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CONSPECTUS: Symmetry underpins the structure and function  symmetry transfer
of the world around us and is also captured in modern
nanomaterials, where changing the symmetry of a nanocrystal or
the interparticle spacing and orientation of nanocrystal building
blocks in a superlattice can give new function. However, the
synthesis and assembly of nanocrystals have been limited largely to
simple compositions and structures. It remains a grand challenge to
achieve nanocrystals with compositional and structural complexity
while maintaining the monodispersity required for their use. This
Account will illustrate through recent examples that seeded methods
enable the synthesis of compositionally and structurally complex
multimetallic crystals with de ned and predictable symmetries for
applications in plasmonics and catalysis. This outcome arises
because the barrier for heterogeneous nucleation (i.e., seeded) is lower than that of homogeneous nucleation, where seeds can serve
as preferential sites for the growth of complex structures and crystal phases. Our analysis begins by considering metal overgrowth
from single-crystalline seeds of di erent shapes and symmetries, where the kinetics of adatom addition to seeds relative to their
di usion across seeds accounts for the expressed nanocrystal shapes. These results are then compared to overgrowth from seeds with
di erent internal structures (i.e., planar defects), where the relationships between nanocrystal size and volumetric strain energy and
surface energy are discussed. A major nding from this analysis is that often the underlying symmetry of seeds can be predictably
transferred to the nal crystals during overgrowth processes. Consequences of this nding are the predictable syntheses of crystals
with di erent hierarchies akin to snowcrystals as well as nanocrystals with complex compositions (e.g., quaternary nanoparticles).
Yet, there are subtle aspects to seeded growth that pave a path toward examples where nanocrystal symmetry has been reduced
compared to the original seeds in a controlled manner. As we found, both the concentrations of metal precursors and capping agents
can impact whether symmetry is transferred or reduced during overgrowth. Examples from our laboratory will be placed in context
to other reported strategies for symmetry breaking. As will be argued, understanding what conditions favor symmetry preservation
versus symmetry reduction during seeded crystal growth is central to accessing next-generation crystal forms. The Account concludes
by outlining synthetic challenges associated with forming nanoscale heterostructures with precise 3-D placement of di erent
materials within a given nanocrystal as well as facet control within di erent material domain and interface engineering. We envision
meeting these challenges through regioselective and chemoselective seeded syntheses for which a foundation is outlined herein.

symmetry breaking

INTRODUCTION orientation and spacing.* However, the synthesis and assembly
of nanomaterials have been limited to simple compositions and
structures until recently.® ®

Increasing the compositional and structural complexity of
nanocrystals while maintaining high uniformity is a grand
challenge that is being addressed with seeded methods. Seeded
methods are a premier route to high-quality nanocrystal samples
because structurally well-de ned seeds can be selected and serve

Nature exhibits its sense of symmetry in the beauty of a ower,
the precision of a honeycomb, and the elaborate patterns of
snowcrystals. Beyond the visual appeal of symmetrical forms,
such structures can impart function. For example, orb spiders
weave in a spiral pattern to maximize the strength of their webs,
and bees construct honeycombs with close-packed hexagons to
maximize honey storage.? Just as there are beautiful examples
of how symmetry imparts function in the macroscopic world, the
symmetries of modern nanomaterials and their assemblies are Received:  April 10, 2021
critical to their function. For example, polyhedral Ag nanocryst- Revised:  June 25, 2021
als have localized surface plasmon resonances that can be tuned

by particle size and shape,® and these nanocrystals can be

assembled into superlattices where the degree of plasmon

coupling between nanoparticle building blocks depends on their
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Figure 1. (a) Comparison of the change in Gibbs free energy as a function of particle radius for homogeneous and heterogeneous nucleation.  G*,iomo
and  G*peer0 are the barriers to homogeneous and heterogeneous nucleation, and r* is the critical radius. (b) Depiction of homogeneous nucleation
in solution and heterogeneous nucleation on a seed surface where r is the radius of the nucleus; is the contact angle between the nucleus and the seed

surface; |, is the increase in free energy per unit surface area of the nucleus;

is the nucleus-seed surface energy; and |, is seed-medium surface

energy. Reproduced with permission from ref 14. Copyright 2020 American Chemical Society.

as preferential platforms for deposition of additional material,
including completely new phases.” ** Such preferential
deposition occurs when the barrier for heterogeneous (seeded)
nucleation is lower than that of homogeneous nucleation
(Figure 1a). In this analysis, three interfacial energy terms must
be considered: , for the nucleus-medium, , for the
substrate-medium, and for the nucleus-substrate (Figure
1b). This analysis indicates that the favorability of seeded
processes will depend on the composition and faceting of the
seeds and that of the depositing material.* Thus, homogeneous
nucleation can occur in the presence of seeds when conditions
do not favor surface wettability. Still, the judicious selection of
seeds and reaction conditions 0 ers many opportunities to
synthesize nanocrystals of increasing compositional and
structural complexity yet precision.

TRANSFER OF SYMMETRY IN SEEDED
NANOCRYSTAL GROWTH

We do not have to look far to see the tendency for transfer of
symmetry during seeded crystal growth. Consider, for example,
the formation of snowcrystals.">*® As water in the atmosphere
freezes, crystals in the shape of hexagonal prisms form on
account of the preferred packing of water molecules. These
crystals with Dg, symmetry then serve as preferential sites for
water addition and crystallization. Even with the seemingly
endless hierarchical snowcrystal forms, they largely preserve the
D¢, sSymmetry of the hexagonal prisms in the earliest stages of
crystal formation. The variability from one snowcrystal to the
next arises from the di erent paths snowcrystals take through
the atmosphere, each sampling di erent humidities, temper-
atures, and pressures. These changes in atmospheric conditions
change the rate of water addition and are analogous to changes
in supersaturation which are controlled through chemical means
during nanocrystal nucleation and growth.

We have shown clearly the transfer of symmetry during
seeded nanocrystal growth as part of our ongoing e orts to
develop general routes to structurally de ned multimetallic
nanocrystals."” For example, di erent shape-controlled AuPd
alloy nanocrystals can be synthesized by coreducing Au and Pd
salts with L-ascorbic acid (L-aa) in the presence of octahedral
(Oy) Au seeds and cetyltrimethylammonium bromide (CTAB)
as a capping agent.’®'° As shown by the scanning electron
microscopy (SEM) images in Figure 2, these nanocrystals can
adopt cubic, cubooctahedral, octahedral, and even 8-branched
(concave) shapes; all have O;, symmetry like the initial seeds,
re ective of transfer of symmetry. The di erent shapes arise
from the changes in growth rates as a function of reaction
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Figure 2. SEM images of Au Pd nanocrystals with O, symmetry
prepared by seed-mediated coreduction from octahedral-shaped Au
seeds. The nanocrystals reported in columns A F were prepared with
the addition of 2 mL of aqueous HCI solution to the Au seed solution
prior to coreduction at concentrations of 0.0, 12.5, 25.0, 37.5, 50.0, and
62.5 mM, respectively. The values reported in Rows 1 6 were obtained
with Au:Pd precursor ratios of 1:X where X is 0.01,0.1,0.2,0.5, 1.0, and
2.0 during coreduction, respectively. Reproduced with permission from
ref 19. Copyright 2012 American Chemical Society.

conditions, where fast adatom addition relative to adatom
surface di usion favors concave (kinetic) shapes and slow
adatom addition relative to adatom surface di usion favors
convex (more thermodynamically favored) shapes.”® In this
system, pH modulates the rates of precursor reduction, but other
synthetic parameters also have been shown to serve as kinetic
levers (e.g., overall precursor concentration and temperature) to
access a variety of di erent crystal shapes during seeded
overgrowth with transfer of symmetry.™*

Given the straightforward connection between seed symme-
try and nal nanocrystal symmetry re ected in Figure 2, we also
selected seeds of di erent shape and used them again for the
synthesis of AuPd nanocrystals at conditions which favor
branching Erate of metal deposition > rate of metal adatom
di usion).?* For example, Pd cubes (Oy), Pd bars (D), Pd

https://doi.org/10.1021/accountsmr.1c00077
Acc. Mater. Res. XXXX, XXX, XXX XXX


https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig2&ref=pdf
pubs.acs.org/amrcda?ref=pdf
https://doi.org/10.1021/accountsmr.1c00077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Materials Research

pubs.acs.org/amrcda

octahedra (O;,), and Pd tetrahedra (T,) were used as seeds, each
producing branched AuPd nanocrystals after seed-mediated
coreduction (Figure 3). Products include 8-branched AuPd

Pd Octahedra
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20 nm
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h

Figure 3. From left to right: AuPd nanocrystals with di erent
symmetries prepared by seed-mediated coreduction from single-
crystalline Pd nanocubes, Pd nanobars, Pd octahedra, and Pd
tetrahedra. From top to bottom: structural model of the Pd seeds
and their point group symmetries, SEM images of nanocrystal products
(TEM image in the case of tetrahedral Pd seeds), STEM images of
nanocrystal products, and structural models of nanocrystal products
with their point group symmetries. The products include 8-branched
AuPd nanocrystals with O, symmetry, 8-branched AuPd nanocrystals
with D, symmetry, 24-branched AuPd nanocrystals with O, symmetry,
and 12-branched nanocrystals with Ty symmetry. Adapted with
permission from ref 21. Copyright 2013 American Chemical Society.

Dy

nanocrystals with O, symmetry from the Pd cubes, 8-branched
AuPd nanocrystals with D,, symmetry from the Pd bars, 24-
branched AuPd nanocrystals with O, symmetry from the Pd
octahedra, and 12-branched AuPd nanocrystals with T,
symmetry from the Pd tetrahedra. The nal nanocrystals all
have the same symmetry of their initial seeds. Branches initiate at
the vertices of the shape-controlled Pd seeds, and all proceed in

111 directions, accounting for the di erences in number and
also providing general design criteria for branched nanocrystals
with de ned symmetries.

All of the seeds discussed thus far are single-crystalline. A
similar study was undertaken with shape-controlled Au seeds
that contain 2-D planar defects (twins and stacking faults), again
showing transfer of symmetry from AuPd overgrowth achieved
by seed-mediated coreduction (Figure 4).> That is, from Au
decahedra (Ds,), Au pentatwinned rods (Ds,), Au icosahedra
(1)), and Au nanoplates (Ds,), branched nanocrystals were
produced. Products include 10-branched AuPd rods with Dy,
symmetry from both the Au decahedra and pentatwinned rod
seeds, 20-branched AuPd nanocrystals with I, symmetry from
Au icosahedra, and pentapod-like AuPd nanocrystals with Dy,
symmetry from Au nanoplates.

Although branched nanocrystals were produced like in the
previous study, rather than branches emerging from the vertices
of the seeds, they grow perpendicular from the {111}-
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Figure 4. From left to right: AuPd nanocrystals with di erent
symmetries prepared by seed-mediated coreduction from seeds with
planar defects: Au decahedra, Au pentatwinned rods, Au icosahedra,
and triangular Au nanoplates. From top to bottom: structural model of
the Au seeds, SEM images of nanocrystal products (TEM images in the
case of Au icosahedral and planar seeds; insets electron di raction), and
tomographic reconstructions of individual nanocrystals. The products
include 10-branched AuPd nanocrystals with Dg, symmetry, longer 10-
branched AuPd nanocrystals with Ds, symmetry, 20-branched AuPd
nanocrystals with I, symmetry, and 5-branched AuPd nanocrystals with
D, symmetry. Adapted with permission from ref 22. Copyright 2020
Wiley-VCH Publishing.

terminated faces of the seeds, with one branch per facet. To
understand this observation, the total free energy of the crystal,
G(T), must be considered. In a study of elastic strain energy
e ects in metal nanocrystals by Marks and Olvera de la Cruz,**
G(T) for multiply twinned crystals was approximated as

GM  MWr G+ A+ W+ A
[ €))
where V is the NC volume; WY is the per-volume strain energy;

Gy is the change in free energy per unit volume; A is the surface
area; Wq is the surface strain energy; and is the surface energy.
The subscripts i and t refer to certain facets and the twin
boundary, respectively. Their nite element analysis revealed
that di erent decahedral shapes arise at di erent particle sizes
from the balance between surface energy and volumetric strain
energy. That is, convex decahedra are favored at small particle
sizes, as this corresponds to when WY is small and the free energy
is dominated by the surface energy term. In contrast, star
(concave) shapes are favored at larger particle sizes as WY
increases as a function of volume.

Considering this analysis in the context of our synthetic
system, the volumetric strain energy should dominate over
surface energy at some critical particle size, at which point the
energy penalty for branch formation would be lower than that
for increasing the twin plane dimensions. To assess this
possibility, we quenched the reaction of AuPd deposition on
decahedral Au seeds at di erent stages of overgrowth and
analyzed the particles by microscopy.? In the earliest stages, an
increase in decahedral seed size was found without branching,
corresponding to an increase in the twin dimensions. Longer
reaction times only increased decahedral dimensions slightly,
while branching became evident. These observations support
the exchange between surface energy and volumetric strain
energy. The simulations by Marks and Olvera de la Cruz also

https://doi.org/10.1021/accountsmr.1c00077
Acc. Mater. Res. XXXX, XXX, XXX XXX


https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.1c00077?fig=fig4&ref=pdf
pubs.acs.org/amrcda?ref=pdf
https://doi.org/10.1021/accountsmr.1c00077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Materials Research

pubs.acs.org/amrcda

found that the surfaces of the decahedra display the highest
stress and strain energy densities at the face centers of the
tetrahedral units and the center of the outer edges.”* This

nding provides a possible explanation for why the branches
emerge from face centers rather than vertices (as observed in the
case of single-crystalline seeds), as metal deposition will be
favored at high-energy sites under kinetically controlled growth
conditions.

SUBTLE EFFECTS DURING TRANSFER OF
SYMMETRY IN SEEDED NANOCRYSTAL GROWTH

One may note that growth from Au and Pd octahedra produces
nanocrystals with di erent numbers of branches (Figure 2 versus
Figure 3; 8- versus 24-branches) even though the chemistries
producing these structures are the same and the symmetries of
the resulting nanocrystals are the same, O;,.**! This di erence
arises because the rate of adatom di usion on seeds will vary as a
function of seed composition. Our kinetic analysis found that Au
deposits more rapidly than Pd.?>® Considering predominately
Au adatoms on Au and Pd surfaces during the early stages of
overgrowth, self-di usion will be faster and makes Au seeds
more susceptible to the adoption of intermediate shapes prior to
branch growth. This possibility was veri ed by quenching at
di erent times the reaction in which Au and Pd were depositing
on Au octahedra.®® As we found, nanocubes form as
intermediate structures prior to branching, which ultimately
emerge from the 8 vertices of the nanocubes to give 8-branched
nanocrystals. This structure is the same as obtained from AuPd
overgrowth from Pd nanocubes (Figure 3).

A second interesting observation comes from the use of Pd
right bipyramids, which contain single twin planes, as seeds. Co-
deposition of Au and Pd yields 5-branched pentapods with Dy,
symmetry (Figure 5).>* Two branches proceed from the axial
vertices in 111 directions, while 3 branches proceed from the
equatorial vertices in 112 directions, with the twin plane
expanding through the 3 equatorial branches. This observation
is in contrast to our study of Au nanocrystal seeds containing
planar defects, where branches always extended from faces
rather than vertices and did not contain planar defects (Figure
4).?> Analogous Au right bipyramids have not been studied as
seeds, as a facile synthesis to this shape has yet to be developed
for Au, but the distinct overgrowth behavior from Pd right
bipyramids suggests that the energetics of twin formation varies
with composition and could in uence branch formation and
direction. Additional studies are required.

A third interesting observation comes from the study of
overgrowth from the Au seeds with planar defects.”” The
“Transfer of Symmetry” section outlined the relationship
between seed symmetry and nal nanocrystal symmetry after
overgrowth. However, symmetry preservation was not always
achieved. Breaking of symmetry was particularly evident in the
case of Au icosahedra as seeds, where branches grew
perpendicular to the {111} facets. Often, we observed that not
all of the facets would produce a branch. Au icosahedral seeds
have 20 {111} facets, but our analysis of the resulting
nanocrystals found the number of branches to vary between
10 and 20. Tomography analysis of the icosahedral Au seeds
suggests this variation may arise from the imperfections in the
seeds, where not all {111} facets were of equal surface area. In
reality, the seeds are only quasi-1;,, where their imperfections are
being transferred to the nal nanocrystals. Our use of point
group notation for di erent nanocrystal types re ects the
idealized structure without consideration of defects or composi-

Pd Right
Bipyramids

W,

High Low
Supersaturation  Supersaturation

E bnm
—_—

D3h 3h

Figure 5. AuPd nanocrystals grown from singly twinned Pd right
bipyramids under (left) high and (right) low supersaturation. (Left)
From top to bottom, SEM image, STEM-EDS elemental mapping, and
structural model of 5-branched AuPd nanocrystals. (Right) From top to
bottom, TEM image (inset electron di raction), STEM-EDS elemental
mapping, and structural model of edge-decorated right bipyramids. In
both elemental maps, yellow corresponds to Au, and red corresponds to
Pd. Adapted with permission from refs 21 and 27. Copyright 2013 and
2017 American Chemical Society.

tional variations. This analysis also hints at a strategy by which
symmetry breaking during seeded growth may be achieved by
making use of the inherent imperfections of nanocrystal seeds,
with greater discussion of this topic in the “Symmetry
Reduction” section.

SEEDED CRYSTAL GROWTH TOWARD
HIERARCHICAL STRUCTURES

The discussion in the “Transfer of Symmetry” section shows
clearly how symmetry is transferred during seeded growth but
also how di erent shapes of the same symmetry (e.g., a cube and
octahedron) are possible through kinetic control during seeded
growth. This realization inspired us to apply seeded growth
sequentially to build up hierarchical structures, where the overall
symmetry is governed by the initial seed, but the kinetics of the
overgrowth process can be modulated to switch between
di erent overgrowth motifs much in the manner that
snowcrystals can adopt di erent forms.?®?° The overall concept
is outlined in Figure 6, where, for example, 8-branched AuPd
nanocrystals with Oy, symmetry can be used as seeds themselves
for additional metal deposition from Au and Pd salts reduced
with L-aa in the presence of CTAB.

Based on our analysis of overgrowth from single-crystalline
seeds (Figure 3),** we hypothesized that metal deposition
would occur preferentially at the branch tips under kinetically
controlled growth conditions. Yet, even with such regioselective
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Figure 6. (a) Scheme depicting how nanocrystals with di erent hierarchies can be achieved by sequential seeded growth, denoted as generations G;
through Gg, where the red path denotes conditions where the rate of metal deposition (V) is slow relative to surface di usion and the blue path
denotes conditions where Vg, is fast relative to surface di usion. (b) SEM images of Au  Pd nanocrystals achieved by the synthetic strategy depicted in
(a) and based on coreduction of Au and Pd precursors with L-aa in an aqueous solution of CTAB at di erent reaction pHs. Adapted with permission

from ref 29. Copyright 2020 American Chemical Society.

deposition, the form of the deposition can be controlled by the
rate of metal deposition, asillustrated in Figure 2, as a function of
reaction pH. Indeed, as shown in Figure 6, metal deposition
occurs preferentially at the tips of the 8 branches, with the form
of the metal deposition adopting octahedra at low pH (slow
deposition rate) and multiple branches all proceeding in 111
directions at higher pH (fast deposition rate). These new
nanocrystals can then serve as second-generation “G,” seeds for
an additional round of overgrowth, with even more hierarchical
structures being accessed (Figure 6). We anticipate the
principles of kinetically controlled sequential seeded growth to
be general to other material systems, opening up pathways to
achieve structurally complex crystal with precision.

INCREASING COMPOSITIONAL COMPLEXITY
DURING SEEDED CRYSTAL GROWTH

Thus far, the examples discussed all use similar chemistry:
coreduction of Au and Pd salts with L-aa in the presence of Au or
Pd seeds and the aqueous CTAB system. The resulting AuPd
nanocrystals display interesting plasmonic and photothermal
properties on account of their shape and composition,* =2 but
other compositions are desirable for di erent applications. For
example, Pt-based alloys are attractive for catalysis.** In this
regard, the aqueous CTAB system is limiting as only a handful of
metal salts can be reduced at similar rates with L-aa in the same
pH window, and many metals are too susceptible to oxidation
after nanoparticle formation under these conditions.**** Thus,
we sought to demonstrate the versatility of seed-mediated
coreduction in oleylamine-based systems, another common
reaction medium for metal nanoparticles.*®

In particular, we were interested in depositing PtM (where M
= Cu, Ni, Fe, and Co) shells on intermetallic nanoparticle seeds
to create core@shell nanoparticles for electrocatalytic applica-
tions given the promise of PtM nanoparticles for the oxygen
reduction reaction, along with other processes.*’ The
intermetallic cores were selected to impart durability to the
alloy shells, i.e., stabilize the shell metals against oxidation and
dissolution, by ordering the atoms at the core@shell interface to
enhance the binding between the core and shell materials.*® The
alloy shells were also strained by the lattice mismatch between
the core and shell materials to modify catalytic perform-
ance.®® “% We recently reviewed this work,** but as we would
like to emphasize here, the quasi-spherical morphology of the

intermetallic seeds was transferred to the nal nanoparticles with
random alloy surfaces. Shown in Figure 7 is characterization of
core@shell intermetallic PACu@PtCu random alloy nano-
particles prepared by coreducing platinum bromide (PtBr,)
and copper acetylacetonate (Cu(acac),) under an inert
atmosphere with 1,2-hexadecanediol in a heated mixture of
oleylamine, 1-octadecene, and PdCu seeds, illustrating this
point.> The composition of the shell surface could be tuned

Figure 7. TEM images at (2) low and (b) high magni cation of core@
shell PACu@PtCu nanoparticles consisting of intermetallic cores and
random alloy shells. (c) Spherical aberration (C,)-corrected STEM
image of an individual nanoparticle showing the coherent interface
between the core and shell compositions. (d) STEM image of ve
core@shell PdCu@PtCu nanoparticles and corresponding elemental
mapping by STEM-EDS, where red corresponds to Pd, green
corresponds to Cu, and yellow corresponds to Pt. Reproduced with
permission from ref 40. Copyright 2017 American Chemical Society.
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Figure 8. (a) SEM images of Au Pd nanocrystals produced as a function of precursor concentration (where 1 4 correspondsto10 L,25 L,50 L,
and 100 L, respectively, of 10 M H,PdCl, and 1 mM HAuCI,) and bromide concentration (where A D corresponds to 400 mol of CTAB, 200

mol of CTAB and 200 mol of NaBr, 200 mol of CTAB and 400 mol of NaBr, and 200 mol of CTAB and 600 mol of NaBr, respectively). (b)
STEM-EDS elemental mapping of Au Pd nanocrystals shown in 2A, 2C, 4A, and 4C; red indicates Pd and yellow indicates Au. Adapted with

permission from ref 27. Copyright 2017 American Chemical Society.”’

readily by changing the precursor identity and ratio for
optimized catalytic performance.*

We also anticipate that shape-controlled nanoparticles (e.g.,
nanocubes, octahedra, etc.) with this level of compositional
versatility and complexity can be accessed by seed-mediated
coreduction, where the shape and initial symmetry of the seeds
can be transferred to the nal nanocrystals. This assertion is
based on our report of intermetallic PdACu@PtCu random alloy
nanocubes in the previously described oleylamine-based system;
however, such shape control was achieved by judicious addition
of capping agents (triphenylphosphine) during the seed-
mediated coreduction process not the selection of shape-
controlled seeds.*” We note that there are fewer reports of high-
quality shape-controlled metal nanoparticles prepared in this or
closely related solvent systems, necessitating that seeds prepared
in aqueous media be transferred into the organic phase to test
this hypothesis.**** Fewer reports of shape-controlled metal
nanoparticles in this system compared to others likely has to do
with the combination of capping agents used and high reaction
temperatures (200 300 °C). That is, the capping agents
commonly employed may be less discerning between di erent
crystal facets than those used in water, while the high reaction
temperatures promote adatom di usion and more thermody-
namically favored crystal shapes. Thus, while tuning between
cubic and octahedral shapes is likely feasible, particularly when
templated by shape-controlled seeds, access to a suite of kinetic
structures (e.g., concave nanoparticles) across a diversity of
compositions will require synthetic innovations to limit rapid
adatom di usion.

SYMMETRY REDUCTION IN SEEDED
NANOCRYSTAL GROWTH

A central theme of this Account is the ability to achieve high-
quality nanocrystals with compositional and structural complex-
ity on account of transfer of symmetry during seeded growth. A
useful development would be the ability to start with high-
symmetry seeds and reduce nanoparticle symmetry during
overgrowth in a controlled manner.***® This ability would
provide new properties on account of the novel shapes that
could be accessed.”*® This ability has been studied by a number

of groups. For example, Xia and co-workers reported dimeric
Ag Pd nanobars and nonconcentric core@shell Ag Pd
nanocubes when the rate of Ag adatom deposition on Pd
nanocubes was slow.*® The nanobars mark a break in symmetry
from the seeds with O, symmetry, while the nonconcentric
core@shell Ag Pd nanocubes do once composition is
considered. As they explained, the concentration of Ag growth
species was too low to achieve nucleation on all faces of the
nanocubes, leading to nucleation of only one Ag island per seed
at low supersaturation and three islands per seed at moderate
supersaturation.

We also found that controlled symmetry reduction was
possible in seeded overgrowth. Like the work by Xia and co-
workers, supersaturation played a critical role, but we also
systematically studied the e ect of capping agents in symmetry
reduction. In our study, Pd nanocubes were used as seeds for
deposition of Au-rich AuPd domains, where HAuCI, and
H,PdCl, were coreduced at 25 °C using L-aa in the agueous
CTAB system to which additional bromide was added.”’ The
e ect of metal precursor concentration and bromide concen-
tration was studied, where bromide is a capping agent for {100}
facets in this system. Microscopy characterization of the
products shown in Figure 8 reveals that only a few vertices per
cubic seed support metal deposition at low supersaturation, and
the number of vertices with metal deposition increases with
supersaturation. This regioselective deposition, however, was
only strongly evident with a high concentration of bromide,
which blocked deposition from the seed faces. Di erences in
capping may account (at least in part) for why deposition may
occur preferentially on seed vertices in one system and seed faces
in another, but additional experiments are required.

CONCLUSIONS AND OUTLOOK

Seeded methods are a premier pathway to metal nanocrystals
with compositional and structural complexity, providing a
preferential platform for the deposition and growth of new
phases with size and shape control and even with some degree of
regioselectivity. Much of the utility stems from predictable
transfer of symmetry during seeded overgrowth and the ability
to control the expressed shape through known kinetic levers. We
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used our research with metal nanocrystals to illustrate these
points, but the same concepts are evident, if not as systematically
studied, for other material classes. Still, we are far from realizing
the “Materials by Design” framework for nanoscale materials
even within the context of seeded methods.>® To achieve this
vision, additional research into controlled symmetry reduction
and heterostructure formation is needed.

Considering symmetry reduction during seeded overgrowth,
the intrinsic heterogeneity of nanoparticle seeds likely
contributes to the observed regioselectivity at low super-
saturation. Considering nanocubic seeds as an example, the
vertices of these seeds are not atomically precise even in the
most monodisperse samples and display di erent degrees of
curvature.>* These di erences between vertices give di erent
barriers to metal deposition.** Still, these di erent barriers to
metal deposition are likely quite small, so methods that could
amplify the di erences may be useful. With this point in mind,
exploiting crystallographically di erent features of seeds may
0 er more opportunities. For example, right bipyramidal seeds
have crystallographically inequivalent vertices (axial versus
equatorial, the latter of which contains the twin plane). The
barriers to deposition at these inequivalent vertices will be
di erent. As we found, this di erence led to metal deposition
preferentiallz at only equatorial positions at low supersaturation
(Figure 5).%" However, this regioselective deposition was not
accompanied by a change in overall particle symmetry, but
selection of appropriate seeds with crystallographically
inequivalent features coupled with selective deposition con-
ditions and capping agents could achieve this objective.

As the roles of seed symmetry and deposition kinetics in
determining the nal nanocrystal shape hold across material
classes, the prospects of precisely integrating di erent types of
materials into one nanocrystal heterostructure are high. There
are already eloquent examples of metal semiconductor
heterostructures of various forms, for example.®*>® Now,
frontiers in seeded growth include facet control within di erent
material domains, interface engineering, and 3-D placement of
di erent materials within a given nanocrystal. Such new
multicomponent nanocrystals could then serve as templates in
chemoselective transformations (e.g., ion exchange and galvanic
replacement) to increase chemical complexity.>>*>° Establish-
ing general routes to achieve these various objectives would truly
establish seeded methods as a predictable route to novel
nanomaterials, where shape-controlled seeds provide a versatile
platform for symmetry-guided overgrowth.
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