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ABSTRACT: The successful synthesis of noble-metal nanocrystals with controlled shapes ] &

offers many opportunities to not only maneuver their physicochemical properties but also B @ /)

optimize their figures of merit in a wide variety of applications. In particular, heterogeneous - = , *

catalysis and surface science have benefited enormously from the availability of this new class - - & e

of nanomaterials as the atomic structure presented on the surface of a nanocrystal is ‘

ultimately determined by its geometric shape. The immediate advantages may include Nenocrystals  Nanoparticles  Single-crystal substrate
significant enhancement in catalytic activity and/or selectivity and substantial reduction in

materials cost while providing a well-defined model system for mechanistic study. With a focus on the monometallic system, this
review article provides a comprehensive account of recent progress in the development of noble-metal nanocrystals with controlled
shapes, in addition to their remarkable performance in a large number of catalytic and electrocatalytic reactions. We hope that this
review article offers the impetus and roadmap for the development of next-generation catalysts vital to a broad range of industrial
applications.
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1. INTRODUCTION

Heterogeneous catalysis is of critical importance to the world’s
economy as it is involved in more than 90% of the chemical
processes.1 Among various catalytic materials, noble metals
easily stand out because of their ability to donate and accept
electrons for catalyzing both reduction and oxidation reactions,
as well as the capability to adopt different oxidation states
depending on the reaction environment. Heterogeneous
catalysts based on noble metals are indispensable for the
production of numerous industrial chemicals and pharmaceut-
icals.” Notable examples include those based on Cu for
methanol synthesis;3_ those based on Ru for the reduction of
nitrogen and thus ammonia synthesis;" " those based on Pd
for Suzuki coupling’ and hydrogenation reactions;'® those
based on Ag for the epoxidation of ethylene;'"'* and those

poorly defined shapes and surface structures for the Pt nanoparticles.
(C) TEM and (D) atomic-resolution TEM images of Pt cubic
nanocrystals prepared using colloidal synthesis, demonstrating the
marked uniformity in terms of size, shape, and surface structure. The
inset in panel C shows an individual Pt cube (scale bar: S nm). (C)
Reprinted with permission from ref 34. Copyright 2018 Elsevier. (D)
Reprinted with permission from ref 35. Copyright 2013 American
Chemical Society.

electron microscopy (TEM) images of a commercial Pt/C
catalyst, in which Pt nanoparticles are deposited on a carbon
support to serve as an electrocatalyst toward oxygen reduction,
a cathodic half-reaction key to the operation of proton-
exchange membrane fuel cells (PEMFCs).”””" Although such
nanoparticles can be made with an extremely small size to give
a remarkable specific surface area, they are suboptimal for
practical applications. For one thing, their broad distributions
in terms of both size and shape make them highly susceptible
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to Ostwald ripening,””*” a process that drives large particles to

grow at the expense of small ones and eventually lead to a
major loss in mass-specific activity.

The irregular, poorly defined shapes characteristic of the
nanoparticles fabricated using the conventional protocol also
make it difficult to develop new catalysts by leveraging the
knowledge gained from fundamental studies in the framework
of surface science. Using model catalysts built upon single-
crystal substrates, both experimental and computational studies
have clearly established that many catalytic reactions are highly
sensitive to the exact arrangement of atoms on the surface. For
example, it was reported that the formation of ammonia, from
a stoichiometric mixture of N, and H,, on Fe(111) surface
occurred at a rate almost 20- and 420-fold faster than those on
Fe(100) and Fe(110) surfaces, respectively.”* For single-crystal
Pt, it can selectively catalyze different types of reactions
depending on the surface structure, with (100) and (210)
being the most active toward reactions involving H, and CO,
respectively.”””° When conducted in aqueous HCIO,, it was
demonstrated that the area-specific activities of single-crystal Pt
electrodes toward oxygen reduction decreased in the order of
(110) > (111) > (100).”” Despite these and many other
exciting developments, however, there exists a structure gap
between the catalysts used in practice and the ideal systems
identified through experimental and computational studies
involving single-crystal substrates. To a large extent, this gap
can be attributed to the conventional method used for catalyst
preparation, which is only capable of generating metal
nanoparticles with poorly defined shapes and thereby a mix
of multiple types of facets on the surface.'®

Recent demonstrations suggest that the aforementioned gap
will vanish if we switch to noble-metal nanocrystals with
controlled shapes.”® When prepared through colloidal syn-
thesis and with monodispersity in terms of both size and shape
(Figure 1, panels C and D), the nanocrystals are able to bridge
the gap by simultaneously providing the key features associated
with the poorly defined nanoparticles found in industrial
catalysts and the single-crystal substrates commonly used in
surface science.'”*” Specifically, the nanocrystals can be easily
made as compact as the conventional catalytic nanoparticles to
preserve the large specific surface area. More significantly, they
can be synthesized with a controlled shape to present only one
specific type of facet on the surface, for example, a cubic shape
for the exposure of {100} facets that are equivalent to the
(100) substrates employed in surface science. By simply
replacing the conventional catalytic nanoparticles with uni-
form, shape-controlled nanocrystals, it is feasible to greatly
enhance the performance of many catalytic systems in terms of
activity, selectivity, and even stability. Most significantly, the
results from fundamental studies in surface science can be
directly transferred to applied catalysis. This concept, however,
could not be explored until the early 2000s when it finally
became feasible to produce noble-metal nanocrystals with well-
deﬁ%ecl% and controllable shapes through colloidal synthe-
ses.”

Now it is an exciting and rewarding time to rationally
translate shape-controlled nanocrystals into catalysts with
enhanced performance in a myriad of reactions by leveraging
the results from mechanistic studies in surface science and the
synthetic capability of materials chemistry. As a bridge between
the conventional catalytic nanoparticles and single-crystal
substrates, nanocrystals with controlled shapes have both
high specific surface areas and well-defined surface structures.

Their broad tunability in terms of elemental composition,**~>*

geometric shape,””~** and size’”* also greatly expands the
diversity of catalytic materials. Many studies have demon-
strated that controlling the shape of a monometallic nano-
crystal and thus its surface structure and electronic properties
is an effective strategy for optimizing the activity and/or
selectivity of a heterogeneous catalyst.””**** The effect of size,
which cannot be investigated at all using the single-crystal
substrates, can also be readily scrutinized using nanocryst-
als.>”** In addition, the well-defined and, in many cases, a
single type of surface structure on the shape-controlled
nanocrystals has further enabled new characterization
techniques for probing the surface properties and catalytic
reactions.”’ ™" In principle, nanocrystals with controlled
shapes can serve as a new platform for investigating the
mechanism of a catalytic reaction under the practical
conditions. Eventually, such studies might be able to shed
light on the rational development of the next-generation
catalysts.

With a focus on the monometallic system, this article offers a
comprehensive review on the development of noble-metal
nanocrystals with controlled shapes for catalytic and electro-
catalytic applications. We begin with a brief introduction to the
correlation between the surface structure and geometric shape
of a nanocrystal made of a face-centered cubic (fcc) metal. We
then discuss the concepts and methodologies involved in the
colloidal synthesis of noble-metal nanocrystals with diverse but
well-controlled shapes, followed by an extensive presentation
of examples pertaining to all the noble metals. Using the most
relevant systems, we also highlight the major advantages and
advancements brought into heterogeneous catalysis and
electrocatalysis by these nanocrystals. At the end, we offer a
brief summary, together with perspectives on the challenges,
opportunities, and new directions for future development. It is
hoped this article provides not only a comprehensive review of
the current status of this exciting and rapidly evolving field but
also the necessary knowledge, and more importantly, the
inspiration for people to push this research one step closer to
commercial success.

2. CORRELATION BETWEEN THE SURFACE
STRUCTURE AND SHAPE OF NANOCRYSTALS

Noble-metal nanocrystals with controlled shapes play an
important role in bridging the structure gap between the
conventional catalytic nanoparticles and single-crystal sub-
strates. In this section, we discuss how to engineer the surface
structure of noble-metal nanocrystals by controlling their
geometric shapes, including the types of facets expressed as
side faces on the nanocrystals bearing different shapes, the easy
creation of high-index facets on nanocrystals, and the inclusion
of twin defects in nanocrystals for the generation of surface
strains. We also discuss the impact of particle size on the
inhomogeneity in surface structure for a nanocrystal, as well as
the new characterization capabilities brought to heterogeneous
catalysis and surface science by the metal nanocrystals with
well-defined and controllable surface structures. At the end, we
briefly discuss the stability and sintering issues of the shape-
controlled nanocrystals as most of them are kinetic products
and thus not favorable in terms of thermodynamics.

2.1. Surface Structure
It is well-established that the activity of a heterogeneous

catalyst strongly depends on how its surface atoms interact
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with the intermediate(s) involved in the rate- determlnlng step,

as illustrated by the Sabatier principle (Figure 2A).*" Based on
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Figure 2. (A) Elementary steps involved in a typical heterogeneous
catalytic reaction (left) and a volcano plot illustrating the Sabatier
principle (right). (B) Volcano plot for the decomposition of formic
acid on different transition metals. The reaction rate is expressed by
T,, at which the rate constant k reaches a fixed value (log k = 0.8).
The adsorption strength is represented by the heat of formation of the
metal formate (AH;). (B) Modified with permission from ref 57.
Copyright 1960 Walter de Gruyter.

this principle, the interaction corresponding to the most active
catalyst should be at an optimal strength, neither too weak nor
too strong. If the interaction is too weak, no reaction will be
able to occur. On the other hand, the catalyst will be poisoned
when the interaction is too strong as the intermediate(s) will
fail to dissociate from the surface. When the reaction rate is
plotted as a function of the reaction property such as the heat
of adsorption of an intermediate involved in the rate-limiting
step, a volcano shape will be obtained, with the apex
corresponding to the most active catalyst.”'

One effective strategy for manipulating the interaction
strength is to modulate the electronic structure of a catalyst’s
surface. According to the d-band center model, the binding
energy of an adsorbate has a strong correlation with the
location of the d-band center.”>™* A higher d-band center (i.e.,
a smaller energy difference between d-band center and Fermi
level) suggests a stronger binding for the adsorbate and vice
versa. By engineering the attributes of metal nanocrystals,
including the elemental composition, type of facet, twin
structure, and particle size, the d-band center and thereby the
catalytic activity of a catalyst can be effectively optimized.***°
When developing a catalyst, the elemental composition should
be taken into consideration in the first place as it plays the
most important role in determining the catalytic activity.
Figure 2B shows a typical volcano plot for the decomposition
of formic acid on different transition metals.’” In this case, the
horizontal axis is represented by the heat of formation (AHy)
of the corresponding metal formate salt because surface
formate has been experimentally identified as an intermediate
for this. The temperature at which the reaction reaches a
specific rate is used for the vertical axis and it is plotted in
reverse to display the conventional volcano shape. When the
value of AH;is low (i.e., the left half of the plot), the reaction is
slow as it requires a high temperature to achieve the specified
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Figure 3. Correlation between the shape and type of facet for nanocrystals made of an fcc metal. (A) Examples of nanocrystals with different shapes
(outer ring) and their corresponding seeds with five types of internal structures (middle ring) that are generated during the nucleation of metal
atoms (center). (B—D) Models of octahedral, cubic, and rhombic dodecahedral nanocrystals and the corresponding atom arrangements on their
side faces. (E) A concave cube terminated in high-index {730} facets. The atomic model indicates that the (730) surface contains a high density of
steps. (A) Reprinted with permission from ref 45. Copyright 2016 Annual Reviews.
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Figure 4. Twin defect and surface strain. (A) Schematic illustration of the disrupted arrangement of atoms in a twin boundary. (B) The penta-
twinned structure taken by a decahedral nanocrystal. The red lines are indicative of the twin boundaries. (C) Calculated surface strain fields for Pd
icosahedral and octahedral nanocrystals, respectively. Different colors indicate various degrees of strain labeled in the color map. (D) HAADEF-
STEM image of a Pd icosahedron and (E) intensity profiles recorded from the area marked in the rectangular box in panel D. The inset in panel D
shows the corresponding atomic model of an icosahedron. (A) Modified with permission from ref 68. Copyright 2019 Multidisciplinary Digital
Publishing Institute. (B) Modified with permission from ref 76. Copyright 2019 IOP Publishing. (C—E) Modified with permission from ref 74.

Copyright 2017 Wiley-VCH.

reaction rate. In this case, the adsorption is slow and rate-
determining. As the value of AH; is increased to the right half
of the plot, desorption becomes the rate-limiting step. Taken
together, it is not difficult to understand why the prime
catalysts for formic acid decomposition are all based on the
platinum group metals (PGMs). Because of their intermediate
values of AHj the net reaction rate is determined by an
optimal combination of the rate of adsorption and the rate of
desorption.

Once the elemental composition is fixed, one can still tune
the interaction between a catalyst and the intermediate(s) by
altering its surface structure, that is, the spatial arrangement or
packing of atoms situated on the surface. The surface structure
can be quantitatively described using the coordination number
(CN), which refers to the number of bonds that the atom of
interest forms with adjacent atoms, or simply put, the number
of its nearest neighbors. The CN can directly affect the
performance, including both activity and selectivity, of a
heterogeneous catalyst by changing the adsorption and
dissociation energies of reactant molecules on a metal
surface.”® For a perfect crystal, CN is mainly determined by
the lattice structure and the type of facet, with the latter having
a strong correlation with the shape taken by a nanocrystal. As a
result, one can engineer the shape of noble-metal nanocrystals
for the development of advanced catalysts by leveraging the
facet dependence of both catalytic activity and selectivity.

2.2. Facet and Shape

Thanks to the efforts from many research groups, colloidal
synthesis has been successfully applied to produce noble-metal
nanocrystals bearing a wide variety of shapes (Figure
3A).25%07424559761 Naturally, the distinct shapes lead to the
expression of different types of facets as the side faces on the
nanocrystals. Figure 3B—D, shows schematic illustrations of
octahedral, cubic, and rhombic dodecahedral nanocrystals
made of an fcc metal, with their side faces enclosed by a single
type of facet, that is, {111}, {100}, and {110}, respectively.

Note that the atoms located at these side faces have CNs of 9,
8, and 7, respectively, identical to those of (111), (100), and
(110) surfaces for single-crystal substrates. Of course, the same
type of facet can be found in nanocrystals with a number of
different shapes. For example, in addition to cubes, the side
faces of rectangular bars and right bipyramids (RBPs) are also
terminated in {100} facets. Even for penta-twinned rods and
wires, their side surface is also enclosed by {100} facets. Such a
one-to-multiple correlation is advantageous as it allows one to
access a specific type of facet through the use of nanocrystals
with different shapes depending on the availability of synthetic
protocols. For nanocrystals that share the same type of facet
but differ in geometric shape, they may show different catalytic
performance because of the variation in surface-to-volume ratio
and/or the presence of additional features such as twin
boundaries (see section 2.3).

As a major difference from a bulk crystal, it is easier to
generate high-index facets on the surface of a nanoscale crystal,
leading to the production of low-coordination atoms at a high
density on the surface. Such atoms with low CNs can be highly
active in catalyzing chemical reactions. High-index facets,
denoted by a set of Miller indices {hkl} with at least one of the
indices being greater than unity, are well-known for the
presence of surface steps, kinks, and edges in high densities.””
They can be easily found on nanocrystals with a concave or
convex surface. Figure 3E shows the schematic illustration of a
typical example: a concave cube enclosed by {730} high-index
facets. Such nanocrystals are usually obtained under kinetically
controlled growth and they are intrinsically higher in total
surface free energy relative to their platonic counterparts (see
section 4.3). Although metal nanocrystals encased by high-
index facets are promising candidates for a variety of catalytic
applications,”>®* their synthesis and utilization are still limited
at the current stage of development, primarily due to their
intrinsic instability and the lack of effective capping agents for
high-index facets.”"*®
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The shape of a nanocrystal can also affect the coordination
environment of a surface atom from other aspects, including its
second-nearest neighbors and surface curvature. According to a
computational study, the arrangement of the second-nearest
neighbors surrounding a surface Pt atom also played an
important role in determining its activity toward oxygen
reduction.’ The authors proposed the use of “weighted
average CN” as a function of both the first- and the second-
nearest neighbors. Their simulation result indicated that the
optimal Pt catalyst should have a “weighted average CN” of
8.3. For Pt(111) surface, the “weighted average CN” is only
7.5, and this number can be increased by modifying the
second-nearest neighbors. The same group also demonstrated
that despite being identical in terms of CN, the surface
curvature of a Pt nanocrystal could make additional
contribution to the enhancement in activity toward oxygen
reduction.’ According to their model, the surface with a
concave structure could surpass the activity of the Pt(111)
surface, while a convex surface would become rather inactive
toward this reaction.

2.3. Twin Defect and Surface Strain

As noted above, noble-metal nanocrystals enclosed by the
same type of facet can still exhibit different catalytic activities
due to the involvement of twin defect and surface strain. In the
case of monometallic system, twin defect and surface strain are
often correlated with each other. However, their explicit
impacts on the catalytic performance are based on different
mechanisms and deserve to be discussed separately.

A twin defect emerges when the crystal lattices on either side
of a plane are mirror images of each other (Figure 4A). The
atomic plane, known as the twin plane, will disrupt the ideal
stacking sequence of the crystal lattice.*”*® Noble metals are
well-known for their easiness in producing twin defects during
crystallization because of the relative small penalty in energy
when such a planar defect is introduced into the otherwise
single-crystal fcc lattice. Based on the number of twin defects
contained in the nanocrystals, they can be divided into singly
twinned or multiply twinned structures.””’® For the multiply
twinned structures, the defects can be arranged as twin planes
parallel to each other, but it is more often to observe them
arranged in a radial fashion, as shown by the penta-twinned
structure found in a decahedral or icosahedral nanocrystal
(Figure 4B).°”°" The penta-twinned structure in a decahedral
nanocrystal can be considered as an assembly of five single-
crystal, tetrahedral subunits by sharing one common edge. In
these cases, each twin defect involves more than one atomic
plane and evolves into a “twin boundary”, in which the atoms
are arranged in a more or less disordered form.

The contributions from twin defects to the activity of
nanocrystals toward a catalytic reaction can come from two
different sources: (i) the surface atoms situated at the twin
plane or boundary, which often have a coordination environ-
ment different from those associated with the atoms on faces
and thereby show different capabilities in activating reactant
molecules and (ii) the surface strain exerting on the face atoms
as induced by the twin defects. A good example for the first
contribution can be found in the use of Pd RBPs as a catalyst
toward formic acid oxidation (FAO).”' As described in a
report, the six isosceles right triangles on the surface of a Pd
RBP could be indexed as {100} facets, while the single twin
boundary could be assigned to the high-index {211} facet. The
atoms in the twin boundary or on the high-index facets were

believed to be responsible for the enhanced area-specific
catalytic activity toward FAO when compared with that of Pd
cubic nanocrystals whose surface was also enclosed by {100}
facets but free of the twin boundary.

In the context of nanocrystals, surface strain is related to the
slight displacement of an atom from its original position in a
crystal lattice. It is a direct measure of the lattice distortion
arising from the imperfection of a crystal. The atoms under
strain can be either compressed or expanded, and the
corresponding strains are termed compressive and tensile,
respectively.53 Strain represents another important surface
attribute that plays an important role in determining the area-
specific activity of a catalyst. Both experimental and computa-
tional studies have demonstrated that it can change the
electronic structure and thus activity of a metal surface.”>%"*
One popular explanation lies in that the change in atomic
separation will affect the position of the d-band center of a
surface, and therefore, alters its interaction with the
adsorbates.”™*° Specifically, when the atoms are under tensile
strain, the overlap of the d-band states between neighboring
atoms decreases. As a result, the d-bandwidth decreases
correspondingly, and the d-band center has to shift upward
relative to the Fermi level to maintain the degree of d-
occupancy. Similarly, when the separation between atoms is
narrowed, the d-bandwidth increases, and d-band center will be
shifted downward. The upshift in d-band center will strengthen
the adsorption of the reaction intermediate and vice versa. This
argument is the primary principle behind the strain-dependent
catalytic properties.”

For studies involving single-crystal substrates, the strain of a
metal surface is often tuned by depositing a monolayer of the
metal atoms on a substrate with a different lattice constant.>
When switched to monometallic nanocrystals, strain could also
be generated by simply controlling their shapes. Typical
examples of nanocrystals featuring tensile strains include those
with a decahedral or icosahedral shape and thus a penta-
twinned structure. In these cases, there is an intrinsic strain on
the side face of each tetrahedral subunit as a result of the twin
boundaries.”>" Figure 4C shows a comparison of the surface
strain fields calculated for Pd icosahedral and octahedral
nanocrystals. While both nanocrystals are enclosed by {111}
facets, tensile strain was only observed on the side faces of the
icosahedral nanocrystal.”* This result was verified by a higher
interlayer spacing recorded from the intensity profile of the
atomic-resolution scanning transmission electron microscopy
(STEM) image (Figure 4D,E). The normal interlayer spacing
of Pd(111) planes is 2.24 A, but the spacing increased to 2.32
A for Pd icosahedral nanocrystals. When these nanocrystals
were tested as catalysts for the electrochemical reduction of
CO,, the tensile strain in icosahedral nanocrystals led to 1.7-
fold enhancement in the maximum faradaic efficiency (FE) for
CO relative to that of octahedral nanocrystals. According to
density functional theory (DFT) and molecular dynamics
(MD) calculations, the tensile strain on the surface of a Pd
icosahedral nanocrystal induced an upshift for the d-band
center, increasing the adsorption strength of the key
intermediate COOH* for the easier reduction of CO, to
CO.”* It should be pointed out that nanocrystals characterized
by the penta-twinned structure are only thermodynamically
favorable when their sizes are relatively small.”® As the size is
increased, their stability will decrease because of the increase in
surface strain. On the other hand, when the size is reduced, the
number of atoms situated on the side faces and thus exposed to
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the tensile strain will decrease. Taken together, when
developing effective catalysts based on penta-twinned nano-
crystals, the size should be optimized.

Unlike the tensile strain generated in a penta-twinned
structure, compressive strain is observed in plates or sheets
lined with planar defects. A recent study suggested that Pd
sheets with a thickness of 1—12 monolayers exhibited tunable
compressive strains up to 10%.”” Their results also indicated
that a thinner sheet was correlated with a greater compressive
strain. When applied as catalysts toward oxygen reduction and
hydrogen evolution, the area-specific activity of Pd sheets was
more than 10 times greater than that of the conventional Pd
nanoparticles.

2.4. Particle Size

In addition to geometric shape, we also need to pay close
attention to the size of nanocrystals when developing them
into effective catalysts.””***® For one thing, the mass-specific
activity of a catalyst is directly controlled by particle size
because of its impact on the specific surface area, which refers
to the total surface area per unit mass of a catalytic material,
with a unit of m? g_l. As shown in Figure 5A, the specific
surface area of a Pt spherical particle is inversely proportional
to its size, with the impact becoming most significant as the
size drops below about 5 nm. This explains why the industrial
catalysts are usually based on particles with sizes in the range of
1—-10 nm for the achievement of the most effective catalyst in
terms of mass-specific activity.'” In some cases, the depend-
ence of catalytic activity on particle size cannot be simply
explained through its impact on the specific surface area. For
example, it is well documented that Au nanocrystals are only
able to catalyze CO oxidation at room temperature with their
sizes dropping below 6 nm.”®
demonstrated that the variation in particle size could cause
changes to the area-specific activity and selectivity of a catalyst
although both of them are supposed to be independent of the
specific surface area.”””® These reports indicate that the
variation in particle size can alter the surface structure of a

Other experiments also

noble-metal catalyst from an electronic perspective rather than
the specific surface area. Now it is generally accepted that the
variation in particle size can affect the catalytic performance of
metal nanocrystals through two other mechanisms: (i)
modification to the electronic structure of the surface atoms
and (ii) alteration to the inhomogeneity of a surface by
affecting the fractions of atoms situated at vertices and edges.
For these reasons, variation in particle size may cause changes
to both catalytic activity and selectivity when a structure-
sensitive reaction is involved.

The size-dependent catalytic activity of Au nanocrystals
toward CO oxidation can be ascribed to the weakened strength
of the metallic bond as the size is reduced. The weaker
interaction among the Au atoms allows them to interact with
oxygen more strongly, helping activate the double bonds in
0,.%* However, if the size of the catalytic particles is further
reduced down to a threshold value of 1—2 nm to reach the
cluster regime, the band structure will change significantly and
the particle will start to exhibit nonmetallic properties.
Specifically, it was shown that the separation between
electronic bands will become appreciable when a Au
nanoparticle is downsized to 1 nm (or about 40 atoms).** In
general, the bands observed in large nanoparticles will become
discrete levels in small nanoparticles, and the particles
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Figure S. Effects of particle size on the surface properties of
nanocrystals. (A) The specific surface area of a Pt spherical particle as
a function of its diameter. (B) The fractions of surface atoms situated
at vertices, edges, {100} facets, and {111} facets of a Au
cuboctahedron as a function of edge length. (A) Reprinted with
permission from ref 23. Copyright 2018 Royal Society of Chemistry.
(B) Modified with permission from ref 43. Copyright 2013 Elsevier.

eventually will exhibit molecule-like properties when their
size is reduced down to the cluster level.”

As a major difference from that of a bulk crystal, the surface
of a nanocrystal is inherently heterogeneous as it contains
atoms situated at vertices and edges, in addition to those on
the faces. The fractions of these different types of atoms on a
surface are dependent on the particle size. Such dependence
can be easily quantified for metal nanocrystals with a known
crystal structure and in a well-defined shape. Figure SB shows
the fractions of surface atoms situated at vertices, edges, {111}
facets, and {100} facets for a Au cuboctahedral nanocrystal
made of an fcc metal when its edge length is increased from 0.5
to 10 nm. For atoms situated at vertices and edges, they tend
to have low CNis relative to those on the facets. Their presence
on the surface at large proportions can potentially affect the
catalytic performance of metal nanocrystals. This phenomenon
was observed when investigating the catalytic activity of Au
cuboctahedra toward CO oxidation.”> When the size of the
catalytic particle was reduced from 6 to 3 nm, the conversion
of CO to CO, was increased from 1% to 99% at 50 °C. The
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improvement in catalytic activity was attributed to the increase
in proportion of low-coordination Au atoms situated at vertices
and edges. For nanocrystals with twin boundaries, the surface
strain will decrease correspondingly as the particle size is
reduced.”>*

The plot in Figure 5B clearly indicates that the fractions of
atoms situated at vertices and edges can no longer be neglected
when the particle size drops below 5 nm. In other words, we
have to focus on nanocrystals with sizes greater than S nm in
order to maximize the fractions of atoms situated on side faces
for the achievement of a precise control over the surface
structure. When combined with the requirement from specific
surface area and mass-specific activity, the shape-controlled
nanocrystals for most catalytic applications should take an
optimal size around S nm to balance the mass-specific activity
and expression of surface structure. At the current stage of
development, it is still a grand challenge to obtain noble-metal
nanocrystals with nonspherical shapes through colloidal
synthesis when their sizes are below 10 nm. Most of the
protocols reported in literature are only able to provide shape-
controlled nanocrystals with dimensions much greater than 10
nm.

2.5. New Characterization Capabilities

The availability of uniform nanocrystals with well-defined and
controllable surface structures has also enabled new capabilities
for investigating surface science and catalysis. For the
conventional nanoparticles with poorly defined shapes and a
broad size distribution, it is very difficult or almost impossible
to precisely describe their surface structures. Although some
information can be obtained through the use of advanced
techniques such as atomic-resolution electron microscopy, one
can only capture the images from a limited number of particles
and the data cannot really be considered to be representative.”’
Alternatively, the availability of nanocrystals with a single type
of surface structure allows one to use simple characterization
techniques to analyze the structure—property relationships. For
example, infrared (IR) spectroscopy is a nondestructive
technique that can be applied to quantitatively analyze the
types of facets on metal nanocrystals through the use of probe
molecules such as CO, NO, C,H,, and CO,. Studies involving
single-crystal substrates have established that the vibrational
frequency of CO is sensitive to the surface structure, strain, and
elemental composition when it binds to the metal surface.**™"’
Taking Pd single-crystal substrate as an example, the
vibrational frequency of the CO adsorbed on (100) and
(111) surfaces are quite different from each other (Figure 6A).
However, it is not easy to acquire enough signals due to the
relatively low specific surface area intrinsically associated with a
single-crystal substrate. This technical issue will disappear
when switching to metal nanocrystals because of the significant
increase in specific surface area. In recent years, IR has been
increasingly utilized to characterize the elemental composition
and even surface structure of metal nanoparticles.”” When
applied to monometallic nanocrystals with controlled shapes, it
is also possible to analyze catalytic reactions in situ and under
operando conditions for achieving an unprecedented under-
standing of the effects from the type of facet, twin boundary,
and/or surface strain.

Electrochemical measurements offer another facile and
sensitive characterization technique for elucidating the surface
properties of nanomaterials. When applied to metal nanocryst-
als with a single type of facet, it will be much easier to analyze
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Figure 6. New characterization techniques enabled by nanocrystals
with well-defined surface structures. (A) IR spectra of CO on
Pd(111) and Pd(100) single-crystal substrates at 400 °C under a CO
pressure of 107 Torr. (B) CV curves of Pt cubes, concave cubes, and
multipods obtained in 0.5 M H,SO, at a scan rate of SO mV s™". Insets
in the CV curves show the maginified plots marked in dashed boxes. A
typical TEM image of each nanocrystal is shown to the right of the
CV curve (scale bars: S0 nm). (A) Modified with permission from ref
89. Copyright 1993 AIP Publishing. (B) Modified with permission
from ref 47. Copyright 2012 Springer Nature.

the data for the establishment of structure—property relation-
ship. To this end, the cyclic voltammetry (CV) has been
utilized to characterize the initial surface properties of
nanocrystals, including the type of facet and oxidation state.
In one study, it was reported that the shapes of the hydrogen
adsorption/desorption region in CV curves could be used to
reveal the surface structures of Pt nanocrystals (Figure 6B).*
When conducted in aqueous H,SO,, the CV curve of Pt cubes
exhibited three peaks at —0.14, 0, and +0.08 V (vs saturated
calomel electrode, SCE). The peaks at 0 and 0.08 V were
indicative of the short- and long-range-ordered {100} facets,
respectively. For Pt concave cubes, the peak at 0 V became
much stronger, suggesting that the surface of the concave
cubes contained more short-range-ordered {100} facets. At the
same time, the intensity of the peak at 0.08 V decreased as a
small shoulder peak, suggesting that the long-range-ordered
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Figure 7. Schematics and in situ TEM images illustrating two types of catalyst sintering: (A) intraparticle and (B) interparticle sintering,
respectively. The high-resolution TEM images in panel A were recorded from the same Ru octahedron heated at various temperatures for a certain
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respectively. Green arrows stand for the moving direction of the particles. The schematics in panels A and B were reprinted with permission from
ref 23. Copyright 2018 Royal Society of Chemistry. The TEM images in panel A were reprinted with permission from ref 95. Copyright 2019
American Chemical Society. The TEM images in panel B were reprinted with permission from ref 96. Copyright 2018 Wiley-VCH.

{100} facets were no longer in dominance on the concave
cubes. In comparison, the CV curves of Pt multipods showed
two peaks at 0 and 2.4 V, corresponding to the short-range-
ordered {100} facets and {111} surface domains, respectively.
Such a structure—property correlation could only be achieved
when the shape and size of the nanocrystals are highly uniform.
For Pt nanoparticles with irregular shapes and poorly defined
surface structures, the hydrogen adsorption/desorption region
became less informative due to the absence of well-defined
peaks.

In addition to IR and electrochemical characterizations,
other techniques, such as surface-enhanced Raman scattering
(SERS),” nuclear magnetic resonance (NMR),”" and
calorimetry,”” have also been integrated with uniform metal
nanocrystals bearing controlled shapes to investigate funda-
mental problems in both surface science and heterogeneous
catalysis. Compared with the traditional tools commonly used
for such studies, these characterization techniques are cheaper
and more accessible to most research groups. They are also
well-suited for providing high-quality and more representative
data.

2.6. Catalytic Stability and Sintering

Similar to the conventional catalytic system, the activity and
selectivity of a catalyst built upon shape-controlled nanocryst-
als tend to decay in the course of operation as a result of
physical (i.e., sintering) or chemical (i.e., poisoning) changes.
Here we only focus on the physical deactivation as chemical
deactivation is highly dependent on the nature of the reaction

rather than the intrinsic parameters of the nanocrystals.
Sintering can be broadly defined as the loss of metal surface
area during the use of a heterogeneous catalyst. For industrial
processes involving high temperatures, such as steam
reforming, automotive exhaust treatment, and catalytic
combustion, sintering is always a major concern or challenge
for the long-term use of heterogeneous catalysts without
compromising their performance.

The general driving force for sintering is to reduce the total
surface free energy, which can be achieved through two
different pathways: intraparticle and interparticle sintering.”*
Intraparticle sintering refers to the migration of surface atoms
on an individual particle for the reconstruction of surface
structure, including the types of various facets and their area
proportions. This is a spontaneous process driven and
governed by thermodynamics as nanocrystals with a non-
spherical shape are supposed to reach the equilibrium shape
determined by the Wulff construction.”””* As a result, shape-
controlled nanocrystals are intrinsically susceptible to intra-
particle sintering and the shape transformation process will be
greatly accelerated when the sample is subjected to a thermal
stress (Figure 7A). If the catalytic activity and selectivity are
dependent on the surface structure such as the type of facet,
the transformation of shape or reconstruction of surface will
lead to degradation in the performance of a catalyst.

Interparticle sintering refers to the growth of nanocrystals
through particle coalescence and/or Ostwald ripening (Figure
7B).”” Particle coalescence will likely occur when two particles
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are close to each other, in which one particle will migrate along
the support to fuse with another particle. In Ostwald ripening,
individual atoms or small clusters leave the surface of a smaller
particle and migrate along the support or through the medium
and are redeposited onto the surface of a larger particle.
Because the strength of metal—metal bond in smaller particles
is weaker than that in larger ones, small particles tend to
dissolve and disappear, while energetically favorable large
particles will keep growing. Ostwald ripening can even occur
when the particles are well separated from each other on the
support. These two mechanisms are usually coupled together,
and sometimes it is hard to discriminate one from the other.
Nevertheless, both of them will lead to an increase in particle
size and thus a loss in specific surface area. For the catalysts
prepared using the conventional methods, it is hard to control
the size and shape uniformity of the resultant nanoparticles.
On the other hand, for the nanocrystals prepared using
colloidal synthesis, it has become a routine practice to obtain
samples with high uniformity in terms of both size and shape.
The well-defined facets on the nanocrystals should also help
strengthen their interactions with the support, making it harder
for the particles to migrate and coalesce. Taken together, it is
anticipated that shape-controlled nanocrystals are more
resistant against interparticle sintering because of their higher
uniformity than the conventional nanoparticles. In this case,
intraparticle sintering would be the major cause of the
observed degradation in catalytic performance.

3. SHAPE-CONTROLLED SYNTHESIS OF
NANOCRYSTALS

It takes several steps to convert a salt precursor into noble-
metal nanocrystals with a specific shape, and each step plays a
vital role in controlling the shape evolution process. In the
simplest picture, a colloidal synthesis begins with the
production of atoms from a salt precursor, followed by their
aggregation or assembly into clusters known as nuclei. At this
point, the nucleus probably does not have a fixed structure yet
since the thermal energy involved in a typical synthesis can
easily cause its structure to fluctuate among different
conﬁgurations.%’99 As the number of atoms is further
increased, the structural fluctuation ceases and the nuclei
evolve into seeds with diverse but fixed internal structures,
including those characterized by single-crystal, singly twinned,
multiply twinned, and stacking-fault-lined structures (see the
examples shown in the middle ring of Figure 3A). Afterward,
the seeds grow in size while evolving into nanocrystals with
different shapes through atomic addition and/or oriented
attachment.'”® In this section, we start with a brief
introduction to two methods for the generation of atoms,
followed by a discussion on their nucleation and growth into
nanocrystals, with a focus on how to maneuver the shape
under various thermodynamic and kinetic controls. Since most
of the syntheses are conducted under ambient conditions, we
also discuss the important role(s) of oxidative etching in
affecting the distributions of seeds featuring different types of
internal structures. We further highlight the use of seed-
mediated synthesis for achieving an ultimate control over both
the shape and size of noble-metal nanocrystals. At the end, we
specifically talk about surface capping agents due to their
essential roles in controlling the shape evolution of nanocryst-
als during the growth process.

3.1. From Precursor to Atom

The metal atoms that serve as the building blocks of
nanocrystals are typically generated through the reduction
and/or decomposition of a salt precursor.”® Most of the
protocols reported in the literature rely on chemical reduction,
in which a salt precursor in a high oxidation state is reduced by
reacting with a reductant to generate metal atoms. Many types
of reductants have been successfully applied to the colloidal
synthesis of noble-metal nanocrystals, and some of them only
generate gases such as N, and H, as the products, helping
prevent the surface of the obtained nanocr?rstals from
contamination by unsolicited chemical species. *' Alterna-
tively, the atoms can be generated through the decomposition
of a metal complex without involving a reductant. The
decomposition process typically requires the assistance of
heating and/or ultrasonication.'”> In some cases, both
reduction and decomposition can be involved. A notable
example can be found in the synthesis of Au nanocrystals
through the thermal decomposition of a Au(I) halide, during
which AuCl or AuBr was dissolved in chloroform in the
presence of a stabilizer such as alkylamine, whose amine group
can also act as a reductant.'”® As an advantage, the
decomposition route offers a simple and effective route to
the incorporation of different elements into bi- and even
multimetallic nanocrystals with a tight control over the
composition. In comparison, it is more challenging to
accomplish such a control for the reduction route because of
the difficulty in matching the reduction rates of different
precursors.””

Regardless of reduction or decomposition, it is the initial
reaction rate that plays the most important role in determining
the internal structures of the seeds in the nucleation step.”” As
a major drawback of the decomposition route, it is difficult to
precisely control the reaction kinetics as the rate of
decomposition has an exponential dependence on the reaction
temperature. In comparison, it is easier to control the kinetics
of a reduction reaction as the rate of reduction (at least, the
initial rate) is linearly proportional to the concentrations of the
precursor and reductant. Immediately after the nucleation step,
however, the reduction may proceed through an autocatalytic
pathway on the surface of the seeds (see section 3.3), causing
dramatic acceleration to the reduction kinetics. In general, the
success of a synthesis critically depends on our ability to
control the reduction kinetics, and the common practice
includes the use of a proper combination of precursor and
reductant,'®* as well as their molar concentrations. The
temperature can also be leveraged to control the reduction
rate, but it should be kept in mind that the relationship is
exponential rather than linear.' In many cases, it is necessary
to introduce a proper capping a%{ent for the production of
nanocrystals with a specific shape.'*>'"”

3.2. Homogeneous Nucleation

Homogeneous nucleation refers to the aggregation or assembly
of metal atoms into small clusters commonly known as nuclei.
It is the very first step of any synthesis of nanocrystals that does
not involve the introduction of preformed seeds. The general
framework of homogeneous nucleation can be described using
the LaMer model, which was formulated in the 1950s to
account for the synthesis of sulfur colloids with a uniform
distribution in size.'”® This model can also be extended to
account for the synthesis of noble-metal nanocrystals (Figure
8). As soon as the salt precursor is reduced or decomposed, the
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Figure 8. Plot of the concentration of atoms as a function of reaction
time illustrating the major steps involved in a synthesis, including the
generation of atoms, homogeneous nucleation, and growth. Reprinted
with permission from ref 108. Copyright 1950 American Chemical
Society.

concentration of metal atoms in the reaction solution is
expected to increase as a function of time. Once the
concentration of metal atoms exceeds the minimum value for
nucleation (Cp,), nuclei will be formed spontaneously through
aggregation or assembly of the atoms. Rapid consumption of
the atoms in the solution will cause their concentration to
decrease quickly. When the concentration drops below the
minimum level for nucleation, homogeneous nucleation will
cease. However, with a continuous supply of new metal atoms
from the precursor, homogeneous nucleation can occur again if
their concentration surpasses the minimum level. Such
recurrence can repeat multiple times until most of the
precursor in the solution has been depleted. In general, it is
necessary to ensure that there is only one nucleation event per
synthesis. Otherwise, the products will have a broad
distribution in size as the seeds from different nucleation
cycles will experience different durations of growth. In practice,
the requirement for one nucleation event can be met by
regulating the reaction kinetics of the synthesis through the
choice of a right reductant or introduction of the precursor
dropwise rather than in one shot.

Despite the lack of a quantitative analysis and many
oversimplified assumptions, the LaMer model has been very
successful in providing a qualitative understanding of the
colloidal synthesis of metal nanocrystals. At least, it offers an
insightful instruction about how to obtain nanocrystals with a
uniform distribution in size. With the advancement in
instrumentation and computational method, this simple
model has been challenged in recent years due to the large
discrepancy between the expected and actual observations. To
this end, nonclassical mechanisms involving two or even
multiple steps were proposed for nucleation, in which a dense,
metastable liquid'” or amorphous structure''® is formed as
the intermediate. Instead of the aggregation of metal atoms, it
was also proposed that nucleation could be achieved by
forming clusters from the partially reduced precursor. In one
report, continuous flow was combined with in situ X-ray
absorption fine structure (XAFS) spectroscopy to investigate
the nucleation step involved in the synthesis of Au nanocryst-
als.""" It was demonstrated that in the early stage of nucleation,

partial reduction of AuCl, occurred, and Au—Au bonds were
formed to generate Cl; Au-AuCl; dimers and then larger
clusters in the general format of Au,Cl,,, under the mild
reduction condition. So far, there are only a limited number of
reports on the exploration of nonclassical nucleation involved
in the colloidal synthesis of nanocrystals.

While it remains a grand challenge to uncover the atomistic
detail involved in the very early stage of a synthesis, several
methods have been developed for manipulating the fractions of
seeds with different types of internal structures. The first
method is computational modeling built upon the perspective
of thermodynamics.”” Figure 9A shows the phase diagram of
Au seeds computed as functions of particle size and
temperature, indicating that multiply twinned and single-
crystal seeds are formed at relatively small and large sizes,
respectively. Alternatively, it was established that the initial
reduction rate of the precursor could serve as a quantitative
knob for experimentally controlling the internal structure of
the seeds.”” Specifically, the initial reduction rates responsible
for the generation of seeds with different internal structures
increased in the order of stacking-fault-lined, multiply twinned,
singly twinned, and single-crystal. Figure 9B shows the
percentages of Pd seeds with different internal structures as a
function of the initial rate for the reduction of PdCL,*~ by a
polyol. Of particular interest is the existence of well-separated
windows of initial reduction rates, which correlate well with the
formation of seeds with different internal structures. In
practice, the initial reduction rate can be experimentally
controlled by adjusting the temperature, as well as both the
type and concentration of precursor and reductant involved in
a synthesis. 104112113

In addition to these thermodynamic and kinetic controls,
oxidative etching can be used to selectively remove multiply
twinned seeds for the generation of single-crystal and/or singly
twinned seeds.''”''> As a process intrinsic to all metals, the
etching typically involves a redox reaction between the highly
energetic twin defects and an etchant consisting of an oxidant
(e.g., the O, from air) and a ligand for the metal ions, including
the halide from the salt precursor. One can even differentiate
the seeds containing different numbers of twin defects by
tuning the strength of the etchant through the use of different
ligands at various concentrations.””''® During the polyol
synthesis of Ag nanocrystals, for example, one can replace CI~
with Br~ to only remove the multiply twinned seeds, leaving
behind the singly twinned seeds for their further growth into
RBPs."'® For most noble metals, now it is feasible to produce
all the four basic types of seeds shown in Figure 3A by carefully
controlling the experimental conditions.

3.3. Growth

Growth is responsible for the increasingly enlarged size of a
nanocrystal, in addition to faceting and shape development. As
a result of the catalytic activity of most metal surfaces, the
precursor can now be reduced to the elemental form through
two different pathways (Figure 10A,B): solution reduction and
surface reduction.''” For the solution pathway, the precursor
compound is still directly reduced in the solution phase
through collision and electron transfer with the reductant
molecule, just like what has happened during the homoge-
neous nucleation step. The atoms are then added onto the
surface of a seed to facilitate its growth into a nanocrystal. In
contrast, surface reduction relies on the assistance from the
existing seed to greatly facilitate the production of metal atom:
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Figure 9. Thermodynamic and kinetic approaches to controlling the internal structure of seeds. (A) Phase diagram of Au seeds as functions of
temperature and particle size. (B) Population of Pd nanocrystals as a function of the initial reduction rate, showing the formation of plates with
stacking faults (orange line), multiply twinned icosahedra (purple line), and single-crystal cuboctahedra (blue line). (A) Modified with permission
from ref 75. Copyright 2009 American Chemical Society. (B) Modified with permission from ref 69. Copyright 2015 American Chemical Society.

the precursor will adsorb onto the surface of a seed, followed
by its reduction to an atom through an autocatalytic
mechanism."'® The activation energies for these two different
reduction pathways differ significantly. In general, when the
precursor undergoes surface reduction in the growth stage, the
presence of a seed can significantly lower the energy barrier for
the formation of an atom, as if the surface atoms of the seed act
as a “catalyst” for the reduction process. This autocatalytic
process was originally discovered when people were trying to
understand the mechanistic details involved in the develop-
ment of photographic films''” and it has been observed during
the colloidal syntheses of nanocrystals for essentially all noble
metals."**~"** As illustrated by the TEM images, it is critical to
ensure the dominance of surface reduction pathway during the
process (Figure 10C,D). Otherwise, the product will contain a
second population of nanocrystals, typically, with a much
smaller size, due to the involvement of additional homoge-
neous nucleation events rather than just growth.'"”

To obtain a quantitative understanding of the relative
significance of the two distinct reduction pathways, one can
measure the reduction kinetics and then use the Finke—
Watzky model to fit the data.'”” According to this model, the
colloidal synthesis of metal nanocrystals can be described using
a two-step mechanism involving two pseudoelementary
reactions:

A->B M

A+ B

surface

— 2B (1)

where A represents the precursor and By, .. is the active site
on the seed. Specifically, the first step is responsible for the
relatively slow reduction pathway in the solution phase,
whereas the second step corresponds to the faster,
autocatalytic reduction pathway that involves the surface of a
seed or growing nanocrystal. In general, homogeneous
nucleation only involves solution reduction while both surface
and solution reduction can participate in the growth process.
Based on the Finke—Watzky model, one can quantify the
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Figure 10. (A and B) Schematic illustrations of the two different reduction pathways involved in a colloidal synthesis of metal nanocrystals: (A)
solution reduction and (B) surface reduction, respectively. (C and D) TEM images of the products obtained when (C) solution reduction or (D)
surface reduction dominated the reduction of a Pd(II) precursor, in the presence of 18 nm Pd cubic seeds. The smaller particles marked in panel C
were formed through homogeneous nucleation. Modified with permission from ref 117. Copyright 2017 American Chemical Society.

relative proportions of surface and solution reduction involved
in a colloidal synthesis, offering mechanistic insights and
uidelines for controlling the shape evolution of nanocryst-
als, 17122 125:126 1y general, the reduction kinetics has a strong
correlation with the reduction pathway taken by the salt
precursor, with the fast and slow ones favoring solution and
surface reduction, respectively. There exists a transition point
in the reduction rate for separating the two distinctive
pathways.'”” Below the critical rate, surface reduction will
take over the dominance in the generation of atoms whereas
solution reduction will exert a major effect when the reduction
rate is above the critical level. By finely tuning the reduction
kinetics of a synthesis, it is feasible to achieve the preferred
reduction pathway for the salt precursor and thereby obtain
nanocrystals with the desired shape and other attributes.

3.4. Seed-Mediated Growth

Traditionally, colloidal synthesis of metal nanocrystals is
conducted in the one-pot setting, and it is nontrivial to
separate growth from homogeneous nucleation unless one can
precisely control the instantaneous concentration of the atoms.
In many cases, the optimal parameters for these two competing
processes may differ substantially. This inherent drawback
often results in nanocrystals featuring broad distributions in
terms of size, shape, and internal structure. One can easily
solve this problem by separating homogeneous nucleation and
growth into two well-defined steps.'”* As a hallmark of seed-
mediated growth, it circumvents homogeneous nucleation by
directing the newly formed atoms to heterogeneously nucleate

and then grow from the surface of a preformed seed featuring
well-defined attributes. Seed-mediated growth of nanocrystals
in a colloidal suspension can be considered as a nanoscale
analogue of the Czochralski method as they are operated under
the same principle."””"*" In both cases, well-defined seeds
(nanoscale or bulk size) are exposed to a supersaturated
solution in a reaction vessel in an effort to promote growth on
the preformed seeds. During the growth process, the internal
structure is more or less fixed while the growth pattern and
thereby the shape or surface structure taken by the resultant
nanocrystals can be readily controlled by varying the
experimental conditions.

In the presence of preformed seeds, heterogeneous
nucleation will prevail over homogeneous nucleation. From
the viewpoint of thermodynamics, the energy barrier to
heterogeneous nucleation is always lower than that to
homogeneous nucleation:'*’

2 — 3 cosf + cos’ 0

* _ #
AGhetero - AGhomo

(1)

where @ is the contact angle formed by the nucleus in
equilibrium with a surface. Since the 6-dependent term in the
parentheses is limited to the range of 0—1, the energy barrier
to heterogeneous nucleation cannot exceed that to homoge-
neous nucleation. As a result, heterogeneous nucleation can
take place at a concentration well below the minimum needed
for homogeneous nucleation. In other words, heterogeneous
nucleation can occur under relatively milder reaction
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conditions, such as a lower reaction temperature or a lower
concentration of the precursor.

In the setting of seed-mediated growth, one can easily
eliminate homogeneous nucleation by ensuring that the atoms
in the solution are kept below the minimum level needed for
homogeneous nucleation. This goal can be easily achieved by
titrating the precursor solution into a suspension of seeds
through the assistance of a syringe pump. In this case, the
instantaneous concentration of the precursor (C,) at time t can
be modeled using pseudo-first-order kinetics, with the
reduction rate being solely determined by the precursor
concentration."*" If the volume of precursor solution added is
negligible relative to the total volume of the growth solution, C,
can be calculated according to

C = Coe—kt + Coe—k(t—r) + Coe—k(t—21) + o4 Coe—k(t—NT)

(= Y

= C,
’ 1—e" (2)

where N represents the total number of droplets (with an
initial concentration of C,) that have been introduced
periodically at a time increment of 7. The rate constant k
depends on the nature of the precursor and reducing agent and
it can be derived experimentally from measurements based on
ultraviolet—visible (UV—vis) spectroscopy or inductively-
coupled plasma mass spectrometry (ICP-MS). When plotted
as a function of time, C, quickly enters a steady state, in which
it only oscillates between two limits, Cy,,, and C,,. These two
values can be calculated as

c _ Coe—kr
v T ek (3)
CO
C“P = —kt
1—e 4)

It is critical to maintain the upper limit (Cup) below the
minimum level needed for homogeneous nucleation by
judiciously choosing the initial concentration (Cy) and the
injection frequency (7) once the types of precursor and
reducing agent are fixed.

The beauty of seed-mediated growth is that one can take any
existing sample of nanocrystals, add a precursor, together with
a reductant and/or capping azgent, to obtain nanocrystals with a
broad range of new shapes.'”” A classic example can be found
in the growth of cubic seeds into octahedral nanocrystals
through a series of intermediates, including truncated cubes/
octahedra with different ratios between the areas of {100} and
{111} facets."*>"** With the use of seeds based on nanocrystals
bearing well-defined attributes such as size, facet, and internal
structure, one can also systematically investigate the
correlations between autocatalytic surface reduction and
these attributes.''® Similar to the concept of facet-dependent
catalysis, autocatalytic reduction is also supposed to be
sensitive to the surface structure. As demonstrated in a recent
study involving Pd, the activation energy barrier to
autocatalytic surface reduction was highly dependent on both
the type of facet and the presence of twin boundaries,
following the order of {111} > {100} > vertex of a decahedron
> vertex of an icosahedron.''® As a result, the growth of atoms
from these seeds may take completely different patterns,
leading to the production of nanocrystals with diverse shapes.

3.5. Shape Evolution of Nanocrystals: Thermodynamic vs
Kinetic Controls

The ultimate shape taken by a nanocrystal during its growth
process is determined by the interplay between multiple
thermodynamic and kinetic factors defined by the experimental
conditions.** In essence, the thermodynamically controlled
product should exhibit a global minimum in terms of total
energy, including the contributions from surface, volume,
defects, and strains (Figure 11A)."*° The thermodynamic
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Figure 11. Schematic illustrations of (A) thermodynamic and kinetic
controls that involve a series of sequential reactions and (B) the shape
evolution of a cubic seed under four sets of experimental conditions.
(A) Modified with permission from ref 134. Copyright 2015
American Chemical Society. (B) Modified with permission from ref
136. Copyright 2013 United States National Academy of Sciences.

shape can be considered as the equilibrium state defined by the
experimental parameters involved in the synthesis, including
temperature, pressure, and concentrations of all the chemical
species.””* When surrounded by vacuum, the equilibrium
shape of a single-crystal nanocrystal can be derived using the
Waulfft construction. In this case, one only needs to consider the
surface free energy, and the specific energy of a given facet
should be in direct proportion to the distance from the center
of the nanocrystal to the facet.”””* As predicted using the
Waulft construction, the equilibrium shape of a single-crystal
nanocrystal of an fcc metal is represented by a truncated
octahedron enclosed by a mix of {111} and {100} facets at
roughly the same proportion in terms of area. Of course, when
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we move the nanocrystal from vacuum into a solution (or even
a gas), the equilibrium shape will be deviated from a truncated
octahedron due to the variations in specific surface energy for
the facets involved.

Although thermodynamics defines the final destinations that
atoms should reach in attaining a global minimum in free
energy, only a very limited number of shapes and surface
structures could be obtained if the synthesis is conducted
under the thermodynamic control. Accumulating evidence
from experimental studies indicated that many nanocrystals
would rather settle into structures that are thermodynamically
less stable but locally stable, known as kinetically controlled
products (Figure 11A)."**"* For a colloidal synthesis of
noble-metal nanocrystals, such a kinetic control is achieved by
maneuvering the reduction rates involved in nucleation and
growth. In the stage of nucleation, the initial reduction rate
plays a vital role in controlling the internal structure of the
seeds. By decreasing the initial reduction rate of a salt
precursor, the internal structure could be tuned from single-
crystal, singly twinned, multiply twinned, and further to
stacking fault-lined.”” Upon entering the stage of growth,
manipulation of the reduction kinetics is essential to the
control of faceting and thus shape evolution. The kinetic
products can take a wide variety of shapes depending on the
reaction conditions. Therefore, having a good understanding of
kinetics offers more opportunities in synthesizing nanocrystals
with diverse surface structures.

One can adjust the experimental parameters to apply either
thermodynamic or kinetic control to a shape-controlled
synthesis of nanocrystals. According to the Arrhenius equation

(reaction rate constant = Ae %/%T) the most effective way to

promote a thermodynamically controlled synthesis is to raise
the reaction temperature for overcoming the energy barriers
more easily. This is because the thermodynamically controlled
product is exclusively determined by the difference in Gibbs
free energy rather than the reaction pathway. In contrast to the
thermodynamic control, a relatively low temperature is more
desired for a kinetically controlled synthesis because it allows
one to finely tune the kinetic parameters such as atom
deposition and surface diffusion rates (denoted as Vg, and
Vo res}z)ectively) to reach local minima in terms of total free
energy.l ° In general, V, is directly associated with the
generation rate of atoms (i.e., the reduction rate of a salt
precursor), which can be controlled through the selection of
precursor and reductant, variation in reagent concentration,
adjustment of reaction temperature, and the type of
coordination ligand for the metal ions,'*¥13¢ Regarding the
surface diffusion, it is essentially determined by the reaction
temperature and the energy barrier to diffusion (Egg), with the
latter related to the strength of the bond between the surface
atom and the adatom, the crystallographic plane of the surface,
the accessibility of the surface, and the chemical potential
gradient.l‘w’138 As such, an effective means to control surface
diffusion in a colloidal synthesis of nanocrystals relies on the
variation in reaction temperature, the type of metal and its
surface structure, as well as the addition of a capping agent for
passivating a specific type of facet.'*>'3%"*

In principle, whether the product is formed under
thermodynamic or kinetic control is really determined by the
surface diffusion rate. An exemplary illustration can be found in
the growth of a cubic seed (Figure 11B), in which the surface
energies of various sites on the cube increase in the order of
side faces, corners, and edges owing to the difference in CN for

the atoms and presence of a capping agent on the side faces.
During deposition, atoms under thermodynamic control
involve a much greater Vg relative to Vj,, and their behavior
follows a “hit-then-diffuse” fashion across the surface of a seed,
giving rise to the formation of nanocrystals featuring the Wulff
shape. In contrast, atoms under kinetic control suggest a site-
selected growth, producing diverse products including concave
cubes and octapods as the ratio of Vygand Vg, is decreased.'**
It should be pointed out that nanocrystals with a shape
deviated from the Wulff shape, for example, the cubes in Figure
11B, could also be favored by thermodynamics, as long as there
is enough capping agent in the reaction solution to effectively
passivate and thereby stabilize the exposed facets.'”’

3.6. Capping Agents

Capping agents are extensively used in the colloidal synthesis
of nanocrystals owing to their vital roles in controlling the
shape and thus surface structure of the product.'”'%” A variety
of capping agents have been reported, including those based on
cationic/anionic species, small molecules, macromolecules, and
biomolecules."*'™"** Through facet-selective adsorption, a
capping agent is able to alter both the thermodynamic and
kinetic factors responsible for controlling the shape evolution
of nanocrystals. From the perspective of thermodynamics, the
role of a capping agent is to selectively stabilize a certain type
of facet on a nanocrystal by altering the landscape of surface
free energies. Kinetically speaking, the capping agent
chemisorbed on a facet can act as a physical barrier to impede
or even prohibit the deposition of atoms on this facet, affecting
the outcome of a colloidal synthesis of nanocrystals.'”” The
adsorbed capping agent can also retard the surface diffusion of
adatoms, promoting the formation of kinetic products.

When there is no capping agent, the thermodynamically
favored shape of a nanocrystal made of an fcc metal is a
cuboctahedron defined by the Wulff construction as the
specific surface free energies increase in the order of ¥y <
Y(00) < Y(110)- However, in the presence of a capping agent
selective toward {100} facets, the capped {100} facets will have
the lowest specific surface free energy and the order will
become ¥(100) < Y(111) < Y(110) leading to the formation of a
nanocrystal that features a cubic shape to maximize the
expression of {100} facets. Alternatively, the cubic shape can
also be considered as the product of a kinetic process. When
the capping agent selectively adsorbs onto {100} facets, the
adsorbate layer will impede the direct deposition of atoms onto
these facets while retarding the diffusion of adatoms from other
regions to these facets. As a result, a majority of the atoms will
be deposited on the corners and edges of a growing
nanocrystal, followed by their slow diffusion to the side
faces. If the deposition and diffusion rates of atoms are
comparable, the surface of the product will be enclosed by
{100} facets to give a cubic shape. The same argument also
applies to the synthesis that is conducted in the presence of a
capping agent selective toward {111} facets. In this case, an
octahedral nanocrystal covered by eight {111} facets will be
obtained.'*”"**

It should be pointed out that the presence of capping agents
can also significantly affect the internal structure of the
product, in addition to the surface structure. One compelling
example can be found in the synthesis of Pd nanocrystals.
When a Pd(II) precursor was reduced by ascorbic acid (AA) in
a polyol system, single-crystal Pd nanocrystals were found to
be dominant in the final product."*” In sharp contrast, Pd wires
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Table 1. Summary of Shapes That Have Been Successfully Obtained for Noble-Metal Nanocrystals

ISﬁTrﬁie Shapes Models® Metals | References Isr:;z?glre Shapes Models® Metals | References
Cu 153-159 Cu 240
Rh 104, 160—162 Rh 241
. Pd 132, 163—-167 Pd 208, 242, 243
3 Decah S
S:ll?: and truncated Ag T65-181 ecahedron @ Ag 224,244
Pt 35, 141, 148, Pt 245
182-193 Au 102, 246248
Au 32,194-198 Rh 249
Pd 139, 199-201 Pd 208, 242
o | [ P ; T
Pt 139, 205 Icosahedron 35. 245, 252
Cu__ |206 Pt 253
Rh 104, 207 A 32,103, 254,
P 132, 165, Mult v 255
AN\ 208-212 ulti- g Cu 153, 256-263
‘ Octahedron and % A 180, 181,213, twinne 4 147,237
Single- truncated octahedron & 214 Penta-twinned rod or Pd 264-267
tal i
crys! Pt 34,35, 144, 187, wire Ag 268-290
191, 215217 Au 291-296
Au 32,196, Cu 297-300
218-220 Ru 301
Cu 158 Hexagonal or Rh 302, 303
} Rh 221,222 triangular plate Pd 304-307
/ Pd 210,223 Ag 305, 308-315
Tetrahedron / Ag 224,225 Au 305, 316-319
Pt ;gl, 182, 183, ey Cu 320
= 326227 Twinned cube or Ag 321,322
m ] . L
bipyramid Au | 292,323-325
. Pd 165,228
Rhombic
dodecahedron Au 229-231 Pd 118,223,
326-330
I Rh 232,233 Concave polyhedron 34,47, 62, 64,
Plate or sheet —— Au 234,235 Pt 331,332
Pd 71, 236,237 Au 333-337
Ag 116 o Pt 47,338-340
Pt 238 High-index Multipod \ —
Singly- Bi W facets /D—’ A »
twinned pyram
Au 230 Pt 63,342
c Convex polyhedron Au 343-345
Beam @/7 Ag 239
Belt Ag 346, 347
Others ?u ;‘5“13_350
. e, LI
Wavy wire DY g™ Au 352,353
Ru 354-357
Rh 358,359
A Pd 360, 361
Hollow Cage ' V Ir 362
Pt 363-365
Au 366—370

“For metals in fcc crystal structure, green, yellow, purple, and gray colors represent {100}, {111}, {110}, and high-index facets, respectively. The

red lines are representative of twin planes/twin boundaries.

characterized by a penta-twinned structure and well-defined
{100} facets on the side surface were produced when I” ions
were introduced into the synthesis."*” Apart from the capping
effect of I" ions toward Pd{100}, kinetic measurements
indicated that the presence of I” ions could substantially slow
down the reduction of the Pd(II) precursor by forming PdL,*",
moving the initial reduction rate into the window favorable for
the formation of decahedral seeds, followed by their growth
into penta-twinned wires."*” In many cases, the halides that are
commonly used as capping agents can also induce oxidative
etching when the syntheses are carried out in air. If managed
well, oxidative etching can be used to selectively eliminate
twinned seeds, leaving behind single-crystal seeds for the
production of cubic or octahedral nanocrystals in high purity.
It is even feasible to produce singly twinned nanocrystals such
as RBPs in high yields by carefully controlling the oxidative
etching process.””"'® These examples clearly illustrate the
necessity to analyze all of the possible roles played by a capping
agent in a colloidal synthesis of nanocrystals before a
conclusion is drawn.

Despite its pivotal roles in a shape-controlled synthesis, the
capping agent remaining on the surface of metal nanocrystals
may compromise their performance in (electro)catalysis and
other related applications. For example, it was reported that
Pt—Ni octahedral catalyst with a capping layer based on
poly(vinylpyrrolidone) (PVP) showed an electrochemically
active surface area (ECSA) much lower than that of the same
catalyst bearing a clean surface.'*® The deactivation was
attributed to the blocking effect of PVP that tended to restrict
the reactants from accessing the catalytic sites on a Pt—Ni
octahedral nanocrystal. To this end, a number of methods have
been developed for the postsynthesis removal of capping
agents, including washing with a proper solvent, thermal
annealing, UV-ozone (UVO) treatment, and ligand exchange
(a more detailed discussion can be found in section
8.1)."*7"°" In parallel, there is a strong interest in developing
synthetic protocols involving no capping agent for the direct
production of shape-controlled nanocrystals with a clean

63,152
surface.”™
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4. EXAMPLES OF SHAPE-CONTROLLED
NANOCRYSTALS

Built upon our general discussion in sections 2 and 3, this
section provides some notable examples of monometallic
nanocrystals with controlled shapes. The presentation is
divided into different subsections according to the types of
surface structures, and eight of the noble metals are discussed
in the order of increasing atomic number. The nanocrystals are
also summarized in Table 1. These nanocrystals not only offer
a variety of well-defined surface structures for fundamental
studies but also enable an array of applications related to
catalysis and electrocatalysis (see sections 6 and 7).

4.1. Single-Crystal Nanocrystals Enclosed by Low-Index
Facets

All the noble metals except Ru are crystallized in the fcc phase,
where the specific surface energies of the low-index facets
increase in the order of y(111} < ¥{100} < Y{110}- As illustrated in
Figure 3B—D, the representative nanocrystals with their
surfaces enclosed by {111}, {100}, and {110} facets,
respectively, are octahedron, cube, and RDD. Since these
nanocrystals only expose one specific type of facet as the side
faces, they are perfect candidates for studying the facet-
property relationship without involving other structural factors.

4.1.1. Cubes and Bars. Cube is one of the most
commonly observed shapes for single-crystal nanocrystals,
with all the six side faces being identical and terminated in
{100} facets. Compared to {111} facets, {100} facets are
intrinsically greater in surface energy owing to a lower CN for
the surface atoms (9 vs 8). As a result, the formation of cubes
typically requires the involvement of a capping agent selective
toward {100} facets to direct the shape evolution. In some
cases, the cube can also be elongated or compressed along one
(or two) of the three axes to yield a bar albeit the areas of
adjacent side faces are different from each other. Similar to a
cube, a bar has six side faces terminated in {100} facets, but
shows an anisotropic shape and an aspect ratio greater than
one. In terms of catalytic properties, the surface structures of
these nanocrystals in two distinct shapes are almost identical,
despite their slight difference in specific surface areas and the
proportion of under-coordinated atoms located at corners and
edges. The formation of bars typically involves symmetry
breaking, which can be most conveniently achieved by slowing
down the reduction kinetics and/or through localized oxidative
etching. Figure 12 shows TEM images of some typical
examples of noble-metal nanocrystals featuring a cubic or
bar-like shape.

4.1.1.1. Copper. To generate Cu cubes with a single-crystal
structure using an oil-phase method, an elevated temperature, a
Cu(I) precursor, and a capping agent are typically recgluired in
order to block the growth of {100} facets.">*~">”'*" In one
example, Cu cubes were synthesized in high purity by reducing
CuCl with oleylamine (OAm) in the presence of trioctylphos-
phine (TOP) and octadecylamine (ODA) at a temperature as
high as 330 °C."* The cubes had an average edge length of
75.7 nm. It was speculated that TOP and ODA mainly
contributed to the formation of single-crystal seeds and
stabilization of {100} facets. Similarly, by replacing CuCl
with CuBr and both TOP and ODA with trioctylphosphine
oxide (TOPO), Cu cubes could be produced at a lower
temperature of 260 °C.'**'*%'*7!%Y By varying the reaction
time and the amount of TOPO, the size of the cubes could be
tuned in the range of 20—80 nm. It was proposed that the
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Figure 12. (A) TEM and (B) HAADF-STEM images of Pd cubes
with the corresponding three-dimensional (3-D) model shown in the
inset of panel A. (C) TEM and (D) high-resolution TEM images of
Pd bars, showing the side faces enclosed by {100} facets. (E and F)
TEM images of uniform Ag and Au cubes, respectively. (A) Reprinted
with permission from ref 371. Copyright 2014 American Chemical
Society. (B) Modified with permission from ref 199. Copyright 2010
Springer Nature. (C) Reprinted with permission from ref 201.
Copyright 2009 Wiley-VCH. (D) Modified with permission from ref
139. Copyright 2007 American Chemical Society. (E) Reprinted with
permission from ref 172. Copyright 2013 American Chemical Society.
(F) Reprinted with permission from ref 198. Copyright 2018
American Chemical Society.

weak coordination effect of TOPO to Cu(I) led to a faster
reduction of Cu(I) to atoms, enabling nucleation at a relatively
lower temperature. Under this circumstance, the {100} facets
could be effectively capped by the Br™ ions from the precursor
due to the decelerated growth rate.'>* A further investigation
into the OAm-based synthesis using in situ X-ray absorption
spectroscopy (XAS) measurements indicated that the dis-
proportionation of Cu(I) contributed to the formation of
atoms and thus Cu nanocrystals."*® The final shape of the
products was determined by the rate of disproportionation. In
the case of TOP, with reaction conducted at 260 °C, a gradual
increase in Cu atom concentration was observed, indicating
that the reaction was controlled by thermodynamics and quasi-
spherical particles were obtained as the final products. When
switched to TOPO, however, a sudden increase in Cu atom
concentration was observed and cubic nanocrystals were
obtained, suggesting that the synthesis was conducted under
a kinetic control.

It is also feasible to produce Cu cubes using a water-based
approach by reducing CuCl, with glucose in the presence of
hexadecylamine (HDA)."*®> A temperature as low as 100 °C
was adequate for the synthesis, with oxidative etching and the
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capping effect from HDA and ClI” ions regarded as the main
factors contributing to the formation of cubes. In the presence
of O, from air, twinned seeds with high surface energy were
removed, leaving behind single-crystal seeds for their further
growth into cubes. It should be mentioned that HDA, an
additive commonly considered as a capping agent for Cu{100}
facets in most reports, played an important role in the
production of Cu cubes but its capping effect is still under
debate.’”> This aspect is discussed in more detail for the
synthesis of penta-twinned Cu wires (see section 4.2.3).

4.1.1.2. Rhodium. In comparison with other noble metals
such as Pd, Pt, Ag, and Au, only limited success has been
achieved for the synthesis of Rh nanocrystals with well-
controlled shapes. The difficulty primarily arises from the high
bond dissociation energy and surface free energy of Rh.””> An
early report demonstrated a seed-mediated method for the
synthesis of Rh cubes with an average edge length of 12.7 nm.
Smaller Rh nanocrystals (the seeds) were prepared through the
reduction of RhCl; precursor by ethylene glycol (EG) in the
presence of PVP, followed by growth at 190 °C to generate Rh
cubes.'® The Rh cubes reported in this study were mostly
truncated, together with the presence of nanoparticles poorly
defined in terms of shape. In addressing this issue, a polyol
method was later reported to produce Rh cubes in a relative
high yield, together with sizes smaller than 10 nm."°" The key
to the success of this synthesis was the presence of Br~ ions
released from tetradecyltrimethylammonium bromide
(TTAB), which could stabilize the {100} facets and direct
the shape evolution to cubes. Later studies have also
demonstrated Br™ ions as an effective capping agent toward
Rh{100} facets.'"*”*”* When KBr was introduced into the
polyol synthesis, uniform Rh cubes of 6—7 nm in edge length
were obtained as well. It is worth noting that the choice of
precursor and solvent played a critical role in controlling the
final shape of the Rh nanocrystals.'”* It was reported that Rh
cubes could be obtained in a higher purity when RhBr; was
used as a precursor while EG, diethylene glycol (DEG), or
triethylene glycol (TEG) could serve as a solvent and reducing
agent. The size of the Rh cubes increased with the chain length
of the polyol.

4.1.1.3. Palladium. Palladium cubes have been extensively
explored due to the well-established protocols, in addition to
the high purity and uniformity of the products (Figure 12A,B).
A typical synthesis of Pd cubes involved the injection of
aqueous Na,PdCl, into an aqueous mixture containing AA,
halide ions (Br~ and/or CI7), and PVP.'*® When applied in
the wet-chemical synthesis of Pd nanocrystals, PVP mainly
served as a stabilizer to prevent nanocrystals from aggregation.
By adjusting the concentrations of Br~ and/or CI” ions added
into the reaction solution, the size of the Pd cubes with sha1;p
corners and edges could be tuned in the range of 6—18 nm.'*®
Halide ions were of great significance in the formation of
cubes, and their functions can be generally ascribed to (i)
selectively capping of the Pd{100} facets, (ii) coordination to
Pd(II) ions for the deceleration of reduction kinetics, and (iii)
removal of the twinned seeds through oxidative etching in the
presence of O,.'"> Typically, increasing the concentration of
Br~ would slow down the reduction of Pd(II) precursor,
resulting in the formation of fewer seeds and thus cubes with
larger sizes. From the viewpoint of synthetic approach,
enlarging the cubes would need assistance from oxidative
etching and/or seed-mediated overgrowth.'®>'**'¢”

By elongating the cubes along one axis, nanocrystals with a
bar-like shape would be produced. A typical synthesis of Pd
bars involved the reduction of Na,PdCl, in a mixture of KBr,
PVP, and EG or water (Figure 12C,D)."*??°! Here Br~ ions
served as the capping agent, while PVP and EG could both act
as reducing agents. Several mechanisms have been proposed to
account for the anisotropic growth, including (i) localized
oxidative etching and thus selective removal of Br™ ions from
one specific side face on the cube, enabling atomic deposition
onto this face and thus breaking of the cubic symmetry; (ii)
oriented attachment of small Pd particles along one direction
to minimize the total surface energy, followed by further
growth via atomic addition into a bar; * and (iii) preferential
overgrowth on one of the side faces under the kinetically
controlled condition.”*”*”®

4.1.1.4. Silver. Among the various types of Ag nanocrystals
that have been reported, cubes have attracted much attention
because of their use as a sacrificial template for the preparation
of Pd, Pt, and Au boxes/cages.3%_378 Despite a few reports on
the synthesis of Ag cubes in an aqueous phase,'”'”* polyol
process still remains the most effective and robust method, in
which a Ag(I) precursor is reduced by a heated polyol in the
presence of a stabilizer and a capping agent. Ethgrlene lycol is
the most commonly used golyol in this regard,'**™""""" with
others including DEG,"” 1,3-butylene glycol,178 and 1,5-
pentanediol,'’® among others. It was reported that glyco-
laldehyde, a stronger reductant than EG, is produced when EG
is heated in air,"®® as shown by the following reaction:

2HOCH,CH,OH + O, — 2HOCH,CHO + 2H,0
)

In a typical synthesis of Ag cubes, AgNOj is reduced by EG at
an elevated temperature in the presence of PVP."”® Different
from the synthesis of Pd cubes, here the PVP serves both as the
stabilizer and capping agent for Ag{100} facets.""* The
morphologies of the products were reported to have a strong
dependence on the concentration of AgNO; and the molar
ratio of PVP to AgNO;."*”'®" A higher concentration of PVP
relative to AgNO; was typically required to ensure the
stabilization of the {100} facets. However, this protocol
typically suffered from low purity due to the inclusion of
twinned particles in the final product.

To solve this problem, the protocol was further modified
with the introduction of CI~ ions from NaCl'”* or HCI'*® to
enhance the oxidative etching, eliminating the twinned seeds
initially formed and only leaving the single-crystal seeds to
grow into cubes. Despite the improved purity, the synthesis
took more than 1 day to complete due to the involvement of
oxidative etching, imposing restriction on the scale of
production. It was then discovered that the addition of sulfide
or hydrosulfide could greatly speed up the synthesis of Ag
cubes through the formation of Ag,S clusters, which could then
serve as seeds for the nucleation and growth of Ag.'” As a
result, Ag cubes with an edge length of 25—45 nm could be
rapidly produced in 3—8 min. In a 1,5-pentanediol-based
polyol synthesis, the introduction of a trace amount of CuCl,
also promoted the formation of Ag cubes in about 6 min."”
Although the role of CuCl, was not discussed in that report,
the addition of CI” ions into the reaction system could
probably lead to the rapid generation of Ag cubes through a
similar mechanism.”®” The choice of Ag(I) precursor was also
found to play a significant role in the synthesis of Ag cubes.
Since the NO;~ from AgNO; might decompose to produce
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ionic or gaseous species at an elevated temperature, it was
demonstrated that using CF;COOAg as a precursor could
achieve a better control over the product quality and
reproducibility (Figure 12E)."”"'7%%7

Controlling the size of Ag cubes is of great significance not
only because they are used as a sacrificial template to
synthesize hollow nanocrystals made of other noble metals,
but also because the size of Ag cubes plays an essential role in
the ethylene epoxidation reaction (see section 6.5.1). To this
end, different methods have been developed to prepare Ag
cubes with variable sizes. Using a seed-mediated growth
method that features single-crystal Ag nanocrystals with a
spherical or cubic shape as the seeds, the as-obtained cubes
could be readily tuned in the range of 30—-200 nm.'”’
Furthermore, by replacing the polyol with DEG, the size of the
Ag cubes was turned down to 18 nm.'”” The higher viscosity
and weaker reducing power of DEG enabled a burst of
nucleation in the early stage of a synthesis and relatively slow
growth thereafter, reducing the average size of the cubes. More
recently, Ag cubes smaller than 15 nm, together with sharp
corners and edges, were prepared through a EG-based polyol
process with the introduction of NaSH, NaBr, and NaCl.*”?
Instead of using HCI as a chloride source for oxidative etching,
the employment of NaCl could exclude the introduction of
protons and thus the consumption of SH™ additives to form
H,S. Hence, Ag" ions could react with SH™ rapidly to produce
a large number of Ag,S clusters for the heterogeneous
nucleation of Ag atoms. The Br~ ions not only served as a
more effective capping agent for the {100} facets on small Ag
nanocrystals relative to PVP, but also kinetically regulated the
growth by forming largely insoluble AgBr to limit the amount
of Ag* ions available in the solution. Moreover, through the use
of CF;COOAg as a precursor,'”" addition of HCI as an
etchant,'®® and protection of the NaHS-mediated polyol
synthesis with Ar gas,'”" a number of reports have
demonstrated the ability to scale up the synthesis to up to
0.25 g of solid sample per batch, making it feasible to apply Ag
cubes to commercial catalytic tests.

Silver bars with a single-crystal structure and a rectangular
cross section were also reported by several groups. In an early
report, a seed-mediated method was reported to prepare Ag
bars using spherical or cubic Ag nanocrystals as seeds.””” A
solution containing AgNOj;, EG, and a bromide compound
was applied to produce Ag bars with various aspect ratios. The
anisotropic growth was attributed to the presence of bromide
species in the system. It was found that Ag bars with higher
aspect ratios could be obtained when Ag spheres were used as
seeds, and ionic bromides promoted the formation of bars
more effectively than covalent bromides. Similar to Pd bars,"*”
Br™ ions also played a crucial role in the synthesis of Ag bars
because it induced the localized oxidative etching and activated
one of the many equivalent facets for preferential atom
deposition, resulting in symmetry breaking and thus the
formation of bars. In another study, a solution of AgNO; in EG
and another containing PVP and NaBr in EG were added
dropwise into EG heated at 155 °C, producing a mixture of
cubes and bars with an average aspect ratio of 2.7.°%
Moreover, in a recent study, Ag bars were prepared by
tentatively slowing down the reduction kinetics in a seed-
mediated synthesis.”’* During the synthesis, cetyltrimethylam-
monium chloride (CTAC) was used as a capping agent, and
AgCl was formed via the reaction between Ag" and CI™ ions to
serve as a new source to elemental Ag. The limited supply of

Ag atoms caused by the slow reduction of AgCl, and the strong
capping of the cubic seeds by CI™ ions confined the nucleation
of Ag to one of the side faces, inducing anisotropic growth. It
was suggested that localized oxidative etching might also be
involved in the synthesis by activating one of the side faces for
preferential atom deposition.

4.1.1.5. Platinum. Similar to the synthesis of Pd cubes, a fast
reduction rate of Pt precursor and the use of proper capping
agents are of great significance in generating single-crystal
seeds for their subsequent evolution into a cubic shape. The
first report on the synthesis of Pt cubes involved the reduction
of K,PtCl, by H, with sodium polyacrylate serving as a
stabilizer.'*>'*> The key factor in this synthesis was the
concentration of sodium polyacrylate. By varying the
concentration of sodium polyacrylate, Pt tetrahedra and
truncated octahedra were also produced. However, the purity
of the Pt cubes in this report was relatively low, and further
modification to the protocol was necessary. Other capping
agents such as CO, OAm, and oleic acid (OA) have been
confirmed to be more effective in passivating Pt{100} facets.
For example, also under the H, atmosphere, by decomposing
Pt(1I) acetylacetonate (acac) in the presence of OAm, Pt cubes
in high purity were obtained albeit their sizes varied in the
range of 10—100 nm."®* In another example, uniform Pt cubes
with an average size around 10 nm were obtained by reducing
Pt(acac), in a mixture of OA, OAm, W(CO), and benzyl
ether.'*® The stronger binding of CO, derived from the
decomposition of W(CO), to Pt{100} facets than to {111}
facets greatly prevented the deposition of atoms on {100}
facets, resulting in the formation of cubes. 9185381382 14
should be mentioned that the explicit role of metal carbonyl
was still under debate. Besides the formation of CO for
passivating the Pt surface, it was also proposed that metal ions
served as the actual capping agent while CO served as a
reducing agent.”>'**'° In addition to the small organic/
inorganic molecules mentioned above, other types of c%pping
agents such as Ag® ions,'®’ triblock copolymers,'®® and
peptides'*" have also been demonstrated for the formation
of Pt cubes.

Manipulating the reduction kinetics is another important
factor in synthesizing Pt cubes, especially in the generation of
single-crystal seeds. In one example, Pt cubes were prepared by
reducing K,PtCl, with H, generated in situ from NaBH,, with
TTAB serving as the surfactant.'”” However, when NaBH, was
replaced with AA, a milder reducing agent, porous Pt
nanocrystals with a polycrystalline structure were obtained,
revealing the importance of fast reduction rate in generating
single-crystal seeds.'””

In terms of Pt bars, the successful syntheses were achieved
from both localized etching and oriented attachment.'”* The
strategy used for the synthesis of Pd bar could also be extended
to the Pt system. In one report, bars were synthesized using
localized oxidative etching to selectively remove some of the
capping agents on one side face."”” The addition of Pt atoms
onto the cleaned face led to the formation of anisotropic bars
with an aspect ratio of 2—3 and a yield above 90%. In the case
of oriented attachment, a typical protocol involved the
reduction of Pt(acac), in the presence of benzyl alcohol,
OAm, and HCHO.”” Numerous small particles were
generated in the early stage of the reaction, and the particles
were then observed to coalesce along the (100) direction to
form an elongated, rod-like shape, which further grew into bars
in the presence of capping agents toward {100} facets.
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4.1.1.6. Gold. The synthesis of Au cubes was first achieved
using a polyol method, during which HAuCl, was reduced by
EG in the presence of PVP as a colloidal stabilizer and AgNO;
as an additive to regulate the shape.’” Different from the Ag
system, PVP did not exert a capping effect on Au{100} facets
and could not be applied as a shape directing agent for the
formation of Au cubes.'** Instead, this report suggested that
the addition of Ag" ions effectively enhanced the growth rate of
Au{111} relative to Au{100}, generating Au cubes as the final
product. The polyol method was later modified by replacin
EG with 1,5-pentanediol to reduce HAuCl, more rapidly."”
With an increase in the amount of AgNO; added into the
solution, Au octahedra, truncated octahedra, cuboctahedra,
and cubes were sequentially obtained, due to the selective
deposition of Ag" ions on the seed, and thus preferential
growth of {111} over {100} facets. This example further
confirmed the capping effect of Ag* toward Au{100}.
However, it was hard to precisely control the reaction kinetics
in such a one-pot synthesis, leading to a relatively low
uniformity for the final product. In addressing this issue, seed-
mediated growth was applied as a powerful approach to the
synthesis of Au cubes (Figure 12F)."”® Using 10 nm Au
spheres as seeds, Au cubes with sizes ranging from 17—78 nm
could be obtained with a narrow size distribution and purity as
high as 99%. The precise control of both size and shape relied
on the introduction of Au seeds, as well as the adjustment of
the concentration of Br~ ions in the reaction mixture.

4.1.2. Octahedra and Tetrahedra. Both octahedron and
tetrahedron are single-crystal structures enclosed by {111}
facets. Similar to the case of cube versus bar, the major
difference between octahedron and tetrahedron lies in the
specific surface area, with that of a tetrahedron being greater
than that of an octahedron. The larger surface-to-volume ratio
relative to that of octahedra makes tetrahedra less favorable in
terms of thermodynamics, and a fine control over the
reduction kinetics is necessary for the synthesis of tetrahedral
nanocrystals in high yield and purity. Figure 13 shows TEM
images of some typical examples of noble-metal nanocrystals
featuring an octahedral or tetrahedral shape.

4.1.2.1. Copper. Copper octahedra were synthesized using a
reaction system containing CuCl, TOP, and OAm, similar to
what was used for the synthesis of Cu cubes.”*® The protocol
involved the disproportionation reaction of Cu(I) at 335 °C,
by which Cu octahedra as large as 145 nm were obtained in
high purity. It was reported that TOP molecules could attach
to the surface of Cu nanocrystals and were speculated to serve
as a capping agent toward Cu{111} facets. However,
considering the relatively weak binding of TOP to Cu, the
high temperature used, and the lower surface energy of {111}
facets, it seems to be more reasonable to attribute the
formation of an octahedral shape to thermodynamics instead
of the capping effect from TOP. When lowering the
temperature to 300 °C and injecting CuBr and TOPO into
OAm solution, Cu tetrahedra could be synthesized and their
formation was largely attributed to a kinetic control.'*®

4.1.2.2. Rhodium. Rhodium octahedra were obtained by
modifying the protocol developed for the synthesis of Rh
cubes.'”* By changing the precursor from RhBry to RhCly,
while switching the reducing agent from EG, DEG, or TEG to
poly(ethylene glycol) with an average molecular weight of 300
(PEG300), Rh octahedra were produced with a yield around
70%. The type of polyol solvent played a crucial role in this
shape-controlled synthesis, which could be ascribed to the
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Figure 13. (A) TEM and (B) HAADF-STEM images of Pd
octahedra. The inset in panel A shows a model of the octahedral
nanocrystal. The lattice spacing of 0.223 nm can be indexed to the
{111} planes of fcc-Pd. (C) TEM and (D) HAADF-STEM images of
Pd tetrahedra. The insets show a model of the tetrahedral nanocrystal
and the Fourier transform pattern, respectively. (E and F) TEM
images of Pt octahedra and Au tetrahedra, respectively. (A) Reprinted
with permission from ref 209. Copyright 2013 American Chemical
Society. (B) Reprinted with permission from ref 383 Copyright 2020
American Chemical Society. (C and D) Reprinted with permission
from ref 210. Copyright 2013 American Chemical Society. (E)
Reprinted with permission from ref 35. Copyright 2013 American
Chemical Society. (F) Reprinted with permission from ref 227.
Copyright 2014 Wiley-VCH.

change in the reduction kinetics. Similar to the strategy for the
synthesis of Au cubes, the polyol method could be optimized
with the incorporation of small amounts of metal ions into the
reaction system. It was reported that by adding AgNO; into a
reaction system containing RhCl;, PVP, and EG, the yield of
Rh octahedra could be increased to as high as 90%.”” It
should be pointed out that the high purity and quality claimed
by the authors do not seem to be supported by the TEM
images and further refinement or improvement of the protocol
is still necessary.

As for tetrahedra, an organometallic approach was proposed
with rhodium carbonyl chloride as a precursor and OAm as a
solvent to produce uniform Rh tetrahedra, whereas spherical
nanocrystals were obtained when the precursor was changed to

Rh(acac);.””" Although the authors did not propose any
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specific mechanism to account for the formation of tetrahedra,
the shape-controlled synthesis could likely be attributed to the
change in reaction kinetics as induced by different stabilities of
the precursors in the solvent. In another example, Rh
tetrahedra were prepared by reducing Rh(III) acetate (ac) in
a mixture containing glucose, N,N-dimethylformamide
(DMF), and OAm.”** The authors elucidated the roles played
by DMF and glucose by carrying out a set of control
experiments to vary the concentration of these two chemicals
in the solution. However, no specific mechanism was presented
in terms of how these two chemicals affected the shape
evolution of Rh tetrahedra.

4.1.2.3. Palladium. Palladium octahedra could be produced
using either one-pot approach or seed-mediated growth.
Depending on the synthetic protocol, the products can take
different ranges of sizes. Typically, larger octahedra are more
suitable for analyzing facet-dependent properties while smaller
octahedra offer a higher specific surface area.

Citric acid (CA) and citrate ions are mostly used as the
capping agents in the synthesis of Pd octahedra. In one
example, an aqueous solution containing Na,PdCl,, PVP, and
CA was heated at 90 °C for 26 h to generate Pd octahedra with
an average size of 20 nm.””® The formation of an octahedral
shape was mainly attributed to the selective binding of CA to
Pd{111} facets, which stabilized these facets and blocked the
addition of atoms to them. In addition to one-pot synthesis, Pd
octahedra with different sizes could be produced through seed-
mediated growth by employing Pd cubes as the seeds. In a
typical synthesis, Na,PdCl, was introduced into an aqueous
solution containing PVP, HCHO, and Pd cubic seeds.' 321!
Without a capping agent in the solution, the surface free energy
for low-index facets of an fcc metal follows the order: y{111} <
7{100} < y{110}. Thus, the newly formed Pd atoms would
prefer to nucleate and grow from {100} facets for the
generation of octahedral nanocrystals enclosed by {111} facets,
which have a lower total surface free energy and are favored
thermodynamically. By using cubes of 6, 10, and 18 nm in size
as the seeds, Pd octahedra with edge lengths of 14, 21, and 37
nm, respectively, were obtained. During the growth, increasing
the amount of Pd(II) precursor would give truncated cubes,
cuboctahedra, truncated octahedra, and octahedra sequentially,
with an increase in the area ratio between the {111} and {100}
facets.

In addition to seed-mediated growth, oxidative etching offers
another route to the synthesis of Pd octahedra with controlled
edge lengths from cubes.””” Using HCI/O, as the oxidative
etchant and TEG as a reducing agent, Pd atoms were first
removed from the corners of the cube due to the capping of
{100} facets by Br™ ions. The resultant Pd(Il) ions were then
reduced and deposited back onto the cube, but preferentially
on {100} facets considering their higher surface energy than
{111}, leading to the formation of octahedral products (Figure
13A,B). Besides, the conventional seed-mediated growth can
also be conducted in one step through the use of dual
reductants with different reducing power.”'” In a typical
protocol, a strong reductant (e.g., AA and ethanol) was used to
control the reduction and nucleation steps to generate single-
crystal seeds, while a weak reductant such as CA only worked
in growth step for the conversion of the unreacted precursor
and stabilization of the {111} facets. This one-pot, dual-
reductant method provides an effective and time-saving route
to the synthesis of Pd octahedra with high purity, and this
strategy can also be potentially extended to other metals.

In contrast to other basic shapes such as cube and
octahedron, tetrahedron is rarely explored for Pd. By
leveraging Pd cuboctahedra as seeds, Pd nanocrystals with a
tetrahedral shape could be synthesized by adding Pd(acac),
into a mixture of tetraethylene glycol (TTEG) and PVP
(Figure 13C,D).”"" Interestingly, when replacing Pd(acac),
with Na,PdCl,, octahedral nanocrystals were obtained. The
weak coordination of acac to Pd*" led to a fast reduction rate of
Pd(acac), and the growth of nanocrystals into a kinetically
favored tetrahedral shape. In comparison, the slow reduction of
Na,PdCl, induced by the strong binding of CI~ to Pd** could
maintain the precursor at a relatively high concentration and
ensure the thermodynamically controlled growth of Pd into an
octahedral shape. In another example, Pd tetrahedra were
produced in one step by reducing Pd(acac), with DMF in the
presence of PVP and Fe(acac), and the relatively fast
reduction rate was also considered as the main reason for
the formation of tetrahedra.”*®

4.1.2.4. Silver. As we discussed previously, Ag cubes could
be synthesized within 6 min through a 1,5-pentanediol-based
polyol process by introducing CuCl,.'”® Interestingly, when
the synthesis was extended to 2 h at a constant supply of
precursor, the Ag nanocrystals gradually transformed from
cubes to truncated cubes, cuboctahedra, truncated octahedra,
and finally octahedra. This shape transformation was attributed
to the relatively low concentration of PVP in the solution. As
the Ag nanocrystals grew larger, the amount of PVP in the
reaction mixture became inadequate to fully cover the Ag{100}
facets, leading to the formation of octahedron as the final
product.

Seed-mediated growth has also been employed for the
preparation of Ag octahedra. In one report, cubic Ag
nanocrystals were used as the seeds for further growth in a
DME solution to produce Ag octahedra with an average edge
length of 170 nm.”"” However, nanocrystals with such large
size could hardly be applied to industrial catalytic applications.
To this end, smaller Ag octahedra with sizes tunable in the
range of 20—72 nm were synthesized using uniform cubic or
quasi-spherical Ag nanocrystals as the seeds.”'* The addition of
citrate as an effective capping agent toward Ag{111} facets
greatly contributed to the formation of Ag octahedra that were
compact in size, together with sharp corners, sharp edges, and
smooth side faces.”"

In the case of tetrahedra, their lower degree of symmetry has
brought some difficulties to the synthesis involving seed-
mediated growth. The formation of Ag tetrahedra was first
discovered as a byproduct in the EG-based polyol synthesis of
Ag cubes.'” It was found that when introducing NaCl into the
reaction, a mixture of Ag cubes and truncated tetrahedra were
formed at the same time. Higher yield of Ag tetrahedra was
achieved in a later study, where Ag seeds were first produced
by reducing AgNO; with NaBH, in an aqueous solution
containing tartrate, followed by the irradiation with a sodium
lamp for 9 h.**> Afterward, PVP and citrate were introduced
into the seed suspension under irradiation for another 20 h.
The success of this synthesis could be attributed to the
introduction of tartrate and citrate for promoting the formation
of nuclei in the shape of truncated tetrahedra and facilitating
their growth into tetrahedra, respectively. In another example,
AgNO; was reduced in DMF in the presence of PVP.”** When
the molar ratio of PVP to AgNO; was set to 10, Ag tetrahedra
were produced with a purity of 70%.
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4.1.2.5. Platinum. Compared to cubes, it is neither easy nor
straightforward to synthesize Pt octahedra due to the difficulty
in finding the proper capping and reducing agents. The
addition of Ag" ions was first reported to help produce Pt
octahedra in high yields."®” It was proposed that Ag atoms
would preferentially passivate Pt{100} facets. The deposited
Ag was then replaced by Pt through galvanic replacement,
facilitating the growth of Pt along (100) directions. Later on,
several other methods were developed for Pt octahedra (Figure
13E), including the addition of metal carbonyl, where the
metal atoms and CO generated from decomposition served as
the shape-directing agent and reductant, respectively.”>'”" By
employing glucose as a reducing agent and cetyltrimethylam-
monium bromide (CTAB) or CTAC as a capping agent, Pt
octahedra in high purity were obtained during the reduction of
a Pt(IV) precursor.’® Interestingly, by tuning the amount of
glucose and reaction time, Pt nanocrystals in the shape of
cuboctahedron, cube, and concave cube could also be
produced, revealing the generality of this protocol. When
glucose was used at a relatively low concentration, the surface
diffusion rate of Pt atoms overwhelmed the deposition rate and
the thermodynamically favored octahedron was obtained due
to the lower surface energy of {111} facets. By increasing the
amount of glucose, the faster deposition rate relative to that of
diffusion, together with the preferential growth from corners
and edges, resulted in the formation of concave cubes. The use
of a fixed reaction system eliminated the influence of surface
contamination, making it more accurate to compare the
catalytic performance of nanocrystals bounded by different
facets.

Decreasing the size of nanocrystals is an effective strategy to
optimize their mass-specific activities by increasing the specific
surface area. Recently, a modified protocol was reported for the
synthesis of Pt octahedra with sizes below 10 nm.*'® The
method involved a simple reaction system, where Na,PtClg
was mixed with PVP in an aqueous solution and heated at 90
°C for 48 h. Here PVP served as both a stabilizer and a mild
reducing agent due to its hydroxyl end groups. Pseudospher-
ical, single-crystal seeds were observed at the early stage of a
synthesis, which further evolved into octahedra for the
expression of the thermodynamically favored {111} facets.

Recently, the utilization of citrate ions further decreased the
size of Pt octahedra down to 7 nm.”"” Combined with seed-
mediated growth, Pt octahedra were synthesized with tunable
sizes ranging from 7—18 nm. In a typical protocol, Pt seeds
were first prepared by reducing H,PtCls with NaBH, in the
presence of CA and sodium citrate. The seeds were then mixed
with additional H,PtClg, AA, and sodium citrate, and reacted at
105 °C to enable their growth into an octahedral shape.
Previous DFT simulations have demonstrated that citrate ions
in an aqueous solution could adsorb onto the Pt(111) surface
with three dehydrogenated carboxylic groups in a bidentate
configuration, enabling the passivation of {111} facets on Pt
octahedra.'** It was shown that other parameters such as the
moderate reaction temperature and the resultant low rate of
reduction also played an important role in promoting the
formation of an octahedral shape.”"”

In the case of Pt tetrahedra, the first report was based on a
synthetic protocol similar to that for cubes, where K,PtCl, was
reduced by H, gas in the presence of sodium polyacry-
late."**'® Compared to cubes, a higher concentration of
sodium polyacrylate was needed for tetrahedra in order to
stabilize the Pt{111} facets. A similar trend was also observed

when the capping agent was switched to PVP, and Pt
tetrahedra were found to prevail over cubes at a higher
concentration of PVP.”*® Besides, inspired by biomolecules
that can specifically recognize a chosen surface, a peptide in the
sequence of Ac—Ser—Ser—Phe—Pro—Gln—Pro—Asn—CONH,
(termed S7) was used as a capping agent for the production of
Pt tetrahedra.'*' The formation of the tetrahedral shape could
be attributed to the favorable interaction between the peptide
and the atoms on {111} facets. However, the uniformity and
purity of the tetrahedral samples still need to be improved.
4.1.2.6. Gold. As reported in one EG-based synthesis of Au
octahedra, poly(diallyldimethylammonium) chloride (PDDA),
a cationic surfactant, was effective in stabilizing Au{111}
facets.”'” The size of the octahedra could be tailored in the
range of 20—320 nm by introducing an acid or base into the
reaction solution to control the reduction rate of HAuCl,, and
the yield could reach as high as 95%. Interestingly, although
the presence of PDDA was essential to the production of Au
octahedra, changes to their concentration did not pose an
impact on the purity of the product. It was observed that Au
octahedra could be produced in high yield within a broad
range of PDDA concentration (5—125 mM). Based on the
results from a set of characterizations, the authors suggested
that PDDA formed a stable pair with AuCl,~ precursor and
decreased the reduction rate, which was one possible reason
for the formation of Au octahedra. In addition to the polyol
route, Au octahedra were also synthesized in an aqueous
system with the assistance of CTAB.**’ It was reported that Au
octahedra as small as 52.3 nm could be obtained with AA
serving as a reducing agent, CTAB as a shape-directing agent,
and H,0, as a reaction promoter under sonication at 40 °C.
Here, the H,O, acted as an activator to prompt the release of
electrons from AA and thus the reduction of HAuCl,.

Besides one-pot synthesis, Au octahedra could also come
from seed-mediated growth. Using Au spheres as seeds, the
shape evolution of the Au nanocrystals to cubes, cuboctahedra,
and finally octahedra with different sizes was observed in a
growth solution containing PVP and HAuCl,, as the amount of
Au(III) precursor was increased."”*'”” Even Au nanocrystals
with an anisotropic shape, such as rods, could serve as seeds to
produce octahedra through a reshaping process conducted
under sonication in the presence of PVP.”"*

As discussed in section 4.1.1, Au cubes could be synthesized
by reducing HAuCl, with EG in the presence of PVP and
AgNO,.>* This protocol was also used to produce Au
tetrahedra by simply eliminating the addition of AgNO,
while varying the concentrations of HAuCl, and PVP. The
formation of tetrahedra was attributed to the capping effect of
PVP toward Au{111} facets. The seed-mediated growth could
also be applied to the synthesis of Au tetrahedra. Starting from
Au spherical nanocrystals, tetrahedra were produced by
inducing unsymmetrical growth through the careful manipu-
lation of the reaction kinetics (Figure 13F).””” In particular,
the slow addition of precursor solution and the use of CTAB
and CTAC at appropriate concentrations are crucial to the
formation of Au tetrahedra in high purity.

4.1.3. Rhombic Dodecahedra. A RDD is covered by 12
congruent rhombic side faces terminated in {110} facets.
Compared with cube and octahedron, there are much fewer
reports on the synthesis of RDD, mainly due to the high
surface energy of {110} facets and the lack of capping agents
for this type of facet. To the best of our knowledge, there are
only reports on the synthesis of Pd and Au nanocrystals taking
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this unique shape, despite the enigma about the growth
mechanism. Figure 14 shows scanning electron microscopy
(SEM) and TEM images of several typical examples of Au
nanocrystals in the shape of RDD.

=100 nm

Figure 14. (A) SEM image of an ordered assembly of Au RDD. (B)
SEM images and the corresponding models of Au RDD viewed from
different orientations (scale bars: SO nm). (C) TEM image of Au
RDD. The insets show models of two RDD and the selected area
electron diffraction (SAED) pattern, which can be indexed to the
diffraction spots along the [011] zone axis. (D) High-resolution TEM
image of a Au RDD showing the exposed {110} planes with a d-
spacing of 0.144 nm. (A) Reprinted with permission from ref 229.
Copyright 2009 American Chemical Society. (B) Modified with
permission from ref 230. Copyright 2011 American Chemical Society.
(C and D) Modified with permission from ref 231. Copyright 2009
American Chemical Society.

4.1.3.1. Palladium. To synthesize Pd RDD, the choice of a
proper capping agent and reaction temperature is of great
significance. In one synthesis, Pd cubes were used as seeds and
Pd atoms reduced from H,PdCl, were deposited onto them in
the presence of CTAB and KI.'*>*** A medium concentration
of KI and a relatively high temperature were necessary for the
generation of RDD, and it was believed that the growth
mechanism was closely related to a synergistic capping effect
arising from CTAB and I” ions. Additionally, Pd RDD could
also be produced through the reduction of Na,PdCl, in an
aqueous solution containing PVP and glucose, with no
additional capping agent added.’®* A further investigation is
needed in order to elucidate the formation mechanism of RDD
enclosed by {110} facets.”®

4.1.3.2. Gold. Gold RDD could be obtained from both seed-
mediated growth and one-pot synthesis. For example, using
single-crystal Au seeds capped by cetylpyridinium chloride
(CPC), Au RDD were obtained after growth in a solution
containing HAuCl,, AA, and CPC (Figure 14A).**” The
generation of RDD could be ascribed to both the selective
stabilization of {110} facets by CPC and the well-regulated
growth kinetics. It was suggested that a lower concentration of
CPC and a higher concentration of AA favored the production

of RDD because AuCl,~ tended to be reduced on {111} facets,
resulting in the disappearance of {111} facets and formation of
{110} facets. In contrast, when a high concentration of CPC
and a low concentration of AA were used, Au octahedra were
obtained due to the stronger capping of CPC on {111} than
{110} facets. In another seeded growth method, RDD were
synthesized with the assistance of CTAC and a low
concentration of Ag® ions to stabilize the {110} facets (Figure
14B).”* The final product contained a mixture of RDD and
bipyramids, both enclosed by {110} facets. It was proposed
that Ag* ions played a critical role during the synthesis because
Ag could deposit on these {110} facets through underpotential
deposition (UPD), preventing the further growth of Au atoms
on these facets for the generation of nanocrystals enclosed by
{110} facets.

Besides the seed-mediated growth, several other studies also
suggested that Au RDD could be obtained through one-pot
synthesis. An early report claimed that Au RDD could be
obtained in a one-pot synthesis without the involvement of
additional surfactant (Figure 14C,D).”*" The reaction mixture
only contained HAuCl, as the precursor and DMF as both the
reductant and solvent. In a typical synthesis, the mixture of the
two chemicals were heated in oven at 90—95 °C for 15 h,
followed by centrifugation to collect the solid product. The Au
RDD possessed sharp corners and edges, with an average edge
length of about 200 nm. Since the reducing power of DMF is
dependent on temperature, the choice of a proper reaction
temperature could facilitate the formation of this unique
structure. In this case, the formation of Au RDD was attributed
to a kinetically controlled reduction process at a relatively low
temperature which resulted in a slow rate of crystal growth.
Although the authors claimed that no additional capping agent
was added into the reaction mixture, they did not rule out the
possibility that the shape formation of RDD could be
contributed by the stabilization effect from DMF or its
oxidation products.

4.1.4. Plates and Sheets. As a two-dimensional (2-D)
structure, a plate is characterized by a much greater area for the
basal planes relative to that of the side faces. When the
thickness of a plate is reduced to several atomic layers, the 2-D
structure is often referred to as a sheet. Most of the reported
plates and sheets contain planar defects parallel to their basal
planes (see section 4.2.4). However, there are a few exceptions
that feature a single-crystal structure. The absence of planar
defects can be largely attributed to the following two factors:
(i) the ultrathin thickness (e.g., only a few atomic layers) that
prevents the inclusion of planar defects and (ii) the use of
seed-mediated growth and the involvement of single-crystal
seeds. Figure 15 shows TEM images of some typical examples
of noble-metal nanocrystals with a plate- or sheet-like shape
while featuring a single-crystal structure.

4.1.4.1. Rhodium. Compared with other noble metals, there
are more reports on the synthesis of Rh sheets with a single-
crystal structure. The sheets typically take irregular shapes,
rather than the triangular or hexagonal shapes commonly
observed for plates made of fcc metals. In one study, it was
reported that Rh sheets could be synthesized in the shape of
rhomboids under the confinement of CO (Figure 15A).>*
The sheets took a single-crystal structure, together with basal
planes terminated in {111} facets. Their average edge length
could be increased up to 1 um by increasing the pressure of
CO. According to the atomic-resolution TEM image recorded
from the side face of a sheet, the atoms took a regular

https://dx.doi.org/10.1021/acs.chemrev.0c00454
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00454?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00454?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00454?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00454?fig=fig14&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00454?ref=pdf

Chemical Reviews

pubs.acs.org/CR

Review

Figure 15. (A) TEM image of the single-crystal Rh sheets with the SAED pattern shown in the inset. (B) High-resolution TEM image of the cross-
section of a Rh sheet, showing ABCAB stacking sequence along the [111] direction. (C) TEM image of Rh sheets with the thickness being reduced
to one atomic layer. The inset shows the TEM image of a single sheet at higher magnification (scale bar: 100 nm). (D) TEM image of Au triangular
plates, with the SAED pattern shown in the inset, confirming that the plates had a single-crystal structure, with the top and bottom faces enclosed
by {111} facets. (A and B) Reprinted with permission from ref 232. Copyright 2015 Wiley-VCH. (C) Reprinted with permission from ref 233.
Copyright 2014 Nature Publishing Group. (D) Reprinted with permission from ref 235. Copyright 2005 American Chemical Society.

arrangement without showing any disorder (Figure 15B). It is
worth pointing out that although the 1/3{422} reflection spots
were observed in the SAED pattern, their presence was
attributed to the thin thickness of the sheet preventing the
extinction to occur. With the assistance of PVP as a stabilizer,
the thickness of Rh sheets could be further reduced down to
one atomic layer (Figure 15C).”>’ The shape of the final
product also became more uniform, typically appearing as
rhomboids with several notches at the edges. The single-
atomic-layer thickness not only exposes all of the atoms on the
surface but also changes the bonding strength among the
atoms, giving rise to enhancement in catalytic activity (see
section 6.3).

4.1.4.2. Gold. One compelling example demonstrating the
synthesis of single-crystal Au plates was based on seed-
mediated growth. In one report, triangular plates could be
grown from the Au seeds prepared by reducing HAuCl, with
NaBH, in the presence of trisodium citrate (Figure 15D).**
The growth step led to the formation of plates with an average
edge length of 144 nm. Employing the as-obtained plates as
seeds, Au plates with edge lengths up to 300 nm were also
obtained with the addition of more Au(III) precursor.”** The
single-crystal nature of the plates was verified by electron
diffraction, with the basal planes and side faces indexed as
{111} and {211} facets, respectively.

4.1.5. Conclusion. The formation of single-crystal nano-
crystals with well-defined shapes, such as cubes, octahedra, and
RDD, typically requires the following conditions: (i) the

presence of oxidative etching for eliminating the formation of
seeds with twin defects and stacking faults; (ii) fast reduction
kinetics for generating single-crystal seeds, and this can be
achieved by manipulating reaction temperature and the
concentration/chemical activity of the precursor and reduc-
tant; and (iii) introduction of a capping agent to selectively
passivate a certain type of facet to promote its exposure on the
surface. Both the amount and strength of the capping agent
play a critical role in directing the shape evolution process.

4.2. Nanocrystals with Planar Defects

Both twin plane and stacking fault are planar defects
commonly observed in crystals made of an fcc metal. A twin
plane refers to a plane across which the atoms are arranged in a
mirror image of each other. On the other hand, stacking fault
represents a short-range disruption in the ideal stacking
sequence in a crystal lattice. The formation of these defects
usually starts in the stage of seed formation, during which the
nuclei evolve into seeds featuring single-crystal, singly twinned,
multiply twinned, or lined with stacking faults, respectively.
Subsequently, these seeds grow into nanocrystals with specific
shapes and thus surface structures. The formation of different
types of defects has a strong correlation with the reduction
kinetics,”” which will be emphasized in the following sections.
Our presentation is based on the type of defect, following the
order of singly twinned, multiply twinned, and stacking fault-
lined.
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4.2.1. Bipyramids and Beams Containing a Single
Twin Plane. A bipyramid can be regarded as a base-to-base
integration of two pyramids through the inclusion of a twin
plane that passes through the center of the bipyramid.
Similarly, a one-dimensional (1-D) nanostructure with a single
twin plane running along the longitudinal axis is referred to as
a beam (Figure 16A). The synthesis of such nanocrystals can
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Figure 16. (A) Schematic illustrating the formation of RBP and beam
from seeds with a single twin plane. (B) TEM image of Pd RBPs and
models of RBPs in three common orientations. (C) High-resolution
TEM image of a Pd RBP showing a twin plane in the structure. (D)
SEM image of Ag RBPs. (E) TEM image of Ag beams, with the inset
showing its cross section with the presence of a twin plane parallel to
the basal plane. The scale bar in the inset is 20 nm. (A) Modified with
permission from ref 28 and 385. Copyrights 2009 and 2007 Wiley-
VCH, respectively. (B and C) Modified with permission from ref 71.
Copyright 2013 American Chemical Society. (D) Reprinted with
permission from ref 116. Copyright 2006 American Chemical Society.
(E) Reprinted with permission from ref 239. Copyright 2006
American Chemical Society.

be achieved either through a one-pot method or using seed-
mediated growth. It is worth noting that in seed-mediated
growth, the number of planar defects in bipyramids could be
more than one depending on the exact defect structure of the
seeds. Here we only focus on the synthesis of bipyramids and
beams possessing a single twin plane and those characterized
with multiple twin planes will be discussed in section 4.2.5.
Figure 16B—E shows TEM images of some typical examples of
noble-metal nanocrystals featuring a bipyramidal or beam-like
shape.

4.2.1.1. Palladium. Most Pd bipyramids exist in the form of
RBP, which is a special case of the bipyramidal system. In a
RBP, two trigonal pyramids are joined base-to-base in a mirror
image, with all of the side faces being right isosceles triangles
terminated in {100} facets. Compared with a cube that has the
same edge length and is also enclosed by {100} facets, a RBP
shows a 33% greater surface-to-volume ratio, making it a
favorable structure for catalysis. In a typical synthesis of Pd
RBPs, Na,PdCl, was reduced by EG in the presence of PVP

and Nal, with the latter serving as both an oxidative etchant
and a capping agent (Figure 16B,C).”" A moderate oxidative
etching was necessary for the production of singly twinned
nanocrystals. A stronger level of oxidative etching induced by a
high concentration of Nal or oxygen atmosphere resulted in
the dominance of single-crystal products, while a weaker level
caused by decreasing the concentration of I or purging the
solution with Ar gas led to the survival of multiply twinned
particles.”*’

Another bipyramidal structure similar to RBP but with side
faces covered by {111} facets is known as bitetrahedron. Up
until now, there is only one report on the synthesis of Pd
bitetrahedra with truncated vertices.”*® The typical synthesis
involved the reduction of K,PdCl, in EG with the assistance of
PVP and RuCl;. The atomic percentage of Ru in the final
products was negligible (0.6%), making them suitable to be
considered as monometallic Pd nanocrystals. The six side faces
and other two located at the top and bottom were all
confirmed to be {111} facets, and a single twin plane was
located at the center, illustrating that the shape of the products
could be regarded as two truncated tetrahedra joining together
face-to-face.

4.2.1.2. Silver. In the polyol synthesis of Ag cubes, RBPs
were often observed as a byproduct, albeit it was a challenging
task to significantly improve the yield."”"'” By replacing NaCl
with NaBr in the EG-based process for the synthesis of Ag
cubes, it was demonstrated that Ag RBPs could be prepared at
a yield of 80% (Figure 16D).""° Similar to the preparation of
Pd RBPs, the Br™ ions played a critical role in the formation of
Ag RBPs because of their moderate oxidative etching power.
The multiply twinned seeds formed in the early stage of a
synthesis were more susceptible to oxidative etching and thus
would be preferentially etched away, while the singly twinned
seeds were retained for the formation of RBPs. In contrast,
when CI” ions with a stronger oxidative etching power were
used for the synthesis, all of the twinned seeds would be etched
away, leading to the generation of single-crystal products.

Silver beams could be produced by slightly modifying the
polyol process developed for the synthesis of Ag RBPs (Figure
16E).>*” By doubling the concentrations of AgNO; and PVP
while lowering the reaction temperature, the singly twinned
seeds formed in the initial stage would adopt an anisotropic
growth mode under slow reduction kinetics, generating
nanoscale beams instead of RBPs. The length of the as-
obtained Ag beams could reach up to 30 pm, with widths
ranging in 17—70 nm and a width-to-thickness ratio of 1.4.

4.2.1.3. Platinum. Similar to the synthetic method
developed for Pt tetrahedra in section 4.1.2, peptides were
also employed to synthesize Pt bipyramids covered by either
{100} or {111} facets. It was reported that BP7A (Ac-Thr-Leu-
His-Val-Ser-Ser-Tyr-CONH,), a Pt-binding peptide, could
induce the formation of singly twinned seeds and stabilize
them in an aqueous solution at room temperature.zg’8 During
the following step, by introducing T7 (Ac-Thr-Leu-Thr-Thr-
Leu-Thr-Asn-CONH,) and S7 (Ac-Ser-Ser-Phe-Pro-Glu-Pro-
Asp-CONH,) as the capping agents in the seed-mediated
growth, Pt bipyramids enclosed by {100} and {111} facets,
respectively, were obtained.

4.2.1.4. Gold. Using the same protocol developed for the
synthesis of Au RDD (see section 4.1.3), {110}-covered Au
bipyramids were produced.”*” The as-obtained bipyramid was
consisted of two irregular tetrahedra enclosed by {110} facets,
and the two tetrahedra joined together through their {111}
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basal planes. The single twin plane was well resolved under A A gap of 1.54 sr Twin boundary

high-resolution TEM. Even though the product was a mixture
of twinned bipyramids and single-crystal RDD, the purity
could be improved by filtration due to their large difference in
size. Further analysis on the seeds suggested that both singly
twinned and single-crystal seeds were formed in the initial
stage of a synthesis, which then evolved into bipyramids and
RDD, respectively.

4.2.2. Decahedra and Icosahedra. These two shapes
share a lot of similar features in terms of surface structure,
including the exposure of {111} facets on the surface and the
presence of S-fold twinning and tensile strain (Figures 17A and

Al a gap of 7.35°

Twin boundary

Figure 17. (A) Schematic showing a decahedron assembled from five
single-crystal, tetrahedral units. A gap of 7.35° was left behind, causing
disorder in the twin boundaries and a tensile strain on each side face.
(B) TEM image of Pd decahedra. (C) SEM image of Ag decahedra.
(D) TEM image of Au decahedra, with inset showing an individual
nanocrystal at higher magnification. (E) High-resolution TEM image
recorded from the center of a Au decahedron, clearly showing the five
twin boundaries in the structure. (A) Modified with permission from
ref 61. Copyright 2019 Elsevier. (B) Reprinted with permission from
ref 242. Copyright 2014 American Chemical Society. (C) Reprinted
with permission from ref 224. Copyright 2006 Elsevier. (D and E)
Reprinted with permission from ref 102. Copyright 2006 Wiley-VCH.

18A).°%°" Recent studies involving both experimental and
computational methods showed that the presence of twin
boundaries and tensile strains on the surface could greatly
improve the catalytic activity of the metal nanocrystals toward
some reactions.>****” To this end, understanding the growth
mechanisms for these two structures can help us design more
active catalysts in a rational way. Figures 17 and 18 show TEM
and SEM images of some typical examples of noble-metal
nanocrystals featuring decahedral and icosahedral shapes,
respectively.

4.2.2.1. Copper. Different from other noble metals, it
remains a major challenge to synthesize Cu nanocrystals with a

Figure 18. (A) Schematic of an icosahedron, which can be dissected
as an assembly of 20 densely packed single-crystal, tetrahedral units.
Again, a gap of 1.54 steradians (sr) results in disorder in the twin
boundary and a tensile strain on each side face. (B and C) TEM
images of Pd and Ag icosahedra, respectively. (D) TEM and (E) high-
resolution TEM images of Pt icosahedra, with the inset showing the
corresponding atomic model of the nanocrystal. (A) Modified with
permission from ref 388. Copyright 2015 Wiley-VCH. (B) Reprinted
with permission from ref 242. Copyright 2014 American Chemical
Society. (C) Reprinted with permission from ref 250. Copyright 2018
Wiley-VCH. (D and E) Reprinted with permission from ref 253.
Copyright 2013 American Chemical Society.

penta-twinned structure because of the high susceptibility of
Cu to oxidation, which makes it easier for oxygen to dissolve
the twinned Cu seeds formed in the nucleation step.’* To our
knowledge, no regular Cu decahedra or icosahedra has been
reported so far. A recent report described the successful
synthesis of Cu decahedra with a star-like shape and
characterized by $-fold twinning.”*" In a typical synthesis,
Cu(acac), was reduced with AA in the presence of OAm. To
attain the twinned structure, a slow growth rate was desired,
which was achieved using a weak reducing agent and a
relatively low temperature of 130 °C. Before heating, the
solution was sonicated for a few minutes to remove the O,
trapped in the solvent. Further characterizations revealed that
the nanocrystals had a penta-twinned structure with the angles
between two adjacent twin boundaries measured to be 71.5—
72.5°, consistent with those in a decahedron. Tensile strains
were observed for surface atoms near the edge of the
decahedron, as well as the twin boundaries, while compressed
strains were observed at the center. The tensile strains played
an important role in increasing the binding of CO
intermediates, contributing to a high selectivity for C,,
products during the electrochemical reduction of CO, (see
section 7.6).

4.2.2.2. Rhodium. Similar to other noble metals, the key
requirements for the formation of decahedral Rh nanocrystals
are the elimination of oxidative etching and appropriate
reduction kinetics. An early report demonstrated the synthesis
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of Rh starfish-like nanocrystals using a chloride-free precursor
to avoid oxidative etching.’”’ Although the exposed facets were
not well-defined, the S-fold twinning was clearly resolved from
TEM images. Inspired by this work, a recent study reported
the successful synthesis of Rh decahedra with a regular shape
and sharp corners.”*" By leveraging TTEG as both a solvent
and a mild reducing agent and Rh(acac); as the precursor, the
reduction rate could be well regulated while the twinned
nanocrystals could be protected from etching. It was suggested
that a moderate reduction rate was important for the formation
of Rh decahedra. A faster reduction rate would result in the
formation of single-crystal structures while a slower rate
favored the formation of Rh icosahedra. Moreover, the use of
PVP with a relatively low molecular weight (10 kDa) and at a
high concentration contributed to the uniformity of the Rh
decahedra.

The Rh icosahedra were first observed in an early study that
was systematically investigating the influence of different types
of polyols and metal precursors on the shapes of Rh
nanocrystals.'”* It was proposed that the anionic ligand of
the metal precursor largely determined the morphology of Rh
nanocrystals while the solvent posed an effect on the
uniformity. In the case of Rh icosahedra, the synthesis relied
on the use of rhodium(II) trifluoroacetate dimer, Rh,(TFA),,
as a precursor, and EG as the solvent. The resultant Rh
icosahedra had an average size of 4—S5 nm. It is difficult to
synthesize Rh icosahedra in larger sizes, which could be mainly
attributed to the increased strain associated with enlarged
icosahedra. Rh icosahedra with larger size up to 12 nm were
obtained in a most recent study that used Rh(acac); as a
precursor, PVP as a reducing agent and colloidal stabilizer, and
benzyl alcohol as a solvent.”” Similarly, the reduction rate has
to be controlled by varying the coordination ligand in Rh(III)
precursor, as well as the molecular weight of PVP, to achieve
the optimal kinetics for the generation of icosahedra.

4.2.2.3. Palladium. Due to the sharing of a number of
features, decahedra and icosahedra usually appear in the same
batch of synthesis for Pd nanocrystals. Therefore, finely tuning
the reduction kinetics has become a key factor in obtaining
each multiply twinned nanocrystal in high purity.”*> The
typical synthesis of Pd decahedra involved the injection of
Na,PdCl, into a mixture of Na,SO,, PVP, and DEG. It was
found that Na,SO, could speed up the reduction of Pd(II)
precursor by enhancing the reducing power of DEG, and a
relatively faster reduction rate favored the formation of
decahedral seeds (Figure 17B). By substituting Na,SO, with
HCI, which reduced the pH of the reaction solution and
increased the difficulty of reducing PACL,*” complex, the
resultant slow reduction kinetics led to the generation of Pd
icosahedra (Figure 18B).

4.2.2.4. Silver. Although decahedral seeds were commonly
observed in the synthesis of Ag nanocrystals, only a few studies
reported the generation of Ag decahedra, probably due to the
tendency for these seeds to further grow into rods or wires
with a pentagonal cross section.”””*®" Using the DMF
reduction route previously discussed in section 4.1.2 for the
synthesis of Ag tetrahedra, in which AgNO; was reduced in
DMF in the presence of PVP, decahedra could be produced
with a purity of 70% when the molar ratio of PVP to AgNO;
was set to 1:1 (Figure 17C).”** Tt was proposed that the Ag
decahedron was assembled from five tetrahedral units in a step-
by-step fashion. However, based on detailed TEM and SEM
analyses of the products, it was later demonstrated that the Ag

AA

decahedron was formed through the stepwise growth of
tetrahedral units on specific facets, instead of the assembly of
tetrahedral units formed separately.”**

In the case of Ag icosahedra, most of the reported protocols
were based on the organic-phase synthesis. In an early report,
Ag icosahedra with diameters of 11 and 14 nm were produced
through the decomposition of CF;COOAg in o-dichloroben-
zene (ODCB) or isoamyl ether in the presence of OAm."”’
However, the products turned out to be a mixture of
icosahedra and decahedra. The protocol was later refined to
produce uniform icosahedra with tunable sizes by adjusting the
molar ratio between the Ag(I) precursor and the reducin%
agent, reaction time, and temperature (Figure 18C).25
Another modified polyol method was also developed to
synthesize Ag icosahedra in high purity, in which AgNO; was
reduced in a mixture of 1,2-hexadecanediol, 4-tert-butyl
toluene, and OAm.*”" Although notable size variations were
observed in the as-obtained icosahedra, the size distribution
could be narrowed after digestive ripening post treatment.
Similarly, it was reported that the reduction of AgNO; in
OAm, which acted as both the solvent and reductant, under N,
atmosphere at an elevated temperature resulted in the
formation of Ag icosahedra.”'

4.2.2.5. Platinum. For the synthesis of Pt decahedra and
icosahedra, slow reduction kinetics plays a key role in
generating multitwinned seeds at the beginning of a synthesis.
To our knowledge, until now there is only one report on Pt
decahedra, in which icosahedra were also produced by simply
changing the type of Pt(II) precursor.”** In a typical protocol,
Pt(II) complexes in the form of Magnus’ green salt (MGS,
[Pt(NH,),][PtCl,]) and methylamine-substituted Magnus’
green salt (MSMGS, [Pt(CH;NH,),][PtCl,]) were reduced
by OAm to generate Pt decahedra and icosahedra, respectively.
The insolubility of the Pt(II) precursor in OAm resulted in the
formation of a solid—liquid interface and an extremely low
concentration of Pt(II) species in the solution. This greatly
slowed down the reduction of Pt(II) precursor so that 1 week
was needed to complete the reaction, leading to the generation
of multitwinned seeds for their growth into decahedral or
icosahedral nanocrystals.

In addition to the method involving solid—liquid-interface-
mediated reduction, Pt icosahedra can also be synthesized in
other ways. In one example, Pt(acac), was mixed with
dodecylamine (DDA), OA, diphenyl ether (DPE), and
Y(acac),, followed by heating under a CO atmosphere.”>”
The protection from oxidative etching by CO, which helped
preserve the multitwinned seeds, and the synergistic effect
from CO, Y(acac)s, and long-chain amines both contributed to
the formation of icosahedral nanocrystals in high yields (Figure
18D,E). A similar method involving the reduction of Pt(acac),
by Mn,(CO),, was also reported, and a purity approaching
98% was achieved for Pt icosahedra after a purification
process.” In another example, a simple and fast synthesis of Pt
icosahedra was reported by reducing Pt(acac), in TTEG, with
PVP serving as a stabilizer.”” The slow reduction of the Pt(II)
precursor caused by the mild reducing power of TTEG
contributed to the formation of a multiply twinned structure.
By tuning the amount of the Pt(II) precursor or introducing
additional AA, icosahedral nanocrystals with size varying from
7—25 nm were obtained.

4.2.2.6. Gold. The synthesis of Au decahedra was first
reported in 2006 by modifying a protocol previously developed
to prepare Ag nanocrystals,””>*”* in which HAuCl, was
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reduced by DMF in the presence of small Au nanoparticles
that served as seeds (Figure 17D,E).'”> Ultrasonication was
key to the growth of Au nanoparticles into uniform decahedra
in a high yield because of the noticeably elevated temperature.
Afterward, the same group demonstrated that truncated
decahedra could be obtained when the seeds were replaced
with penta-twinned Au rods.”*” In another report, by
introducing foreign Cu(Il) ions into the growth solution, the
Au seeds could grow into rods, cuboids, and finally decahedra
as the concentration of Cu(Il) ions was increased.”*® It was
proposed that the Cu(Il) ions could selectively retard the
growth rate of the {111} facets and thus direct the shape
evolution. Besides the seeded growth, the synthesis of Au
decahedra could also be achieved through a one-pot polyol
route, in which HAuCl, was reduced by DEG with PVP
serving as a stabilizer.”>* Importantly, the concentration of
PVP should be high enough (up to 360 equiv of the Au(III)
precursor) to protect the multiply twinned seeds from
oxidative etching, giving rise to the formation of decahedra.

In the case of Au icosahedra, the synthesis was achieved by
slightly modifying the protocols for Au tetrahedra and
decahedra.®* As discussed in section 4.1.2, when the synthesis
of Au tetrahedra was conducted using a polyol method, Au
icosahedra could also be obtained by simply reducing the
concentration of the Au(IIl) precursor to 80% of that used for
tetrahedra.”” The decrease in precursor concentration and thus
the reduction rate contributed to the formation of the multiply
twinned icosahedra. In another example, it was found that Au
icosahedra were produced when following the protocol
developed for the synthesis of decahedra, except that the
concentration of PVP was significantly reduced, suggesting that
icosahedra were more stable at a lower concentration of
PVP.”** Gold icosahedra with a size of 18 nm were also
synthesized in high yield through an aqueous route, in which
HAuCl, was reduced with N-vinylpyrrolidone (NVP), a
precursor to an effective reductant and stabilizer.>””
Furthermore, synthetic protocols based on hydrothermal
method”™ and decomposition of Au(I) halides'”” have been
reported.

4.2.3. Penta-Twinned Rods and Wires. Similar to
decahedra and icosahedra, penta-twinned rods and wires also
contain multiple twin defects. The rods and wires have a
pentagonal cross-section, with the two ends covered by ten
{111} and the five side faces terminated in {100}.** The
easiest way to distinguish these 1-D structures with their
single-crystal counterparts is to resolve their cross-section.
Single-crystal rods and wires usually have a rectangular or
octagonal cross section, while their penta-twinned counterparts
typically have a pentagonal cross section.”” Because the focus
of this review article is on the surface structures of metal
nanocrystals, here we only present a discussion on the methods
and principles for shape control, rather than on their aspect
ratios and fascinating optical properties. Figure 19 shows TEM
images of some typical examples of penta-twinned rods and
wires made of various noble metals.

4.2.3.1. Copper. Penta-twinned wire is one of the most
commonly observed morphologies among Cu nanocrystals, not
only as the targeted product but also as a byproduct of most
syntheses. Generally speaking, a relatively low reduction rate of
the Cu(Il) precursor and the presence of capping agent(s)
capable of blocking {100} facets are required for the synthesis
of Cu wires. It was reported that, by using HDA as a capping
agent and glucose as a reducing agent, Cu wires with a high
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Figure 19. (A) Schematic illustration showing the formation of a
penta-twinned rod and then wire from a decahedral seed. (B) TEM
image of Cu wires with a diameter below 20 nm. (C) HAADF-STEM
image of Pd rods. (D) High-resolution TEM image taken from one of
the ends of a Pd rod along the (110) direction. (E) High-resolution
TEM image captured from the edge of a middle portion of a Pd rod.
(B) Reprinted with permission from ref 262. Copyright 2017 Wiley-
VCH. (C—E) Reprinted with permission from ref 267. Copyright
2015 Wiley-VCH.

purity and a diameter below 20 nm could be produced (Figure
19B).%*> Removal of O, was regarded as an important factor in
producing the ultrathin wires as it contributed to the
generation of a large number of penta-twinned seeds in the
initial stage of a synthesis while protecting the ends of the
wires from being oxidized and blocked by 0,.**> When the
temperature was reduced and the concentration of glucose was
doubled, tadpole-like Cu wires with a penta-twinned structure
were obtained.'>® The high concentration of reductant led to
the generation and consumption of a large number of Cu
atoms at the beginning of the synthesis, forming decahedral
seeds with a relatively large size. As the synthesis proceeded,
the reduction rate dropped with the decreasing amount of
glucose, resulting in the formation of tapered rods and wires
with “tails”.

The presence of HDA also played an important role in the
evolution of Cu wires, and its role was usually discussed in the
context of selective binding to Cuf{100} facets for the
formation of nanocrystals enclosed by these facets. However,
this assumption was challenged in recent years and it was
proposed that the disruption of HDA layer on {111} facets by
Cl” ions was the main reason responsible for the selective
passivation of {100} facets.”*> When fixing the amount of
HDA and increasing the concentration of CI~, Cu nanocrystals
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with shapes varying from cube and cuboctahedron, wire, and
finally a javelin shape were obtained. The authors conducted
single-crystal electrochemical measurements and demonstrated
that by increasing the amount of CI”, the HDA layer would be
increasingly disrupted on none of the surfaces, the (111)
surface only, and both (100) and (111) surfaces. This led to
the deposition of Cu atoms with no preference on both
surfaces, preferentially on (111) surface, and on both (111)
and (100) surfaces, respectively. Besides, based on DFT
calculations, the binding of HDA to Cu(100) surface was just
slightly stronger (0.12 eV) than (111) surface, making it
unclear whether the difference was adequate to drive the
preferential exposure of {100} facets on Cu nanocrystals
without the assistance of CI™. Contradictory to traditional
viewpoints, more experimental and simulation evidence is still
required to further prove the roles played by HDA and halide
ions in the synthesis of Cu nanocrystals encased by {100}
facets.

Seed-mediated growth was also explored for the synthesis of
penta-twinned wires of Cu. Specifically, Cu(NO,;), was
reduced by hydrazine in an aqueous solution containing
NaOH and ethylenediamine (EDA).”******°° Large poly-
crystalline Cu nanoparticles were generated first, from which
wires were grown. Electrochemical measurements with single-
crystal substrates revealed that, instead of selectively capping
Cu{100} facets, EDA promoted the growth of wires by
keeping Cu{111} facets free from oxidation in the initial stage
of the synthesis. With {100} facets covered by oxides, the
newly formed Cu atoms would prefer to deposit onto {111}
facets at the two ends, enabling the elongation of wires.

Copper wires could also be synthesized at high temperatures
using OAm as a solvent, which served as a coordination ligand
for Cu(I) or Cu(1l) ions and a capping agent for Cu{100}
facets at the meantime.”*”**" In one example, Cu wires with an
average diameter of 17.5 nm were produced by reducing CuCl,
with tris(trimethylsilyl)silane.”*” The mild reducing power of
tris(trimethylsilyl)silane afforded sufficiently slow reduction
kinetics for Cu, which was favorable for the generation of
multiply twinned decahedral seeds. In the presence of OAm,
the seeds subsequently grew into wires with {100} facets as the
side faces.

Uniquely, benzoin, which is commonly used as a photo-
initiator in polymerization, can also be used for the synthesis of
Cu wires with well-defined facets.”®” Under inert atmosphere
and heating, benzoin decomposed into radicals that could
donate electrons to Cu(II) ions. With OAm serving as a
solvent and a surfactant, Cu{100} facets were protected by
amine groups, leading to the formation of wires. The reactivity
of the radicals could be tuned through the modification of the
aromatic rings with different groups. Specifically, modifying
with electron donating groups would promote the reducing
power of the radicals, while electron withdrawing groups would
suppress the reduction. This controllable reactivity gave the
organic radicals great potential as a reducing agent in the
synthesis of metal nanocrystals.

4.2.3.2. Palladium. The formation of decahedral seeds
represents a necessary step in the synthesis of penta-twinned
rods and wires. One strategy is to use high-purity Pd decahedra
as seeds, onto which Pd atoms were deposited along the <110>
directions in the presence of Nal (Figure 19C—E).**” By
tuning the reaction time or the amount of Pd(II) precursor, Pd
rods with different aspect ratios were obtained. A modified,
one-pot protocol for synthesizing Pd wires involved the
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controlled reduction of Na,PdCl, by DEG and AA in the
presence of Nal and HCL'"*" The formation of PdI,*"
complexes and the weakened reducing power of AA in an
acidic solution both contributed to the generation of Pd
decahedral seeds, which then grew into wires in the presence of
I". Considering the high energy of twinned seeds and their
susceptibility to oxidative etching, small organic molecules
(e.g., acetonitrile, acetone, 1,4-dioxane, 1,3,5-trioxane; ethanol,
and 2-propanol) could be used to attract the halide ions via
electrostatic interactions, thus adjusting the etching strength of
the O,/halide pair and protecting the Pd decahedral seeds.”*”
Methods involving hydrothermal conditions’® or the
introduction of a trace amount of Ag(I) or Cu(II) iong”**2%¢
were also developed for the synthesis of rods in high quality. It
should be mentioned that the role of metal ions in directing
the growth of rods is yet to be elucidated.

4.2.3.3. Silver. Among the various 1-D nanostructures, Ag
wire is one of the most extensively studied morphologies
because it holds great potential in a variety of applications such
as touchscreen and flexible electronics.”” Polyol synthesis has
been the most successful and versatile route to the production
of Ag wires with well-controlled sizes. The early studies
focused on a two-step, seed-mediated method, using either Pt
or Ag as the seeds.””%?° In the original report, the seeds were
formed through the reduction of PtCl, or AgNO; with EG,
followed by the dropwise addition of AgNO; and PVP
solutions for the anisotropic growth. The as-obtained wires had
uniform diameters in the range of 30 to 40 nm, together with
lengths up to S0 ym. By varying the experimental parameters,
including concentration of seeds, reaction temperature, and the
ratio of AgNO; to PVDP, the aspect ratio of the Ag wires could
be controlled to reach as high as 1000. By controlling the rate
at which the precursor was introduced into the reaction, these
aforementioned two-step protocols were later simplified to a
self-seeding process, in which Ag atoms nucleated to generate
the seeds in situ, followed by their anisotropic growth.”®” It
was later revealed that decahedral seeds were involved in the
synthesis, and PVP played a critical role in the generation of Ag
wires due to its stronger binding toward the {100} over {111}
of Ag.””" The preferential deposition of Ag atoms to the twin
boundaries of decahedral seeds resulted in the uniaxial
elongation and thus the formation of penta-twinned rods and
then wires.

According to the mechanism proposed for the generation of
Ag wires, both protection of the decahedral seeds from
oxidative etching and passivation of Ag{100} are vital to the
synthesis of Ag wires. As such, additives have been introduced
into the reaction solutions for the optimization of product
quality. For example, Br~ and CI” ions were introduced into
the synthesis, together with PVP with a high molecular weight,
for the selective passivation of the Ag{100}, restraining the
growth along the lateral direction while preventing aggrega-
tion.””>~*”* Moreover, the Br~ and CI™ ions could react with
Ag* to form largely insoluble AgBr and AgCl compounds.
These insoluble compounds could release Ag" ions at a very
slow rate, resulting in slow reduction kinetics which was
essential to avoid homogeneous nucleation. By employing both
PVP with a high molecular weight of 1300 kDa and Br™ ions as
capping agents for {100} facets, as well as slow introduction of
Ag(I) precursor, sub-20 nm Ag wires could be produced with
an aspect ratio over 1000 and high purity greater than 83%.””
However, as mentioned previously, the introduction of halide
ions could possibly eliminate the formation of multiply
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twinned decahedral seeds due to oxidative etching. To this
end, Fe(Il) or Fe(Ill) species were introduced into the
synthesis, which mainly existed in the Fe(II) form under polyol
reduction and could thus remove O, to preserve the multiply
twinned seeds for their growth to wires.””” In another example,
Cu(I) or Cu(Il) chloride were employed as the oxygen
scavenger.”*’ Besides these inorganic additives, a recent study
reported that benzoin could be introduced into the polyol
process as a precursor to strongly reductive radicals, decreasing
the reaction temperature and leading to the production of Ag
wires with average diameter as small as 13 nm and aspect ratios
up to 3000.”*'

In addition to the polyol process, a variety of methods were
also reported to prepare Ag wires through an aqueous
route,”***”>*7® 4 solvothermal route,”******** or a polyol
route with the assistance of microwave.”’**”**** In one
example, aqueous AgNO; was reduced by sodium citrate at
100 °C in the presence of NaOH, generating Ag wires with
lengths up to 12 um in a seedless and surfactant-free
fashion.””> In another example, a hydrothermal method was
developed to synthesize Ag wires with diameters thinner than
15 nm, in which glucose was used as a reducing agent with the
assistance of tetrabutylammonium dichlorobromide
(TBA2CB) salt and PVP.**’ The solvothermal method based
on EG or ethanol also led to the successful preparation of Ag
wires in high yields and with a small diameter or a high aspect
ratio.”*>**>** Based on the conventional polyol method,
heating the reaction solution with microwave irradiation
demonstrated the ability to produce Ag wires rapidly within
a few minutes.””’

With regard to Ag rods, protocols based on both seed-
mediated growth and one-pot synthesis have been successfully
developed. In one example, Ag decahedra were employed as
seeds for the growth, with citrate as a reducing agent, to
produce penta-twinned rods.”*> The width of the as-obtained
rods depended on the size of the decahedral seeds, and the
length could be tuned in the range of 50 nm to 2 um by
controlling the amount of Ag(I) precursor added into the
growth solution. Penta-twinned rods could also be synthesized
through a plasmon-mediated method, in which an aqueous
solution containing Ag decahedral seeds, AgNO;, and
trisodium citrate, was irradiated using a light source with
wavelengths in the range of 600—750 nm.”** Importantly, the
wavelength of the light could be tuned to control the aspect
ratio of the rods, with longer wavelengths favoring higher
aspect ratios. In addition, a template-free, seedless aqueous
route was reported to produce Ag rods through the reduction
of AgNO; by trisodium citrate with the assistance of sodium
dodecyl sulfonate (SDSN) as a capping agent.”*’

4.2.3.4. Gold. Different from Ag, more attention was paid to
the synthesis of Au rods instead of wires due to their vast
applications in the field of plasmonics and biomedical
engineering.294 Among various protocols, seed-mediated
growth has attracted much interest in the past two decades
due to the versatility and siméalicity in controlling the aspect-
ratio of the final products.*”*”° The synthesis of penta-twinned
Au rod typically relies on two factors: (i) the formation of
penta-twinned seeds at the initial stage and (ii) the careful
control of anisotropic growth to develop {100} as the side
faces. To generate seeds with a penta-twinned structure, citrate
or PVP was typically applied as a stgbilizin§ agent to facilitate
the formation of decahedral seeds.””**”"*** When citrate was
replaced with CTAB, single-crystal seeds were obtained.’”

AD

However, CTAB was necessary in inducing the anisotropic
growth of decahedral seeds into Au rods during the growth
stage. Recently, the growth process of a single Au rod was
observed using liquid-cell TEM.””® When decahedral nano-
crystals were introduced as seeds, it was found that the
involvement of CTAB could allow the anisotropic growth of
seed into a penta-twinned rod. The addition of Au atoms
started at the reentrant grooves on the decahedral seed,
followed by the formation of Au{100} facets along one
direction under the capping effect of CTAB. In the absence of
CTAB, the decahedral seeds would only turn into truncated
decahedra.

4.2.4. Plates and Sheets Lined with Planar Defects.
Most plates and sheets can be categorized as a 2-D structure
lined with one or more planar defects parallel to the basal faces.
The planar defect could be either a twin plane or a stacking
fault, depending on the metal and the synthetic protocol. The
plates synthesized from noble metals in an fcc structure
typically take a triangular or hexagonal shape, with the two
basal planes being covered by {111} facets. In this section, we
only discuss plates and sheets lined with planar defects,
together with well-identified basal planes. The planar defects
can either be directly observed under high-resolution TEM
from the side of a plate/sheet or indirectly confirmed by the
presence of 1/3(422) reflection in the SAED pattern.””” As
discussed in section 4.1.4, however, the ultrathin thickness of
some single-crystal sheets can also result in the presence of
1/3(422) spots. Unless we have direct evidence from atomic-
resolution TEM images showing the exact packing of atoms on
the side face of a plate, we categorize all of the samples with
1/3(422) reflection into plates or sheets lined with planar
defects. Figure 20 shows TEM images of some typical
examples of such plates and sheets made of various noble
metals.

4.2.4.1. Copper. For the synthesis of Cu plates, different
precursors, capping agents, and solvents have been explored,
with the purpose of slowing the reduction kinetics. For
example, by adding a small amount of I, into the aqueous
solution containing CuCl,, HDA, and glucose, Cu plates with
triangular, truncated triangular, and hexagonal shapes were
obtained and their edge lengths varied from 1-12 um.>%
From the high-resolution TEM, the basal planes of the plate
were demonstrated to be {111} facets, covered by a thin layer
of oxides. The preferential adsorption of I” which was
generated from disproportionation or reduction of I,, on
Cu{l11} facets was believed to be the essential factor
contributing to the formation of plates, and the adsorption
of I" on Cu surface was confirmed by X-ray photoelectron
spectroscopy (XPS). Change of the I” source to PbI, or
methylammonium iodide still led to the formation of Cu
plates.

Other methods of synthesizing Cu plates include the use of
hydrazine as a reducing agent and the involvement of a
relatively low temperature. Specifically, by reducing Cu(OAc),
with hydrazine at 60 °C in the presence of PVP and DMF, Cu
plates with a hexagonal shape, an average diameter of 48.2 nm,
and a thickness of 19.5 nm were produced.””® The use of DMF
as a solvent, which prevented Cu from oxidation, and the
presence of hydrazine as a reductant, made it unnecessary to
keep the synthesis under an inert atmosphere. Though not
discussed in literature, the formation of plates might arise from
the low reduction rate of Cu(Il) precursor and the possible
capping effect of DMF. In another report on the synthesis of
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Figure 20. (A) TEM image of the top view of Rh sheets. (B) TEM
image of hexagonal Pd plates. (C) High-resolution TEM image taken
from the top surface of a Pd plate with an orientation along its [111]-
zone axis. The inset shows a magnified view of the boxed region in
panel C. (D) High-resolution TEM images taken from the side of Pd
plates. The twin planes are marked by red dashed lines. (E) TEM
image of Pd sheets, with the insets showing the TEM image and
SAED pattern of a single sheet. (F) TEM image of triangular Au
plates. (A) Reprinted with permission from ref 302. Copyright 2010
American Chemical Society. (B and D) Reprinted with permission
from ref 400. Copyright 2019 Wiley-VCH. (C) Reprinted with
permission from ref 306. Copyright 2018 Royal Society of Chemistry.
(E) Reprinted with permission from ref 307. Copyright 2011 Nature
Publishing Group. (F) Reprinted with permission from ref 319.
Copyright 2014 American Chemical Society.

Cu plates, hydrazine was used as reductant in a copper(II)
bis(2-ethylhexyl) sulfosuccinate (Cu(AOT),)/NaAOT/water/
isooctane reverse micellar system.””” Multiple twin planes and
stacking faults were observed on the side faces of the plate,
leading to the formation of alternating troughs and ridges. The
authors proposed that the troughs (reentrant intersections)
served as the nucleation sites for preferential deposition of Cu
atoms, resulting in the formation of a 2-D structure through a
mechanism similar to that for Pt tripods (see section 4.3.2).
Additionally, Cu plates could be synthesized by reducing a
Cu(II)-tartrate complex with NaH,PO,, a mild reductant, in
the presence of PVP without the protection of an inert gas.”””
PVP was supposed to passivate the {111} facets of Cu,
enabling the formation of a plate-like shape with basal planes
covered by {111}.
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4.2.4.2. Ruthenium. Compared to other noble metals, there
were fewer reports on the synthesis of Ru plates with well-
defined surface structures. In one example, a hydrothermal
method was employed to synthesize Ru plates by reducing
RuCl; with HCHO in the presence of PVP.**" By varying the
amount of Ru(III) precursor and PVP, ultrathin Ru plates with
triangular or irregular shapes were obtained, whose basal
planes were covered by Ru{0001} facets. Compared with other
low-index facets, {0001} has the lowest surface energy and is
thus favored thermodynamically, contributing to the aniso-
tropic growth of Ru into plates because the total surface energy
could be minimized through the maximization of Ru{0001}
facets. Characterization using high-resolution TEM and X-ray
diffraction (XRD) indicated the existence of defects in the
triangular plates. For irregular plates, no conclusion could be
drawn due to the limitation of image resolution.

4.2.4.3. Rhodium. Unlike other noble metals such as Pd, Ay,
and Ag, most of the reported synthetic strategies for Rh 2-D
structures involved ultrathin sheets in a single-crystal structure
(see section 4.1.4),”***> Only a few of them showed the
evidence of planar defects. The earliest synthesis of Rh sheets
could be traced back to 2010.°" It was reported that ultrathin
Rh sheets could be obtained through kinetic control under a
low reaction temperature. In a typical synthesis, rhodium
carbonyl chloride dimer, [Rh(CO),Cl],, was dissolved in
OAm at room temperature. The reaction mixture was held at
50 °C for 10 days without stirring. The final product took the
shape of a mixture of triangles, rhomboid, and trapezoid, with
all the corners taking the angle of either 60° or 120° (Figure
20A). High-resolution TEMs revealed that the average
thickness of the sheets was around 1.3 nm, with the top and
bottom faces being terminated in {111} facets. The observed
1/3{422} crystal planes indicated the existence of stacking
faults or twin planes in the sheets, which is commonly
observed in plates composed of fcc metals.””” In another
example, by simply mixing RhCl; with ODA, followed by
solvothermal treatment, triangular Rh sheets with a hyper-
branched structure were generated, and the hierarchical
ordering could be tuned by intentionally introducing tert-
butylamine (TBA) into the synthesis.””> The SAED pattern
verified that the top and basal planes of the hyperbranched
plates were terminated in {111} facets. Remarkably, the weak
1/3(422) diffraction spots in the SAED pattern, which are
normally forbidden for a perfect fcc lattice, confirmed the
existence of planar defects in the sheet.

4.2.4.4. Palladium. In terms of Pd plates, a slow reduction
rate is often required in order to get the 2-D structure. In one
example, Pd triangular plates with a purity of 70% were
obtained by reducing Na,PdCl, in an EG solution in the
presence of PVP, HC], and FeCl,.*** When doubling the
amount of FeCl;, Pd plates with a hexagonal shape were
obtained. The top and bottom faces of the plates were both
bounded by {111} facets. The introduction of two etchants,
Fe(IlI) and O,/Cl™ pair, substantially slowed the reduction
rate of Pd(II) precursor, leading to the formation of kinetically
favored plates. A modified protocol for synthesizing Pd plates
in higher purity involved the levera%e of PVP as a dual
functional reductant and stabilizer.””® The reaction was
conducted in an aqueous solution at a relatively low
temperature. The slow reduction rate induced by the mild
reducing power of the hydroxyl end groups of PVP contributed
mainly to the kinetically controlled synthesis of Pd plates.
Hydroxylamine (NH,OH), a mild reducing agent, could also
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be used to synthesize Pd 6plates, with CA serving as a capping
agent (Figure 20B—D).”*® The planar defects lined parallel to
the basal faces were resolved through high-resolution TEM
(Figure 20D). According to time-elapsed experiments, it was
proposed that these defects were already formed in the
nucleation stage. This protocol was quite robust as Pd plates
could be obtained regardless of the acidity, temperature, and
reaction atmosphere. The synthesis was also extended to a
continuous flow reactor, scaling up the production of Pd plates
without losing the quality.

The thickness of Pd plates can be further reduced down to a
few atomic layers for the production of sheets. These ultrathin
structures exhibit a significantly enlarged surface-to-volume
ratio for unique physical and chemical properties. The most
popular protocol for synthesizing Pd sheets involved the use of
CO.*” The strong adsorption of CO molecules on the {111}
basal planes prevented the growth of Pd atoms along the (111)
directions, enabling the formation of sheets with a thickness
thinner than 10 atomic layers (Figure 20E). The appearance of
the 1/3{422} reflections indicated the existence of planar
defects in the sheets.

4.2.4.5. Silver. The detailed mechanism for the synthesis of
Ag plates has not been completely unveiled for now. However,
it is generally accepted that the anisotropic growth originates
from the lower surface energy of basal planes due to the
preferential binding of capping agent®'" or the higher energy of
the side faces due to the presence of planar defects.””" Both
seed-mediated growth and one-pot approach have been
applied to the synthesis of Ag plates, with the former focusing
on the structure of seeds and capping agent, while the latter
paying more attention to the control of reduction kinetics.

One of the early reports on the synthesis of Ag plates with
well-defined shapes and sharp corners involved the refluxing of
an aqueous dispersion of s:Pherical colloids of Ag with an
average diameter of 3.5 nm.>*® The refluxing process facilitated
the growth of plate-like seeds by sacrificing Ag spheres through
Ostwald ripening. The plates all carried a triangular shape with
an average edge length of around 100 nm. Although the
presence of planar defects was not directly mentioned in the
report, the presence of normally forbidden 1/3{422} spots in
the diffraction pattern confirmed that the lattice in the plate
was not arranged in a perfect fashion. Several mechanisms
accounting for the shape evolution of Ag plates have been
proposed, including the capping effect from CTAB, CA, and
citrate ions.”***'*’'" Under controlled experimental con-
ditions, it was observed that the addition of citrate ions
could promote the lateral growth of Ag plate while the
involvement of PVP only increased the thickness of the plate-
like seeds, making the products deviated from a 2-D
structure.”’’ However, the capping effect could not fully
explain the growth of plates in an anisotropic way. The
formation mechanism was further explored in a later report,
where the surface structure of the Ag seed was analyzed under
high-resolution TEM.?'” The result suggested that the defects
were formed during the seed formation stage, the high surface
energy of which would then direct the deposition of atoms
along lateral directions.

On the other hand, the one-pot synthesis mainly focused on
controlling the reduction kinetics of the Ag(I) precursor. As
mentioned in section 3.2, slowing down the reduction rate is
critical to the generation of stacking faults and thus the
formation of Ag plates, which could be achieved by using a
reductant with moderate reducing power’””* or adding
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coordinating ligands to form complexes with Ag(I) precur-
sor.”*7*'° For example, PVP terminated with hydroxyl groups
could serve as a mild reducing agent to achieve the kinetically
controlled synthesis of Ag triangular plates.’*”*** Moreover,
the introduction of polyacrylamide (PAM)*"**" or ethyl-
enediaminetetraacetic acid (EDTA)*'* into the reduction of
AgNO; could effectively slow down the reduction kinetics by
forming complexes with Ag” ions, resulting in the formation of
plates.

4.2.4.6. Gold. Similar to the case of Ag, seed-mediated
growth and one-pot synthesis could both be employed to
produce Au plates. A large number of protocols have been
developed for the syntheses of Au plates with different sizes
and shapes, and the key point was to slow down the reduction
of Au(III) precursor for the generation of seeds with stacking
faults. Typical methods include the use of a reductant with
appropriate reducing power. For exam(ple, some organic
compounds such as lemongrass extract’'® and bovine serum
albumin®'® were found to be well-suited reductants for the
synthesis of Au plates. Similar to the synthesis of Ag plates,
PVP could serve as both a stabilizer and a reductant with mild
reducing power, and be used to generate Au plates with an
average edge length of 800 nm.”” Decreasing the reduction
rate could also be achieved by conducting the synthesis at
room temperature,317 reducing the concentration of reduc-
tant,’” or introducing halide ions (Figure 20F).*"

4.2.5. Twinned Cubes and Bipyramids Bearing Multi-
ple Planar Defects. Different from a normal cube
characterized by a cubic shape and single-crystal structure, a
twinned cube can be defined as a cube containing multiple
planar defects. Similarly, bipyramids could also possess more
than one planar defect. Figure 21 shows TEM images of some
typical examples of such twinned nanocrystals made of various
noble metals. The synthesis of such unique structures is
typically achieved through seed-mediated growth, where the
planar defects of the seeds can also be extended to the surface
of the final product. The growth mechanisms for these two
structures are related.

4.2.5.1. Copper. There are very few reports on the synthesis
of Cu bipyramids, although they were often observed as
byproducts in the synthesis of other types of Cu nanocryst-
als.****** The challenge of producing Cu bipyramids in high
purity mainly lies in the susceptibility of Cu to oxidative
etching and the difficulty in controlling the reduction rate of
the precursor. To overcome this problem, seeds bearing twin
defects were introduced to facilitate the formation of Cu
nanocrystals with twinned structures.’”” In the synthesis of Cu
RBPs, a trace amount of Pd was introduced to induce the
formation of twinned seeds lined with multiple planar defects
(Figure 21B,C). According to the standard reduction potential
(0.91 and 0.34 V for Pd**/Pd and Cu**/Cu pairs, respectively,
vs standard hydrogen electrode, SHE), Pd(1I) ions would be
first reduced to Pd atoms, generating seeds for the subsequent
deposition of Cu atoms. The amount of Pd contained in the
final product was too low to affect the surface and bulk
properties, as confirmed by energy-dispersive X-ray (EDX)
mapping and XRD. As such, the nanocrystals could be
considered as nearly monometallic Cu RBPs. By varying the
amount of Pd(II) precursor, the size of the RBPs could be
tuned between 38—67 nm, and this dependence also proved
the role of Pd seeds. Upon coordination with HDA molecules,
the reduction of Pd(II) and Cu(Il) precursors was greatly
slowed down, leading to the formation of twinned seeds. From
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Figure 21. (A) Schematic illustration showing the formation
mechanism of twinned RBP and cube. It was proposed that seeds
with an odd number of twin defects would grow into RBPs, while
those with an even number of twin defects would evolve into cubes.
(B) TEM image of the Cu RBPs lined with planar defects. (C) High-
resolution TEM image of an individual Cu RBP. (D) TEM image of
Ag twinned cubes grown from Ag plates. (E) High-resolution TEM
image showing the planar defects in a Ag twinned cube. The defects in
panels C and E are marked by red dash lines. (A, D, and E) Modified
with permission from ref 321. Copyright 2008 Royal Society of
Chemistry. (B and C) Reprinted with permission from ref 320.
Copyright 2018 American Chemical Society.

high-resolution TEM, multiple planar defects were observed in
a single RBP(Figure 21C), illustrating that the product was not
the commonly observed bipyramidal structure bearing a single
twin defect.

4.2.5.2. Silver. Silver RBPs with multiple twin defects could
be generated using seeds taking different morphologies, from
plates®®' to irregular nanoparticles.’”” An early report
proposed that the number of planar defects in the seed
would affect the morphology of final product from seed-
mediated growth.””' The study observed the generation of
RBPs and twinned cubes from Ag plates in an aqueous solution
containing AgNO;, PVP, and citrate ions (Figure 21D,E). It
was suggested that Ag plates with an odd number of twin
defects would transform into RBPs while those with an even
number of twin defects evolved into twinned cubes. At that
time, this was just an assumption proposed based on the
experimental observation. Later, this assumption was verified
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by another study that used a plasmon-mediated method to
prepare Ag RBPs, in which an aqueous solution containing
AgNO;, sodium citrate, bis(p-sulfonatophenyl) phenylphos-
phine dihydrate dipotassium (BSPP) salt, and NaOH was
irradiated with a halogen lamp.”** Multiple stacking faults and
twin defects were observed from the atomic-resolution TEM of
a Ag seed. The odd number of defects in the seed was in
consistency with the RBP shape of the final product. Atomic-
resolution TEM image of the RBP also clearly showed an odd
number of planar defects at the bisecting region. The
mechanism hidden behind was that only odd number of
twin planes allowed a crystal to evolve into two halves in
mirror symmetry. With even number of twin planes, the mirror
effect would cancel out and twinned cubes would prevail.
4.2.5.3. Gold. Most of the protocols reported for the
synthesis of Au bipyramids with multiple planar defects were
based on seed-mediated growth.”*® It was first reported that
Au bipyramids could be synthesized with a yield of 30% with
the assistance of Ag(I) ions by employing CTAB as a stabilizer
and penta-twinned particles as seeds.””> The bipyramids
preserved the penta-twinned structure from the seeds during
growth, with highly stepped Au{11n} (n = 7) facets exposed
on the surface. Furthermore, the protocol was modified by
switching to citrate-stabilized seeds and changing the
surfactant to cetyltriethylammonium bromide (CTEAB)**
and cetyltributylammonium bromide (CTBAB),”** improving
the yield of Au bipyramids to 37% and 50—60%, respectively.
The increased yield could probably be ascribed to the stronger
binding of the surfactants to the surface of bipyramids as their
head groups became larger. It should be mentioned that the
presence of Ag(I) ions is critical to all the successful syntheses
of bipyramids. One possible explanation is that the UPD of Ag
on the Au seeds slowed down the growth and stabilized the
highly stepped surface of bipyramids with high energy.””

It is noteworthy that the penta-twinned structure of Au
bipyramids was challenged by another group later using
electron tomography coupled with high-resolution TEM to
characterize the Au bipyramids.”® It was found that the
nanocrystals had an irregular 6-fold twinning structure
enclosed by highly stepped {151} facets. The 6-fold symmetry
was supported by a later study, in which the micelle formed by
CTAC and salicylate anions was employed as a template for
the synthesis."”> To resolve if the Au bipyramids contained 5
or 6-fold twinning or both types coexisted, it is necessary to
apply advanced characterization tools for a more comprehen-
sive understanding of the structural features of Au bipyramids.

4.2.6. Conclusion. Different from the synthesis of single-
crystal nanocrystals, generating those with twin defects and/or
stacking faults typically requires slow reduction kinetics, which
can be achieved through the utilization of a less-reactive
precursor, a milder reducing agent, and a lower temperature.
The elimination of O, to prevent oxidative etching is also
critical in some cases. In general, a precise control over the
reaction kinetics to obtain nanocrystals with well-defined
surface defects and in high purity still remains a challenge.
Many reports have shown that nanocrystals in different shapes
could be produced under similar experimental conditions,
severely compromising the yield of the target product.
Alternatively, nanocrystals with twin defects could also be
synthesized via seed-mediated growth through the use of seeds
possessing well-defined twin structures. The surface defects on
the seed can be extended to the lattice deposited on it, making
the synthesis more reliable and controllable.
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4.3. Nanocrystals Enclosed by High-Index Facets

Nanocrystals enclosed by high-index facets are typically
correlated with unique polyhedral profiles, including concave,
convex, and/or branched structures, with a high density of
under-coordinated atoms on the surface. The models of some
typical concave and convex structures are shown in Figure 22A.
The high specific surface area and surface energy make these
nanocrystals particularly attractive in catalysis, but they also
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Figure 22. (A) Diagram showing fcc-metal polyhedra enclosed by
different facets. (B) TEM image of Pd concave cubes covered by
{730} facets. The inset shows the high-resolution TEM image of an
individual concave cube (scale bar: 10 nm). (C) SEM image of Pt
concave nanocrystals. The inset shows the TEM image of an
individual nanocrystal oriented along [100] direction (scale bar: 20
nm). (D) TEM image of Au TOHs. The inset shows the high-
resolution TEM image of an individual TOH oriented along [110]
direction (scale bar: S nm). (E) SEM image of Au HOHs. The inset
shows the TEM image of an individual Au HOH viewed along the
[110] direction (scale bar: 100 nm). (A) Modified with permission
from ref 406. Copyright 2010 American Chemical Society. (B)
Reprinted with permission from ref 327. Copyright 2011 Wiley-VCH.
(C) Reprinted with permission from ref 64. Copyright 2011 American
Chemical Society. (D) Reprinted with permission from ref 336.
Copyright 2018 Royal Society of Chemistry. (E) Reprinted with
permission from ref 337. Copyright 2012 American Chemical Society.
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pose a grand challenge in their syntheses. Typically, the
formation of such nanocrystals calls for collective manipulation
of the reduction kinetics, surface diffusion, and surface
capping.””” Here we only focus on those shapes with well-
defined facets or defects so their surface structures can be
clearly correlated with catalytic properties.

4.3.1. Concave Polyhedra. A concave structure refers to a
surface curvmg inward for the generation of a negative
curvature.”” Notable examples of concave structures include
trisoctahedron (TOH) in {hhl} facets (h > > 0),
hexoctahedron (HOH) in {hkl} facets (h > k > [ > O), and a
variety of concave shapes derived from regular polyhedra such
as concave cube (also named octapod in some cases) and
concave octahedron. They can be obtained through both seed-
mediated growth and one-pot synthesis. In the seed-mediated
growth, site-selected deposition of metal atoms on the seed is a
key requirement for generating a concave shape, which can be
achieved by either selectively blocking or activating particular
sites on the surface of a seed. On the other hand, the formation
mechanism is more difficult to understand in one-pot synthesis
and it is also harder to control the surface structure. In both
cases, manipulating atom deposition and surface diffusion rates
is of paramount importance. Figure 22B—E shows TEM and
SEM images of some typical examples of concave polyhedral
nanocrystals whose surfaces are terminated in high-index
facets.

4.3.1.1. Palladium. A fast deposition rate that overwhelms
the surface diffusion rate is necessary for generating concave
structures in seed-mediated growth. In a typical example, by
depositing Pd atoms onto Pd cubic seeds in the presence of
PVP and KBr, Pd concave cubes were obtained (Figure
22B).**” Based on the atomic-resolution imaging and measure-
ment of projection angles, the eight edge-on faces were
indexed as {730} planes, which could be regarded as a
combination of {100} terraces and {110} steps. The Br™ ions
could coordinate to Pd(II) ions to form a PdBr,”~ complex,
retarding the reduction of Pd(II). To this end, fast reduction of
Pd(II) precursor could be achieved by leveraging a low
concentration of KBr or a high concentration of reductant, and
the deposition of Pd atoms would be faster than their diffusion
to side faces, leading to the formation of concave cubes. Similar
protocols such as selective activation of corners/edges via
oxidative etching’” and autocatalytic growth from single-
crystal seeds®” have also been employed to produce Pd
concave cubes in high quality. In addition to cubes, concave
structures including tetrahedra,””° trigonal bipyramids,**
decahedra,''® and icosahedra''® have all been reported as
well. However, unlike the concave cubes with well-identified
facets, the high-index facets on other concave structures still
require further characterizations to assign the surface
structures.

Compared to seed-mediated growth, it was harder to
precisely control the surface structure of concave cubes using
one-pot method due to the random nucleation and growth
pattern typical of this process. By reducing H,PdCl, with AA in
the presence of CTAC and CTAB, Pd concave cubes were
achieved with surfaces covered by high-index facets such as
{730} and {310}, together with different degrees of
concavity.”® Combining the characterization results from
time-elapsed UV-—vis spectra and TEM images, it was
proposed that the Pd(II) precursor formed complexes with
CTA" at the beginning of a synthesis. The complexes were
then reduced to generate nanocrystals of about 30 nm in size,
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Figure 23. (A) SEM image of Pt multipods enclosed by {211} facets. The inset shows a high-magnification SEM image of an individual multipod
(scale bar: 50 nm). (B) High-resolution TEM image, SAED pattern, and atomic model of a branch projected along the [011] direction, showing
the {211} packing of atoms. (C) TEM image of 2-D Pt dendrites. (D) TEM image of an individual dendrite with a high-resolution TEM image in
the inset showing the {110} facets for basal planes (scale bar: 2 nm). (E) TEM image of multioctahedral Pt nanocrystals. The inset shows a
magnified image of an individual nanocrystal (scale bar: S nm). (F) TEM image of Au hexagonal stars. The inset shows a magnified image of an
individual Au star (scale bar: 10 nm). The projected dihedral angle is marked by red dashed lines. (A and B) Reprinted with permission from ref 47.
Copyright 2012 Springer Nature. (C and D) Reprinted with permission from ref 339. Copyright 2019 American Chemical Society. (E) Reprinted
with permission from ref 340. Copyright 2008 American Chemical Society. (F) Reprinted with permission from ref 341. Copyright 2019 American

Chemical Society.

together with the presence of interstices. As the reaction
continued, the interstices were gradually filled with Pd atoms
and cubes with a shallow concave structure were formed. The
authors proposed that the addition of CTAB and CTAC into
the reaction mixture contributed to the formation of
[PdBr,(CTA),] and [PdCl,(CTA),] complexes, which played
a significant role in decreasing the reduction rate, therefore
kinetically affecting the shape of the final products.

4.3.1.2. Platinum. Similar to Pd, concave cube is the most
commonly observed shape in concave Pt nanocrystals. The
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production of Pt concave cubes relies on careful manipulation
of the reduction kinetics. The reduction should be fast enough
at the initial stage to generate single-crystal seeds and then
slowed down to facilitate the overgrowth of atoms on the
corners and edges. Excess amount of Pt atoms in the solution
and the suppression of surface diffusion are two other key
factors critical to the success of a synthesis.”***' For example,
using a high concentration of glucose to reduce Na,PtCly in
the presence of CTAB and OAm, Pt cubes were generated at
the early stage, followed by the deposition of Pt atoms onto
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corners/edges for the generation of a concave shape.’* In
another example, an aqueous NaBH, solution and a mixture of
K,PtCl,, KBr, and Na,H,P,0, were injected simultaneously
into water held at 95 °C to generate Pt concave cubes.”” The
surface of the nanocrystals was confirmed to be dominated by
{720} facets, along with some other high-index facets such as
{510}, {830}, and {310}, by measuring the angles between the
exposed facets and {100} facets of an ideal cube. The slow
growth rate enabled by titration of precursor and reducing
agent, together with the block of {100} facets by Br™ ions, was
considered major contributors to the formation of a concave
structure. Hydrothermal synthesis was also applied to produce
Pt concave cubes, where an aqueous solution of H,PtCls, PVP,
and glycine was sealed in an autoclave and heated at 200 °C.”*
High-index {hk0} facets were observed on the surface of the
products. The glycine played a dual role during the synthesis,
serving as a coreductant apart from PVP and a capping agent.
The synergistic effect of the amino and carboxyl groups
favored the formation of a concave structure.

Concave nanocrystals of Pt covered by high-index facets
have also been synthesized using a solvothermal method. For
example, Pt concave polyhedra with a shape like octapod were
prepared by reducing H,PtCly at 160 °C in an autoclave with
PVP serving as a stabilizer, methylamine as a capping agent,
and DMF as a solvent.”* Confirmed by microscopy imaging,
the products were essentially composed of eight trigonal
pyramidal arms and covered by 24 identical {411} facets
(Figure 22C). The presence of amine, which helped stabilize
the low-coordinated Pt sites, was considered the main reason
for generating {411} facets, and the substitution of methyl-
amine by other amines could also yield Pt concave structures.
Likewise, Pt concave nanocrystals covered by {411} facets
were synthesized by reducing Pt(acac), in 1-octylamine with
the addition of HCHO." In this case, the CO generated from
the decomposition of HCHO was proposed to stabilize {411}
facets due to its adsorption on the {100} terraces.

4.3.1.3. Gold. 1t is easier to control the exposed facets on Au
nanocrystals because of its overall lower surface energy
compared to other noble metals.”” In an early report, Au
concave cubes covered by 24 {720} high-index facets were
obtained through the growth of CTAC-stabilized Au seeds.”*
At that time, the formation mechanism still remained
enigmatic and the authors proposed that the unique shape
was generated under a combination effect from Ag* and CI~
involved in the reaction. Besides concave cubes, other concave
structures were also obtained by manipulating the reaction
kinetics, with notable examples including Au TOH. The TOH
can be regarded as a shape generated by pulling out the centers
of eight triangular faces of an octahedron. The first wet-
chemical method reported for Au TOHs was based on the
reduction of aqueous HAuCl, with AA in the presence of
CTAC.” The Au TOHs had an average size between 100—
200 nm, with 24 high-index facets such as {221}. Later, the
protocol was optimized to achieve a size control for the Au
TOHs in the range of 60—255 nm by adding tiny Au seeds or
the as-obtained TOH to initiate seeded growth.”*® In another
example, by employing EDTA-chelated Au®* as a precursor, Au
TOHs with sizes in the range of 20—80 nm, together with a
dihedral angle of 142° were synthesized, owing to the slow
reduction rate and the ability of CTA" to stabilize the high-
index facets (Figure 22D).**® Structural characterization
revealed that the exposed faces were terminated in a mix of
{hhl} facets such as {11 11 7}, {331}, and {221}. By carefully
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adjusting the reaction kinetics, more complicated shapes such
as Au HOH bounded by 48 triangular {321} facets have also
been obtained, with an average size of 200 nm (Figure 22E).**’
The success of this synthesis relied on the fast reduction
induced by a high concentration of AA, as well as an elevated
reaction temperature. The involvement of CTAC as a
surfactant also contributed to the formation of HOH.

4.3.2. Multipods. Multipods represent another type of
concave structure. Compared with a concave polyhedron, a
multipod is typically characterized by a more negative surface
curvature and a higher diversity in terms of shape, morphology,
or surface structure. The dimensions of the branches can be
reduced down to the length scale of a typical industrial catalyst
(<5 nm), making multipods attractive for catalytic applications.
Similar to the conventional nanoparticles, the surface of a
multipod is usually enclosed by grain boundaries, under-
coordinated atoms, and a mix of different types of facets,
making it difficult to elucidate the structure—property
relationship. Here we only focus on multipods with well-
defined surface structures. Figure 23 shows SEM and TEM
images of some typical examples comprised of different noble
metals.

4.3.2.1. Platinum. The use of capping agents is one of the
approaches that could help define the surface structures of
multipods in a systematic way. For example, when 1-
octylamine was employed as the solvent and capping agent,
Pt multipods dominated by {211} side faces were produced
(Figure 23A,B)."” It was proposed that the amine groups
preferentially adsorbed on the monatomic step edges
consisting of {111} terraces and {100} steps, resulting in the
creation of {211} facets. The multipods with high-index facets
and a large surface area exhibited superior catalytic activity in
the electrochemical ethanol oxidation reaction (EOR)
compared to either commercial Pt/C catalyst or Pt cubes
covered by low-index {100} facets.

In addition to the 3-D multipods, 2-D ultrathin Pt dendrite
with a single-crystal structure and sheet-like morphology was
also reported (Figure 23C,D).>** The dendrites had a
thickness of around 2.3 nm and were enclosed by {110}
facets for the top and bottom planes and {111} facets for the
side faces. The amphiphilic surfactant, C,,H,s—
N*(CH,),CH,COOH(Br~), played the most important role
in this synthesis by acting as both the structure-directing
template and the capping agent. The nanoconfined lamellar
structure formed through the coassembly of C,,H,s—
N*(CH;),CH,COOH and H,PtCl,, together with the
selective binding of the surfactants to {110} facets, facilitated
the in-plane epitaxial growth of Pt nanocrystals along (111)
directions, leading to the formation of ultrathin Pt dendrites
with a 2-D morphology. The protocol could also be extended
to other noble metals, including Pd and Au dendrites.

There is another interesting type of structure unique to Pt
nanocrystals, which can be regarded as a combination of
multiple identical shapes such as cube or octahedron. For
example, multioctahedral Pt nanocrystals with several inter-
connected arms in a quasi-octahedral shape were reported
(Figure 23E).>** The product was confirmed to be single-
crystalline, and most of the exposed facets were {111} although
there was truncation at corners to introduce high-index facets.
In a typical synthesis, H,PtCls was reduced by PVP in an
aqueous solution containing a trace amount of FeCl;. The
Fe(III) species helped control the concentration of Pt atoms at
a low level, promoting the overgrowth of Pt seeds along the
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Figure 24. (A) SEM image of Pt THH. (B) High-magnification SEM image of an individual Pt THH (scale bar: 100 nm). (C) Geometrical model
of an ideal THH. (D) High-resolution TEM image of a Pt THH, revealing surface atomic steps made of {210} and {310} subfacets. (E) TEM
image of Au rice. (F) TEM image and the corresponding model of a Au rice (scale bar: 10 nm). (A—D) Modified with permission from ref 342.
Copyright 2007 AAAS. (E and F) Reprinted with permission from ref 344. Copyright 2011 Wiley-VCH.

corners for the formation of multiarmed nanocrystals. Besides,
Pt multicubes were also synthesized in the presence of Ni**
ions, and their surface was mostly bounded by {100} facets,
together with a small portion of high-index facets at the
junctions between adjacent cubes.’”® The existence of Ni?*
ions and their UPD onto Pt could alter the surface energies of
different Pt facets substantially, leading to the formation of
cubic arms enclosed mainly by {100} facets. The Ni atoms
would then be replaced by Pt atoms through galvanic
replacement and removed from the surface.

4.3.2.2. Gold. Although Au typically features an fcc lattice,
Au nanoscale hexagonal stars with an unconventional
hexagonal close-packed (hcp) atomic arrangement at tips
could be obtained using fcc-Au spheres as the seeds (Figure
23E).**' In a typical synthesis, a Au(III)-EDTA complex was
employed as a precursor, together with the use of 2-phospho-L-
ascorbic acid trisodium salt (Asc-2P), an unusual reductant
capable of maneuvering the reaction kinetics, to facilitate the
formation of hcp-Au hexagonal stars from fcc-Au seeds. The
existence of both fcc and hep phases in the Au hexagonal stars
was confirmed by XRD and high-resolution TEM. At the tip of
the star, hcp high-index facet (2112) could be resolved in
atomic resolution.

4.3.3. Convex Polyhedra. Typical convex structures with
high-index facets on the surface include tetrahexahedron
(THH) terminated in {hk0} (h > k > 0) facets and
trapezohedron (TPH) covered by {hkk} (h > k > 0) facets.

Compared to concave structures, the convex structures are
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more thermodynamically favorable due to their relatively lower
surface-to-volume ratio. Therefore, when used as catalysts, they
more likely show enhanced stability under the reaction
conditions.” Figure 24 shows SEM and TEM images of
some typical examples of convex polyhedral nanocrystals
whose surface is terminated in high-index facets.

4.3.3.1. Platinum. The first report on the synthesis of Pt
THH involved an electrochemical method that treated Pt
polycrystalline nanoparticles with a square wave potential
(Figure 24A—D).*** A THH has 24 faces that can be obtained
from a cube by “pulling out” the centers of the six square faces.
The high-index facets exposed on the surface were determined
to be {730}, as confirmed by high-resolution TEM. The {730}
facet can be regarded as a periodic combination of two {210}
facets and one {310} facet, which could be further divided into
a combination of low-index {100} and {110} facets (Figure
24D). Despite the well-defined morphology, it was impractical
to scale up the synthesis based on such an electrochemical
treatment. As an alternative approach, a recent report
described a method for synthesizing Pt THH through
dealloying.® In their report, Pt THH was produced by heating
a solid metal precursor in a tube containing a foreign metal
such as Sb, Bi, Tb, or Te as the shape-directing agent, followed
by evaporation of the foreign metal at a higher temperature.
This new method was not only more suitable for scale-up
production, but also offered a promising approach to
converting the poorly shaped Pt catalysts to the THH shape.
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4.3.3.2. Gold. In the case of Au, the successful syntheses of
both TPH and THH have been reported in literature. A TPH
can be viewed as a convex shape sharing the features between a
cube and an octahedron. In a typical synthesis of Au TPH,
dimethyl sulfoxide (DMSO) was reported to play a critical role
in stabilizing the {311} facets exposed on the surface and thus
shape evolution into Au TPH.”* DFT calculations and
scanning tunneling microscopy study revealed that both the
oxygen and sulfur atoms in DMSO could simultaneously bind
to the Au(311) surface in a “two center bonding” mode,
facilitating the stabilization of the surface atoms with a lower
CN. Similarly, Au THH could be obtained with the prudent
choice of surfactants involved in the reaction. It was reported
that mixing CTAB with didodecyldimethylammonium bro-
mide (DDAB) at a certain ratio was crucial to the formation of
THH.™*

Besides the aforementioned shapes, Au rice with the surface
covered by 10 {611} facets and two ends enclosed by 10 {111}
facets were prepared by using Au(I)-TEG complex as a
precursor to Au (Figure 24E,F).>** It was proposed that the
addition of Ag(I) ions played a significant role in directing the
shape evolution. A monolayer of Ag atoms could be selectively
deposited on the {100} facets of the penta-twinned seeds
formed initially in the synthesis, suppressing the growth of
these facets and promoting the formation of Au rice.

4.3.4. Conclusion. A precise control over the reaction
kinetics is the most important factor in the colloidal synthesis
of nanocrystals covered by high-index facets. The reduction
rate has to be fast enough to allow site-selected deposition of
atoms but not too fast to induce irregular surface structures
and multiple nucleation events. To this end, it is easier to
control the surface structure using seed-mediated growth than
one-pot synthesis. Although numerous reports have been
published on the successful synthesis of nanocrystals enclosed
by high-index facets, there are still a few challenges remained to
be addressed: (i) the roles played by a capping agent or
surfactant in the generation of high-index facets are still
elusive; (ii) the size of the majority of nanocrystals covered by
high-index facets are too large (typically, >100 nm) to be
applied to industrial catalytic processes; and (iii) the stability
of these nanocrystals still needs to be systematically evaluated.

4.4, Other Nanocrystals with Well-Defined Surface
Structures

4.4.1. Belts. A belt can be regarded as an elongated and
flattened bar in a single-crystal structure. However, different
from a cube or bar, the surface of a belt can be terminated in a
mix of low-index and high-index facets. Most belts reported in
literature preferentially grow along the (110) direction, with
the top and bottom faces terminated in {111} facets, while the
side faces are covered by {211} high-index facets.”*”**>
There are also a few reports on the belts possessing stacking
faults along the growth direction.””® In general, although the
belts may possess well-defined surface structures, it is difficult
to classify all of them into a single category.

4.4.1.1. Silver. The earliest report on the wet-chemical
synthesis of Ag belts was achieved by simply refluxing an
aqueous suspension of colloidal Ag nanoparticles that were
formed through the reduction of AgNO; by NaBH, in the
presence of PVP and sodium citrate.”** The formation of Ag
belts was attributed to the assembly of small triangular plates
derived from the nanoparticles, as driven by the strong dipole—
dipole interaction between adjacent plates. The SAED pattern
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and the lattice spacing measured from high-resolution TEM
suggested that the belt had a single-crystal structure, with a
growth direction along [101]. However, the yield of belts in
this report was only 5%. The synthesis was later improved by
leveraging a low-temperature aqueous synthesis in which
AgNO; was reduced with AA in the presence of poly(acrylic
acid) (PAA) at 4 °C.*"" Belts with a high yield close to 100%
and length longer than 10 pm were produced. The SAED
pattern of a single belt indicated that the growth direction was
along the [110] direction, while the top and side faces were
terminated in {111} and {211} facets, respectively.

4.4.1.2. Gold. The surface structures and growth mecha-
nisms of Au belts were similar to those reported for Ag belts. In
one report, single-crystal Au belts were prepared by reducing
HAuCl, with AA in the presence of a binary surfactant mixture
made of CTAB and SDSN (Figure 25A—C).”* When the

Figure 25. (A) TEM and (B) high-resolution TEM images of Au
belts. (C) Schematic illustration showing the growth of a Au belt
along the (110) direction. (D) SEM and TEM (inset) images of Au
wavy wires. The scale bar in the inset is 500 nm. (E) High-resolution
TEM image of the wavy wire marked by an arrow in the inset (scale
bar: 50 nm). (A—C) Reprinted with permission from ref 349.
Copyright 2008 American Chemical Society. (D and E) Reprinted
with permission from ref 353. Copyright 2012 American Chemical
Society.

reaction temperature was set to 4 and 27 °C, belts grown along
(110) and (211) directions were obtained, respectively. In
both cases, the top faces were still covered by {111} facets.
However, the side faces of the belt growing along (110) and
(211) directions turned out to be {211} and {110} facets,
respectively. A unique type of Au belt growing along (111)
direction was also achieved through a sonochemical
approach.>*® The authors proposed that the belts were formed
through oriented attachment from small Au nanoparticles. The
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Figure 26. Schematic illustration of seed-mediated growth and galvanic replacement for the generation of core—shell and hollow metal
nanocrystals. The 2-D atomic models correspond to the cross-section of a cubic seed at different stages into the reaction. Preformed nanocrystals
with a well-defined shape serve as the template in both processes in an effort to replicate the atomic arrangement and control the surface structure

of the product.

Au nanoparticles melted during the attachment process and
finally merged together to form a belt. There are a variety of
possible factors that could cause the contrast in the Au belt
observed under TEM, including bending, grain boundaries,
and change in the thickness. In this work, based on the
electron diffraction pattern, the authors claimed that the
product was single crystal.

4.4.2. Wavy Wires. Wavy wires are unique due to the
presence of a large number of grain boundaries on their
surface. They are usually formed through oriented attachment
of small nanoparticles and take a worm-like morphology. Some
typical examples of wavy wires with surface containing a high
density of grain boundaries will be discussed.

4.4.2.1. Iridium. 1t is still a grand challenge to synthesize Ir
nanocrystals with well-defined shapes and morphologies, which
could be primarily ascribed to the difficulty in growing Ir
nanocrystals to large sizes."”” Wavy wires is one of the few
samples that can be produced to present well-defined surface
structures for Ir nanocrystals. In a typical protocol, H,IrCls was
reduced by NaBH, in the presence of CTAB, generating
ultrathin, wavy wires with a diameter around 1.7 nm.”" From
high-resolution TEM, {111} and {200} were identified as the
major facets exposed on the surface of the wires. It was
proposed that the attachment of the thermodynamically
unstable, small Ir nanoparticles formed in the early stage of a
synthesis contributed to the formation of the wavy wires, and
the junctions between adjacent nanoparticles induced the
formation of grain boundaries and twin defects.

4.4.2.2. Gold. Oriented attachment has also been applied to
the synthesis of Au wires. Because of the low stacking fault
energy of Au,”” defects were commonly observed in the wavy
wires. In an early study, Au wavy wires were synthesized
through the attachment of small single-crystal Au nanoparticles
capped by OAm.>> It was suggested that the nanoparticles
could attach to each other in a perfectly matched orientation or
a misoriented fashion, giving single-crystal and defect-lined
wires, respectively. It was proposed that the amine group in
OAm had a stronger binding to the high-index facets on Au
nanoparticles compared to low-index facets and the coverage
was lower on {111} than {100}.*'° Therefore, it was easier to
have the OAm on Au{111} facets partially removed than from
other types of facets. The preferential removal of OAm from
the {111} facets of Au nanoparticles induced the particle
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fusion along this direction for the generation of wires.
Similarly, wavy wires were directly obtained by reducing
HAuCl, with AA in the presence of CTAB as a result of
oriented attachment, followed by cold welding, surface
diffusion, and additional growth (Figure 25D,E).*>*

5. CORE—-SHELL AND HOLLOW NANOCRYSTALS

As discussed in section 4, it remains a major challenge to
achieve shape- or facet-controlled synthesis for some noble
metals as limited by their intrinsic properties and/or the lack of
proper capping agents. To this end, replicating the atomic
arrangement on existing metal nanocrystals through seed-
mediated growth or template-engaged galvanic replacement
offers a viable approach for presenting these noble metals in
well-defined and controllable surface structures. In some cases,
it is also feasible to transfer the crystal structure (or phase)
from the underlying nanocrystal to the metal deposited on its
surface. Figure 26 shows a side-by-side comparison of these
two different methods. Both of them involve the use of
preformed nanocrystals as a template to dictate and control the
surface structure of the final products. To a certain extent, the
galvanic replacement route can be considered as a natural
integration of both the seed-mediated deposition and selective
etching processes.

This section covers examples of both core—shell and hollow
nanocrystals fabricated using the surface-replicating approach.
Although the major focus of this review is on monometallic
systems, the nanocrystals with a bimetallic, core—shell
structure offers an alternative for those metals that are still
limited by our synthetic capabilities in terms of shape control.
For the core—shell system, one can tune the shell thickness to
either nullify or leverage the impacts from the metal in the
core. For example, when the shell is more than six atomic
layers in thickness, the ligand and geometric effects arisin
from the metal in the core can be largely neglected.””*"*!*
Regarding the synthesis of core—shell nanocrystals, the core
metal should be judiciously selected to ensure that it shares
similar identities, including lattice constant and electro-
negativity, with the shell metal. During the synthesis, it is
critical to ensure adequate surface diffusion relative to atom
deposition so that the adatoms will adopt a layer-by-layer
rather than island growth mode. As a result, a smooth surface
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Figure 27. (A—D) TEM images of (A) Rh@Ru core—shell octahedra and Pd@Ru core—shell nanocrystals with (B) cubic, (C) octahedral, and (D)
icosahedral shapes, respectively. The insets show the corresponding EDX mapping of an individual nanocrystal. (E and F) TEM and HAADF-
STEM image of Ru icosahedral cages, indicating the twin boundary preserved in the Ru cage. The scale bar in the inset of panel E is 2 nm. (A)
Reprinted with permission from ref 95. Copyright 2019 American Chemical Society. (B) Reprinted with permission from ref 354. Copyright 2016
American Chemical Society. (C) Reprinted with permission from ref 355. Copyright 2017 American Chemical Society. (D—F) Reprinted with
permission from ref 356. Copyright 2018 American Chemical Society.

will be formed to faithfully replicate the atomic structure on
the underlying seed.

When the shell is more resistant toward oxidative etching
than the core, it will be feasible to selectively remove the core
for the fabrication of a novel class of nanocrystals known as
cages. The success in the extraction of the core lies in the
formation of atom-wide channels through interdiffusion
between the core and shell atoms during the synthesis or
codeposition of the atoms when the shell is generated.””” By
optimizing the etching conditions, the facet or surface structure
on the shell can be well preserved. The as-obtained cages are
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characterized by a hollow interior, ultrathin and porous walls,
as well as a well-defined surface structure. The porous walls of
a cage allow the reaction species to easily access the atoms on
the inner surface. When combined with an ultrathin thickness
for the walls, one can substantially increase the utilization
efficiency of atoms. In the meantime, the well-defined facets
offer the capability to optimize the active sites for a variety of
reactions.

In addition to the two-step method that involves seed-
mediated growth and selective etching, another effective
strategy for fabricating hollow metal nanocrystals is based on
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template-engaged galvanic replacement. This approach lever-
ages the spontaneous reduction of metal ions at the expense of
the template.*'” In principle, the only requirement for galvanic
replacement is that the reduction potential of the template
metal is lower than that of the metal to be deposited. The
power of galvanic replacement in engineering the properties of
nanocrystals can be understood from three major as-
pects.*'>*'* First, the elemental composition of the final
product can be tuned by reacting the template with different
amounts of the metal precursor. Second, the final product
typically possesses porous walls, whose thickness can be readily
controlled by varying the amount of the precursor added into
the reaction mixture. Third, since the newly formed atoms are
deposited on the surface of the template, the final product
typically takes a surface structure closely resembling that of the
original template. In this section, we focus on the synthesis of
bimetallic core—shell nanocrystals with controlled surface
structures and the hollow nanocrystals derived from them.
We also showcase the leverage of other strategies such as
galvanic replacement and self-etching for the production of
hollow metal nanocrystals with well-defined surface structures.
The presentation follows the order of atomic number.

5.1. Ruthenium

In contrast to all other noble metals that feature an fcc
structure, bulk Ru crystallizes in an hcp phase. The intrinsic
hep phase and low reduction potential, as well as the high
cohesive and surface energies, make it a difficult task to
fabricate Ru nanocrystals with well-defined shapes via the
conventional one-pot synthesis. A viable solution to this issue
is to introduce a template into the synthesis. The presence of a
template not only results in a lower nucleation barrier but also
makes it possible to create a well-defined surface structure on
the final product. One compelling example can be found in the
hydrothermal synthesis of Rh@Ru core—shell octahedra by
templating with 4.5 nm Rh cubes (Figure 27A).” The use of
4.5 nm of Rh cubes as the seeds was critical to the successful
synthesis in multiple aspects: (i) Rh shares similar
physicochemical properties with Ru, including lattice constant
and electronegativity, promoting epitaxial growth of Ru; (ii)
Rh is stable under hydrothermal conditions and can be
retained throughout the growth process; and (iii) Rh cubes can
be prepared as small as 4.5 nm, advantageous for achieving
adequate surface diffusion of Ru atoms relative to deposition.
During the synthesis, the nanocrystals gradually evolved from
cubes to truncated cubes, cuboctahedra, and truncated
octahedra. Eventually, Rh@Ru octahedra with well-defined
{111} facets were obtained. Interestingly, the arrangement of
the deposited Ru atoms followed an fcc structure rather than
the hep of bulk Ru. Despite this accomplishment, the synthesis
of Ru-based nanocrystals featuring other surface structures is
yet to be explored.

In a set of parallel studies, Pd nanocrystals were extensively
exploited as the templates for Ru deposition. Although the
lattice mismatch between Pd and Ru is slightly greater than
that between Rh and Ru (1.8% vs 0.5%), the use of Pd seeds
offers many advantages. First, there are a number of well-
established protocols for the synthesis of Pd nanocrystals
featuring controlled sizes, shapes, and internal structures.””°
Second, compared with Ru, Pd is much more susceptible to
oxidative etching, making it easier to produce Ru hollow
nanocrystals through selective etching of the Pd in the core. In
contrast to the one-shot synthesis involving Rh seeds, the

AO

Ru(III) precursor had to be titrated into the growth solution
containing Pd seeds using a programmable syringe pump. As
such, the generation rate and thus deposition rate of Ru atoms
could be manipulated to ensure layer-by-layer growth. With Pd
cubes of 10 nm in size, for example, Pd@Ru core—shell cubes
with Ru shell thickness controlled up to six atomic layers have
been successfully synthesized (Figure 27B).*** Significantly,
the Ru atoms in the shells faithfully replicated both the {100}
facets and fcc packing of the underlying Pd template.

When Pd octahedra were utilized as the template, self-
nucleation would become a major issue because of the lower
surface energy of Pd{111} facets relative to the {100}
counterparts.”> This issue was mitigated by adding KBr to
manipulate the reduction kinetics of Ru(III) ions so that the
concentration of the Ru atoms was reduced to a level favorable
for heterogeneous nucleation while avoiding homogeneous
nucleation. As a result, the deposited Ru atoms preferentially
diffused to the side faces of the Pd octahedral seeds in a layer-
by-layer manner rather than piling up at the edges and corners,
giving rise to the formation of Pd@Ru core—shell octahedra
(Figure 27C). The core—shell octahedra displayed well-
controlled {111} facets, together with a Ru shell of five atomic
layers in thickness. Simply by varying the size of Pd octahedral
seeds, the dimension of the Pd@Ru core—shell octahedra
could be readily tuned in the range of 12—26 nm. Again, the
Ru atoms in the core—shell octahedra were crystallized in an
fcc structure rather than the hep phase intrinsic to bulk Ru.***
Although both fcc-{111} and hcp-{0001} facets were
composed of close-packed atoms, the Ru atoms preferred to
follow the fcc-{111} rather than hcp-{0001} stacking in order
to lower the total surface energy by maintaining a smooth
surface at the edges of the fcc template. Otherwise, the
formation of a large number of low-coordination atoms at the
edges would substantially increase the total surface energy of
the nanocrystals.

In addition to the single-crystal facets, twin structures are
also attractive for various reactions owing to the existence of
plenty of highly active sites and induced surface strains.*'>*'¢
In the context of metal deposition, the twin boundaries are
most favorable sites for Ru deposition due to their highest
surface energy. The strong interaction between the defect site
and a Ru atom also impedes its diffusion to other areas on the
surface. Nevertheless, preferential surface diffusion over atom
deposition could still be achieved when switching from
octahedral to icosahedral template while keeping other
reaction conditions unchanged. By following a layer-by-layer
growth mode, the deposited Ru atoms faithfully replicated
both the {111} facets and twin boundaries on the Pd
icosahedral template, in addition to the fcc structure (Figure
27D—F).*° Similarly, Pd@Ru core—shell plates with tunable
thicknesses were also attained using a hydrothermal approach,
in which the Ru shell was characterized by stacking faults and
{111} facets, as well as an fcc structure.*'”

By subjecting the Pd@Ru core—shell nanocrystals to wet-
chemical etching for the selective removal of the Pd in the
core, Ru cages were obtained. A selective etchant for oxidizing
Pd was based on the Fe®*/Fe®" pair. To facilitate the removal
of Pd from the core, Br™ ions were added to increase the
difference in standard reduction potentials between the etchant
(Fe**/Fe?*, 0.77 V) and Pd through ligand exchange
(PACL>/Pd = 0.59 V, PdBr,>"/Pd = 049 V).*'® Under
optimal conditions, both the surface structure and the
unconventional fcc phase could be transferred to the resultant
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Anode Reaction: Pd + (4-n)CI" + nH0 — [PdCI, (H0)]*" +

Cathode Reacton: O, + 2H,0 + 4¢° — 40H"

Figure 28. (A) Schematic illustrating the synthesis of Pd hollow nanocrystals by corrosive etching. The presence of a CI7/O, pair promotes the
self-etching of Pd cubes, resulting in the formation of Pd cubic boxes and then cages. (B) TEM image of Pd cubic cages synthesized by corrosive
etching with well-defined openings at the corners. The insets show TEM and SEM images of an individual cage at higher magnification. (C) SEM
image of Pd—Ag cubic cages obtained through a galvanic replacement route. The inset shows a TEM image of the cages (scale bar: S0 nm). (A and
B) Modified with permission from ref 360. Copyright 2005 Wiley-VCH. (C) Reprinted with permission from ref 361. Copyright 2005 American

Chemical Society.

Ru cages. Using this approach, Ru{100}, Ru{111}, and
Ru{111} plus twin boundaries were all retained in the
corresponding cubic, octahedral, and icosahedral cages,
respectively.”>***° The three types of cages featured a hollow
interior and ultrathin, porous walls of 5—6 atomic layers in
thickness. Both features are instrumental to maximizing the
utilization efficiency of Ru atoms and thus boosting the mass-
specific activity of the catalyst. After selective etching, only a
small portion of the Pd atoms (<12.5 wt %) were left behind in
the cages whereas the proportion of Ru contents was greater
than 87.5 wt %, confirming the dominance of Ru.

Apart from seed-mediated growth followed by selective
etching, galvanic replacement is another effective route to the
fabrication of Ru-based cages. However, it has been a long-
lasting challenge to control the shape of Ru-based hollow
nanocrystals through galvanic replacement. The predicament
can be ascribed to the unfavorable thermodynamics between
Ru(IIl) ions and the template metals featuring controllable
shapes, such as Pd and Pt. To address this issue, our group
reported a facile synthesis of Pd—Ru cages via I -assisted
galvanic replacement.”®” The success of this synthesis
depended on the addition of I” ions into the reaction to
enforce ligand exchange with Pd(II) ions for the formation of
PdI,>" ions, a precursor with a reduction potential as low as
0.18 V. As such, the difference in reduction potential between
the Pd template (PdL,*"/Pd, 0.18 V) and Ru(III) ions (Ru**/
Ru, 0.39 V) became thermodynamically capable of activating
the galvanic replacement reaction, giving rise to the production
of Pd—Ru alloy cages. The as-synthesized cages possessed a
hollow interior, ultrathin walls of 2.5 nm in thickness, and a
cubic shape. Additionally, Ru atoms in the cages were
crystallized in an fcc lattice. The size of the cages could be
readily tuned in the range of 6—18 nm by using Pd seeds with
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different sizes. Although the protocol could be applied to Pd
octahedral, decahedral, and icosahedral templates for the
generation of cages, their shapes, however, were significantly
deviated from the templates owing to the strong binding of I”
ions to the {100} facets and suboptimal reduction kinetics.

5.2. Rhodium

Although Rh has been synthesized as nanocrystals with a
variety of shapes, some samples, for example, octahedral
nanocrystals, showed a poorly defined shape and/or a rough
surface, thus 11m1t1ng the exploration of their facet-dependent
properties.””” To this end, seed-mediated growth offers an
effective strategy for controlling the surface structure of Rh
nanocrystals by templating with the preformed seeds with
desired attributes.”"? Relative to other fcc metals including Ag,
Au, Pd, and Pt, the synthesis of Rh-based core—shell
nanocrystals has been a challenging task. The difficulty can
be rationalized from the following aspects: (i) the energy
barrier to heterogeneous nucleation of Rh is not s1gn1ﬁcantly
reduced as compared with that to homogeneous nucleation*"”
and (ii) the bond energy of Rh—Rh (236 kJ mol™") is much
greater than those of Ag, Au, and Pd, leading to a higher energy
barrier to the diffusion of Rh adatoms for the formation of a
smooth surface. To address the issue, a facile template-directed
method was developed for the synthesis of Pd@Rh core—shell
octahedra, by which the deposited Rh atoms faithfully
replicated the octahedral shape of the underlying seeds.*'”
To mitigate the homogeneous nucleation issue of Rh atoms on
the Pd{111} facets, a mild reductant, TTEG, was used to
retard the reduction rate of the Ru(IIl) precursor and
meanwhile, an elevated temperature was used to promote
surface diffusion. Additionally, the use of Pd octahedral seeds
with an edge length as short as 6.4 nm was also critical to
achieve layer-by-layer growth for the Rh atoms. When switched
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to Pd octahedra with enlarged sizes of 18 and 37 nm, the
deposited Rh atoms followed an island growth mode. The Rh
shell in the as-obtained Pd@Rh core—shell octahedra
displayed well-defined {111} facets when the shell thickness
was controlled at roughly 0.5 nm, corresponding to two atomic
layers.

Despite the accomplishments in controlling the surface
structure of Rh nanocrystals, the ever-increasing price and
extremely low abundance in the Earth’s crust create an obstacle
to the large-scale use of Rh. One effective solution to this
predicament relies on the synthesis of Rh hollow nanocrystals
with well-controlled surface structures. To this end, a
hydrothermal method was developed for the one-pot synthesis
of Pd@Rh core—shell cubes, in which Br~ ions were added to
help create {100} facets on the final product.’®® When
subjected to an etchant based on the I7/O, pair, the Pd core
could be selectively removed while the {100} facets were
transferred into the resultant Rh cages. The as-synthesized
cages had an average edge length of 144 nm and a wall
thickness of about 4 nm. To further reduce the wall thickness
while still maintaining the surface structure, the one-pot
synthesis was modified by introducing I” ions as an additive.””
In addition to the role as a capping agent for the expression of
{100} facets, the presence of 1™ ions also helped retard the
reduction of both Pd(II) and Rh(III) precursors. The
argument was confirmed by the formation of Pd@Rh core—
shell cubes with a greater size relative to those prepared using
Br~ ions (33.0 vs 14.4 nm). After selective removal of the Pd
core, Rh cubic cages with well-defined {100} facets and a wall
thickness of 2 nm were attained.

5.3. Palladium

Different from other noble metals, there are a large number of
protocols available for the shape-controlled synthesis of Pd
nanocrystals,” /1 3%13%147,166:242,243,306 However, almost all of
the reported nanocrystals feature a solid interior. When used as
catalysts, only the surface atoms are accessible to the reaction
species, while all of the atoms in the bulk are more or less
wasted, drastically compromising the mass-specific activity.
One effective strategy for mitigating this issue relies on the
synthesis of Pd hollow nanocrystals with well-defined surface
structures, by which the utilization efficiency of atoms is
substantially enhanced while the benefits stemming from the
controlled shape are still kept. In one report, a corrosion-based
method was developed for the facile synthesis of Pd cages
(Figure 28A,B).**° The formation of such hollow nanocrystals
involved three major stages: (i) the Pd(II) precursor was
reduced to generate Pd cubes with truncation at the corners;
(i) the self-templating and self-etching of the Pd cubes,
together with the deposition of Pd atoms formed via reduction,
giving rise to the formation of boxes; (iii) further etching led to
the formation of holes at the corners, turning the boxes into
cages. Both the boxes and cages were characterized by a hollow
interior, a cubic shape, well-defined {100} facets, and thin
walls, except for the presence of holes on the surface of cages.
The components key to this synthesis included the CI™ ions
(from Na,PdCl,) and a small amount of H,O for O,
dissolution, facilitating the formation of a CI7/O, pair to
promote the self-etching process. The involvement of excess
PVP in the synthesis was another critical parameter, which
could effectively cover the {100} facets of each Pd cube and
make the outer faces less active than the newly formed surface.
Once a pit was formed at a specific site on the surface of a Pd
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cube, further corrosion would preferentially take place inside
the pit, eventually leading to the formation of a hollow
structure.

Another effective strategy for producing Pd-based hollow
nanocrystals involves the use of galvanic replacement. By
templating with 50 nm Ag cubes, Pd—Ag cubic cages were
successfully synthesized (Figure 28C).**" The success of this
synthesis relied on the favorable thermodynamics between the
Ag template (Ag*/AgCl, 0.20 V) and Pd(II) ions (PdCL,*"/Pd,
0.59 V). During the synthesis, white AgCl precipitates was
observed, validating the involvement of AgCl in the galvanic
replacement reaction. The as-obtained Pd—Ag cages were able
to duplicate the attributes of the Ag template, showing a cubic
shape and well-defined {100} facets, except for the increase of
edge length to 63 nm. Based on elemental analysis, the Pd/Ag
ratio in the cages was found to be 2:3, suggesting an alloy
structure.

5.4. Iridium

Similar to the case of Rh, it is also a challenging task to
fabricate Ir-based core—shell nanocrystals owing to the even
higher bond energy (361 kJ mol™).%% As a consequence, the
Ir atoms tend to follow an island growth mode for the
generation of tiny nanoparticles.”””**" In an effort to obtain
core—shell nanocrystals, one has to accelerate surface diffusion
relative to the deposition of Ir atoms. To this end, a polyol
method was developed for the synthesis of Pd@Ir core—shell
cubic and octahedral nanocrystals by templating with Pd seeds
featuring cubic and octahedral shapes, respectively (Figure
29).*” During the conformal deposition, the Ir shell was able
to faithfully replicate the surface structure of the underlying Pd
template when its size was only 6 nm while the Ir thickness was
controlled below four atomic layers. The successful production
of Pd@Ir nanocrystals with well-defined surface structures
relied on the optimization of a set of reaction parameters,
including a slow injection rate for the Ir(IIl) precursor, a small
size for the Pd template, and an elevated reaction temper-
ature.”” The injection rate of the Ir(III) precursor was
strongly associated with the reduction rate and thus affecting
the deposition rate of Ir atoms. When the Ir(IIl) precursor was
added at a faster pace, the deposition of Ir atoms would be
switched from layer-by-layer to island growth mode, leading to
the formation of a rough surface. The size of the template
determined the distance that the Ir adatoms had to diffuse
across in order to cover the entire surface, with a smaller size
more favorable for generating the core—shell nanocrystals. A
notable difference was observed when the size of the Pd cubes
was increased from 6 to 18 nm. In the latter case, plenty of Ir
small islands were formed on the template, in addition to free-
standing Ir nanoparticles generated through homogeneous
nucleation. The reaction temperature was another parameter
vital to the formation of a smooth shell as it strongly affected
both the deposition and diffusion rates of Ir atoms. When the
reaction temperature was lowered, the Ir adatoms would not
have sufficient kinetic energy for diffusion, generating small
islands on the template.

The reaction parameters of the above protocol were also
optimized by increasing the amount of the Pd cubes, reducing
the concentration of the reductant, and decreasing the
injection rate of the Ir(Ill) precursor to achieve layer-by-
layer growth on Pd cubes as large as 18 nm in edge length.***
All those modifications collectively contributed to a slow
reduction rate for the Ir(III) precursor, decreasing the
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Figure 29. (A) TEM image of Pd@Ir core—shell cubes. (B) High-
resolution TEM image of an individual Pd@Ir cube along the [100]
zone axis, clearly demonstrating that the core—shell cube was
bounded by Ir{100} facets. The inset shows the corresponding
Fourier transform pattern. (C and D) TEM and high-resolution TEM
images of Pd@Ir core—shell octahedra enclosed by Ir{111} facets.
The insets in panels A and C show the TEM images at higher
magnification and 2-D schematic models of the core—shell nano-
crystals. Reprinted with permission from ref 409. Copyright 2014
American Chemical Society.

deposition rate of the Ir atoms. Given that surface diffusion
(i.e., reaction temperature) was kept the same, the deposited Ir
atoms would have enough time to diffuse across the entire
surface of an 18 nm Pd cube rather than accumulated at the
corners and edges, leading to the generation of Pd@Ir core—
shell cubes with well-defined {100} facets. After deposition, the
average edge length of the cubes was increased to 19.2 nm,
suggesting the effective deposition of Ir shells. Notably, the
thickness of the Ir shell in the core—shell cubes was only about
three atomic layers, thinner than the case of 6 nm Pd cubes.
The reduced shell thickness could be attributed to the
suppressed reduction rate of the Ir(Ill) precursor in the
modified protocol and thus a lower conversion to Ir atoms. In
this case, the thin Ir shell (i.e., 3.2 atomic layers) made it more
challenging to fabricate Ir cages by selectively removing the Pd
core without breaking the shell.

A modification was made to the protocol for the growth of a
thicker Ir shell on the 18 nm Pd cubes.’®” The success of the
new protocol relied on the deceleration of the deposition rate
of Ir atoms in multiple ways: (i) diluting the Ir(III) precursor
by eight times while doubling the total amount of the
precursor; (ii) decreasing the injection rate of the Ir(I1I)
precursor by two times; (iii) reducing the concentration of the
reductant by 2.5 times; and (iv) introducing a large amount of
KBr into the synthesis, an additive known for promoting layer-
by-layer growth for Pt atoms.*** The Ir shell thickness could be
increased to 1.1 nm, corresponding to about six atomic layers.
After subjecting the core—shell cubes to an etching solution
containing FeCl;, KBr, and HCI, Ir cages were obtained. The
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cages had an edge length of 19.7 nm and were enclosed by
well-defined {100} facets. The percentage of Ir content was as
high as 88.9 wt %, confirming the dominance by Ir in the cages.

5.5. Platinum

As an intriguing catalytic material, Pt has found widespread use
in heterogeneous catalysis. Its extremely low abundance and
high price, however, set obstacles to the commercialization of
many technologies based on Pt catalysts, such as fuel cells. To
mitigate this issue, one strategy is to deposit a few atomic
layers of Pt atoms on a template for the generation of core—
shell nanocrystals, followed by selective removal of the core for
the production of Pt hollow nanocrystals.”**~***** Under the
right conditions, the surface structure can be faithfully
transferred from the template to the core—shell nanocrystal
and further to the hollow nanocrystals.”® Among various
metals, Pd is the best candidate for serving as a template
because it shares similar physicochemical identities with Pt in
terms of lattice constant (only 0.77% lattice mismatch) and
electronegativity, in addition to many well-established
protocols for the synthesis of Pd nanocrystals with controlled
sizes, facets, and twin structures. Using 18 nm Pd cubes as
template, Pd@Pt,; (n denotes the number of atomic layers)
core—shell cubes could be achieved by titrating the solution of
a Pt(IV) precursor into a suspension of Pd cubes in EG at a
slow rate while holding the system at 200 °C.>”" The Pt shell
faithfully replicated the {100} facets of the underlying Pd
cubes and its thickness could be tuned from one to six atomic
layers by varying the amount of the Pt(IV) precursor (Figure
30).

A similar approach was also successfully extended to Pd
octahedral nanocrystals. In contrast to the {100} facets on
cubes, the {111} facets on octahedra have a greater packing
density of atoms and a lower surface energy. As a consequence,
homogeneous nucleation became a major challenge when
applying the same protocol for the synthesis of Pd@Pt,; core—
shell cubes to the octahedral system. To mitigate this issue, a
diluted Pt(IV) precursor solution and a reduced titration rate
were used to ensure a layer-by-layer growth mode for the Pt
atoms on 19 nm Pd octahedra, giving rise to the formation of
Pd@Pt,; core—shell octahedra.””* The Pt shell in the core—
shell nanocrystal also strictly replicated the surface structure of
the underlying Pd octahedron, whose surface was dominated
by {111} facets, together with a small fraction of {100} facets
due to the slight truncation at corners.

Nanocrystals with multiple twin defects are highly desired
for catalytic application owing to the abundance of highly
active atoms on the twin boundaries and the surface strain on
side faces. When multiply twinned Pd nanocrystals were
employed as template, the twin boundaries were more
favorable sites for the initial deposition of Pt atoms due to
their high surface free energy.él’62 When conducting the
synthesis at 200 °C, the Pt atoms initially deposited on the
vertices of the icosahedron can diffuse along the twin
boundaries and further to the side faces, enabling a layer-by-
layer growth mode.”'® The resultant Pd@Pt core—shell
icosahedra featured a conformal and uniform shell, well-
defined {111} facets, and twin boundaries, as well as tunable
shell thicknesses of 0.7—4.5 atomic layers (Figure 31). The
deposition behavior of Pt atoms on Pd decahedral template
was completely different from the case of icosahedral template
even under the same condition.®* On a decahedron, there
exists two types of vertices, with the type-A intersected by two
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Figure 30. Low-magnification and atomic-resolution HAADF-STEM
images of (A and B) Pd@Pts, (C and D) Pd@Pt,;, and (E and F)
Pd@Pt;; core—shell cubes, respectively, showing the well-defined
surface of the Pt shell and the different numbers of Pt atomic layers
along the red arrows. The insets show HAADF-STEM images of
individual core—shell cubes at a higher magnification. Reprinted with
permission from ref 371. Copyright 2014 American Chemical Society.

single-crystal edges and two twin boundaries and type-B
intersected by five twin boundaries. The atoms at type-A
vertices had a lower CN (4 vs 5) and higher tensile strain than
those at type-B vertices,"”®" making the former more favorable
sites for Pt deposition and accumulation. In the presence of
surface diffusion, the Pt adatoms on the type-A vertices would
more preferentially diffuse to the edges and twin boundaries
rather than to the side faces owing to the lower CN and higher
surface energies of the former sites, resulting in the formation
of concave side faces.

Palladium nanocrystals with other types of twin structures
and/or facets, including penta-twinned wires and plates, could
also be leveraged as templates to direct the deposition of Pt
atoms for expanding the diversity of surface structure.'*”**¥**>
With regard to the penta-twinned Pd wires, a uniform Pt
sheath could still be generated for the formation of Pd@Pt
core—sheath wires.'*” As for Pd plates, at a slow injection rate
for the Pt(IV) precursor and an elevated temperature, the Pt
adatoms were able to diffuse from the defect sites to the basal
planes for the generation of a smooth shell and thus Pd@Pt
core—shell plates.””’ For the polyol-based system at 200 °C,
the Pd plate was conformally coated with a more or less
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Figure 31. (A) TEM image of Pd@Pt, ;; core—shell icosahedra. The
inset shows the HAADF-STEM image of an individual Pd@Pt,,;,
icosahedron (scale bar: 2 nm). (B) Atomic-resolution HAADF-STEM
image taken from the edge of a Pd@Pt, ,; icosahedron, revealing the
detailed surface structure of the core—shell nanocrystal (green dots:
Pd atoms; red dots: Pt atoms). (C—F) Atomic-resolution HAADF-
STEM images of (C and D) Pd@Pt,; and (E and F) Pd@Pt,,,
icosahedra, respectively, showing the different numbers of Pt atomic
layers on the Pd seeds. Reprinted with permission from ref 416.
Copyright 2015 Nature Publishing Group.

uniform Pt shell due to the use of a high reaction temperature.
When switched to a water-based system at 80 °C, Pt shell
could still be formed but with a greater thickness on the side
faces than on the basal planes.

When subjected to an etchant, the Pd core could be
selectively removed from the Pd@Pt,; nanocrystals for the
production of Pt cages with well-defined surface structures,
including the specific type of facet and twin boundaries (Figure
32). To facilitate the etching of Pd in the core, a small amount
of the Pd(I) precursor could be added into the Pt(IV)
precursor solution (at a molar ratio of 1:99) to intentionally
create more Pd channels in the shell through codeposition. A
typical etching solution contained FeCl;, HC], KBr, and PVP,
and their concentrations need to be individually optimized
when aé)gplying to core—shell nanocrystals with different
shapes.”® Owing to a greater packing density of the {111}
facets relative to {100} facets, the etching solution used for the
generation of Pt octahedral cages needed to be more
concentrated than what was used for the generation of cubic
cages. In this case, an increased concentration of FeCl; and
HCI, together with an elongation of the etching time, were
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Figure 32. TEM and atomic-resolution HAADF-STEM images of Pt-
based cages with (A and B) cubic, (C and D) octahedral, (E and F)
decahedral, and (G and H) icosahedral shapes, respectively,
demonstrating their well-defined surface structures. (A—D) Reprinted
with permission from ref 363. Copyright 2015 AAAS. (E and F)
Modified with permission from ref 364. Copyright 2015 American
Chemical Society. (G and H) Modified with permission from ref 365.
Copyright 2016 American Chemical Society.

required to provide sufficient etching power for the formation
of Pt octahedral cages.363 After Pd etching, the Pt cages
showed a well-preserved shape of the original core—shell
nanocrystals, with the surface covered by well-defined facets.
The weight percentage of Pt contents could be as high as 91%,
suggesting the dominance of Pt in the cages. Typically, the wall
of the Pt cages was thicker than the Pt shell of the core—shell
nanocrystals due to the inclusion of some remaining Pd atoms
and the presence of vacancies. For example, starting from the
Pd@Pt,5; core—shell icosahedra, Pt icosahedral cages with a
wall thickness of about six atomic layers were obtained.’*®
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Their surface was characterized by well-defined {111} facets
and twin boundaries, in addition to some small holes.

Compared with the approach involving core—shell nano-
crystals and selective removal of the core, galvanic replacement
offers a simpler route to the fabrication of hollow nanocrystals
and can be completed within a short period of time.*"
However, different from the products obtained from the two-
step method, the hollow nanocrystals prepared using galvanic
replacement typically feature an alloy composition. Addition-
ally, since galvanic replacement involves the random removal
of template atoms and deposition of Pt atoms, it is not easy for
the deposited Pt atoms to faithfully replicate the shape or
surface structure of the template. As a result, the as-synthesized
hollow nanocrystals often showed a rough surface and reduced
crystallinity.*'” A recent study reported a facile route to the
synthesis of Pt—Ag cages with a smooth surface using 15.8 nm
Ag cubes as the sacrificial template.””® The success of this
synthesis relied on the use of a syringe pump to titrate the
Pt(II) precursor into a suspension containing Ag cubes, so that
galvanic replacement could be manipulated at an appropriate
rate favorable for the formation of a smooth surface.
Additionally, the reaction temperature also had to be finely
controlled, which not only determined surface diffusion but
also affected the rate of galvanic replacement.**® After reaction,
the as-obtained Pt—Ag cages were characterized by an edge
length of 18 nm and a wall thickness of about 3 nm, as well as
well-defined {100} facets. Apart from Ag cubes, other types of
templates such as Ag wires*”” and Se wires**® have also been
employed for the production of Pt nanotubes through galvanic
replacement. However, their surfaces were poorly defined,
primarily owing to the lack of a precise control over the
galvanic replacement rate (i.e., the deposition rate of Pt atoms)
and surface diffusion.

5.6. Gold

Owing to the high reduction potential of Au (Au’*/Au, 1.50
V), galvanic replacement becomes a major issue when the
surface-replicating method is extended to the fabrication of
M@Au (M denotes a metal other than Au) core—shell
nanocrystals.”””**” To address this challenge, a faster parallel
reduction reaction was introduced in an attempt to compete
with and thereby suppress the galvanic replacement between a
Au(III) precursor and the template (Figure 33A—C).*"° The
concept was initially demonstrated using a strong reductant
such as AA, together with the use of an alkaline pH of 11.2 to
further enhance its reduction power. From 38-nm Ag cubes,
Ag@Au core—shell cubes encased by well-defined {100} facets
were successfully synthesized. Due to the involvement of an
alkaline pH, Ag,O patches were formed at the corners. By
simply increasing the volume of the Au(III) precursor, the
thickness of the Au wall could be tuned up to 1.3 nm (or about
six atomic layers). The core—shell cubes were then treated
with a weak acid to dissolve the Ag,O patches at the corners,
paving the way for the dissolution of Ag from the core. When
mixed with aqueous H,0, to selectively remove the Ag in the
core, the Ag@Aug; core—shell cubes were transformed into Au
boxes with small openings at the corners (Figure 33C). Their
side faces were covered by {100} facets.””’

In addition to the {100}-enclosed Au cubic cages, Au
cuboctahedral cages with controlled openings at {111} or
{100} facets could also be produced (Figure 33D,E).**” The
synthesis started from the selective deposition of Au atoms on
Ag cuboctahedral nanocrystals of 47.2 nm in edge length, as
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Figure 33. (A) Schematic illustrating the formation of a Ag@Au core—shell cube, followed by its transformation into a Au-based box. (B) TEM
image of Ag@Aug core—shell cubes. The inset shows the HAADF-STEM image of an individual cube (scale bar: 5 nm). (C) TEM image of the
Au-based boxes obtained by removing the Ag in the core. The inset shows an atomic-resolution TEM image recorded from the corner of a Au box.
(D and E) TEM images of the Au cuboctahedral cages with controlled openings at (D) {111} and (E) {100} facets, respectively. The insets show
the corresponding models of the cuboctahedral cages. (A—C) Reprinted with permission from ref 370. Copyright 2016 American Chemical
Society. (D and E) Modified with permission from ref 429. Copyright 2020 Royal Society of Chemistry.

enabled by the use of different capping agents. When PVP was
used as a capping agent toward Ag{100} facets, the oxidation
of Ag through galvanic replacement would be initiated from
the {111} facets and the resultant Ag* ions would react with
OH™ for the formation of Ag,0O on the {111} facets. As a
consequence, the deposition of Au atoms would be confined to
the {100} facets, giving rise to the formation of Ag@Au core—
shell cuboctahedra with their {111} facets free of Au. In
contrast, when CI~ ions served as a capping agent toward the
Ag{100} facets, they would facilitate the oxidation of Ag from
the {100} facets by undergoing ligand exchange with Ag* ions
to produce soluble AgCl,” ions. As a result, the Au atoms,
together with a small amount of Ag atoms formed via chemical
reduction, were selectively deposited on the {111} facets,
leading to the production of Ag@Au core—shell cuboctahedra
with their {100} facets free of Au. By selectively dissolving the
Ag core using H,O,, the Ag@Au core—shell cuboctahedra

AU

were converted into Au cuboctahedral boxes with controlled
openings at the {111} and {100} facets, respectively. Although
a cuboctahedron is supposed to be enclosed by a mix of {100}
and {111} facets, the surface of the as-obtained Au
cuboctahedral cages was exclusively covered by either {100}
or {111} facets.

In addition to the approach involving core—shell nanocryst-
als and selective etching, Au-based hollow nanocrystals with
well-defined surface structures could also be obtained in one
step through galvanic replacement (Figure 34A).°* Among
various noble metals, Ag is an excellent candidate for engaging
the galvanic replacement reaction with a Au(III) or Au(I)
precursor owing to their similar lattice constant and electro-
negativity, in addition to the favorable thermodynamics. For a
typical synthesis, one can simply titrate an aqueous solution of
HAuCl, into a suspension of Ag nanocrystals in water at a
controlled temperature. When Ag cubes with sharp corners
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Figure 34. (A) Schematic illustration of the major morphological and
structural changes during the galvanic replacement reaction between a
sharp Ag cube and a Au(Ill) precursor. The cross-sectional views
correspond to the plane along the dashed lines. (B) TEM image of
Au—Ag alloy cubic cages. (C) SEM image of Au—Ag cubic cages with
well-defined pores at all corners, with inset showing the TEM image
of the cages. (A) Modified with permission from ref 369. Copyright
2010 Elsevier. (B) Reprinted with permission from ref 431. Copyright
2010 Wiley-VCH. (C) Reprinted with permission from ref 376.
Copyright 2006 American Chemical Society.

were used, the as-obtained Au—Ag alloy cages showed a well-
defined cubic shape (Figure 34B).”” Using Ag cubes with
different edge lengths, the size of the Au—Ag cages could be
readiléy tuned in the range of tens to hundreds of nanome-
ters. %% Additionally, the wall thickness and porosity of
the cages could be controlled by further treating the sample
with an etchant based on Fe(NO;); or NH,OH to dealloy Ag
from the walls of the cages.*

When Ag cubes with slight truncation at corners were used,
Au—Ag cages with well-defined openings at the corners were
obtained (Figure 34C).>’® The success of this synthesis relied
on the pretreatment of Ag cubes in EG containing HCI and
PVP for slightly truncating the corners. Given the selective
binding of PVP toward Ag{100} facets, galvanic replacement
preferentially started from the corners of the truncated Ag
cubes, while confining the codeposition of Au and Ag atoms to
the side faces. As a result, Au—Ag cubic cages with well-defined
openings at all corners were obtained as one of the
intermediate structures. As the reaction proceeded, surface
reconstruction took place, during which the {111} facets were
gradually enlarged. Since the openings were located on the
{111} facets, they were enlarged accordingly. The enlargement
of the {111} facets and the opening size would be terminated
when the cages evolved into a cuboctahedral shape. At this
point, the cages were characterized by well-defined and
enlarged pores on the {111} facets, in sharp contrast to the
small pores on the initial cubic cages. Apart from the cubes and
truncated cubes, octahedral nanocrystals could also serve as a
sacrificial template. By titrating the Au(III) precursor at an
appropriate rate into the solution containing Ag octahedra at
90 °C, Au—Ag cages featuring an octahedral shape and well-
controlled {111} facets were obtained.”"

5.7. Conclusion

The surface-replicating method offers an alternative approach
to controlling the surface structure of noble-metal nanocrystals,
especially for Ru and Ir that are still difficult to achieve shape-
controlled synthesis. The key factor in achieving a faithful
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replication through epitaxial deposition is to generate a
conformal shell by ensuring adequate surface diffusion over
atom deposition. To this end, the deposition rate of the shell
atoms has to be optimized, which may vary significantly when
dealing with templates made of different metals and/or
covered by different types of surface structures. More
significantly, the core—shell nanocrystals prepared using the
template-directed method could serve as precursors to the
production of hollow nanocrystals with well-defined and
controllable surface structures. Additionally, galvanic replace-
ment has also been demonstrated with great simplicity and
capability in producing hollow nanocrystals in one step
without compromising the control over surface structure. As
the two major limitations, galvanic replacement can only occur
between metals with favorable difference in reduction
potentials and the products are typically made of alloys rather
than a pure element. At this moment, the capabilities of these
two routes to hollow metal nanocrystals are still limited by a
number of factors, including the lack of templates with the
desired attributes, the difficulty in precisely controlling the
reaction kinetics, the involvement of oxidative etching, and
related side reactions. Future endeavors should be focused on
mechanistic understanding for the achievement of a tighter
control over all the steps involved.

6. APPLICATIONS IN HETEROGENEOUS CATALYSIS

Heterogeneous catalysis has a long history of several hundred
years, and it has found use in many industrial processes that are
typically driven by thermal energy and hence involve the use of
elevated temperatures and pressures. Notable examples include
water—gas shift reaction, methanol synthesis, and ammonia
production. As determined by their intrinsic properties,
different noble metals would fit specific applications. When
the reaction is structure-sensitive, one can enhance the activity
and/or selectivity of a catalyst based on noble-metal nano-
crystals by engineering their surface structure. The surface
structure is collectively determined by a variety of factors,
including the type of facet, type of defect, particle size, and
crystal structure. Here we only highlight the most important
factor(s) for each noble metal in the context of its target
reactions, in the order of increasing atomic number. For each
metal, at least one catalytic reaction is chosen to illustrate the
correlation between the catalytic performance and surface
structure.

6.1. Copper

Metallic Cu is commercially used as the catalysts for methanol
synthesis””*** and water—gas shift reaction,”*~*** both of
which are of great technological and societal significance.
Besides, it is also used as catalysts for the conversion of esters
to alcohols and selective hydrogenation of oils.”*® The
excellent performance of Cu in various catalytic reactions,
along with its high abundance in the Earth’s crust, makes its
nanocrystals of particular interest for fundamental studies,
including elucidation of structure—property relationship and
understanding of surface reconstruction under the reaction
environment.

6.1.1. Methanol Synthesis. The global production of
methanol reached 110 million metric tons in 2018. The
demand for this chemical has shown significant growth in the
past ten years and is expected to keep increasing in the
future.”*” The major uses of methanol are in the context of fuel
production, organic synthesis, and antifreezing."’*~**' Cur-
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rently, the majority of methanol is produced worldwide from
the syngas (a mixture of CO, CO,, and H,) on a Cu-based
catalyst,’ with ZnO and Al,O; serving as the support and
promoter, respectively:

CO, + 3H, = CH;0H + H,0 (6)
The following two exothermic reactions are also involved in
this process:

CO + 2H, = CH;0H ?7)

(8)

The Cu-based catalyst for methanol synthesis has been widely
used for about half a century. Nonetheless, the nature of the
catalytic active sites on the surface remained enigmatic until
recently. A study involving the use of both experiments and
DFT simulations suggested that surface steps and twin
boundaries were required to make the catalyst active.” For
the industrially used Cu catalyst, twin boundaries and
disordered overlayers were observed under aberration-
corrected high-resolution TEM (Figure 35A,B). When pure
Cu sample with neither surface distortion nor support was
applied instead, the catalyst was rather inactive, indicating that

CO, + H, = CO + H,0

3| Disordered
overlayer

50
L ] i o
33T go| mmm2s0C 130 &
s >= I 210 °C 150 i
- 275 60 130 g
ng_’f 1 ® 125 W)
NE2 120 3
25 1 Jis
232 20 110 3,
® 15 &
= 120{D
>~
B3 731001
N T < °
T © ¢ 804 [ 250°C
£E335 o/ HEN210°C
S £<
g 40]
o
= 20
04

Defectless Cu/znO Industrial Industrial
Cu Cu/ZnO/AlOs-1 Cu/ZnO/AlOs-2

Figure 35. Catalysts based upon Cu for methanol synthesis. (A and
B) Aberration-corrected high-resolution TEM images of Cu nano-
particles prepared using a conventional method by precipitating
zincian malachite, indicating that the surface was rich in defects. (C)
Mass-specific activities and Cu surface areas of different catalysts used
for methanol synthesis (P = 60 bar, normalized to the most active
sample). (D) Area-specific activities of Cu catalysts (normalized to
the most active sample). Modified with permission from ref S.
Copyright 2012 AAAS.
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surface steps were necessary to ensure the high performance of
Cu catalyst in methanol synthesis (Figure 35C,D). Combined
with DFT calculations, it was found that the high-index {211}
facets or stepped sites created by stacking faults on the catalyst
were most effective in lowering the adsorption energy barrier
of the reaction. On the other hand, it was found that the
reaction intermediate binds to the defect-free Cu(111) surface
too weakly to have the reaction activated. In the future, one
should pay close attention to these structural features when
designing catalysts based on Cu nanocrystals for this reaction.
More importantly, it is critical to find ways for preserving these
features during the catalytic process. It is also worth pointing
out that the ZnO support plays an important role in creating
the active sites albeit it is beyond the scope of this article.

6.1.2. Water—Gas Shift Reaction. Water—gas shift
reaction is typically involved as a side reaction in many
industrial processes, including methanol synthesis, Fischer—
Tropsch (FT) synthesis, and steam reforming. Besides, it is
also an important reaction capable of producing hydrogen gas
from CO and H,0:

CO + H,0 = CO, + H, (9)
The produced H, can be further used for other industrial
processes such as ammonia synthesis. The low-temperature
water—gas shift reaction is also essential to the development of
solid oxide fuel cells."** So far, Cu is the most widely used
catalyst for low-temperature water—gas shift reaction due to its
low price, high CO conversion, and high H, yield."*’ The
structure—property relationship of the Cu catalyst has been
investigated through both experimental and computational
approaches.”**** In one study, Cu microcrystals with well-
defined shapes and high purity were explored as model
catalysts to investigate the facet-dependent catalytic activity in
water—gas shift reaction at a temperature up to 548 K.*** The
results indicated that Cu cubes covered by {100} facets had the
highest activity among all of the catalysts, including Cu RDD
terminated in {110} facets. For Cu octahedra enclosed by
{111} facets, they were found to be completely inactive toward
the reaction. From both experimental characterizations and
theoretical calculations, the active sites were identified to be
Cu—Cu suboxide (Cu,O, x > 10) interface. It was suggested
that all elementary steps of the reaction could proceed
smoothly on Cu—Cu,O interface of Cu(100) surface while
the Cu—Cu,O interface of Cu(111) was poisoned by the
accumulation of formate intermediate. Although the shapes of
the microcrystals were uniform and well-suited for investigat-
ing the facet dependence of water—gas shift reaction, they
hardly belong to the “nano” regime because of their relatively
large size around 1 ym. Catalytic particles with such a large size
will likely suffer from a low mass-specific activity. Nevertheless,
this study offers an insightful guideline for the rational design
of catalysts based on Cu nanocrystals toward water—gas shift
reaction.

In summary, there is still a gap between the shape-controlled
synthesis of Cu nanocrystals and their implementation in
industrial catalysis. As discussed in section 4, it remains a
challenge to control both the shape and size of Cu
nanocrystals. In order to have a tight control over the shape
and thus surface structure of Cu nanocrystals, their sizes are
usually kept above 20 nm, much larger than the nanoparticles
used in commercial Cu catalysts. Besides, the effect arising
from the support also plays a pivotal role in determining the
activity and selectivity of a Cu catalyst. Despite these barriers
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imposed by the synthetic capabilities, both computational and
experimental studies have established that the surface
structures of Cu nanocrystals can have a major impact on
their catalytic performance.

6.2. Ruthenium

Ruthenium is considered a minor component among the noble
metals. The annual production of Ru is only on the scale of
tens of metric tons,"** while Pd and Pt can reach up to
hundreds of tons, and Au is even as much as several thousand
tons. Nevertheless, the excellent performance of Ru in various
catalytic processes and its ability to crystallize in both hcp and
fcc phases have brought up significant attention to this metal in
recent years.445 In the context of industrial e}‘pglications, Ru
mostly shines as the catalysts for FT synthesis,”"***” ammonia
production,”**** and CO oxidation reaction.*****°

6.2.1. Fischer—Tropsch Synthesis. Fischer—Tropsch
synthesis refers to a set of chemical reactions for converting
a mixture of CO and H, into liquid hydrocarbons, and the
general reaction can be written as

nCO + (2n + 1)H, —» CH,,,, + nH,0 (10)
The FT process has a major impact on the energy industry all
over the world. The products from this process have become a
major alternative fuel because of the low cost for transportation
and the capability of FT synthesis to convert stranded gases
into useful chemicals. Among all the catalysts for FT synthesis,
Ru works at the lowest temperature and gives hydrocarbons
with the highest molecular weight.”' Unlike Cu, whose
catalytic performance is strongly related to the support, it has
been reported that Ru can perform well in FT synthesis as a
pure metal without involving any support.*”

Due to the limitation in terms of synthetic capability for Ru-
based nanocrystals, most of the studies were conducted to
investigate the effect of size and crystal structure on the activity
in FT synthesis. Compared with the size effect,*” the impacts
of crystal structure on both the activity and selectivity have
been studied more thoroughly and systematically.*****>
Changing the crystal structure will alter the arrangement of
atoms in a lattice, naturally creating new surface structures on
the nanocrystals. For example, the atom arrangements on
fcc{100} facets are different from that on hcp{1000} facets,
and therefore might exhibit different surface properties in
catalytic reactions. A recent study demonstrated that fcc-Ru
outperformed its traditional hcp counterpart in FT syn-
thesis.**® The experimental results indicated that the density of
active sites on the fcc-Ru catalyst was 2 orders of magnitude
higher than that of the catalyst based on hcp-Ru. This trend
was further validated by a computational study, in which fcc-
Ru was found to present more open facets capable of lowering
the energy barrier of the reaction than hep-Ru.**® Remarkably,
the 6.8 nm fcc-Ru nanocrystals showed a mass-specific activity
three times as high as that of 1.9 nm hcp-Ru nanocrystals at
433 K. Moreover, the selectivity toward the desired Cg,
product was as high as 81.3% for fcc-Ru, while it was only
66.7% for hep-Ru.

6.2.2. CO Oxidation and Ammonia Production. The
size and structure dependences were also investigated for other
reactions that rely on the use of Ru as catalysts, including CO
oxidation and ammonia synthesis.”*** By manipulating the
reaction kinetics, one could obtain Ru nanocrystals in either an
fcc or hep phase.*” The reduction kinetics are typically
controlled through the utilization of different metal precursors
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and/or solvents. The Ru nanocrystals synthesized from
Ru(acac); and TEG were crystallized in the fcc phase, while
those from RuCl; and EG would crystallize in the hep phase. It
was proposed that if the metal precursor could be dissolved in
the solvent as a neutral molecule, the products would take the
fcc phase. On the other hand, if the precursor was dissolved in
the solvent to take an ionic form, the products tended to be in
the hcp phase. The surface structures could be well-resolved in
high-resolution TEM images (Figure 36A,B). When applied to
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Figure 36. Catalysts based upon Ru for CO oxidation. (A and B)
High-resolution TEM images of Ru nanoparticles in (A) fcc and (B)
hep crystal structures, respectively. The insets show atomic models of
the corresponding atomic arrangements of the products. (C) Size
dependence of the Ts, values for fcc-(blue) and hcp- (red) Ru
nanocrystals. (A—C) Modified with permission from ref 449.
Copyright 2013 American Chemical Society. Inset in (A) is modified
with permission from ref 76. Copyright 2019 IOP Publishing.

CO oxidation, the temperature for 50% conversion (Ts,) of
CO to CO, increased with particle size for hcp-Ru nanocryst-
als, whereas the Ts, took an opposite trend for fcc-Ru
nanocrystals (Figure 36C). The difference in crystal structure
and the presence of twin boundaries in fcc-Ru nanocrystals
naturally alter the arrangement of atoms on the surface and
thereby §ive different catalytic activities toward CO
oxidation.™

The poor control in terms of shape represents a major
drawback for the Ru nanocrystals used in the aforementioned
study. In an effort to obtain fcc-Ru nanocrystals with well-
defined facets, a surface-replicating method was developed by
leveraging Pd nanocrystals with well-controlled shapes as seeds
for overgrowth (section 5.1). It was reported that Pd@Ru
core—shell nanocrystals and Ru-based cages in the fcc phase,
including those covered by {111} and {100} facets, could be
readily synthesized using this method.***~**° The well-defined
facets, unique crystal structure, and high specific surface area
associated with fcc-Ru cages offered some immediate
advantages for catalytic applications. According to DFT
calculations, both the fcc-Ru(111) and fcc-Ru(100) surfaces
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Figure 37. Catalysts based upon Rh for hydrogenation and hydroformylation. (A) Schematic illustration of the coordination states of Rh sheets
with different thicknesses. (B and C) Comparison of the catalytic performance of PVP-capped Rh sheets, PVP-capped Rh particles, and commercial
Rh/C, toward (B) hydrogenation of phenol and (C) hydroformylation of 1-octene, respectively. Modified with permission from ref 233. Copyright

2014 Nature Publishing Group.

exhibited lower activation energies for N, dissociation when
benchmarked against that of the hep-Ru (0001) surface.”>**>
The simulation result suggested that fcc-Ru is potentially
capable of improving the efficiency of ammonia synthesis.
However, as discussed in section 5.1, the synthesis of hollow
nanocrystals can hardly avoid the process of alloying. The
incorporation of Pd atoms might also affect the catalytic
performance of the Ru-based cages,” which should be taken
into consideration when evaluating their catalytic properties.

Up until now, there are very few reports on the shape-
dependent catalytic performance of Ru-based nanocrystals,
mainly because of the limitation in synthetic capability. One of
the studies compared the activities of Ru nanocrystals with
different shapes toward CO methanation.””" Using a hydro-
thermal method, Ru spherical nanoparticles, triangular plates,
irregular plates, and capped columns were synthesized in
autoclaves and then used to catalyze the methanation reaction.
However, since this reaction is structure—insensitive,“‘%455 the
observed changes to the activity has to be attributed to the
variation in specific surface area rather than crystal facets or
surface defects. Despite this, the reported Ru nanocrystals with
well-defined facets and identified surface defects can possibly
be applied to other reactions that are sensitive to these surface
features. Considering the lower price of Ru relative to those of
Au, Pt, and Pd, developing Ru-based nanocrystals with well-
defined surface structures hold a promising future in the field
of heterogeneous catalysis.

6.3. Rhodium

As the most expensive noble metal, Rh is very good at
catalyzing a variety of industrial reactions, including hydro-
. . 233456 1, :
genation and hydroformylation. It is also an important
component in the three-way catalytic converters for reducing
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the harmful NO, in the automobile exhaust.'” Several
strategies have been developed for improving the activity and
selectivity of Rh-based catalysts by carefully controlling the
surface structure. Shape control, and thereby facet engineering,
is the most effective approach to enhancing their performance
in structure-sensitive reactions. An early report indicated that
Rh tetrahedra with an average size of 5 nm had an activity 5.8
times as high as that of the spherical counterpart toward the
hydrogenation of anthracene,””’! suggesting that Rh{111}
facets were favorable for this reaction. Moreover, the Rh
tetrahedral nanocrystals also exhibited perfect selectivity in
hydrogenating only one side ring of anthracene. However, the
authors did not offer explanation for the enhancement in
activity and selectivity unique to Rh tetrahedral nanocrystals.
Later, another group synthesized Rh sheets with a thickness
down to one atomic layer and further explored them as
catalysts for hydrogenation and hydroformylation.”** The &-
bonding framework constructed from metallic dz-s hybrid
orbitals, along with the presence of PVP, contributed to their
stability and therefore enhanced their performance in the
catalytic reaction. In particular, the sheets of one atomic layer
in thickness not only enabled the maximum exposure of metal
atoms to the catalytic environment but also changed the
coordination state of the Rh atoms and the surface electronic
structure of the metal. In a monolayer sheet, the Rh atom
situated in {111} facet only had a CN of 6, whereas those on
the surface of a sheet with multiple layers would have a higher
CN of 9 (Figure 37A). The unique surface structure of the
monolayer sheets gave them higher activity and selectivity
toward both phenol hydrogenation and hydroformylation of 1-
octene (Figure 37B,C). To exclude the possible effect from
PVP, a capping agent involved in the synthesis of sheets, on the
catalytic performance, three catalysts including PVP-capped Rh
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monolayer sheets, PVP-capped Rh nanoparticles, and
commercial Rh/C catalyst were tested and compared. It was
observed that the PVP-capped Rh monolayer sheets out-
performed the PVP-capped Rh nanoparticles in both reactions,
indicating the key role played by the surface structure rather
than PVP in catalyzing the reactions.

6.4. Palladium

Palladium is highly active toward many catalytic reactions,
including C—C coupling,”**” selective hydrogenation,”’ and
some oxidation reactions. = However, its largest end use is no
doubt in the realm of catalytic converters. Such a use accounts
for almost 60% of the annual consumption of Pd.*** The
demand from automotive catalysis has kept pushing up the
price of Pd since the end of 2018. Therefore, there is a strong
desire to maximize their performance by optimizing the surface
structure of Pd-based catalysts. Compared with other noble
metals, it is easier to engineer the surface structure of Pd
nanocrystals owing to the availability of various reliable
methods developed over the past two decades. At the current
stage of development, both the shape and size of Pd
nanocrystals can be readily controlled by changing the
experimental conditions. As a result, their shape-dependent
catalytic performances have been extensively and systematically
examined.

6.4.1. Selective Hydrogenation. It is well documented
that selective hydrogenation over Pd nanocrystals is structure-
sensitive. One study compared the activity and selectivity of
different Pd nanocrystals toward alkynol hydrogenation.**
The authors compared the selectivity of Pd catalysts based on
cubic, octahedral, and cuboctahedral nanocrystals toward the
hydrogenation of 2-methyl-3-butyn-2-ol (MBY). These nano-
crystals were enclosed by {100}, {111}, and a mix of {100} and
{111}, respectively. When the conversion of the reactant was
50%, the selectivity toward 2-methyl-3-buten-2-ol (MBE) was
independent of both the size and shape of the nanocrystals.
However, as the conversion increased to 90%, a significant
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change in the selectivity was observed. The results indicated
that the catalysts had two different active sites, corresponding
to atoms situated on the side faces and edges. Semi-
hydrogenation of MBY to MBE likely occurred on the side
faces, regardless of {100} or {111}. On the other hand, the
edges would favor the overhydrogenation of MBY to 2-
methylbutan-2-ol (MBA). This site-dependent selectivity was
believed to originate from the difference in CN for the surface
atoms. The higher ratio of edge sites with lower CNs on
cuboctahedral nanocrystals made them most effective in
overhydrogenating the reactant, which was not a favored
process.

The CN-dependent catalytic performance was also observed
in another system involving the hydrogenation of acetylene.**’
Two types of Pd catalysts were compared, including twisted
wires and cuboctahedral nanocrystals. High-resolution TEM
images revealed that the twisted wires were also consisted of
primary cuboctahedral units. Therefore, the major difference
that distinguishes the wires from cuboctahedral nanocrystals
should arise from the presence of grain boundaries at the
interfaces between adjacent cuboctahedral units, which tended
to have lower CNs than those on the faces. As a result, the
twisted wires gave a higher conversion of acetylene while
supporting a poorer selectivity toward ethylene. In general,
atoms with low CNs are not favorable in selective hydro-
genation reaction because they are too active and tend to
overhydrogenate the reactant.

The variation in the shape of a nanocrystal not only alters
the coordination environment of surface atoms but also
changes their sensitivity toward surface reconstruction. As
shown in a study, the different types of facets exposed on Pd
nanocrystals had different degrees of propensity toward the
formation of palladium carbide during the hydrogenation of
acetylene.”" From in situ XRD, the {100} facets formed
PdC, ; at a rate six times as fast as that of {111} facets. DFT
calculations ascribed this trend to a stronger interaction
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between acetylene and Pd(100), leading to C—C bond scission
and thus the formation of carbide.

6.4.2. Suzuki Coupling Reaction. Suzuki coupling
reaction is a key step in the production of many organic
compounds and drug molecules.” The general scheme of
Suzuki coupling is shown below. By coupling organoboron
compounds (R;-BY,) with a halide (R,-X), a C—C single bond
can be formed in the presence of Pd as a catalyst:

R,— BY, + R, - X > R, — R, (11)

Early studies on the synthesis of Pd nanocrystals for the Suzuki
coupling reaction focused on the control of shape for
maximizing the proportion of surface atoms with low
CNs.”” Tt was reported that Pd concave cubes exhibited a
turnover frequency (TOF) 3.5 times as high as that of the
normal cubes toward Suzuki coupling. The authors attributed
the high activity to the {730} high-index facets exposed on the
surface of the concave cubes. However, a later report suggested
that the shape-dependent activity of Pd nanocrystals in Suzuki
coupling came from the leaching susceptibility of different
crystal facets.*” Instead of the Pd atoms on surface, the
catalytic active species were found to be soluble metal ions
derived from the leaching of palladium oxide and the reaction
proceeded via a homogeneous pathway. It was observed that
the conversion of a Suzuki coupling reaction was dependent on
the shape of the nanocrystals, but not on the size, with cubic
nanocrystals possessing a better performance than the
octahedral counterpart (Figure 38A). As shown in Figure
38B, it is easier for the surface atoms on cubes with lower CNs
to get oxidized and dissolved, giving a higher catalytic activity.
The leaching effect on the catalytic performance of Pd concave
cubes was also supported by a study involving TEM analysis.”®
Using Pd concave cubes covered by the same {730} facets as a
catalyst, small Pd clusters were observed from high-resolution
TEM after the catalytic reaction, indicating the involvement of
leaching mechanism.

In summary, Pd nanocrystals have been applied to a range of
structure-sensitive reactions and the focus has been placed on
shape control and thereby variation in terms of surface
structure. Although the major impact arising from shape
control can be ascribed to the change in coordination
environment for the atoms, surface reconstruction can also
take place and play a pivotal role under the reaction condition.
Therefore, it is crucial to uncover the fundamental mechanism
of a reaction in order to develop the most effective catalyst.

6.5. Silver

Compared with Pd, Pt, and Au, Ag offers an immediate
advantage for being a much cheaper metal. In practice, Ag is a
catalytic material key to many manufacturing processes such as
hydrogenation of unsaturated aldehydes,**>*** partial oxida-
tion of methanol to formaldehyde,"*® and oxidative coupling of
methane to ethylene and ethane.**” Most importantly, Ag is a
crucial catalyst toward ethylene epoxidation for the production
of ethylene oxide (EO), a chemical that is produced annually
on a scale of 26 million metric tons in 2018."”

6.5.1. Ethylene Epoxidation. As an important raw
material, EO can be further processed into plastics, polyester,
and glycols.'>**® Millions of ounces of Ag are used each year in
industry for the production of EO because of its capability to
selectively oxidize ethylene into EO while preventing the
overoxidation into CO, and H,O:

2C,H, + 0, - 2C,H,0 (12)
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2C,H,0 + 50, — 4CO, + 4H,0 (13)
The origin of the selectivity is determined by the intrinsic
material property of Ag, which allows for the generation of
weakly bonded electrophilic oxygen while inactivating the C—
H bond in ethylene.*”” As a matter of fact, small Ag
nanocrystals are too active toward the oxidation reaction and
they tend to completely oxidize ethylene to the undesired CO,
and H,O. Many early studies have already investigated the size
effect of supported Ag nanoparticles on ethylene epoxida-
tion.””” Their results suggested that large sizes (>20 nm) were
more suitable for ethylene epoxidation and the selectivity kept
increasing as the size was increased.””' However, the structure-
sensitivity of Ag toward ethylene epoxidation could hardly be
claimed by that time, mainly due to the poorly defined surface
structure of the Ag nanoparticles.

Thanks to the synthetic capabilities developed over the past
two decades, the structure-sensitive nature of ethylene
epoxidation was confirmed by a combination of experimental
and computational studies.”’” It was reported that penta-
twinned Ag wires, covered by {100} facets on the side surface,
were highly selective toward EO relative to conventional Ag
nanoparticles. According to DFT calculations, the trans-
formation of the surface oxametallacycle intermediate to EO
was more favorable on Ag(100) than on Ag(111). Later, the
same group further investigated the effects of both size and
shape by comparing Ag cubes, wires, and conventional
particles with different sizes.®’ The results showed the
selectivity toward EO decreased in the order of cubes >
wires > irregular particles. For nanocrystals with the same
shape, larger particles offered better selectivity, in agreement
with the previous conclusion (Figure 39). It was proposed that
the under-coordinated atoms on the surface were responsible
for the diminished selectivity since wires had a larger
proportion of atoms with low CNs on the surface relative to
cubes, as caused by the twin boundary, and the decrease in
particle size also increased the proportion of atoms located at
vertices and edges. However, the mass-specific activity of the
catalyst will be compromised as the size is increased. If
decreasing under-coordinated atoms is key to increasing the
selectivity, sharpenin§ the corners,'”* as well as optimizing the
size of Ag cubes,”” will improve the overall activity and
selectivity of a Ag-based catalyst.

6.5.2. Selective Hydrogenation of Aldehyde. Another
important catalytic application for Ag is in selective hydro-
genation of a,f-unsaturated aldehyde to unsaturated alcohols.
The unsaturated alcohols (allylic alcohols) are extensively used
to produce fine chemicals required for perfumes, pharmaceut-
icals, and flavoring compounds.**> Conventional hydrogena-
tion catalysts based on Pd, Pt, and Cu tend to hydrogenate the
C=C first to produce saturated aldehyde, and further
transform the product into a saturated alcohol. In contrast,
Ag has the unique capability to hydrogenate C=0O bond first
without destroying C=C, making it an ideal catalyst for the
target reaction.”?

Both experimental and computational studies have been
carried out on Ag-based catalysts to understand the structure—
property relationship. One study investigated the correlation
between the size of the Ag nanoparticles and their selectivity
toward unsaturated alcohols.*** With the assistance of high-
resolution TEM, it was possible to resolve the surface structure
of the Ag nanoparticles with different sizes. The results showed
that larger nanoparticles were mostly covered by {111} and
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Figure 39. Catalysts based upon Ag for the ethylene epoxidation
reaction. (A and B) High-resolution TEM images illustrating the
surface structures of a Ag cube and Ag wire, respectively. Insets from
top to bottom: TEM images of the nanocrystals at a low
magnification; SAED patterns used for zone axis identification;
models. (C) Selectivity toward EO as a function of L™ for cubes,
wires, and spheres of three different sizes, where L™ stands for the
inverse characteristic length. Modified with permission from ref 81.
Copyright 2010 Wiley-VCH.

exhibited higher selectivity toward C=O hydrogenation. In
comparison, smaller Ag nanoparticles having a higher ratio of
high-index facets on the surface showed lower selectivity for
the reaction. Although the nanoparticles available at that time
were of poor quality in both shape and size, their results seem
to be convincing enough to elucidate the correlation between
the surface structure of nanoparticles and the catalytic
performance.

Apart from the arrangement of atoms, the surface
reconstruction caused by oxidation could also induce a change
to the selectivity. It was observed through experiments that
both the activity and selectivity of the catalysts could be
enhanced in acrolein hydrogenation by oxidizing Ag/SiO,
catalyst with O,, followed by a reductive preconditioning
prior to activity test."”* Although XPS confirmed that oxygen
did not remain on the surface after the reductive precondition-
ing, it was suggested that the oxygen dissolved into the
subsurface of the catalyst could create electropositive sites on
the surface. These sites could facilitate the H, and change the
adsorption geometry of acrolein, enhancing the activity and
selectivity toward allyl alcohol. This proposed mechanism was
verified by DFT calculations involving Ag(111) surface in the
presence of subsurface oxygen.**® These oxygen atoms located
at the subsurface could upshift the d-band center of the Ag
atoms, affecting their ability to dissociate the adsorbed
hydrogen.
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The above two examples have shown that for structure-
sensitive reactions, decreasing the size might not always be the
best option for improving the performance of a catalyst.
Moreover, since Ag is highly sensitive toward oxidation or
sulfurization, the involvement of oxygen or sulfur atoms may
alter the surface properties. The recent progress in DFT
calculations and in situ spectroscopy methods might eventually
allow people to rationally design Ag-based catalysts toward
various applications.

6.6. Iridium

The major catalytic applications of metallic Ir are hydro-
genation reactions involving olefin, arene, and ke-
tone. ¥ 7%8 A discussed in sections 4.4.2 and 5.4, it is
extremely difficult to control the shape and thus facets of Ir
nanocrystals. Nevertheless, there are still a few reports on the
possible correlation between the catalytic performance of Ir
nanocrystals and their surface structures.

Combining experiments and DFT simulations, one study
investigated the facet dependence of Ir nanocrystals toward the
hydrogenation of o-chloronitrobenzene.”" The authors
compared Ir nanoparticles mainly covered by {111} and Ir
wavy wires terminated in both {200} and {111}. Both catalysts
showed excellent selectivity toward chloroaniline, the desired
product that is of high industrial value. However, the wavy
wires exhibited a higher conversion (>90%) than that of the Ir
nanoparticles (<80%). From DFT calculations, the energy
barrier to H, dissociation was found to be lower on {200} than
on {111}, giving Ir wavy wires a higher activity toward the
reaction. However, the simulation work did not take into
consideration the existence of grain boundaries in the wavy
wires, despite that the defects were clearly observed on the
high-resolution TEM images.

As discussed in section 5.4, replicating the surface of a
template offers an effective way to scrutinize the structure—
property relationship for metals limited by our synthetic
capability. To this end, Pd@Ir nanoscale cubes, cuboctahedra,
and octahedra were synthesized and tested as catalysts toward
the decomposition of hydrazine at room temperature.*”’
Iridium nanoparticles have been found to be efficient in
catalyzing hydrazine decomposition for the generation of H,.
The well-defined core—shell structure obtained in this report
further enabled the studies on the structure—property
relationships of Ir nanocrystals in this reaction. The Pd@Ir
cubes terminated in {100} performed the best among the three
candidates, giving the highest selectivity, followed by the Pd@
Ir cuboctahedra encased by a mix of {100} and {111}, while
Pd@Ir octahedra covered by {111} gave the lowest selectivity.
As a control, Pd nanocrystals were also tested but they were
essentially inactive for the decomposition reaction. The
authors attributed the higher activity of Ir{100} to its unique
atom arrangement on the surface, which might be favorable in
facilitating the elementary steps for hydrazine decomposition.
This assumption still needs to be verified by computational
studies. Although hydrazine decomposition is not a major
application of Ir-based catalysts, the observed facet-depend-
ence and the trend might be extendible to other catalytic
reactions.

6.7. Platinum

Platinum has been applied as a catalyst since the early 19th
century, when Pt powders were used to catalyze the ignition of
hydrogen.””” Currently, the most commonly used form of Pt
catalyst is Pt black, fine powders of the metal with an average
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size below 10 nm. Similar to Pd, the largest end use of Pt is in
catalytic converters due to its excellent performance in
oxidizing CO and NO,."> Besides, Pt is also a good catalyst
toward selective hydrogenation and isomerization."*

6.7.1. Selective Hydrogenation. The selective hydro-
genation on Pt-based catalysts has been extensively explored
using sin§le-crystal substrates since the end of the last
century.*'~*** The conclusions obtained from these studies
make hydrogenation an ideal reaction to probe the shape-
dependent activity of Pt nanocrystals. A study reported in 2007
investigated the selectivity of Pt nanocrystals toward benzene
hydrogenation.'”” The authors synthesized Pt nanoscale cubes
and cuboctahedra covered by TTAB using a solution-phase
method. The selectivity was found to be highly dependent on
the shape of the Pt nanocrystals. Specifically, Pt cubes covered
by {100} only yielded cyclohexane, while Pt cuboctahedra
covered by a mix of {100} and {111} resulted in the
production of both cyclohexane and cyclohexene (Figure 40).
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Figure 40. Catalyst based upon Pt cubes and cuboctahedra for
benzene hydrogenation. (A) Schematic illustration of the facet-
dependent selectivity of Pt nanocrystals in benzene hydrogenation.
Cuboctahedra produced both cyclohexane and cyclohexene while
cubes only generated cyclohexane. (B) Turnover rates of cyclohexane
and cyclohexene on the cubic and cuboctahedral nanocrystals under
10 Torr C¢Hg 100 Torr H,, and 650 Torr Ar. Modified with
permission from ref 192. Copyright 2007 American Chemical Society.

This result was in agreement with the data from previous
studies involving single-crystal substrates.***%® However, the
activation energy for the nanocrystals was much lower than
that of a single-crystal surface, giving Pt nanocrystals higher
turnover rates for the same reaction. The lower activation
energy was attributed to the change in electronic structure for
the Pt surface when the size of the crystal was reduced down to
the nanoscale. Similar experiments were also carried out for the
hydrogenation of ethylene and pyrrole.*”” The authors
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examined the effects of both size and shape on these reactions
for Pt nanoscale cubes and particles. For pyrrole hydro-
genation, Pt cubes gave a higher selectivity toward n-
butylamine relative to the nanoparticles. Interestingly, ethylene
hydrogenation was independent of the shape or size of the
catalysts, and the activity was comparable to that obtained
from single-crystal substrates, suggesting that it is a structure-
insensitive reaction.

6.7.2. Isomerization. Isomerization refers to the trans-
formation of one molecule to another with the same atoms but
in different configurations. It is another reaction toward which
Pt nanocrystals show shape-dependent catalytic performance.
In one report, Pt nanoscale tetrahedra and cubes were used as
the catalysts to test the structure-sensitivity of olefin isomer-
ization.””” This reaction is used in the industry to convert a
trans-olefin to the thermodynamically less favorable cis-isomer.
The selectivity of the reaction was derived from the relative
rates for trans-to-cis conversion and cis-to-trans conversion.
For Pt cubes enclosed by {100}, the rates for the forward and
backward transformations were comparable, regardless of the
temperature used for the calcination of the catalysts. For Pt
tetrahedra terminated in {111}, however, the trans-to-cis
conversion was in dominance, and the dominance became
more significant as the calcination temperature was increased.
The same group also analyzed the mechanism for the extra
stability of cis-olefin on hydrogen-saturated Pt(111) surface
through DFT calculations.**® Tt was found that the less extent
of surface reconstruction for Pt(111) surface was favorable for
the adsorption of cis-isomer. The flat (111) surface had the
ability to adsorb the cis-isomer with minimal degree of atom
rearrangement. For other types of surfaces with more open
structures, adsorption of the stable molecule (i.e., trans-
isomer) was in dominance.

Over the past two decades, the research on shape-controlled
Pt nanocrystals has shifted from heterogeneous catalysis to
electrocatalysis due to the excellent performance of Pt in fuel
cell reactions. Only a few studies were reported on the use of
Pt nanocrystals as heterogeneous catalysts over the past five
years. As a result, here we are only able to offer a few
representative, but not up-to-date, examples to illustrate the
structure—property relationships.

6.8. Gold

Gold is typically considered an inert metal that can hardly
participate in any chemical reaction. By the early 1970s, people
started to observe that Au could act as a catalyst to speed up
the oxidation of graphite."”” However, the real revolutionary
discovery was not made until 1987 by Haruta and co-workers.
They demonstrated that Au could become a very active
catalyst toward CO oxidation at a temperature much lower
than room temperature when the size of Au nanoparticles
decreased below 6 nm.””’ Because of the fascinating size-
dependent surface property of Au, considerable effort has been
made to investigate both the reaction mechanisms and
practical applications of Au-based catalysts.*>*>>*!

6.8.1. Water—Gas Shift Reaction. As discussed in section
6.1.2, Cu has been mostly used as the catalysts for water—gas
shift reaction. However, the Cu/ZnO/AlLOj; catalyst currently
used in industrial applications suffers from high susceptibility
to sulfur and chloride poisoning and pyrophoricity. Moreover,
the catalyst also requires complex activation steps prior to use.'
To this end, Au was proposed as an alternative catalyst for low-
temperature water—gas shift reaction. Currently, Au/CeO, has
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been reported as the best catalyst for this specific reaction.***

However, the catalytic performance was found to be mainly
dependent on the surface properties of the support, rather than
those of Au.*”* Considering the high cost of Au, it might be
difficult to commercialize the Au-based catalyst on an
industrial scale.

6.8.2. CO Oxidation. As mentioned in section 2.4, the size
of Au-based catalysts has to be kept below 6 nm in order to
effectively catalyze the oxidization of CO at room temperature.
However, the synthetic capabilities developed so far still fail to
control the shape or facets of Au nanocrystals at such small
sizes. In the case of Au, the surface structure—property
relationship can only be explored when the size of the
nanocrystals is large enough (>20 nm) for attaining shape
control. Inspired by the low CNs of surface atoms on
nanocrystals covered by high-index facets, a study in 2011
reported the synthesis of Au rice with a size around 50 nm and
covered by {611} high-index facets.”** When evaluated for CO
oxidation, the temperature for activating the catalyst and the
temperature for reaching 100% conversion were both lower for
Au rice relative to the conventional Au nanoparticles of 50 nm
in diameter (Figure 41). This study demonstrated that Au
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Figure 41. CO conversion as a function of the reaction temperature
for Au rice and Au spheres. The scale bars are 50 nm. Three catalysts
were compared: Au rice capped by PVP (A), Au spheres capped by
citrate (O), and Au spheres capped by PVP (). Reprinted with
permission from ref 344. Copyright 2010 Wiley-VCH.

atoms with low CNs were highly active toward CO oxidation.
In the future, synthesizing Au nanocrystals with high-index
facets and compact sizes might hold the promise to further
enhance the catalytic performance of Au-based catalyst.

The shape-dependent catalytic properties have also been
investigated for other reactions such as 4-nitrophenol
reduction.””*’* Although these reactions are not as important
as those mentioned above in terms of industrial value, they can
serve as model systems for investigating the dependence of
catalytic performance on the surface structure of Au-based
catalysts.

In summary, the activity of Au-based catalysts is mainly
determined by the particle size and catalyst support. Although
Au nanocrystals can be synthesized in various shapes and high
purity, their large size and high unit price will present a barrier
to large-scale commercialization.

BD

6.9. Summary

We have discussed the most-important industrial reactions
related to each noble metal. In general, the surface structure of
a catalyst is determined by a number of factors, including
shape, facet, size, defect, and crystal structure. For each metal,
the most prominent factor can vary depending on the target
reaction. The shape-dependent performance can only be
understood without ambiguity when the synthetic capabilities
allow the nanocrystals to be produced with well-defined shapes
and relatively large sizes (>10 nm), whereas the size effect is
most distinguishable when the size drops below 10 nm. So far,
it remains a major challenge to generate nanocrystals with well-
defined surface structures while keeping their sizes well below
10 nm.

It should be emphasized that the above strategies only apply
to catalytic reactions that are structure-sensitive. For structure-
insensitive reactions such as ethylene hydrogenation,™”
decreasing the size of the catalyst will be directly beneficial
to the mass-specific activity, while no change in area-specific
activity or selectivity should be observed.

7. APPLICATIONS IN ELECTROCATALYSIS

Electrocatalysis refers to the acceleration of a redox reaction
occurring on the surface of an electrode through the
introduction of a catalyst.*”® Noble-metal nanocrystals are
effective catalysts toward a wide variety of electrochemical
reactions, including those essential to the operation of energy-
conversion devices such as fuel cells and metal-air
batteries.”””**® It is well-established that the activity of an
electrocatalyst strongly depends on its interaction with the
intermediate involved in the rate-determining step, as
illustrated by the Sabatier principle (see section 2).**° In this
section, we highlight the importance of surface engineering in
optimizing the activity of noble-metal nanocrystals toward a
broad range of electrocatalytic reactions.

7.1. Oxygen Reduction Reaction (ORR)

ORR refers to the electrochemical reaction in which O, is
reduced to H,O. It is a cathodic reaction key to the operation
of PEMFCs or metal-air batteries.””” PEMFCs are considered
one of the most attractive sources of energy owing to the zero
emission (with H,O as the only byproduct) and the ability to
power a broad ran§e of electronic devices, automobiles, and
stationary systems.” “°”%°" Despite the obvious advantages,
the sluggish kinetics of ORR requires the deposition of an
effective catalyst on the cathode in order to draw a current
density adequate to drive the device. DFT has been leveraged
to calculate the ORR activities for a variety of transition metals
and the results indicate that the activity is strongly correlated
with the binding energy of atomic oxygen, an intermediate
arising from the dissociation of O,.”"* As shown by the volcano
plot in Figure 42A, Pt is located at nearly the top, suggesting its
use as an effective catalyst toward ORR. Despite the excellent
performance, this precious metal is plagued by its extreme
scarcity and ever-increasing price as both factors limit its cost-
effective and sustainable use in large-scale commercialization.
One solution to this predicament is to engineer the surface
structure of the Pt nanocrystals as the arrangement of surface
atoms strongly affects the electronic structure of a catalyst and
thus its interaction with the rate-limiting intermediate. As
revealed for single-crystal electrodes through ultraviolet
photoemission spectroscopy (UPS), the positions of the d-
band center of Pt(100), Pt(111), and Pt(110) surfaces were
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respectively. (D) Modified with permission from ref 414. Copyright 2018 Wiley-VCH.

located at —2.90, —2.76, and —2.54 eV (Figure 42B),
respectively. The difference in d-band center strongly affected
the interactions between oxygenated species and various Pt
surfaces and thereby their ORR activities.””> When performed
in an electrolyte solution based on HCIO,, the catalytic
activities of various Pt surfaces toward ORR were found to
follow the order of (100) < (111) < (110).”” A later study
based on DFT calculations suggested that the binding of O to
the Pt(100) surface is stronger than that to the Pt(111)
surface, which limits the removal of the oxygenated species and
gives a compromised ORR performance.”” In conjunction
with the change in electronic structure, the reaction
intermediates and thus reaction pathways of ORR on various
types of Pt surfaces may also differ significantly, as
demonstrated by a recent study involving in situ Raman
spectroscopy analysis.”"* It was shown that, under the acidic
condition, the pathway of ORR on Pt(111) occurred via the
formation of HO,* whereas both Pt(110) and Pt(100)
surfaces involved the generation of OH*. These results
collectively suggested the critical role of surface structure in
determining the electronic structure and reaction pathway for
the optimization of catalytic performance.

Inspired by the results from single-crystal electrodes,
tremendous efforts have been made in the synthesis of Pt
nanocrystals with surface structures beneficial to
ORR.*'°%73% o this end, Pt nanocrystals have been
synthesized with cubic, octahedral, and icosahedral shapes,
respectively, to present {100}, {111}, and {111} plus twin
boundaries, on the surface.”’®****>> When evaluated as
catalysts toward ORR in aqueous HCIO,, the cubic nano-
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crystals exhibited an area-specific activity 1.4 times lower than
that of the commercial Pt/C catalyst whereas the octahedral
nanocrystals displayed a 3.9-fold enhancement, in agreement
with the results from single-crystal electrodes (Figure 42C).
With regard to the icosahedral nanocrystals enclosed by a
combination of {111} and twin boundaries, their area-specific
activity was 4.2 times as high as that of the commercial Pt/
C.>> The further enhancement in area-specific activity relative
to the octahedral counterpart could be attributed to the
presence of twin boundaries on the surface of an icosahedral
nanocrystal for the induction of tensile strains on the side faces
and thus enhancement in ORR activity (see section 2.3). Apart
from the nanocrystals covered by low-index facets and twin
boundaries, those encased by high-index facets have also been
explored for ORR. As reported in one study, Pt concave cubes
enclosed by {720} high-index facets were 5.7 times as active
(normalized to ECSA) as the commercial Pt/C in catalyzing
ORR.*

Despite the enhancement in area-specific activity arising
from the unique surface structure, it should be pointed out that
the mass-specific activities, a parameter most important in
determining the commercial relevance, of catalysts based on
various types of Pt polyhedral nanocrystals only showed a
slight increase or even decrease when benchmarked against
commercial Pt/C.>'*****3 This trend can be mainly
attributed to the large sizes of the polyhedral nanocrystals
and thus the unavailability of most atoms in the bulk to the
reactants. To address this issue, one can switch from the
conventional solid nanocrystals to their hollow counterparts, a
new class of materials known as cages (see section
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Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00454?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00454?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00454?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00454?fig=fig42&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00454?ref=pdf

Chemical Reviews

pubs.acs.org/CR

12

—— fcc-Ru octahedra

—— fee-Ru truncated cubes
—— fee-Ru particles
—— hep-Ru particles

j(AmF™)

13
E (V vs. RHE)

B]"

j(AmF")
D

[l fcc-Ru octahedra
10 [ fec-Ru truncated cubes
Il fcc-Ru particles
8 Il /cp-Ru particles

w
o
n

Ir-based cages
——— Commercial Ir/C

- - n N
o o o o
n 1 n 1

o
1

Current density (mA cm'zgm) n

1.2 1.3 1.4 15
E (V vs. RHE)

-
o

Mass-specific activity (A mg, ") @

B Ir-based cages an=025V &

2.5+ B commercial Ir/C 3 g
- . <

2.0 1 r L4 E
=

S

1.5+ 3§
©

o

1.0 4 L2 =
o

2

@

0.5 4 -1 i
o

0.0 Lo <

w
o
o

Figure 43. Catalysts based upon Ru and Ir for OER. (A) OER polarization curves of different Ru catalysts in a 0.05 M H,SO, solution. The current
density was normalized to the double-layer capacitance of the catalyst. (B) Area-specific activities of different Ru catalysts. (C) OER polarization
curves recorded from the Ir-based cubic cages and commercial Ir/C catalyst in a 0.1 M HCIO, solution. (D) Mass- and area-specific activities of
different Ir catalysts. (A and B) Modified with permission from ref 95. Copyright 2019 American Chemical Society. (C and D) Modified with

permission from ref 362. Copyright 2019 Wiley-VCH.

5).10HH309519 The presence of small holes on the surface of
cages allows the access of atoms on the inner surfaces by the
reactants, while the ORR activity can still be augmented by
optimizing the surface structure.”**>** A good example can be
found in Pt cubic cages, whose area- and mass-specific
activities were 3.2 and 2.7 times, respectively, greater than
those of commercial Pt/C(Figure 42D).*'* In comparison, Pt
solid cubes of similar dimensions only gave area- and mass-
specific activities of 0.7 and 0.2 times, respectively, as high as
those of commercial Pt/C.>'**®* When switched to Pt
octahedral cages encased by well-defined {111} facets, the
area- and mass-specific activities were enhanced by 7.9 and 5.4
folds, respectively, relative to commercial Pt/C.**> For Pt
icosahedral cages whose surface is covered by 20 {111} facets,
and more importantly, 30 twin boundaries, their area-specific
activity was about 10 times as high as that of commercial Pt/C
while the mass-specific activity exhibited a 6.7-fold enhance-
ment, confirming the positive role of twin boundaries and
surface strains in further boosting the catalytic activity.**>>""
Besides the impressive activities, the cage-based catalysts
also showed enhancement in durability, as confirmed by the
results from the accelerated durability test (ADT).****%° After
5,000 cycles of ADT, the mass-specific activities of the Pt cubic
and octahedral cages only dropped by 18 and 22%,
respectively, relative to their initial values. A more drastic
drop of 40% in terms of mass-specific activity was observed for
the icosahedral cages after the same number of cycles. Despite
the decrease in performance during ADT, the mass-specific
activities of the cubic, octahedral, and icosahedral cages after
5,000 cycles were still 2.2, 4.2, and 4.0 times as high as that of
the pristine Pt/C catalyst. When the ADT was extended to
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10,000 cycles, the mass-specific activities of the cubic and
octahedral cages further dropped to 68 and 64%, respectively,
of the initial values. However, the cubic and octahedral cages
still displayed 1.8- and 3.4-fold enhancements, respectively, in
terms of mass-specific activity relative to the value of the
pristine commercial Pt/C. The improvement in durability can
be attributed to the increase in interaction between the
catalytic particles and carbon support because of the much
larger size of Pt cages relative to the Pt solid particles in Pt/C
(20 nm vs 3 nm).

7.2. Oxygen Evolution Reaction (OER)

Water splitting has received tremendous interest owing to its
ability to generate O, and H, in a clean and renewable way.”"”
As the anodic half-reaction, OER (also known as water
oxidation reaction) has also found use in other applications
related to energy storage and conversion.”'>>"* The first report
on OER appeared in 1789, but its commercial use nowadays is
still impeded by the slow kinetics. According to DFT
calculations, Ru is an optimal element for the OER catalyst.”"*
However, the extremely low abundance in the Earth’s crust and
the high price tag of Ru place a severe limit on the large-scale
use of this precious metal. This issue can be mitigated by
engineering both the bulk and surface structures of Ru
nanocrystals.**> Recently, Ru nanocrystals with well-defined
facets and in the metastable fcc phase were prepared and
further evaluated as catalysts toward OER (Figure 43A,B).
Regarding the phase dependence, fcc-Ru showed a 1.4-fold
enhancement and 0.009 V drop in terms of area-specific
activity and overpotential at 10 mA cm ™2, respectively, relative
to the hep counterpart.” More significantly, when the fcc-Ru
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Figure 44. Catalysts based upon Rh for HER. (A) Volcano plot showing the exchange current density of different metals toward HER as a function
of the free energy of H adsorption at 0 V vs normal hydrogen electrode (NHE). The metals on the left side of the volcano have high H coverage (1
monolayer) and those on the right side have low H coverage (0.25 monolayer). The dashed line indicates that the metals that bind H stronger than
0.2 eV/H usually form oxides at U = 0 V. The open circles are data from {111} facets whereas the filled circles are from polycrystalline surfaces. (B)
HER polarization curves and (C) the corresponding Tafel plots of different Rh catalysts benchmarked against Pt/C in a 0.1 M KOH solution. (D)
Chronopotentiometry curves of the catalysts at a constant current density of 5 mA cm™ TH, CT, and NS in panels (B—D) stand for tetrahedra,
concave tetrahedra, and sheets, respectively. (A) Reprinted with permission from ref 529. Copyright 2010 American Chemical Society. (B—D)
Reprinted with permission from ref 222. Copyright 2017 American Chemical Society.

nanocrystals were fabricated with an octahedral shape to
present well-defined {111} facets, the area-specific activity was
3.3 times as high as that of the irregular fcc-Ru nanoparticles,
suggesting the positive role of shape engineering in boosting
the catalytic activity. The fcc-Ru octahedral nanocrystals also
showed an overpotential of 0.029 V lower than that of the
irregular fcc-Ru nanoparticles, confirming the superiority of
{111} facets in catalyzing OER. The fcc-Ru truncated cubes
were also evaluated as a catalyst toward OER. Their
performance was enhanced relative to the irregular fcc-Ru
nanoparticles but was inferior to the octahedral counterparts.
Since truncated cubes are enclosed by a mix of {111} and
{100} facets whereas octahedra are bound by {111} facets, it
could be concluded that the fcc-Ru{111} facets were more
active than fcc-Ru{100} facets in catalyzing OER. Despite the
superior performance of the fcc-Ru{111} facets, the mecha-
nism is yet to be elucidated. The facet-dependent activity can
be rationalized by examining the adsorption of reactant and
product molecules on the surfaces of fcc- and hep-Ru, as well
as their derived oxides, in addition to the effect arising from the
Ru—RuO, interface.””*'*'¢ As discussed in sections 4 and §,
the synthesis of Ru nanocrystals has been limited to a few
shapes. In the future, more endeavors should be devoted to
engineering both the bulk and surface structures of Ru
nanocrystals, pushing their catalytic performance to new limits.

Aside from Ru, Ir is also promising for OER.**® Although
the activity of Ir is slightly lower than that of Ru, the impressive
stability makes Ir an intriguing catalyst for OER.>'>*"” Again,

the ever-increasing price of Ir has to be taken into
consideration when applying this scarce metal to commercial
use. To utilize this metal cost-effectively, reducing the particle
size has been a commonly used strategy.”'® As an alternative, a
recent study reported that the Ir catalyst can be presented as a
3-D assembly of ultrathin sheets to greatly enhance both the
activity and stability toward OER.”'” When benchmarked
against the irregular Ir nanoparticles, the overpotential at a
current density of 10 mA cm™ for the assembly of Ir sheets
indicated drops of about 0.02 and 0.036 V in 0.1 and 1 M
KOH solutions, respectively, demonstrating its superior
activity in catalyzing OER. Moreover, the corresponding
Tafel slopes of the sheet assembly were 0.0079 and 0.0074 V
dec™, respectively, lower than that of Ir nanoparticles,
confirming the role of a well-defined surface structure on the
sheets in accelerating the reaction kinetics.

Although water splitting in an alkaline electrolyte has been
well-developed, the high ohmic loss and low current density
have impeded its further use. Alternatively, water splitting in an
acidic electrolyte has received increasing interest in recent
years owing to the high electrolytic efficiency.””” When tested
as a catalyst in an acidic medium, the assembly of Ir sheets
could still maintain the enhanced performance toward OER.”"
The overpotentials at a current density of 10 mA cm™> were
0.02 and 0.018 V in 0.1 and 0.5 M HCIO, solutions,
respectively, lower than those of Ir nanoparticles. In particular,
by switching from irregular nanoparticles to the assembly
composed of well-defined sheets, the area-specific activity was
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increased by 5.2 times when tested in 0.1 M aqueous HCIO,.
The durability of the Ir catalysts was also evaluated by
subjecting them to ADT at a constant current density of 2.5
mA cm . After 8 h of ADT, more than 0.05 V increase in
overpotential was observed for Ir nanoparticles in both 0.1 and
0.5 M HCIO, solutions. In contrast, the overpotentials for the
assembly of Ir sheets showed an increases of less than 0.02 V,
suggesting improvement in terms of stability. Despite the
strong performance for the assembly of Ir sheets, there was
essentially no discussion on the mechanism responsible for the
enhanced activity and stability. Further study is needed in
order to elucidate this unique structure—property relationship.

Compared with solid nanocrystals, cages offer some
immediate advantages for catalysis, such as optimization of
the active sites by engineering the shape or surface structure
while substantially increasing atom utilization efficiency.”” A
recent report demonstrated the synthesis of Ir-based cages
featuring well-defined {100} facets and ultrathin walls of 1.1
nm in thickness.”*> When evaluated as a catalyst toward OER
in 0.1 M HCIO,, the cages required an overpotential 0.074 V
lower than that of commercial Ir/C catalyst, to reach a current
density of 10 mA cm™> (Figure 43C). When compared with
the assembly of Ir sheets,”"” the overpotential at 10 mA cm™>
for the cages showed a drop of 0.049 V, confirming the role of
well-defined {100} facets and cage structure in further
improving the performance. When benchmarked against
commercial Ir/C catalyst at an overpotential of 0.25 V, the
{100} facets on the Ir cages were demonstrated to be 26.2
times more active than the poorly defined surface on the
irregular nanoparticles (Figure 43D). Additionally, the mass-
specific activity of the cages exhibited 18.1-fold enhancement
relative to that of commercial Ir/C catalyst, which also
significantly outperformed other catalysts reported in literature.
The durability was evaluated by subjecting the catalysts to
ADT through electrochemical cycling the catalyst in the
potential range of 1.2—1.6 V at a rate of 0.1 V s™". After 500
cycles of ADT, the overpotential at 10 mA cm™ for the cages
showed essentially no change while the Ir/C catalyst exhibited
a notable increase of 0.008 V. Especially, after 5,000 cycles of
ADT, the cages only showed 41% loss in mass-specific activity,
in contrast to a dramatic drop of 88% for the Ir/C catalyst.
Relative to the Ir/C before and after durability test, the cages
offered 10.6- and 90.3-fold enhancement, respectively, in terms
of mass-specific activity.

7.3. Hydrogen Evolution Reaction (HER)

As the cathodic half-reaction in water splitting, HER has
received extensive attention given that the generated H, can
provide fuels for an array of clean-energy devices, such as fuel
cells.>*' ™% The sluggish kinetics of HER, however, tends to
give a high overpotential, making it an energy-consuming
process. Platinum has been identified as one of the most
efficient catalyst in HER, with fast reaction kinetics and a
negligible overpotential in an acidic medium, allowing its
applications in proton exchange membrane electrolysis (Figure
44A). However, their activities can drop by 2 orders of
magnitude when switching to an alkaline electrolyte such as
seawater.””">** This sharp decrease in activity is mainly caused
by the involvement of additional water-dissociation steps, as
well as the weaker binding energy between metal surface and
water relative to hydronium.”*® To this end, it is advantageous
to switch to highly active electrocatalysts for HER in alkaline
media. Rhodium has been identified as one of the promising
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candidates since its activity in an alkaline medium only
dropped by 1 order of magnitude relative to the acidic
system.””’~>* To further improve the performance, Rh
nanocrystals with well-controlled shapes were fabricated and
tested. In this case, the small dimensions of the nanocrystals
can substantially increase the atom utilization efficiency while
the well-defined surface structures are instrumental in
optimizing the active sites toward HER. A recent study
reported the synthesis of Rh tetrahedral nanocrystals, concave
tetrahedral nanocrystals, and sheets, and further evaluated
them as catalysts toward HER.** Figure 44B,C, shows the
HER polarization curves and the corresponding Tafel plots of
various catalysts in 0.1 M KOH, with the Rh nanocrystals
featuring well-defined shapes all displaying better performance
than commercial Rh/C catalyst. In particular, the over-
potentials at a current density of 10 mA cm™ for Rh
tetrahedral and concave tetrahedral nanocrystals were 0.016
and 0.014 V, respectively, much lower than that of the Rh/C.
Interestingly, for the Rh sheets, the overpotential indicated a
significant drop of 0.043 V relative to the Rh/C catalyst.
Moreover, the Tafel slopes of Rh tetrahedra, concave
tetrahedra, and sheets were 0.0795, 0.1177, and 0.0747 V
dec™, respectively, much lower than that of the commercial
Rh/C (0.1181 V dec™"), validating the effectiveness of surface
engineering in enhancing the catalytic performance (Figure
44C).

In addition to the impressive activity, the Rh nanocrystals
featuring well-controlled shapes also exhibited substantial
improvement in durability (Figure 44D), when tested by
subjecting the various catalysts to controlled-current elec-
trolysis at a current density of 5 mA cm™2*** After S h of
electrolysis, the Rh/C catalyst showed a drastic increase in
overpotential to 0.193 V, whereas those of the Rh tetrahedral
and concave tetrahedral nanocrystals were only increased to
0.122 and 0.168 V, respectively. Significantly, the Rh sheets
after electrolysis test displayed a very minor rise in over-
potential to 0.065 V, much lower than that of the Rh/C
catalyst (0.193 V). When switching the concentration of KOH
electrolyte from 0.1 to 1 M, the Rh nanocrystals with
controlled shapes still showed promising HER activities than
the commercial Rh/C catalyst. Particularly, the Rh sheets
greatly outperformed the Rh/C catalyst in terms of over-
potential at a current density of 10 mA cm™? catalytic
activities, and durability. Collectively, these results demon-
strated the crucial function of shape engineering in improving
the catalytic properties of Rh-based catalysts toward HER.

7.4. Alcohol Oxidation Reaction (AOR)

Direct alcohol fuel cells (DAFCs) can be used to power
portable devices and transportation vehicles.”*”>*" Compared
with H,-based fuel cells, DAFCs are advantageous in terms of
easy storage, transportation, and refueling of the fuels, in
addition to their higher volumetric energy densities. However,
the anodic half-reaction, AOR, is kinetically sluggish and needs
to be substantially improved through the assistance of a
catalyst. The most effective catalyst is based upon Pd, whose
activity shows a strong dependence on the surface
structure.””*>***** In one study, Pd nanocrystals with cubic,
rhombic dodecahedral, and octahedral shapes for the
presentation of {100}, {110}, and {111} facets, respectively,
have been evaluated as catalysts for a systematic investigation
of their facet-dependent performance toward the electro-
oxidation of both ethanol and EG in an alkaline medium
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Royal Society of Chemistry. (C) Reprinted with permission from ref 45 and ref 388. Copyrights 2016 Annual Reviews and 2015 Wiley-VCH,
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(Figure 45A).”*° In the case of EOR, Pd cubes exhibited the
greatest area-specific activity, which was 1.9 and 1.5 times
greater than those of their rhombic dodecahedral and
octahedral counterparts. Based on DFT calculations, the
superior performance of Pd{100} facets could be attributed
to both the lowest energy barrier to the dehydrogenation of
ethanol among the three types of facets and the favorable
oxidation of intermediates such as CH,C*=0 and CO.7**7*
Different from the trend in area-specific activity, the onset
potential of the Pd nanocrystals followed the order of {110} <
{100} < {111}. The authors claimed that this trend could be
ascribed to the lowest potential for OH™ chemisorption on
{110} facets, which served as an essential reactant in oxidizing
carbonaceous intermediates including CH;C*=0O, CO, and
CH,. However, the lower mobility of surface species on the
{110} stepped facet, as compared to those on flat {111} and
{100} facets, tended to compromise the overall oxidation
reaction and resulted in a low activity for Pd RDD.

The durability of these Pd-based catalysts was also examined
through chronoamperometric measurement at 0.67 V for 1 h
(Figure 45B).>7%*%% In particular, the area-specific activity
of the Pd cubic nanocrystals showed 59% decay from the initial
value, whereas those of the rhombic dodecahedral and
octahedral nanocrystals dropped by 82 and 87%, respectively.
According to the results from CO stripping measurement and
DFT calculations, Pd{100} facets were more resistant to the
accumulation of both CO and intermediates such as acetate
species relative to {110} and {111} facets. As a result, more
active sites remained accessible on {100} than on {110} and
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{111} during the long-term operation, giving rise to the great
enhancement in durability for the {100}-enclosed Pd cubes.

With regard to the electro-oxidation of EG, the performance
of Pd nanocrystals was also found to be sensitive to the surface
structure. Similar to the case of EOR, the {100} facets on Pd
cubes were catalytically more active than both {110} and
{111} facets toward ethylene glycol oxidation reaction
(EGOR).>” However, the onset potentials of Pd catalysts
for EGOR indicated a positive shift of roughly 0.2 V relative to
the case of EOR, which could be attributed to higher CO
coverage resulting from enhanced C—C bond cleavage of EG
than the case of ethanol. Additionally, Pd{110} facets showed
enhanced area-specific activity than {111} facets toward
EGOR, which was opposite to the trend for EOR. In analogy
to the role played by the intermediate CH;C*=0 in EOR, the
authors argued that the trend in EGOR could be explained by
the difference in interaction between the pivotal intermediate
HO-CH,C*=0 and various Pd surfaces.”** When subjected
to a durability test at 0.82 V for 1 h, the oxidation current of Pd
RDD was found to decay at a larger magnitude than those of
cubic and octahedral nanocrystals after 100 s, suggesting the
enhancement in stability for {100} and {111} facets relative to
{110} facets during long-term operation.

7.5. Formic Acid Oxidation (FAO)

Direct formic acid fuel cells (DFAFCs) have received
considerable attention owing to their lower crossover flux
and toxicity relative to the devices based on methanol.>**~>*!
As the anodic half-reaction, FAO can proceed through both
direct and indirect pathways, with CO, and CO generated as
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measurements were conducted in a 0.1 M KHCO; solution at —1.1 V (vs RHE). (D) DFT-calculated CO binding energies for various defect
structures on Cu(111) surface, with the most stable one achieved by the single twin boundary (TB) combined with a stacking fault. (A) Reprinted
with permission from ref 554. Copyright 2019 Nature Publishing Group. (B) Reprinted with permission from ref 17. Copyright 2019 American
Chemical Society. (C) Reprinted with permission from ref 553. Copyright 2014 American Chemical Society. (D) Modified with permission from

ref 240. Copyright 2018 Wiley-VCH.

the products, respectively. Compared with other metals, Pd-
based catalysts are known for their capability to promote the
direct pathway and thus mitigate the poisoning effect caused
by the CO adsorption on the catalyst.”** As the most
promising catalyst toward FAO, the activities of Pd nanocryst-
als have been reported to show a strong correlation with the
surface structure.” ' *****>* One study systematically exam-
ined the FAO activities of Pd nanocrystals enclosed by a
variety of facets, twin boundaries, and their combinations
under identical experimental conditions.”®® As shown in Figure
45C, essentially all of the Pd nanocrystals with well-defined
shapes showed enhancement in area-specific activity relative to
commercial Pd black. Specifically, Pd cubes enclosed by well-
defined {100} facets showed a 2-fold enhancement relative to
their tetrahedral counterpart, suggesting that {100} facets were
more catalytically active than {111} facets in catalyzing
FAO.* Although covered by the same {111} facets, it is
interesting to note that Pd octahedra showed a higher area-
specific activity than Pd tetrahedra, confirming the importance
of shape control rather than facet engineering,

In addition to the facets on single-crystal particles, it was
demonstrated that twin boundaries and surface strains could be
introduced to further boost the activity.”*® For example,
despite the enhanced activity of {100} over {111}, Pd
decahedra covered by {111} facets but with additional twin
boundaries outperformed the cubic counterpart in terms of
area-specific activity. When Pd icosahedra with an even larger
number of twin boundaries on the surface were employed as
the catalyst, further enhancement in area-specific activity was
observed. Significantly, owing to a combination of both the
{100} facets and twin defects, Pd RBPs were found to exhibit
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the greatest area-specific activity among all the Pd nanocrystals
that have been tested.

To rationalize the experimental observations, DFT calcu-
lations were conducted to derive the reaction intermediates on
various catalytic surfaces.’®® Figure 45D shows the calculated
potential energy surface for FAO at 0.4 V (vs RHE) through
the carboxyl (COOH*)-mediated and formate (HCOO*)-
mediated pathways, respectively. It was found that both
COOH* and HCOO* species had lower energies on Pd(100)
relative to Pd(111), giving rise to a superior activity toward
FAO. In terms of twin boundaries, which can be modeled as
Pd(211) surface, both COOH* and HCOO* species were
isoenergetic. Although the energies of the two intermediates on
Pd(211) were not the lowest among the various types of Pd
surfaces, the relative stability of HCOO* over COOH* on the
twin boundaries drove the reaction flux and selectivity toward
the HCOO®*-mediated pathway rather than the COOH*-
mediated pathway dominated by Pd(111) and Pd(100)
surfaces. As such, the CO poisoning stemming from the
decomposition of COOH* could be effectively mitigated on
the twin boundaries, leading to substantial enhancement in
activity.

7.6. Carbon Dioxide Reduction Reaction (CO,RR)

As a harmful greenhouse gas, excessive emission of CO, has
caused major environmental concerns. Electrochemically
reducing CO, to valuable fuels is a promising approach to
decreasing the net emission of CO, while completing the
carbon cycle.”*> Compared with the commonly produced small
molecules (e.g, CO and formate), further reduced products
such as multicarbon oxygenates and hydrocarbons have
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received more attention due to their higher energy densities, a
wider scope of application, and the corresponding higher
values and larger markets.”** During the reduction process, the
chemically stable CO, will be first reduced to CO on the
surface of a catalyst. The CO intermediate then undergoes
further reduction, hydrogenation, as well as C—C coupling to
generate hydrocarbons and multicarbon products (e.g., CH,,
C,H,, and ethanol). The adsorbed CO can also be released
from the surface for the production of CO. As documented by
many reports, the selectivity toward a specific product is highly
sensitive to the surface structure of the catalyst, in addition to
other parameters such as size, composition, support, and
electrolyte.>*

Nanocrystals made of Cu, Ag, Pd, Au, and Sn have all been
explored as catalysts toward CO,RR. Different from other
metals that typically generate CO and CH, as the major
products, Cu is able to produce significant amounts of
oxygenates and hydrocarbons such as ethylene (Figure 46A).
The catalysts based on Cu nanocrystals, however, tend to
suffer from the following drawbacks: (i) poor selectivity as a
variety of products such as CO, CH, formate, ethylene,
ethanol, and n-propanol can all be generated; (ii) high
overpotentials because the highest selectivity toward multi-
carbon products is often achieved at a potential more negative
than —1.0 V (vs RHE); and (iii) poor stability as the original
shape of the Cu nanocrystals can hardly be maintained during
CO,RR, making it difficult to keep the selectivity and activity.
Engineering the surface structure of Cu nanocrystals holds
great promise in achieving purer products at a reduced
overpotential. According to the results from both experimental
and computational studies (Figure 46B), the {100} and {111}
facets on Cu nanocrystals favored the formation of ethylene
and methane, respectively.”*’~>*’ The formation of ethylene
involved the dimerization of CO molecules to generate C,0,~
intermediates, followed by their protonation. The square
arrangement of Cu atoms on {100} facets presented an
optimal geometry for the adsorption of C,0,” dimers while
the negative charges on the adsorbed dimers could cause
additional stabilization through solvation.”***' In a recent
study involving cubic and octahedral nanocrystals with similar
sizes, the FE of ethylene for the cubes was found to be much
higher than that for the octahedra, with the former
approaching 34% at —1.15 V while the latter was only
19%."%” This study also validated the computational result in
that the {100} facets preferred the formation of ethylene, as
well as the significance in controlling the shape of Cu
nanocrystals.”>>

The size of the Cu nanocrystals also plays an important role
in determining their catalytic performance. Decreasing the size
would lead to an increase in the mass-specific activity, but the
change in surface structure could impact the selectivity and, in
most cases, was detrimental to CO,RR. It was reported that a
dramatic increase in both activity and selectivity toward H, and
CO was observed when the Cu nanoparticles were reduced to
a size below 5 nm (Figure 46C).”>> At the same time, the
selectivity toward hydrocarbons such as methane and ethylene
was substantially suppressed. Based on DFT calculations, this
trend could be attributed to the higher proportion of low-
coordination atoms (CN < 8, starting as low as CN = S) on
smaller nanoparticles. These atoms imposed strong chem-
isorption to CO and H, limiting their movement on the Cu
surface and thus their coupling for the generation of
hydrocarbons. On the other hand, the strong adsorption of
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H accelerated the rate-determining step of HER (the Volmer
reaction, H" + e™ + ¥ — H,4, * represents the free Cu surface
sites), greatly facilitating the generation of H, while
suppressing the reduction of CO,.°>’ A similar trend was
also observed in the case of Cu cubes,"*® where a higher
proportion of H, was obtained at a smaller particle size.

Planar defects, including twin boundaries and stacking faults,
also enhance the selectivity toward C,, products by affecting
the adsorption of CO intermediate. For Cu star decahedra, the
presence of twin boundaries and tensile strain, together with
the stacking faults induced by a stress release mechanism, led
to an upshift for the d-band center of the surface atoms and
thus an increased binding energy between the catalyst and CO
molecules.”*” The higher density of CO on the Cu surface
improved the selectivity toward ethylene for the achievement
of the highest FE approaching 52.4%. The influence of planar
defects was further confirmed by DFT calculations, where
three types of atomic models containing twin boundaries were
compared (Figure 46D).*** A CO binding energy of —0.92 eV
was obtained for {111} facets with a single twin boundary and
a stacking fault, which was 0.08 eV stronger than the single
twin boundary alone, revealing the importance of planar
defects in enhancing the CO coverage density and thus C,,
selectivity.

By introducing a certain number of steps into the surface of
a nanocrystal, high-index facets can be generated and, in most
cases, improve the selectivity toward C,, products due to the
enrichment of under-coordinated sites and thus the enhanced
adsorption of CO molecules.”’ In one study, highly defective,
prism-shaped Cu nanocrystals showed a 4-fold greater current
density for ethylene production relative to a planar Cu foil.>>
Through CV measurements, an intense reduction peak was
observed between —0.25 and 0 V for the prism-based catalyst,
which was previously assigned to the voltammetric feature of
the defect sites. In the presence of surface defects, the C;
intermediates could be effectively stabilized and their high
coverage density greatly promoted the generation of C,,
products. However, different from the twin defects that
could be maintained after long-term electrolysis,”* the steps
and kinks on the Cu surface could hardly be stabilized during
CO,RR and the contribution of surface defects to the
enhancement of C,, production was questionable. For
example, a decrease in the FE of ethylene from 57% to
below 40% was observed for Cu dendrites after 150 min of
electrolysis, and this could be assigned to the structural
degradation.**® After long-time electrolysis, the needle shape of
dendrites was hardly retained and the high-index facets
containing low-coordinated sites, which were responsible for
the high selectivity toward ethylene, were also lost, leading to a
decrease in the production of C,, species. Whether the high-
index facets could be stabilized for continuously contributing
to the high selectivity in CO,RR is still under debate, and more
attention and efforts should be directed to the design and
stabilization of Cu nanocrystals enclosed by active high-index
facets.”*>%

Apart from surface reconstruction, it is also challenging to
prevent the shape degradation of Cu nanocrystals. As revealed
in a recent report, when Cu cubes of different sizes were used
as catalysts, Cu nanoclusters surrounding the catalysts were
observed after 1 h of electrolysis, together with sinterin% of the
cubes when the reaction time was further extended.” Since
the stability test was conducted at —1.1 V, a potential below
the oxidation potential of Cu, the possible dissolution and then
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redeposition of Cu atoms could be ruled out. Clusters with
high surface energies were not favored by thermodynamics
either. According to DFT calculations, the adsorption of H and
CO on Cu surface and the subsequent change to surface
energies of different facets were the main factors that
contributed to the degradation of the cubic shape. Under
negative potentials, nanocrystals enclosed by {111}, {110}, and
high-index facets capable of stabilizing H and CO inter-
mediates were preferred. Thus, pinholes were generated on the
surface of cubes, and clusters would appear around the cubes.
Interestingly, when lower overpotentials (e.g, —0.7 and —0.3
V) were applied, the cubic shape was essentially preserved and
no aggregation of the nanocrystals was observed either,
indicating the importance of decreasing the overpotential of
CO,RR for Cu-based catalysts.”*® Besides lowering the
overpotential, other methods such as covering the nanocrystals
with graphene or surface oxides™” and in situ generation of
nanocrystals with well-defined facets*®" have also been applied
to improve the stability of Cu nanocrystals. Maintaining the
shape and thus facet structure of a Cu-based catalyst at
relatively high overpotentials plays a key role in retaining its
high selectivity toward a specific product.

7.7. Other Electrochemical Reactions

In addition to the representative electrocatalytic reactions
highlighted above, there are many emerging applications where
engineering the surface structure of noble-metal nanocrystals
also offers an avenue to enhance the performance. For
example, electrochemical nitrogen reduction reaction (NRR)
has received ever increasing attention as it can potentially lead
to cost-effective and sustainable production of NH; for use as a
fertilizer and a carbon-free energy carrier.”®® In consideration
of the large (941 kJ mol™") bond energy of the N=N triple
bond, metal nanocrystals made of Au, Ru, and Mo have
recently been investigated as NRR catalysts. Their structure—
property relationships have also been explored to a certain
extent. For example, Au rods with two ends covered by {730}
high-index facets were found to be highly active at —0.2 V (vs
RHE), with yields as high as 1.648 and 0.102 yg h™' cm™ for
NH; and N,H,, respectively.*®" Such performance was even
comparable to that for N, fixation under high temperatures
and high pressures. The stepped, unsaturated facets were
proposed to play a vital role in facilitating the cleavage of N=
N bonds for the chemisorption of N atoms on the Au surface,
followed by their reduction to NH; and N,H,.

As the anodic half-reaction of a hydrogen-based fuel cell,
hydrogen oxidation reaction (HOR) converts H, molecules to
protons. Because of its rapid kinetics in an acidic medium, this
reaction has attracted limited attention from the research
community.‘%2 Among various metal catalysts, Pt is most active
toward HOR in terms of both exchange current density and
mass-specific activity, and the activity is highly sensitive to the
surface structure.”*”**® In one study involving HOR under
acidic condition, specific current densities were measured for
Pt nanoparticles with sizes varying in the range of 2—15 nm,
and the smallest particle showed the greatest activity.’** The
authors attributed this result to the higher activity of under-
coordinated atoms situated at edges and vertices than those on
the side faces. They also predicted that nanoparticles enriched
in edges and/or vertices would show improved performance
toward HOR. When switching to an alkaline medium,
however, the HOR kinetics will be slowed down drastically
and an effective catalyst is of great necessity in order to
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accelerate the reaction. According to the measurements
involving single-crystal substrates, Pt(110) was more active
toward HOR than both Pt(100) and Pt(111) in alkaline
media, and the trend could be ascribed to a higher coverage
density of the underpotentially deposited hydrogen (Hypp) on
Pt(110).°°>°% Due to the lack of extensive experimental and/
or computational studies, it is difficult to discuss the
electrochemical reactions presented in this section in detail.
More endeavors should be devoted to the shape- or facet-
dependence of these electrocatalytic reactions.

8. OUTLOOKS

In this review article, we have discussed how to engineer the
shape and thus surface structure of monometallic nanocrystals
for enhancing their performance in heterogeneous catalysis. In
general, the performance of a catalyst based on noble-metal
nanocrystals is dependent on a number of factors other than
the shape, including catalyst support, capping agent, as well as
the introduction of other metals to form a bi- or multimetallic
system. When moving into practice, how to preserve the shape
of a nanocrystal and how to scale up a colloidal synthesis
without losing quality control also need to be taken into
consideration. Having a good understanding of these addi-
tional factors also plays a vital role in rationally developing the
most effective catalyst toward a specific reaction. In this
section, we offer a brief discussion on each one of these
subjects, with an aim to provide the readers with a broader
perspective regarding the use of shape-controlled nanocrystals
in catalytic applications.

8.1. Removal of Surface Contaminants

Unlike the conventional single-crystal substrates, the surface of
nanocrystals prepared using colloidal synthesis can be
complicated due to their inherent heterogeneity caused by
vertices and edges, as well as the adsorption of capping agents,
stabilizers, solvents, and many other known or unknown
chemical species. For capping agents, including inorganic ions,
organic polymers, and biomolecules, they are indispensable for
shape-controlled syntheses owning to their capability to
selectively bind to specific types of facets.'’>'"” Despite their
immediate advantages in directing the shape evolution process,
capping agents can significantly alter the surface of a metal
nanocrystal by changing the coordination environment of
atoms and blocking the active sites. In order to take full
advantage of the structure—property relationship discussed in
this article, it is necessary to remove the capping agents for the
creation of a clean surface. Same is true for other types of
surface contaminants. To this end, it is important to have a
good understanding of the interaction between a contaminant
species and the surface of a nanocrystal. Typically, the
interaction can be either physisorption or chemisorption in
nature.”®”**®  Physisorption is driven by intermolecular
interactions such as van der Waals force, whereas chem-
isorption involves charge transfer and bond formation.
Depending on the mechanism of adsorption, one can rely on
the use of different methods to effectively remove the surface
contaminants.

Washing with a proper solvent during centrifugation, a
routine procedure involved in almost all colloidal syntheses of
nanocrystals, is the simplest way to remove the surface
contaminants that are weakly attached to the surface. As
demonstrated in one study, the poly(vinyl alcohol) (PVA) on
Au nanocrystals could be simply removed by washing with

https://dx.doi.org/10.1021/acs.chemrev.0c00454
Chem. Rev. XXXX, XXX, XXX—XXX


pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00454?ref=pdf

Chemical Reviews

pubs.acs.org/CR

solvent during centrifugation at a low temperature.”®’

Compared with other methods that were carried under harsh
conditions, including UVO treatment,"**"*° plasma etching,71
and thermal annealing,”"*” washing could avoid possible
shape deformation to the nanocrystals. As expected, the
washing process only works for the systems involving
physically adsorbed contaminants.

As for chemisorbed species, such as halide ions on metal
surface,*>°”"*"* the removal of capping agents mainly relies
on weakening the bonding strength. One report suggested that
the Br~ adsorbed on the surface of Pd cubes could be removed
when the sample was heated in EG at 100 °C, together with
the addition of CA and PVP as a reducing agent and a colloidal
stabilizer, respectively.571 The reducing power from CA could
convert the partially oxidized Pd surface back to Pd(0) to
facilitate the detachment of Br~ ions. The high temperature
involved in the post treatment would help break the bond
between Pd and Br™ ions. Another study reported that the Pd
cubes treated with TBA would give a clean surface without
PVP and Br™.">' The removal of Br~ and PVP was verified by
XPS and IR spectroscopy analysis (Figure 47A,B). The CV
curves of the cleaned cubes exhibited strong peaks
corresponding to hydrogen adsorption/desorption on
Pd{100}, while none of these peaks was observed for the as-
prepared Pd cubes because their surface was covered by
various chemical species. They also observed that heating the
Pd cubes at 200 °C in an O, atmosphere could only remove
the Br~ and PVP partially, and was not adequate in obtaining a
clean surface (Figure 47C). It was claimed that the PVP was
naturally removed by TBA since polar compounds were
soluble in polar solvents, while the removal of Br~ was
attributed to its capability of forming a salt with the amine
compound. Despite the experimental evidence, the mechanism
seems to be questionable as PVP could not be efficiently
removed by washing with ethanol, which is also a polar solvent.

For nanocrystals applied to electrocatalysis, potential
holding offers another nondestructive method for cleaning
the surface of metal nanocrystals. As shown in one study,
holding the electrode potential in the hydrogen evolution
region for 1 min was adequate to remove both the halide ions
and PVP adsorbed on the surface of Pd cubes.””” It was
suggested that the hydrogen generated during the potential
holding resulted in lattice expansion for Pd cubes, weakening
the bonding strength between Br™ ions and metal atoms. This
nondestructive method has attracted much attention recently
and was applied to a number of electrochemical studies.”’*>”
It is worth pointing out that the capping agent may also be
beneficial to the catalytic activity in some cases, similar to an
activity promoter or a selectivity modifier.””’*”” However,
there are very limited reports on such dual-functional species
capable of directing the evolution of shape during a synthesis
while promoting the catalytic activity during an application.

8.2. Shape Instability

Stability is of great importance in determining the long-term
use of a catalyst. In terms of shape instability (see section 2.6),
it can be induced through either a physical transformation such
as sintering”’ or a chemical process such as leaching.’’®
Nanocrystals with controlled shapes are susceptible to
deformation because of their intrinsically high specific surface
area and high surface energy. When nanocrystals undergo
changes in size, shape, and/or surface structure, their catalytic
activity and selectivity will be altered accordingly.”””
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Figure 47. Removal of surface contaminants. (A) Br 3d XPS spectra,
(B) Fourier-transform infrared spectroscopy (FTIR) spectra, and (C)
CV curves of carbon-supported Pd cubes treated under different
conditions. Reprinted with permission from ref 151. Copyright 2013
Royal Society of Chemistry.

As for the physical transformation, elevation in temperature
is the most common stress that will induce changes to the
shape or morphology of nanocrystals.”*** ™% As discussed in
section 2.6, the overall higher surface energy makes most
shape-controlled nanocrystals vulnerable to intraparticle
sintering. The driving force is to reduce the total surface
energy by transforming the shape to the thermodynamically
stable shape defined by the Wulff construction. The thermal
stability of different nanocrystals can vary significantly
depending on their composition, crystal structure, and shape.
For example, a simulation study analyzed the structural and
thermal stabilities of Pt nanocrystals enclosed by different high-
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index facets.”** It was found that the general shape stability
complied with the order in TOH < THH < TPH, with a high
dependence on the size and specific surface area of the
nanocrystals.

Except for the physical parameters such as temperature and
pressure, chemical reactions can also induce changes to the
shape of metal nanocrystals. Typical examples include
leaching,65 surface poisoning,585 and chemical transformation
(e.g., the formation of metal hydride, oxide, or car-
bide).**>*"*% One report suggested that Pd nanoparticles
could go through a “refaceting process” in N, atmosphere at an
elevated temperature.”®” Figure 48 shows the time-elapsed

Pd(100)

Figure 48. Time-elapsed TEM images of two different Pd
nanoparticles under 1 bar N, at 200 °C. The nanoparticles with
round corners were transformed into truncated cuboids encased by a
mix of {100} and {110} facets. Reprinted with permission from ref
587. Copyright 2018 Royal Society of Chemistry.

TEM images of a Pd sphere that evolved into a truncated
cuboid under 1 bar N, at 200 °C. Similar to the mechanism of
a capping agent, the interaction between N, gas molecule and
Pd surface is facet-dependent. The strong interaction between
N, and Pd{110} stabilized these facets and thus transformed
the nanoparticles to possess a specific geometric shape, that is,
faceting. This report indicated that even N,, an inert gas, could
cause changes to the shape of a nanocrystal. Therefore, for
chemical reactions involving a gas as the reactant/product, the
possible change in shape induced by the gas should be taken
into consideration as the metal nanocrystals might have
different catalytic performance under different gas environ-
ments as a result of the refaceting process.

Covering the surface of nanocrystals with a “protective layer”
is the most commonly used strategy for improving their shape
stability. The use of a proper ligand can enhance the colloidal
stability, thermal stability, and even the chemical stability of
nanocrystals. However, as discussed in section 8.1, the binding
of ligand to the surface can also block the active sites and even
change the surface structure and electronic structure of the
nanocrystals. Up until now, there are only a few cases showing
that the catalytic activity/selectivity will not be affected by the
presence of a stabilizing ligand. One notable example involves
the use of graphene to protect Cu wires.”>” Bare Cu wires were
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shown to have good selectivity toward methane in CO,RR, but
they suffered from poor shape stability. By wrapping the wires
with a layer of graphene, both the morphology and the high
selectivity of the catalyst could be preserved. The ability to
maintain stability and activity of nanocrystals requires a good
understanding of the mechanisms for both the target reaction
and the shape deformation process.

8.3. Introduction of Catalyst Support

In practical use, metal nanocrystals are typically loaded on
another material that can provide physical support, and a
pathway for electron transport in the case of electrocatalysis.
The support can also help fix the nanocrystals and prevent
them from aggregation or sintering. However, the two steps
involved in the preparation of a catalyst, including colloidal
synthesis of nanocrystals and their dispersion on a support, will
inevitably introduce additional costs. The performance of the
catalyst will be severely tarnished if the nanocrystals are not
uniformly distributed across the support. Moreover, the
capping agent, stabilizer, and other chemical species usually
involved in a colloidal synthesis tend to adsorb on the
nanocrystals, greatly limiting the accessibility of the active sites
and thus downgrading the catalytic activity. To this end, a
method was demonstrated for the in situ growth of well-
dispersed PtNi and PtNiCo octahedral nanocrystals on various
types of carbon materials in the absence of any capping agent
(Figure 49A—C).>*® These nanocrystals exhibited superior
performance toward ORR because of the improvement in
surface cleanness and a better interface with the support
associated with the in situ growth method. An electrochemical
method was also reported for the in situ growth of Pt
nanocrystals covered by high-index facets on a carbon support,
in which insoluble Cs,PtCls dispersed on carbon black was
subjected to a square-wave potential cycling.”® In principle,
these methods should be extendible to other systems.

Additionally, it was reported that the support could modify
the electronic structure of the catalyst and even introduce a
synergistic effect between the catalyst and support to
significantly enhance the catalytic activity and durabil-
ity.>”' =" For example, when Au nanocrystals were supported
on a reducible transition metal oxide (e.g., Fe,O; or TiO,)
capable of providing reactive oxygen, they exhibited enhanced
activity toward CO oxidation by up to one magnitude than the
control sample on an “inert” support.””’ In another example,
Tiy,Mo, 30, nanostructures were employed as a novel support
for Pt nanocrystals, and they could modify the electronic
structure of the surface Pt atoms and thus enhance their
catalytic activity by 7 and 2.6 times toward ORR when
compared with those of commercial Pt/C and PtCo/C
catalysts, respectively (Figure 49D).>”" Moreover, due to the
strong interaction between Pt nanocrystals and Tiy,Mog;0,
support, the catalyst exhibited extremely high stability during
potential cycling (Figure 49E). Along the same line,
considerable efforts have been made in searching for the
optimal support materials for various catalysts. Taking ORR as
an example, both carbon materials, such as reduced graphene
oxide>”***®and carbon nanotubes,””® and novel noncarbon
materials like titanium nickel binary nitride’”” and tin-doped
indium oxide nanoparticles’® have all been identified as
effective supports for Pt electrocatalysts. There is a strong
interest in developing advanced supports featuring beneficial
interactions with the catalytic nanocrystals while providing
strong resistance to sintering.
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Figure 49. (A) Schematic illustration of in situ growth of highly dispersed PtNi octahedra on a carbon support without the involvement of a
capping agent. (B) TEM image of octahedral PtNi/C catalyst. (C) Comparison of the mass-specific activities of the Pt/C, octahedral PtNi/C, and
octahedral PtNiCo/C catalysts toward ORR at 0.9 V vs RHE. (D) Polarization curves showing the ORR current of Pt/Ti;;Mo,30, catalyst and
commercial Pt/C (E-TEK) and PtCo/C (E-TEK) catalysts. (E) Stability test of Pt/Ti;;Mo,30, and the commercial catalysts before and after
5,000 potential cycles. (B and C) Modified with permission from ref 588. Copyright 2014 Royal Society of Chemistry. (D and E) Modified with
permission from ref 590. Copyright 2011 American Chemical Society.

8.4. Mass Production without Compromising the Quality

Although significant progress has been made in controlling the
colloidal synthesis of noble-metal nanocrystals with well-
defined surface structures for various catalytic reactions, it
remains a grand challenge to scale up their production for
industrial applications without compromising the product
quality. So far, the protocols reported in literature are mainly
based on the use of small batch reactors, with throughputs far
below the demands from industrial applications. For example,
it takes almost 3 h to just produce 0.02 g of Pd cubes in a
typical vial without considering complicated post treat-
ments,'°° whereas a typical three-way catalytic converter for
a compact passenger vehicle requires 1-2 g of the Pd
catalyst."” Therefore, it is of great importance to bridge the gap
between lab-scale production and commercial demand by
scaling up the synthesis. To this end, it seems to be
straightforward to simply conduct the synthesis in an enlarged
reactor by slightly modifying the experimental protocol.
Unfortunately, the product quality would be significantly
marred by the thermal and compositional inhomogeneity
arising from a large reaction volume.””” The uncertainty about
the product quality may also result in the production of a large

BO

amount of waste, which is economically and environmentally
unfavorable.

Instead of increasing the volume of the reaction solution and
the size of the reactor, one can achieve mass production
without compromising the product quality by conducting the
synthesis in a continuous flow of droplet reactor.””” With the
introduction of two immiscible liquid/gas into a channel, a
train of uniform droplets can be generated and used as discrete
reactors for conducting a synthesis of nanocrystals (Figure
SOA). The throughput can be readily increased by running the
synthesis continuously because of the linear correlation
between the volume of production and the duration of a
synthesis. Benefiting from the fast rates of heat and mass
transfer in the small droplets, the nucleation and growth of
nanocrystals can be kept essentially the same as in a
conventional batch reactor, ensuring a tight control over the
size and shape of the products. In one demonstration, it was
reported that Pd and Au nanocrystals with various sizes and
shapes could be continuously produced at a throughput of 1—
10 g per hour using droplet reactors of milliliter in size.””" The
fluidic system was also extended to seed-mediated growth for
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Figure 50. Schematic illustrations of (A) an approach for scaling up the synthesis of noble-metal nanocrystals by switching to a continuous flow of
droplet reactor and (B) a droplet reactor system containing online separation and filtration units, which has the capability of automation for mass
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from ref 602. Copyright 2018 American Chemical Society.

Figure 51. Diversity in the atomic arrangement of a bimetallic nanocrystal, including Janus (upper left), core—shell (upper right), alloy (lower left),

and intermetallic (lower right) structures.

the production of Pd—M (M = Au, Pd, and Ag) bimetallic
nanocrystals, with Pd cubes serving as the seeds.

Since the throughput of droplet reactors is still limited by
post-treatment procedures such as centrifugation, a new system
was developed for automated operation by introducing units
for online separation and filtration (Figure 50B).°”> The new
system was able to automatically separate the aqueous phase

BP

containing the products from the silicon oil that served as a
spacer between the droplets, as well as purify and concentrate
the products. This new system holds great promise for the
continuous, automated, and scalable production of colloidal
nanocrystals with well-controlled sizes and shapes. In addition
to a droplet-based system, the synthesis can also be directly
conducted in a continuous flow without losing quality control,
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at least, for several metals and some shapes.**® By running

multiple devices in parallel, it is feasible to produce the
nanocrystals on a hundred-gram scale per day. With an ability
to mass-produce the noble-metal nanocrystals without
compromising the quality, this new platform holds great
promise for moving them from academic studies to industrial
applications.

8.5. Extension to Bi- and Multi-Metallic Systems

Incorporation of a second metal or even more metals into the
shape-controlled nanocrystals can greatly expand their diversity
in terms of surface composition (Figure 51). In addition, the
spatial ordering and atomic distribution can also be leveraged
as additional handles to significantly enhance their perform-
ance in a catalytic reaction.”” Taking bimetallic nanocrystals as
an example, the inclusion of a second metal can result in, at
least, ensemble, ligand, and/or geometric effects. For the
ensemble effect, the functionality of an alloy ensemble will
change as a function of the surface composition.”””*® In other
words, a certain number and type of atoms can be combined to
suit a specific chemical reaction. The ligand effect refers to the
change in electronic structure and catalytic activity of the
atoms because of the charge transfer between two different
types of atoms.”””°'” The charge redistribution can lead to a
shift in the d-band center, affecting the adsorption energies of
the reactants, intermediates, and products. Geometric effect is
defined as the spatial arrangement of surface atoms that is
affected by the size, shape, and strain of a bimetallic
nanocrystal®'' In the context of catalysis, these three effects
could work independently or synergistically to augment the
catalytic performance of a heterogeneous catalyst.

There are a number of reports on the synthesis of bi- or
multimetallic, alloyed nanocrystals with well-defined and
controllable surface structures.**™**'***!3¢12guch nanocrystals
have also been exploited to study the three effects mentioned
above. However, the interactions between different types of
metal atoms are inherently complicated and are yet to be fully
understood. Despite the numerous reports on the successful
synthesis in terms of shape control for bi- and multimetallic
nanocrystals, some of the fundamental mechanisms that dictate
the shape evolution remain elusive. It has also been a
challenging task to even resolve the exact atomic composition
and spatial distribution of atoms on the surface of a bimetallic
nanocrystal, not mentioning the highly dynamic nature of such
a surface.’”**"?¥*3 Further developments in electron
microscopy and surface spectroscopy are needed for the
resolution of these fundamental issues.”® Of course, computa-
tional simulations are also expected to make a major
contribution to such an endeavor.”'>%"*
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ABBREVIATIONS

1-D = one-dimensional

2-D = two-dimensional

3-D = three-dimensional

AA = ascorbic acid

ac = acetate

acac = acetylacetonate

ADT = accelerated durability test

AOR = alcohol oxidation reaction

Cu(AOT), = copper(II) bis(2-ethylhexyl) sulfosuccinate
Asc-2P = 2-phospho-L-ascorbic acid trisodium salt
BSPP = phenylphosphine dihydrate dipotassium salt
CA = citric acid

CN = coordination number

CO,RR = carbon dioxide reduction reaction
CPC = cetylpyridinium chloride

CTAB = cetyltrimethylammonium bromide
CTAC = cetyltrimethylammonium chloride
CTBAB = cetyltributylammonium bromide
CTEAB = cetyltriethylammonium bromide

CV = cyclic voltammetry

DAFC = direct alcohol fuel cell

DDA = dodecylamine

DDAB = didodecyldimethylammonium bromide
DEG = diethylene glycol

DFAFC = direct formic acid fuel cell

DFT = density functional theory

DMEF = dimethylformamide

DMSO = dimethyl sulfoxide

DPE = diphenyl ether

ECSA = electrochemically active surface area
EDA = ethylenediamine

EDTA = ethylenediaminetetraacetic acid

EDX = energy-dispersive X-ray

EG = ethylene glycol

EGOR = ethylene glycol oxidation reaction

EO = ethylene oxide

EOR = ethanol oxidation reaction

FAO = formic acid oxidation

fcc = face-centered cubic

FE = faradaic efficiency

FT = Fischer—Tropsch

FTIR = Fourier-transform infrared spectroscopy
HAADF = high-angle annular dark-field

hep = hexagonal close-packed

HDA = hexadecylamine

HER = hydrogen evolution reaction

HOH = hexoctahedron

HOR = hydrogen oxidation reaction

Hypp = underpotentially deposited hydrogen
ICP-MS = inductively-coupled plasma mass spectrometry
IR = infrared

MBA = 2-methylbutan-2-ol

MBE = 2-methyl-3-buten-2-ol

MBY = 2-methyl-3-butyn-2-ol

MD = molecular dynamics

MGS = Magnus’ green salt

MSMGS = methylamine substituted Magnus’ green salt
NHE = normal hydrogen electrode

NMR = nuclear magnetic resonance

NRR = nitrogen reduction reaction

NVP = N-vinylpyrrolidone

OA = oleic acid

OAm = oleylamine

ODA = octadecylamine

ODCB = o-dichlorobenzene

OER = oxygen evolution reaction

ORR = oxygen reduction reaction

PAA = poly(acrylic acid)

PAM = polyacrylamide

PDDA = poly(diallyldimethylammonium) chloride
PEG = poly(ethylene glycol)

PEMFC = proton-exchange membrane fuel cell
PGM = platinum group metal

PVA = poly(vinyl alcohol)

PVP = poly(vinylpyrrolidone)

RBP = right bipyramid

RDD = rhombic dodecahedron

RHE = reversible hydrogen electrode

SAED = selected area electron diffraction

SCE = saturated calomel electrode

SDSN = sodium dodecylsulfonate

SEM = scanning electron microscopy

SERS = surface-enhanced Raman scattering
SHE = standard hydrogen electrode

STEM = scanning transmission electron microscopy
Ty, = temperature for 50% conversion

TBA = tert-butylamine

TBA2CB = tetrabutylammonium dichlorobromide
TEG = triethylene glycol

TEM = transmission electron microscopy

THH = tetrahexahedron

TOF = turnover frequency

TOH = trisoctahedron

TOP = trioctylphosphine

TOPO = trioctylphosphine oxide

TPH = trapezohedron

TTAB = tetradecyltrimethylammonium bromide
TTEG = tetraethylene glycol

UPD = underpotential deposition

UPS = ultraviolet photoemission spectroscopy
UVO = UV-ozone

UV—vis = ultraviolet—visible

XAFS = X-ray absorption fine structure
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XAS = X-ray absorption spectroscopy
XPS = X-ray photoelectron spectroscopy
XRD = X-ray diffraction
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