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he construction of bimetallic nano-
structures with defined composition,
shape, and architecture is important
to many applications.' > For example, shape-
controlled alloyed nanoparticles and binary
metal nanodendrites can be more effective
catalysts than their monometallic counter-
parts for electrooxidation processes.* 8 Their
enhanced performances are often attribu-
ted to the unique structure of the expressed
surfaces and synergistic effects between the
two metals that comprise the nanocrystals.
Also, the optical properties of metal nano-
crystals can be manipulated through the
introduction of a second metal.’~"" For ex-
ample, core@shell and segmented bimetal-
lic nanorods display surface plasmon reso-
nances (SPRs) that are dependent on both
their aspect ratios and composition.'?~
Despite these examples, achieving the ne-
cessary synthetic control to access new
bimetallic nanostructures with defined fea-
tures is not always straightforward given the
different properties of each metal and their
precursors used in a nanocrystal synthesis.
For example, metal precursors may be re-
duced at different rates during co-reduction
and limit the nucleation of defined mono-or
bimetallic seeds.”>'® Also, structure-direct-
ing agents can interact preferentially with
different metal surfaces.'” Seed-mediated
synthetic methods have the capacity to
address some of the challenges associated
with bimetallic nanocrystal synthesis, as
nucleation is already accounted for by
the seed.”® 2" As we report here, seed-
mediated co-reduction of two metal pre-
cursors represents a potentially general
route to architecturally controlled bimetallic
nanocrystals, including octopodal and con-
cave core@shell nanocrystals as well as new
shape-controlled alloy and hopper-like nano-
structures.
When seeds are incorporated into a nano-
material synthesis, the barrier to deposition
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Gold—palladium octopods and new concave and shape-controlled alloy nanostructures are

synthesized by seed-mediated co-reduction, wherein two metal precursors are reduced in the

presence of seeds that serve as preferential sites for the growth of the larger nanostructures.

Here, the first comprehensive study of this technique is presented in a model Au—Pd system

and provides insight into the mechanism of formation for these architecturally distinct

nanocrystals. A systematic evaluation of synthesis conditions decoupled the roles of (i) Au:Pd

precursor ratio, (ii) reaction pH, and (iii) capping agent concentration in morphology

development. These factors provide control of growth kinetics and ultimately the morphology

and composition of the final nanostructures. Significantly, elucidating the overgrowth

processes during seed-mediated co-reduction will lead to the synthesis of other architecturally

controlled bimetallic nanocrystals.

KEYWORDS: heteroepitaxial deposition - branched nanostructures - kinetic
control - hopper crystals - concave nanocrystals - shape control

is typically lower than the nucleation of a
new phase (i.e, heterogeneous versus homo-
geneous nucleation). This condition sepa-
rates nanocrystal nucleation from growth,
as the seeds represent preferential sites for
the growth of the greater nanostructure. As
a result, seed-mediated synthetic methods
have the potential to yield nanocrystals with
high degrees of precision and structural/
compositional complexity.'®?? For exam-
ple, this method has been used to syn-
thesize a variety of shape-controlled and
core@shell metal nanocrystals as monodis-
perse samples (e.g., Au nanorods and those
with high index facets expressed such as
{730}-terminated Au@Pd tetrahexahedra and
{221}-terminated Au@Pd trisoctahedra). >~
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Typically only one metal precursor is reduced in the
presence of the metal seeds. Yet we recently demon-
strated that coupling the co-reduction of two metal
precursors with the seed-mediated method manipu-
lates the kinetics of seeded growth and in turn the
morphology of Au—Pd nanocrystals.?” In particular,
architecturally distinct Au—Pd octopods (i.e, nano-
crystals with eight branches) and concave core@shell
Au@Pd nanocrystals were achieved. Since this initial
demonstration, Han and co-workers synthesized con-
vex Au—Pd hexahedral-like nanostructures by seed-
mediated co-reduction.?® Likewise, Xia and co-workers
recently achieved Pd—Pt alloyed nanocages by cou-
pling co-reduction and galvanic replacement during a
seed-mediated synthesis.® Collectively, these results
highlight the promise of this technique toward achiev-
ing unique bimetallic architectures. However, a greater
understanding of how this method can be used to
control morphology and composition is required to
apply it to other bimetallic systems.

In the initial demonstration of this technique a
double seeded approach was employed. First, tiny Au
seeds (<10 nm) were prepared. Then, Au precursor
(HAuCl,) was reduced on top of the seeds to make
larger Au nanocrystals, which are referred herein as Au
cores. Finally, additional Au precursor and Pd precursor
(H,PdCl,;) were added to the Au core solution and
reduced with -ascorbic acid (.-aa) in the presence of
cetyltrimethylammonium bromide (CTAB). The Au:Pd
precursor ratio determined the final nanocrystal mor-
phology. A series of control experiments found that the
HCl released from the Pd precursor was integral to
morphology control, with its concentration altering the
rates of (i) metal precursor reduction with t-aa and (ii)
likely Au core etching via Au(lll)-CTAB complexes. The
interplay between these two mechanisms at different
reaction conditions accounted for the array of nano-
structures observed. Palladium itself (in either its pre-
cursor state or reduced form) also contributed to
structure formation. Thus, understanding the role of
each synthetic component and how to manipulate
these parameters during synthesis will expand our
ability to predictably achieve architecturally dis-
tinct bimetallic nanostructures via seed-mediated
co-reduction.

In this article, a comprehensive set of experiments is
described that provide critical insight into the kinetic
control achieved by coupling co-reduction of two
metal precursors with the seed-mediated synthetic
approach. First, the independent roles of the Au:Pd
precursor ratio and reaction pH on nanostructure
formation are elucidated by systematically altering
each parameter. This study revealed general principles
for new nanocrystal design by achieving, for example,
shape-controlled alloyed nanocrystals through manip-
ulation of nanocrystal growth kinetics during seed-
mediated co-reduction. Second, the role of CTAB as a
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capping agent is evaluated. Manipulation of particle
shape through the use of various capping agents is typi-
cally considered a thermodynamic means of structure
direction, as facet-selective adsorbate interactions can
alter the relative energies of the expressed surfaces.?®
Our study found that Br~ either from CTAB or added
extraneously plays a critical role during the overgrowth
process but contributes to morphology development
by temporally separating Au and Pd precursor reduc-
tion. In fact, manipulation of this parameter facilitated
the growth of hopper-like nanocrystals with deep
angular concavities on what would be the {100} facets
of cuboctahedral nanocrystals otherwise. These results
provide a greater understanding of seed-mediated co-
reduction and will facilitate the synthesis of new
bimetallic nanocrystals with well-defined and control-
lable properties.

RESULTS AND DISCUSSION

Synthetic Control of Au—Pd Nanostructures. The general
protocol for coupling co-reduction with the seed-
mediated synthetic technique is outlined in the intro-
duction, and the details of this approach can be found
in the Methods and Supporting Information, Table S1
and Figure S1. In the initial demonstration of this
technique, the amount of Pd precursor was varied
relative to Au precursor in the overgrowth solution at
Au:Pd ratios of 1:X where Xis 0.01, 0.1, 0.2, 0.5, 1.0, and
2.0. Scanning electron microscopy (SEM) images of the
products obtained are shown in Figure 1 as column A.
Branching and the formation of octopods are evident
with the addition of even a small amount of Pd
precursor (e.g., sample 1A). The tips of the octopods
become flattened as the amount of Pd precursor
increases relative to Au precursor (e.g., sample 3A
versus 5A), and eventually concave core@shell archi-
tectures are adopted at very high Pd precursor con-
centrations (Figure S2). Given that these structures do
not form in the absence of the seed-mediated method
or when the Au and Pd precursors are reduced inde-
pendently (Figure S3), it is interesting to understand
how the co-reduction process contributes to this mor-
phology development and can be controlled.

Our previous study discovered that the Pd precur-
sor itself provides HCl to the reaction media as a
function of concentration (i.e., H,PdCl, is prepared in
excess HCl from PdCl, and it also complexes as
[CTA],PdBr, and related species under conditions si-
milar to our synthesis, as reported by Berhault and co-
workers).?”2° Replacing H,PdCl, with Na,PdCl, during
seed-mediated co-reduction accelerated the rate of
precursor reduction and provided the high driving
force required for new nanocrystal nucleation, with
large metal flakes observed at high Na,PdCl, con-
centrations. It was concluded that HCl from the
Pd precursor provided control over morphology by
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Decreasing pH

Figure 1. SEM images of Au—Pd nanocrystals synthesized by seed-mediated co-reduction. The synthetic results represented
by columns A—F involved 2 mL of aqueous HCI solution being added to the Au core solution prior to co-reduction at
concentrations of 0.0, 12.5, 25.0, 37.5, 50.0, and 62.5 mM, respectively. The synthetic results represented by 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 co-reduction, respectively. See
Tables S1 and S2 for a summary of synthetic conditions. Samples referred to by number-letter notation in the main text are

based on this figure.

manipulating the kinetics of seeded growth. However,
no additional studies were conducted to decouple the
roles of reaction pH and Au:Pd precursor ratio in mor-
phology development. Yet, experiments by Nishimura
and co-workers have shown that the aspect ratio of Au
nanorods can be controlled by the pH of the over-
growth solution, and similar observations have been
made in other nanomaterial syntheses.®' 33 Thus, it is
imperative to study the effect of reaction pH on
morphology independent of the Au:Pd precursor ratio.
This goal is achieved here by systematically adding
different concentrations of HCl to the overgrowth
solution prior to the co-reduction process at fixed Au:
Pd precursor ratios. These results are also presented in
Figure 1. The concentration of HCl added to the over-
growth solution increases from left to right in a row
(A—F corresponds to 2 mL of 0.0, 12.5, 25.0, 37.5, 50.0,
and 62.5 mM HCl added, respectively; the total reac-
tion volume is 30.6 mL; see Supporting Information
Table S2 for measurements of pH at different stages of
synthesis), with each row corresponding to a different
Au:Pd precursor ratio defined previously. Concave,
cuboctahedral, and octahedral nanocrystals form in
addition to the octopodal nanocrystals. These results
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contrast with those obtained when the Au and Pd
precursors are independently reduced in the presence of

the Au cores and CTAB as a function of pH (Figure S3).
Examination of Figure 1 in more detail reveals some
interesting trends. Across a given row nanocrystal size
remains relatively constant, but branch lengths de-
crease and tips become flattened as HCl content in-
creases (e.g., sample 4A versus 4B). Eventually, the nano-
crystals adopt cuboctahedral or octahedral shapes
(e.g., sample 4F). However, many of the intermediate
samples contain concavities or depressions along spe-
cific facets (e.g., sample 4D). This trend toward convex
solids is unsurprising, as decreasing pH slows the rate
of metal precursor reduction and in turn nanocrystal
growth. Slower growth allows nanocrystals to undergo
relaxation processes and adopt thermodynamically
favored morphologies rather than branched archite-
ctures>**> Down a column, the overall size of the
nanocrystals increases gradually with increasing metal
content in the overgrowth solution. The tips of the
branched nanocrystals also become flattened with
increasing Pd precursor in the overgrowth solution,
and cuboctahedral nanostructures with some concavities
are observed (e.g., samples 2B, 3B, and 4B, respectively).
VOL.6 =

NO.3 = 2617-2628 = 2012

WWww.acsnhano.org

2619



SEM

TEM

STEM

EDX

Decreasing pH

Figure 2. From top to bottom, Au—Pd nanocrystals (row 4, Figure 1) characterized by higher magnification SEM as well as 3-D
models (yellow represents Au-rich and red represents Pd-rich regions), TEM, STEM, and STEM-EDX mapping (yellow indicates
Au and red indicates Pd). Note: all SEM images are at the same magnification. Similarly, TEM, STEM, and STEM-EDX mapping

are at the same magnification.

At sufficiently high concentrations of Pd precursor,
octahedra (sample 6B) form. Interestingly, the addition
of HCI to a synthesis facilitates the formation of octa-
hedra at lower concentrations of Pd (e.g., sample 4F
versus sample 6B). All samples are prepared in good
yield (>90%), and this observation is attributed to the
use of a seed-mediated method. In fact, the high mono-
dispersity contributes to the uniform assembly of many
samples, with the cubic particles often adopting cubic
packing (e.g., sample 1B) and the cuboctahedral and
octahedral particles often adopting hexagonally packed
arrangements (e.g., samples 4D and 5D, respectively).
Many samples were characterized in more detail to
better understand the structural changes observed as
well as to correlate the results with changes in the
Au—Pd distribution in the final nanostructures. Shown
in Figure S4 is a transmission electron microscopy
(TEM) image and the corresponding electron diffrac-
tion (ED) of an individual octopodal nanocrystal or-
iented with four branches toward the TEM grid and
four branches away (sample 4A). The square symmetry
of the ED pattern indicates that the eight branches of
the octopod grow along the (111) directions from the
interior of the nanostructure, and the flattened tips
correspond with the expression of {111} facets. Add-
ing a sufficient amount of HCl to this overgrowth
solution facilitated the formation of octahedral nano-
crystals during co-reduction (sample 4F). ED of an
individual particle is consistent with the octahedral
shape (Figure S4). High magnification SEM images,
structural models, TEM images, STEM images, and
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elemental mapping by STEM energy dispersive X-ray
(EDX) analysis of individual particles from row 4 are
shown in Figure 2 from top to bottom. TEM and STEM-
EDX elemental mapping provide remarkable insight
into the changes in both morphology and composition
that occur as a function of reaction pH. Palladium is
dispersed all over the surface of the octopods and
localizes along the tips of the branched nanostruc-
tures, with Au predominating in the interior of the
particles (samples 4A and 4B; Pd-rich regions will
appear lighter in TEM and STEM as Z,, > Zpyg). With
decreasing pH, the SEM images reveal regions of
negative curvature associated with the absence of
{100} facets of what would otherwise be cuboctahe-
dral particles (samples 4C and 4D). Structural models
based on these SEM observations are provided in row 2.
TEM and STEM-EDX mapping reveal again that the
exteriors of the nanocrystals are Pd-rich. Interestingly, a
core@shell Au@Pd particle structure is not obvious
from microscopy analysis of the octahedral nanostruc-
tures (sample 4F), although it was initially assumed
given the use of Au cores during synthesis and the
tendency of Au precursors to reduce and deposit
before Pd precursors. To our surprise, powder X-ray
diffraction (XRD) of sample 4F indicates that the octa-
hedra are primarily a Au-rich Au—Pd alloy (Figure S5).
Note that according to the Au—Pd phase diagram, Au
and Pd are soluble over a wide range of composi-
tions.>® Presumably this alloy exists as a shell on top of
Au-based cores. Thus, controlling the kinetics of
seed-mediated bimetallic deposition may represent a
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general route to shape-controlled alloy nanocrystals.
As is evident from the STEM-EDX elemental mapping,
the shape of the Au-rich interior of the Au—Pd nano-
crystals changes as a function of HCl addition, as does
the distribution of Pd in the final nanocrystals. The
chemical origin of these changes will be discussed in
more detail later, but it is noted that there is very little
variation in the Au:Pd ratio in the final nanostructures
as a function of reaction pH (Table 1).

Similar characterization was conducted for nano-
crystals formed as a function of Au:Pd precursor ratio
with no HCl added to the overgrowth solution (column
A). It is noted that there is a slight decrease in reaction
pH down column A as the Pd precursor itself provides
HCl to the reaction media; however, the change from
one panel to the next is small compared to row 4
experiments, and similar structural changes are ob-
served as a function of Au:Pd precursor ratio when the
H,PdCl, is replaced with Na,PdCl, (see Table S1 and
Figure S6). Shown in Figure 3 are TEM images and
STEM-EDX elemental maps of individual particles from
the samples in column A. As the amount of Pd pre-
cursor increases in the synthesis, the tips of the branches
become substantially flattened. The STEM-EDX elemental
maps indicate that these flattened tips are enriched
with Pd relative to the rest of the nanostructure. The

TABLE1. Ratio of Au:Pd (as X:1) in Various Nanocrystals As
Obtained by EDX Analysis

decreasing pH —

row 4 4A 4B 4C 4D 4E 4F

X 0.87 1.01 1.02 0.85 1.14 0.98

increasing Pd —

column A 1A 2A 3A 4A 5A 6A

X 19.7 3.55 173 0.87 0.40 0.28

2A

TEM

STEM

EDX

s N NuW
DDUEIEID

20 M -

elemental maps also indicate that the branched nature
of the Au-rich interior is generally maintained as a
function of Au:Pd precursor ratio, unlike with the
addition of HCl to the overgrowth solution. ED of
sample 6A again indicates that branches of the octo-
pods grow along the (111) directions of the core
(Figure S4). Powder XRD of sample 6A indicates a
complex composition composed of Au, Pd, and a
Au—Pd alloy from the shoulder reflections at 38.2
and 40.1 degrees 26, consistent with diffraction from
the Au and Pd {111} planes, respectively, and the
broad reflection in between (Figure S5). Interestingly,
the reflection at 40.1 degrees 26 for Pd is not evident in
the powder XRD pattern of sample 4A (Figure S5).
Sample 4A is prepared with slightly less Pd precursor
than sample 6A, and the width of the sheets terminat-
ing the branches of these octopods is also less than
observed with sample 6A. This comparative analysis
suggests that the Pd region is localized at the tips of the
“sheeted” octopods. The amount of Pd in the final
nanocrystals increases with increasing Pd precursor in
the overgrowth solution as expected (Table 1). Taken
with the results obtained at fixed Au:Pd precursor but
different HCl contents, these findings illustrate that the
Pd content and location can be predictably manipu-
lated during seed-mediated co-reduction.

Additional experiments are still required to fully
decouple the roles of HCl content and Au:Pd precursor
ratio in morphology control. Mainly, it is important to
consider the structure of the Au cores in nanocrystal
formation, as the facets expressed and their internal
twins can contribute to morphology development in
seed-mediated syntheses.?®*” Shown in Figure S7 is an
SEM image of the Au cores used in this synthesis. They
appear octahedral-like, with some particles showing
rounded corners or minor protrusions. The use of
single-crystalline octahedral-like cores is consistent
with the final morphologies adopted by the Au—Pd
nanocrystals. However, nanoparticles often restructure
in solution in response to changes in their environment

Increasing F'd >

Figure 3. From top to bottom, Au—Pd nanocrystals (column A, Figure 1) characterized by TEM, STEM, and STEM-EDX

elemental mapping (yellow indicates Au and red indicates Pd).
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VOL.6 = NO.3 = 2617-2628 = 2012 AC Lmy

WWW.acsnano.org

2621



15 min 25 min

100 nm ==

35 min 45 min Au:Pd HCI
1:0.1 62.5 mM
11 0mM
11 62.5 mM

Figure 4. SEM images of the products obtained by analyzing aliquots at different times after the co-reduction step. From top

to bottom: samples 2F, 4A, and 4F.

(e.g., the addition of a capping agent).3®>° It is possible
that the addition of HCl to the overgrowth solution
contributed to a change in core structure and in turn
final nanostructure morphology. However, SEM anal-
ysis of Au cores exposed to HCl prior to the co-reduc-
tion step did not reveal any substantial changes in
structure (Figure S7). Thus, the changes in final nano-
structure morphology as a function of HCl do not arise
from changes in core shape prior to co-reduction. Yet
STEM-EDX elemental mapping of row 4 samples re-
vealed Au-rich interiors of different shapes as a func-
tion of HCl content (Figure 2). At low HCl content (high
pH) the Au-rich interiors are branched. Such structures
are not favored by thermodynamics and typically form
under conditions of fast growth, wherein metal deposi-
tion occurs at a faster rate than metal surface diffu-
sion.>* At higher HCI content (low pH) the Au-rich
interiors are cuboctahedral or octahedral, which are
thermodynamically more favored. These observations
are consistent with the pH-dependent reducing cap-
abilities of L-aa.*° It is also noted that Au can be etched
with Au(ll)-CTAB complexes and that the rate of this
oxidation is pH dependent, with points of high curva-
ture being most susceptible to etching at low pH.*'
These two factors account for the different shapes
observed in the Au-rich interiors of the Au—Pd nano-
crystals as a function of HCl content, particularly as the
addition of NaCl to the overgrowth solution rather than
HCI did not facilitate similar morphology changes.
Shown in Figure S8 are the results obtained when NaCl
was added to the overgrowth solution rather than HCl,
with all other synthetic conditions consistent with row
2 samples. High-quality octopodal structures were
obtained at all concentrations. Finally, as the Pd pre-
cursor (H,PdCl,) provides HCl to the reaction media
itself, it was replaced with Na,PdCl, at the Au:Pd
precursor ratio consistent with row 5 and the pH of
the reaction media adjusted through the addition of
HCI prior to co-reduction. The results are shown in
Figure S6 and are similar to those obtained with
H,PdCl, as a function of reaction pH (A—F correspond
to 2 mL of 0.0, 12.5, 25.0, 37.5, 50.0, and 62.5 mM HCI
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added, respectively; the total reaction volume is 30.6 mL).
Thus, the addition of HCl extraneously, not exclusively
from the metal precursor, provides similar kinetic con-
trol of seed-mediated co-reduction. It is noted that
adding a small amount of NaOH to the overgrowth
solution also facilitated the formation of octopodal
structures (Figure S9). This observation is consistent
with branched nanostructures forming under fast
growth conditions, as precursor reduction with L-aa is
more facile at high pH.*® Yet polydisperse quasi-
spheres form at sufficiently high pH and may arise
from uncontrolled precursor reduction and the de-
creased stability of the CTAB bilayers adsorbed to the
surface of the growing nanocrystals (Figure 59).4°

The discussed experiments highlight the important
role of growth rate in morphology development. Time
studies provide similar insight. Shown in Figure 4 are
SEM images of the product obtained as a function of
reaction time for samples 2F, 4A, and 4F. In the early
stages of reaction all samples are ill-defined and
reminiscent in form to the original Au cores. However,
the morphologies of the nanostructures are similar to
those shown in Figure 1 within 45 min and indicate that
our sampling technique does not appreciably alter the
growth processes. Interestingly, sample 2F adopts a
“sheeted” octopodal morphology, but it does not
appear to proceed through an octopodal intermediate
without sheets, as one might interpret from Figure 1.
Similarly, sample 4F adopts an octahedral-like mor-
phology without proceeding through a branched mor-
phology first. Yet octopodal structures form during the
early stages of synthesis for sample 4A (15 min), which
is prepared with less HCl in the overgrowth solution
than sample 4F. This observation highlights the im-
portant role of reaction pH and fast growth in achiev-
ing branched nanocrystals. Otherwise, slow growth will
predominate, as will convex structures. Significantly,
these findings indicate that the different morphologies
of the Au-rich phase formed initially during co-reduction
direct the subsequent deposition of the Pd-rich phase.

Evaluation of Capping Agents. In addition to the impor-
tant role of precursor reduction rate on morphology
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development, structure direction can be achieved in a
nanosynthesis through the use of capping agents
(either intentionally added to the solution or present
during a nanosynthesis from precursor selection).® In
considering this seed-mediated co-reduction synthe-
sis, the role of CTAB must be evaluated, as it is used
as a stabilizing surfactant. CTAB is also used in Au
nanorod syntheses, where it forms a bilayer, and the
bromide is thought to electrostatically stabilize {100}
facets relative to {111} facets given the prevalence of
cube and rod-like structures prepared in its pres-
ence** * Thus, CTAB was replaced with cetyltri-
methylammonium chloride (CTAC) to elucidate the
role of Br~ during the synthesis of Au—Pd nanocrystals
via seed-mediated co-reduction. Note that the CTAB
was replaced with CTAC after Au core formation but
prior to co-reduction to ensure that any observed
changes in morphology are from the change in surfac-
tant and not the shape of the Au core (see Methods).
CTAB and CTAC are both quaternary ammonium salts
and differ only in their counteranion, Br~ versus Cl™.
Interestingly, Mirkin and co-workers recently found
that replacing CTAB with CTAC facilitated the forma-
tion of concave Au nanocubes rather than tetrahex-
ahedra when all other synthetic parameters were held
constant.”® The origin of this difference was not eluci-
dated but indicates that subtle changes in a synthesis
can facilitate unique outcomes. Shown in Figure 5A
and B are comparative SEM images of the Au—Pd
nanostructures formed at a 1:0.1 Au:Pd precursor ratio
in the presence of equal concentrations of CTAC and
CTAB, respectively. Octopods form in both cases. Yet
the tips of the octopods prepared in the presence of
CTAC are much sharper than those prepared with
CTAB, which display flattened tips corresponding to
Pd-rich {111} facets. Adding KBr to the CTAC system
led to the expression of similarly flattened tips at low
concentrations (CTAC:Br~ = 1:0.75; Figure 5Q).

It is curious that Pd-rich {111} facets are widened
with increasing Br~ content rather than {100} facets
expressed. We interpret this observation to mean that
the addition of Br~ to the synthesis has its greatest
effect on Pd precursor reduction rather than habit
modification via surface stabilization or the reduction
properties of the Au precursor. It is known that Pd(ll)
can coordinate as [CTA],PdBr4 and related species and
that the reduction rate associated with [PdBr,]>~ is
slow relative to [PdCl,]>.2° This condition could pro-
vide greater temporal separation between the reduc-
tion of the Au and Pd precursors. The association of
Pd(ll) with Br™ in our system was verified via UV—vi-
sible spectroscopy (see Figure S10). On the basis of
these findings, we believe that adding Br~ to the
synthesis temporally separates reduction of the Au
and Pd precursors and, in turn, their addition to the
growing nanostructures. We note that the Au precur-
sor may be similarly coordinated with Br~, but the
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150 NM —

Figure 5. SEM images of Au—Pd nanocrystals formed via
seed-mediated co-reduction at a Au:Pd precursor ratio of
1:0.1.(A) CTAC and (B) CTAB were used as stabilizing agents,
respectively. The concentration of CTA" is the same (see
Methods, Hopper-like Nanocrystal Formation). KBr solution
was added to the CTAC-based synthesis prior to co-reduc-
tion at CTAC-to-Br™ ratios of 1:X where X is (C) 0.75, (D)
0.875, (E) 1.0, (F) 1.125, (G) 1.25, and (H) 1.375. A low
concentration of HCl was added to the syntheses of samples
(C)—(H), as it improved sample monodispersity (see Meth-
ods and Figure S8 for control experiment). Circled in (D) are
two different particle architectures, where one particle has
{111} facets that have fused together to generate a hopper-
like nanocrystal and the other does not.

observation of Au-based branches suggests that the
kinetics of its reduction are not as strongly influenced
by this factor. Regardless, temporally separating the
reduction of different precursors would lead to the spatial
separation of Au-rich and Pd-rich regions in the final
nanostructures at sufficiently high Br~ concentrations.
As the amount of Br™ in the syntheses increases
further, the nanocrystals adopt octapodal structures
with truncated tips that in some cases appear fused
together (CTAC:Br~ = 1:0.875; Figure 5D). Remarkably,
ateven higher Br~ concentrations, the {111} tips are so
wide that nanocrystals form with deep angular con-
cavities on what would be the {100} facets of cuboc-
tahedral nanocrystals otherwise (Figure 5E—H). Control
experiments found that adding more Br™ to the tradi-
tional CTAB-based synthesis of octopods facilitated the
formation of similar structures (Figure S11A), while
adding additional CI™ to the bromide-free/CTAC syn-
thesis gave sharply tipped octopods (Figure S11B).
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These concave crystals bear a resemblance to hopper crys-
tals, which contain face-centered pits and whose name
derives from the railway cars that carry grain.**~*° Such
crystals form under kinetically controlled growth con-
ditions wherein crystal edges grow faster than crystal
faces. However, in our system no concavities are ob-
served within the {111} facets, as would be expected
from such overgrowth of cuboctahedra, and suggests
that a different growth mechanism is operating.*
Interestingly, Mirkin and co-workers recently reported
the Ag*-mediated synthesis of Au octahedra with
deep angular concavities similar to those observed in
our Au—Pd hopper-like nanocrystals.”® They attributed
the formation of their structures to slowed precursor
reduction and kinetically controlled growth conditions
that favor metal deposition on the highest energy
features, as is observed here as well. Additional char-
acterization is provided in Figure 6. A STEM image of an
individual hopper-like particle reveals that the {111}
facets on opposite sides of the crystal are both trun-
cated triangles but rotated 45° from one another.
STEM-EDX elemental mapping indicates that Pd is
dispersed all over the surface with the structure con-
sisting of a Au-based cuboctahedral core.

From this detailed analysis, it is evident that mor-
phology development during seed-mediated co-re-
duction is sensitive to factors that influence growth
kinetics. A complicating factor of this analysis is that
each metal precursor can respond differently to syn-
thetic parameters that govern kinetics. In our Au—Pd
system, reaction pH had its greatest effect in directing
the growth of the Au-rich phase and thus its shape. This
observation can be accounted for by the pH-depen-
dent rates of (i) metal precursor reduction with L-aa and
(ii) Au core etching via Au(lll)-CTAB complexes. Inter-
estingly, revisiting the results presented in Figure S3
reveals a similar pH dependence for the seed-
mediated growth of Au nanostructures. Gold cubocta-
hedra, Au nanocubes, and a mixture of Au nanocubes
and octahedra form with increasing HCl content in the
overgrowth solution containing only Au precursor. In
contrast, the reduction of only Pd precursor yields
{111}-terminated Au@Pd octahedra with increasing
HCl content in the overgrowth solution. The different
behaviors observed in the Au and Pd systems manifest in
the bimetallic system as well, with the Au-rich regions
adopting an assortment of shapes dependent on pH and
the Pd-rich regions expressing {111} facets. Thus, study-
ing the trends observed in monometallic nanocrystal
syntheses may facilitate the predictive synthesis of bime-
tallic nanostructures via seed-mediated co-reduction.

Optical Properties of Au—Pd Nanocrystals. On account
of their unique structures, various samples were also
characterized by UV—visible spectroscopy. Anisotropic
nanocrystals composed of Au, including branched
nanostars and 1-D nanorods, have attracted much
attention on account of their tunable SPRs in the visible
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Figure 6. (A) STEM and (B) TEM images of a hopper-like
nanocrystal as prepared in Figure 5G. The nanocrystal was
also characterized using STEM-EDX elemental mapping: (C) Au
only, (D) Pd only, and (E) an overlay of the Au and Pd signals.

and near-IR region.*®*'*? This region is of technolog-
ical relevance for biomedical applications and chemi-
cal sensing modalities via Raman spectroscopy.>®
Much less is known about the optical properties of
such structures when they incorporate a second metal,
such as Pd. However, studies of Au@Pd nanobars show
that layers of Pd blue shift and broaden the LSPR on
account of the difference in dielectric constant be-
tween Au and Pd and increased damping from the Pd
shell>* The normalized UV—visible spectra for the
Au—Pd nanocrystals in row 4 are shown in Figure 7A,
with the primary area of interest enlarged in Figure 7B.
The SPR for sample 4A is located at 700 nm. This SPR
position in the near-IR is consistent with the branched
nature of the Au—Pd nanocrystals.>' Recall that adding
HCl to the overgrowth solution yielded nanocrystals of
similar size but with decreasing branch length and
flattened tips. These changes in morphology are cor-
related with a blue shift to 400 nm, followed by slight
red shifts to ~550 nm as the nanocrystals adopt an
octahedral shape. These observations are consistent
with studies of other branched structures wherein a
decrease in branch length manifested initially as a blue
shift.>' The resonance associated with sample 4F is
slightly to the blue compared to octahedral Au nano-
crystals of similar size and is the result of Pd on the
surface of the nanocrystal.

The UV—uvisible spectra are presented in Figure 7C
for the Au—Pd octopods with different Pd loadings at
their tips (column A). A sharp SPRis observed at 600 nm
for sample 1A. There is a gradual red shift with increas-
ing Pd precursor in the overgrowth solution (samples
2A through 4A) followed by a blue shift to 500 nm with
sample 6A. Given the structural similarities between all
of the samples, the position of the SPR was analyzed as
a function of both branch length and tip width for the
Au—Pd octopods (Figure 7D and E). This analysis found
that the red shift arises primarily with an elongation in
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Figure 7. (A) Normalized absorbance spectra of Au—Pd nanocrystals (row 4, Figure 1) and (B) inset of the spectra with labels
1—6 corresponding to samples 4A—4F, respectively. (C) Normalized absorbance spectra of Au—Pd nanocrystals (column A,
Figure 1) with labels 1—6 corresponding to samples 1A—6A, respectively. (D) Wavelength of maximum SPR absorbance and (E)
corresponding dimensions of the nanocrystals (column A, Figure 1) plotted as a function of atomic percent Pd in the synthesis.

branch length denoted as “X” in Figure 7E, which
increases consistently for samples TA—4A (Figure 7E).
On the other hand, the blue shift correlates with an
increase in tip width denoted as “Y” in Figure 7E, which
increases most for samples 4A—6A (Figure 7E). Eluci-
dating the synthetic parameters that govern structure
formation allows for the optical properties of these Au—Pd
nanocrystals to be facilely and predictably manipulated via
seed-mediated co-reduction.

CONCLUSIONS

The synthesis of bimetallic nanostructures with de-
fined features is often daunting with traditional co-
reduction methods on account of the different proper-
ties of each metal precursor. Yet as demonstrated here,
coupling co-reduction with a seed-mediated synthesis

METHODS

Chemicals. (-Ascorbic acid (CgHgOg, 99%), palladium(ll)
chloride (PdCl,, 99.98%), chloroauric acid (HAuCl,-3H,0,
99.9%), cetyltrimethylammonium bromide (CTAB, 98%, lot #'s:

DESANTIS ET AL.

represents a versatile route to architecturally controlled
bimetallic nanostructures with Au—Pd octopods, con-
cave nanostructures including new hopper-like nano-
crystals with deep angular concavities, and shape-
controlled alloy nanocrystals achieved. Our systematic
study of the reaction conditions attributes the formation
of these distinct nanostructures to the careful manipula-
tion of growth kinetics, with observations in the bime-
tallic system being similar to those in the monometallic
analogues. As such, seed-mediated co-reduction repre-
sents a potentially powerful means of achieving bime-
tallic nanostructures with well-defined and controllable
features. Also, these results provide insight into how self-
seeding co-reduction techniques could be exploited to
achieve one-step approaches toward architecturally con-
trolled bimetallic nanostructures.>> >’

050M01711 V and 120M01411 V), cetyltrimethylammonium
chloride (CTAC, 0.78M, lot #'s: MKBB4924 and STBC2574),
sodium chloride (NaCl, 99%), potassium bromide (KBr, 99%),
and sodium borohydride (NaBH,, 98.5%) were used as purchased
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from Sigma Aldrich. Sodium hydroxide (NaOH, 97%) was used as
purchased from EMD. Aqueous, concentrated hydrochloric acid
(12.1M) was purchased from Mallinckrodt. Nanopure water (18.2
MQ - cm) was used in all experiments. An aqueous 10 mM H,PdCl,
solution was prepared by heating at ~70 °C and stirring dissolved
PdCl, (44.6 mg) in 25 mL of HCl (pH 1.69) for 1 h.

Gold Nanoparticle Seeds. To make the initial Au seeds, 4 mL of
water and then 1 mL of HAuCl, (2.5 mM) solution were added to
5 mL of CTAB (150 mM) solution in a 30 mL reaction vial. A
0.6 mL amount of an ice-cold NaBH,; (10 mM) solution was
added immediately with vigorous stirring, forming a clear
brown solution. This solution was capped and allowed to stir
slowly at room temperature for 3 h. A 0.2 mL aliquot was then
diluted with 19.8 mL of water. The seeds were aged at room
temperature and used after 3 days to prepare Au cores for
Au—Pd nanocrystal formation.

Gold Nanoparticle Cores. To synthesize the Au cores, 0.1 mL of
HAuCl,; (9 mM) solution was added to 2 mL of CTAB (0.2 M)
solution followed immediately by 1.5 mL of ascorbic acid (0.1 M)
solution. This solution was immediately diluted to 25 mL with
H,0 followed promptly by adding 1.0 mL of the seed solution.
This reaction vial was capped and allowed to sit undisturbed in a
25 °C oil bath for 24 h.

Gold—Palladium Nanocrystal Formation. To prepare the various
Au—Pd nanocrystals, 2 mL of either water or HCl acid solution
(concentration denoted in the text and Table S1) was added to
the entire Au core solution. This procedure was followed by the
simultaneous addition via separate pipettes of 2 mL of H,PdCl,
and 0.1 mL of HAuCl, solution (concentrations denoted in the
text and Table S1). The vials were gently mixed by inversion
followed promptly by the addition of 0.5 mL of ascorbic acid (0.1
M) solution. The reaction vial was capped and allowed to sit
undisturbed in a 25 °C oil bath for 24 h. It is noted that HCl
solutions were prepared by diluting concentrated HCI (12.1 M)
to the desired concentration and checking the solution pH
(included in Table S2). The H,PdCl, solution was similarly
prepared by dilution of the 10 mM H,PdCl, solution described
under Chemicals.

Control Experiments with Sodium Chloride or Sodium Hydroxide. NaCl
or NaOH was substituted for HCl at the acid addition step using
identical concentrations (as denoted in Table S1). Otherwise,
the experimental procedure was identical to that used for
Au—Pd nanocrystal formation.

Hopper-Like Nanocrystal Formation. The Au core solution, as
prepared earlier, was spun down by centrifugation, and the
supernatant—containing the dissolved CTAB used in prepara-
tion—was removed by decantation. The Au cores were then
resuspended in water to 1 mL for later use. One milliliter of a KBr
solution (varying concentrations: 0.30, 0.35, 0.40, 0.45, 0.50, and
0.55 M as denoted in the text) was added to a 1 mL solution of
0.4 M CTAC. To this solution were added sequentially 0.1 mL of a
200 mM HAuCl, solution and 0.2 mL of a 10 mM H,PdCl,
solution (Au:Pd = 1:0.1), followed by 1.5 mL of a 0.2 M ascorbic
acid solution. Depending on the synthesis, 2 mL of water or
25 mM HCl solution was then added, as denoted in the text. The
HCl improved sample homogeneity. Finally, this solution was
diluted to 25 mL using Nanopure water, then 1 mL of the core
solution was added.

Characterization. Images of the nanoparticles were taken via a
FEI Quanta 600F Environmental scanning electron microscope
operated at 30 kV and a spot size of 3. The composition of the
nanoparticles was determined with an Oxford INCA energy
dispersive X-ray detector interfaced to the SEM operated at
30 kV. STEM/TEM images were taken on a JEOL JEM 3200FS
transmission electron microscope at 300 kV and a spot size of
1 with a Gatan 4k x 4k Ultrascan 4000. Energy dispersive X-ray
spectra were obtained with an Oxford INCA dispersive X-ray
system interfaced to the JEM 3200FS TEM, operating at 300 kV.
Samples for TEM analysis were prepared by washing a copper-
coated carbon grid with chloroform to remove Formvar, then
drop-casting a dispersed particle solution onto the grid. Sam-
ples for SEM and EDX analysis were prepared by drop-casting a
dispersed particle solution onto a silicon wafer and then wash-
ing the wafer twice with methanol after initial solvent evapora-
tion. The optical properties of various samples were measured

DESANTIS ET AL.

with a Varian CARY 5000 Bio UV—visible spectrophotometer,
using a quartz cuvette and a background scan of water. Samples
for powder XRD were deposited on amorphous glass slides and
analyzed with Siemens/Bruker D-5000 using Cu Ko radiation
(A =0.15418 nm).
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