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ABSTRACT: The optoelectronic properties of colloidal semiconductor nanocrystals
(NCs) can be manipulated by changing their geometric shape. The precise synthetic
control over particle morphologies, however, has remained elusive. Conventional
growth techniques rely on the kinetic assembly of atomic units, where supersaturation
and precipitation processes can lead to a broad distribution of particle shapes. In this
paper, we demonstrate that replacing atomic precursors with small-size nanocrystals as
building blocks for larger colloids offers an easier, more predictive control over
nanoparticle shape evolution. The reported growth strategy is illustrated via shape-

Aggregative growth

selective syntheses of CdSe and CdS NC cubes, spheres, rods, as well as unprecedented “donut” and ring-like structures. Different
particle morphologies were obtained through a thermodynamically driven growth, using a distinct combination of coordinating
compounds that minimize the surface free energy. The demonstrated aggregative growth is explained using a thermodynamic model

for interacting viscous colloids.

Bl INTRODUCTION

Colloidal semiconductor nanocrystals (NCs) represent a
promising class of inorganic nanomaterials for solution
processing of optoelectronic devices.' "' The strong correla-
tion between NC geometry and ensuing optoelectronic
properties has been a prominent driving force behind the
strong interest in these nanomaterials.”'> To that end,
significant effort has been devoted to achieving a narrow
particle size distribution,*~>* while shape control of semi-
conductor NCs has received less attention”* ™ and, at present,
is of great interest in the field.”® The expected benefits of
shape-selective NC syntheses include the ability to expose
targeted NC facets for catalytic processes, to create
nanostructures with a large fraction of surface atoms, and to
design shapes suitable for close-packed, electricallycoupled NC
assemblies.

Classically, the shape evolution of semiconducting nano-
crystals has been precursor-driven. This dynamic environment
of colloidal growth is strongly influenced by monomer kinetics
(atomic building blocks with a neutral charge).””** A
continuous supply of monomers during synthesis causes
monomer supersaturation.”’ As a result, nonequilibrium phases
in the form of isolated clusters or surface growth are created.
The presence of reactive monomers in the growth solution also
leads to delayed nucleation, which further broadens the particle
shape dispersion, making precise shape control more
challenging.

In contrast to the conventional, precursor-driven NC
synthesis, recent literature in the field**™** reports the
existence of a fundamentally different growth mechanism,
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known as aggregative growth, which involves the coalescence
of nanoparticles within the reaction mixture. This process has
been known to contribute to the formation of metal
nanoparticles”~** and was recently identified as an important
mechanism contributing to the size evolution of semi-
conductor NCs.””*” Aggregative growth excludes monomer
interactions, allowing the shape evolution to proceed in a
thermodynamic regime.”® The shape evolution of colloidal
nanocrystals is driven by the minimization of surface energy.
This leads to the formation of low-energy facets, whose indexes
are determined by the Wulff method.”*>*

Consequently, in thermodynamic equilibrium, the shape of a
nanocrystal can be predicted as a function of its volume.”>*
During aggregative growth, nanoparticles coalesce to form
composite nanostructures with reduced surface free energy,
whose shapes are determined solely by surface tension.”* We
have previously reported that the rate of aggregative growth is
significantly increased in coordinating solvents.'” This has
been attributed to the role of bonds between coordinating
solvent molecules and surface ions. The binding energy of
ligands (Z-type, X-type, or L-type) can reduce the surface
energy of a nanocrystal,” resulting in melting point depression
of the corresponding NC facet (see Supporting Information
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Figure 1. Shape-selective synthesis of CdS NCs using the aggregative growth strategy. The four listed morphologies were fabricated via coalescence
of ~3-nm zinc blende (ZB) CdS seeds in the presence of a unique coordinating surfactant: (a,b) Spherical CdS NCs grown at T = 260 °C in a
oleylamine (OLAM)/CdCl, mixture, (c,d) Cubic CdS NCs grown in OA/C;H;5sCOCl, at T = 300 °C, (e,f) rod-shaped CdS NCs fabricated in
OLAM/CdCl, at T = 200 °C (the reaction is fully completed after 24 h), and (gh) donut-like CdS NCs synthesized in NaOA at T = 245 °C. Scale

bars are 20 nm.

(SI), eq S3), which makes it more susceptible to interparticle
coalescence growth. Additionally, it has previously been
demonstrated that NCs have suppressed melting points
compared to bulk material.>

Here, we demonstrate that aggregative growth of colloidal
semiconductor NCs enables a predictive control over nano-
particle shapes. In the present approach, the growth of
colloidal NCs is achieved through the aggregation of small-size
nanoparticles in coordinating solvents. Under these conditions,
the shape of growing nanocrystals is determined primarily by
the surface energy and, therefore, is tunable solely via the type
of coordinating solvents/compounds used in the reaction
mixture. This concept is illustrated in Figure 1, where different
coordinating compounds result in different shapes of CdS
NCs, including spheres (Figure lab), cubes (Figure lc,d),
nanorods (Figure le,f), as well as unusual geometries, such as
donut- and ring-shaped NCs (Figure 1gh). The assembly-
driven growth, as demonstrated, can be explained using
existing theoretical models for interacting viscoelastic colloids.

B RESULTS

The aggregative growth of CdSe and CdS NCs was explored in
reaction mixtures containing different combinations of
coordinating solvents and coordinating compounds, as shown
in Figure 1. Reactions were carried out via a hot injection
method, in which small-size colloidal NCs (less than 4 nm
diameter, prepared separately) were injected into coordinating
reaction mixtures, inducing coalescence growth. The reaction
temperature was varied such that it was at or above the thermal
threshold (Figure 2a) for a given reaction mixture. The onset
of coalescence was explored by heating the reaction mixture,
including original “seed” nanocrystals, from room temperature
until growth was observed (evident from red-shifting of the
lowest exciton peak in absorbance). The CdSe NC size
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evolution in a typical growth reaction is illustrated in Figure
2b. The photoluminescence (PL) peak gradually red-shifts
during the reaction, indicating NC growth. The corresponding
nanoparticle sizes, calculated according to ref 56, are indicated
by red dots in Figure 2c.

Notably, during the growth reaction, the emission linewidth
decreases, which suggests the size focusing of the NC
population (Figure 2b). By assuming a constant single-particle
linewidth, we estimate the NC size dispersion from the full
width half maximum (FWHM) of the PL spectra (Figure 2c,
red dots). The reduction in the CdSe NC size dispersion is
consistent with the predictions of the aggregative growth
model® (Figure 2¢, red curve), which assumes nanoparticle
growth by coalescence. In contrast to aggregative growth, the
Ostwald ripening model®” stipulates that NC growth is due to
the dissolution of smaller NCs in favor of larger ones (Figure
2d), which causes initial broadening of the nanoparticle size
dispersion (Figure 2c, blue curve). According to Figure 2c, our
experimental size dispersion, o(r), closely follows the
aggregative growth model. Furthermore, the PL spectra in
Figure 2e demonstrates clear evidence that nanocrystal volume
doubles and/or triples due to coalescence at the early stages of
the growth reaction, which is consistent with the aggregative
growth model. Similarly, volume increases at very early stages
of the aggregative growth reaction were observed in the case of
ultrasmall CdSe NCs (Figure SF1), showing evidence of 2—$
times volume increases within 5 s of growth.

The role of coordinating solvents in the aggregative growth
of semiconductor colloids has been investigated by previous
reports.”**"* It s generally accepted that amines and
carboxylates increase the rate of nanoparticle coalescence
compared to non-coordinating solvents (e.g,, 1-octadecence)
due to increased driving force toward colloidal aggregation.*’
The head groups of coordinating solvent molecules render the
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Figure 2. (a) Demonstration of the coalescence threshold for different reaction environments: OLAM/Se (yellow), OLAM/CdCl, (red), OLAM/
HCI (blue), and OLAM alone (green). The particle growth is monitored via the lowest-energy exciton absorption. (b) The evolution of the CdSe
NC emission during aggregative growth in an OLAM/CdCl, mixture. (c) Comparison of the experimental and theoretical NC size dispersion
versus particle size. The two theoretical curves represent the predictions of the Ostwald ripening and aggregative growth models, calculated
according to ref 49. (d) Graphic illustration of the Ostwald ripening and aggregative growth mechanisms. (e) PL spectra of CdSe NCs prior to
(blue) and during (red) aggregative growth with intermediate PL spectra showing the presence of CdSe NCs with 2 and 3 times the volume of the
original seeds. To obtain the PL spectrum for early-time product of aggregation, the rate of coalescence was reduced by introducing a significant
volume fraction of a non-coordinating solvent (octadecene).
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Figure 3. Diagram showing a greater affinity of bound ion pairs (X-type ligands) over L-type amine ligands (i.e., oleylamine). The surface energy of
CdX (X =S, Se) NCs is lower than that with L-type ligands.

solution more polar compared to alkyl-terminated colloidal alkylammonium chloride, is created by the addition of Lewis
nanoparticles, causing NC aggregation. The binding of amines acids (i.e, HCl, CdCl, or stearoyl chloride (SC)) to
and carboxylates to NC surfaces also increases the aggregative coordinating solution and have previously been explored as

growth rate. The binding of these ligands reduces the surface strong ligands with high binding affinity onto CdSe NC
energy of a NC facet (hkl) by the amount that is equal to the surfaces (Figure 3).>® The increased binding energy of bound

difference between binding and relaxed energies of a particular ion pairs over classical L-type ligands (i.e., oleylamine) is what
ligand, Epound tigand (hkl) — Egee hgand.ZS The ligand-induced leads to the reduced surface energy and coalescence onset
decrease in the surface energy of a NC facet lowers its melting observed for CdX (X = S, Se) NCs.
point (Supporting Information, eq S3), which makes it more The effect of n-alkylammonium chloride on the aggregative
susceptible to interparticle coalescence and is responsible for growth of NCs was further explored by heating NCs in OLAM
the different observable coalescence onset temperatures, as to 260 °C without the addition of Lewis acid (i.e, no bound
shown in Figure 2a. The use of bound ion pairs, such as n- ion pair was present; Figure SF2). Upon maintaining the
2486 https://doi.org/10.1021/acs.chemmater.2c00265

Chem. Mater. 2022, 34, 2484—2494


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00265/suppl_file/cm2c00265_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00265/suppl_file/cm2c00265_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00265?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00265?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00265?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00265?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00265?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00265?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00265?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00265?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

OLAM/CdCI, (L-type)

g aPtoan
s We v he

Figure 4. (a—d) Evolution of CdS NC shapes during aggregative growth in OLAM/CdCl,. (e—h) Evolution of CdS NC shapes during aggregative
growth in OA/C;H33COCI. In the latter case, two populations of NCs are observed at intermediate stages: original NC seeds and cube-shaped
assemblies. After approximately 2—3 h at T = 300 °C, the original seeds are depleted, leaving cubes as the majority product. The crystal structure of
cube-shaped NCs is ZB. In the case of OLAM/CdCl, mixture, a single population of NCs persists during consecutive growth stages. A low size
dispersion is evident at intermediate reaction stages. The final product is represented by large spherical NCs with a WZ crystal structure.

temperature for several minutes, no change in the NC size is
observed; however, upon addition of stearoyl chloride,
immediate nanocrystal growth is observed, demonstrating the
crucial role bound ion pair ligands have in reducing the onset
temperature of coalescence. Furthermore, when the concen-
tration of NCs versus n-alkylammonium chloride was
investigated, it was found to have little effect (Figure SF3).
The effect of n-alkylammonium chloride was investigated by
hot injecting of 50—940 nmol of CdSe nanocrystals into 5 mL
of OLAM and 20 mg of CdCl, at 260 °C and reacting for 40
min. There was a negligible effect on the FWHM of the
emission linewidths, with a <6% deviation between all
experiments and no clear trend. The position of the emission
peak was found to vary slightly, with 50 nmol of NCs emitting
at ~694 nm and 940 nmol emitting at ~685 nm, representing
an approximately 1.5 nm diameter difference (~11.5 nm
diameter using 940 nmol vs ~13 nm diameter using S0 nmol
of CdSe NCs), or about 12% deviation. Overall, these
experiments demonstrated that the amount of n-alkylammo-
nium chloride present during the reaction is independent of
the amount of NCs used, suggesting that the n-alkylammonium
chloride is a type of initiator to aggregative growth and is not
required to sustain growth. Finally, the temperature at which
growth is performed was found to have a significant impact on
the size of the final NCs (Figure SF4). When using n-
alkylammonium chloride in the coordinating solution
(OLAM/CdCl, mixture), the size of CdS NCs ranged from
8.2 nm at 260 °C to 16.8 nm at 325 °C.

The NC size evolution during an aggregative growth in an
OLAM/CdCl, mixture is characterized in Figure 4a—d. The
original zinc blende (ZB) CdS NCs gradually increase in size
from 3.1 to 7.5 nm (in 30 min) when heated at T = 260 °C.
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The shape of NCs appears to be spherical throughout the
growth reaction and maintains a relatively low size dispersion
at different growth stages (<8%, Figure 2b,c). A high-
resolution transmission electron microscopy (TEM) image of
a characteristic NC in the final product reveals a wurtzite
(WZ) lattice structure (Figure 4d), and the transformation of
the ZB lattice to a WZ lattice was confirmed by powder X-ray
diffraction (XRD) measurements (Figure SFS). The spherical
shape of NCs is replaced by a hexagonal geometry when a
particle size reaches 15—17 nm (Figure SF6). The growth of
these larger structures requires higher reaction temperatures
(T = 300—320 °C). An apparent mono-crystalline morphology
of these nanoparticles suggests that the incorporated NC seeds
anneal to form a uniform lattice during the synthesis. The
shape evolution of CdSe NCs in OLAM/CdCl, coordinating
solvent mixtures was similar to that of CdS. A 30-min
aggregation growth reaction at T = 260 °C produces a 3.5—9
nm increase in the average particle size (Figure SF7a), caused
by the coalescence of original ZB NC seeds. The final product
exhibits a low particle size dispersion of <7%, which was
consistent with a reduced PL linewidth (AE = 86 meV) of
coalesced CdSe NCs, compared to AE = 125 meV for the
original 3.5 nm CdSe seeds (Figure SF7b).

Additionally, the aggregative growth of 3.1-nm ZB CdS was
investigated in a coordinating solvent of oleic acid (OA) and
chloride-based Lewis acid (Figure 4e—g). The onset temper-
ature of coalescence in OA was found to be 220 °C, as
previously reported.”® With the addition of a chloride source,
the cubic crystal facets became more prominent during growth,
resulting in pristine-shaped cubes; however, with just OA
present during the aggregative growth, the cube edges would
not be as defined (Figure SF8). To obtain the well-defined

https://doi.org/10.1021/acs.chemmater.2c00265
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Figure 5. (a) Spherically shaped CdS nanoparticles forming through the aggregative growth of 2.6-nm ZB NCs in S mL of OLAM and 20 mg of
CdClL, (b) Spherically shaped CdS nanoparticles forming through the aggregative growth of 2.5-nm WZ NCs in S mL of OLAM and 20 mg of
CdCl,. (c) Cube-shaped CdS nanoparticles forming through the aggregative growth of 2.6-nm ZB NCs in S mL of OA, 1 mL of 1-octadecene
(ODE) with 0.2 mL of stearoyl chloride stock solution. (d) Rod-shaped CdS nanoparticles forming through the aggregative growth of 2.6-nm WZ
NCs in S mL of OA, 1 mL of ODE, with 0.2 mL of stearoyl chloride stock solution.
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Figure 6. (a) TEM image of the reaction product resulting from aggregative growth of 3.5-nm CdSe NCs in OLAM/Se mixture at T = 100 °C.
After 20 h at this temperature, ring formation was observed (see inset). (b) TEM image of CdSe nanorods resulting from aggregative growth of 3.5
nm CdSe NCs in OLAM at T = 260 °C for 2—4 h. (c) TEM image of donut-like CdS NCs fabricated via the aggregative growth of 3-nm CdS NCs
in NaOA at T = 240 °C. (d) Exciton fine structure changes for wurtzite CdSe NCs occurring during a transition from a dot (red) to a rod (blue)
morphology.®® F is the total angular momentum of an excitonic state (b = bright, d = dark). Adapted from ref 60. Copyright 2021 American
Chemical Society. (e) Changes in the emission and absorption profiles of CdSe NCs caused by the aggregative growth in OLAM/Se mixture at T =

100 °C.

cube shapes, the temperature needed to reach above the
threshold of coalescence, to >270 °C, and had to be
maintained for up to an hour. The coalescence dynamics of
CdX (X =S, Se) NCs in OA/Lewis acid differs significantly
from that of an n-alkylammonium chloride and OLAM
coordinating mixture (i.e, OLAM/CdCL,). In the OLAM/

2488

CdCl, environment, low dispersion of particle sizes persists
throughout the entire growth reaction, while the aggregative
growth in OA is distinguished by the formation of two NC
populations at intermediate stages (Figures 4f and SF9a). The
presence of two populations with distinct sizes is also
evidenced by the double-peak profile of the CdSe PL spectra

https://doi.org/10.1021/acs.chemmater.2c00265
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(Figure SF9b). The high-energy PL feature is attributed to
original CdSe NC seeds, while the low-energy peak is assigned
to cube-shaped nanoparticles. After approximately 60 min at T
= 300 °C, the original seed population is nearly depleted,
causing the size dispersion to drop below 10% (see Figure 4g).
The final product consists primarily of cube-shaped NCs. A
high-resolution image in Figure 4h reveals the zinc blende
(ZB) crystalline lattice structure of cubic CdSe NCs.

The role of crystal structure in the original seed NCs is
investigated by looking at the coalescence of wurtzite (WZ)
nanocrystals in OLAM/CdCI, and OA coordinating solutions,
which can be compared to the results from the ZB crystals. We
find that the crystal structure of original NC seeds appears to
play a unique role in determining the trajectory of the
coalescence growth and overall final shape, as shown in Figure
Sa—d. According to Figure Sa,b, both ZB and WZ NC seeds
give rise to spherical WZ nanocrystals in n-alkylammonium
chloride coordinating mixtures. However, in the case of the
OA reaction solvent, original NC seeds with different lattice
structures produced different NC geometries upon coales-
cence. For instance, aggregative growth seeded by ZB CdS
NCs leads to the formation of ZB cubes (Figure Sc).
Meanwhile, WZ CdS seeds in a OA mixture react to form
WZ nanorods (Figure 5d). The rod thickness is broader than
single NCs, which indicates that nanorods were not formed
through the oriented attachment of original seeds but rather
through thermodynamically driven shape formation. Addition-
ally, using mixtures of OLAM and OA, it is possible to produce
very thick (>4 nm diameter) rods, as shown in Figures lef,
and SF10.

Aggregative growth in a mixture of elemental chalcogenides
and OLAM (i.e., a bound ion pair using Se*” in place of Cl7)
exhibited the lowest thermal threshold for NC coalescence
(Figure 2a). The fusion of CdSe NCs is achieved at
temperatures as low as T = 90 °C when the concentration of
Se in OLAM is 100 mM. In such a low-temperature regime,
aggregative growth appears to resemble the fusion of NCs at
molten surfaces,”’ resulting in characteristic, one-dimensional
assemblies, as shown in Figure 6a. The elongated structures
appear to grow in a curved pattern, which in some cases leads
to the formation of CdSe rings, particularly at longer reaction
times (Figure 6a, inset). While it is difficult to achieve specific
shape homogeneity for such one-dimensional (1D) assemblies,
the emission linewidth remains relatively narrow (AE = 8S
meV, Figure 6e). However, upon injection of CdSe NCs into
n-alkylammonium ion solution with Se/OLAM at 260 °C, the
formation of large spherical NCs is observed, similar to that
obtained for OLAM/chloride coordinating mixtures at >180
°C and OLAM only at 330 °C (Figure SF11).

The rate of NC coalescence in a OLAM/CdCl, mixture
slows significantly when the particle size reaches a particular
threshold value. We attribute this suppression of aggregative
growth to the increasing elasticity of the core components of
the larger nanoparticles. It has been established that the
solvent/solid tension in small-diameter NCs converts the
entire nanoparticle into a molten phase,"*®" which permits
their coalescence into a single composite nano-object. In larger
colloids, only the surface layer is affected by the solvent/solid
tension,”” causing the formation of a molten layer over the
elastic core. In this case, nanoparticles can undergo a partial
rather than the full coalescence. An example of such a partial
coalescence is provided in Figure 6b, which shows a nanorod-
like assembly of large-size CdSe NCs along the 0001 wurtize
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(WZ) axis. In this case, the attachment process is much slower
than the coalescence of small-size seeds, requiring several
hours at a minimum to produce nanorods with an aspect ratio
of 2—3 (Figure SF10).

One-dimensional assemblies of CdSe NCs achieved in
OLAM/Se reaction mixture (Figure 6a) represent an
interesting type of semiconductor quantum dots (QDs),
where the fine structure of lowest-energy excitons differs
from that of zero-dimensional QDs. As illustrated in Figure 6d,
eight lowest-energy transitions in CdSe NCs shift lower in
energy and reorder when several dots are fused into a 1D
assembly of the same diameter.”” In spherical CdSe NCs, the
upper F = Zly;y, states (F =S + ] is the total angular
momentum) carry most of the dipole strength for optical
absorption, while the lower F = &1, states are responsible
for the room-temperature emission. When CdSe is elongated
along the wurtzite c-axis, the upper F = +1j,, states drop in
energy (up to 80 meV, depending on the particle diameter),
which is consistent with a red-shifted emission in coalesced
CdSe NCs (Figure 6Ge).

The most unusual nanoparticle growth is observed in the
NaOA reaction mixture at T = 240—260 °C. In this case, the
aggregative growth of ~3 nm CdS seed NCs results in the
formation of donut-shaped NCs, measuring ~7 nm in
diameter. The “donut hole” is present in 95% of all structures,
as shown in Figure 6¢. Our analysis of high-resolution TEM
images in Figure SF12 reveals a possible mechanism of the
“hole” formation. The presence of partly closed rings suggests
that NC seeds do not undergo a full coalescence but rather
stick at hetero-interfaces in a ring-like pattern. Fully formed
donuts, on the other hand, exhibit the same lattice fringe
pattern throughout the entire structure, possibly as a result of
thermal annealing across interfaces.

Our experiments demonstrate that aggregative growth of
NCs leads to potential control of particle shapes. The final
products of these reactions exhibit a remarkable homogeneity
of particle shapes, which implies that the rate of coalescence
falls abruptly when a maximum particle size for given
experimental conditions is reached. This behavior, however,
deviates from the predictions of classical aggregative growth
models based on the classical Smoluchowski rate equation (see
Supporting Information).*”**™®° Namely, the coalescence
growth of any two particles A; and A, each containing i and
j numbers of primary particles (A15; can be described as

KI
A+ 4 - A, where the collision rate, K "
particle sizes, R, R;, and their respective diffusion coefficients,
D, according to

K, = 4x(R, + R)(D, + D)

depends on

(1)

Based on this model, the ultimate size of a NC in the reaction
mixture is diffusion-limited. Since larger particles exhibit a
lower diffusion coeflicient, given by the Stokes—Einstein law,
their growth rates subside with the particle size. Our
simulations based on eq 1 (see Supporting Information)
demonstrate that such a diffusion-limited aggregation cannot
explain the distribution of particle shapes in the final product.
Indeed, the predicted particle size dispersion o(r) continues to
increase with r (Figure SF13), which disagrees with the
experimental data showing uniform particle distributions at
long reaction times.

To reconcile the Smoluchowski model predictions with the
experimentally observed particle size evolution, we consider
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Figure 7. Thermodynamic model explaining the formation of molten phases in spherical nanocrystals. (a) Graphical representation of reduction in
the nanoparticle free energy (AG), which drives the formation of the molten layer with a thickness 5. Melting is observed if the solid/solvent
interfacial tension (ygy) is reduced upon the insertion of a liquid layer: yg; + 7.y — 7sv < 0, where yg and 7,y are the solid/liquid and liquid/solvent
interfacial tensions, respectively. (b) Illustration of the local and global minima of AG that corresponds to melting of a surface layer (local
minimum) and the entire particle (global minimum). (¢, d) Dependence of AG, on the molten layer width, §, for CdSe NCs at different solvent
temperatures. Parameters for these calculations are provided in the SI section. For small sizes of CdSe NCs (d = 2 nm), such as those shown in (c),
the global minimum of AG at §/R — 1 suggests melting of the entire nanoparticle (i.e., without surface melting), whereas for larger CdSe NCs (d =
6 nm), a molten layer is energetically favorable at T = 140 °C. At this temperature, nanocrystals will undergo a partial coalescence into a rod-like
structure (see Figure S4). Panels (a)—(d) adapted from ref 60. Copyright 2021 American Chemical Society. (e) Contour plot showing the
dependence of molten layer thickness, 6/R, on the nanoparticle size and the solvent temperature.

the effect of the nanocrystal viscosity on aggregative growth. A
recent study’" has suggested that particle coalescence results
from a liquid-drop behavior of heated colloids caused by the
formation of a molten inorganic phase. From a theoretical
perspective, the melting of inorganic nanoparticles is driven by
the reduction of the interfacial energy between the solid
(nanoparticle) and matrix (solvent) phases. This concept is
illustrated in Figure 7a, indicating that the reduction of free
energy, AG < 0, is caused by the reduction in the nanoparticle
interfacial tension (ysy) upon melting of the surface layer, §,
such that yg + ¥y — Ysv < 0, where yg; and y;y are the solid—
liquid and liquid—solvent tension terms. To estimate the
corresponding change in the particle free energy as a function
of the liquid layer thickness, §, AG(5) = Gy, — G,,, we use the
Kofman approximation®” adapted for spherical nanoparticles in
solution (see Supporting Information). A typical evolution of
AG with ¢ is illustrated in Figure 7b. The local minimum of
AG(S, T) provides the expected thickness of the molten layer,
S(T). If § = R, the entire nanoparticle is considered to be in a
liquid phase.

In the case of smaller-diameter CdSe nanoparticles, the
onset of surface melting is strongly affected by the curvature of
the particle® (see Supporting Information). According to
Figure 7c, small-size CdSe NCs (d = 2 nm) exhibit no local
minimum of AG with increasing liquid layer thickness, 6,
indicating that the entire particle becomes molten at a
threshold temperature (a global minimum at §/R — 1).
Consequently, smaller-diameter NCs undergo full coalescence
when the threshold temperature is reached. For larger NCs
(e.g, d = 6 nm CdSe NCs in Figure 6d), AG(5) exhibits both
global and local minima, suggesting that melting of the surface
layer is thermodynamically favorable in a certain solvent
temperature range. Another effect of large particle size is that
the melting of the entire particle (§/R — 1) requires greater
temperatures than those of smaller-size CdSe NCs. The
increase in the full-particle melting threshold with the size of a
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nanocrystal in Figure 7d suggests that the maximum particle
size that can be achieved via coalescence growth is determined
by the reaction temperature. Particles larger than this size are
not fully molten and thus cannot undergo full coalescence.
Partial coalescence, however, is possible. In the case of d = 6
nm CdSe, AG exhibits a local minimum at 5/R = 0.1 (0.3 nm)
at T 140 °C, which implies that surface melting is
energetically favorable at this particle size, as shown in Figure
7e. With molten surfaces, nanoparticles can form one-
dimensional structures, such as rod-like or chain-like
assemblies, which agrees with experimentally observed
morphologies in Figures 6b and SF14.

B CONCLUSIONS

We have demonstrated that the aggregative growth of colloidal
semiconductor NCs provides a powerful strategy for tuning
nanoparticle shapes. Unlike conventional growth techniques
that rely on the reaction of atomic precursors, the present
approach employs the coalescence of small-size nanoparticles
into larger colloids. The absence of atomic species during
aggregative growth prevents shape evolution by monomer
precipitation, allowing nanoparticles to transform into a
“lowest-energy” morphology. With this approach, controlling
the shape of nanocrystals is achieved through the use of
different reaction environments, which uniquely affect the final
particle shape. This concept is conclusively demonstrated by
performing a shape-selective growth of CdX (X =S, Se) cubes,
spheres, nanorods, nanorings, and donut-like structures. The
aggregative growth mechanism is explained using a thermody-
namic model of interacting viscous colloids. We expect that the
present growth strategy will provide a viable platform for the
shape-selective synthesis of many other types of inorganic
colloids, stimulating the discovery of novel optoelectronic
properties.
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B METHODS

Materials. The following materials were used: cadmium oxide
(CdO, 99% STREM), 1-octadecene (ODE, 90% Aldrich), n-
octadecylphosphonic acid (ODPA, >99% PCI), octadecylamine
(ODA, 90% Acros), oleic acid (OA, 90% Aldrich), sulfur (S,
99.99% Acros), chloroform (anhydrous, 99% Aldrich), oleylamine
(OLAM, 70% Aldrich), hexane (anhydrous, 95% Aldrich), ethanol
(anhydrous, 95% Aldrich), isopropyl alcohol (IPA, high-performance
liquid chromatography (HPLC) grade, OmniSolv), tri-n-octylphos-
phine (TOP, 97% Strem), tri-n-octylphosphine oxide (TOPO, 99%
Aldrich), selenium powder (Se, 200 mesh, Acros), acetone
(anhydrous, Amresco, ACS grade), stearic acid (97% Aldrich),
stearoyl chloride (SC, >97% TCI), and tributylphosphine (TBP, 97%
Aldrich). All reactions were performed under argon atmosphere using
the standard Schlenk technique. The centrifuge used for precipitation
operated at 6500 rpm.

Synthesis of Zinc Blende CdS Seed NCs. CdS NCs were
fabricated according to the previously reported procedure.” A
mixture of 0.0768 g of CdO, 3.6 mL of OA, and 24 mL of ODE in
a 50 mL three-neck flask was heated to 240 °C until the solution
turned optically clear. Then, all of the sulfur precursor solution made
by dissolving 0.02 g of sulfur powder in 10 mL of ODE at 200 °C was
quickly injected. The reaction was finally stopped by removing the
flask from the heating mantle after 4—5 min. CdS NCs were separated
from the solution by precipitating with ethanol and redissolving the
product in hexane.

Synthesis of Wurtzite CdS or CdSe Seed NCs. NCs were
synthesized using the following procedure. A mixture of 0.06 g of
CdO, 0.28 g of ODPA, and 3 g of TOPO (1.5 g of TOPO for CdS
NC synthesis) was heated to 320 °C until the solution turned
optically clear. Then, the mixture was heated up to 370 °C and kept at
this temperature. In another flask, 0.73 mmol of chalcogenide powder
(58 mg Se powder or 23.6 mg S powder) was dissolved in 1.5 mL of
TOP at 120 °C. Finally, chalcogenide precursor was swiftly injected
into the Cd flask and allowed to react for up to 3 min. The reaction
was quenched by placing the flask in a water bath when the solution
temperature was below 290 °C. CdS or CdSe NCs were cleaned via
two successive precipitations with anhydrous ethanol and toluene,
finally being suspended in hexane. The final NC product was
centrifuged for 30 s to remove anything insoluble.

Synthesis of Zinc Blende CdSe Seed NCs. ZB CdSe NCs were
synthesized by adapting a previously reported procedure from the
literature.®® Briefly, 80 mg of CdO, 2 mL of OA, and 18 mL of ODE
were heated in a S0 mL flask to 250 °C until the solution turned clear.
Next, 25 mg of Se powder was sonicated in 1 mL of ODE for at least
S min to create a suspension. Once the Cd flask had reached 250 C,
the Se suspension was swiftly injected and allowed to react for the
desired amount of time. The flask was then removed from the heat
and quenched in a water bath. The NCs were cleaned by precipitation
with toluene/ethanol procedure, followed by centrifugation at 6500
rpm for up to 10 min. This cleaning procedure was performed twice
before the final NCs were suspended in hexane.

Aggregative Growth in OLAM + CdCl, (Spheres). In a typical
growth, S mL of OLAM and 20 mg of CdCl, (or equivalent molar
amount of HCI or stearoyl chloride) were degassed at 120 °C for
approximately 15 min. The flask was switched to an argon
environment (using Schlenk line) and heated to the desired
temperature (180—320 °C). Next, 70 nmol of CdX (X = S, Se)
NCs in 1 mL of ODE were swiftly injected into the flask and allowed
to grow for 30—60 min. The growth was stopped by quenching the
reaction in a water bath. The product was cleaned by several
precipitations with ethanol and resuspension in toluene. The final NC
product was suspended in hexane and centrifuged for 30 s to remove
anything insoluble.

Aggregative Growth in OLAM + OA (Nanorods). In a typical
procedure, 2.5 mL of OA, 2.5 mL of OLAM, and 20 mg of CdCl,
were heated to the desired temperature (200—320 °C), followed by
hot injection of 200—250 nmol of CdX (X =S, Se) NCs in 1 mL of
ODE. Once the desired size (diameter of the rod) was reached, the
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reaction mixture was cooled to 160—200 °C for 3—20 h to promote
elongation via fusion of NCs. The NC product was cleaned via several
successive precipitations with ethanol/toluene before being dispersed
in hexane.

Aggregative Growth in OA + Stearoyl Chloride. Here, 50 mg
of CdO, 5 mL of OA, and 1 mL of ODE were heated to 260 °C until a
clear solution was achieved. The temperature was lowered to 120 °C
and degassed for approximately 15 min. Switching to an argon
environment, 0.2 mL of stearoyl chloride solution and S0 nmol of
CdS NCs were added to the flask, followed by brief degassing to
remove any solvent. The flask, under argon environment, was
subsequently heated to 305—325 °C for 30 min. When using wurtzite
NCs, the final product was rods and when using zinc blende NCs, the
final product was cubes. Finally, the NCs were precipitated using
excess isopropyl alcohol twice before being suspended in hexane and
centrifuged for 30 s to remove anything insoluble.

Aggregative Growth in NaOA (Donut-Shaped NCs). For the
formation of donut-shaped CdS NCs, 125 nmol of CdS seed NCs,
225 mg of sodium oleate, and 4 mL of OA were combined in a 25 mL
flask and degassed at 150 °C for 10 min. The flask was then switched
to an argon environment, placed on a Schlenk line, and heated to 245
°C for 10 min. The reaction was removed from the heat and allowed
to cool to room temperature, finally being cleaned via three ethanol/
toluene precipitations. Final samples were redispersed in hexane.

Aggregative Growth in OLAM + Se (Nanorings). In a
standard procedure, 200 nmol of CdSe NCs, 6 mL of OLAM, and
15 mg of selenium powder were placed into a flask and degassed at
100 °C. Following the degassing, the NC mixture was switched to an
argon environment and maintained at that temperature for 20 h. The
NC product was precipitated several times using ethanol/toluene
method. The final product was suspended in hexane and centrifuged
to remove any unreacted selenium powder.

Stearoyl Chloride Stock Solution. In a 25 mL flask, 10 mL of
ODE was degassed at 120 °C for at least 30 min. It is important to
remove any potential water to prevent the hydrolysis of the stearoyl
chloride. Next, the flask was switched to an argon environment,
removed from the heat, and 0.3 g of stearoyl chloride was added to
the flask under positive argon pressure to prevent air from entering
the flask. The stearoyl chloride would be fully dissolved within 10
min.

Cleaning the Reaction Product. After the reaction mixture had
cooled to room temperature, equal amounts of solution (approx-
imately 3 mL) were placed in two 1S mL centrifuge tubes. To
precipitate the product, 2 mL of chloroform and 6 mL of ethanol were
added to each tube, and the tubes were then inverted several times
and centrifuged for S min at 6500 rpm. The clear supernatant was
discarded, and the remaining precipitate was dissolved in 2 mL of
chloroform, 6 mL of ethanol was added, and the centrifuge tubes were
inverted several times and then centrifuged 5 min at 6500 rpm.
Finally, the precipitate was dissolved in S mL of hexane and
centrifuged for 3 min at 6500 rpm to remove any insoluble products.
The final hexane solution was stored under ambient conditions and
was stable for months.

Characterization. UV—vis absorption spectra were recorded
using a Cary 60 scan spectrophotometer. High-resolution trans-
mission electron microscopy (TEM) measurements were carried out
using a Thermo Fisher Talos F200X G2 S/TEM instrument operated
at 200 kV. Specimens were prepared by depositing a drop of NP
solution in hexane onto a carbon-coated copper grid and allowing it to
dry in air. Powder X-ray diffraction measurements were carried out
with a Bruker D8 Advance PXRD. Energy dispersive X-ray (EDX)
analysis was performed using Hitachi 2700 operated at 20 kV.
Emission spectra were acquired using a 405-nm PicoQuant PDL 800-
D pulsed laser and measured with an Andor newton®™ SR-303i-A
spectrograph. Time-resolved emission lifetime spectra were acquired
using the same 405-nm pulsed laser, and photons were collected using
ID Quantique’s ID100-50 single-photon detector and processed using
a SPC-130 TCSPC module from Beckler & Hickl.
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