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ABSTRACT: Seed-mediated growth in a site-selected and asym-
metric fashion provides a versatile route to the fabrication of noble-
metal nanocrystals with unique optical and catalytic properties.
Herein, we report the synthesis of Pd—Au asymmetric nanopyramids
through the site-selected growth of Au from penta-twinned Pd
decahedral seeds. As a result of symmetry breaking arising from slow
reduction kinetics, we observed two asymmetric growth modes:
lateral growth initiated from one of the five edge vertices along the
twin boundary and vertical growth from one of the two axial vertices
along the fivefold axis, with the former being more favorable. The
slow reduction kinetics was achieved by switching from AuCl,” to
AuBr,~ as a precursor, together with the use of L-ascorbic acid 2-
phosphate trisodium salt (Asc-2P) for its relatively weaker reduction power than ascorbic acid. The aspect ratio and tip sharpness of
the nanopyramids could be manipulated by varying the amount of Ag® ions introduced into the growth solution. The nanopyramids
exhibited two surface plasmon resonance peaks, corresponding to the transverse and longitudinal modes, and the extinction spectra
could be used to track the growth and evolution of morphology. This work not only enriches our understanding of seed-mediated
growth on multiply-twinned decahedra but also provides an effective strategy for preparing bimetallic nanocrystals with asymmetric
morphology and tapered dimensions for the creation of high-index facets on the surface.
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B INTRODUCTION

Noble-metal nanocrystals with anisotropic morphology have
attracted intense attention due to the unique properties
different from their spherical counterparts.' > For Au nano-
rods, the one-dimensional, anisotropic morphology gives them
two typical extinction peaks corresponding to the transverse
and longitudinal modes of surface plasmon resonance.”” In

the vertices, the twin defects intersecting the vertices and
ridges, and the square packing of the {100} facets on the edges
can all play important roles in determining the final
morphology. In the case of symmetric growth, our group
reported the synthesis of Pd@Pt core—shell decahedra by
depositing a few layers of Pt atoms on Pd decahedral seeds.
The Pt atoms preferred to stay at the vertices, ridges, and edges

addition to the dual peaks of plasmon resonance, Au
bipyramids possess stronger local field enhancement at the
sharp corners than that at the rounded ends of nanorods.”’
Since noble metals have a face-centered cubic (fcc) lattice,
symmetry breaking is needed for the preparation of anisotropic
morphology.® Over the past two decades, remarkable progress
has been made in the anisotropic growth of noble-meal
nanocrystals through the achievement of an understanding of
the explicit roles played by capping agents,”'® twin defects,"'
stacking faults,"* and reaction kinetics.

Compared to their single-crystal counterpart, nanocrystals
with twin defects provide more opportunities for tailoring the
morphology. Taking decahedron as an example, it is enclosed
by the 10 {111} facets and can be considered as an assembly of
five tetrahedral units by sharing five {111}-twin planes (Figure
Sla)."* When applied to seed-mediated growth, many
distinctive morphologies can be obtained by controlling the
deposition of the same or a different metal on the surface of a
decahedral seed. Specifically, the low coordination number of
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of a decahedron for the generation of a concave morphology."
Interestingly, a core-frame structure was also reported by
leveraging the difference in surface free energy between the
vertices, edges, and ridges, as well as the {111} facets. To this
end, Kitaev and co-workers selectively deposited ultrathin Au
nanoframes with a thickness of 1.6—5 nm on the edges and
ridges of Ag decahedral seeds by controlling the amount of the
deposited Au under optimized reduction conditions.'® Huang
and co-workers reported a similar core-frame structure through
edge-selected etching of Au decahedra and subsequent
deposition of Pt on the sites high in surface free energy and
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Figure 1. Schematic illustration of the lateral and vertical modes involved in the growth of Au on Pd decahedral seeds. The deposition is initialed
from the vertices due to the large curvature, small coordination number (CN), and great lattice strain. The site-selected and asymmetric growth

leads to the formation of nanopyramids with a sharpened tip.

located at the ridges and the etched edges, and a ring-like Pt
nanostructure was obtained after the complete removal of Au
by etching.'’

Anisotropic morphologies such as nanorods, nanowires,
bipyramids, and multiple-armed stars can also be synthesized
by depositing the same or a different metal on the surface of
decahedral seeds. One-dimensional nanocrystals (e.g., nano-
rods, nanowires, or bipyramids) involving vertical growth along
the fivefold axis of decahedra, that is, the (110) direction, is a
representative anisotropic growth mode. Such growth is
assisted by the selective adsorption of capping agents on the
{100} side faces'®"” or driven by the crystallographic structure
with the atom deposition being initiated at the high-surface-
energy ridges”’”>” and by restraining the radial growth that has
gradually increased the lattice strain at twin boundaries.”**
The commonly reported synthesis of Au, Ag, Cu, Pt, and Pd
nanorods, nanowires, and bipyramids with a penta-twinned
structure using a one-pot method are typically believed to
involve the nucleation of decahedral seeds, followed by the
subsequent anisotropic atom deposition on the seeds.'®**~*°
Along the same line, seed-mediated growth of one-dimensional
metal nanocrystals® ¢ has also been reported for well-defined
decahedral seeds prepared in advance. When the same metal
was involved, Kitaev and co-workers reported the growth of Ag
nanorods from Ag decahedral seeds with precise control over
both the length and width.>°7** Using a light-induced method,
Mirkin and co-workers applied low-energy excitation wave-
lengths between 600 and 750 nm to control the reaction rate
and thus the aspect ratio of Ag nanorods growing from 7.9-nm
Ag decahedral seeds.”” Huang and co-workers reported the
growth of Au bipyramid and nanorods by employing Au
decahedral seeds with different sizes in the range of 25—49
nm.”**” Our group reported the growth of Pd nanorods from
Pd decahedral seeds, as well as tapered Pd nanorods when the
system was subjected to oxidative etching by O,/I".**!

In principle, the vertical growth could occur on both sides of
the decahedral seed, or just one of them for the involvement of
asymmetric growth. When the growth involves the same metal
as that in the seed, it is impossible to differentiate the
symmetric and asymmetric growth modes. When different
metals are involved, however, the symmetry of vertical growth
can be easily resolved. To this end, symmetric growth on Au
decahedral seeds was reported for the synthesis of Ag—Au—Ag
and Pd—Au—Pd nanorods, with the Au seeds situated at the
middle point.””** On the other hand, our group reported the
synthesis of Ag—Pd and Cu—Pd nanorods through asymmetric
growth only from one side of the Pd decahedral seeds, and the

symmetry breaking was attributed to the slow reaction kinetics
and a relatively large lattice mismatch between the two
metals.**"* The symmetry of vertical growth was also
explicitly manipulated by varying the reaction kinetics. By
simply adjusting the pH value of the solution, Mirkin and co-
workers reported the light-induced overgrowth of Ag on Au
decahedral seeds for the synthesis of symmetric Ag—Au— g
nanorods, as well as the asymmetric Au—Ag icosahedra.*

Similarly, by adjusting the reaction rate through the addition of
aqueous ammonia, Huang and co-workers reported both
symmetric and asymmetric growth of Ag nanorods on Au
decahedral seeds.”® Besides the aforementioned vertical growth
mode, in-plane, lateral growth along the radial direction or the
twin boundaries (the (211) direction) of a decahedron was
also developed to synthesize multiple-armed nanocrystals,
especially symmetric, pentagram-shaped stars.*~>* The penta-
gram-shaped stars were also synthesized through lateral growth
along the (100) directions of the five single-crystal
subunits.”*** In addition, there are reports on highly branched
nanocrystals growing simultaneously along the two vertical
(110) directions and the five lateral (211) directions.”>
However, compared with the symmetric morphology, asym-
metric nanocrystals growing from decahedral seeds are seldom
reported (except for the vertically grown Pd—Ag nanorods,"**
Pd—Cu nanorods,* Au—Ag nanorods,*® and Au—Ag icosahe-
dra*”) and the underlying growth mechanism still needs to be
elucidated.

Herein, we report the synthesis of Pd—Au asymmetric
nanopyramids through site-selected growth of Au on Pd
decahedral seeds. Interestingly, we observed asymmetric
growth along both lateral (initiated from one of the edge
vertices) and vertical (initiated from one of the axial vertices)
directions. We systematically examined the effects of
experimental conditions on the growth process. Several factors
were found to be instrumental to the achievement of site-
selected and asymmetric growth. First, the initial growth
positions are located at the axial and edge vertices due to their
higher surface free energies arising from the lower atomic
coordination number and higher lattice strain. Second,
asymmetric growth can be achieved through the formation of
AuBr,~ precursor, which is harder to reduce relative to
AuCl,~,”" and the use of a reducing agent such as L-ascorbic
acid 2-phosphate trisodium salt (Asc-2P) with a lower
reduction power compared with the commonly used ascorbic
acid (AA).>® Finally, the relatively large (4.8%) lattice
mismatch between Au and Pd also contributes to the
asymmetric growth. The mechanistic understanding from this
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work offers a great opportunity for achieving the controlled
growth of nanocrystals with asymmetric morphology.

B RESULTS AND DISCUSSION

The penta-twinned Pd decahedral seeds used to direct the
growth of Au were prepared using a protocol developed in our
group.””®® Figure S2a shows a typical transmission electron
microscopic (TEM) image of the seeds. The growth of Au was
conducted at 37 °C in a mixture containing HAuCl,, AgNO;,
and hexadecyltrimethylammonium bromide (CTAB), together
with the use of Asc-2P as a reducing agent in the presence of
Pd decahedral seeds. The mixing of AuCl,~ with CTAB
immediately resulted in the formation of a more stable
complex of AuBr,” to give a deep brown color to the aqueous
solution. This new precursor complex is harder to reduce
relative to AuCl,~, as reflected by their standard reduction
potentials: 0.85 vs 1.00 V for the AuBr,”/Au and AuCl,”/Au
pairs, respectively.®' It should be pointed out that Asc-2P has a
relatively lower reducing power than AA,*® a two-electron
reductant more commonly used in the colloidal synthesis of
metal nanocrystals (Figure S3). As soon as Asc-2P was
introduced, the reaction solution turned colorless due to the
reduction reaction of AuBr,” + 2~ — AuBr,” + 2Br~.%?
Subsequently, AuBr,” was reduced over a period of 3 h, with
the resultant Au atoms nucleating and growing on the Pd
decahedral seeds. The slow, two-step reduction of the Au(III)
precursor made a major contribution to the asymmetric growth
of the Pd—Au nanocrystals."*~**

As shown in Figure 1, the seven high-curvature vertices of a
decahedron can be divided into two groups: (i) two axial
vertices with a coordination number of 6 and (ii) five edge
vertices with a coordination number of 4 and a tensile lattice
strain (Figure S1a). The low coordination number and tensile
strain make these vertices higher in surface free energy. As the
reduction rate is slow, the surface reduction pathway should be
in dominance due to its lower activation energy than that of
the solution reduction pathway.”* The high-curvature vertices
with a higher surface free energy and higher electron density®*
would be more favorable for the heterogeneous nucleation or
initial deposition of Au atoms. The final morphology of the
Pd—Au nanocrystal will be determined by the relative kinetics
involved in the deposition of atoms and the diffusion of
adatoms to the neighboring ridges, edges, and {111} plames.15
Assisted by the relatively large (4.8%) lattice mismatch
between Au and Pd, the slow reduction rate would lead to
asymmetric growth. Under this condition, the number of Au
atoms would not be enough to initiate nucleation at every
vertex on the decahedral seed, and subsequent growth of Au
would preferentially occur at the sites already covered by Au
due to the absence of lattice mismatch. Taken together, the
growth of Au would be initiated from one of the vertices for
the production of a Pd—Au asymmetric nanopyramid,
corresponding to either lateral growth from an edge vertex
or vertical growth from an axial vertex.

Figure 2a shows a TEM image of the as-prepared Pd—Au
bimetallic nanocrystals. The nanocrystals exhibited the
morphology of a pyramid, with a recognizable Pd seed at the
base and a sharpened Au tip. Both the growth modes proposed
in Figure 1 were observed in the products. To elucidate the
growth mechanism, high-resolution high-angle annular dark-
field scanning TEM (HAADF-STEM) imaging was performed
to reveal the shape and internal structures of the Pd—Au
nanopyramids. Figure 2b shows a typical HAADF-STEM

Figure 2. Structural and compositional analyses of the Pd—Au
nanopyramids formed through lateral growth. (a) Typical TEM image
of the Pd—Au nanopyramids. (b) HAADF-STEM image of an
individual Pd—Au nanopyramid, where the Pd seed and Au pyramid
can be easily distinguished due to their difference in contrast. A twin
boundary (TB) in the Au region is also clearly observed. The insets
show an SEM image and a schematic illustration. (c) Bright-field
HRTEM image taken from the Pd domain. The five twin boundaries
are marked by the yellow dashed lines. (d) Atomic-resolution
HAADF-STEM image taken from the Au tip. (e) FFT patterns of the
two subunits T1 and T2 in (d). (f—h) EDX mapping of an individual
Pd—Au nanopyramid.

image of the Pd—Au nanopyramid corresponding to the lateral
growth mode. The Pd and Au regions can be easily
differentiated based on the imaging contrast. Figure 2¢ shows
a bright-field HRTEM image focused on the region of the Pd
decahedral seed, revealing the penta-twinned structure of an
fcc lattice along the (110) axial direction. The Au was grown
from a twin boundary along the (211) direction. A twin
boundary was clearly observed in the Au region. The magnified
image in Figure 2d shows the atomic structure of the Au tip,
which was consistent with a twinned fcc lattice, with a {111}
twin plane separating T1 and T2 subunits. The fringes with a
lattice spacing of 0.20 nm corresponding to the {200} planes of
Au were also observed in the T1 and T2 subunits. The fast
Fourier transform (FFT) patterns for the T1 and T2 subunits
(Figure 2e) were both consistent with the (110) zone axis and
a shared {111} twin plane. The energy-dispersive X-ray
spectroscopy (EDX) mapping images in Figure 2f—h clearly
show the elemental distributions, confirming the overgrowth of
Au from the Pd decahedral seed in an asymmetric fashion.
Figure 3 shows the case of asymmetric growth along the
fivefold axis of a decahedral seed or the vertical (110)
direction. Figure 3a shows the HAADF-STEM image of a
vertically grown Pd—Au nanopyramid recorded in the
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Figure 3. Structural and compositional analyses of the Pd—Au
nanopyramids formed through vertical growth. (a) HAADF-STEM
image of an individual Pd—Au nanopyramid. The diamond-shaped Pd
seed and the Au pyramid can be clearly observed. (b) Atomic-
resolution HAADF-STEM image taken from the red box in (a).
Besides the growth of Au toward the left side along the (110)
direction, a few atomic layers of Au are also found on the right side of
the decahedral seed. (c) Bright-field HRTEM image of an individual
Pd—Au nanopyramid. (d) Atomic-resolution HRTEM image taken
from the blue box in (c). (e) Schematic illustrations of the right-side
view and end-side view of the Pd—Au nanopyramid with five single-
crystal subunits. (f) FFT pattern of the Au domain, showing a
combination of the (111) and (110) zones.

direction perpendicular to the fivefold axis. The Pd decahedral
seed shows a diamond shape (Figure S2b), together with a
different contrast from Au. The Au pyramid is asymmetrically
grown from one side of the Pd decahedral seed, while the other
side is also covered by several atomic layers of Au (Figure 3b).
We further analyzed the crystal lattice of the Au region to
confirm the growth direction and the internal structure. As
shown in Figure 3c, the red diamond shows the side view of a
decahedron, while the yellow, dash-dotted line indicates the
fivefold axis along the (110) direction. The magnified image in
Figure 3d indicates that the vertically grown Pd—Au
nanopyramid also has a typical penta-twinned structure. The
crystal lattice of the upper part is consistent with the (110)
zone with an interplane angle of 70.5° for the two {111}
planes, while the bottom part exhibits the lattice fringe of the
(111) zone with an interplane angle of 60° for the two {110/
220} planes. This result indicates that the projection direction
is a combination of the (110) (T1 subunit) and (111) (T3/T4

subunit) zone axes, as shown by the schematic illustration in
Figure 3e. The FFT pattern in Figure 3f corresponding to the
Au region also shows a superposition of two fcc patterns from
the (110) and (111) zones.

We also tracked the gradual growth of the Pd—Au
nanopyramids. The Pd—Au nanocrystals obtained at ¢t = 15
min, 30 min, 1 h, and 2 h are shown in Figure 4a—d. An
asymmetric heterodimer-type structure rather than a core—
shell structure was observed at 15 min into the synthesis. With
the increase of time, the Au domain gradually enlarged and a
pyramidal shape was eventually obtained. Some obvious
morphological or crystallography features could be observed
and used to figure out the growth mode. As indicated by the
blue arrows in Figure 4a, the penta-twinned pattern (Figure
S2b) can be clearly observed in the Pd domains for some
heterodimers; correspondingly, the twin boundary can be
clearly seen as indicated by the red arrows in the Au domains,
according to the lateral growth mode. As indicated by the
green arrow, the diamond shape corresponds to the side view
of a Pd decahedral seed, manifesting the vertical growth mode
for this heterodimer. Several particles with different growth
modes are singled out and shown in Figure 4e to demonstrate
the typical morphologies of the Pd—Au nanopyramids at
different reaction times. For the lateral growth mode, the
penta-twinned pattern of the Pd seeds and the twin boundaries
in the Au tips are obvious. In the case of the vertical growth
mode, the diamond shape of the Pd seed from a side view is
the characteristic feature.

The Pd—Au nanopyramids with obvious morphological or
crystallography features (such as those indicated by the arrows
in Figure 4a) can be assigned to the “ideal” cases of lateral and
vertical growth modes proposed in Figure 1. However, for
many particles lacking the above characteristics, some other
features such as twin plane, tip angle, and orientation of the
decahedral seed should be used to resolve the growth mode
(Figure S4). Through a careful analysis of the Pd—Au
nanopyramids in Figure 2a, the lateral and vertical growth
modes account for about 56 and 36% of particles in the
products. The higher percent of the lateral growth mode can
be attributed to the fact that the edge vertex has the smallest
coordination number in a decahedron while experiencing the
greatest lattice strain, corresponding to the highest surface free
energy. Meanwhile, there are five edge vertices per decahedral
seed, whereas there are only two axial vertices. Although the
underpotential deposition of Ag and the selective adsorption of
the Ag—bromide complex or Br~ on the {100} side faces could
both promote vertical growth,”***” the lateral growth mode
initiated from the edge vertex was more favorable than the
vertical growth mode due to their differences in coordination
number and lattice strain.

Since Au nanocrystals have characteristic surface plasmon
resonances, the growth of Pd—Au nanocrystals with aniso-
tropic morphology is clearly reflected in the time-elapsed
extinction spectra recorded from the reaction mixture (Figure
4f). The extinction spectrum of the Pd—Au nanocrystals
obtained at t = 15 min exhibited a plasmon band around 540
nm, with a full width at half-maximum (FWHM) of 98 nm.
With the increase of reaction time to 30 min, the plasmon
band was greatly enhanced in intensity, while being slightly
red-shifted to 550 nm and broadened to give an FWHM of 107
nm. As shown by the TEM images in Figure 4a,b, the plasmon
bands of these two samples can be considered as a mixture of
transverse and longitudinal modes of the anisotropic nano-
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Figure 4. Time-dependent evolution of morphology and extinction spectra for the Pd—Au nanopyramids formed in a standard synthesis. (a—d)
TEM images of the Pd—Au nanocrystals obtained at different time points: (a) 15 min, (b) 30 min, (c) 1 h, and (d) 2 h. The blue arrows indicate
the Pd decahedral seeds with a clear penta-twinned pattern, and the red arrows indicate the corresponding twin boundary in the Au domains
growing along the lateral direction. The green arrow indicates the diamond shape of the Pd decahedral seed (side view), implying the involvement
of vertical growth for this heterodimer. (e) Typical morphologies of the Pd—Au nanopyramids obtained through lateral and vertical growth for
different periods of time. The scale bar at the bottom is 10 nm. (f) Time-dependent evolution of the extinction spectra.

crystals. Since Pd has a larger imaginary dielectric constant
than Au, the Pd—Au nanocrystals tend to suffer from greater
plasmon damping than the counterparts made of pure Au,
leading to reduced intensity and broadened width for the
plasmon resonances.”> Meanwhile, due to a small aspect ratio
and a relatively broad size distribution, these two modes were
not separated from each other, while the band shifting and
broadening clearly indicate the increase in aspect ratio. As the
synthesis proceeded to t = 1 h, the extinction spectrum showed
further increase in intensity, exhibiting a main peak at 575 nm
and a shoulder peak at 530 nm, corresponding to the
longitudinal and transverse modes, respectively. The splitting
of the extinction peaks indicates a further increase in aspect
ratio. When the reaction time was further prolonged, the dual
plasmon peaks slowly increased in intensity, while the peak
positions remained almost unchanged, indicating that the Au
growth rate slowed down and the aspect ratio was almost
unchanged after t = 1.5 h.

We found that the presence of Ag" ions was critical to the
anisotropic growth and the concentration of AgNOj; affected
the final morphology of the Pd—Au nanopyramids. The
presence of Ag" ions is known to be crucial for initiating and
controlling the anisotropic growth of one-dimensional Au
nanocrystals such as nanorods,”® while the exact mechanism is
yet to be resolved. Three plausible mechanisms have been
proposed to account for the role of Ag,l’66 including the facet-
specific capping effect of the Ag—bromide complex,’"®” the
underpotential deposition of the Ag sub-monolayer on a
specific set of facets,'”*¥*** and the Ag-mediated spherical-
to-cylindrical shape conversion for the CTAB micelles that can
serve as a soft template.”’ In this work, if AgNO; was not
added into the reaction, the dominant morphology of the Pd—

Au nanocrystals would be nearly spherical (Figure SS). Figure
S shows the products obtained when a volume of 10 mM
AgNO; (V,,) was increased from S to 20 uL, or the Ag/Au
ratio in the precursor solution (rAg/Au) was increased from 1/
16 to 4/16. For the product obtained at Vy, = S uL (Figure
Sa), the anisotropic one-dimensional morphology was still
observed, while the Au end was rounded rather than
sharpened. As V), increased, the length of the Pd—Au
nanopyramids increased and the Au end became sharper. At
Vg = 20 pL, two- and three-branched growth modes were also
observed, accompanied by an increase in length (Figure 5d).
These observations indicated that the role played by Ag" ions
in promoting the anisotropic growth of Au was highly
dependent on its concentration in the growth solution.

The extinction spectra of the products are shown in Figure
Se, while the morphological parameters are statistically plotted
in Figure Sf. The product obtained at V,, = S uL showed a
single plasmon band at 535 nm, implying a very small aspect
ratio. The extinction spectrum for the sample obtained at V, =
10 uL exhibited a main peak at 556 nm and a shoulder peak at
530 nm. The main peak red-shifted to §75 nm for V,, = 1S uL,
indicating the increase in aspect ratio. At Vy, = 20 uL, the
spectrum showed a main peak at 532 nm and a shoulder peak
around 650 nm. This spectrum implies that the product yield
decreased for the nanocrystals with larger aspect ratios and
some nearly spherical or low-aspect-ratio particles were
formed, contributing to the main extinction peak at 532 nm.
The statistics of morphological parameters in Figure Sf are
consistent with the evolution of extinction spectra. The
product at V,, = § uL had an average width of 19.3 nm, an
average length of 27.6 nm, and an average aspect ratio of 1.44.
As the V,, increased to 10 and 1S ul, the average width
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Figure 5. Evolution of morphology and extinction spectra for the Pd—
Au nanopyramids synthesized with the addition of different amounts
of AgNO;. (a—d) TEM images of the Pd—Au nanopyramids obtained
with the introduction of different volumes of 10 mM AgNO;
(different Ag/Au ratios in the precursor solution): (a) S uL (1/16),
(b) 10 uL (1/16), (c) 15 pL (3/16), and (d) 20 uL (4/16). (e)
Evolution of extinction spectra as a function of Ag/Au ratio. (f)
Statistical plots of the average width, length, and aspect ratio of the as-
prepared Pd—Au nanopyramids. The star-shaped points indicate the
statistical data excluding the nearly spherical particles.

decreased to 18.4 and 17.6 nm, the average length increased to
29.3 and 31.0 nm, and the average aspect ratio increased to
1.61 and 1.77, respectively. This result indicates the increase of
Ag" ions could promote the longitudinal growth while
suppressing the transverse growth. At V,, = 20 uL, both the
average width (23.3 nm) and average length (37.6 nm) became
larger, while the average aspect ratio dropped to 1.65. As the
extinction spectrum implies the occurrence of nearly spherical
or low-aspect-ratio nanoparticles at V,, = 20 uL, the average
morphological parameters for the whole product could no
longer reflect the shape evolution of Pd—Au pyramidal
nanocrystals. As such, we excluded the nearly spherical or
low-aspect-ratio nanoparticles from the statistics for V,, = 20
uL. The modified morphological parameters (plotted as star-
shaped symbols in Figure 5f) show that the aspect ratio of the
Pd—Au nanopyramids further increased as the V,, increased to
20 uL, while the width of the nanopyramids also obviously
increased. At V,, = 20 uL, although the Pd—Au nanopyramids
could be further elongated, the extinction spectrum indicates a
worsened uniformity for the particles. Another interesting
result is that the Au end was sharpened as V,, was increased.

The analysis in Figure S6 indicates that the average tip angle of
the Au end was reduced from 41.1 to 29.9° as Vj, increased
from 5 to 20 uL. The Pd—Au nanopyramids with a sharpened
Au tip could offer a plasmonic hot spot with large field
enhancement and confinement for many tip-enhanced
spectroscopies and plasmon-enhanced applications.

Besides tuning the aspect ratio and tip sharpness, the
morphology of the Pd—Au nanocrystals can be controlled by
varying the amounts of the HAuCl, precursor (Figure S7), Pd
seeds (Figure S8), and reducing agent (Figure S9). In the case
of decreasing the amount of Asc-2P or increasing the amount
of Pd seeds, the Pd—Au nanocrystals took a Janus-type
heterodimer nanostructure, in which the size of the Au domain
was similar to that of the Pd seed (Figures S8b and S9c¢).
These Pd—Au Janus nanocrystals may have interesting
properties for optical and catalytic applications. In the case
of accelerating the reduction rate by increasing the amount of
Asc-2P or using a strong reducing agent such as AA, the faster
reduction produced sufficient Au atoms for the nucleation and
growth from multiple vertices on the Pd decahedron.
Specifically, lateral growth from two, three, four, and five
edge vertices of the decahedron are all observed (Figure S10)
for the generation of multiple-armed pentagrams (Figure S11).
It is worth noting that the symmetric, five-armed nanocrystals
with a pentagram shape have also been synthesized from
decahedral seeds for several monometallic and alloy
systems.””™>> However, it has been a major challenge to
synthesize asymmetric, multiple-armed nanocrystals with 2—4
branches. The present work suggests that such asymmetric
nanocrystals could be obtained by carefully controlling the
deposition rate of the atoms and/or with the help of facet-
specific capping agents.

When a symmetric nanocrystal is laterally grown from a
smaller decahedron, a multiple-armed pentagram is more
favorable than a large decahedron due to a crystallography-
based reason. The pentagram morphology with lateral
overgrowth along five twin boundaries of a decahedron was
observed in the synthesis of monometallic and alloy nano-
crystals.*”=>* Tt is well known that a decahedron experiences
lattice strain due to the missing of 7.35° in the integration of
five tetrahedral units by sharing the {111} plane with an angle
of 70.53°% and a large intrinsic strain field of lattice
displacement would exist in a decahedron.”'~"> When the
decahedron grows into larger sizes, the lateral enlargement
would lead to an increased lattice strain. As such, faceting,
surface reconstruction, and twin interface migration would
occur to release the lattice strain energy.%_78 Furthermore, the
distortion-induced body-centered tetragonal phase was ob-
served in penta-twinned Ag nanowires with an average
diameter of 85 nm under ambient conditions.”” We observed
a large expansive lattice strain in the HAADF-STEM image of a
two-branched Pd—Au nanocrystal obtained through lateral
growth along two twin boundaries. As shown in Figure 6a, the
Pd and Au domains are recognizable due to the contrast, and
the two elongated twin boundaries are indicated by red arrows.
The penta-twinned structure could be clearly resolved in the
bright-field HRTEM (Figure 6b) and inversed FFT images
(Figure 6¢). The FFT pattern in Figure 6d obtained from the
region between the two elongated twin boundaries could be
indexed as the diffraction of the fcc lattice along the (110)
zone axis, while the interplanar spacings and the interplanar
angles were not consistent with the theoretical values of the
fcc-Au lattice. As schematically illustrated in Figure 6e, the
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Figure 6. Expansive strain in a two-armed Pd—Au nanocrystal. (a) HAADF-STEM image of a two-armed Pd—Au nanocrystal formed through the
lateral growth. The twin boundaries in the two elongated Au arms are indicated by red arrows. (b) Bright-field HRTEM image of the two-armed
Pd—Au nanocrystal. The five twin boundaries are indicated by yellow dashed lines. (c) Inversed FFT image of the region near the Pd seed clearly
shows the five subunits. (d) FFT pattern of the shared subunits connecting the two elongated Au arms, the region marked by a white box in (b).
The pattern is similar to the fcc (110) zone axis, while the interplanar distances and interplanar angles are different from the standard lattice of fcc-
Au. (e) Schematic illustration of the {110} planes of fcc-Au. (f, g) Atomic-resolution HRTEM images taken from the white box in (b). The solid
red circles indicate the estimated atomic positions in the TEM image. The open green and yellow circles indicate the theoretical atomic positions of
the fcc-Au lattice. There is a large displacement between these two lattices, especially for the {200} planes with an expansive strain of 10.3%. The

scale bar is 1 nm.

black dashed lines indicate the {200} planes with an
interplanar spacing dyy, = 2.04 A, and the red dashed lines
indicate the {111} planes with d;;; = 2.35 A. The angle
between the {200} and {111} planes is 0,09,;1; = 54.7° and
that between the two {111} planes is 65,17 = 70.5°
However, the parameters measured in Figure 6d are as follows:
drgo(my = 225 A, dy1y(m) = 2.31 and 2.34 A, Orp00111(m) = 583
and 59.5° and 0114111(m) = 62.2°. For the interplanar spacing
of the {200} planes, in particular, the measured value of 2.25 A
shows a 10.3% expansion compared with the theoretical value
of 2.04 A, which is larger than the relative expansion of 5%

observed in a 17-nm Au decahedron.”?

The high-resolution HAADF-STEM image with an atomic
lattice taken from the white square in Figure 6b is further
analyzed in Figure 6f,g. The atomic arrangement with
estimated positions (red solid circles) shows a large displace-
ment compared with the theoretical atomic lattice of fcc-Au
(green and yellow open circles). Similarly, the measured
interplanar angle between the two {111} planes is €;1;,111(m) =
62.2°, which is 11.8% smaller than the theoretical value of
70.5°. When only one twin boundary is elongated for the
nanopyramids shown in Figure 2b, the lattice expansive strain
for filling the 7.35° gap does not need to exist in this elongated
branch. However, in the two-armed Pd—Au nanocrystal, the
region connecting the two branches elongated from the twin
boundaries of the Pd decahedral seed would experience a large
lattice strain. Minimizing the energy of lattice strain may serve
as a driving force for forming a multiple-armed pentagram
rather than an isotopically enlarged decahedron.

B CONCLUSIONS

In summary, we have systematically investigated the formation
of Pd—Au nanopyramids from Pd decahedral seeds through
site-selected and asymmetric growth. The morphological and
structural features make the vertices of the Pd decahedral seeds
higher in surface free energy and thus particularly active for the
nucleation and deposition of Au. The growth could be
conducted at a slow reduction rate by forming the AuBr,~
precursor, together with the use of Asc-2P as a relatively weak
reducing agent. We observed both the asymmetric lateral
growth from one of the edge vertices along the twin boundary
and the asymmetric vertical growth from one of the axial
vertices along the fivefold axis. In general, lateral growth is
more favorable due to the higher activity and larger number of
edge vertices. The anisotropic nanopyramids exhibited dual
plasmon resonance peaks and the evolution of their extinction
spectra could be used to track the growth process. The
addition of Ag" ions was found to play a vital role in
controlling the aspect ratio and tip sharpness of the
nanopyramids. The morphology and size of the Pd—Au
nanocrystals could also be controlled by varying the
concentrations of the precursor, reducing agent, and seed.
The results from this research not only advance our
understanding of seed-mediated growth based on multiply-
twinned decahedral seeds but also provide a way for the
synthesis of anisotropic and asymmetric metal nanocrystals
with specific internal structures and optical properties.

B EXPERIMENTAL SECTION

Materials. Diethylene glycol (DEG, 99.0%, lot no. BCBV7882),
poly(vinylpyrrolidone) (PVP, MW =~ 55000), sodium sulfate
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(Na,SO,), tetrachloroauric(III) acid (HAuCl,), silver nitrate
(AgNO;), sodium tetrachloropalladate(II) (Na,PdCl,), hexadecyl-
trimethylammonium bromide (CTAB), L-ascorbic acid 2-phosphate
trisodium salt (Asc-2P), and ascorbic acid (AA) were all purchased
from Sigma-Aldrich. Ethylene glycol (EG) was ordered from ].T.
Baker. All chemicals were used as received. Deionized water with a
resistivity of 18.2 MQ2-cm was used throughout the experiments.

Synthesis of Pd Decahedral Seeds. Na,SO, (176 mg) was
added into a 50 mL flask equipped with a stirring bar. Then, 8 mL of
DEG-based PVP solution (20 mg/mL) was added. The flask was
placed in an oil bath held at 105 °C under stirring (450 rpm).
Immediately, 4 mL of DEG-based Na,PdCl, (15.5 mg/mL) was
added in one shot using a pipet. After 6 h, the synthesis was quenched
by immersing the flask in an ice-water bath. The solid products were
collected by adding acetone (three times of the reaction solution) and
centrifuging at 6000 rpm for 10 min. The precipitate was dispersed in
water and centrifuged three times at 16 500 rpm for 25 min. The Pd
decahedra were finally dispersed in 4 mL of EG for further use as
seeds.

Synthesis of Pd—Au Nanopyramids. In a standard synthesis,
2.45 mL of an aqueous mixture containing 40 L of the Pd decahedral
seeds, 20 uL of HAuCl, (40 mM), 1 mL of CTAB (200 mM), and 15
uL of AgNO; (10 mM) was first prepared in a 20 mL vial. The
mixture showed a deep brown color due to the formation of AuBr,~
(CTA—AuBr, complex). Next, SO uL of aqueous Asc-2P (100 mM)
was added. The mixture turned colorless due to the reduction of
AuBr,” (Au® to Au"). After mixing by gentle shaking, the vial was
placed in a water bath held at 37 °C for 3 h. The solid products were
collected by centrifugation at 14 000 rpm for 10 min and washed
twice with water.

Characterization. The TEM images were taken using a Hitachi
HT7700 microscope operated at 120 kV. The HAADF-STEM and
EDX mapping images were acquired using a Hitachi HD-2700 STEM
microscope. The UV—vis—NIR extinction spectra were recorded on
an Agilent Cary 60 spectrometer.
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