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The controlled synthesis of heterometallic nanocrystals is
highly desirable because of the unique optical, electronic,
magnetic, and catalytic properties imparted by each compo-
nent,” as well as new features that can arise from the
effective coupling of different materials.*'” The realization
of both positional and morphological control over each
component within these structures will provide even greater
tunability of their resulting properties. One synthetic
approach to generate such nanostructures is to use a seed-
mediated strategy where a secondary metal is epitaxially
deposited onto seed particles that have similar lattice
parameters."" ¥ Recently, we showed that certain noble
metals can be used both as seed particles and electron
microscopy labels to follow heterometallic particle growth
and shape evolution processes."!! Indeed, by utilizing this
strategy, one can prepare and study the growth of hetero-
metallic core-shell nanostructures such as triangular
prisms,'"1 cubes,*1% octahedra,!? rods'! and plates.'’!
However, achieving precise shape control of heterometallic
nanostructures is still synthetically challenging.
Plasmon-mediated syntheses of metallic nanostructures
are often high-yielding and provide outstanding shape control
in the context of prisms," " bipyramids,?*! decahedra,?**!
and tetrahedra.?” We first introduced the concept of plas-
monic seed-mediated synthesis with the discovery that small
spherical Ag nanoparticles could be irradiated with light of
appropriate wavelengths to be selectively converted into
triangular nanoprisms.'*¥! Mechanistic studies of this reac-
tion have shown that the reduction of Ag* ions by trisodium
citrate is catalyzed by Ag nanoparticles under plasmon
excitation to form small nanoprisms.>?! The nanoprisms
continue to grow until their surface plasmon resonance (SPR)
is red-shifted from the excitation wavelength, allowing precise
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control over their edge length. Such facile photomediated size
control has also been demonstrated for the synthesis of highly
monodisperse Ag right-triangular bipyramids.”” Further-
more, we have shown that, in conjunction with a seeded-
synthesis technique, this plasmon-mediated method can be
used to synthesize bimetallic triangular core—shell nanoprisms
from spherical and prismatic gold seeds by adjusting the
excitation wavelength to the SPR of the plasmonic seed.!"!
However, the resulting bimetallic core—shell structures gen-
erated from this plasmonic seed-mediated approach are
triangular prisms, regardless of the shape of the seed particles
(spheres or prismatic plates).

Herein, we describe a plasmon-mediated approach to the
synthesis of shape-controlled heterometallic nanostructures.
By simply adjusting the pH value of the solution, the light-
induced overgrowth of Ag onto well-defined penta-twinned
Au decahedra nanoparticle seeds can be controlled to yield
either heterometallic nanorods or icosahedra (Figure 1). We
demonstrate that the pH value affects the reduction rate of

pH7 pH 11
Ag+/BSPP/citrate, g+/BSPP/citrate
hv, A=550 nm hv, A=550 nm

icosahedron decahedron nanorod

Figure 1. pH-dependent plasmon-mediated growth processes involving
the photodeposition of Ag on plasmonic decahedral Au seeds. Au dark
gray; Ag light gray.

Ag" ions, which affects the growth kinetics and leads to the
different morphologies of the heterometallic structures. To
the best of our knowledge, this is the first report of the
realization of heterometallic icosahedral nanostructures from
decahedral core particles.

Au decahedra with an average edge length of 40 nm
(Figure 2 A) were prepared (shape yield ~ 70 %) according to
reported procedures”” and used as plasmonic seeds to control
the nucleation and growth of Ag shells and act as electron
microscopy labels to monitor particle growth. In a typical
synthesis of Au-Ag heterometallic nanorods, an aqueous
solution of AgNO;, sodium citrate, bis(p-sulfonatophenyl)-
phenylphosphine dihydrate potassium salt (BSPP), and Au
decahedra was prepared, and the pH of the reaction solution
was raised to 11 by the addition of 0.Im NaOH (see the
Experimental Section). This solution was then irradiated for
8h with a 150 W halogen lamp using a bandpass filter
centered at 550420 nm, which is close to the maximum
absorbance of the Au decahedra at 580 nm (Figure S1 in the
Supporting Information). The solution turned pink after
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Figure 2. A) Representative STEM image of the Au decahedral cores.
B) Group of heterometallic nanorods. C) Individual heterometallic
nanorod. EDS data from the particle in (C) showing D) the Ag shell
and E) the Au core. The distribution of Ag and Au components is
shown along cross-sections that run F) parallel and G) perpendicular
to the pentagonal axis of the decahedron. Scale bars: 50 nm; d=dis-
tance.

10 min of irradiation and became opaque orange after 1 h.
There was no change in color with further irradiation, even
for an additional 24 h, which was the longest time period
studied.

These nanostructures can be identified as heterometallic
penta-twinned nanorods from scanning transmission electron
microscopy (STEM) images (Figure 2B). When the nanorods
are viewed lying down on the TEM grid, the Au decahedral
cores have a diamond-shaped projection with brighter con-
trast than the Ag shells; this difference arises from electron-
scattering differences between the Au and Ag components.
The Au-Ag core-shell heterometallic nanorods were also
characterized by energy dispersive X-ray spectroscopy (EDS;
Figure 2 C-G). The distributions of the Au and Ag compo-
nents along and perpendicular to the pentagonal axes are
shown in Figure 2F and 2G, respectively. The EDS data
indicate that the nanostructures have distinct core and shell
components. Ag is deposited selectively along the pentagonal
axes of the decahedra, and there is no Au/Ag alloy in the
heterometallic nanorod structures. The distribution of Au and
Ag along the cross-sections suggests that the entire surface of
the Au decahedra is coated with Ag. The Ag shell extends
beyond the Au cores in all directions, but only by a few
nanometers along the direction perpendicular to the pentag-
onal axes (Figure 2G).

The pH value is an important factor in the plasmon-
mediated synthesis of Ag nanostructures.””) We have pre-
viously demonstrated that pH can inhibit the bimodal growth
behavior for Ag triangular nanoprisms, thus allowing the
synthesis of nanoprisms with uniform and tailorable dimen-
sions.l'’ In the present study, we show that the growth of Ag
on Au decahedra can also be controlled by pH, but with
significantly different resulting morphologies. Indeed, by
simply switching the pH value of the reaction solution from
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Figure 3. A) Representative STEM image of the heterometallic icosahe-
dra. B) Images of individual heterometallic icosahedra in various
orientations next to their corresponding CAD model in the identical
orientation. C) Individual heterometallic icosahedron. EDS data from
the particle in (C) showing D) the Ag shell and E) the Au core. The
distribution of Ag and Au components are shown for cross-sections
that run along (F) and G) perpendicular to the pentagonal axis of the
decahedron. Scale bars: 50 nm; d=distance.

11 (for the preparation of nanorods) to 7, bimetallic
icosahedra that contain identifiable gold seeds are formed
(Figure 3A). In this case, as the growth solution containing
the decahedra seeds was irradiated, the color changed from
light purple to pink after 30 min and then became faint pink
after 5h, without any noticeable changes upon further
irradiation. The structures of the heterometallic icosahedra
were extensively studied by STEM and compared to a
computer-aided-design (CAD) model (Figure 3B). Both the
shape and contrast of the particles correlate well with the
STEM images and CAD model, confirming the heterometal-
lic icosahedral morphology.

The icosahedra were also characterized by EDS (Fig-
ure 3C-G). Elemental maps indicate that a single Au
decahedron is asymmetrically located in each icosahedron,
and EDS line profiles of cross-sections along the pentagonal
axes of each decahedron confirm that the gold seed is
asymmetrically positioned (Figure 3F). Ag is deposited over
the entire surface of the Au decahedron, and the Au is not
exposed. This observation is supported by the data obtained
from EDS line scans along cross-sections perpendicular to the
pentagonal axes of the decahedron, where it shows that the
distribution of the Ag components extends beyond the
distribution of the Au components (Figure 3G).

Heterometallic icosahedra nanoparticles with an asym-
metric metallic distribution can be produced using this
plasmon-mediated synthetic method. While the symmetric
overgrowth of Ag onto Au decahedra to produce Au-Ag
heterometallic nanorods can be achieved by using either the
method presented in this study or by using a recently reported
polyol synthesis,['® the asymmetric overgrowth of Ag on such
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nanoparticle seeds has not been described. In crystallography,
multiply twinned decahedra and icosahedra are related
structures. A decahedron can be considered to be the
assembly of 5 single-crystalline tetrahedral units joined
together by (111) twin planes with a common axis along the
[110] direction, and consequently has 10 (111) facets exposed
on its surface. On the other hand, an icosahedron is geo-
metrically composed of 20 tetrahedral units.”**! For the
construction of the heterometallic icosahedron, an Au
decahedron provides 5 tetrahedral units, while the remaining
15 tetrahedral units are composed of Ag.

To better understand the transformation from a decahe-
dron to an icosahedron, we used STEM to characterize
several intermediate particles in the icosahedra reaction in
order to determine the growth process, which is illustrated in
Figure 4. We propose that this asymmetric transformation

Figure 4. STEM images and CAD models illustrating the growth of an
Au decahedron to an Au—Ag heterometallic icosahedron. Scale bars:
25 nm.

occurs by the successive twinning and growth of tetrahedral
units from the decahedral cores. Ag is first deposited
isotropically over the entire surface of the Au decahedron
followed by the anisotropic deposition of Ag onto one side of
the decahedron (Figure 4B). The formation of an icosahe-
dron is initiated by the development of a twin plane on one of
the (111) faces of the decahedron and the subsequent growth
of a Ag tetrahedral unit. At this stage, a single Ag tetrahedron
can be observed on top of the decahedral core (Figure 4C).
The newly exposed faces of the Ag tetrahedral unit provide
additional (111) surfaces for subsequent twin-plane forma-
tion, thus promoting the growth of adjoining tetrahedral units
(Figure 4 D). Note that the presence of twin planes is assumed
based on previous reports regarding the twin structures of
decahedra and icosahedra.®*! Eventually, by successive
twinning and growth events, Ag asymmetrically grows out-
wards over the entire surface of the Au decahedron, yet there
remains a decahedron-shaped indentation opposite the Au
decahedral core (Figure 4E). In the final stage of growth, Ag
is deposited into this indentation until the final heterometallic
icosahedron morphology is obtained (Figure 4F). The step-
by-step, successive growth of multiply twinned nanostructures
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is consistent with previous observations in other systems.”**"!

However, by utilizing plasmon-mediated methods, we dem-
onstrate that it is possible to achieve the shape transformation
from an Au decahedron to an Au-Ag heterometallic icosa-
hedron.

Reaction kinetics can significantly affect the growth of
metal nanoparticlesBl] and, for that reason, we wanted to
determine if the different heterometallic nanoparticle mor-
phologies observed at the two pH values could be attributed
to differences in reaction rates. The chemical reaction for the
plasmon-mediated reduction of Ag" by sodium citrate has
been proposed in previous work.”*! Briefly, seed particles
under plasmon excitation catalyze the reduction of Ag® to
Ag” and the oxidation of citrate ions to 1,3-acetonedicarbox-
ylate and carbon dioxide (Scheme 1). The dependence of the

COO~ 00~

H COO~ + OH- —> Og + COz+ H0 + 2¢-
COO~ COO~
citrate 1,3-acetonedicarboxylate

Scheme 1. Proposed oxidation half-reaction for the plasmon-mediated
reduction of Ag™ ions.>%

oxidation half-reaction on hydroxide ion concentration allows
for the reaction rate to be controlled by pH.?! Indeed, by
monitoring the concentration of Ag* ions using inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
over the course of the reactions, we found that the Ag*
concentration decreases more rapidly for the reaction at
pH 11 than at pH 7, and is consistent with the faster color
changes observed for the reaction carried out at a higher pH
value (Figure 5). The concentration of Ag* ions at either pH
value does not reach zero because the BSPP ligand binds to
aqueous Ag*,F>% thereby inhibiting the complete reduction
of all of the Ag* ions in solution. Additionally, the final Ag*
concentration is higher at pH 7 than pH 11 because of the
lower reducing ability of citrate at lower pH values.*"

The observation of two different heterometallic nano-
particle morphologies can be partially explained by the pH-
dependent reaction rates. In the fast reaction at pH 11, Ag is
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Figure 5. ICP-AES data monitoring the concentration of Ag" for the
plasmon-mediated reactions that generate icosahedra at pH 7 (e) and
nanorods at pH 11 (m).
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deposited onto the (111) faces of the Au decahedral core
particles with crystal growth occurring along the [110]
direction to generate a rod morphology with exposed (100)
side facets and (111) end facets.’!! A similar deposition
preference has been observed in our recent study of the
plasmon-meditated growth pathway for Ag bipyramids at
high pH values, where the preferential deposition on the (111)
facets of the planar-twinned seeds results in the formation of
(100)-faceted Ag right-triangular bipyramids.?!!

On the other hand, the slower reaction at pH 7 generates
icosahedra that are bound entirely by (111) facets. This result
is also consistent with previous observations that the slower
reaction conditions yield (111)-faceted nanoprisms.?'! How-
ever, the question remains as to why we observe asymmetric
growth into icosahedra rather than epitaxial growth of
decahedra, which would also be bound by low-energy (111)
facets. Generally, the transformation from a decahedron to an
icosahedron requires the development of new twin planes
whereas the epitaxial overgrowth of a decahedron requires
the continued propagation of pre-existing twin planes.*® Both
processes have been previously observed in studies of Aul*>¢!
and AgP%%! nanocrystals, and have been shown to occur in
molecular-dynamics simulations.””! Although the driving
force is not well understood, theoretical calculations have
shown that the deposition rate can affect the growth path-
way.®® In this study, we found that by incrementally adding
small amounts of Ag” ions rather than adding all of the Ag™ at
the beginning of the reaction, effectively reducing the
reaction rate, we were able to achieve the epitaxial growth
of Ag decahedral shells at pH 7 (Figure S2). The extremely
slow reduction of a small amount of Ag* allows one to achieve
epitaxial growth on the Au decahedral cores, leading us to
believe that it is the relatively high initial concentration of
Ag"® that leads to the formation of twin planes and con-
sequently, the growth of icosahedral heterometallic nano-
crystals. A detailed investigation of the mechanism and
driving force for the observed twinning and growth of
heterometallic icosahedra from decahedral cores is currently
underway.

In conclusion, we have demonstrated a pH-controlled,
plasmon-mediated synthesis of heterometallic nanorods and
icosahedra. The reduction rate of Ag" ions is controlled by
pH, thereby allowing Ag to be deposited onto Au decahedral
cores either epitaxially, to generate (100)-faceted nanorods at
high pH values, or non-epitaxially, to form twin planes and
ultimately generate (111)-faceted icosahedra at low pH
values. The unique transformation from a decahedron to an
icosahedron occurs by the development of tetrahedral units
through successive twinning, thus demonstrating that asym-
metric growth can be achieved for core—shell heterometallic
nanostructures. This process proves to be an advance for both
heterometallic nanocrystal synthesis and plasmon-mediated
synthetic methods. Note that the yields that result from this
synthetic method are very sensitive to the quality of the Au
plasmonic seeds. Mechanistically, this observation indicates
that the plasmon-mediated reduction of Ag" onto Au cores is
dependent on both the shape and structural defects (e.g., twin
planes, stacking faults) of the plasmonic seed. However, as
synthetic methods improve and Au seeds of very high quality
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can be generated, this photomediated synthetic method has
the potential to be a highly controllable procedure for
generating heterometallic nanostructures. This technique, in
principle, can be adapted to prepare nanoparticles with other
core-shell morphologies by using different Au core structures,
and this study is currently underway.

Experimental Section

Materials: Gold(III) chloride trihydrate (>99.9%), silver nitrate
(99.998 %), trisodium citrate dihydrate (99.9%), sodium hydroxide
(99.99 % ), polyvinylpyrrolidone (PVP; My 55000), diethylene glycol
(DEG:; 99 %), and ethanol (99.5 % ) were purchased from Aldrich and
used as received. BSPP was purchased from Strem Chemicals, Inc. In
all cases, water was purified with a Barnstead NANOpure water
purification system (resistance = 18.1 MQ).

Instrumentation: STEM imaging was performed on either a
JEOL JEM-2100F TEM or a Hitachi HD-2300 STEM. All of the
irradiation experiments were performed with a halogen lamp (Dolan-
Jenner, MI-150) as the light source. An optical band-pass filter
(25 mm diameter, Intor Inc.) centered at 550 & 20 nm was employed
to control the irradiation wavelength. ICP-AES experiments were
performed on a Varian ICP-AES spectrometer.

Synthesis of Au decahedra: Previously reported procedures were
followed for the synthesis of Au decahedra.”” In brief, PVP (3.0 g,
27.0 mmol in terms of monomer) was dissolved in DEG (12.5 mL)
and the mixture was heated to reflux for 5 min under rapid stirring. A
solution of HAuCl, (10.0 mg, 0.025 mmol) in DEG (1.0 mL) was
quickly injected and left to react for 10 min. The Au decahedra were
diluted with ethanol (20 mL) and purified by centrifugation at
13.5 krpm for 30 min. The particles were washed three times with
ethanol and then transferred into water. After additional washing
with water, the particles were resuspended in water (6 mL). This
procedure resulted in Au decahedra with an average edge length of
40 nm with a shape yield of approximately 70 %.

Heterometallic nanorods and icosahedra: Heterometallic nano-
rods were synthesized by mixing NANOPure water (19.2 mL),
AgNO; (0.25mL, 10 mm), BSPP (0.25mL, 10 mm), and sodium
citrate (0.3 mL, 0.1m) in a 24 mL glass vial. NaOH (1 mL, 0.1m) was
added to the mixture, followed by the Au decahedra (0.25 mL). The
resulting solution was irradiated for 8 h with a 150 W halogen lamp
coupled with an optical band pass filter centered at 550 + 20 nm at an
intensity of 0.4 W, measured by an optical power meter (Newport
1916-C) coupled with a thermopile detector (818P-010-12) with an
active diameter of 12 mm. The distance between the lamp and the
filter was maintained at 2 cm. For the synthesis of heterometallic
icosahedra, all synthetic procedures were the same as the nanorod
synthesis except that NaOH was not used.
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