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ABSTRACT: Improving the performance of noble-metal nanocrystals
in various applications critically depends on our ability to manipulate
their synthesis in a rational, robust, and controllable fashion. Different
from a conventional trial-and-error approach, the reduction kinetics of
a colloidal synthesis has recently been demonstrated as a reliable knob
for controlling the synthesis of noble-metal nanocrystals in a
deterministic and predictable manner. Here we present a brief
Viewpoint on the recent progress in leveraging reduction kinetics for
controlling and predicting the outcome of a synthesis of noble-metal
nanocrystals. With a focus on Pd nanocrystals, we first offer a
discussion on the correlation between the initial reduction rate and the
internal structure of the resultant seeds. The kinetic approaches for
controlling both nucleation and growth in a one-pot setting are then
introduced with an emphasis on manipulation of the reduction pathways taken by the precursor. We then illustrate how to extend
the strategy into a bimetallic system for the preparation of nanocrystals with different shapes and elemental distributions. Finally, the
influence of speciation of the precursor on reduction kinetics is highlighted, followed by our perspectives on the challenges and
future endeavors in achieving a controllable and predictable synthesis of noble-metal nanocrystals.

1. INTRODUCTION

Noble-metal nanocrystals have received ever-increasing
attention owing to their excellent merits for fundamental
studies and broad applications ranging from electronics”” to
photonics,™* catalysis,”~” and biomedicine.””'* In addition to
the novel features arising from size reduction, the properties of
noble-metal nanocrystals are strongly dependent on their

during a catalytic process, which is detrimental to the
performance of catalysts in most cases.>'” To this end, the
degrading performance of nanocrystals losing shape and
structure under harsh environments, in turn, attests to the
importance of controlling and maintaining the shape of
nanocrystals in catalysis. In understanding and optimizing
the performance of noble-metal nanocrystals in catalysis and
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geometric shapes."' A notable example can be found in
heterogeneous catalysis, where the activity and/or selectivity of
a catalyst based upon noble-metal nanocrystals can be
optimized by engineering the shape and thus arrangement of
atoms on the surface.”'”~'* In the case of Pd nanocrystals for
formic acid oxidation, the specific activity of cubes enclosed by
{100} facets shows a 2-fold enhancement relative to that of the
{111}-terminated tetrahedral counterparts, whereas right
bipyramids exhibit further enhanced activity compared to
cubes due to the larger specific surface area and the presence of
a twin plane.'® In the case of Pt catalysts for the hydrogenation
of benzene, cubic nanocrystals encased by {100} facets yielded
cyclohexene as the only product, while both cyclohexane and
cyclohexene were produced on cuboctahedral nanocrystals
covered by a mixture of {111} and {100} facets."®"” It should
be noted that there are also arguments on whether shape-
controlled nanocrystals have a real impact on industrial
catalysis because shape deformation, such as dissolution of
atoms and intra- and interparticle sintering, might be observed
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related applications, it is highly desirable to develop new
methods for the facile, robust, and predictable synthesis of
nanocrystals with diverse but well-defined shapes.

Thanks to the improved understanding of nucleation and
growth mechanisms, the past two decades have witnessed the
successful syntheses of noble-metal nanocrystals with a myriad
of shapes and structures (Figure 1).”'"*°7** Among the
different synthetic methodologies, colloidal synthesis in a
solution phase has proven to be the most reproducible,
versatile, and popular route. In a typical synthesis, metal atoms,
which are the building blocks of nanocrystals, can be generated
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Figure 1. Schematic illustration showing the correlation between the internal structures of the seeds and the shapes of the final products. The metal
atoms (in the center) are formed via the reduction or decomposition of a precursor (on the top), followed by their aggregation into nuclei,
evolution into five major types of seeds (in the middle ring), and then growth to nanocrystals with distinct shapes (in the outer ring). The red lines
indicate the twin defects or stacking faults, while the green, purple, and yellow colors indicate the {100}, {110}, and {111} facets on a nanocrystal,
respectively. Adapted with permission from ref 25. Copyright 2017 Royal Society of Chemistry.

via either reduction or decomposition of a precursor.”’ As
described by the LaMer model, once the concentration of
atoms reaches the threshold for nucleation, nuclei will be
formed through random aggregation,”* followed by their
evolution into crystalline seeds with well-defined internal
structures (the middle ring in Figure 1).”° The as-formed seeds
subsequently grow into larger nanocrystals with distinct shapes,
as governed by their internal structure and the interplay
between thermodynamic (e.g, surface capping) and kinetic
(e.g, reduction rate) parameters (the outer ring in Figure
1).7°7*® With the advancement of instrumentation in recent
years, nonclassical nucleation pathways such as cluster-"~>" or
amorphous-phase-mediated® crystallization have also been
proposed and validated in certain instances. Considering the
debatable generality of these mechanisms, the direct
involvement of reduction by an electron beam in these studies,
and the complexity in kinetic analysis of non-classical
nucleation, classical nucleation theory still serves as the focus
of this Viewpoint. Although there is no one-to-one
correspondence, the geometric shape taken by the nanocrystal
has a clear correlation with the internal structure of the seed
involved. To ensure the formation of nanocrystals with a
particular shape, it is necessary to obtain the seed featuring the
right internal structure during the nucleation process.

Despite significant progress, most of the synthetic protocols
developed so far largely relied on a trial-and-error approach. A
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quantitative understanding of the driving forces underlying the
nucleation and growth pathways would provide a powerful
route to the rational and reproducible production of noble-
metal nanocrystals with desired shapes and properties. Recent
studies have demonstrated that the reduction kinetics of the
precursor plays an essential role in controlling not only the
internal structures of the seeds but also their growth patterns,
offering a quantitative knob for achieving controllable and
predictable syntheses of noble-metal nanocrystals.”>** Typi-
cally, the reduction kinetics of a colloidal synthesis of metal
nanocrystals can be described using the Finke—Watzky

model,”*** with the involvement of two pseudoelementary
steps:
A—-B (1)
A + B* - 2B @)

where A, B, and B* represent the precursor molecule, metal
atom, and active site on the seed, respectively. While the first
reaction corresponds to the relatively slow reduction of the
precursor in solution, the second step involves fast reduction
on the surface of preexisting seeds, referred to as solution and
surface reduction, respectively.”® The rate of the first step
pivotally affects the internal structures of the seeds generated
during the nucleation stage, while the second step prevails in
the following growth step. Because of the collision and electron
transfer between the precursor and reductant, the reduction of

https://dx.doi.org/10.1021/acs.inorgchem.0c03576
Inorg. Chem. 2021, 60, 4182—4197


https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03576?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03576?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03576?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03576?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c03576?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

Percentage (%)

10°® 107

T
10°

T T
10° 10 10°

Initial reduction rate (M s™)

Figure 2. Importance of the initial reduction rate in controlling the internal structures of the seeds. (A—C) Transmission electron microscopy
(TEM) images of Pd nanocrystals with different internal structures: (A) single-crystal, (B) multiply twinned, and (C) stacking-fault-lined, which
were generated by varying the initial reduction rate of a polyol synthesis. The insets show the high-angle annular dark-field scanning TEM images of
the individual nanocrystals in each sample, revealing their different internal twin structures. The scale bars in the insets are 2 nm. (D) Plot
displaying the relative structure of Pd nanocrystals as a function of the initial reduction rate, showing the formation of single-crystal cuboctahedra
(blue curve), multiply twinned icosahedra (black curve), and plates with stacking faults (green curve). Reproduced with permission from ref 37.

Copyright 2015 American Chemical Society.

the precursor is expected to follow a second-order rate law,
which is directly proportional to the concentrations of both
reagents. However, because an excess amount of reducing
agent is used in most syntheses, the rate law can be simplified
into a pseudo-first-order reaction.””*® With techniques such as
inductively coupled plasma mass spectrometry or ultraviolet—
visible (UV—vis) spectroscopy, the concentration of the
precursor can be tracked as a function of the reaction time,
and the data are then fitted using the Finke—Watzky model. As
such, the kinetic parameters of the reduction, including both
the rate constant and activation energy, can be derived,
generating quantitative data to correlate the reduction kinetics
with the internal structures or shapes of the products. Once
established, one can choose the appropriate experimental
parameters to modulate the reaction kinetics for the
production of nanocrystals with desired shapes, and even
sizes and size distributions as demonstrated recently,””*" i
more or less rational manner.

This Viewpoint presents an overview of how reduction
kinetics can be used to achieve a deterministic and predictable
synthesis of colloidal noble-metal nanocrystals with well-
controlled shapes. We begin with a discussion on the
importance of the initial reduction rate in dictating the internal
structures of the seeds, followed by an introduction to the
kinetic control over both nucleation and growth of nanocryst-
als through manipulation of the reduction pathways. Case
studies on Pd-based mono- and bimetallic systems are
employed to demonstrate the significance of these mechanistic
insights in controlling and even predicting the shape of the
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resultant nanocrystals. The speciation of the precursor affected
by ligand exchange and coordination/dissociation of ligands is
also highlighted, revealing how the introduction of additional
ligands may alter the reduction rate of a precursor. In the end,
we offer a summary of the current achievements and
challenges, as well as our perspectives on the prospect of
extending these methodologies to other noble metals.

2. CORRELATING THE INTERNAL STRUCTURE TO THE
INITIAL REDUCTION RATE

In a colloidal synthesis of noble-metal nanocrystals, the shape
taken by the final products has a strong correlation with the
internal structures of the seeds formed at the very beginning.**
Depending on the type and number of defects included, the
seeds could take a single-crystal, singly twinned, multiply
twinned, or stacking-fault-lined structure and subsequently
grow into nanocrystals with distinct shapes under the direction
of appropriate capping agents.”® For single-crystal seeds, they
can grow into cubes, octahedra, and rhombic dodecahedra,
among others, whereas singly twinned seeds tend to evolve
into bipyramids.”'' On the other hand, those seeds featuring
multiple twin defects and stacking faults usually grow into
multiply twinned particles (e.g, decahedra, icosahedra, and
pentatwinned rods/wires) and plates, respectively. In a sense,
any attempt to control the outcome of a synthesis must be
built upon the ability to precisely maneuver the internal
structures of the seeds. Both thermodynamics and kinetics play
vital roles in directing the formation of a specific type of
seed.””° In a system controlled by thermodynamics, the most
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Figure 3. (A) Schematic illustration showing the maneuvering of reaction kinetics with additives to generate Pd decahedra and icosahedra in high
purity. (B and C) TEM images of the decahedra and icosahedra, respectively. The insets show the corresponding high-resolution TEM images of
an individual nanocrystal, with a scale bar of 2 nm. (D) Plot of the percent conversion of the Pd(II) precursor into Pd atoms as a function of the

reaction time in the presence of different additives. (E) Plot of In [PdC1,*"]

as a function of the reaction time for synthesis in the presence/absence

of SO,>, together with the corresponding rate constants (k) and initial reduction rates (r,) labeled on the fitting curves. In the presence of an
excess amount of reductant, the reduction of PdCl,>~ could be regarded as a pseudo-first-order reaction, and the data were fitted with first-order
kinetics. (A—D) Reproduced with permission from ref 43. Copyright 2014 American Chemical Society. (E) Reproduced with permission from ref

42. Copyright 2016 American Chemical Society.

favorable structure is defined by a global minimum in the
Gibbs free energy, where all energetic contributions (e.g.,
surface, volume, defects, and strain) are collectively mini-
mized.”” By the construction of a phase diagram as a function
of the particle size and temperature, it was established that
single-crystal seeds are favored at relatively large sizes, while
multiply twinned seeds are more stable at a small length scale
considering the increase in the strain energy with size."' Even
though thermodynamics provides useful information on the
most favored internal structure taken by the seeds at a given
size, the experimental results often deviate from the theoretical
predictions.”> Under certain conditions with a significant
barrier to surface diffusion, some seeds would rather settle into
a local minimum in terms of free energy instead of reaching a
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global minimum, generating a thermodynamically less stable
but kinetically favored product.”’ In this regard, maneuvering
the internal structure taken by the seeds from a kinetic
perspective would be a more viable strategy.

The initial reduction rate of a synthesis has been found to be
crucial in determining the internal structures of the seeds,
offering a quantitative knob for controlling the shape of the
final products.®” In a colloidal synthesis of metal nanocrystals,
the reaction rate is expected to depend on the concentrations
of both the reductant and metal precursor. In fact, for most of
the synthetic protocols, the amount of reductant is in great
excess, and thus the reduction of the precursor can be
approximated to a pseudo-first-order reaction following the
rate law: reaction rate (r) = k[A] = —d[A]/dt, where [A] is the

https://dx.doi.org/10.1021/acs.inorgchem.0c03576
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concentration of the metal precursor. To obtain a specific

type of seed, the initial reduction rate (r,, r at t = 0), which is
the reduction rate of the metal precursor in the nucleation
stage of a synthesis, can be adjusted by varying a number of
experimental parameters, including the reaction temperature,
the type and concentration of the precursor, and the reducing
power of the reductant. In a recent study involving the polyol
synthesis of Pd nanocrystals, it was demonstrated that Pd
truncated octahedra, icosahedra, and plates could be generated
by adjusting the initial reduction rate through leverage of the
different types of polyols and reaction temperatures (Figure
2A—C).” Specifically, when PdCl,>~ was reduced by ethylene
glycol (EG) at 140 °C, the high initial reduction rate (r, ~
107" M s7') resulting from the strong reducing power of EG
and high reaction temperature favored the formation of single-
crystal seeds, generating truncated octahedra as the products.
In contrast, the replacement of EG with diethylene glycol
(DEG), which had a weaker reducing power, led to a moderate
initial rate (ry & 107® M s™") for the production of multiply
twinned seeds and then icosahedra. Moreover, because of the
substantially decelerated reduction rate (r, ® 1078 M s7%),
plates with a stacking-fault-lined structure were obtained when
PdCl,>~ was reduced by DEG at 75 °C. Taken together, seeds
with single-crystal, multiply twinned, and stacking-fault-lined
structures, respectively, were obtained as the initial reduction
rate decreased (Figure 2D), generating nanocrystals with
corresponding shapes as the final products. This quantitative
correlation between the initial reduction rate and internal
structures of the seeds offers a stronger capability of controlling
the types of seeds generated in the initial stage, and thus the
shapes of the nanocrystals evolved from them.

Manipulation of the reduction kinetics has also been
successfully applied to synthesize multiply twinned nanocryst-
als in high purity, such as those having decahedral and
icosahedral shapes, respectively.*”** Sharing similar features,
Pd decahedra and icosahedra usually form simultaneously in
the same batch of synthesis. Hence, fine-tuning the reduction
rate into a proper regime is necessary for the production of
only one type of seed and thus nanocrystals in a single shape.
In one study, it was demonstrated that additives, such as
Na,SO, and HCI, could be introduced into a polyol synthesis
of Pd nanocrystals to fine-tune the reduction kinetics for the
formation of decahedral and icosahedral seeds, respectively
(Figure 3A)." Without any additives, the as-obtained products
were a mixture of decahedra and icosahedra. In contrast, the
addition of Na,SO, could speed up reduction of the Pd(II)
precursor by promoting the oxidization of DEG to aldehyde,
which served as the actual reductant, leading to the formation
of decahedral seeds (Figure 3B). On the other hand, when
HCI was introduced into the synthesis, both the decrease in
the pH and the shift of equilibrium to the reactant side by an
excess amount of Cl™ ions could slow down the reduction,
giving rise to icosahedral seeds (Figure 3C). A quantitative
study of the reduction kinetics by UV—vis further validated the
effects of the additives on the synthesis of Pd decahedral and
icosahedral nanocrystals (Figure 3D). A faster reduction rate
was involved in the generation of decahedral seeds, while a
slower one was preferred by icosahedral seeds. In another
study involving the sulfate-mediated synthesis of Pd decahedra,
the initial reduction rates for the sulfate-mediated and sulfate-
free reactions were quantitatively measured to be 1.04 x 107
and 1.01 X 1077 M s7', respectively (Figure 3E), further
attesting to the role of Na,SO, in accelerating reduction of the

~
~
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PA(II) precursor and promoting the formation of decahedral
seeds.””

In addition to decahedra, the formation of pentatwinned
seeds is also a prerequisite for the generation of 4pentagonal
rods/wires taking one-dimensional morphology.”* As men-
tioned above, seeds with twin defects tend to be formed at a
relatively slow reduction rate, which can be achieved by using a
less-reactive grecursor, a milder reducing agent, and/or a lower
temperature.”” Besides employing Pd decahedra as seeds for
seed-mediated growth,” Pd pentatwinned rods and wires
could also be obtained from a well-modified, one-pot synthesis,
in which the Pd(II) precursor was reduced by DEG and
ascorbic acid (AA) in the presence of Nal and HCL*
Particularly, the I” and H" ions played vital roles in slowing
down the reduction rate by coordinating with the precursor to
form a PdI,>~ complex and prohibiting the dissociation of AA
to a stronger reductant, respectively. With the capping effect of
I” toward Pd{100} facets, the decahedral seeds then grew
axially into pentagonal rods and then wires. According to
quantitative analysis of the reduction kinetics, the initial
reduction rate of the Pd(II) precursor was calculated to be
4.47 X 1077 M s ! for the I"-mediated reaction, and it became
1.62 X 107> M s™! when I~ was replaced with Br™. This result
confirms the significant deceleration of reduction kinetics in
the presence of I". With an increase in the concentration of the
Pd(I) precursor or a decrease in the amount of Nal,
impurities such as cubes and bipyramids appeared, confirming
the importance of slow reduction kinetics in generating
decahedral seeds and thus pentatwinned nanostructures.

Further slowing down the reduction rate will lead to the
formation of plates, which are not thermodynamically favored
products because of their large specific surface area and the
presence of defects.*” This structure is typically evolved from a
seed lined with stacking faults. In a recent study on the
preparation of Pd plates, hydroxylamine was judiciously
selected as a reducing agent considering its mild reducing
power to enable a slow reduction of the Pd(II) precursor for
the generation of stacking-fault-lined seeds.*® With citric acid
serving as the capping agent toward Pd{111} facets, the seeds
eventually grew into plates with a well-defined hexagonal shape
and multiple planar defects lying parallel to the basal planes.
Through UV—vis measurements, the concentration of the
remaining precursor was tracked over time, and the initial
reduction rate was determined to be 3.6 X 107 M s™!, which
fell into the previously reported rate range required for the
formation of stacking-fault-lined seeds.

Taken together, precise control over the reduction kinetics is
crucial in obtaining seeds with the desired internal structures
and thus nanocrystals with well-controlled shapes in high
purity. Specifically, as the initial reduction rate decreases, the
seeds generated in the early stage will switch from single-crystal
to multiply twinned and finally stacking-fault-lined structure.’”
Kinetic control over the reaction can leverage the employment
of metal precursors and reductants with appropriate reactivity,
introduction of additives to alter the precursor structure,
regulation of the reducing power of reductants, and use of an
appropriate reaction ternperature.‘4'3“4'9’50 More recent studies
have also demonstrated that the aforementioned relationship
between the reduction kinetics and the internal structures of
the seeds can also be extended to other noble-metal
nanocrystals.”’  Although the exact values of the initial
reduction rates for the formation of each type of seed may
vary for different metal systems, it should be noted that they

https://dx.doi.org/10.1021/acs.inorgchem.0c03576
Inorg. Chem. 2021, 60, 4182—4197


pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c03576?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

heterogeneous
nucleation

Pathway 2: surface reduction

. metal precursor ion

‘ metal atom

adsorption

[@)

100

80 + %{
=°‘ (111) plane atoms
£
=
< 60 /
>
2
£
2 (100) plane atoms /
§ )
[ vertex atoms located Y
5 at twin boundaries vertex atoms located
< / / at twin boundaries

20 - / / /

0 7. / /
cube octahedron decahedron icosahedron

Figure 4. (A and B) Schematic illustrations showing two reduction pathways potentially taken by a precursor in the synthesis of metal nanocrystals:
(A) solution reduction and (B) surface reduction, respectively. (C) Comparison of the activation energy (E,) for autocatalytic surface reduction on
Pd seeds with different facets and twin structures. The insets show the preferential sites for the nucleation and deposition of Pd atoms through
autocatalytic surface reduction. (A and B) Reproduced with permission from ref 36. Copyright 2017 American Chemical Society. (C) Reproduced
with permission from ref 55. Copyright 2017 National Academy of Sciences, USA.

generally should follow the same trend as that stated above for
Pd. The ability to produce a specific type of seed through
manipulation of the reduction kinetics offers a reliable
approach to the deterministic and predictable synthesis of
noble-metal nanocrystals with the desired properties.

3. CONTROLLING BOTH NUCLEATION AND GROWTH
THROUGH A KINETIC APPROACH

In addition to controlling the internal structure of the seeds
formed during nucleation, manipulating the subsequent growth
pattern of the seeds is also critical in generating noble-metal
nanocrystals with well-controlled shapes. To this end, a
comprehensive understanding of the reduction of precursors
in both the nucleation and growth stages is of great necessity.
Typically, two different reduction pathways may be involved
during these processes.”® The metal ions can either be directly
reduced to atoms in the solution or adsorb onto the surface of
the already formed seeds, followed by their reduction to atoms.
In a sense, solution and surface reduction, respectively, are
engaged in these two pathways (Figure 4A,B). In a one-pot
synthesis, solution reduction dominates in the initial stage
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because of the absence of a preexisting surface, and seeds have
to be formed through homogeneous nucleation (or self-
nucleation). It is worth pointing out that recent studies also
demonstrated that dusts commonly present in the reaction
could potentially affect the nucleation process and thus
questioned the classical homogeneous nucleation theory, but
the underlying mechanism and generality of this phenomena is
yet to be elucidated.”> >* Once there are seeds (generated in
situ or introduced into the system), both reduction pathways
can be taken by the precursor for the following growth of seeds
into nanocrystals. On the basis of quantitative analysis of the
reduction pathways taken by different Pd(II) precursors, slow
reduction kinetics was found favoring surface reduction, while
solution reduction is more likely to be adopted under fast
reduction rates.”® By finely tuning the experimental parameters
such as the type of precursor and reaction temperature, one
can switch between different reduction pathways to generate
nanocrystals with the desired shapes and properties.

Under the proper kinetic conditions, reduction of the
precursor can preferentially take place on the surface of seeds
for growth because of the lower activation energy barrier and
associated autocatalytic process. The heterogeneity in the

https://dx.doi.org/10.1021/acs.inorgchem.0c03576
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surface structure, including different types of facets and the
presence/absence of twin boundaries on the seeds, thus has a
profound impact on the growth pattern.”> On the basis of the
Finke—Watzky model and Arrhenius plot, the activation
energies of surface reduction for a precursor on different
facets can be derived and compared. Taking Pd nanocrystals as
an example, the energy barrier for reduction of the Pd(II)
precursor on a capping-free cubic seed is around half that on
an octahedral seed, suggesting the easier growth of atoms on
{100} facets relative to {111} (Figure 4C). This could be
ascribed to the higher surface energy of {100} relative to {111}
facets in the absence of capping agents, making them more
preferred for the deposition of atoms.”’ Further study of the
autocatalytic surface reduction on cubic seeds with different
sizes suggested preferential growth on {100} facets instead of
edges and corners.” Although smaller cubes possess a larger
proportion of surface atoms, especially more undercoordinated
atoms on edges and corners, which might lower the energy
barrier for growth,B’SG’57 the difference in the activation
energies resulting from the size effect is actually very small. As
such, autocatalytic surface reduction exhibited negligible
dependence on the sizes of seeds. In addition to the facet
type, the presence of twin boundaries also plays a pivotal role.
For multiply twinned seeds, their vertex sites intersected by
multiple twin boundaries often exhibit lower activation energy
barriers than the side faces, making them a prior choice for the
autocatalytic surface reduction. Both the low-coordinated
atoms and significant surface strain, which may further alter
the electronic structure of surface atoms, contribute to the
reduction preference at vertices. With Pd decahedra and
icosahedra serving as seeds, concave structures with spikes
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protruding from the vertices were obtained when additional
Pd(II) precursor was introduced, confirming the faster growth
of Pd on the vertex sites.>

With a deeper understanding of the reduction pathways
taken by metal precursors, the synthesis of nanocrystals can
now be more rationally pursued. In particular, when a proper
precursor and reductant are chosen, it is feasible to control the
nucleation and growth separately to obtain the desirable seeds
and direct their growth, moving toward a predictable synthesis
of nanocrystals. A good example can be found in Pd concave
cubes synthesized through a one-pot method (Figure 5A).**
Kinetic analysis revealed the involvement of a two-step
reaction, with nucleation and growth of the Pd nanocrystals
temporally separated and each being dominated by a
distinctive reduction pathway (Figure SB). The employment
of sodium ascorbate as a strong reductant enabled the initial
formation of single-crystal seeds in the solution phase (Figure
5C).>® As the reaction proceeded, the decrease in the
precursor and reductant concentrations coupled with an
increase in the number of seeds led to a switch to surface
reduction in the growth step (Figure SD). The greater rate
constant in the growth step (1.45 X 107> min™") relative to
that in the nucleation step (6.5 X 107> min™") also confirmed
the lower energy barrier associated with surface reduction
compared to that of solution reduction. In the presence of Br~
ions and a relatively low reaction temperature, the Pd{100}
facets were selectively blocked, and the diffusion of atoms was
significantly slowed down. As a result, the newly formed Pd
atoms piled up at the corners/edges of the seeds where the
surface energy is higher than that at other sites, giving rise to a
concave structure for the products. The key to this synthesis is
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the combination of a strong reductant with a low reaction
temperature. The former enabled a fast initial reduction rate of
the precursor to generate single-crystal seeds, while the latter
guaranteed the dominance of surface reduction in the growth
stage and the suppression of atom diffusion to promote the
site-selected growth. The high-index facets, together with the
large specific surface area, give promise to the Pd concave
nanocubes as active catalysts for various reactions.

A similar example was demonstrated in the synthesis of Pd
arrow-headed tripods.”” The slow initial reduction rate led to
the generation of triangular, platelike seeds, and they further
catalyzed the dehydrogenation of benzyl alcohol, the solvent,
to benzaldehyde and H atom. The as-formed H atoms
dramatically accelerated reduction of the Pd(II) precursor,
facilitating the overgrowth of Pd atoms at the tips of the seeds
and thus the evolution of seeds into tripods with a concave
structure. Encouraged by these results, we can expect the
production of more complex structures using a one-pot
method through careful control of the reduction kinetics.
The enrichment in nanocrystals with novel shapes and superior
properties may greatly benefit their applications in a myriad of
fields.

In the synthesis involving only a single reducing agent, once
it is mostly consumed, the reduction rate will experience a
sharp decrease and become hard to control. As an improve-
ment, the reduction kinetics can be better manipulated by
intentionally introducing dual reductants with different
reducing powers. One example is the production of Pd
octahedra in a one-pot setting.”” The synthesis could be
distinctively separated into two steps: (i) a strong reductant
(e.g., AA or hydroquinone) was used to generate single-crystal
seeds in the initial stage of the synthesis, and (ii) upon
depletion of the strong reductant, a weak reducing agent (e.g.,
citric acid) would take over to slowly reduce the unreacted
precursor and stabilize the {111} facets for the generation of
octahedral nanocrystals. In this case, solution reduction was
adopted in the beginning, and its dominance was switched to
surface reduction once seeds were formed. The weak reducing
power of citric acid and the resultant slow reduction rate also
ensured the dominance of surface reduction in the growth step,
suppressing self-nucleation and thus generation of the
undesired small Pd particles. Compared to the case of a single
reductant, the introduction of a second reducing agent not
only enables a more complete conversion of the precursor but
also makes the growth of nanocrystals more controllable. For
example, if a relatively strong reducing agent is used at the
growth stage, the faster atom deposition rate may lead to the
formation of concave structures instead of plain nanocrystals.
Combined with different capping agents, nanocrystals enclosed
by various types of facets can also be obtained. Aside from dual
reductants, effective control of the reduction kinetics may be
achieved through leverage of the dual precursors in an
individual synthesis.’ Such a strategy is also extendible to
metals other than Pd, enriching and simplifying the synthesis
of metal nanocrystals with diverse shapes and properties.

In addition to the one-pot method with well-separated
nucleation and growth steps, depositing atoms onto preformed
seeds is also widely used for the shape-controlled synthesis of
nanocrystals. Variation in the reduction kinetics may lead to
different growth patterns, resulting in the formation of
nanocrystals with varying shapes. For example, using a similar
protocol, both Pd octahedra and tetrahedra could be generated
from cuboctahedral seeds by simply switching the precursor
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from Na,PdCl, to Pd(acac),.”> The relatively weak binding of
[acac]™ ligands to Pd(I) ions led to a faster reduction rate of
Pd(acac), and thus a quick drop in its concentration [only
22.9% of the PA(II) precursor remained in the solution at 0.5
min into the reaction]. As a consequence, after the
cuboctahedral seed evolved into an octahedral shape, the
remaining precursor was only available for the growth of Pd
atoms on four of the eight {111} facets of the octahedron,
generating tetrahedral products with reduced symmetry
relative to the seeds. In contrast, the reduction rate was
greatly slowed down when Pd(II) ions were coordinated by
CI™ [79.1% of the Pd(II) precursor was unreacted at 0.5 min].
The high abundance of precursor around the seed enabled the
nucleation of atoms on all eight {111} facets of the
cuboctahedral seeds and thus the formation of Pd nanocrystals
with an octahedral shape for preservation of the symmetry. A
similar example can be found in the epitaxial growth of Ag or
Au on Pd nanocubes.” Through control of the reduction
kinetics, Ag or Au can be selectively deposited onto a certain
number of side faces (ranging from one to six) of a cubic Pd
seed, giving rise to the formation of bimetallic nanocrystals
with varied asymmetric/symmetric shapes. Such site-selected
growth may inspire the synthesis of nanocrystals with more
complex structures and potentially novel properties.

4. EXTENSION FROM A MONOMETALLIC TO A
BIMETALLIC SYSTEM

In addition to the monometallic system, bimetallic nanocryst-
als with distinctive shapes, structures, and elemental distribu-
tions can be synthesized through a one-pot method by fine
control of the reduction kinetics.”*"®” When two precursors
are involved, a significant difference in their reduction rates
may lead to sequential reduction of the precursors and thus the
formation of a core—shell structure, while similar reduction
rates favor the production of alloy nanocrystals (Figure 6A).
For example, when Na,PdCl, and K,PtCl, were simultaneously
reduced by EG, the 10-times-greater initial reduction rate of
the PA(IT) precursor relative to that of Pt(I) (2.50 X 10~* and
249 X 107° M s7' for PACL>" and PtCl,>", respectively)
resulted in the fast generation of Pd seeds, followed by the slow
reduction and deposition of Pt atoms onto them.’®
Consequently, Pd@Pt,o; nanocrystals with a core—shell
structure and a thermodynamically favored octahedral shape
were obtained as the final product (Figure 6B). In contrast, if
an additional amount of KBr was introduced, the stronger
binding of Br~ to PA(II) and Pt(1I) ions led to the formation
of PdBr,”>” and PtBr,>~ complexes, respectively.ég’70 The ligand
exchange greatly decelerated the reduction of both precursors
and narrowed the gap between their initial reduction rates
(5.36 X 107° and 2.25 X 107> M s~! for PdBr,*” and PtBr,*",
respectively, in the presence of 63 mM KBr). As a result, the
Pd and Pt atoms were generated and incorporated into
nanocrystals at comparable rates, giving rise to Pd—Pt alloy
nanocrystals as the products. The presence of Br~ ions also
contributed to the formation of a cubic shape for the alloy
nanocrystals because of their selective capping toward both
Pd{100} and Pt{100} facets (Figure 6C).

Using a similar protocol in the absence of KBr but switching
K,PtCl, to Pt(acac),, reduction of the Pt(II) precursor could
be further slowed down with the ratio of the initial reduction
rates of the Pd(II) and Pt(II) precursors enlarged to around
100 times (2.34 X 10™* and 2.40 X 107 M 57/, respectively).”"
The extremely slow reduction of the Pt(Il) precursor and the
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Figure 6. (A) Schematic illustration showing manipulation of the
reduction kinetics to generate Pd—Pt bimetallic nanocrystals with
different shapes and elemental distributions. (B and C) TEM images
of (B) Pd@Pt core—shell octahedra and (C) Pd—Pt alloy cubes,
respectively. (D) Schematic illustration showing the sequential
generation of Pd—Pt alloy icosahedral seeds and deposition of a Pt
shell in the formation of Pd@Pt core—shell icosahedral nanocrystals
using a one-pot approach. (E) TEM image of the Pd—Pt alloy
icosahedra obtained at 1 min into the synthesis. (F) TEM image of
the Pd@Pt core—shell icosahedra obtained at 3 h into the synthesis.
The insets show the energy-dispersive X-ray mapping of individual
nanocrystals, indicating the different elemental distributions. The red
and green colors represent Pd and Pt, respectively. (A—C) Adapted
with permission from ref 68. Copyright 2016 American Chemical
Society. (D—F) Reproduced with permission from ref 72. Copyright
2019 Wiley-VCH.

high reaction temperature enabled the relatively fast diffusion
of Pt atoms to cover the entire surface of Pd seeds,
contributing to the formation of Pd@Pt core—shell octahedra
with a Pt shell thickness of only one atomic layer. The ultrathin
Pt shell terminated in {111} facets not only guaranteed a high
catalytic activity toward the oxygen reduction reaction but also
minimized the quantity of Pt and the cost of the catalyst. When
such a strategy is applied to metals with high prices, catalysts
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with improved performance, higher cost efficiency, and a
simplified synthetic method can be achieved.

Moreover, when EG is replaced with tetraethylene glycol
(TTEG) as a milder reducing agent, the reduction of both
precursors could be further decelerated, leading to the
formation of multiply twinned, icosahedral nanocrystals.”*
Similar to previous cases, because of the large difference
between the initial reduction rates of Na,PdCl, and Pt(acac),
(2.8 x 107° and 1.8 X 1077 M s}, respectively), the two
precursors were sequentially reduced, generating products with
a core—shell structure (Figure 6D—F). Different from Pd@Pt
octahedra, the slower reduction of the Pd(II) precursor in
TTEG favored the formation of multiply twinned seeds, which
finally evolved into an icosahedral shape. The thin thickness of
the Pt shell, enclosure of {111} facets, and presence of twin
boundaries all contributed to the high mass and specific
activities of the Pd@Pt icosahedra. When subjected to an
etching solution containing FeCl;, KBr, and HCI, the Pd core
could be selectively removed, generating Pt nanocages with
further enhanced catalytic performance. By taking advantage of
the reduction kinetic gap between different metal precursors,
not only alloy but also core—shell nanocrystals with various
shapes, structures, and compositions are expected to be
synthesized using a one-pot setting, without the involvement
of seed-mediated growth. Considering the simplicity of the
protocol, such a one-pot s;rnthesis can also be integrated with
continuous-flow reactors,”’ scaling up the production of
nanocrystals with well-controlled quality and catalytic perform-
ance.

5. SPECIATION OF THE PRECURSOR AND ITS IMPACT
ON THE REDUCTION KINETICS

Because of the close correlation between the reduction kinetics
of a synthesis and the resultant nanocrystals, it is pivotal to
pose tight control over reduction of the precursors. The
reduction rate can be affected by a number of experimental
parameters, such as the reaction temperature, the type of
precursor and reductant, and their concentrations. Of
particular importance, a vital factor that could substantially
alter the reduction rate is speciation of the precursor actually
involved in the synthesis. Because of the coordination effect
from the solvents or other ligands introduced into the
synthesis, the original ligand to the metal ion in the precursor
could be partially or completely replaced, generating new
complexes different from the original one and thus affecting
the reduction kinetics and pathways. To this end, a number of
studies have paid close attention to the speciation of the
precursor in a synthesis and its impact on the outcome of the
synthesis. A number of techniques, including UV—vis spec-
trosc0py,35’73_76 mass spectroscopy,35’76’77 X-ray absorption
spectroscop)7,76’77 and nuclear magnetic resonance (NMR)
spectroscopy,”” have been applied to shed light on the
speciation.

For the synthesis of Pd nanocrystals, PdCL,>~ and PdBr,>~
are two commonly used precursors, with the latter featuring a
slower reduction rate because of its more negative reduction
potential (PdCl42_/Pd =0.62 V and PdBr42_/Pd =049 V vs
reversible hydrogen electrode).”®”” Besides, it has also been
reported that PdBr,”” prefers to take a surface reduction
pathway in the presence of preformed seeds because of the
lower energy barrier associated with this pathway.’® However,
it is often overlooked that when dissolved in water, the
precursors could be hydrated, with partial ligands replaced by
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water molecules, existing in the form of [PdX,(H,0),_,]*™" (X
= CI” or Br, n = 0—4).">*"*" Speciation of the Pd(II)
complexes can be differentiated by UV—vis spectroscopy
through their absorption peaks,”' and their reduction rates vary
drastically as the halide ions are substituted by water in the
complexes.”**’

In particular, the introduction of additional halide ions into
the solution can essentially suppress hydrolysis of the Pd(II)
precursor and exchange ligands with it, altering the dominant
precursor species present in the reaction. A recent study
quantitatively analyzed the influence of halide ions on the
speciation of the Pd(II) precursor and thus the growth pattern
of Pd nanocrystals.”” In a comparison of the UV—vis spectra
recorded from aqueous solutions of Pd(II) precursors with/
without the addition of halides (Na,PdCl,, K,PdBr,, Na,PdCl,
plus KCl, and Na,PdCl, plus KBr), the shift of the peak
positions clearly indicated the change in the speciation of the
precursor (Figure 7A). Specifically, the Pd(II) precursors in
pure water were partially hydrated to generate a mixture of
PdX,(H,0), and PdX;(H,0)~ (X = CI~ or Br™), while the
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Figure 7. (A) UV—vis spectra recorded from aqueous solutions of
Pd(II) precursors in the absence/presence of halides, indicating the
generation of Pd(II) species in different forms. (B—E) TEM images of
the products obtained from Pd octahedral seeds using aqueous
solutions of (B) Na,PdCl,, (C) K,PdBr,, (D) Na,PdCl, plus KC],
and (E) Na,PdCl, plus KBr as the precursors to Pd, respectively. The
insets show the atomic models of the corresponding products, with
the gray, green, and red dots denoting the existing Pd atoms, newly
formed Pd atoms, and Br™ ions, respectively. The scale bar in panel E
applies to all other panels. Reproduced with permission from ref 73.
Copyright 2020 Wiley-VCH.
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major species was maintained as PdX,*” in the presence of
excess halide ions. Moreover, the addition of KBr to a
Na,PdCl, solution could convert PdCL,>~ to PdBr,*” through a
ligand-exchange process, as suggested by the absorption peak
at 332 nm corresponding to PdBr,*”. When used as precursors
in the seed-mediated growth of Pd octahedral nanocrystals, the
four types of Pd(II) species gave rise to different products,
owing to variation in the reduction kinetics and reduction
pathways. As shown in Figure 7B—E, the generation of
additional small particles instead of the growth of seeds was
observed in the case of Na,PdCl,, while the octahedral seeds
grew into truncated octahedra and then cubes when K,PdBr,/
Na,PdCl, plus KCl and Na,PdCl, plus KBr were used,
respectively. By quantitative measurement of the reduction
kinetics, it was found that the reduction rates of the different
Pd(I1) precursors decreased in the order of Na,PdCl, >
K,PdBr, > Na,PdCl, plus KCl > Na,PdCl, plus KBr, which
could be ascribed to a decrease in the reduction potential of
the precursor actually active in the reaction [PdX,(H,0), and
PdX;(H,0)~ > PdClL* > PdBr,2"].*" Moreover, in the
presence of preformed seeds, different speciations of the
precursor also led to alteration in the reduction pathway, with
aqueous Na,PdCl, preferring solution reduction and the others
favoring surface reduction. As such, the use of aqueous
Na,PdCl, as a precursor resulted in a fast reduction rate and
the formation of small particles via homogeneous nucleation in
the solution phase. In contrast, the reduction rate was
substantially decelerated, and reduction of the precursor on
the surface of seeds was favored in the other three cases,
leading to the growth of seeds into larger nanocrystals. In
particular, with excess Br~ ions serving as a capping agent
toward Pd{100} facets, well-defined cubes were obtained as
the final product when Na,PdCl, plus KBr was employed as
the precursor. Furthermore, by variation of the molar ratio of
KBr to Na,PdCl,, the percentage of Pd(II) converting to
PdBr,*” would change correspondingly. Thus, the reduction
rate could be tuned, and the reduction pathway could be
switched between surface and solution reduction, with a higher
ratio favoring slower reduction kinetics and thus surface
reduction. A similar trend was observed when Pd nanocubes
were used as seeds for growth. In another study on the
synthesis of Au@Pd concave nanocubes, it was also found that
ligand exchange between the Pd(II) precursor and halide ions
released from the capping agent played a significant role in
controlling the morphology of resultant nanocrystals.”” Taken
together, the reduction kinetics, reduction pathways, and thus
the outcome of a synthesis could essentially be affected by
halide ions involved in the reaction due to variation in the
speciation of the precursor through ligand exchange.

In addition to aqueous routes, organic solvents or other
additives added to oil-phase syntheses of Pd nanocrystals can
also act as ligands to coordinate with the Pd center in the
precursor, altering the reduction kinetics. In one report, Pd
nanocrystals with various shapes were obtained by reducing
Pd(acac), with formaldehyde in the presence of different
amounts of oleylamine (OAm).”* The UV-—vis spectra of
reaction solutions showed that different Pd(II) intermediates
were formed in the form of [Pd(acac),(OAm),] when the
concentration of OAm was changed. Specifically, with more
OAm introduced into the synthesis, a decrease in the reduction
rate was experimentally observed as a result of replacement of
the [acac]™ ligand by OAm in the complex. Meanwhile, Pd
icosahedra, a mixture of decahedra and tetrahedra, and a
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mixture of octahedra and plates were sequentially obtained.
However, this trend seems contradictory to the expectation
that nanocrystals would switch from single-crystal to multiply
twinned and finally stacking-fault-lined structures as the
reduction rate decreased. It should be pointed out that OAm
served as not only a ligand to the precursor but also a capping
agent capable of altering the surface free energy of Pd
nanocrystals. Consequently, the final shape taken by Pd
nanocrystals is an outcome of the complicated interplay
between thermodynamic and kinetic controls. Moreover, a
recent study also demonstrated the critical roles of ligand
binding with both the metal precursor and nanoparticle surface
in controlling the rates of nucleation and growth and thus the
size of the resultant nanoparticles.”” Specifically, a kinetic
descriptor, (growth-to-nucleation rate ratio)"/3, was employed
to predict the nanoparticle size despite different metals and
synthetic conditions. Thus, although the introduction of
ligands to a synthesis offers an additional knob for controlling
the speciation of the precursor and thus the reduction kinetics,
their interaction with the nanocrystal surface and the
consequent influence on the shape and size of the product
should also be noted cautiously.””

Moreover, efforts have also been devoted to identifying the
actual precursor involved in the synthesis of other metal
nanocrystals besides Pd and investigating its influence on the
products. For example, quantitative analysis of an oil-phase
synthesis of Pt nanocrystals, during which Pt(acac), was
reduced by CO in the presence of OAm and oleic acid (OA),
revealed that ligand replacement and anion exchange had
profound impacts on the growth of nanocrystals.”> With excess
OAm present in the reaction, the Pt nanocrystals evolved from
quasi-spherical particles to cubes with larger sizes as the
amount of OA was increased. An examination of the Pt
complexes formed prior to the reaction revealed that
Pt(OAm),(acac), was generated in the absence of OA,
which featured fast reduction kinetics due to the involvement
of autocatalytic surface reduction. When the experimental data
were fit with the Finke—Watzky model, the rate constant for
solution reduction and the apparent rate constant obtained
after the incorporation of other parameters for surface
reduction were found to be k, = 0.0034 min™' and k,’
0.96 min~', respectively. In contrast, when OA was introduced
to the reaction at a molar ratio of 4:1 with Pt(acac),, a
precursor in the form of Pt(OAm),(OA), was generated and
reduced at a much slower rate with autocatalytic reduction
switched off likely because of the absence of enough seeds (k,
= 0.0022 min~! and k,’ = 0.002 min™'). In another study, it
was found that the reduction of H,PtCly by methanol was
accelerated with the addition of water.”® Specifically, the water
molecules could coordinate with the precursor
[PtCls(CH;0)]*" and intermediate [PtCl;(CH;0)]*", gen-
erating [PtCl(CH;0)(H,0)]*” and [PtCl;(CH;0)(H,0)]*"
with much lower activation energy for reduction and thus
resulting in faster reduction kinetics. Another intriguing
example can be found in the synthesis of one-dimensional
Ag nanocrystals, in which slowing down the reduction kinetics
for anisotropic growth was achieved through the addition of a
capping agent containing Cl~ ions.”® The reaction between CI~
and Ag(I) ions led to the generation of solid AgCl, which
served as the actual precursor to elemental Ag. The impact of
ligands on the speciation of the precursor and thus the
reduction kinetics and resultant nanocrystals has also been
reported for Cu.’”” Detailed calculations and understanding
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of the nucleation mechanism induced by ligand dissociation
are also reported for Ir nanoparticles.”*® Owing to the
significant influence of precursor—ligand interactions, more
endeavors to identify the actual precursor in a synthesis are
expected in the future for a deeper understanding and tighter
control over the reduction kinetics of the colloidal synthesis of
metal nanocrystals. Most importantly, in the future, all
syntheses involving kinetic control should be accompanied
by quantitative analysis of the kinetic parameters to enable the
analysis and prediction over the shape, size, and size
distribution of the resultant nanocrystals.>***°

Caution! All of the chemicals used in the synthetic procedures
cited in this work should be handled in accordance with safety
practices. The organic solvents, such as EG and DEG, and other
chemicals that are potentially hazardous should be treated with
extra caution.

6. CONCLUSIONS AND PERSPECTIVES

Unveiling the correlation between the reduction kinetics of a
synthesis and the resultant nanocrystals is critical to the
production of metal nanocrystals in a controllable and
predictable manner. With Pd as an example, quantitative
analysis reveals that the reduction rate in the nucleation stage
plays a deterministic role in the generation of seeds taking
different internal structures. Specifically, as the reduction rate
decreases, the seeds generated during the nucleation stage will
switch from single-crystal to multiply twinned and finally
stacking-fault-lined structures, which further develop into
nanocrystals with different shapes in the following growth
stage. With insights into the impact of reduction kinetics on a
synthesis, it is feasible to manipulate the reduction rates and
pathways during nucleation and growth separately to obtain
desirable seeds and regulate the growth patterns of nanocryst-
als, thereby posing tighter control over the products.
Moreover, the methodology can be extended to the bimetallic
system with dual precursors present in the solution, enabling
the one-pot synthesis of nanocrystals taking a core—shell or
alloy structure by judiciously manipulating the reduction
sequence of the precursors. Importantly, extra precautions
should be taken for speciation of the precursor actually
involved in a synthesis, which can be altered by ligands,
solvents, or other additives through coordination and ligand
exchange, resulting in changes to the reduction kinetics. With a
focus on Pd nanocrystals, we have demonstrated that
manipulation of the reduction kinetics offers a reliable knob
for the well-controlled synthesis of metal nanocrystals. It
should be noted that, although a high electron dose may
induce potential shape and even structural change in
nanocrystals during TEM imaging, controlling the electron
dose rate and shortening the exposure time have become
common practices to minimize the beam effect,86 suggesting
the reliability of TEM analysis discussed in this Viewpoint.
Besides, the oxidation of noble-metal nanocrystals, such as Pd
and Pt, by the oxygen from air is relatively slow, and surface
oxides are hardly resolved in the final products using either X-
ray photoelectron spectroscopy or high-resolution TEM,
indicating the negligible influence from surface oxidation on
the shape or structure of nanocrystals.”” The presence of
capping agents on the surface of a nanocrystal would also
significantly decelerate the oxidation process.

In addition to the success in correlating the reduction
kinetics with the internal structures and shapes of Pd
nanocrystals, it is anticipated that the methodology is
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extendible to the colloidal synthesis of nanocrystals made of
other noble metals. In a recent study on the synthesis of Pt
nanocrystals by reducing a Pt(IV) precursor with glucose, it
was demonstrated that Pt octahedra and concave cubes could
be obtained at a low and high concentration of glucose,
respectively (Figure 8A—C).*® Quantitative analysis of the

2 3
Time (h)

Figure 8. (A) Schematic illustration showing the synthesis of Pt
octahedra and concave cubes using the same protocol but different
concentrations for the reductant. (B and C) TEM images of the as-
obtained (B) octahedra and (C) concave cubes, respectively, with the
insets showing the individual nanocrystals at a higher magnification.
The scale bars in the insets are 10 nm. (D) Plots showing the pseudo-
first-order reduction kinetics involving the use of glucose at different
concentrations, demonstrating the correlation between the reduction
kinetics and shape of the Pt nanocrystals. Adapted with permission
from ref 88. Copyright 2018 Elsevier.

reduction kinetics revealed that variation of the reduction rates
with the concentration of the reductant (Figure 8D) pivotally
affected the shape evolution of Pt nanocrystals by changing the
ratio between the rates for atom deposition and surface
diffusion. At a low concentration of glucose (100 mM), the
slow reduction of the Pt(IV) precursor (apparent rate constant
k' =2.87 X 107 s7") allowed atoms that have been deposited
onto the seeds enough time for diffusion across the surface,
giving rise to thermodynamically favored octahedra as the final
product. In contrast, the reduction kinetics was greatly
accelerated (k' = 4.83 X 1075 s7!) when the concentration
of glucose was increased to 167 mM. Thus, the deposition of
atoms overwhelmed their diffusion on the surface of seeds. In
this case, newly formed Pt atoms selectively deposited and
piled up on the corners and edges of the cubic seeds because of
the high surface energy of these sites, leading to the formation
of concave cubes covered by high-index facets. In another
report, the reduction kinetics of a Pt(II) precursor at different
temperatures was quantitatively analyzed.” After the gen-
eration of Pt seeds via homogeneous nucleation, the growth of
seeds was dominated by surface reduction of the Pt(II)
precursor at a low reaction temperature (22 °C), resulting in
the formation of large assemblies of Pt nanocrystals. When the
reaction temperature was increased to 100 °C, the essentially
accelerated reduction kinetics favored reduction of the
precursor in the solution phase and thus generated assemblies
of Pt nanocrystals with smaller sizes. This trend was also
observed in the seed-mediated growth of Pt nanocrystals with
Pd cubes serving as seeds.”” In particular, the switch from
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surface to solution reduction for the Pt(Il) precursor as the
reaction temperature increased was similar to the observation
in the case of Pd.*® Recent studies on the preparation of Rh
nanocrystals have also stressed the significance of controlling
the reduction kinetics in obtainin% )products with distinctive
shapes in a deterministic manner.”””" Although the synthetic
protocols for different noble-metal nanocrystals may vary from
one to another, our mechanistic understanding of the
correlation between the reduction kinetics and the resultant
Pd nanocrystals can be potentially extended to other metals,
guiding their synthesis in a more well-controlled manner. More
endeavors are still needed to quantitatively analyze the kinetic
parameters of these systems, expanding the applicable scope of
the methodology as stated above.

Despite progress in the controllable synthesis of metal
nanocrystals by manipulation of the reduction kinetics, there
are also challenges that remain to be addressed. First, as
discussed in section S, speciation of the precursor has a
profound impact on the reduction kinetics, while limited
studies have been conducted on it so far, probably owing to the
need for advanced instruments to characterize the chemical
species. Second, it is particularly challenging to quantify,
interpret, and control the kinetics of reactions involving
multiple steps, such as the reduction of high-valent metal
precursors, because of the coexistence of metal ions in different
valences.”® The kinetic studies, in turn, can also help to
determine the actual intermediates involved in the reaction
path.”” With the combination of advanced characterization
techniques and computational studies, it is expected that our
understanding in such cases could move ahead. Third, the
discovery and specific design of suitable reductants, precursors,
or ligands could possibly offer additional knobs for more
precise control over the reduction kinetics and thus the
outcome of a synthesis. As the synthetic capabilities step
forward, noble-metal nanocrystals could be rationally engi-
neered with desired shapes, structures, and properties for
practical applications.

Moreover, although the initial reduction rate can be
approximated to the rate for nucleation, analysis of the surface
growth and diffusion rates of metal atoms and their roles in
affecting the shapes of the final products remains largely
qualitative. Detailed calculations differentiating the nucleation
and growth rates based on the appropriate models are still
lacking. In the future, more numerical results of the growth and
diffusion rates and a more quantitative understanding of their
relationship with the products are desired, enabling us to
synthesize metal nanocrystals in a more mechanistically
rigorous route. Considering all of the challenges listed above,
it should be pointed out that, in the current stage, a “trial-and-
error” approach relying on empirical knowledge still shows its
great necessity. It is hoped that this Viewpoint could inspire
more efforts into the study on colloidal synthesis of noble-
metal nanocrystals with quantitative measure, ultimately
achieving deterministic and predictable synthetic strategies
and outcomes.
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