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ABSTRACT: The aggregative growth and oriented attachment of nanocrystals
and nanoparticles are reviewed, and they are contrasted to classical LaMer
nucleation and growth, and to Ostwald ripening. Kinetic and mechanistic
models are presented, and experiments directly observing aggregative growth
and oriented attachment are summarized. Aggregative growth is described as a
nonclassical nucleation and growth process. The concept of a nucleation
function is introduced, and approximated with a Gaussian form. The height
(Tme) and width (At,) of the nucleation function are systematically varied by
conditions that influence the colloidal stability of the small, primary
nanocrystals participating in aggregative growth. The nucleation parameters
I, and At correlate with the final nanocrystal mean size and size
distribution, affording a potential means of achieving nucleation control in

Mean Nanocrystal Size (f)

Classical :Aggregative :Ostwald ripening

| (OR)
|

0==0

growth

|

|

|

|

:

| _
|
|
|
|
|
|

¢ nhucleation

p—

nanocrystal synthesis.

Time

KEYWORDS: nanocrystal, nucleation, growth, kinetics, mechanism, aggregation, coalescence

1. INTRODUCTION

A hundred years ago, synthesis in organic chemistry was an
empirical enterprise guided largely by chance experimentation,
which had resulted in a catalog of useful but poorly understood
procedures. Early in the 20th century, the mechanisms
governing or§anic transformations, such as those for aliphatic
(Syl, SNZ)l’ and aromatic substitution,>* were elucidated,
putting bond-forming reactions on a systematic basis. The
tremendous sophistication of organic synthesis today is largely
due to the development of mechanistic understanding, and the
resulting availability of a set of widely accepted mechanisms.

Christopher Ingold, a major early contributor to mechanistic
organic chemistry, astutely foreshadowed the future develop-
ment of organic synthesis in the following statement:>°

“The new work made it inescapably clear that the old order
in organic chemistry was changing, the art of the subject
diminishing, its science increasing: no longer could one just

mix things: sophistication in physical chemistry was the base

from which all chemists, including the organic chemist, must

start.”

In our view, the current state of nanocrystal synthesis is
comparable to that of organic synthesis a century ago. Empirical
procedures have been developed for the preparation of a wide
range of semiconductor, ceramic, and metallic nanocrystals. In
many cases, the procedures have been optimized to provide
narrow nanocrystal size distributions and control over mean
sizes. However, the work is more empirical art than science.
Nanocrystal synthesis is not far beyond the “eye of newt and
toe of frog”” stage. Mechanisms are sometimes invoked without
evidence, and, until fairly recently, little experimental
mechanistic work had been completed. Apart from the classical
LaMer mechanism®™'® and Ostwald ripening,'”** a set of
varied and widely accepted growth mechanisms to purposefully
guide nanocrystal synthesis is not yet available.
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Studies of the formation mechanism of colloidal gold date
back to 1951.>° However, the modern era for mechanistic
studies of nanocrystal growth appear to have begun in the mid-
1990s.%® Most experimental studies of nanocrystal growth and
size focusing have invoked the LaMer mechanism,"* '8
Ostwald ripening,>' ~>*
principal feature of the LaMer mechanism is that nucleation
is temporally confined to an early burst period. In Ostwald
ripening, larger nanocrystals grow at the expense of smaller
nanocrystals, which are progressively dissolved. Finke and co-
workers have published a series of experimental papers in which
continuous nucleation and autocatalytic growth are pro-
posed.*' ™" Several experimental mechanistic studies have
identified the participation of nanocrystal aggregation and
coalescence in growth processes.***® Some mechanistic work
is not readily categorized.”””® Important theoretical studies of
nanocrystal nucleation and growth have been contributed by
Jensen and Bawendi,”" Matijevié,SI’72 Mulvaney,” Peng,69

i 6—78 . 1 .
Privman,”*”> Skrdla,”*™"® Talapin,”’ Zukoski,*>*"”” and
80

. .. 37-40
or their combination. The

others.

The contribution of aggregative processes to the growth of
colloidal particles was recognized very early. Uyeda and co-
workers determined the multiply twinned internal structures of
gold nanoparticles in 1973,*" which they proposed to result
from coalescence of initially formed primary particles prior to
particle growth. At approximately the same time, a reinvesti-
gation of the classical LaMer growth of sulfur sols
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demonstrated that particle number densities passed through a
maximum early in the growth process and then declined in
time.*> This decrease was attributed to particle coalescence.
Subsequently, colloidal particles of various well-defined shapes
were observed to be composed of smaller, primary nano-
crystallites having diameters of 1-3 nm, indicative of
aggregation.“s’83 In the 1990s, Zukoski and co-workers began
to incorporate aggregative processes into their kinetic schemes
for the growth of gold, silver, and silica nalnopa1‘ticles.36’55’57
Later, Finke and co-workers incorporated nanocluster agglom-
eration into their kinetic schemes as well.*~*"**° Banfield and
co-workers elucidated the oriented-attachment mecha-
nism>®3%5984 of nanocrystal growth in 1998,%® which is an
aggregative process. More recently, nanocrystal growth by
aggregation and coalescence has been directly observed in real
time by in situ transmission electron microscopy (TEM)
studies. "%~

In this review, we argue that advantages inherent in
aggregative growth will potentially allow the systematic, rational
control of nanocrystal size and size distribution to be achieved.
In section 2, we summarize the conditions necessary to achieve
such control, and we introduce the concept of a nucleation
function. In section 3, we review the exciting recent
developments in the direct observation of aggregative growth.
Section 4 addresses the kinetics of aggregative growth. Section
S reviews the experimental determination of aggregative
nucleation functions, and their role in controlling nanocrystal
sizes and size distributions. We hope to convince that
mechanism-based synthetic control in nanocrystal synthesis is
within reach.

2. STRATEGY FOR SIZE CONTROL

The classical picture for homogeneous nucleation and growth is
summarized in the familiar plot from LaMer and Dinegar (see
Figure 1)."° The plot assumes a chemical reaction that

Monomer Concentration —
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Figure 1. Schematic representation of monomer concentration during
particle nucleation and growth from solution in a classical LaMer
mechanism.'® The blue arrows identify the nucleation period (zone
II). The red arrow indicates the growth period (zone III).

produces a monomer, such that the monomer concentration
steadily rises in time zone I, and passes the threshold
concentration for nucleation in time-zone II. Nucleation and
subsequent growth decreases the monomer concentration
below the nucleation threshold, such that nucleation ceases
and growth upon the existing nuclei occurs in time zone IIL
Consequently, nucleation is restricted to zone II, and, in the
classical picture, the number of nuclei generated in this period

determines the number of growing particles. The time width of
zone II determines the width of the resulting particle-size
distribution.

The time-dependent nucleation rate, I'(t), parallels the
monomer-concentration profile in zone IT (Figure 1).”" At the
beginning of zone II, I'(f) = 0. The nucleation rate
subsequently rises, passes through a maximum, declines, and
returns to zero at the end of zone II. We refer to this time-
dependent behavior of the nucleation rate as the nucleation
function.”” Experimental nucleation functions have been
measured in a few cases.”’ ° They are apparently asym-
metric,”’ but they are reasonably well approximated by
Gaussian functions.”>”” Some schematic nucleation functions
are depicted in Figure 2.

I'(1)

t (time)

Figure 2. Three schematic nucleation functions a—c having Gaussian
profiles (black curve, function a; red curve, function b; blue curve,
function c). The width of the nucleation function (At,) provides a
measure of the time window for nucleation. The maximum nucleation
rate is I',,,,- The area under the nucleation function is the number of
particles nucleated (N). Reprinted with permission from ref 9.
Copyright 2011, American Chemical Society, Washington, DC.

For a classical nucleation-and-growth process, the ultimate
mean particle size and size distribution are encoded in the
nucleation function. The 26 width of the nucleation function
(At,) provides a measure of the time window for nucleation.
Because At is smaller for function b than that for function a in
Figure 2, the nucleation process described by function b will
produce a narrower final particle size distribution.

The area under the nucleation function is N,”* the number of
nuclei formed. Functions b and ¢ in Figure 2 have identical At,
values, and should produce equally narrow size distributions.
However, function ¢ has a larger maximum nucleation rate I,
and thus a larger under-curve area. Thus, with an equal number
of monomers generated, the nucleation process described by
function ¢ will produce a larger N and ultimately a smaller final
particle mean size.

The rational control of nanocrystal mean sizes and size
distributions are arguably the two greatest challenges in
nanocrystal synthesis. Gaining control of the nucleation
function through purposeful manipulations of Atf, and I'_,,
provides a potential means of achieving those goals. Ideally,
conditions would be found to minimize At,, ensuring a narrow
final size distribution. The number of nuclei N, and thus the
final mean nanocrystal size, would be best controlled by
variation of I',,, at the minimized value of At,.

Achieving synthetic control by this nucleation-control
strategy requires that nucleation functions be experimentally
measurable, and that At and I';,, be amenable to purposeful
variation by chemical or other means. Indeed, critical-nucleus
sizes in classical-nucleation processes have been determined to
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be in the range of tens to hundreds of atoms or molecules,
theoretically and experimentally.'® "¢ This very small size
scale is not readily accessible to experimental measurement;
therefore, determination of time-dependent nucleation rates is
challenging.

Nucleation functions and nucleation rates have been
measured in several studies, particularly in the colloidal
crystallization of polymer spheres''® and in protein crystal-
lization,''°™'*? where the length and time scales are
considerably larger than those for the classical nucleation of
metals, semiconductors, ceramics, or small-molecule crystals.
For colloidal and protein crystallization, nucleation rates have
been experimentally determined by light scatter-
ing,' 919510712113 Gtomic force microscorpy (AEM),'0®110
scanning tunnelin§ microscopy (STM),'**™'° and by direct
video microscopy. "' In this review, we argue that aggregative
nucleation and growth using small primary nanocrystals affords
similar length-scale advantages and enables the experimental
determination of nucleation functions under various conditions.

Aggregative nucleation and growth by necessity follows
classical nucleation and growth. A general kinetic profile
depicting the regimes of nanocrystal growth, with the
participation of aggregative processes, is given in Figure 3. An
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Figure 3. Schematic representation of nanocrystal growth including
classical nucleation and growth (regime C), aggregative nucleation and
growth (regime A), and Ostwald ripening (regime OR). The three
regimes may overlap temporally to varying extents, which is not shown
here. Nanocrystal nucleation, growth, and Ostwald ripening steps are
color-coded in the sigmoidal (S-shaped) kinetic profile as blue, red,
and black, respectively. The smallest yellow circles represent atoms,
ions, molecules, or small clusters in regime C, and primary
nanocrystals in regime A.

initial induction period and size increase correspond to classical
nucleation and growth, respectively, in regime C (for
“classical”). The classical regime may produce primary
nanocrystallites, often in the diameter range of 1—3 nm. That
regime may be followed by a second induction and growth
period associated with aggregative nucleation and growth in
regime designated as A (for “aggregative”). Ostwald ripening
may occur in a final regime designated as OR (for “Ostwald
ripening”).

We note that the three regimes may overlap temporally to
varying extents. The relative magnitudes of nanocrystal growth
occurring in the classical and aggregative regimes may vary, or
the aggregative regime may be absent. Ostwald ripening may
also be absent. Nucleation functions are associated with both
classical and aggregative nucleation, but the last active

nucleation process determines final nanocrystal sizes and size
distributions.

As noted above, one also requires the means for purposeful
variations of At, and I';,,, such that the height and width of the
nucleation function may be controlled. For aggregative
nucleation and growth from small primary nanocrystals, we
have suggested that any additive that influences the colloidal
stability of the nanocrystals may potentially vary the nucleation-
rate behavior.”>***> Indeed, nucleation rates in protein
crystallization have been controlled in this manner."'°"''> In
contrast, nucleation control in classical nucleation will require
factors that influence the stability of monomer species
consisting of a single to a few atoms, which are similar to
reactive intermediates. They will not likely respond to polymer
or ionic additives in the same manner as do primary
nanocrystallites. Therefore, classical nucleation may be
inherently more difficult to control, because the nucleation
function is not as readily measured or manipulated. Nucleation
control in nanocrystal growth by aggregative processes may be
more readily achievable.

3. DIRECT OBSERVATION OF AGGREGATIVE
GROWTH

Perhaps the most-exciting recent development in mechanistic
understanding of colloidal-nanocrystal nucleation and growth is
the real-time visualization of growth trajectories of individual
nanocrystals in dispersion, using a liquid cell in a TEM. In the
first such study, Alivisatos and co-workers observed that
colloidal platinum nanoparticles grew both by simple monomer
attachment in solution and by particle coalescence.**
Fascinating details were revealed about the growth processes.

The study employed the precursor Pt(acetylacetonate), in a
solution containing an oleylamine surfactant. The electron
beam in the TEM induced the nucleation of platinum
nanocrystals, which continued for over 10 s, such that
nanocrystal growth temporally overlapped the nucleation
period. Nanocrystals grew by both monomer addition and
coalescence events. The number of nucleated nanocrystals
reached a maximum at 21 s, and then significantly declined to a
constant value. Nanocrystal aggregation and coalescence was
primarily responsible for this decline. The aggregative growth
also produced the expected bimodal size distribution at 24 s,
which later resolved into a sharpened single mode.

The rate behavior and other characteristics of the growth
processes differed between the classical, monomer-addition,
and aggregative-coalescence pathways.** Nanocrystals under-
going only monomer addition grew continuously until reaching
a saturation size, maintaining nearly spherical morphologies
(Figure 4). In addition, a near-constant, uniform diffraction
contrast persisted in such nanocrystals throughout growth,
indicating them to be single crystals.

In contrast, nanocrystal growth by aggregation and
coalescence was discontinuous.** Obviously, such growth
produced stepwise size increases, as nanocrystals of comparable
dimensions were coalesced within a short time period.
However, subsequent growth was observed to pause in an
interval immediately following coalescence, both by monomer
addition and further coalescence events. During this pause
period, the coalesced particle was observed to rearrange in
morphology, eventually achieving a near-spherical shape
(Figure 4). Moreover, the diffraction contrast was observed
to be uneven and to dynamically shift during the pause while a
structural rearrangement and recrystallization process occurred,
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Figure 4. Comparison of different growth trajectories of colloidal
platinum nanoparticles: (A) video images showing simple growth by
means of monomer addition (a, left side of panel) or growth by means
of coalescence (b, right side of panel); (B) enlarged (1.5X) color
images of images shown in panel A. Distinct contrast changes in the
coalesced particles are highlighted with arrows, indicating recrystalliza-
tion. Reprinted with permission from ref 44. Copyright 2009, The
American Association for the Advancement of Science, Washington,
DC.

ultimately affording a single-crystalline nanoparticle. Smaller
nanocrystals were found to be more prone to multiple
coalescence events than were larger nanocrystals, which was
attributed to their larger surface fractions and energies, and
increased mobility and collision frequency.**

Subsequently, many research groups have reported the real-
time monitoring of aggregative processes among colloidal
nanoparticles by using in situ TEM. Grogan and co-workers
observed the aggregation (but not coalescence) of gold
nanoparticles, the kinetics of which were consistent with a
diffusion-limited-aggregation model.""” Similarly, Evans and co-
workers monitored the growth of PbS nanoparticles, in which
monomer-attachment, coalescence, and Ostwald-ripening pro-
cesses were observed.*® Mirkin and co-workers studied the
dynamics of gold-nanoparticle coarsening in attoliter-volume
reactors created by scanning-probe block-copolymer lithog-
raphy, in which the coalescence process could be differentiated
from Ostwald ripening.®® Xin and Zheng studied the Ostwald
ripening of bismuth nanoparticles under precursor-scarce
conditions.*® They revealed oscillating ripening behavior
among pairs of adjacent nanoparticles, in which one grew at
the expense of the other for a time, and then the process
reversed. The growth of a small nanoparticle at the expense of a
larger one was described as “anti-Ostwald ripening”.

Lee, Zettl, Alivisatos, and co-workers obtained a higher-
resolution observation of platinum-nanocrystal growth using
liquid cells having graphene windows.*> Such cells provided
several advantages over the previously developed cells employ-
ing thicker, Si;N, or SiO, windows. #8418 Thjs study revealed
that the coalescence of platinum nanocrystals proceeded along
a specific crystallographic orientation, corresponding to the
fusion of {111} facets. The likely lowest ligand coverage for
{111} planes due to their lowest surface energy (for a face-
centered cubic crystal such as platinum) may facilitate
nanocrystal contact at {111}. Before coalescing along the
{111} orientation, the nanocrystals showed correlated rather
than independent motion over a prolonged period to facilitate

lattice alignment. The correlated motion apparently rises from
attractive forces, including van der Waals interactions.

After coalescence, the nanocrystals gradually reshaped and
evolved truncated facets, exhibiting single-crystalline or twinned
structures.”” The single-crystalline structures resulted from the
joining of mirror {111} facets, whereas the twinned structures
resulted from the fusion of misoriented {111} facets. The twin
boundaries so generated remained locked within the nano-
crystals as they underwent morphological remodeling. Misor-
iented coalescence thus appears to be the origin of the twinned
nanocrystals common for face-centered cubic (fcc) metals, as
has been previously proposed.®!

Zheng and co-workers studied Pt;Fe nanorod growth in
solution by in situ TEM, which proceeded in three stages.”® In
the first stage, monodisperse spherical nanoparticles grew by
parallel monomer attachment and nanoparticle coalescence. In
the second stage, the nanoparticles formed flexible nanoparticle
chains as a result of dipolar interactions between nanoparticles.
In the final stage, adjacent nanoparticles underwent fusion via
initial neck formation, producing twisted polycrystalline rods.
These twisted structures persisted over extended times prior to
straightening into single-crystal nanorods. This straightening
process was presumably driven by the decrease in total energy
from reducing interfacial energy and eliminating crystal defects.

Parent and co-workers reported the in situ scanning
tunneling electron microscopy (STEM) study of palladium
nanoparticle synthesis in a liquid-crystal surfactant template.
They observed that palladium nanoparticles grew through
coalescence or sinterin% after small (~2—5 nm) spherical
particles were nucleated.””

The in situ TEM-monitoring studies summarized in this
section show clearly that nanocrystal aggregation and
coalescence are general features of colloidal-nanocrystal growth.

4. KINETICS OF AGGREGATIVE GROWTH

The kinetics of diffusion-limited colloid aggregation
(DLCA)'"®7'** and reaction-limited colloid aggregation
(RLCA)"* "3 have been studied since the early 1980s. In
RLCA, a Smoluchowski rate equation,ss’132 describing the time-
dependent evolution of the number density of particles as a
function of size as they aggregate, is often used to represent the
aggregation probability as a function of the masses of two
colliding clusters or particles. In 1991, Bogush and Zukoski
applied this model to the aggregative growth of primary silica
nanoparticles 3—10 nm in diameter, showing that aggregation
alone was capable of producing narrow size distributions in the
resulting, larger, near-monodispersed colloidal spheres.55 Their
seminal work concluded that small, primary nanoparticles were
colloidally unstable and rapidly aggregated at early times to
achieve stable-size aggregates. The number of growing
aggregates was set by this initial process. Subsequent growth
occurred by addition of primary nanoparticles to these larger,
stable aggregates. We argue here that the initial aggregation and
subsequent stepwise addition constitute a nonclassical
nucleation-and-growth mechanism.

Within the same decade, Matijevi¢, Privman, and co-workers
similarly demonstrated that the aggregation of primary particles
was mechanistically capable of producing larger, monodispersed
secondary colloids of gold.>" Zukoski and co-workers
subsequently extended their model to the aggregative growth
of silver nanocrystals.”” Kinetic studies of oriented attachment
emerged in 2003,5%°9001337136 ginke first reported a four-step
mechanism combining classical and aggregative growth in
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2005.45:46:49:5063 Following these initial studies, the contribu-
tion of aggregative processes to nanocrystal growth, in certain
cases, has been well-established (see below).

Kinetic studies of aggregative growth can be complicated
by the temporal overlap of classical nucleation and
growth, aggre ative g,rowth, and Ostwald ripen-
ing 304946:495035,57,63,929495 By studying the growth of small,
preformed primary nanoparticles, classical nucleation and
growth are removed from the mechanistic scheme. Then the
kinetics and other mechanistic observations only need to
distinguish between aggregative growth and Ostwald ripening.
This approach is pursued in the following subsection.

4.1. Distinguishing Aggregative Growth and Ostwald
Ripening. Our interest in aggregative §rowth was stimulated
by two papers of Zhong and co-workers, >”"** in which solvent
dispersions of small (1.7 nm) thiolate-capped gold nanocrystals
having broad size distributions were coarsened to larger
nanocrystals having narrow size distributions. The authors
claimed that growth occurred by a core coalescence, or
aggregative, process. In contrast, we suspected that coarsening
had occurred by Ostwald ripening, a conventionally accepted
mechanism for the conversion of smaller-nanocrystal size
populations into larger ones. We thus undertook a mechanism
and kinetics study of the coarsening process.”” Our findings
concurred with the initial claim of Zhong and co-workers.

We measured the coarsening kinetics of 1.7-nm-diameter
thiolate-capped gold nanocrystals by monitoring the mean
nanocrystal size, expressed as the mean volume V(t), as a
function of time. A typical kinetics curve is plotted in Figure S,

HE
-

0.8-

VIO Viim
0.6
0.4 -

0.2 1

0.0

T M T M T T M T M T v T M T v
0 20 40 60 80 100 120 140 160
Time (min)

Figure 5. Sigmoidal coarsening kinetics and the fit of eq 1 (given later
in the text) for 1.7-nm-diameter thiolate-capped gold nanocrystals.
V(t) is the nanocrystal mean volume at time t, and Vj, is the final
nanocrystal mean volume. Reprinted with permission from ref 92.
Copyright 2010, American Chemical Society, Washington, DC.

which showed sigmoidal (S-shaped) coarsening kinetics. An
initial induction period was followed by a regime of rapid
growth, after which further growth was discontinued for a
significant length of time.

Sigmoidal growth kinetics such as those depicted in Figure 5
are typically observed for classical LaMer nucleation and
growth (regime C in Figure 3).">'®'®3'#~% The initial
induction period is attributed to the nucleation regime, in
which a population of stable nuclei are formed. Nucleation is
then followed by a growth period, which ceases when monomer
species are consumed. We show here (and below, in reference

to the work of others) that sigmoidal growth kinetics are also
typically observed for aggregative nanocrystal growth (regime A
in Figure 3).

However, sigmoidal growth kinetics are inconsistent with
equilibrium Ostwald ripening. The conventional Lifshitz—
Slyozov—Wagner (LSW) model for Ostwald ripening posits
that the mean nanocrystal volume increases linearly in time
(regime OR in Figure 3).19’20 Moreover, Ostwald ripening is
not a nucleation-driven process, and an initial induction period
(like that in Figure S) for the coarsening of nanocrystals having
an initially broad size distribution is not expected.

Early time (nano)crystal-size distributions (CSDs) also
provided strong evidence for aggregative growth in our studies
of gold nanocrystal coarsening.”” At times shortly after the end
of the initial induction period, the CSDs were bimodal (Figure
6), with the smaller mode corresponding to the initial, primary

0 1 2 3 4 5 6
Diameter (nm)

Figure 6. Diameter-distribution histogram of gold nanocrystals taken a
few minutes after maximum nucleation rate (z,) was achieved. The
crystal-size distribution (CSD) is strongly bimodal, with the smaller-
size mode corresponding to primary nanocrystals, and the larger-size
mode to the nanoparticles growing by aggregative processes. F is the
fraction of nanocrystals of a specific diameter. Reprinted with
permission from ref 92. Copyright 2010, American Chemical Society,
Washington, DC.

nanocrystals, and the larger mode corresponding to critical-size
aggregates of primary nanocrystals (aggregative nuclei; see
below). Presumably, these critical-size aggregates corresponded
to the stable-size aggregates identified by Bogush and Zukoski
(see above).” As aggregates smaller than this size are unstable,
a second peak emerges in the CSD, at the larger mode. Such
bimodal size distributions are theoretically predicted for
aggregative processes,”>>"7%"3%71** 4nd have also been
observed by other researchers.**'*57!53

Significantly, under normal circumstances, Ostwald ripening
is incapable of producing a bimodal size distribution, similar to
those that we observed (Figure 6). Instead, Ostwald ripening
produces a unimodal distribution that shifts and broadens
during coarsening, but does not separate into two
modes. > SP134717 A bifurcation (into a bimodal distribution)
by Ostwald ripening requires a coarsening-rate discontinuity at
a critical nanocrystal size,">® which is a special condition that is
not present in our studies of gold nanocrystal growth.
Experimental observations of bimodal CSDs are occasionally
mistakenly attributed to Ostwald ripening.”> Indeed, Ostwald
ripening can accentuate a pre-existing bimodal distribution.
However, except under very rare circumstances, Ostwald
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ripening cannot generate a bimodal distribution. Thus,
observation of early time bimodal CSDs should be attributed
to aggregative growth rather than to Ostwald ripening.

Aggregative growth and Ostwald ripening may also be
distinguished by nanoparticle core structure. Nanocrystals
coarsened by Ostwald ripening should consist of a single
crystalline domain, because they grow from single-crystalline
primary nanocrystals by monomer addition. In contrast,
nanoparticles grown by aggregation of primary nanocrystals
should be initially polycrystalline. Over time, such polycrystal-
line nanoparticles may recrystallize to single crystals, develop
multiply twinned structures as previously reported by Uyeda
and co-workers®" and Turkevich,'® or remain polycrystalline.

High-resolution TEM imaging of gold nanoparticles
harvested after 10 min under our coarsening condrtrons
revealed 20%—40% of them to be polycrystalline.”” These
polycrystalline nanoparticles had mean crystalline-domain sizes
of 1.5 nm, close to the diameter of the primary nanocrystals
supporting their growth. After 60 min under coarsening
conditions, >95% were single crystalline, and a minor fraction
(<5%) had become multiply twinned.

The results indicated that the initially polycrystalline
secondary nanoparticles underwent recrystallization in time at
the coarsening temperature (180 °C). For bulk phases,
recrystallization temperatures are generally 33%—50% of the
absolute melting pomt ° In our case, the gold nanoparticles
recrystallized at 34% (453 K) of the absolute melting point of
bulk gold (1337 K). Because gold nanocrystals melt at
temperatures below the bulk melting point, the thermal
conditions for recrystallization were clearly in place in our
coarsening experiments. We surmised that all of the secondary
nanoparticles were initially polycrystalline, as a result of
aggregation and coalescence of the primary gold nanocrystals,
prior to recrystallization. Our observation of polycrystalline
secondary nanoparticles was inconsistent with Ostwald
ripening.

4.2, Fitting Aggregative-Growth Kinetics: KJMA
Approach. We used a modified Kolmogorov—Johnson—
Mehl—Avrami (KJMA) expression to fit the sigmoidal profile
in Figure S (eq 1),

m = 4 ( v ] {1--e kot
‘7lim Viim Viim XP ( ) (1)

where Vj,, is the nanocrystal mean volume at time ¢, Vj,,, is the
final nanocrystal mean volume, and V, is the primary-
nanocrystal mean volume. The KJMA model applies rigorous?r
to specific types of solid-state phase transformation;'¢' ™%
however, it has also been used to fit other nucleation-and-
growth processes exhibiting sigmoidal conversion kinetics.
These have included crzstal or particle formation from both
solution and melts.”'**"""° The KJMA model has been
previously applied to the solution-based nucleation and growth
of nanocrystals.'”*

Equation 1 contains two fitting parameters a rate parameter
(k) and the Avrami exponent (1).'”> For solid-state phase
transformations, the value of n is often related to the
mechanism of nucleation and the dimensionality of
growth.'®"737175 Because of our nonrigorous application of
the KJMA model to aggregative nanocrystal growth, we
presume no physical interpretation of the fitted values of this
exponent. In principle, the rate parameter k, is derived from a
convolution of nucleation and growth steps. In practice, we

10

have found it to be strongly correlated vnth aggregative-growth
rates and insensitive to nucleation.”” Similarly, k, is fairly
insensitive to the value of n.> Because of the lack of a
fundamental physical definition of k, in the application of the
KJMA model to aggregative nanocrystal growth, we suggest
that it is useful for comparing growth rates among closely
similar growth processes. A modified KJMA model also
distinguishes the onset time for Ostwald ripening (see below).

Other benefits to using the KJMA model as embodied in eq 1
and related equations (see below) for nanocrystal growth
kinetics are its simplicity and the generally good fits it provides
to the observed sigmoidal kinetic profiles. However, this
application of the KJMA model also has detractions and
detractors. Finke and Finney have pointed out that the lack of
precise physical meanmg to the parameters k (here, k ,) and n is
a major drawback.'”® Moreover, k (here, k) is not a rate
constant of the type encountered in standard chemical
kinetics.'”® Skrdla has suggested that, although the KJMA
model may be applied to classical, LaMer-like nanocrystal
growth,171 it is not well-used for aggregative processes.77 Other
kinetic models for aggregative nanocrystal growth have been
presented, which are summarized below.

Oriented-Attachment Kinetics. Oriented attachment is a
form of aggregative nanocrystal growth, the kinetics of which
have been extensively investigated. Huang, Zhang, and Banfield
studied the hydrothermal coarsening of ZnS nanocrystals in the
presence of mercaptoethanol, finding that the kinetics
corresponded to two distinct, consecutive growth regimes,
the second (later) of which was consistent with Ostwald
ripening.®® The first growth regime was inconsistent with
Ostwald ripening, and has been attributed to oriented
attachment, for which the time dependence of the mean
diameter (D) was described by eq 2, where D, is the mean
diameter at t = 0 and k; is the rate constant for oriented
attachment.

_ Dy(¥2kt + 1)

kt+1 (2)

A subsequent study by these authors investigated the
hydrothermal coarsenmg of ZnS nanocrystals in the absence
of mercaptoethanol."** Under these conditions, the oriented-
attachment and Ostwald-ripening regimes were found to
significantly overlap, such that the kinetic data were best fit
by eq 3:

Do(\/—k1t+1)
kit + 1

l/n
3)

where the first term described oriented attachment as in eq 2
and the second term described Ostwald ripening with k, being
the rate constant and n being a constant. The results of these
studies foreshadow the next subsection of this review, on the
mechanistic regimes of nanocrystal growth.

Subsequently, Huang, Lin, and co-workers developed a
multistep kinetic model for oriented attachment of ZnS
nanocrystals based in the Smoluchowski equation.'** This
population-balance model accounts for the oriented attachment
of nanoparticles of varying sizes, including those having already
undergone prior oriented attachment, and requires numerical
simulation to fit the kinetic data. This model was also applied to
the multistep oriented attachment of PbS** and SnO,'*
nanocrystals. In the latter case, the oriented attachment kinetics
were not complicated by the occurrence of Ostwald ripening.
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Tsapatsis and co-workers elucidated an oriented-aggregation
mechanism for the growth of zeolite (silicalite-1) crystals from
silica sols.">> The key observations supporting oriented
aggregation were (1) the formation of S-nm primary nano-
particles followed by an induction period prior to the
emergence of a second population of much larger silicalite-1
particles, (2) the aggregate-like morphologies of the initially
formed silicalite-1 particles having crystalline domain sizes
equal to those of the primary nanoparticles, and (3) the
successful fit of a quantitative aggregation model to the
experimental kinetic data. We note that these observations are
important indicators of aggregative-nanoparticle growth (see
subsection 4.1). The mechanistic model employed a rate
constant for coalescence (f) calculated from Derjaguin—
Landau—Verwey—Overbeek (DLVO) theory.'””~"”" Simula-
tions using £ and a multistep aggregation process were shown
to fit the size vs yield and yield vs time data. These results were
expanded in a follow-up publication.**

In 2004, Penn suggested that oriented attachment could be
analyzed with conventional chemical kinetics by considering the
primary nanoparticle (P) to be a molecular reactant.*® She
demonstrated that the growth kinetics were consistent with the
mechanism in eq 4, in which the primary nanoparticles are in
equilibrium with an outer-sphere dimer complex (P---P), such
that the primary nanoparticles are able to rotate and reorient
relative to each other. When an appropriate mutual orientation
is achieved, attachment occurs yielding the coalesced particle
P—P. The rate law for this mechanism (eq 5) is second order in
primary-nanoparticle concentration. Penn noted that rate data
previously reported by Huang, Zhang, and Banfield® for
oriented aggregation of ZnS nanocrystals was indeed second
order in primary nanoparticles.

ky k,
P+ P=P-P > P-P
k., (4)

LT
dt k_, (3)

Penn and co-workers subsequently applied the same
mechanism (eq 4) and rate law (eq S) to the growth of
goethite nanorods from primary ferrihydrite nanoparticles.'®’
Plots of inverse primary-nanoparticle concentration ([P]™")
versus time were linear, as expected for second-order kinetics.
The authors compared the measured rate constants with the
DLVO-theory-derived f rates calculated according to Tsapatsis
and co-workers,"** finding the experimental values to be many
orders of magnitude smaller. The experimental rate constants
were also shown to increase with decreasing primary-nano-
particle size.

Penn and co-workers subsequently studied the effects of
ionic strength and primary-nanoparticle size on oriented-
aggregation rates in more detail.'®" As above, the experimental
plots of [P]™! versus time were linear, in accord with second-
order kinetics, at various ionic strengths and primary-nano-
particle sizes. The oriented-aggregation rate constant (k) was
found to increase with increasing ionic strength and decreasing
primary-nanoparticle size. The increase in k with increasing
ionic strength followed the expected trend, but the
experimental values were again many orders smaller than the
DLVO-theory-derived f rates.

Pseudo-elementary-Step Kinetics. In 1997, Finke and
Watzky introduced a new two-step kinetic model for
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nanocrystal formation.*> In its initial form, this model
accounted for the classical regime of nucleation and growth,
but did not address aggregation. Experimentally, the growth
kinetics were followed by a reporter reaction catalyzed by the
growing nanoparticles, in which the nanoparticle growth was
monitored by the kinetics of nanocrystal-catalyzed cyclohexene
reduction to cyclohexane. The proposed mechanism included
slow, continuous nucleation (steps of type 1, eq 6) and fast,
autocatalytic surface growth (steps of type 2, eq 7), where A
represents the metal-containing nanoparticle precursor, and B
catalytic sites on the growing iridium nanoparticles.

(6)
?)

Equations 6 and 7 constitute pseudo-elementary steps, each of
which occurs many times, as determined by the relative values
of k; and k;, until all of precursor A is consumed. The sigmoidal
kinetics of the reporter hydrogenation reaction were fit by the
integrated rate law in eq 8, affording the experimental rate
constants k; and k,.

ky
A—->B

kZ
A+ B— 2B

[A]t =
1+ i expl(ky + kylAl)f]

(8)

At that time, the authors claimed the mechanism represented
by eqs 6 and 7 to be the first new mechanism for transition-
metal nanoparticle formation in 45 years.*?

In subsequent studies, Finke and co-workers encountered
experimental kinetic profiles that could not be fit by the two-
step mechanism.**~*"**® These cases required the addition of
one (eq 9) or two (egs 9 and 10) aggregation (agglomeration)
steps to fit the experimental data, where C represents a
nanocrystal aggregate (agglomerate). As mentioned above, eqs
9 and 10 constitute pseudo-elementary steps, each of which is
repeated in accordance with the values of the rate constants k;
and k,. Equation 9 was defined as a bimolecular-agglomeration
step, and eq 10 as an autocatalytic agglomeration step. The
integrated rate law for the four-step mechanism (eqs 6, 7, 9, and
10) could not be expressed in analytical form, and extraction of
the rate constants k;—k, required curvefitting by numerical
methods. We note that the proposed bimolecular-agglomer-
ation step (eq 9) resembles a nonclassical, aggregative-
nucleation step (see below), and the proposed autocatalytic-
agglomeration step (eq 10) resembles stepwise aggregative
growth by sequential addition of primary nanocrystals.

k
2B 3 C 9)
k
B+ C = 15C (10)

Finke and Finney also studied the relationship between the
KJMA model and the two-step Finke—Watzky (FW) model,
and their relative abilities to fit sigmoidal kinetic data.'”® Several
sets of experimental kinetic data for solid-state phase
transformations were taken from the literature and fit by both
the KJMA and FW models. In two-thirds of these cases, the
data were fit equally well by the two models. In addition,
Finney and Finke derived the functional relationships of the
KJMA k, and 7 (eq 1) to the FW k; and k,[A], (eqs 6 and 7),
showing k, and n to be convolutions of k; and k,[A],. Finally,
Finke and co-workers successfully refit the aggregative-growth
kinetics of Buhro and co-workers®® (such as in Figure S) using

dx.doi.org/10.1021/cm402139r | Chem. Mater. 2014, 26, 5-21



Chemistry of Materials

the FW model for the aggregative steps in eqs 9 and 10. We
find it compelling that the FW model, which has been designed
for classical nucleation and growth processes, is applicable to
aggregative processes, for which we propose nucleation and
growth components (see below).

Dispersive Kinetic Models. We note, in passing, that Skrdla
and Robertson have proposed dispersive kinetic models that
address the classical nucleation and growth of nanocryst-
als.”77817LIS21I83 gy ch models recognize that growth rates must
vary with the size of the growing nanocrystal, requiring that a
dispersion of activation energies (rate constants) must exist.
The rate laws are expressed in analytical form, such as eq 11,

x = exp{atexp(—ft>) — 1]} (11)

where «x is the remaining monomer at time ¢, and a and f are
empirical (fitting) parameters related to a t-independent
activation enthalpy and t¢-dependent activation entropy,
respectively.”® However, Skrdla did not apply the dispersive
kinetic approach to aggregative growth, because he does not
consider it a conversion mechanism (phase transformation).
Instead, he invoked the traditional DLCA and RLCA
mechanisms to describe aggregation.””

4.3. Mechanistic Regimes of Nanocrystal Growth.
Three modes of nanocrystal growth have been discussed here:
classical (LaMer) nucleation and growth, aggregative growth,
and Ostwald ripening (see Figure 3). In this subsection, we
show that all three modes may contribute to a given
nanocrystal-growth process, in successive temporal regimes
and in the sequence given in Figure 3. Or, these growth regimes
may have varying degrees of temporal overlap. As noted above,
oriented attachment and Ostwald ripening may occur in
successive or overlapping regimes. Results summarized here
indicate that classical LaMer and aggregative growth may also
occur successively or with overlap. Conditions under which the
three growth modes are temporally well-separated provide an
experimental window for mechanistic characterization of
aggregative growth.

In seminal, early work, Van Hyning, Klemperer, and Zukoski
studied the formation of silver nanolparticles by the aqueous
borohydride reduction of Ag* ions.*”"** Early time monitoring
determined that the concentration of Ag" was diminished by
two orders of magnitude within a few seconds of reagent
mixing, establishing an effectively complete reduction of Ag" to
Ag” on that time scale. Within the same early time period, a
distribution of small, primary silver nanocrystals having
dimensions of 2—3 nm was produced.

These primary nanocrystals grew to 10—20 nm over the
subsequent 20—60 min. Since the concentration of Ag* nutrient
was vanishingly small during this subsequent period, the
continued growth could not be ascribed to the reduction of Ag*
to Ag’ at the nanoparticle surfaces. Thus, classical LaMer
nucleation and growth was confined to the first few seconds,
and the subsequent growth must therefore have occurred via a
different process.

The authors observed that the final silver nanoparticle mean
size and dispersity were insensitive to the initial primary particle
size and size distribution, and thus to the initial stages of the
reaction, including reagent mixing. This observation indicated
that the initial classical LaMer nucleation and growth did not
significantly influence the final mean size and dispersity.
Instead, the final nanoparticle sizes and growth rates were
highly dependent on temperature, borohydride concentration,
and ionic strength, which determined nanoparticle surface
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potentials. The results pointed to the aggregation and
coalescence of nanoparticles as the principle growth mecha-
nism, as nanoparticle pair-interaction potentials are governed
by the interplay of van der Waals attraction and electrostatic
repulsion.

Consequently, the authors developed a quantitative
aggregative-growth model using a population-balance approach
based on Smoluchowski theory. Pair-interaction potentials were
estimated by the DLVO approximation. The model semi-
quantitatively predicted the time evolution of particle size as
functions of temperature and ionic strength, with the
quantitative discrepancies ascribed to small differences between
measured and calculated surface potentials. The ability of the
model to predict final nanoparticle-size increases in response to
ionic-strength increases affirmed the form of the pair-
interaction potential, based only on van der Waals attractions
and electrostatic repulsions. Moreover, the results demon-
strated aggregation and coalescence capable of achieving
narrow dispersities, and control of growth rates and final
mean nanoparticle sizes through conditions that influence
pairwise aggregation.

Emmerling, Kraehnert, Polte and co-workers reported
important studies elucidating temporal regimes (or phases) of
metallic nanoparticle growth.®®>'®% These studies were
conducted with in situ monitoring by X-ray absorption near-
edge structure (XANES) and small-angle X-ray scattering
(SAXS), which allowed real-time determination of nanoparticle
mean size and number density (SAXS), and mean metal
oxidation state (XANES).

An initial investigation'® pursued the mechanism of gold
nanoparticle growth by citrate reduction of Au®* (by the well-
known Turkevich method'®®). Approximately 20% of the Au®*
was reduced to polydisperse primary gold nanoparticles with a
mean diameter of 4 nm within the first 60 s, which underwent
aggregation and coalescence to 8-nm mean-diameter nano-
particles over 20 min (Figure 7). In the following growth phase,

step 2 step 3 step 4
- aggregation & Y slow further g fast final ‘ .
LN ]

A coalescence | growth ® growth
e ST e, RN e SN0 00
° ® 9 N

[ ] ..'
~4nm ~8nm 10 nm 15 nm

Aus+

step 1
nucleation

Figure 7. Schematic illustration for the process of gold nanocrystal
formation by citrate reduction of Au** (the Turkevich method®).
Adapted with permission from ref 185. Copyright 2010, American
Chemical Society, Washington, DC.

the nanoparticles grew slowly to a mean diameter of 10 nm
over the next 30 min by surface reduction of Au** and classical
growth. In the final growth phase, the mean diameters of the
nanoparticles grew rapidly to 15 nm via autocatalytic surface
reduction as the remaining Au®* was consumed. The
polydispersity continuously narrowed over the entire time
scale of the process. The results established that aggregation,
not classical nucleation, determined the number of growing
gold nanoparticles, and was involved in producing the final low
polydispersity. Moreover, the study demonstrated that
aggregation and coalescence may overlap temporally with
classical growth.

In a subsequent study, the authors examined the growth
mechanism for the reduction of Au®* by the stronger reducing

dx.doi.org/10.1021/cm402139r | Chem. Mater. 2014, 26, 5-21



Chemistry of Materials

agent borohydride, which is a much faster reaction.’!

Monitoring found that all Au** was reduced to metallic gold,
in the form of primary nanoparticles with a mean diameter of
1.6 nm, within the first 200 ms. Subsequently, the nanoparticles
grew by aggregation and coalescence, with a concomitant
decrease in number density, to 3.4 nm. Thus, with the stronger
reducing agent, classical nucleation and growth, and aggrega-
tion and coalescence were separated into separate, successive
time regimes.

The authors then elucidated the silver-nanoparticle %rowth
mechanism upon the reduction of Ag* by borohydride.”” The
mechanism was found to be closely related to that for the
borohydride reduction of A ®! with one important differ-
ence. Silver nanoparticles grew principally by aggregation and
coalescence; however, two distinct periods of aggregation and
coalescence were observed. As was previously established by
Van Hyning, Klemperer, and Zukoski,*” complete reduction of
Ag' to Ag’ was assumed within the first milliseconds of
reaction, yielding, in this case, 2-nm-diameter primary nano-
particles. These grew by aggregation and coalescence, with
decreasing nanoparticle number densities, to 4.6-nm-diameter
nanoparticles within the following 2 s.

Nanoparticle growth subsequently paused for 6—8 min, in an
intermediate period of size stability. After this intermediate
pause, growth resumed in a second stage of aggregation and
coalescence to afford 12-nm-diameter silver nanoparticles. The
intermediate period of stability was attributed to surface
stabilization by borohydride coordination. The borohydride
hydrolyzed over 6—8 min, ultimately initiating the second stage
of growth, as previously suggested by Van Hyning and
Zukoski.'** As in the borohydride reduction of Au®* (see
above), classical LaMer growth and aggregative growth
occurred in consecutive, nonoverlapping periods. The authors
concluded that aggregation and coalescence is the dominant
growth mechanism in cases when the monomer-supplying
chemical reaction is faster than the overall growth process.

A related SAXS study of silver-nanoparticle growth by citrate
reduction of Ag* was conducted by Takesue and co-workers."®”
Under the conditions investigated, growth was accomplished
within 10 ms. An initial induction period (0—0.39 ms) in which
reduction of Ag" occurred was followed by a nucleation period
(0.59—0.79 ms) in which Ag;; nanoclusters 0.7 nm in diameter
were formed. Subsequently, growth occurred by aggregation of
the Ag; nanoclusters. Again, classical LaMer and aggregative
growth were observed to occur in consecutive regimes.

We also elucidated a mechanism of silver nanoparticle
growth, by reaction of bis(triphenylphosphine)silver(I) myr-
istate [(PPh;),Ag(0,CCi3H,;)] and azoisobutyronitrile
(AIBN) in the presence of a PHD-co-PVP g)olymer stabilizer
and in a nonaqueous dispersion (see eq 12).”* The rate of Ag-
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precursor conversion was monitored by *'P NMR, using the
disappearance of the precursor PPh; and the appearance of the
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product PhyP=0 resonances. The conversion kinetics were
first order in precursor concentration, with a half-life of ¢,,, =
3.65 + 0.42 min, establishing the time scale for classical LaMer
nucleation and growth.

Silver-nanoparticle growth was monitored over 70—100 min.
Primary nanocrystals 1.8 + 0.6 nm in diameter were observed
to form within the initial 3—4 min, after which a bimodal size
distribution containing the primary nanocrystals and distinctly
larger silver nanoparticles formed. The primary nanocrystals
were consumed over 50—60 min as the larger nanoparticles
continued to grow, achieving diameters of 7.3 & 0.7 nm in this
period. High-resolution transmission electron microscopy
(HRTEM) analyses established the vast majority of these
larger nanoparticles to be polycrystalline. The bimodal
distributions and polycrystallinity provided strong evidence
for aggregative growth (see subsection 4.1 above).

The silver-nanoparticle growth kinetics are plotted in Figure
8, as the mean nanoparticle volume (V(t)) versus time.
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Figure 8. Kinetic data and the eq 13 fit (red curve) for silver-
nanocrystal growth. The black curve plots only the first term from the
eq 13 fit. V}, is the mean volume at the end of active growth (at 60
min). Reprinted with permission from ref 94. Copyright 2010,
American Chemical Society, Washington, DC.

Classical LaMer nucleation and growth could account for only
the first 10—15 min of growth (3—4 half-lives of precursor
disappearance). This period was consistent with the initial burst
of primary nanocrystal formation, but not for the sustained
growth that occurred thereafter. The data in the range of 15—
100 min were nonlinear and, therefore, inconsistent with
Ostwald ripening over the entirety of that range. As detailed
above, aggregative nucleation and growth exhibits a sigmoidal
profile that can be fit by a KJMA expression. However, only the
data up to ~60 min could be fit in this manner (see the black
curve in Figure 8). Therefore, we surmised that the growth after
~60 min was due to Ostwald ripening.

Consequently, we fit the Figure 8 kinetic data with eq 13
(red curve), which contains a first term (a KJMA term) for
aggregative growth, and a second term for Ostwald ripening. In
the second term, the Ostwald-ripening rate parameter koy is
multiplied by a logistic turn-on function to activate Ostwald
ripening at time 7oy, The parameter @ determines the time
width of the turn-on period and was arbitrarily set.
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We note that the later, Ostwald-ripening regime (Figure 8)
provides a linear growth in silver-nanoparticle mean volume in
accord with LSW theory."*?° The fitted value of 7oy was 57.9 +
3.4 min, indicating the secession of aggregative growth and the
onset of Ostwald ripening at that time. A second quantitative
measure of the onset time for Ostwald ripening was the
minimum in the width of the nanoparticle diameter
distribution, which occurred at 60 + 5 min, in excellent
agreement with 7gp.

The results established that classical LaMer nucleation and
growth occurred from 0 to 15 min, aggregative growth occurred
from 5 min to 60 min, and Ostwald ripening occurred from 60
min to 100 min. Thus, the three nanoparticle growth modes
each contributed to the silver-nanoparticle size evolution, but in
successive time regimes with little overlap. The work described
earlier in this subsection demonstrated that classical LaMer
growth and aggregative growth occur in sequential or partially
overlapping regimes. The work on oriented attachment (see
subsection 4.2) demonstrated that aggregative growth and
Ostwald ripening occur in sequential or partially overlapping
regimes. The presently discussed study demonstrated that all
three growth modes may occur in consecutive regimes, and
exhibited the sequence in which the growth modes normally
occur, as depicted in Figure 3.

Similarly, we studied the mechanism of bismuth-nanoparticle
growth, by thermal decomposition of Bi[N(SiMe;),]; in the
presence of a PHD-co-PVP polymer stabilizer at 180 °C.”°
Primary nanocrystals having diameters of 1.9 + 0.4 nm were
observed to form within the initial 2 min, after which a bimodal
size distribution formed, containing the primary nanocrystals
and distinctly larger bismuth nanoparticles. The primary
nanocrystals were consumed over 75—120 min as the larger
nanoparticles continued to grow, achieving 20—30 nm
diameters in this period. After 75—120 min, size-distribution
broadening was observed, consistent with Ostwald ripening.
The early time bimodal distributions evidenced aggregative
growth prior to Ostwald ripening.

A representative set of bismuth nanoparticle growth-kinetics
data is given in Figure 9. These data were also well fit by eq 13,
yielding the curve shown. The sigmoidal portion of the curve is
due to aggregative growth, and the later linear portion to
Ostwald ripening. For synthetic purposes, the Ostwald ripening
in Figures 8 and 9 would be prevented, such that the syntheses
would reliably produce narrow diameter distributions and final
mean sizes determined by the aggregative-growth process.
Indeed, we were able to identify such conditions for the growth
of bismuth nanoparticles."®® The success of eq 13 in fitting the
silver- and bismuth-nanoparticle growth data suggest that it
might be more generally applied to determining the end of
aggregative growth and the onset of Ostwald ripening in other
nanoparticle systems.

As noted above, the three common growth modes may
overlap temporally. A study of platinum-nanoparticle growth by
a photoreduction process by Harada and Kamigaito found the
classical LaMer and aggregative growth regimes to overlap.%® A
related study of silver-nanoparticle growth by Harada and co-
workers seemingly found all three growth modes to overlap to
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Figure 9. Kinetic data and the eq 13 fit for bismuth-nanocrystal
growth. Reprinted with permission from ref 95. Copyright 2011,
American Chemical Society, Washington, DC.

varying extents, with aggregative growth making a small overall
contribution."® Another study of rhodium- and palladium-
nanoparticle growth by Harada and co-workers failed to
identify an aggregative-growth component.'”®

4.4. Nonclassical Nucleation in Aggregative Pro-
cesses. We have argued that the initial stages of aggregative
growth may be considered a nonclassical nucleation proc-

58,5576 1161917195 e and others have shown that (i) the
initiation of aggregative growth can determine the number of
growing nanoparticles or nanocrystals, and (ii) aggregative
growth is capable of producing narrow final nanoparticle-size
distributions from Sgrimary nanogarticles having comparatively
broad dispersities,>>>#37¥2949 181967198 g0005ting that the
initiation is a nucleation-like event. Aggregative growth also has
induction periods and other characteristics that mimic classical
nucleation (see Figure 3)3V4S~4749,5060929495170199 ;o
subsection will show that the induction of aggregative growth
may either be a nonclassical nucleation, or modeled as one,
although the underlying physics is different from that in
classical nucleation.

As is well-known from classical nucleation theory, the
thermodynamic driving force for crystal growth is the lattice
energy or cohesive energy released by assembly of the crystal
lattice. The nucleation barrier to be overcome at small crystal-
nucleus sizes is generated by the interfacial energy between the
crystal-nucleus surface and the phase it is growing within.
Because the released lattice (cohesive) energy grows as the
cube of the radius, and the consumed interfacial energy only as
the square of the radius, growth ultimately becomes
spontaneous for crystal-nuclei surpassing a critical size. The
lattice and interfacial energies are precisely offsetting at the
critical size, indicating that a critical-sized nucleus has an equal
probability of growing or redissolving into the growth phase.
Classical nucleation is the process of generating critical-sized
nuclei through the interplay of lattice (cohesive) and interfacial
energies.

For small, primary nanoparticles, substantial lattice or
cohesive energy has already been released, and substantial
interfacial (surface) energy already paid for, prior to the onset
of aggregative growth. And yet, activation-energy barriers to
aggregative growth do exist, for both DLCA and RLCA
processes,”” which are necessarily generated by different
physical interactions than those involved in classical nucleation.
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These interactions were identified above in conjunction with
the DLVO model, and its use to fit the aggregative-growth
kinetics of silver nanocrystals (subsection 4.3).°”'** The
attractive interactions that promote aggregation are van der
Waals forces, and the inhibiting interactions are electrostatic or
other interparticle repulsions. One imagines constructing a
critical-size aggregate (a nonclassical nucleus) by assembling a
sufficient number of primary particles such that the van der
Waals attractions and electrostatic repulsions are precisely
offsetting.

Indeed, the colloidal crystallization of polymer or silica
spheres, which is inherently an aggregative process, has long
been used to model classical nucleation and growth. Such
studies””*®'% have allowed the determination of critical-
nucleus (aggregate) sizes, and entire nucleation functions (see
section 2), although the underlying physics are quite different
from those of classical nucleation.

Recent studies have found that prenucleation clustering of
growth monomers contributes to crystallization processes
involving biomineralization, proteins, and colloids."”*'** For
CaCOj crystallization, the average prenucleation cluster
diameters were found to be ~2 nm, or roughly 70 ions in
size.'”> Evidence was obtained showing that nucleation
proceeded by cluster—cluster aggregation, rather than by
individual cluster growth. The nucleation barriers were
hypothesized to be due to structural rearrangements within
the prenucleation clusters in this nonclassical nucleation
process.'”® Similarly, so-called magic-size nanoclusters, such
as (CdSe),s, (CdSe);s, (CdSe)ss, and (CdSe)34,200 have long
been observed as intermediates precedin% the nucleation of
colloidal semiconductor nanocrystals.”*' ~*** The tantalizing
suggestion is that perhaps many nucleation processes that were
formerly considered to occur by the classical process are
actually aggregative.

Finally, we demonstrate in the following section that
meaningful nucleation functions (such as in Figure 2) may be
extracted from experimental kinetic data for aggregative
nanocrystal growth. We will show that the final mean
nanoparticle sizes and size distributions correlate strongly
with the experimental parameters extracted from these
nucleation functions (see section 2). If the initial stages of
aggregative growth could not be modeled as a nucleation
process, then we could not have determined these nucleation
functions, and they would have no correlation with the
outcome of experimental aggregative-growth processes. The
fact that they do correlate provides strong justification for
modeling the initiation of aggregative growth as a nucleation
event.

5. THE EXPERIMENTAL NUCLEATION FUNCTION

As discussed above (see section 2), the time dependence of the
nucleation rate, I'(t), is the nucleation function. Prior to
nucleation, the nucleation rate is zero. During nucleation, I'(¢)
rises, then falls, and returns to zero at the conclusion of the
nucleation period. Ideally, and typically, nucleation is confined
to a narrow, early time window in the overall nanoparticle
growth process.

An example of an experimentally determined nucleation
function is given in Figure 10.”> The more extensively
determined nucleation functions of Wette and co-workers are
slightly asymmetric and may have somewhat flattened tops.”"%¢
However, our nucleation-rate data are fit well by Gaussian
functions, and, thus, each nucleation function is defined by only
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Figure 10. The aggregative-nucleation function (Gaussian fit) for
silver-nanocrystal growth. The left and right axes correspond to the
critical-aggregate fraction (F,;) and the scaled nucleation rate (I'(t)),
respectively. Reprinted with permission from ref 94. Copyright 2010,
American Chemical Society, Washington, DC.

three parameters: I',,, (height), At, (20 width), and 7, (peak-
center time).

We argue here, and in section 2, that control of the
nucleation function, or nucleation control, is the key to
achieving purposeful control of final mean nanocrystal sizes and
size distributions. Nucleation control requires that the
nucleation parameters, and particularly the maximum nuclea-
tion rate I',,, and the nucleation time width Atf, be
measurable, and purposefully variable. The following sub-
sections describe how the nucleation functions are extracted
from experimental data, and how the nucleation parameters are
manipulated.

5.1. Experimental Determination of the Nucleation
Function. Wette and co-workers constructed nucleation
functions for the colloidal crystallization of charged polymer
spheres from image analyses of frames captured by video
microscopy.”” They directly counted the numbers of crystallites
that appeared in fixed, successive time intervals throughout the
nucleation period.

We determined nucleation functions for gold, silver, and
bismuth nanocrystal growth by analysis of early time (nano)-
crystal-size distributions (CSDs) measured by TEM. At the
earliest times, the nanoparticle populations consisted only of
the primary nanocrystals, which are at the small-size detectable
limit for TEM measurement. Consequently, the corresponding
CSDs had an asymptotic shape, which tailed off to larger
nanocrystal size (or volume; see the black curve in Figure 11a).

After an induction period, aggregative nucleation was
accompanied by the emergence of a peak in the CSD at the
critical-aggregate (aggregative nucleus) size (or volume; see the
red and green curves in Figure 11a),>>7214071%3  which
generated a bimodal distribution consisting of remaining
primary nanocrystals and critical-sized aggregates. The
emergence of the critical-aggregate peak was due to a burst
of aggregative nucleation and a rapidly rising nucleation rate
I['(t) (as in Figure 10),””"* and the survival of aggregates only
at or larger than this critical size. Subsequently, the peak for the
larger mode shifted to larger volume, as aggregative growth
occurred upon the critical aggregates and I'(t) decreased from
its maximum, I',,, (see Figure 11b). Concurrently, the smaller
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Figure 11. An extensive series of (nano)crystal-size distributions
(CSDs) determined at various times (inset) in a silver-nanocrystal
growth trial. The plots in (a) are an enlarged portion from (b) in the
small nanocrystal volume regime, showing only the evolution of the
CSDs from asymptotic to bimodal in the first 7 min of reaction. The
fraction F of nanocrystals in a given volume bin is plotted against
nanocrystal volume. Reprinted with permission from ref 94. Copyright
2010, American Chemical Society, Washington, DC.

mode shrank as the primary nanocrystals were consumed by
aggregative growth.

Thus, the fraction (F.;) of the nanoparticles (aggregates)
within the CSD having the critical size (volume) rises and falls
with the rise and fall of I'(t). We have proposed that this
critical-size fraction F_ is proportional to I'(t).”* Therefore, a
plot of F_;(t) vs t is proportional to the nucleation function,
['(t) vs t. Experimental F_;(t) vs t data are plotted in Figure 10,
and fit by a Gaussian function.

The F_,(t) function must be rescaled to provide the
nucleation function. Rescaling is accomplished by determi-
nation of N, the number of growing aggregates (aggregative
nuclei), which is calculated from the stoichiometric amount of
the final phase (in these cases, silver, gold, or bismuth) and the
final mean nanoparticle size. Because the area under the
nucleation function is N, the height of the nucleation function
[, is calculated using eq 14.”> The remaining F_(t) points
are linearly scaled as I'(t) values using the T'./(max F.)
ratio. The entire nucleation function is then described by eq 15,
where At, and 7, are fitting parameters.
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In the following subsection, nucleation functions determined
in this manner under a range of conditions are analyzed to
determine how the nucleation parameters I',,, and At may be
purposefully varied. To achieve ideal nucleation control over
final sizes and size distributions, At, must be minimized, and
I',.ox purposefully controlled over a wide range (see section 2).

5.2. Experimental Manipulation of the Nucleation
Function. The important, early study by Bogush and Zukoski
discussed above (see section 4) established that aggregative
nucleation and growth is due to the colloidal instability, with
respect to aggregation, of small primary nanoparticles.>
Colloidal dispersions are generally stabilized against aggregation
by steric or electrostatic repulsions, or their combination.
Consequently, any condition that influences steric or electro-
static interactions between primary nanoparticles may, in
principle, influence aggregative nucleation. These include the
following factors: ionic strength (varied with salt additives);>’
the presence of polymer stabilizers, ligands, or surfactants; the
primary nanoparticle number density (in the dispersion) or
precursor concentration; temperature; and solvent. These
conditions may be varied to determine their effects on the
nucleation function.

In one such study, we determined the nucleation functions
(according to subsection 5.1) for the aggregative growth of
decanethiolate-capped gold nanocrystals at various concen-
trations of the salt additive tetra-n-octylammonium bromide
(TOABr).”>"*713® The results are shown in Figure 12. With
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Figure 12. Nucleation functions for aggregative growth of gold
nanocrystals conducted at various tetra-n-octylammonium bromide
(TOABr) concentrations. Reprinted with permission from ref 92.
Copyright 2010, American Chemical Society, Washington, DC.

increasing TOABr concentration, At, progressively decreased
to a minimized value. The nucleation parameter 7, (peak-center
time) also decreased, indicating increasing nucleation rates with
increasing TOABr concentration. Interestingly, the maximum
nucleation rate [, (peak height) was fairly constant, with all
values within experimental error of each other. Thus, the salt
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additive accelerated nucleation and shrank the time window for
nucleation, without significantly influencing I';,,..

The results were interpreted using an electrical double-layer
model. The decanethiolate-capped gold nanocrystals were
synthesized using TOABr as a phase-transfer agent,”* and
retained residual TOABr in isolated form.>*® Consequently, the
primary gold nanocrystals were both sterically and electrostati-
cally stabilized (see Figure 13). The electrostatic stabilization

¥
+
4 +
.
+ o _: ++
TAuE
+ |\ ST HEt
5o
s *os = Au
Electrostatic A + st
: . >[TOABY] o
Repulsion qOe sk,
+ +.= \-:-'1;_
" t_- + 4 AU
+ At t"-F‘+'++
- Au = +
+\
o & o Collapse of
+ Double Layer

Figure 13. Schematic depiction of the collapse of the electrical double
layer about the gold nanocrystals with a sufficient amount of added
TOABr. The yellow region surrounding the gold nanocrystal core
represents the thiolate monolayer, and the light-blue region represents
the double-layer (the extent of the octyl,N*counterion atmosphere).
The octyl,N* ions are depicted by plus signs, and the Br™ ions attached
to the gold surfaces are depicted by minus signs. Reprinted with
permission from ref 92. Copyright 2010, American Chemical Society,
Washington, DC.

resulted from repulsive interactions between the n-octyl,N*
counterion atmosphere surrounding each primary nanocrystal
(the double layer). The increased ionic strength of the medium
induced by the added TOABr screened the mutual repulsions
between n-octyl,N" ions, shrinking the counterion atmos-
pheres, and removing or minimizing the electrostatic
stabilization. Therefore, aggregative-nucleation rates increased
with increasing TOABr concentration.

The nucleation functions in Figure 12 enabled clear
predictions about the final mean nanoparticle sizes and size
distributions. Because Atf, narrowed with increasing TOABr
concentration, so too should the dispersity of the final diameter
distribution. That is, the width of the nucleation function and
the width of the final size distribution should follow each other.
Figure 14a shows that indeed they did, except at the two
highest TOABr concentrations, where size control was lost due
to the very high viscosities of the growth dispersions.

The nucleation functions depicted in Figure 12 also enabled
predictions about the final mean nanoparticle sizes. The final
mean size should anticorrelate with N, the number of growing
nanoparticles, given that the same amount of gold was used in
each trial. The parameter N is the area under the nucleation
function, which is the (scaled) product of At, and [,
However, the parameter I',, remained effectively constant in
Figure 12, indicating that N should be determined predom-
inantly by At,. Thus, the final mean size and At, were expected
to anticorrelate, as shown by Figure 14b. The important
conclusion is that the nucleation parameters derived from the
nucleation functions determined the final nanoparticle mean
size and size distribution resulting from aggregative growth.

In a related study, we determined the nucleation functions
for the aggregative growth of bismuth nanocrystals from the
precursor Bi[N(SiMe,),]; in the presence of various concen-
trations of the salt additive Na[N(SiMe,),].”> These nucleation
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Figure 14. (a) Plots of the relative standard deviation in the final gold
nanocrystal diameter distribution (black circles, left axis) and the time
window for nucleation At, (red squares, right axis) versus TOABr
concentration. (b) Plots of the final gold nanocrystal mean diameter
(black squares, left axis) and At, (red circles, right axis) versus TOABr
concentration. Reprinted with permission from ref 92. Copyright
2010, American Chemical Society, Washington, DC.

functions, presented in Figure 15, responded almost oppositely
to added salt concentration as did those in Figure 12. In Figure
15, At, and 7, varied over small ranges, while I'_,, initially
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Figure 15. Nucleation functions for the synthesis of bismuth
nanocrystals conducted at various concentrations of Na[N(SiMe,),].
Reprinted with permission from ref 95. Copyright 2011, American
Chemical Society, Washington, DC.
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increased, and then decreased with increasing Na[N(SiMes),]
concentration.
The results were interpreted by adapting the electrical

double-layer model described above (see Figure 16). We
+
N
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Figure 16. Schematic depiction of the proposed roles of Na[N-
(SiMe;),] in the promotion and inhibition of aggregative nucleation of
bismuth nanocrystals. The yellow region surrounding the bismuth
nanocrystal core represents the polymer coating, and the light-blue
region represents the double-layer (the extent of the Na* counterion
atmosphere). The Na' ions are depicted by plus signs, and the
[N(SiMe;),]™ ligands attached to the bismuth surfaces are depicted by
minus signs and N symbols. Reprinted with permission from ref 95.
Copyright 2011, American Chemical Society, Washington, DC.

proposed that the initial increases in the added-salt
concentration collapsed the double layer, as observed in the
previous case, leading to decreased electrostatic stabilization
and increasing nucleation rates, as reflected in the increasing
[ ,.x values. We noted that the added salt anion [N(SiMe;),]”
may also serve as a surface ligand, and we speculated that the
later increases in added-salt concentration decreased I', ., by
increasing the steric stabilization of the primary bismuth
nanocrystals.

The nucleation parameters extracted from the Figure 15
nucleation functions exerted the expected influences on the
final nanoparticle mean sizes and size distributions. As noted
above, the final size dispersity was determined by the width of
the nucleation period, and so At, and the relative standard
deviation in the final diameter distribution tracked each other
(see Figure 17a). Because At, was comparatively insensitive to
Na[N(SiMe;),] concentration, N was predominantly deter-
mined by I, .. Thus, I',,, and the final mean size were
anticorrelated as explained above (see Figure 17b).

The results demonstrated a primitive form of nucleation
control: systematic changes in nucleation functions induced
systematic changes in the final nanoparticle sizes and size
distributions. The strong correlations between the nucleation
parameters extracted from the nucleation functions and the
final outcomes of the growth trials provides compelling support
for considering the initiation of aggregative growth to be a
nucleation-like event (see subsection 4.4).
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Figure 17. (a) Plots of the relative standard deviation in the final
bismuth nanocrystal diameter distribution (black circles, left axis) and
the time window for nucleation At, (red squares, right axis) vs
Na[N(SiMe;),] concentration. (b) Plots of the final bismuth
nanocrystal mean diameter (black squares, left axis) and the maximum
nucleation rate I, (red squares, right axis) vs Na[N(SiMe;),]
concentration. Reprinted with permission from ref 95. Copyright
2011, American Chemical Society, Washington, DC.

The nucleation control exhibited for the aggregative growth
of bismuth nanocrystals is closer to the ideal situation in that
At, remained comparatively small, ensuring a narrow final size
distribution, whereas variations in I, controlled the final
nanocrystal size. Unfortunately, we do not yet understand why
the salt additive primarily influences At, for gold-nanocrystal
growth, but I',, for bismuth nanocrystal growth. The limited
results currently available do not distinguish precisely how the
additives separately affect Af, and I',,,. Furthermore, we have
not yet investigated how the other conditions (listed above)
that influence colloidal stability may influence aggregative-
nucleation functions. Rational nucleation control in nanocrystal
synthesis will finally be achieved when At and I',, can be
varied separately and purposefully.

6. SUMMARY AND OUTLOOK

Our goal in this review is to increase the awareness and
appreciation of aggregative growth as a mechanism that may
contribute to nanocrystal formation. We believe its synthetic
potential remains largely untapped, and we hope to encourage
further work in this area. As detailed herein, exciting recent
advances in TEM techniques have now allowed aggregative
nanocrystal growth and oriented attachment to be directly
observed. Methods for collecting and analyzing kinetic data for
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nanocrystal growth have also advanced rapidly. A variety of
kinetic and mechanistic models for aggregative growth and
oriented attachment have recently emerged. Aggregative
growth is now understood to contribute to many, but not
all,"”~"®* nanocrystal-growth processes.

The great synthetic potential for aggregative growth is that
the nucleation process may be measured and manipulated. The
size and time scales for aggregative nucleation permit it to be
observed, and conditions influencing colloidal stability allow its
parameters to be systematically varied. Nucleation functions in
aggregative growth have now been shown to determine
nanocrystal sizes and size distributions.”>”**> Much remains
to be learned about controlling the nucleation function, which
is the key to nucleation control. The achievement of true
nucleation control in aggregative growth will provide a firm
mechanistic basis for size control in nanocrystal synthesis.
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