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ABSTRACT: The manipulation of nano-objects through heating is an
effective strategy for inducing structural modifications and therefore
changing the optoelectronic properties of semiconducting materials.
Despite its potential, the underlying mechanism of the structural
transformations remains elusive, largely due to the challenges associated
with their in situ observations. To address these issues, we synthesize
temperature-sensitive CsPbBr; perovskite nanoplatelets and investigate
their structural evolution at the nanoscale using in situ heating
transmission electron microscopy. We observe the morphological
changes that start from the self-assembly of the nanoplatelets into
ribbons on a substrate. We identify several paths of merging nanoplates
within ribbons that ultimately lead to the formation of nanosheets
dispersed randomly on the substrate. These observations are supported
by molecular dynamics simulations. We correlate the various paths for merging to the random orientation of the initial ribbons
along with the ligand mobility (especially from the edges of the nanoplatelets). This leads to the preferential growth of
individual nanosheets and the merging of neighboring ones. These processes enable the creation of structures with tunable
emission, ranging from blue to green, all from a single material. Our real-time observations of the transformation of perovskite
2D nanocrystals reveal a route to achieve large-area nanosheets by controlling the initial orientation of the self-assembled

objects with potential for large-scale applications.

KEYWORDS: in situ TEM, in situ heating, shape transformation, perovskite nanoplatelets, self-assembly

wo-dimensional (2D) metal-halide perovskite colloidal
nanocrystals (NCs) hold great promise for a variety of
exciting applications, including X-ray scintillation,"”
photodetection,” lasing,* and optical logic circuits.” The shape
and size diversity of such low-dimensional structures enables
the preparation of 2D nanomaterials with a thickness of only a
few unit cells using diverse synthesis processes, demonstrating
tunable quantum confinement.””® One important character-
istic of these NCs is their ability to transform in shape and size
by applying post-synthesis treatments,” such as changes in
solvent polarity,' temperature,''~"* and light illumination.' "
Moreover, regulating chemical or physical conditions allows
adjustment of the transformation rates, accelerating a
spontaneous process that, when left to its own, can take
weeks.' >
Precise heating is a powerful approach for activating single
NCs and promoting their fast aggregation and merging to
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generate structures with optoelectronic properties distinct from
those of the original NCs. Through heating, the introduced
structural defects, such as grain boundaries'” and Ruddlesden—
Popper (RP) faults,'® can also be modulated with further
effects on the optoelectronic properties. These events can
occur in both solution'®'? and dried films,">" and the
presence of the solvent favors NC rotation and attachment in
solution.”* In films, neighboring NCs can undergo stitching,
irrespective of their relative orientation due in part to their
reduced mobility, resulting in large structures with random
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Figure 1. Structural details. (a) High-resolution TEM image of a NPL laying with its basal plane parallel to the C support film. The indexing
is based on the orthorhombic CsPbBr; phase (ICSD 97851)."° Scale bar: 5 nm. (b) Bright-field TEM image showing the self-assembly of
NPLs into ribbonlike structures, as illustrated in the embedded sketch. Scale bar: 200 nm. (c) Optical absorption (dotted line), and PL
spectrum (solid line) of ribbons dispersed in toluene. Inset: a 3D cartoon of a short ribbon illustrating the ligand distribution on the NPL
surfaces. (d) Ribbon size distribution n (s) as a function of the ribbon size s, as obtained from molecular dynamics simulations. Data are
averaged over nine independent configurations at a density of NPLs of approximately po; ~ 3 with 6, being the length of a NPL. The inset
shows simulation snapshots of representative ribbons formed by different numbers of NPLs. (e) Size of the largest identified ribbon s as a
function of simulation time ¢ in units of 7, with 7 being the unit of time in the simulations. (f) Typical configurations observed in the initial
(i) and final (vi) simulations stages. In panels (ii)—(v), simulation snapshots show the formation of the largest identified ribbon over time.
Note that panels (i), (ii) and (v), (vi) correspond to the same simulation time steps. NPLs with different colors belong to different ribbons

and unwrapped coordinates are used.

shapes.'” Also, the NCs are terminated with ligands, and a key
path for their shape transformation consists of ligand
detachment and/or relocation,"” particularly when suspended
in a solvent.

To date, the monitoring of shape transformation of NCs is
performed by ex situ transmission electron microscopy (TEM)
using the “quench-and-look” strategy.'>'”*' While this strategy
has provided important insights into the transformed
structures, it does not yield details on the dynamics of the
transformation, which would enable one to understand how
the merging occurs and suggest potential strategies to control
the shape of the transformed structures.

A particularly useful “building block” for the shape
transformation of NCs is a perovskite nanoplatelet (NPL),*”
which can transform into various structures such as nano-
wires,'” nanosheets,'”'* nanobelts,"® nanorods,”® and nano-
cubes.'” In this context, CsPbBr, perovskite NPLs are a very
appealing system, as they transform over time into extended
nanosheets'~ starting from self-assembled structures.”* This

transformation occurs spontaneously and enables structural
changes that lead to modifications of optoelectronic properties,
evolving from blue-emitting, self-assembled NPLs to green-
emitting nanosheets.

In this work, we present the direct observation of the
structural transformations of self-assembled CsPbBr; NPLs
into nanosheets occurring on a short time scale through in situ
heating TEM performed on dried films prepared via drop-
casting. Three distinct growth pathways are observed in these
experiments, which lend mechanistic insights into the
formation of nanosheets from the original NPLs. Accompany-
ing molecular dynamics simulations of coarse-grained NPLs
show us that there exist different regimes of the growth of
these NCs characterized by distinct growth rates. While these
experiments allow us to identify the different stages of the
growth mechanisms, the accompanying interactions of the
electron beam with both the ligands'” and the perovskite NCs
introduce significant challenges that require the use of low-
dose imaging. We also performed these observations on dried
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films, which adds another challenge to the experiments. To
ensure that these experiments are meaningful, we compare the
results to ex situ heating conditions and investigate the
optoelectronic properties of the structures obtained at different
stages. Time-resolved photoluminescence (PL) analysis shows
that temperature-driven transformations of NPLs create
significantly longer decay lifetimes, which we can relate in
our study to the observed structural changes.

RESULTS AND DISCUSSION

Sample Details. We examine aliquots of 15 yL of CsPbBr;
NPLs dispersed in toluene and drop-cast on carbon-coated Cu
TEM grids. The NPLs were synthesized following our
previously reported synthesis.'”> NPLs can be depicted by
brick-like shapes with truncated corners (Figure la). The
NPLs have average dimensions of 21 nm in length (I) and 8
nm in width (w), with a thickness (t) of approximately 3—4
nm. These structures self-assemble into face-to-face stacks,
referred to as ribbons in this study, as shown in Figure Ib,
which indicates their nearly monodisperse size. The inter-NPL
distance within ribbons is about 3 nm (Figure S1). Each facet
of a NPL is passivated by Cs- and Pb-oleate and
oleylammonium-Br.'” We infer a higher number of ligands
passivating the basal planes compared to the edge facets, as
they have a larger surface area. The pristine solution of NPLs
shows a single and strong absorption peak at 450 nm and a PL
peak at around 470 nm, with a full-width at half-maximum
(FWHM) of approximately 24 nm (Figure 1c), conﬁrmin% the
formation of ribbons dispersed in the toluene solution.'” A
minor emission at 510 nm is also observed, likely arising from
larger structures compared to the ribbons. Despite the efficient
energy transfer from NPLs in the ribbons to these large
structures, the peak at 510 nm exhibits very low intensity,
suggesting that an ultrasmall population of objects with a
different morphology developed in solution during the time
between the synthesis and the TEM experiments.

To provide additional evidence of ribbon formation under
3D conditions, that is, in solution, we conducted molecular
dynamics simulations. Since our focus is on mesoscopic length
scales, we represent each NPL as a bead-tessellated object with
a shape and aspect ratio that approximate the experimental
dimensions. To capture the effect of ligands on the NPL
surfaces, we incorporate an attractive interaction between
different NPLs in a coarse-grained manner while treating the
solvent implicitly. This modeling allows us to include the
essential elements required for studying the key steps driving
the self-assembly and the transformation mechanisms without
accounting for details about the ligands or specific microscopic
processes that occur in our experiments. Incorporating such
detailed features in the simulation would also make it
computationally infeasible. By employing this coarse-grained
model instead, we gain insights into the formation of ribbons
under three-dimensional conditions (as it occurs in solution),
complementing the experimental observations. Further details
on the modeling and simulations can be found in the
Experimental Section.

We start by analyzing the size distribution of the ribbons
that are formed from the individual NPLs in simulations. We
consider a NPL as part of a ribbon when the distance between
the basal planes of different NPLs corresponds to the
minimum of the attractive interaction potential and when the
NPLs have the same orientation along the longest lateral side.
The average size distribution of the resulting clusters (ribbons)

at the end of nine independent simulation runs is displayed in
Figure 1d, which shows a wide range of ribbon sizes. While
single NPLs or small ribbons are still present, we also observe
the formation of large ribbons consisting of ten or more NPLs.
Similar to the experimental observations, the simulations show
that the NPLs self-assemble primarily with their basal planes
(large facet) aligned to each other, because the ligands located
at the basal planes have the strongest attractions due to the
largest surface area compared to the other (edge) facets. We
show some representative snapshots in the inset of Figure 1d
for different ribbon sizes. The configurations of the NPLs in
the simulations are indeed qualitatively comparable to the
ribbons observed in Figure 1b of the experiments with a strong
preference for retaining a linear conformation and a slight
offset in the position of two consecutive NPLs.

Simulations also allowed us to follow the formation of
ribbons as a function of time. Specifically, we focus on the
largest identified ribbon in each run and study its size during
the course of the simulation. Figure le shows the results for
three different NPL densities together with their average values
from three independent runs for each density. In all cases, we
observe three distinct regimes in the formation of ribbons. The
first regime, up to &7 X 10%, is characterized by a steady
growth in the size of the ribbon. This is followed by a regime in
which the size remains roughly constant before a final growth
occurs in the last part of the simulation. Figure le shows that
the final average size of the ribbons is around 8 NPLs, but can
be as low as 6 NPLs and as high as 10 NPLs for the range of
densities investigated in these simulations. Irrespective of the
density of NPLs, the final size of the aggregate ranges between
6 and 12 NPLs. At decreased NPL densities, longer assembly
times are expected for observing the formation of longer
structures. The growth of a ribbon is reported in Figure 1f,
where we show typical configurations over the course of a
simulation. In all panels of Figure 1f, different colors represent
different ribbons. For visual clarity, the coordinates of the
NPLs displayed in Figure 1f are unwrapped, meaning that they
are presented as they would appear if they had not been
wrapped back into the periodic simulation box. Note that
configurations (i), (ii) and (v), (vi) in Figure 1f correspond to
the same simulation time steps, with (i) and (vi) showing the
initial and final states, respectively. For the sake of clarity, only
the NPLs which eventually aggregate into the longest ribbon
are shown in frames (ii)—(v), but frames (i) and (vi) do show
the other NPLs in the simulation box, which also undergo
aggregation. As can be observed from the figure, growth
proceeds through the gradual merging of individual NPLs until
two intermediate-sized ribbons are formed (panel (iv)). In the
final step, these two objects merge into a ribbon with a size of s
= 13 NPLs. Other ribbons of different sizes can also be
observed in configuration (vi) of Figure 1f. This also highlights
two distinct assembly pathways: the addition of a single NPL
to a ribbon and the attachment of two separate ribbons. While
the first pathway leads to a gradually increasing size of the
formed ribbon over time, the second pathway leads to sudden
jumps in the length of the assembled ribbon, as shown in
Figure 1le. In these jumps, the size of the ribbon grows by more
than 1 NPL within a few simulation time steps, and these
jumps are more common in the simulations where the original
density of NPLs is the highest. However, both of these
assembly pathways pertain to the attachment of NPLs along
their basal planes.
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Figure 2. Stages of the NPL transformation induced by heating. (a—c) Bright-field TEM images showing the initial merging of NPLs
observed in R2 areas at 100 °C after 35 min. Magnified views of panel (a) are displayed in panels (b) and (c). Scale bar in (a): 200 nm; (b,
c): 50 nm. Representative thin wires are framed in white in panel (b); nanobelts and wires within ribbons are indicated with arrows in panel
(c). (d) Sketch illustrating the different merging paths of NPLs: I. Merging of neighboring NPLs through the NPL’s edges (thin wires); IL.
Merging of NPLs, which are part of the same ribbon, through their basal planes (nanobelts); and III. Merging of the end portion of NPLs
within the same ribbons to form wires within ribbons. (e) Selected frames from Movie S2 showing the evolution of the ribbons toward
nanosheets at a high temperature (200 °C), starting from 20.20 to 110 s. M1—M4 indicate the landmarks used to align the real-time images.
The arrows indicate some of the wires within ribbons observed at 20.20 s and nanobelts at 25.20 s. The black dashed frames highlight the
growth of single objects in different orientations and the brown ones the merging of close nanosheets. Scale bars: 200 nm. (f) Sketches

showing the different stages of the transformation in time.

In summary, we consistently observe both in experiments
and in molecular dynamics simulations of coarse-grained NPLs
that the starting sample is primarily composed of NPLs with
their basal planes self-aligned to form ribbons, as depicted in
Figure lc. This arrangement is likely due to the stronger
interactions of ligands at the basal planes (larger facets)
compared to the edges,” as typically observed in similar 2D
materials.”**”

In Situ TEM Heating Observations. We performed in
sitt TEM heating experiments on fully dried samples on a
substrate prepared by drop casting an aliquot of 15 yL on a C
coated Cu TEM grid. We used an in situ heating holder
(Gatan 652) compatible with the Thermo Fisher Themis TEM
to carry out detailed observations (see details in the
Experimental Section). The samples were imaged in TEM
mode at a low magnification of 6300X to avoid large
misalignment due to thermal drift, and movies were recorded
on a Ceta Camera (4k X 4k) capable of recording at high
frame rates necessary to capture dynamic events. In the initial
examination of the samples at room temperature (22 °C), we
focused on areas with different ribbon densities, which we
labeled as R1 and R2 to indicate low and high ribbon
concentrations, respectively (Figures S2 and S3). We observed
that R1 areas, such as those shown in Figure S2, contain

ribbons with a length ranging from 30 to 190 nm. In contrast,
R2 areas are rich in ribbons ranging from 60 to 230 nm, which
appear well-packed in a parallel arrangement with relatively
closer distances (Figures S1 and S3). The large objects (dark
contrast) observed in the TEM images collected at 22 °C
correspond to zero-dimensional Cs,PbBrs NCs formed during
the storage period before the experiments,'” which are used
here as landmarks for drift correction and to track the change
in the different areas and facilitate frame alignment. Next, the
temperature was increased from 22 to 100 °C in S min, and the
samples were kept at this temperature for 35 min to match
experimental conditions with ex situ heating and PL experi-
ments performed from fresh solutions and presented in Figure
S4. Finally, we increased the temperature to 200 °C. The
heating ramps of the complete experiments are illustrated in
Figure SS. All of the heating ramps were performed with the
electron beam switched off to minimize possible effects from
electron irradiation. Each selected region was then monitored
at the target temperatures.

We performed our first observation after 35 min at 100 °C
and noticed slight morphological changes in ribbon-rich areas
(R2) where we identified three types of objects (Figure 2a—c),
which are randomly dispersed in the field of view (FOV) and
are not formed by single NPLs, but originate from partially or
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fully merged NPLs:'* (i) thin wires of ca. 3—4 nm in thickness
(white-framed objects in Figure 2b); (ii) nanobelts with a width
of ca. 21 nm (indicated by arrows in Figure 2b); and (iii) wires
within ribbons that refer to thin wires observed down the long
side of a ribbon (Figure 2c). The dimensions of objects (i) and
(ii) match well with the thickness and width of the initial
NPLs. Based on their dimensions, we infer three different
merging pathways, as illustrated in Figure 2d: thin wires
originate from the merging of NPLs through their edge facets
(Figure 2d, pathway I) and nanobelts are formed by merging
ribbon’s NPLs through their basal planes (large facets), see
Figure 2d, pathway II. Note that in the nanobelts the basal
plane ligands have been desorbed, while a ribbon still retains
the original ligands on the basal planes, creating a superlattice-
like morphology. The wires within ribbons in Figure 2d,
pathway III, appear to be generated by the initial merging of
the ribbon’s NPLs through their end portion, which could
explain why they are located along the ribbon’s side.

Unlike in the liquid phase, desorption of ligands from NC’s
surfaces on a solid substrate does not easily occur. Instead,
ligands can rotate with one end still bonded to the NPL. From
our experiments we infer that ligands at the edge facets of the
NPLs have an advantage in motion compared to those located
at the basal planes (large facets), as these surfaces are
passivated by a smaller number of ligands,””** which facilitates
ion migration.””* This can explain the initial preferential
growth pathway I observed at such low temperatures, which
also favors pathway III. Note that our experiments are
performed at temperatures below the potential sublimation
of ligands and degradation of NCs. Unbound ligands of oleic
acid and oleylamine degrade above 240 °C’' and ligand-free
CsPbBr; nanocrystals remain stable at temperatures below 417
°C under TEM vacuum conditions.”> Given the higher
degradation temperature of the nanocrystals compared with
that of the ligands, it is expected that the degradation
temperature of ligands bound to the surfaces of the
nanocrystals will also increase further. Nevertheless, the labile
nature of the ligands on the nanocrystal's surface®*
contributes to their desorption during heating at relatively
low temperatures.”’

In the second part of our experiments, we sought to explore
a higher temperature and investigate further the potential
transformation of preassembled structures on a substrate to
offer a complete view on the mechanism. Note that the
inspection of the areas at different magnifications after heating
at 100 °C have created regions irradiated with lower and
higher electron doses (Figure S6) that resulted in heavier
carbon contamination in circular areas (the beam shape).36 At
200 °C, we did not observe changes in preirradiated regions.
This is attributed to the cross-linking suffered by ligands under
both high energy radiation of electrons and X-rays,'”*” which
hamper further significant motion of ligands from the large
facets of the NPLs. While the R1 areas did not show significant
changes (Movie S1), we evidenced a series of events in the R2
area (lower cumulative electron dose) that remained active at
such a high temperature (Movie S2). Figure 2e displays a series
of snapshots extracted from Movie S2 (see magnified
snapshots in Movie S3) during the first 110 s of heating at
200 °C when major morphological changes occurred. By
tracking the morphology of different objects observed in the
FOV, we have established three different stages of the
transformation of the dried NPLs on the C-coated Cu grid
(Figure 2f): (i) (early stage) the merging of NPLs within

ribbons via removal of ligands on the basal planes, leading to
growth pathway II and favoring pathway III; (ii) (intermediate
stage) the continuous growth of single objects to form defined
nanosheets; and (iii) (late stage) the merging of close
nanosheets formed in stage ii. From a magnified view of the
area extracted from Movie S2 (Movie S3), the early stage of
the transformation at a high temperature is confirmed to be
characterized by growth pathway II and III (see blue framed
panels in Figure 2e). Eventually, the resulting objects attach to
form larger and faceted nanosheets in a few seconds, within
two size populations: relatively small nanosheets of up to 75
nm in length and nanosheets of up to 100 nm. These
nanosheets appear randomly dispersed in the FOV. The black
dashed frames in Figure 2e highlight single objects that grow
continuously over time. At a late stage, neighboring nanosheets
also merge into large ones (follow brown dashed framed
objects in Figure 2e), exposing only the low index facets to
minimize the surface energy.”® The grids used in the heating
experiments were inspected 24 h after using a single tilt holder
to acquire energy dispersive X-ray spectroscopy (EDS) maps in
scanning transmission electron microscopy (STEM) of the
final structures. The EDS analysis confirms that the nanosheets
retain the chemical composition of the initial perovskite NPLs,
see Figure S7 and Table S1.

For dried films of NPLs on a substrate (two-dimensional
conditions), we observe similar transformation pathways in
molecular dynamics simulations by starting with a set of
ribbons of different sizes and letting them deposit on a
substrate, as shown in Figure 3a. In the figure, NPLs belonging

t=3.2x10%

a1V A

e

Figure 3. Formation of ribbons and nanosheets on a substrate. (a)
Typical configuration showing the initial state of the simulation in
which ribbons of different sizes are placed at random positions and
with random orientations in an elongated simulation box. (b) Top
views of the elongated simulation box (orange arrow in panel (a))
showing the time evolution of the deposition and transformation
of the preformed ribbons. The arrows indicate the merging of pre-
existing ribbons via the basal plane or the short edges during the
course of the simulation. In all panels, different colors relate to
different ribbons, and unwrapped coordinates are employed. The
gray areas indicate the substrates. Times are reported in units of 7.
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Figure 4. Oriented growth of CsPbBr; nanosheets at high temperature. (a) Bright TEM images extracted from Movie S3 showing the
preferential orientation (highlighted with solid lines) of different objects when transforming into nanosheets over short times (up to 45 s) at
200 °C. (b) Orientation mapping of the objects growing in the FOV over time. (c) A series of snapshots showing the formation of a large
nanosheet, which shows a vertical growth (90°) with respect to the orientation of the initial ribbons in the region (0°). The dotted white line
highlights the tilted facet of a small nanosheet, where the merging occurs. The red arrows indicate the growth orientation observed at
different times. Scale bars: 100 nm. (d) Selected frames from Movie S3 showing the merging of three preformed nanosheets over time in the
FOV. The red arrows indicate the merging direction. Scale bars: 100 nm. (e) High-resolution TEM image of a final nanosheet highlighting
the presence of grain boundaries and Ruddlesden—Popper (RP) planar faults and hinting at the different intermediates merged to form the

nanosheet.

to the same ribbon are depicted in the same color. We aim to
provide a qualitative description of the steps that lead to the
potential formation of nanosheets. For this reason, we do not
explicitly consider any effect related to the change in
concentration that would typically occur in such dry processes.
Additional simulation details are presented in the Experimental
Section. Once the ribbons are deposited (Figure 3b), we
observe the spontaneous formation of larger structures,
indicated by the violet arrow in panel (ii), where two ribbons
merge on the short edge and a third one deposits on top of the
first two. We also observed a ribbon that is deposited through
its largest facet and does not participate in the formation of
longer ribbons or more extended structures. At longer times
(iii—iv), we observe the formation of extended structures
starting from two shorter ones made of six NPLs each (purple
arrow in panel (jii)). In this case, the process is similar to the
observed transformation, where long nanobelts are formed by
merging through the basal planes of the NPLs (growth
pathway II). In the last step, as shown in panel (iv), the
structure previously formed in panel (iii) is enlarged by
connecting another ribbon of intermediate size via its short
side (violet arrows in panel (iv)). The structure that is formed
in this way can be considered as a precursor of the nanosheets
that are observed in experiments, where objects observed in
stage (i) merge through various paths, as supported by the
simulations. However, the observation of larger structures is
restricted by the current modeling limitations, as this would
require a higher number of NPLs, increasing the computa-
tional costs significantly.

To achieve a comprehensive understanding of the trans-
formation of perovskite NPLs to nanosheets on a solid
substrate, we then experimentally tracked the growth of single

objects in the FOV. We found that there is a preferential
orientation that favors the attachment of nearby ribbons
through preformed objects, such as wires and nanobelts, or
small nanosheets. Some of these initial objects are indicated in
Figure 4a.

Interestingly, most of them adopt a 45° or 135° orientation
(Figure 4b) with respect to the elongated axis of the initial
ribbons from which they originated. Only a very few structures
in the FOV start to merge in a fully vertical orientation (90°).
Figure 4c shows one of the larger nanosheets that resulted at a
high temperature with this configuration. In this case, growth
likely occurs through the merging of nearby nanobelts from
different ribbons located within a few nanometers and parallel
to each other. However, the merging with preformed
nanosheets (as the one located at the right-top corner of this
object in Figure 4c) remains at 45° or 135°.

We reasoned that the different orientations observed for the
growth of the nanosheets are strongly related to the initial path
activated by the temperature and the distance between initial
ribbons: The majority of the nanosheets emerge from short
nanobelts (with ca. 7—10 NPLs) in areas where the initial
ribbons appear parallel with respect to each other; the
distinctive waving of ribbons (inset in Figure 1d) creates
shorter distances, favoring the merging of the initial nanobelt
with a section of the closer ribbon through their lateral sides.
This indicates that the ligands at the sides of the ribbons
remain highly active at a high temperature, and thus they are
prone to generate a merging path. The sketch in Figure S8
shows the elucidated ligand detachment/relocation and lattice
merging from two neighboring NPLs within a ribbon.”**” We
note that, in contrast with the self-assembly in the solution that
led to nanosheets with defined rectangular shapes,'” the
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Figure S. Optical properties of transformed objects in films. (a) PL spectra collected from films prepared at different temperatures. The two
emission peaks observed at 140 °C are indicated as P; (455 nm) and P, (526 nm), respectively. The embedded sketches display the ribbons
and nanosheet morphology of the objects at the corresponding temperatures. (b) Time-resolved PL decays collected from objects formed in

films at different temperatures.

nanosheets formed at the late stage of the transformation on
the substrate display random shapes (see example in Figure
4d). We attribute this to the random merging paths originated
from the different orientations of the initial ribbons, the
changes in their local distribution, and their related distances,
as it occurs in nanocubes,'” but also due to the reduced
mobility of the NPLs in the substrate. Therefore, to achieve
control over the final morphology of the transformed NCs, we
foresee three strategies: (i) control over the initial NPL density
to favor the formation of uniform films from single ribbon
layers via solution-based processes;**® (ii) templating the
initial orientation of ribbons into the desired configuration to
favor one specific merging path;**™** and (iii) ligand
engineering to control the distance between initial ribbons
and their orientation.”**

To detail the atomic merging of the objects, we performed a
high-resolution TEM analysis of the resulting nanosheets.
Contrary to the spontaneous transformation at room temper-
ature and solution where the dominant defects are RP planar
faults,'> we often observe grain boundaries and, in a few cases,
RP planar faults. These defects are located at the interface
between neighboring intermediates with continuous perovskite
lattices. Our reasoning is that the initial ribbons can easily
rearrange their orientation, and thus intermediate objects show
a continuous perovskite lattice. During this initial stage, ligands
are partially desorbed into the vacuum and partially remain at
the nanocrystal surfaces. The removal of ligands along with
surface atoms during the ligand desorption process generates
vacancies, which help the formation of a perfect perovskite
lattice (see the sketch in Figure S8). At this point, intermediate
objects are (i) bulkier compared with the initial objects and
thus have less mobility, and (ii) very little ligand desorption is
involved, and vacancy-mediated merging is lacking. Hence, the
merging of intermediates occurs without much adjustment,
and thus grain boundaries are commonly observed (see
additional high-resolution TEM images in Figure S9). These
events take place on a solid substrate and at a higher density of
nanocrystals while in a liquid medium and at a lower
nanocrystal density, the intermediates could still rotate and
merge into large nanosheets with mainly RP planar faults.'?

To investigate the effect of the heat-induced transformation
on the optoelectronic properties, we performed PL and time-
resolved PL analysis on films prepared at different temper-

13654

atures via drop casting the initial solution containing ribbons
(Figure 5).

We observe single emission peaks from films prepared at
room temperature and 160 °C, which correspond to the initial
and final stages of the transformation (Figure Sa). At 140 °C,
we observe two emission peaks (green PL profile in Figure Sa),
which are evidence of an intermediate stage of the trans-
formation, as was also observed in solution (Figure S4).
Regarding the PL decay times of the structures in films, which
were fitted with three-exponential functions (see Table S2), we
found that the films of ribbons (blue PL profile in Figure Sb)
show a relatively fast 7, component (with ~65% weight) of ca.
8.0 ns, while the films of fully transformed objects obtained at
160 °C display a more balanced contribution from the slow
and fast components (~30—38% weight), which results in a
significantly increased average decay lifetime of ~170 ns. At
140 °C, the decay lifetimes show a faster decay of 7, = 6.62 ns
(~62% weight) for the blue component (P, = 455 nm) while
the green component (P, = 526 nm) shows similar decay
lifetimes as those obtained in films produced at 160 °C. This
confirms the presence of fully transformed objects alongside
ribbons in the films. An increment in decay lifetime has been
observed when transformin% similar NPLs deposited on a
substrate by UV irradiation ° or when directly synthesizing
thin nanosheets.*>*® This has been explained by either a
reduction in the thickness of the nanosheets or a more effective
defect passivation. However, the average decay lifetimes in
these examples are significantly lower (up to 12 ns) compared
with that of the nanosheets produced through heating in our
experiments. To elucidate the differences in carrier dynamics
between the initial and transformed objects, we performed PL
quantum yield (PLQY) measurements and calculated the
radiative (K,) and nonradiative (K,) recombination rates
(Table S3). The starting ribbons have a PLQY of 23% while
the resulting nanosheets show a drop of up to 8%. Generally,
NPLs suffer from a high density of surface defects due to their
higher surface-to-volume ratio.””*” The significant contribu-
tion of a fast radiative decay lifetime that we observed in the
initial NPLs corresponds to the nonradiative recombination
channels (Table S3), leading to a lower PLQY compared to
bulk NCs. In the case of the nanosheets, we observe a much
longer average decay lifetime but no benefit in the PLQY. In
comparison with thin NPLs, the thicker transformed nano-
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sheets provide more room for carriers to move and radiatively
recombine or trap within surface defects, which explains the
slow decay lifetime. However, grain boundaries and other
defects (their presence being revealed by the high-resolution
TEM images, see Figure 4e and Figure S9) act as bulk defect
centers for nonradiative recombination, negatively influencing
the PLQY of the resulting nanosheets.***’

CONCLUSIONS

In summary, the in situ monitoring of the transformation of
NCs with temperature to capture structural modifications in
dried films has been a multiscale challenge. In response, we
presented in this work the in situ TEM observations of the
heat-induced transformation of CsPbBr; NPLs dried on
substrates, which undergo morphological changes to form
nanosheets from self-assembled objects, as it was also
evidenced by computational analysis. We demonstrated
different merging pathways during heating, which lead to
large structures with random shapes that display structural
defects originated from the merging of preformed neighboring
(small) nanosheets. Such objects, obtained from the NPL’s
transformation on a substrate, show long decay lifetime that we
attribute to an efficient relocation of ligands and, thus,
enhanced defect passivation. We envision that well-aligned
and packed nanosheets might be formed on substrates through
heating by first controlling the deposition of the initial self-
assembled objects in solution to create defined patterns with
precise control over their orientation.

EXPERIMENTAL SECTION

Synthesis of NPL Ribbons. The synthesis was ferformed
following a previously reported protocol from our group.'” Briefly, a
solution of 0.145 g of PbBr, in 4 mL of octadecene was prepared in a
20 mL glass vial. To this solution, 1 mL of oleylamine and 1 mL of
oleic acid were added. The mixture was heated at 100 °C for 20 min
with magnetic stirring. In another 8 mL glass vial, 0.325 g of Cs,CO;
were dissolved in 5 mL of oleic acid at 100 °C for ca. 15 min. With
both solutions at room temperature, 0.5 mL of the Cs,COj; solution
were added to the PbBr, mixture. The mixture was heated at 60 °C
with magnetic stirring for 30 min. After this time, the solution was
cooled down in an ice water bath for 5 min and 2 mL of toluene were
added. The solution was centrifuged at 3500 rpm for 10 min and the
product was collected and redispersed in 2 mL of toluene, discarding
the supernatant.

In Situ Heating TEM Experiments. The in situ heating
experiments were performed in an image corrected Thermo Fisher
Scientific Themis instrument operated at 300 kV. The samples were
prepared by drop-casting 15 uL of CsPbBr; NPLs in toluene on a
carbon-coated Cu-based TEM grid (200 mesh). The grids were
loaded into a Gatan 648 double-tilt heating holder and the initial
screening of the samples was performed at room temperature (22
°C). Through this process, we identified 2 regions of interest that
contained different ribbon densities and images were collected at
~1000 e/(A*s) electron dose rate. The ramps of temperatures used
in the experiments are detailed in Figure SS. All of the ramps were set
with the electron beam off to minimize beam-induced effects. The
sample was irradiated once the set temperature was reached. Movies
were converted to S fps for better visualization. All the movies were
aligned using as a reference the large zero-dimensional Cs,PbBrs NCs
observed in the field of view. For STEM-EDS maps, the Br K-edge
and Cs and Pb L-edges were used for all of the structures. For pristine
NPLs, high-resolution TEM images were acquired on an image-
corrected JEOL JEM-2200FS TEM, operated at 200 kV. HRTEM
images presented here have been acquired using a direct-electron-
detection camera (K2 Summit, Gatan), so as to reduce beam damage,
and post-processed by average background subtraction filter.>® For

these analyses, a diluted solution of NPLs (25 uL in 1 mL of fresh
toluene) was prepared and drop-cast onto a double carbon film
(ultrathin C on holey C) on a Cu grid. The measurements of ribbons
lengths were performed in areas of 500 X 500 nm.

Optical Characterization. PL and absorbance spectra were
collected by using a Varian Cary 5000 UV—vis-NIR spectropho-
tometer. The time-resolved photoluminescence measurements were
carried out at the maxima of the emission peak on an Edinburgh
Instruments fluorescence spectrometer (FLS920) with a time
correlated single-photon counting (TCSPC) unit coupled to a pulsed
diode laser. The samples were excited at 375 nm with a 2 us pulse
repetition period. Measurements from solutions heated at the
different temperatures were recorded by diluting 10 pL of fresh
toluene. For films, 25 L of as-synthesized NPLs was drop-cast on 5 X
S mm Si/SiO, substrates and heated on a hot plate at the respective
temperatures for 30 min. The PLQY values were measured on
samples of NPL-based ribbons and nanosheets in both solution and in
films. The measurements were performed by using an excitation of
360 nm and a calibrated integrating sphere with step increments of 1
nm and an integration time of 0.2 s per data point for three repeated
measurements. Light absorption due to scattering inside the sphere
was considered for the PLQY measurement by collecting three
different spectra: (1) directly exciting the sample in the sphere, (2)
indirectly exciting the sample in the sphere, and (3) without the
sample in the sphere. For the solution sample, a quartz cuvette with
toluene was considered as the reference. For the film, a bare Si
substrate was taken as the reference.

Computational Analysis. The NPLs were modeled with
approximately the same shape and aspect ratio as those in the
experiments. An individual NPL consists of 1308 beads of unitary
mass m and diameter o, which is also taken as our unit of length in
simulations. This is illustrated from different perspectives in Figure
S10. The length, width, and thickness of the NPLs are 20.3, 7.1, and
2.2 o, respectively. The effect of the ligands covering the surface of the
NPLs is mimicked in a coarse-grained fashion by letting the beads of
different NPLs to interact via an attractive 48-24 Lennard-Jones
potential,

u(r) =

0,r>r, (1)

where € sets the energy scale and r,, is the cutoff distance at which
the potential is cut and shifted to 0. Here, we set r,,, = 1.30. In this
way, we implicitly assume a uniform density of ligands on the surface
of the NPLs.

To study the formation of ribbons, we place 75 NPLs with random
positions and orientations in a cubic box with periodic boundary
conditions at a number density po; & 3 with 6, = 20.36 the length of
an NPL. The assembly is carried out at a reduced temperature

kT ,
T* = }Z—_ ~ 7.4, with kz the Boltzmann’s constant and T the

temperafure, for at least t = 1.0 X 10% 5t, where &t = 0.002 7 is the

simulation time step with 7 =/ maz/ € the time unit. A slight change
in the values of p and T* does not qualitatively alter the results of the
simulations. The 3D assembly is studied from nine independent
simulations with different initial configurations.

For the analysis in quasi two-dimensional conditions, we initialize
the system by randomly placing in the upper part of an elongated box
preformed ribbons of different sizes. More specifically, we add two
ribbons consisting of 15 NPLs, two ribbons consisting of 10 NPLs,
and three ribbons consisting of 6 NPLs. The box has a side of 80c in
the x and y directions, and a height of 5006 in the z direction. We
employ periodic boundary conditions in the x and y directions. The
ribbons were first deposited on a substrate using a gravity-like force
and subsequently they are let to assemble for t = 1.0 X 10° &t at a
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temperature T* = 74. All simulations were performed with Rosaria Brescia — Istituto Italiano di Tecnologia, 16163
LAMMPS.”
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Movie S1: Movie recorded from region R1 in BF-TEM
imaging mode by using the Ceta camera with a
magnification of 6300X and displayed after frame
alignment. The real duration of the movie (in 1 fps) is
7.7 minutes. (MP4)

Movie S2: Movie recorded from region R2 in BF-TEM
imaging mode by using the Ceta camera with a
magnification of 6300X and displayed after frame
alignment. The real duration of the movie (in 1 fps) is
9 minutes, as indicated in the time stamp embedded in
the movie. (MP4)

Movie S3: Magnified snapshots extracted from Movie S2
display the changes observed in the R2 region where the
transformation occurs. (MP4)
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