X-ray scattering
intensities between various superlattices as a function of time
further reveal a significant loss of in-plane total X-ray scattering
intensity, but a consistency of out-of-plane specular scattering
intensity cross the interface-mediated region (Figures Sg,
S17d—h, and S21). In a conjunction with the observed
structural features under the interface-mediated region
(Figures Sa and 6a and Table 1), a liquid state of NC disorder
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Figure 6. Schematic illustration of the fcc-to-bee solid—solid phase
transformation mediated by a lamellar-confined liquid interface: (a)
cartoon demonstration of superlattice orientations between fcc and
bec as separated by a lamellar confined NC liquid interface; (b) out-
of-plane and (c) in-plane schematic views of NC arrangements in fcc
and liquid and bcc phases. Note: the ABCD in (b) shows that all the
layers do not have a defined periodically stacking sequence, and the
dotted lines in (c) are a guide to see the translational (or positional)
order of the NCs within in-plane.

does exist within lamellar in-plane layers (Figures 6b,c and
S17d—g), attributed to the observed partial loss of the total in-
plane X-ray scattering intensity and the structural discontinuity
of in-plane NC arrangements (Figure 6c). In addition, the
lamellar-like structure continuously remains throughout,
maintaining the consistence of the total out-of-plane X-ray
scattering intensity over the course of the fcc-to-bcc phase

transformation (Figure 6b). A fit of the X-ray scattering
intensities with the lost ratio to that of both fcc and bee within
the X-ray window gives rise to a liquid interface width of 18.5
um (Figure Sg). A total scattering computation of the lamellar
confined liquid interface model with a coexistence of fcc and
bee superlattices in the X-ray window well reproduces the
experimental observations. A time-dependent lagging effect is
also identified in fcc, reasonably explaining the preferred
preservation of the large fcc domains without an intermediate
NC disassembly in the film (Figures S9 and S21).

When it is assumed that a critical domain size is associated
with the superlattice growth, the fcc grains are mostly smaller
than the critical size as claimed previously in the classic theory
of crystal growth. These small fcc grains become unstable and
thus disassemble into a disordered NC liquid. As a
consequence, a stable bcc phase recrystallizes from such a
highly condensed liquid and continues to grow large (Figures
Sg and S7b). Unlike the classic crystal growth model that
describes the continuous growth of large grains at a cost of
small ones,' ™ the NC liquid from the disassembly of small
metastable fcc grains is confined in a lamellar environment and
recrystallizes into an energy-favorable bcc phase, rather than
promoting a continuous growth of the large fcc domains, e.g,,
the experimentally defined size of 1.4 um (Figure S9, strong
spots as highlighted in the circle) on average.

Solution calorimetric measurements of NC disassembly in a
nonpolar solvent reveal a slight energy difference of NC
assemblies between bcc and fec.”” The octahedral PbS NCs
undergo a similar solvent-based NC assembly and disassembly
consequence, so that the reduced energy in the bcc relative to
the fcc polymorph is estimated by the magnitude of ~1.16 kzT
(Table S3 and Figure S24), falling into the range of the
thermal fluctuation energy in the solvent-based spontaneous
process of NC assembly (Figure SS).

An apparent relation of epitaxial orientations exists between
fcc and bee (Figure 4a,j). Besides the observed inherence of
the 6-fold symmetric feature of the X-ray scattering spots, each
individual spot is indeed composed of the three sub ones
(Figure S22a), which develop an angular difference of +5°
between fcc and bec. An angular X-ray cross-correlation
analysis (AXCCA) (Figure S22b,c) gives rise to a well-defined
correlation of 60° X n — S° (n = integer) between the six
dominant peaks. When the bcc(110)-based 2D in-plane lattice
(Figure S22d) as a deformed 2D hexagon from the fcc(111) is
taken into account, the angular rotation (¢) of +5° is very
close to the orientational difference of 5.26° between fcc(111)
and bec(110) (Figure S22e,f). The three sets of fcc(111) and
bcc(110) in-plane grains arrange themselves in order but leave
a total volumetric void of ~8.3% (Figure S23a), which
provides additional in-plane freedom for the rotation of
disordered NCs into a single orientational ordering to form the
bcc superlattice. While the observed cracks in the dry bec film
(Figure S23b) reveal the in-plane anisotropic strength and the
existence of additional space as required for the orientational
transformation of NCs through an in-plane NC rotation
(Figure 6c), the peak broadening of bcc and resultant
reduction of the calculated domain size (Figure S7) indicates
the occurrence and residue of large strains across the
superlattice film.

Scalable Fabrication of Large and Single bcc Super-
crystal by Design. Directed by such an in situ constructed
kinetic roadmap of octahedral NC assembly, we design
experiments with the use of highly concentrated NC
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Figure 7. Experimental controls of NC assembly and structural characterizations and 3D reconstruction of a harvested large and single 3D
supercrystal from the designed experiments: (a) 3D superlattice reconstruction of the bcc supercrystal at reciprocal space with (b—d, top)
experimental and (b—d, bottom) computational SAXS patterns at projections of (b) SL(110), (c) SL(111), and (d) SL(100), respectively. (e) 3D
atomic structural reconstruction of cubic rocksalt PbS NCs at reciprocal space with (f—h, top) experimental and (f—h, bottom) computational
WAXS patterns at projections of (f) PbS(110), (g) PbS(111), and (h) PbS(100), respectively. (i) Cartoon demonstration of the derived bcc
superlattice with NC orientations from (a—h). (j, k) Typical high-angle annular dark field (HAADF) TEM images of the harvested large bcc

supercrystal with a focus of the electron beam into various depths.

suspensions in a single nonpolar solvent (e.g., toluene) and
controlled at a slow evaporation rate to exclusively fabricate the
single and largely extended supercrystal with fully ordering
coherences of NC translation in bcc and atomic crystallo-
graphic orientation across NC arrays. NC suspensions in a
starting solution with a high concentration undergo a
crystallization process of bcc superlattice similar to that
which takes place in the fcc-disassembled high density NC
liquid, excluding the inherent preservation of the twinning and
stacking faults from the early nucleated multiple fcc/rhep
grains under a low NC concentration environment (Figure S13
and Video $4).** A slow evaporation of single nonpolar solvent
continues to condense NCs homogeneously in solution,
avoiding the gradient development of antisolvent-diffusion
induced NC concentration*’ and further overcoming the local
nucleation of random free-standing bcc grains, formation of
thin and multiple-grained films, and structural discontinuity of
supercrystals across domains. When the key constraints above
are taken into account, scalable fabrication of the desired single
bee supercrystal can be achieved using a single solvent
processing of highly concentrated NCs. However, a large
container is required to weaken or eliminate the curvature-
induced capillary effect.

3D structural reconstructions of the harvested large
supercrystal at the reciprocal space™* with a combination of
experimental and computational X-ray scattering patterns at
both the SAXS and WAXS ranges (Figure 7a—h and Videos
S5—S8) evidently reveal the fully ordering coherences of NC
translation in the bcc symmetry and atomic crystallographic
plane orientation across the entire specimen (Figure 7i). Both
NC assembly in bec superlattice and constituent PbS NCs in
atomic cubic rocksalt (RS) lattice develop the structural

correlations of SL(111),.//PbS(111)gs, SL(110),.//PbS-
(110)gs, and SL(100),.//PbS(100)gs. The constituent
building blocks of octahedral NCs arrange themselves in bcc
with perfect alignments of vertex-to-vertex and face-to-face in
the SL[100] and SL[111] directions, respectively (Figure 7i).
High-angle annular dark field (HAADF) TEM images further
confirm the single crystallinity of the large bcc supercrystal
(Figure 7jk).

B CONCLUSIONS

In situ and static synchrotron-based X-ray scattering experi-
ments, supported by calculations of the total X-ray scattering
and observed offset with an overall analysis of energy and space
and NC crystallographic orientation, allow one to fully
construct the kinetic roadmap of octahedral PbS NC assembly
from the early nucleation and growth of metastable fcc through
a liquid-mediated solid—solid phase transformation to the final
formation of the stable bcc superlattice. The NC assembly
starts with a primary ordering of unbound Pb(OA), molecules
on the front-spreading solvent surfaces. As the antisolvents
evaporate and diffuse at a slow rate, NC solubility reduces in
solvents, and accordingly, the thermodynamic and kinetic
states of NC solutions are developed to change the surface
tension strength at the solvent/substrate/air interfaces. While
the solvent surface reduces in tilt angle to 4°, the enhanced
directional forces drive octahedral NC self-assembly into an
orientationally disordered fcc superlattice. As the fcc grains
grow and aggregate, they become unstable and disassemble
into NC-disordered liquids, which are confined under a
lamellar environment. Consequently, the stable bcc phase
crystallizes from such highly concentrated NC liquids and
displays a single orientational ordering of NCs at a reduced
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free energy of 1.16 kzT. The dominant interactions between
NC-coated molecules control the early fcc nucleation from the
dilute NC solution, whereas the enhanced directional entropic
forces from shaped NC cores guide the late bec crystallization
from the disassembly developed dense NC liquid. With such a
defined parameter and gained insights, designable control and
scalable fabrication is achieved to harvest the large and single
bec supercrystal with fully ordering coherence of both NC
translation and atomically crystallographic orientation. The
constructed kinetic NC assembly roadmap and defined
parameters of superlattice growth and film propagation provide
a solid foundation for controlled design and scalable
fabrication of the desired large supercrystals, whereas the
discovered lamellar-confined NC liquid interface behind
solid—solid phase transformation sheds new light on the
physics of the crystal nucleation and growth of materials at
both the atomic and mesoscale levels.
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