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ABSTRACT Branched nanocrystals display interesting optical and catalytic Ay

properties on account of their high surface areas and tips with small radii of
curvatures. However, many synthetic routes toward branched nanocrystals result
in inhomogeneous samples on account of asymmetric branching. Seed-mediated
coreduction is a recently developed route to symmetrically branched nanocrystals

where the symmetry of the seeds is transferred to the final stellated morphologies.

Here, general guidelines to stellated nanocrystals are outlined by surveying
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coreduction of Au and Pd precursors in the presence of a variety of shape-controlled Au seeds to achieve Au/Pd nanostructures. Single-crystalline, twinned,

and anisotropic seeds were analyzed to expand the classes of stellated nanostructures synthetically accessible. Significantly, single-crystalline Au seeds

adopt {100} -terminated intermediates prior to branching, regardless of initial seed shape. We compared these results with those obtained with shape-

controlled Pd seeds, and seed composition was identified as an important synthetic parameter, with Pd seeds being more resistant to shape changes during

overgrowth. This difference is attributed to the greater diffusion rate of Au atoms on Au seeds compared to Au atoms on Pd seeds. These results provide

guidelines for the seeded synthesis of symmetrically branched nanocrystals and architecturally defined bimetallic nanostructures in general.
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etal nanostructures are of interest

due to their unique properties that

depend on crystallite size, shape,
and composition.' > Recently, this interest
has extended to bimetallic nanostructures
on account of their nanoscale properties,
which arise not just from structural para-
meters such as size and shape but also on
the nature of the bimetallic distribution
itself.5~'2 Such structures are promising multi-
functional platforms;'®> however, routes to
bimetallic nanomaterials where their struc-
ture and composition are precisely con-
trolled are needed. As one example, seed-
mediated coreduction (SMCR) was demon-
strated as a route to symmetrically branched
Au/Pd nanostructures, where the stellated
Au-based profile provides a well-defined
localized surface plasmon resonance (LSPR)
despite the incorporation of the poor plas-
monic metal Pd." Through such architectural
design, the optical properties of nanoscale
Au are integrated with the chemical proper-
ties of nanoscale Pd."> In SMCR, two metal
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precursors are coreduced to deposit two
metals onto shape-controlled metal seeds.
This technique addresses the challenges of
traditional coreduction routes to bimetallic
nanostructures by coupling them with the
advantages of seed-mediated methods.
Expansion of the classes of bimetallic nano-
crystals (NCs) synthesized by SMCR will pro-
vide greater understanding of the nanoscale
properties that emerge from coupling nano-
architecture with composition;'*~"” how-
ever, questions remain that preclude broad
application of SMCR. Thus, this manuscript
reports guidelines for the design of multi-
functional branched NCs synthesized by
SMCR.

Previously, using shape-controlled Au or
Pd NCs as seeds, symmetrically branched
Au/Pd NCs were synthesized by SMCR.'®
These particles display interesting optical'®
and catalytic properties.'® From initial stud-
ies of SMCR with Au seeds, determining
the symmetry relationships between the
Au seeds and the final branched NCs was
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difficult. This challenge arose because Au deposits
predominantly first onto the Au seeds. To better under-
stand these symmetry relationships, coreduction of Au
and Pd precursors was performed in the presence of Pd
seeds. The Pd seeds serve as transmission electron
microscopy (TEM)-labels analogous to fluorophore
labeling in confocal microscopy.?® Scanning transmis-
sion electron microscopy (STEM) coupled with energy
dispersive X-ray spectroscopy (EDX) for elemental
mapping was implemented to correlate seed structure
to the symmetry of the branched overgrowth. Studies
with various shape-controlled Pd NCs concluded
that overgrowth initiates preferentially at features of
highest energy, such as seed vertices, with branches
extending in (111) directions in the absence of twin
planes. For example, coreduction of Au and Pd pre-
cursors in the presence of octahedral Pd seeds pro-
duced four branches on each vertex, resulting in
24-branched particles with Oy, symmetry.?'

However, the assumption that growth occurs pri-
marily at features of highest energy is likely oversim-
plified due to factors such as surface diffusion rates and
seed crystallinity, and these factors could be inter-
twined. This complexity is evident from comparing
results obtained with similarly shaped seeds of differ-
ent compositions. For example, when Au and Pd
precursors are coreduced to deposit metal onto qua-
si-octahedral Au seeds, 8-branched octopodal struc-
tures with O, symmetry form, whereas 24-branched
particles with O, symmetry form from octahedral
Pd seeds as previously described.”' Yet when either
Au (this manuscript) or Pd nanocubes®' are used as
seeds, octopods with Oy, symmetry form.

In this manuscript, experiments are presented which
elucidate the roles of seed shape and composition in
the synthesis of branched NCs by SMCR. In particular,
Au seeds adopt new shapes prior to branch growth
more facilely than Pd seeds during SMCR due to dif-
ferences in surface diffusion rates of deposited metal
on seeds with different compositions. Although the
instability of Au seeds could limit the branching pat-
terns accessible via SMCR, expanding the seed shapes
used with SMCR provides access to new stellated
structures. Together, these results provide guidelines
toward the synthesis of new branched and bimetallic
NCs via SMCR and seeded methods in general.

RESULTS AND DISCUSSION

To determine the roles of seed shape and composition,
Au and Pd single-crystalline, anisotropic, and twinned
shape-controlled NCs were systematically used as seeds
with SMCR in a model Au—Pd system. The structural
differences between branched overgrowth on Au and Pd
seeds were than compared to determine the symmetry
relationships between seeds and final branched struc-
tures and to establish general guidelines for applying
SMCR toward the synthesis of new nanostructures.
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Coreduction with Au and Pd Cubes, Octahedra and Rhombic
Dodecahedra as Seeds. To evaluate the possibility for
differences in adatom diffusion rates on seeds with
different compositions, SMCR of Au and Pd precursors
was performed in the presence of either Au or Pd
single-crystalline NCs. As Au atoms deposit primarily
first onto seeds during SMCR, the surface diffusion rates
of Au adatoms should differ depending on whether Au
or Pd seeds are being used.?? These differences could
account for the different branched structures obtained
with quasi-octahedral Au seeds compared to Pd octa-
hedra. Typically, self-diffusion is more rapid due to
lattice and electronic match.?® Thus, Au adatoms would
diffuse more rapidly on Au seeds than on Pd seeds and
adopt new shapes more facilely. Single-crystalline seed
shapes analyzed include: {100}-terminated nanocubes,
{110}-terminated rhombic dodecahedra, and {111}-
terminated octahedra. For face-centered cubic (FCC)
metals such as Au and Pd, {111}, {100} and {110}
are the lowest energy facets and thus most stable.’
Therefore, these seeds were chosen to survey the
most commonly encountered shapes in Au and Pd
NC systems and establish the symmetry relationships
between NC seeds and branched NCs after SMCR.

Coreduction of Au and Pd precursors to deposit
metal onto Au nanocubes®* resulted in 8-branched
Oy, structures (Figure 1A, B). From STEM-EDX and TEM
analysis, Au (shown in yellow in EDX mapping) was
found to deposit primarily on the octahedral Au seeds,
followed by branched overgrowth. Pd (shown in red in
EDX mapping) predominates on the surfaces of struc-
tures and at branch tips (Figure STA—D, Supporting
Information). Coreduction of Au and Pd precursors
to deposit metal onto cubic Pd seeds was previously
reported®’ and also resulted in octopodal structures
with O, symmetry conserved. In the previous report,
elemental mapping revealed that the cubic Pd seeds
were intact and do not undergo structural changes
during overgrowth.?' Au deposits primarily first fol-
lowed by Pd localization at the tips and on the exterior
of the particles. In both cases, electron diffraction
verifies that one branch grows off each vertex of the
cubes and extends in a (111) direction because when
the particle is oriented with four branches toward a
surface, the [100] zone axis is displayed and [111] is dis-
played when looking down one branch (Figure S1E, F,
Supporting Information). Comparisons of Au and Pd
seeds indicate the branched growth initiates at seed
vertices, resulting in 8-branched octopods.

Coreduction of Au and Pd precursors to deposit
metal onto similarly sized Au and Pd octahedra'*?'
was also performed. From octahedral Au seeds,
8-branched Au/Pd octopods with Oy, symmetry formed
(Figure 1C, D). These structures are similar to those
obtained from either quasi-octahedral Au or cubic
Au seeds, where electron diffraction indicated that
the branches grow in {(111) directions. However, slight
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Figure 1. (A) SEM of cubic Au seeds. (B) SEM of Au/Pd octopods from cubic Au seeds. (C) SEM of octahedral Au seeds. (D) SEM
of Au/Pd octopods from octahedral Au seeds. (E) SEM of rhombic dodecahedral Au seeds. (F) SEM of Au/Pd octopods from
rhombic dodecahedral Au seeds. (G) STEM on an individual octopod built from a rhombic dodecahedral Au seed. (H—J)
STEM-EDX elemental mapping of corresponding octopod where Au is represented by yellow and Pd is red; (H) is an overlay of
Au and Pd signals, shown separately in (I) and (J). (K,L) TEM and corresponding electron diffraction of Au/Pd octopod from
rhombic dodecahedral Au seeds.

differences in branch length and tip thickness are
evident and likely arise from differences in seeds sizes
(and thus surface area for metal deposition) from
one shape to the next. STEM-EDX and TEM analysis
indicates that Pd concentrates on the tips of the
nanostructures and Au localizes in the interior of the
particles due to the Au precursor reducing primarily
first followed by Pd deposition. Au from the octahedral
seed and Au from the overgrowth are indistinguish-
able. Therefore, determining where the branches in-
itiate relative to the seed is difficult, but clearly the
number of branches is inconsistent with the number of
vertices of the octahedral seeds (8 branches versus
6 vertices). Interestingly, previous work found that
octahedral Pd seeds yielded a more complex branch-
ing pattern.2’ After coreduction of Au and Pd precur-
sors to deposit metal onto octahedral Pd seeds, the
NCs have 24 branches and O,, symmetry conserved
from the octahedral seed. The final morphology of
the particle was determined from scanning electron
microcopy (SEM) tilt studies, which revealed that four
branches grow off of each vertex in (111) directions.
Similar to the octahedral Au seeds, Au deposited
primarily first and Pd localized on the exterior of the
particles and at branch tips.

These results suggest that Au seeds can adopt new
shapes during SMCR before branch growth, where
the Au octahedra may adopt a cubic profile during
overgrowth, prior to branch formation. In fact, we
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previously speculated the formation of cubic inter-
mediates from quasi-octahedral seeds but were
unable to trap the structure.'® However, by using
bis(p-sulfonatophenyl)phenylphosphine dihydrate di-
potassium (BSPP) salt to quench the overgrowth pro-
cess, products can be isolated for characterization with
greater time resolution.?® In some syntheses, BSPP was
used to manipulate reaction conditions. For example,
BSPP can coordinate to Ag™, facilitating a change in
the amount of metal available for growth and in turn
the aspect ratio of the nanoplates.?® Thus, to ensure
that BSPP is not responsible for changes in seed
and nanocrystal shapes in our experiments, BSPP was
added to an aqueous solution containing Au octahe-
dral seeds. First, Au octahedra were added to 25 mL
of water (in place of the typical growth solution).
An aliquot of this seed solution was then added to
BSPP solution, just as reaction aliquots were treated.
After collection, no differences in morphology were
observed when comparing the initial and final octahe-
dra (Figure S2, Supporting Information). The results
from this control experiment, along with preservation
of anticipated product shape with BSPP addition,
validate the use of BSPP to quench the SMCR process.
In Figure 2A—D are SEM images of the octahedral
seeds and structures present at 1, 2, and 3 min
following the addition of seeds. Interestingly, at 3 min,
cubic intermediates were captured. The growth
solution contains a high concentration of Br~ from
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cetyltrimethylammonium bromide (CTAB), which
is known to stabilize {100} facets of FCC metals.2
Other halide impurities, such as I are often present
in CTAB and can contribute to morphology develop-
ment. However, previous studies decoupled the roles
of, CI”, Br~, and I~ to morphology development in this
system, with the octopodal morphology preserved
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Figure 2. (A—D) SEM images of product produced as a
function of time with octahedral Au seeds: (A) 0 min, (B)
1 min, (C) 2 min, and (D) 3 min after seed addition. (E) STEM
of an individual particle, (F) STEM-EDX elemental mapping
of particle in (E) where yellow is Au, (G) TEM of an individual
particle, and (H) EDX spectrum of the particle in (E). Signals
from Cu, Fe, Co, and C are from the TEM grid/sample holder.
No Pd peak is observed.

at low concentrations I~ and Br—.*” Hence, a {100}-
terminated cube would be a favored intermediate in
this system, although octopods are also obtained in the
absence of Br—."® In general, overgrowth of Au seeds
has led to a variety of shape-controlled Au NCs.2*~>
Thus, octahedral Au seeds transform in the earliest
stages of SMCR to adopt a cubic structure before
branch formation, as summarized by Scheme 1. Anal-
ysis with STEM-EDX confirmed that this intermediate
was Au and no Pd signal above background was re-
corded, indicating that the octahedral seeds transform
into cubes prior to branch growth. In contrast, Pd
octahedra do not adopt a cubic intermediate during
SMCR, and this distinction explains the different
branching patterns obtained with Au and Pd octahe-
dral seeds.

Differences in surface diffusion rates for the Au
adatoms likely account for why Au seeds can adopt
different shapes prior to branching and Pd seeds do
not. The impact of diffusion rates on NC morphology
development has been noted before.'®*273* For
example, Xia et al. examined the impact of diffusion
rates on the final morphology of Pd NCs prepared
by a seeded method.> In particular, Pd precursor was
injected into a solution containing 15 nm Pd nano-
cubes as seeds. At low temperature (0 °C), Pd nucleated
at the vertices of the cubes and growth occurred only
in (111) directions due to slow diffusion at low tem-
perature. At high temperature (75 °C), cuboctahedral
NCs formed due to diffusion and growth in the (100)
and (110) directions. Thus, by adjusting diffusion rates,
the final morphologies of the NCs could be controlled.

Considering the case of SMCR with Au seeds, this
process can be represented by considering the diffu-
sion of Au atoms on a Au surface.? In contrast, the case
of SMCR with Pd seeds is represented by considering
the diffusion of Au atoms on a Pd surface. Because of
differences in lattice spacing and electronic structure,
Au diffusion on Pd can be inferred to be slower than
Au self-diffusion.3®?2 Thus, differences in diffusion
rates are likely part of the explanation for why seeds
of different compositions adopt different structures
during overgrowth, ultimately resulting in differences
in branched overgrowth.

With these diffusion properties in mind, a control
study was conducted to manipulate diffusion of Au
atoms on Pd seeds. In order to increase diffusion of Au
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Scheme 1. A schematic describing the deposition of Au adatoms and subsequent diffusion on Au single-crystalline seeds
from octahedra into cubes.
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Figure 3. (A) SEM of octahedral Pd seeds. (B) SEM of Au/Pd
octopods obtained via SMCR at 40 °C with octahedral Pd
seeds. (C) STEM on an individual octopod, oriented with four
branches in the plane, two out of the plane and two back
into the plane (see model in part B). (D—F) STEM-EDX
elemental mapping of the octopod where Au is represented
by yellow and Pd is red; (D) is an overlay of Pd and Au
signals, shown separately in (E) and (F). (G—L) Characteriza-
tion of the product formation at 10 s after injection of Pd
seeds. (G) TEM on core@shell Pd octahedra@Au cubic seeds.
(H) STEM of the same seeds, where the octahedral core is
evident. A dashed line box indicates a particle where the
octahedral core is especially evident. The section mapped in
(I-L) is indicated by a solid yellow box. (I-L) STEM-EDX
elemental mapping of the NCs in (I) where Au is represented
by yellow and Pd is red; (J) is an overlay of Pd and Au signals,
shown separately in (K) and (L).

atoms on Pd seeds and induce a change in seed
shape, SMCR with octahedral Pd seeds was performed
at a higher temperature than the typical coreduction
process. From 30 to 50 °C (the highest temperature
studied), octopods were produced rather than the
24-branched NCs previously reported at room tem-
perature (Figure S3, Supporting Information, row 1).
Figure 3A—F shows SEM and STEM-EDX analysis of the
resulting octopodal NCs synthesized at 40 °C. This
structure is consistent with what is typically observed
after SMCR with octahedral Au seeds and likely arises
from Au adatoms diffusing on the octahedral Pd sur-
face to adopt a cubic intermediate prior to branched
overgrowth. To test this hypothesis, BSPP was used to
quench the reaction in the earliest stages of over-
growth. As anticipated by the symmetry of the final
product, nanostructures with cubic Au shells and
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octahedral Pd interiors were trapped as intermediates
at ~10 s after Pd seed injection into growth solution at
40 °C. Figure 3G-H shows TEM and STEM/EDX analysis
of the cubic intermediate with core@shell morphology.

Itis important to note that by manipulating reaction
temperature, the absorption strength of surfactants
is manipulated as is the rate of precursor reduction.
These system changes may also account for the differ-
ences between the room temperature and 40 °C
experiments. Thus, to better understand the influence
of temperature on morphology development, SMCR
was performed at 30, 40, and 50 °C with Au octahedra
as seeds for comparison; the results are the same as the
typical room temperature synthesis with Au octahedra,
with 8-branched octopods with O symmetry pro-
duced (Figure S3, Supporting Information, row 2).
Although branched NCs are kinetic structural products,
the formation of branches in all cases indicates that the
changes in reaction rate with temperature do not
perturb the overgrowth process substantially. Rather,
small changes in temperature likely have a more
substantial effect on the migration of atoms on the
surface (which may or may not be mediated by the
change in binding strength of the surfactants). This
effect, in addition to facilitating changes in seed shape
prior to branch growth, may account for the observed
rounding of octopodal features and slight loss in
sample uniformity at elevated temperatures. Comple-
mentary experiments below room temperature were
also attempted. However, no conclusions could be
drawn from these experiments due to the decrease
in CTAB solubility. In addition to these temperature
studies, Pd octahedra were heated at 40 °C overnight
in either cetyltrimethylammonium chloride (CTAC)/
NaBr or water; they maintained their octahedral shape
after heating. Thus, the different morphology at 40 °C
with octahedral Pd seeds cannot be accounted for by
aging alone but rather the formation of cubic inter-
mediates prior to branching via restructuring and/or
overgrowth.

The formation of octopods at elevated tempera-
tures supports the hypothesis that Pd cores maintain
their shape during room-temperature SMCR due to
lower surface diffusion rates of Au atoms on Pd sur-
faces compared to Au surfaces. To further test this
hypothesis, SMCR with Au rhombic dodecahedra,
synthesized from a literature protocol,*® was exam-
ined. On the basis of results with Au octahedra and
cubes as seeds, we hypothesized that octopods would
form on account of cubic intermediate formation dur-
ing overgrowth. Indeed, SEM, STEM, EDX, and electron
diffraction analysis (Figure 1E—L) of the product sup-
port this hypothesis, with particles nearly identical
to the Au/Pd octopods obtained with Au cubes and
octahedra being produced. Electron diffraction con-
firmed that the branches grow in (111) directions.
Still, even with the anticipated product obtained, this
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Figure 4. (A) TEM image of Pd rhombic dodecahedron (top
inset: electron diffraction of the same particle). (B) SEM
image of Au/Pd octopods from Pd rhombic dodecahedra.
(C) STEM on an individual octopod built from a rhombic
dodecahedral seed. (D—F) STEM-EDX elemental mapping of
the octopod where Au is represented by yellow and Pd is
red; (D) is an overlay of Au and Pd signals, shown separately
in (E) and (F). (G—J) STEM tilt series of a Au/Pd octopod built
from a Pd rhombic dodecahedron to reveal the structural
relationship between the seed vertices and nanocrystal
branches.

analysis is qualitative given the challenges associated
with directly measuring diffusion on NCs and surfaces.
Traditional methods require ultrahigh vacuum condi-
tions, which would significantly deviate from our reaction
conditions.” In situ TEM methods under development
may provide an opportunity to observe this effect and
quantify its contribution to morphology development®

To contrast the deposition of Au/Pd onto rhombic
dodecahedral Au seeds, SMCR was also performed
with Pd rhombic dodecahedra as seeds. Figure 4A
shows a TEM image of a typical Pd rhombic dodecahe-
dron prepared by literature protocol.3® The corre-
sponding electron diffraction pattern (top right inset
of Figure 4A) indicates that the particle is oriented in
the [110] direction from the electron beam as shown in
the model in the bottom right of Figure 4A. After SMCR,
SEM images (Figure 4B) of the resultant branched
structures reveal that the branching symmetry is the
same as the Au-seed analogue, but the branches are
much wider at the base than such octopodal samples
(e.g., Figure 1F).

Characterization by STEM (Figure 4C) indicates
that the rhombic dodecahedral Pd seeds remain intact
after SMCR. The two-dimensional (2-D) projection of
this particle oriented along the [100] zone axis, con-
firmed by electron diffraction, is shown in Figure S4A,B
(Supporting Information). This particle was also charac-
terized by STEM-EDX elemental mapping (Figure 4D—F).
On first examination, the shape of the Pd seed may
appear cubic from the STEM image (Figure 4C); how-
ever, itis simply the rhombic dodecahedron lying on the
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substrate so that a vertex is oriented in the [100] zone
axis. This orientation is depicted in Figure S2C—F
(Supporting Information). This assignment is supported
by the Pd map (Figure 4F), which reveals that the
exterior of this seed is less enhanced with Pd compared
to the interior. Additional STEM imaging provides cor-
roborating evidence of a rhombic dodecahedral Pd
interior with the hexagonal interior of an octopod
oriented with two branches pointed away from the
substrate, roughly the [110] orientation (Figure S4G,
Supporting Information). The shape of the 2-D projec-
tion of the Pd seed in the STEM image is indicative of
a rhombic dodecahedral interior and is not observed
with octopods built from Pd nanocubes.?'

One may expect more than eight branches from a
rhombic dodecahedral Pd seed due to its 14 vertices.
However, further investigations indicate that the
branched overgrowth on Pd rhombic dodecahedra
seeds is similar to what has been observed with other
single-crystalline seeds. Rhombic dodecahedra have
six vertices along (100) directions and eight vertices
along (111) directions. These different vertices are
denoted herein as V,o9 and V4, respectively. To under-
stand the overgrowth at the vertices, TEM and STEM
images were acquired as a particle was tilted 30 de-
grees. This tilt series is reconstructed into a short movie,
which is included in Video S1 (Supporting Information).
Figure 4G—J shows 4 stills from the STEM tilt series
which indicate that eight branches grow, one from each
of the eight V4, along (111) directions of the rhombic
dodecahedra. These results parallel those from Pd
nanocubic seeds which yielded octopods, with one
branch emerging from each V;;; of a cube.?' However,
Pd rhombic dodecahedra also have six Vo9 Which are
maintained during SMCR. Growth in the (111) direc-
tions (along the edges of rhombic dodecahedral seeds)
from one V;40 would result in four branches, similar to
growth of branches from the V;oq of Pd octahedra.?’
Thus, additional growth from the V;o, accounts for
the enhanced branch thickness at the bases of these
structures compared to octopods built from nano-
cubes. A summary scheme is provided as Figure S5
(Supporting Information).

This model of overgrowth is further supported by
a study in which less metal was deposited onto the
rhombic dodecahedral Pd seeds to reveal preferential
sites for deposition before substantial branched over-
growth. As shown in Figure S6A—C (Supporting
Information), NCs with more than eight branches are
evident. In many cases, the particles orient with four
branches toward the imaging substrate and four
branches away from the imaging substrate. Additional
overgrowth protrudes between each set of four
branches but has yet to elongate. The orientation of
these protrusions is better understood from the STEM
imaging (Figure S6D,E, Supporting Information) in
which the rhombic dodecahedral Pd seed is visible
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Figure 5. (A) SEM of short Au rod seeds. Inset: TEM. (B) SEM
of Au/Pd octorods obtained from the seeds in (A). (C) STEM
on an individual octorod. (D—F) STEM-EDX elemental map-
ping of an octorod where Au is represented by yellow and
Pd is red; (F) is an overlay of Au and Pd signals, shown
separately in (E) and (F). (GH) TEM and corresponding
electron diffraction.

and oriented as in the top of Figure S5 (Supporting
Information). The eight dominant branches originate
from the eight V,,,, whereas the six protrusions corre-
spond to overgrowth originating from the six Vg,
which have yet to elongate or fuse with the eight
dominant branches as suggested by Figure S5
(Supporting Information).

Coreduction with Anisotropic Seeds: The Case of Au Nanorods.
In order to test whether or not single-crystalline Au
seeds adopt {100}-terminated intermediates prior to
branched growth more generally and to expand the
symmetry classes of bimetallic nanostructures synthe-
sized by SMCR, Au and Pd precursors were also cor-
educed to deposit metal onto short (43 £ 5 nm, aspect
ratio ~2.3) and long (62 4+ 7 nm, aspect ratio ~4.4) Au
nanorods. These nanorods were synthesized from
literature protocols,*®*! are single-crystalline, and re-
ported to be {250}-terminated. On the basis of the
emerging guidelines, 8-branched nanoparticles with
D4n symmetry were anticipated. As shown in Figure 5,
8-branched NCs form that have D, symmetry, consis-
tent with the elongated axis of the nanorod seed. From
electron diffraction, branched growth was found to
occurin{111) directions, similar to structures built from
isotropic seeds. STEM-EDX and elemental mapping show
that Au deposits primarily first onto the Au (shown in
yellow) nanorods and Pd (shown in red) is localized at
the tips. They are structurally similar to Au/Pd octopods,
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just elongated in the longitudinal direction. Huang et al.
previously synthesized these structures via similar cor-
eduction methods in the presence of Au nanorods."
SMCR with longer single-crystalline nanorods as seeds
resulted in elongated octorods with similar morphology,
which was confirmed by STEM-EDX and SEM (Figure S7,
Supporting Information).

Interestingly, these results are similar to those
previously obtained when Pd nanobars were used as
seeds with SMCR.2" Specifically, from {100}-terminated
Pd nanobars, 8-branched Au/Pd bowties with Dy,
symmetry were obtained. Elemental analysis by STEM-
EDX of these structures revealed that one branch
emerges per each vertex of the seed and proceed in
(111) directions. The similarities between products
obtained with Au nanorod seeds and Pd nanobars
support the hypothesis that the {250}-terminated Au
nanorods adopt {100}-terminated intermediates prior
to branched growth. These results are also consistent
with the results obtained with isotropic single-crystalline
Au NC seeds, which yielded 8-branched NCs upon
SMCR.

Finally, as Au nanorods are synthesized in the
presence of a small amount of Ag*, which remains
adsorbed to their surfaces,** a control experiment of
SMCR on Au concave cubes was performed to evaluate
if Ag™ could contribute to the final morphologies. The
hypothesis is that single-crystalline Au seeds generate
Au/Pd octopods upon coreduction. Thus, if Ag* has no
effect on final morphology, then octopods should be
the product. Au and Pd precursors were coreduced
to deposit metal onto single-crystalline Au concave
cubes;*® the result was octopods (Figure S11, Support-
ing Information). These results support that small con-
centrations of Ag" on the surface of the Au cores
do not affect the final morphology of the branched
product; however, the unavailability of other single-
crystalline Au seeds prepared in the presence of Ag™
precludes a full examination of this parameter.

Coreduction with Twinned NC Seeds. These studies find
that when building NCs from single-crystalline Au seeds
via SMCR, a limited number of branch symmetries are
accessible because diffusion drives single-crystalline
Au seeds to adopt {100}-terminated intermediates.
Switching to Pd seeds provides new branching patterns
as the selected seed shape is preserved until branched
growth initiates. However, depending on the intended
use of the NCs, a Pd interior may not be preferred.?'
Thus, we sought to expand the classes of branched
nanostructures though the use of seeds with twin
planes and thus different shapes. Previously, Au and
Pd precursors were coreduced to deposit metal onto
{100}-terminated Pd right bipyramids, which contain
a (111) twin plane, and 5-branched pentapods with
Dsp, symmetry are the major product.?’ In this case, two
axial branches proceed along (111) directions and three
equatorial branches proceed along (112) directions,
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Figure 6. (A) TEM of penta-twinned Au bipyramid seeds. (B)
SEM of Au/Pd branched NCs built from seeds shown in (A).
(C) STEM of an individual NC. (D—F) STEM-EDX elemental
mapping of an NC where Au is represented by yellow and
Pd is red, (D) is an overlay of Au and Pd signals, shown
separately in (E) and (F). (GH) TEM and corresponding
electron diffraction.

with the twin plane from the right bipyramidal seeds
conserved within the equatorial branches. However,
SMCR has not been applied to shape-controlled Au
seeds containing twin panes but may yield new branch-
ing patterns.

For example, pentagonally twinned Au bipyramids
were used as seeds for the synthesis of Au/Pd nano-
structures by SMCR. It was hypothesized that five
branches would grow from each end of a bipyramid
due to the penta-twinned nature of the seeds; however,
only two or three branches were found to grow off each
end of the bipyramid. Moreover, no branches emerged
from the obtuse vertices around the center of the
bipyramids, likely due to their large angle (Figure 6).
Electron diffraction displayed five overlapping patterns
instead of one due to the penta-twinned nature of the
cores and orientation of the particles relative to the
electron beam. Thus, assignment of the branch direc-
tions was challenging, and a back of the envelope
calculation was used to assist in assignment. That is,
the twin plane through the center of the particle is (110)
and that plane is bisected at a 90° angle by each of the
longitudinal penta-twinned planes. From a TEM tilt
study (Figure S9, Video S2, Supporting Information),
the angle between the longitudinal twin plane and
the branch was measured to be approximately 140°.
Therefore, the angle between the branch and the (110)
plane is approximately 50°. The angle between (111)
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and (110) planes in an FCC metal is 54°, which is close to
50° (see Figure S10, Supporting Information). Therefore,
branched overgrowth in twinned Au nanostructures
likely proceeds in a similar manner to Pd NCs as seeds;
however, the maximum number of branches is not
realized with these seeds.

In addition to pentagonally twinned Au bipyramids,
SMCR was performed using Au decahedra® and trian-
gular nanoplates as seeds (the latter of which are
impurities in the synthesis of Au decahedra and contain
stacking faults). Figure S11 (Supporting Information)
displays SEM images of branched NCs after SMCR on Au
decahedra and nanoplates. Two types of particles are
observed; the first are elongated NCs with 10 miniature
branches and the second have six in-plane branches.
We anticipate that these seeds follow similar growth
patterns; however, due to their structural complexity,
growth directions are difficult to assign with certainty.
For decahedra, the seeds increase in length during
overgrowth, similar to Au nanorods from decahedral
seeds (Figure $10, Video S3, Supporting Information).*®
With this elongation, branches also grow from the
vertices in (111) directions for a total of 10 small
branches. This result was expected, as branches grow
from each of the five vertices. However, seed elonga-
tion has not been previously observed and likely arises
on account of the twinned nature of the seeds in which
lateral growth would increase strain within the NCs.*’
In the case of triangular plate impurities, SMCR results
in particles with six branches (Figure S10, Video S4,
Supporting Information). Literature results indicate that
triangular Au plates can evolve into hexagonal plates
with the addition of reducing agent and AuCl, .*8*°
Similarly, the triangular plates become hexagonal
plates with six vertices during SMCR. The particles are
not perfectly hexagonal as evidenced in Figure S11
(Supporting Information), and this difference can be
attributed to branched overgrowth before full transfor-
mation to hexagonal plates. Regardless, with the inclu-
sion of twin planes or stacking faults, new structural
complexity is evident in the branched NCs synthesized
by SMCR.

CONCLUSIONS

SMCR has proven to be versatile, as previously
core@shell Au@alloy Au/Pd octahedra and nanocryst-
als with a hopper-like morphology were achieved
by manipulating pH and bromide concentration, res-
pectively.'® Here, these studies of SMCR on single-
crystalline, anisotropic, and twinned Au and Pd seeds
provide rules for the rational design of branched NCs
as functions of seed shape and composition. Single-
crystalline Au seeds yield 8-branched octopods, which
are in contrast to Pd seeds, which demonstrate growth
in (111) directions from the high-energy vertices.
These results are consistent with Au seeds adopting
cubic intermediates prior to branch growth on account
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of rapid self-diffusion of Au atoms on Au seeds com-
pared to slower diffusion of Au atoms on Pd seeds.
After formation of {100}-terminated intermediates
from Au seeds, metal addition occurs on each of the
eight vertices to yield octopods. In twinned structures,
branches grow from vertices, but may not necessarily
proceed in {111) directions. Thus, far, the following
rules for branched growth via SMCR have been
determined:

(1) There are symmetry relationships between NC
seeds and the stellated nanostructures grown from them,
with overgrowth occurring preferentially from the high-
energy vertices of the seeds under kinetically controlled
growth conditions. This guideline is based primarily
on SMCR experiments using shape-controlled Pd NCs
from which elemental mapping of product particles
revealed the emergence of branches from the vertices
of the seeds.”’

(2) To use these symmetry relationships, seeds must
be structurally stable and not adopt a new shape prior
to branch formation. Structural instability is common
when Au deposits on Au seeds but can be inhibited
by selecting heterodeposition systems. This guideline is
based on SMCR experiments with single-crystalline
{100}-terminated Au nanocubes, {110}-terminated
Au rhombic dodecahedra, and {111}-terminated Au

METHODS

See Supporting Information for chemicals, characterization
methods, and detailed description of synthetic techniques.
In short, shape-controlled Au or Pd NCs were synthesized by
previous literature methods for use as seeds. Seeds include Au
nanocubes, Au octahedra, Au rhombic dodecahedra, short Au
rods, long Au rods, penta-twinned Au bipyramids, Au decahe-
dra as well as Pd octahedra and Pd rhombic dodecahedra.
For branched nanocrystal growth via SMCR, typically, 2 mL of
CTAB (0.2 M) solution was added to a reaction vial. Next, 0.1 mL
of H,PdCl, (10 mM) solution and 0.1 mL of HAuCl, - 3H,0 (0.1 M)
solution were added followed by 1.5 mL of L-ascorbic acid
(0.1 M). In the absence of seeds, the reduction of the precursors
with L-ascorbic acid is slow, and thus self-nucleation is inhibited.
Then 21.4 mL of water was added, followed by a solution of
selected shape-controlled seeds. These reaction vials were
gently shaken then capped and allowed to sit undisturbed in
a 25 °Coil bath for 2—24 h. Reaction conditions were optimized
by modifying the ratio of Au-to-Pd precursor and seed volume
for each system due to variation in seed size and surface
structure.’ Complete synthetic details for each sample can be
found in Table S1 (Supporting Information).
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octahedra, which resulted in 8-branched octopods.
These results contrast with SMCR on single-crystalline
Pd seeds.

(3) Branches proceed in {(111) directions from seeds
without internal twinning; twinned seeds can yield
nanostructures with unexpected symmetries. More than
one branch may grow from each vertex, provided
branches grow in energetically equal {111) directions.
The use of twinned seeds can provide NCs with
branching patterns difficult to predict. For example,
our previous studies with Pd right bipyramids®' as
seeds yielded NCs with branches in (112) directions.
Studies with pentagonally twinned Au bipyramids as
seeds revealed that not all vertices will yield branches.
Thus, the maximum number of branches does not
always grow from the vertices of twinned seeds.

(4) These guidelines apply also to anisotropic struc-
tures. This guideline is based on studies with Pd bars?'
and single-crystalline Au nanorods as seeds. These
studies confirmed that branched growth occurs pre-
ferentially from seed vertices and that anisotropic
Au seeds can adopt new shapes prior to branch
overgrowth.

Harnessing these rules will aid in further design of
new nanostructures with different bimetallic composi-
tions and function.*°~>2
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