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CONSPECTUS: The ability to assemble nanoscale functional

building blocks is a useful and modular way for scientists to Nucleatlon . . AB

design valuable materials with specific physical and chemical oy

properties. Chemists expect multicomponent, heterostructured : ° Growth AG <0 -

nanocrystals to show unique electrical, thermal, and optical e e, g >

properties not seen in homogeneous, single-phase nanocryst- e

als. Although researchers have made remarkable advances in A AB
B

heterogeneous nucleation and growth, design of synthetic
conditions for obtaining nanocrystals with a target composi-
tion and shape is still a big challenge.

There are several outstanding issues that chemists need to address before they can successfully carry out the design-based
synthesis of multicomponent nanocrystals. For instance, small changes in the reaction parameters, such as the precursor, solvent,
surfactant, reducing agent, and the reaction temperature, often result in changes in the structure and chemical composition of the
final product. Although scientists do not fully understand the mechanisms underlying the nucleation and growth processes
involved in the synthesis of these multicomponent nanocrystals, recent progress in understanding of the thermodynamic and
kinetic factors have improved our control over their final structure and chemical composition. In this Account, we summarize our
recent advances in understanding of the nucleation and growth mechanisms involved in the solution-based synthesis of
multicomponent nanocrystals. We also discuss the various challenges encountered in their synthesis, emphasizing what still needs
special consideration.

We first discuss the three different nucleation paths from a thermodynamics perspective: amorphous nucleation, crystalline
nucleation, and two-step nucleation. Amorphous nucleation and two-step nucleation involve the generation of nonstoichiometric
nuclei. We initiate this process mainly by introducing an imbalance in the concentrations of the reduced elements. When the
nonstoichiometric nuclei grow, we can add secondary elements to the growing nonstoichiometric nuclei. This leads to either the
physical deposition or atomic mixture formation through the diffusion and rearrangement of constituents.

The processes of mixture formation and the physical deposition of the secondary constituent element also compete and
determine the shape and chemical composition of the final product. If the free energy change by mixture formation is positive
(AGyp > 0), physical deposition takes place predominantly, and the spreading coefficient (S) determines the structure of the
nanocrystals. However, when mixture formation is highly spontaneous (AG,g < —¢), the chemical composition of the final
product is usually stoichiometric, and its shape then depends on the size of the primary nanocrystals. When the mixture
formation and physical deposition are in competition (—& < AGyj < 0), as commonly seen for many nanoalloy systems, both the
chemical composition and the structure are determined by the size of the primary nanocrystals as well as the degree of mixture
formation at the interface of the constituent components. Finally, we discuss the challenges and caveats that one needs to take
into account when synthesizing multicomponent nanocrystals.

1. INTRODUCTION

Methods for controlling the dimensions, shape, and elemental
distribution of multicomponent nanocrystals have been ex-
plored extensively, as these parameters determine the physical
and chemical properties of the nanocrystals."”> Heterostruc-
tured nanocrystals are expected to exhibit electrical, thermal,
and optical properties that are not obtained in homogeneous,
single-phase nanocrystals Recently, remarkable advances have
been made in the explicit control of structure and elemental
distribution of multicomponent nanocrystals via heterogeneous
stepw1se synthetic approaches 1nclud1ng epitaxy,” seeded
growth and chemical transformation.’® However, the design
of the synthesis of nanocrystals with a particular target
composition and shape, especially in homogeneous nucleation
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and growth, is still a great challenge. It is known that small
changes in the reaction parameters (e.g., the precursor, solvent,
surfactant, reducing agent, reaction temperature) may promote
a different reaction pathway.” Thus, a firm understanding of the
thermodynamic and kinetic factors in relation to the reaction
pathways is required to improve the nanoscale control of the
structures and elemental distribution.

Recent studies suggest that the nucleation stage may be a
complicated process involving a two-step mechanism, and this
may not be well described by the simple conventional
nucleation theory.® The dynamic changes in the relative
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supersaturation of the constituent atoms during the synthesis
point to the possibility of nonstoichiometric nucleation and
growth. Many studies have suggested that the free energy of
mixing in multicomponent systems plays a pivotal role in
determining the final sha;)e of nanocrystals grown from the
nonstoichiometric nuclei.” However, there have been many
experimental observations that cannot be clearly explained by
this thermodynamic criterion.” It is, thus, the aim of this
Account to highlight the recent progress made in elucidating
the nucleation steps and the growth of nanocrystals in
multicomponent systems. In addition, we will discuss the
synthetic issues in lack of understanding. We focus on
coreduction systems as the concepts can be readily extended
to other synthetic approaches.

2. NUCLEATION OF SINGLE-ELEMENT
NANOCRYSTALS
The nucleation and growth model proposed by Gibbs defines a

critical size (R,*) and a critical free energy (AG,*) of a liquid
precipitate (Figure 1A,B)."" At the size larger than R,*, stable

AG AG* AG AG*
AG '} fen - a6

Figure 1. Nucleation of single-element nanocrystals. (A,B) Free
energy changes (AG) of crystalline nucleus, amorphous nucleus, and
preparticle aggregate as a function of the radius of nuclei. The reaction
pathway differs according to the relative critical energy barrier of
amorphous nuclei (AG,*) and crystalline nuclei (AG.*): (A) AG,* <
AG* and (B) AG,* > AG.*. (C) Synthesis of spherical amorphous
selenium (a-Se) particles through the metastable amorphous
nucleation path. (D) Physical transformation of the a-Se particles
into crystalline nanowires. Panels (A) and (B) adapted from ref 10
with permission. Copyright 2013 Nature publishing Group. Panel (C)
reprinted with permission from ref 11. Copyright 2008 American
Chemical Society. Panel (D) reprinted from ref 12 with permission.
Copyright 2009 Royal Society of Chemistry.

nuclei grow spontaneously. This classical model has been
adopted extensively to describe the formation of crystalline
nuclei by using the same concepts of the critical size (R.*) and
the critical energy barrier (AG.*). In this classical model,
nucleation and growth are proceeded by the consecutive
deposition of atoms or molecules from a supersaturated
solution. When AG* < AG* (Figure 1A), metastable
amorphous nuclei may grow into large amorphous precipitates.
For instance, uniform-sized submicrometer amorphous Se (a-
Se) particles were obtained at room temperature synthesis
(Figure 1C)."" The metastable a-Se particles transformed into
crystalline Se nanowires on annealing at 100 °C in a polymer
liquid thin film (Figure 1D)."> Such physical transition from an
amorphous to a crystal has been often reported in the materials
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with long complex molecular configurations (like a polymer) as
they often possess a large activation energy for crystallization.'?
For the case when AG,* > AG.* (Figure 1B), crystalline nuclei
form and grow into stable nanocrystals.'* The majority of metal
nanocrystals are considered to follow this nucleation pathway.

Recently, it has been demonstrated that the final nanocrystals
could be formed by the aggregation of kinetically favored
metastable phases (clusters, preparticles) in random or oriented
attachment.'* These synthetic routes are referred to as the two-
step nucleation process."> The preparticles form quickly when
their critical free energy is negligible (dashed line in Figure
1A,B),'® and are usually in an intermediate amorphous state
which will eventually transform into the final crystalline
product. Density functional theory based calculations indicate
that the transition from an amorphous preparticle to a
nanocrystal requires additional thermodynamic energy for
atomic rearrangement involved. Such a phase transition can
be the rate-determining step in the nanocrystal synthesis."*'” If
this step is slow, the amorphous precipitate may evolve into a
metastable amorphous sphere. In case where the preparticles
are already crystalline, oriented attachment of these preparticles
may take place to form stable crystals."® The detailed nucleation
kinetics in the two-step mechanism have been well discussed in
a recent review paper.'®

3. NUCLEATION IN A COREDUCTION PROCESS

According to the extended form of the classical nucleation
model, in the case of a spherical structure with a radius, R, the
equilibrium partitioning of the individual components occurs
under particular conditions. The total Gibbs free energy of the
multicomponent nuclei is the sum of the two terms. That is,
AG(u, R) = 4/37R°AG,; (u;) + 47R%y(u;), where y(u;) is the
specific surface energy of the individual components. The free
energy change of mixture formation, AG,,, which is G,z —
(AG, + AGyp), is a thermodynamic driving force that results in
the formation of a compound instead of the pure material A or
B. The critical nucleation radius (R*) and the chemical
composition can be determined by minimizing AG with respect
to the nuclei radius, R, and the chemical potential of the
individual components, y, respectively."” This classical model
assumes a stoichiometric elemental distribution in the whole
process of nucleation and growth.® However, during the actual
synthesis process, the relative degrees of supersaturation of the
constituent elements vary with the synthesis time. This time-
dependent elemental concentration makes it difficult to predict
the structure and elemental distribution of nanocrystals.
Furthermore, the relative ratio of the elemental concentrations
is not linearly proportional to the precipitation rates of the
atoms because the equilibrium concentrations (C,) of the
elements are different, (C/C,) = (Cpo/Cyo)((1 + 03)/(1 +
64)). It leads to different supersaturations (o) even when the
starting concentrations of the precursors are stoichiometric. If
one element can form amorphous clusters or preparticles, the
possibility to form nonstoichiometric nuclei increases more.
Figure 2A is a schematic energy diagram describing the
chemical reduction of precursors (A’) and the nucleation of the
reduced atoms (A) in a binary system (A, B), where AG, = G,
— Gy From a thermodynamics perspective, if AG, < AGg, the
precursor A’ has a higher probability to be reduced faster than
B’ ; hence, the concentration of element A is expected to be
higher than element B. If the elemental mass corresponding to
equilibrium concentration C, is negligible compared to the total
amount of the element used in the synthesis, the relative
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Figure 2. Nucleation during coreduction in a binary system. (A)
Schematic plot of the change in the Gibbs free energies (AG,, AGy)
and the activation energy (AG,) during the conversion of the
precursors (A, B’) to the reduced elements (A, B). (B) Structural
evolution of Au@Pd core—shell nanocrystals through reduction with
cetyltrimethylammonium chloride (CTAC) and the evolution of Au—
Pd alloy nanocrystals through reduction with L-ascorbic acid (AA)
during the coreduction of AuCl,~ and PdCl,”. With permission, the
core—shell nanocrystals were reproduced from ref 20 (copyright 2009
American Chemical Society) and the alloy nanocrystals from ref 21
(copyright 2011 WILEY VCH). (C) Schematic of the template-based
approach initiated by the self-assembly of an organic-metal complex,
and examples of nanostructures synthesized using this approach (PbTe
nanowires and CdSe nanosheets). With permission, the PbTe
nanowires are reproduced from ref 24 (copyright 2008 American
Chemical Society) and the CdSe nanosheets from ref 25 (copyright
2009 WILEY VCH).

concentration (C,/Cg) can be approximated to the relative
supersaturation, namely, C,/Cy & 6,/05. The value of C,/Cy
can then be estimated from the Boltzmann distribution relation,
which is C,/Cg = K(T)exp(—(AG,4 — AGg)/kT). On the basis
of this argument, using precursors with the similar free energy
change (AG) under the reaction condition can help the
production of stoichiometric nanocrystals.

The reduction potential, E, is often used to estimate the
spontaneity of a reduction process.” The reduction potential is
the electromotive force for reduction at a certain concentration
and temperature. That is, E = —(AG/nF), where n and F are
the number of electrons involved in the reaction and Faraday’s
constant, respectively. A positive E leads to a spontaneous
reduction reaction. A large difference in the reduction
potentials (E, > Ej) may cause a severe imbalance in the
elemental concentrations. When the standard reduction
potential (E°) of a precursor is used, several caveats should
be kept in mind. First, the n value for the thermodynamic
driving force (AG) should be considered. For example, the E°
values for Ag*/Ag and Bi’*/Bi are 0.80 and 0.31 V, respectively.
However, their standard Gibbs free energy differences (AG®)
are —0.80 X 10% and —0.93 X 10* kJ/mol, respectively. This
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indicates that the reduction of Bi**/Bi is favored more than that
of Ag*/Ag. Second, the Nernst equation (E = E° — (RT/nF)ln
Q) indicates that the actual reduction potential depends on the
reaction temperature and the concentrations of the chemicals
involved in the reaction. It should be noted that the reduction
potential is not simply an intrinsic property of the elements or
chemical compounds, but rather a property of the solution
under a specific condition. Third, the E° values correspond to
aqueous solutions at room temperature. Therefore, using the
values may be questionable in many reactions taking place in
nonpolar solvents or at high temperatures. Fourthly, when the
reduction involves H* or OH™, the E value is also affected by
pH level. For example, in the reaction TeO;*” + 6H" + 4e~ —
Tei) + 3H,0, E can be expressed as E —(RT/
4F)(In[TeO,>] — 2.3 pH). Therefore, a change in the pH
level induced by additives or surfactants can result in different
reduction kinetics.

When the reduction rates of the precursors are high, the
elemental distribution and structure of the nuclei are governed
mainly by the reduction kinetics. The activation energy (AG,)
for reduction is expressed by the Arrhenius equation, AG, =
RT?*(d1n k/dT). A high activation energy of precursor B’ results
in a low reduction rate than A’ (case 1 in Figure 2A). The pre-
exponential factor in the Arrhenius equation is proportional to
T'? if one does not consider the steric factor between the
precursors and the reducing agents, which infers that the
activation energy can be reduced simply by increasing the
reaction temperature (case 2 in Figure 2A).° Another way of
decreasing the activation energy is through the formation of an
intermediate complex. Figure 2B shows an example of
controlling the structure obtained by adjusting the activation
energy. When AuCl,” and PdCl,” were reduced in water using
a weak reducing agent, cetyltrimethylammonium chloride
(CTAC), Au nanocrystals grew initially, and Pd formed a
shell through epitaxial growth on the Au core.*® This process
was driven by the difference in the reduction potentials of
AuCl,"/Au (E° = 1.002 V) and PdCl,~/Pd (E° = 0.591 V).
When the reducing power was increased by adding L-ascorbic
acid (AA), Au—Pd alloy nanocrystals were obtained under
identical reaction conditions.”’ This change is caused by a
decrease of the activation energy (red line in Figure 2A), which
increases the reduction rate of Pd even though the reduction
potential is not favorable.

Recent simulation studies rationalize that stable clusters can
be formed below the critical supersaturation level when the
constituent elements have high attraction energies such as
hydrogen bonds.>* During the synthesis of inorganic nano-
crystals, an organic surfactant can help decrease the surface
energy of the clusters. Therefore, the critical size of the nuclei
(R*) can be much smaller than that expected in the case of
clean crystal surfaces. The spontaneous nucleation of nano-
crystals with almost zero activation energy was reported in the
synthesis using ligands with specific binding energies (case 3 in
Figure 2A).>> The molecular complex between the surfactant
and element self-assembled and created inorganic clusters of
the element. These assembled structures acted as a template for
the subsequent deposition of the constituent elements. The
clusters grew into nanocrystals through the alternating
deposition of the elements from within the template. This
template-based approach can be an effective way of producing
ultrathin amsotroglc nanocrystals. Flgure 2C show images of
PbTe nanowires”* and CdSe nanosheets synthesized by this
template-based approach. The exclusive interaction of the
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hydroxyl groups in sucrose with Pb caused a strong complex
that assembled into a one-dimensional template. Similarly, a
cadmium chloride octylamine [CdCL,(OA),] complex created a
repeated lamellar structure owing to the van der Waals
attraction between the hydrocarbon side chains of octylamine.
The incorporation of Se into this two-dimensional (2D)
template produced a stack of CdSe nanosheets. The assembly
of the complex started with one elemental species and it
continued even when the concentration of the other element is
still very low, suggesting that stoichiometry was not critical in
the template-based synthesis.

4. GROWTH OF NONSTOICHIOMETRIC NUCLEI IN A
COREDUCTION PROCESS

Once a nonstoichiometric nucleus (pure A or A-rich) is formed
in a binary system (4, B), the nucleus should grow in an A-rich
solution through a B-rich solution. Hence, the elemental
distribution and structure of the nucleus continue to vary as it
grows. Because this Account considers only nanosized crystals,
the possibility of incomplete transformation owing to the thick
diffusion barrier in submicrometer particles was not considered.
Although the formation of alloy or compound is preferred at
high pressure, the pressure in most solvothermal and
hydrothermal reactions is negligible. On the basis of these
arguments, we categorized the growth of nuclei according to
the AG,y, values as followings.

4.1. Physical Deposition of Secondary Elements (AG,,;, > 0)

When AG,,;, > 0, as is typically the case for semiconductor/
metal or metal/metal phases, the structure of the nanocrystals is
determined by the relative concentrations of the elements and
the surface energies of the primary (A) and secondary (B)
phases (Figure 3A).” The two phases form an inorganic
interface (AB), which is accompanied by a change in the total
surface free energy. The spreading coefficient (S), where S =y,
— (yg + yap) and y,y is an interfacial tension between
component A and B, has been used widely to predict whether a
liquid droplet will wet or dewet a solid surface.”® If S < 0, phase

physical
deposition

Figure 3. (A) Physical deposition of the secondary element (B) on a
primary nanocrystal (A) under the condition AG,; > 0.
Heterostructures and core—shell structures are formed by the
dewetting (S < 0) and complete wetting (S > 0) of the secondary
element (B), respectively. (B, C) Transmission electron microscopy
(TEM) images of Au—Ni dimerlike nanocrystals (B) and Au@Co
core—shell nanocrystals. Reprinted with permission from ref 32.
Copyright 2010 American Chemical Society.
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B dewets partially or completely, and thus, dimerlike
heterostructured nanocrystals are formed.””*® If § > 0, phase
B wets the surface of phase A spontaneously, and thus, a core—
shell structure or pancakelike structures are produced.”

The concept of spreading coefficient is straightforward, but
its application in solution-based synthesis often fails to predict
the correct structure. If the elemental distribution in a growing
nanocrystal is dynamic during the synthesis, the interfacial
energy (y,5) changes continuously. Mutual diffusion of the
elements between the phases, if it exists, increases with the
reaction temperature, lowering the interfacial energy. Further,
the degree of coherence in the crystallographic lattice affects the
value of y,p significantly. A lattice mismatch results in a high
Yap while lattice matching leads to a low y,p. Therefore, the
secondary phase nucleates epitaxially on the facets that exhibit a
high degree of lattice matching. The y,3 is an intrinsic value
corresponding to the interface and is a function of temperature
only. On the other hand, the surface energies (7, yz) in a
solution can be varied by changing the solvents or surfactants,
in addition to the reaction temperature. The choice of the
proper surfactant that binds selectively to the A or B phase can
result in new heterostructures that are different from the ones
predicted on the basis of the surface energies of the constituent
materials in air. When the y, and y; are decreased significantly
by surfactants, the y,; value may play a critical role in the
development of heterostructures.

For instance, if Ni or Co is deposited onto Au surface in
vacuum, they are expected to dewet because the surface
energies of Ni (2450 ergs/cm*) and Co (2550 ergs/cm?) in air
at their melting temperatures is much larger than that of the Au
(111) surface (1610 ergs/cm*).*>*' As expected, Au—Ni
dimerlike nanocrystals were synthesized in a solution phase
by the coreduction of Au and Ni in the presence of
octadecylamine (ODE) (Figure 3B).>* Au was reduced first,
then Ni was deposited on the Au surface. During this synthesis,
the amine groups binding to the metal surface reduced both y,
and yj significantly; however, the severe lattice mismatch
caused y,p to be large, resulting in dewetting of Ni. On the
other hand, Au@Co core—shell nanocrystals were obtained by
coreduction in the presence of ODE (Figure 3C).** The quasi-
petfect crystallographic matching between Co/Au (111) was
considered to decrease y,5 to be lower than that in the case of
Ni—Au.®>® Transformations in structure, from core—shell
nanocrystals into pancakelike nanocrystals, are often observed
upon thermal annealing both in solution and in dry powder
form.***> This is caused by the disjoining pressure, which
prevents the liquid shell layer from becoming too thin.*® Such
transformations can be an effective route for producing
dimerlike nanocrystals or nanocrystals with spotted secondary
phase on a primary phase.

The use of computer simulation and modeling has become a
powerful approach to decipher nucleation and growth processes
at the atomic level.***” The composition-dependent transition
from core—shell to quasi-Janus particles (as those shown in
Figure 3A) was investigated by density functional theory
(DFT) calculations and atomistic molecular dynamics simu-
lations.>® The calculations suggested that energetically favored
subsurface Cu impurities in Ag nanoclusters act as seeds for the
nucleation of off-center Cu nanoclusters, leading to the
formation of quasi-Janus structures for Ag-rich compositions.
The driving forces for the stabilization of off-center cores in B-
rich metallic A/B nanoalloys have been discussed in refs 39 and
40. The key role of strain induced by lattice mismatch was also
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clearly demonstrated in these works. Interestingly, in the phase-
separated quasi-Janus configurations, it was predicted that a
rather thin shell of the B element with a lower surface energy
could coat the A element almost completely. In these works,
the authors have demonstrated these effects over a series of
weakly miscible nanoalloy systems, for example, Ag/Ni, Ag/Co,
and Au/Co.>*° For the case of A-rich bimetallic systems, the
driving force for the stabilization of symmetric core—shell
nanoparticles was also discussed by the same authors.*!

4.2. Alloy Formation (AG,, < —§)

If AG,,, is sufficiently small (AG,;, < —¢), where ¢ is a large
positive value, the chemical transformation of primary nano-
crystals into an alloy or compound is spontaneous. Hence, the
chemical composition of the resulting nanocrystals becomes
stoichiometric in the end. This type of a reaction often occurs
during the synthesis of metal chalcogenides. The structure of
such nanocrystals is governed mainly by the size of the primary
nanocrystals at the time the chemical transformation begins to
occur (Figure 4A). When the primary nanocrystals are small,
they are converted into seed alloy particles first and
subsequently transformed into well-defined stoichiometric
compound.

AB

mixture
formation

200 nm

Figure 4. (A) Spontaneous alloy formation under the condition AG,;,
< -£, and the dependence of their structure on the size of the primary
nanocrystals. (B—D) TEM images of single-crystalline Bi,Tes
nanoplates (B), barbell-shaped Te—Bi,Te; heterostructures (C), and
hierarchical Bi,Te; nanocrystals consisting of a stack of Bi,Te;
nanoplates (D). Panels (B), (C), and (D) reprinted with permission
from refs 42 (copyright 2013 American Chemical Society), 44
(copyright 2010 American Chemical Society), and 45 (copyright 2010
American Chemical Society), respectively.

In the case of Bi,Te; nanocrystals, the compound formation
between elemental Bi and Te is spontaneous, and the reaction
rate is high. Although the standard reduction potential of
TeO,*” is much higher than that of Bi**, a solvothermal
reaction in an autoclave at 180 °C resulted in relative elemental
concentrations similar to those suggested by stoichiometry.
Hence, 2D Bi,Te; nanoplates with well-defined crystalline
facets could be obtained (Figure 4B).*” If one element
nucleates quickly and the other joins the reaction shortly
after the primary crystals grow, the second element is doped on
the facets of the crystals that exhibit a relatively high surface
energy. The doping of the second element reduces the surface
energy of the facets, which slows the growth of the primary
nanocrystals.” By subsequent elemental supply and interdiffu-
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sion, heterogeneous nucleation of the compound occurs first on
the surfaces with higher energies and then on the surfaces with
lower energies. When the growth rate of the nuclei on the high-
energy surfaces is greater than the nucleation rate on the lower-
energy surfaces, the shape of the primary nanocrystals remains
unchanged throughout the growth process. The reaction of
TeO;> and Bi** at 150 °C in the presence of hydrazine hydrate
resulted in 1D Te nanorods, owing to the higher reduction rate
of TeO;>". Bi,Te; nanoplates grew at the growth tips of Te
nanorods, producing Te—Bi,Te; nanosized barbells (Figure
4C).** The small lattice mismatch (1.62%) between Te (0001)
and Bi,Te; (0001) and the sharp curvature at the tips of the Te
nanorods preferentially induced the epitaxial growth of Bi,Te;
nanoplates on the tips of the nanorods.** If the primary
nanocrystals have already grown into large crystals, the
heterogeneous nucleation takes place over the entire body of
the primary nanocrystals, creatinsg a large number of nuclei on
the surfaces at the same time.*> The growth of these nuclei
produces stoichiometric compound nanocrystals. Te grew
preferentially into large one-dimensional (1D) nanorods either
when the reaction temperature was low or when the
concentration of the reducing agent was low. The subsequent
nucleation of the Bi,Te; nanoplates took place on the side
surfaces as well as on the growth tips of the Te nanorods. This
resulted in a stack of Bi,Te; nanoplates along the axial direction
of the Te nanorods (Figure 4D).*

4.3. Physical Deposition versus Alloy Formation (—€ <
AG,,x < 0)

If AG,,, is the intermediate range (=& < AG,,;, < 0), the
physical deposition and alloy formation processes compete
during nanocrystal growth. Hence, the elemental distribution
and structure of the nanocrystals are sensitive to the synthesis
conditions (Figure SA). Because mixing of atoms is involved,
the surface energies of the nanocrystals vary during the
synthesis process. When the primary nanocrystal (A) is small,
alloy formation may commence right at the beginning,
producing nanoalloy seeds. The element B results in the
coating of the surface of the nanoalloy seeds, producing an

deposition
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Figure 5. (A) Competition between physical deposition and alloy
formation during the growth of nanocrystals under the condition —& <
AG,,;, <0.(B) TEM image and energy-dispersive X-ray spectroscopy
line scan along the radial direction of the Se,Te,@Te nanorod.
Reprinted with permission from ref 46. Copyright 2010 American
Chemical Society. (C) TEM image and cross-sectional elemental
profile of a single Ni@Ni—Co@Co nanoparticle. Reprinted with
permission from ref 47. Copyright 2011 American Chemical Society.

dx.doi.org/10.1021/ar500133w | Acc. Chem. Res. 2014, 47, 2887—2893



Accounts of Chemical Research

AB@B core—shell structure. The elemental fraction of B
increases gradiently near the core—shell interface, which is
contrary to the sharp interface when AG,; > 0.

For example, elemental Se and Te are known to form a solid
solution, owing to their high miscibility. The standard
reduction potential of SeO;*” (E° = —0.36 V) is higher than
that of TeO,*~ (E° = —0.42 V) in a basic solution. This leads to
the formation of Se-rich Se,Te, core. Subsequent deposition of
Te results in Se,Te,@Te core—shell nanorods (Figure SB).*
When the primary nanocrystals are large and alloy formation is
slow so that the conversion is limited to the surface area of the
growing primary crystals, the elemental concentration of B in
the growing nanocrystal increases gradually. This results in the
production of A@AB@B nanocrystals. As another example,
elemental Ni and Co has good miscibility, and they form an
alloy in the liquid phase. Although the standard reduction
potential of Co** (E° = —0.280 V) is similar to that of Ni** (E°
—0.257 V), reduction rates of the precursors became different
in the presence of complexation agent, oleylamin. Ni** was
reduced first, from the nickel(II) acetate-oleylamine complex at
~110 °C, to form Ni nanocrystals.*’ The Ni nanocrystals act as
a catalyst for the reduction of Co** in the cobalt(I) formate-
oleylamine complex, resulting in the formation of hetero-
structured nanocrystals (Ni@Ni—Co@Co).*

5. CHALLENGES AND PERSPECTIVES

This Account summarizes the recent advances elucidating the
nucleation and growth mechanisms involved in multicompo-
nent nanocrystal synthesis. We have discussed the fundamental
issues, namely, the formation of nonstoichiometric nuclei and
the competition between the rates of alloy formation and
physical deposition onto the nonstoichiometric nuclei. In
addition to these issues, the activation energy for atomic
rearrangement is seen as another key factor that could have a
significant effect on final structure of the nanocrystals. When
thermally annealed at sufficiently high temperatures, a physical
transition takes place from the amorphous aggregates to crystals
with well-developed facets. The oriented attachment of
crystalline preparticles followed by atomic rearrangement to
form large metal chalcogenide 2D nanocrystals is of intensive
interest due to their unique electronic, thermoelectric, and
topological insulating properties.** >

This Account has discussed a few important caveats to keep
in mind when considering solution-based synthesis of multi-
component nanocrystals. First, the standard reduction
potentials used to estimate the spontaneity of reduction are
calculated with respect to aqueous solutions at room temper-
ature. Therefore, they must be used with caution when the
reaction occurs at high temperatures or in nonpolar solvents.
Second, the activation energies determining the reduction rates
need to be investigated thoroughly. In particular, the effects of
reaction temperature, complexing additives, surfactants, and
solvents should be studied thoroughly. Third, the surface
energies of nanocrystals in a solution can be completely
different from their surface energies in vacuum because
surfactants can selectively decrease the surface energies of
individual nanocrystals. Therefore, decreases in the surface
energies owing to the bonds between surfactants and elements
should be taken into account. A clear understanding of these
issues in binary systems is highly desired. If extended to
complex systems, it could allow for the prediction-based
synthesis of multicomponent nanocrystals.
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