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ABSTRACT: Cesium lead halide nanostructures have highly tunable optical and
optoelectronic properties. Establishing precise control in forming perovskite single-crystal
nanostructures is key to unlocking the full potential of these materials. However, studying the
growth kinetics of colloidal cesium lead halides is challenging due to their sensitivity to light,
electron beam, and environmental factors like humidity. In this study, in situ observations of
CsPbBr3−particle dynamics were made possible through extremely low dose liquid cell
transmission electron microscopy, showing that oriented attachment is the dominant pathway
for the growth of single-crystal CsPbBr3 architectures from primary nanocubes. In addition,
oriented assembly and fusion of ligand-stabilized cubic CsPbBr3 nanocrystals are promoted by
electron beam irradiation or introduction of polar additives that both induce partial
desorption of the original ligands and polarize the nanocube surfaces. These findings advance
our understanding of cesium lead halide growth mechanisms, aiding the controlled synthesis
of other perovskite nanostructures.
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Metal halide perovskites are promising materials for solar
energy conversion because of their excellent optical and

optoelectronic properties. Specifically, colloidal cesium lead
halides (CsPbX3, where X = Cl, Br, or I), which have relatively
high thermal stability, show tunable broadband absorption,
exhibit extremely high photoluminescence quantum yields,
display relatively long optical and spin coherence, and are well-
suited for integration into solar cells, light-emitting diodes, or
other photonics architectures.1−34 These unique properties
have led to intense research in the fabrication of ordered
CsPbX3 nanoarchitectures with tunable properties that depend
on the nanoscale architecture. For example, two-dimensional
wires and three-dimensional ordered superlattices of CsPbBr3
were synthesized by tuning the precursor concentrations in
solutions containing seed nanocrystals (NCs).5,6 Interparticle
electronic coupling in the resulting architectures red-shifted
the emission wavelength compared to that of the dispersed
NCs and, in superlattices, can lead to superfluorescence.7

Furthermore, the optical properties of halide perovskite
nanowires can be systematically tuned in the visible range by
varying the halide composition through postsynthetic halide
exchange.8 Despite successful examples of the self-assembly of
metal halide perovskite NCs into superlattices,9 we still lack a
fundamental understanding of the assembly dynamics and
outcomes needed to tailor their ensemble properties. Ligand-
assisted synthesis of lead halide perovskites often produces
nanocubes, which subsequently assemble into regular super-
lattices and may fuse to form larger single-crystal nanostruc-
tures.10,11 Oriented attachment, which is a growth process in
which nanocrystals attach to one another on like faces with
crystallographic co-alignment, has been proposed to be the

underlying mechanism of anisotropic NC growth.12,13 For
example, oriented attachment was proposed to drive formation
of hollow PbTiO3 fibers14 and BaTiO3 nanocrystals.15

However, in all of the studies cited above, conclusions
concerning the role of oriented attachment were based on
postsynthesis observations of the morphology of the
nanostructures, but inferring growth pathways from postsyn-
thesis morphological observations can often lead to incorrect
conclusions, as shown in a number of crystal systems for which
particle assembly was originally proposed as the mechanism of
growth.12,16,17 In these particular cases, highly regular
hierarchical morphologies are produced by classical growth
processes of atom-by-atom addition complicated by impurity
effects acting on atomic steps,17 growth front instabilities
associated with dendrite formation,16 or nucleation of oriented
branches on the surfaces of seed crystals directed by short-
range interactions at the seed−electrolyte interface.18 In
contrast, the oriented attachment pathway implies a long-
range facet-specific attraction between particles that drives
their initial approach and a shorter-range orientation-directing
torque that leads to fine adjustment of their mutual orientation
before contact.19 These complex dynamics cannot be
unambiguously inferred from an analysis of the final structures
alone.
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Assuming that oriented attachment is indeed responsible for
the growth of perovskite nanostructures, another unresolved
issue in the case of CsPbX3 is the role of trace polar solvents in
promoting anisotropic assembly of CsPbBr3 nanocubes during
the ligand-assisted synthesis of nanowires and nanoplates. Two
mechanisms have been proposed for the effect of the solvent
on cubic CsPbX3 stabilized by a mixture of oleic acid (OA)
and oleylamine (OAm). One model proposes that the
adsorption of polar solvents on NC surfaces promotes the
distortion of the CsPbI3 lattice and thus the transition from a
cubic to an orthorhombic structure.20 This transition, in turn,
creates an uncompensated dipole in the nanoparticles,
facilitating attachment through dipolar interactions.20 By
comparison of the effect of various solvents, a direct link
between the dielectric constant of the solvent and the kinetics
of assembly of particles into nanowires has been established.
The model, however, does not consider ligand dynamics at the
interfaces. Another proposed mechanism encompasses solvent-
induced ionization, the desorption of stabilizing ligands from
the surface of CsPbBr3 nanocubes, and ligand stabilization of
PbBr3- or Br-terminated surfaces of the cubic phase of
perovskite.21 A detailed study of interactions of ligands with
perovskite nanocubes revealed that OAm ligands are highly
stable and form strong bonds with the PbBr3-rich surface.22 In
contrast, OA ligands can ionize and desorb, thereby exposing
the surface to the solvent. These two proposed models are not
necessarily mutually exclusive and can be complementary.
They address different aspects of particle stabilization and can
serve as a basis for a more comprehensive understanding of the
interfacial dynamics and forces at the surfaces of the perovskite
NCs.

A compelling strategy for obtaining direct evidence of the
intermediate states and growth dynamics, including the effects
of additives and ligands, involves employing in situ techniques
such as in situ transmission electron microscopy (TEM) for
real-time observation. In situ TEM has been instrumental in
following the attachment dynamics of metal, metal oxide, and
metal hydroxide nanoparticles, among others.23,24 Liquid cell
TEM (LCTEM) is unique in its ability to track the motion and
trajectories of single NCs in solution at high spatial and
temporal resolution, making it a powerful tool for studying the
dynamics of nanocrystal growth and assembly in real time.
However, using in situ TEM to observe the formation of
perovskite nanostructures is challenging. Perovskite NCs are
extremely unstable under electron beam irradiation due to the
many electron−hole pairs produced by high-energy elec-
trons.20 Additionally, various side effects such as local heating,
momentum transfer from the electron beam, and charging
effects come into play. To overcome this challenge, very low
dose rates and short exposure times must be used.
In this paper, CsPbBr3 NC motion and orientation are

tracked and studied in quantitative detail using LCTEM in
combination with ex situ high-resolution TEM (HRTEM). We
also compare the effect of various polar solvents on the
anisotropic growth of CsPbBr3 NCs by oriented attachment
and explore the mechanism by which trace polar solvents
direct the growth. The results provide strong evidence that
CsPbBr3 NC ripening in solution occurs mainly via oriented
attachment and that the adsorption of polar molecules onto
the surfaces of CsPbBr3 nanocubes imposes additional
directionality on the interparticle interactions, promoting the

Figure 1. Effect of low-polarity solvents on the aggregation of CsPbBr3 nanocubes. (A and B) TEM and HRTEM images of freshly prepared
CsPbBr3 nanocubes in hexane. (C) TEM image of cube-shaped CsPbBr3 NCs in hexane stored under ambient conditions for 2 months. (D) TEM
image of freshly prepared cube-shaped CsPbBr3 NCs purified using a low ratio of ethyl acetate to NCs in a colloidal dispersion in toluene
(VEA:Vtoluene = 1:2). (E and F) TEM images of CsPbBr3 NCs using relatively high ratios of ethyl acetate (VEA:Vtoluene = 1:1 and 2:1, respectively).
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growth of single-crystal nanowires or nanowires with antiphase
boundaries.
CsPbBr3 NCs capped with OA and OAm ligands were

prepared and dispersed in hexane using previously reported
methods.6 HRTEM indicates that the as-synthesized CsPbBr3
NCs have a cubic morphology and a narrow size distribution
(dave) of 10.7 ± 1.5 nm (Figure 1A,B). The nanocubes were
stable in hexane for extended periods of time, but some particle
aggregation was observed over 2 months due to partial
evaporation of the solvent (Figure 1C).
To investigate the dynamic behavior of NCs in a suitable

solvent by LCTEM, we first characterize the aggregation state
of nanocrystals in mixed solvents of toluene and ethyl acetate
over a range of ratios. The addition of ethyl acetate (EA) at a
VEA:Vtoluene volume ratio of 1:2 resulted in the breakdown of
the superlattice structure while preserving the cubic shape of
the nanocrystals (Figure 1D). An increase in EA content
(VEA:Vtoluene = 1:1 and 2:1) led to NC agglomeration,
presumably by further desorption of the ligand from the
surface of the CsPbBr3 NCs (Figure 1E,F). Consequently, we
chose ethyl acetate and toluene (1:2) as the solvents for
LCTEM studies.
The particle attachment process was first studied in a

mixture of toluene and ethyl acetate at an extremely low
electron dose rate of 0.03 e Å−2 s−1, where no electron beam
damage of the NCs or changes in their crystallographic
structure were detected (Figure S1). To follow the particle
assembly process, representative NCs are labeled with numbers
1, 1′, 2, 2′, and 3 on the sequential TEM images in Figure 2A.
Initially, the CsPbBr3 NCs had low mobility on the plasma-

treated negatively charged SiNx membrane. After electron
beam irradiation for 20 s, particle adhesion weakened, likely
due to irradiation-induced negative charging of the NCs,25,26

and the particles became more mobile within a quasi-two-
dimensional layer close to the SiNx membrane. It is important
to emphasize that the charging of nanoparticles irradiated by
an electron beam does not alter their crystallographic structure
as evidenced by the consistent diffraction pattern observed
before and after a 20 min irradiation (Figure S3). At the start
of imaging, NC1 and NC2 were already aligned with NC1′ and
NC2′, respectively, and both of these pairs fused together
within ∼30 s. Over a period of 20 s from the start of imaging,
NC1 rotated with respect to NC2 to reduce the relative angle
between their edges. Once NC1 and NC2 were aligned, they
fused together to form a single crystal, thus completing a third
oriented attachment event. The formation of a single crystal is
substantiated by ex situ TEM images, which show continuous
crystallographic lattices (Figure S2).
By analyzing the changes in the x and y coordinates over

time (Figure 2B and Movie S1), we observed that initially NP1
and NP2 undergo correlated translation along the y direction
while retaining an almost constant center-to-center distance. At
∼30 s, both NPs change the direction of their motion. NP1
translates along the x direction, while NP2 rotates and
translates toward NP1 into a corner-to-corner contact. In the
final stage preceding particle attachment, ∼38 s, NP1 rotates
into contact with NP2 while both particles translate in the y
direction. It is noteworthy that some variation in particle
contrast is observed during in situ imaging, indicating NP
mobility in the z direction. For example, NP1 moves up at 26.1

Figure 2. Dynamics of CsPbBr3 NCs before and after coalescence. (A) Time sequence TEM images showing particle diffusion and attachment
from Movie S1. (B) Trajectories of NC1 and NC2 in the liquid film recorded for 44 s. Data points denote the location of the particle center. (C)
Temporal evolution of the relative angles and distances between the particles. (D) Time dependence of the mean-square displacement (MSD) of
particles NC1 and NC2.
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s and NP2 at 34.3 s. However, the contrast of both NPs is the
same at the final stages of attachment, indicating alignment in
all three directions. Movie S2 also shows similar dynamics of
particle aggregation.
To quantify the dynamics of particle approach and shape

evolution, we calculated the relative angle and edge−edge
distance between NC1 and NC2 before fusion. As shown in
Figure 2C, the distance and relative angle fluctuate at early
times. Subsequently, NC1 and NC2 exhibit a prolonged period
of correlated approach and alignment, followed by coalescence.
These dynamics are characteristic of oriented attachment
observed in other materials.12

To explore the influence of the neighboring particles on the
motions of NC1 and NC2, we plotted the time evolution of
the mean-square displacement (MSD) for NC1 and NC2
(Figure 2D). The MSD of both particles increases approx-
imately linearly with time. However, the diffusive mobility of
NC1, which has only one neighbor, is higher than that of NC2,
which is adjacent to a chain of three other NCs. These
observations indicate that interactions with neighboring
particles reduce the mobility of NC2, likely by enhancing the
cumulative adhesion to the substrate as compared to that of
the relatively isolated NC1.
Some attachment events involving blocks of assembled

particles exhibited a stepwise approach to attachment marked
by rapid jumps separated by quiescent periods (Figure 3A,B).

For example, NC2 and NC3 jumped as a group toward NC1,
forming an angle of 7° between the surfaces of NC2 and NC1
at a 4 nm separation. This dynamics is typical of the oriented
attachment process observed in other systems, in which after
initial diffusion into the metastable minimum in the solvent
separated state particles undergo fine alignment before jump to
contact and fusion.12,27,28 Tracking the changes in the distance
and relative angle between NC1 and NC2 before coalescence
(Figure 3B) revealed the stepwise dynamics of the approach of
the NC2−NC3 particle pair to NC1. The edge−edge distance
exhibited three steps separated by abrupt jumps, followed by a
gradual approach before contact. After the initial contact at 7°,
the NC2−NC3 particle pair and NC1 rotated slightly to
achieve co-alignment (Figure 3A).
On the basis of combined in situ and ex situ TEM

observations, we hypothesize that the formation of CsPbBr3
nanorods is driven by the desorption of OA−OAm pairs from
the nanocube surfaces under electron beam irradiation,23,29,30

schematically illustrated in Scheme 1. Moreover, our LCTEM
studies showed that the tendency for particle aggregation can
be tuned by the addition of a polar solvent (ethyl acetate). To

understand the effect of changing the solvent, the interactions
of the ligands with the NC surfaces and the solvent must be
considered.
Previous nuclear magnetic resonance studies showed that

proton exchange between OAm and OA ligands at the surfaces
of CsPbBr3 NCs creates OAmH+ and OA− species.21

Protonated OAmH+ then coordinates with Br− anions and
OA− with Pb2+ cations of the perovskite. In the presence of a
polar solvent, OA− ions may solvate and detach from the
surface of the NC. Another proposed mechanism is further
proton exchange that produces inert neutral species leading to
ligand detachment.31,32 These studies revealed that non-
protonated OAm forms strong bonds with surface Pb2+ ions
and stabilizes PbBr3-rich surfaces.21 We hypothesize that the
addition of a solvent with moderate to high polarity can shift
the ligand-binding equilibrium toward ligand solvation, causing
partial desorption of the ligands from the NCs. It has been
demonstrated in previous work that adjusting the solvent
polarity can fine-tune ligand bonding to the perovskite
nanocrystal surface, thereby exerting control over the surface
ligand density on perovskite nanocrystals.33−35

To test the hypothesis presented above, we investigated the
effect of polar solvents on the crystallization of CsPbBr3 by
monitoring the growth process for 3 h in mixtures of toluene
and different polar solvents, such as methanol (1%), ethanol
(1%), isopropyl alcohol (IPA, 1%), and water (0.2%, 0.5%, and
1%) (Figure 4A−F and Figures S4−S9). The results show that
most NCs self-assemble into nanorods and nanowires with
lengths that depend on the polarity of the solvents. The
relative polarities of the solvents, determined from shifts in the
absorption spectra of organic chromophores,36 are listed in
Table 1, which also shows the average length of the final
nanorods in each solvent. It is obvious that the nanorod length
increases with the polarity of the solvents, indicating that the
strength of the interactions between the ligand and CsPbBr3
NPs is indeed sensitive to solvent polarity.
HRTEM showed that the nanowires were single crystals

consisting of smaller co-aligned domains and had a lattice d
spacing of ∼0.41 nm (Figure 4G,H and Figure S2D), which is
consistent with the d spacing between the (110) planes of
cubic CsPbBr3. This consistency in d spacing affirms that the
nanorod retains the crystal structure of cubic CsPbBr3. Local
chemical changes at the nanoparticle surface drive facet
specificity and hence the directionality of interparticle forces,
which has been reported previously by our group.37,38 Recent
computational studies predicted that water molecules adsorb
to PbBr- and CsBr-terminated surfaces of cubic CsPbBr3 with
similar adsorption energies of −0.51 and −0.62 eV,
respectively.39 However, charge transfer from the perovskite
surfaces to the adsorbed water molecules has the opposite sign.
According to a Bader analysis, the charge transfer is −0.020 e

Figure 3. Dynamics of CsPbBr3 nanocrystals before and after
coalescence. (A) Time sequence TEM images showing particle
diffusion and attachment to a nanorod. (B) Time dependence of
relative angles and distances between particles.

Scheme 1. Growth of CsPbBr3 Nanorods under Electron
Beam Irradiation
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from the PbBr-terminated surface and +0.039 e from the CsBr-
terminated surface. Thereby, the local dipole moments at the
PbBr−water and CsBr−water interfaces point in opposite
directions, creating the potential for dipole−dipole interactions
to provide both an attractive force and an aligning torque that
can drive self-assembly of CsPbBr3 nanocubes into single-
crystalline nanowires through oriented attachment, as shown in
Scheme 2. Ligand desorption, which can be induced by a
nelectron beam or competition with polar solvents, was
predicted to increase the density of the surface dipole on
CsPbBr3 nanoparticles.40 The average range of interparticle
dipolar interactions defined as the maximum separation, at
which the dipolar energy is larger than the thermal energy at

room temperature (kT), is 40 nm for fully functionalized NPs
and 47 nm for pristine 10 nm NPs. The corresponding

Figure 4. TEM images showing oriented attachment of CsPbBr3 NCs regulated by solvent: (A) IPA (1%), (B) ethanol (1%), (C) methanol (1%),
(D) H2O (0.2%), (E) H2O (0.5%), and (F) H2O (1.0%). (G) HRTEM image of a nanorod obtained in 0.2% H2O. (H) HRTEM image of a
nanowire obtained in 0.5% H2O. The inset shows fast Fourier transform (FFT) analysis of the area highlighted with the red square containing the
region of fusion of two nanorods.

Table 1. Relative Polarities of the Solvents and Average Lengths of the Final Nanorod in Different Solvents

toluene ethyl acetate 2-propanol ethanol methanol water water water

− 33:67a 1:99a 1:99a 1:99a 0.2:99.8a 0.5:99.5a 1:99a

polarityb 0.099 0.228 0.546 0.654 0.762 1 1 1
particle length (nm)c 9 ± 1 13 ± 4 24 ± 5 66 ± 20 82 ± 43 25 ± 4 143 ± 28 248 ± 126

aSolvent:toluene ratio. bPolarities taken from ref 19. cThe average length of particles was calculated on the basis of 100 measurements.

Scheme 2. Polar Solvents Drive Self-Assembly of CsPbBr3
Nanocubes into Single-Crystalline Nanowires through
Oriented Attachment
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strength of attractive interactions between 10 nm nanoparticles
is calculated to increase from −8.4 kT for fully functionalized
to −13.4 kT for pristine nanoparticle surfaces at a 20 nm
separation (Figure S10).
Growth by oriented attachment due to dipole−dipole

interactions was previously reported for ZnO, for which a
permanent dipole along the (001) direction drives primary
NCs to assemble into (001)-oriented nanowires.12 In the
results presented above for CsPbBr3, the strength of the dipolar
interactions should be controlled by both the dielectric
properties of the various polar solvents and the degree to
which those solvents lead to ligand desorption and consequent
polarization of the NCs, thus providing a rationale for the
observed solvent effect. With the increasing polarity going from
IPA to ethanol, methanol, and water, the extent of solvent-
induced polarization of CsPbBr3 increases, resulting in the
formation of single-crystalline elongated nanorods through the
oriented attachment of NCs, as evidenced by fast Fourier
transform (FFT) analysis (Figure 4H, inset), though the
formation of antiphase defects cannot be ruled out.
A clear correlation between the polarity of the co-solvent

and the length of CsPbBr3 nanorods illuminates the profound
impact of polar solvents on the directional interactions
between CsPbBr3 nanocubes. In the absence of polar solvents,
the ligands tightly adhere to the nanocube surfaces, forming an
obstructive barrier that hinders their proximity and attachment
(Figure 1A,B).23,41 However, the introduction of a polar
solvent into the system marks a critical juncture. In polar
solvents, the interplay between the ligands and solvent
molecules becomes energetically advantageous, weakening
the bonds between the ligands and nanocubes. For example,
the energies for the adsorption of water onto PbBr- and CsBr-
terminated surfaces are similar or higher than the correspond-
ing adsorption energies of octanoic acid ligands of −0.56 and
−0.48 eV, respectively, representative of oleic acid and OAm.42

Consequently, the ligands gradually disengage from the
nanocube surfaces, permitting NCs to assemble in a specific
orientation. This oriented attachment, guided by the
controlled detachment of ligands, results in the formation of
nanorods that exhibit a pronounced alignment along specific
crystallographic axes, notably the (100) direction. The degree
of preference for attachment along the (100) direction
increases with solvent polarity, which is evident from the
elongation of nanowires in response to the increased solvent
polarity (Figure 4A−C) or water concentration (Figure 4D−
F).
In summary, in situ studies of the dynamics of CsPbBr3 NCs

in solution have revealed directional motion with a gradual
approach and alignment separated by translational and
rotational jumps characteristic of oriented attachment. These
findings identify ionization-induced desorption of ligands as
the likely primary driver for the oriented attachment of
perovskite nanocubes. By the addition of solvents with
moderate to high polarity to the CSPbBr3 NC solution, we
could systematically tune the interaction between the ligands
and the NCs to control the rate of oriented attachment. The
opposite direction of the charge transfer at the PbBr−water
and CsBr−water interfaces directs the oriented assembly of
these two perovskite surfaces and promotes the growth of
single-crystal nanowires via dipolar-driven oriented attach-
ment. These findings provide new insights into the activity and
interaction of perovskite nanocrystals in solution, which is
greatly important for knowledge-based control of the

morphology and properties of perovskite materials. They
further contribute to advances in the application of perovskites
in high-performance optoelectronic devices.
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