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ABSTRACT: The past two decades have witnessed great
success achieved in the geometry-controlled synthesis of
metallic nanoparticles using the seed-mediated nanocrystal
growth method. Detailed mechanistic understanding of the
synergy among multiple key structure-directing agents in the
nanocrystal growth solutions, however, has long been lagging
behind the development and optimization of the synthetic
protocols. Here we investigate the foreign ion- and surfactant-
coguided overgrowth of single-crystalline Au nanorods as a
model system to elucidate the intertwining roles of Ag+ foreign
ions, surface-capping surfactants, and reducing agents that
underpin the intriguing structural evolution of Au nanocrystals.
The geometry-controlled nanorod overgrowth involves two
distinct underlying pathways, Ag underpotential deposition and Au−Ag electroless codeposition, which are interswitchable upon
maneuvering the interplay of the Ag+ ions, surfactants, and reducing agents. The pathway switch governs the geometric and
compositional evolution of nanorods during their overgrowth, allowing the cylindrical Au nanorods to selectively transform into a
series of anisotropic nanostructures with interesting geometric, compositional, and plasmonic characteristics. The insights gained
from this work shed light on the mechanistic complexity of geometry-controlled nanocrystal growth and may guide the
development of new synthetic approaches to metallic nanostructures with increasing architectural complexity, further enhancing
our capabilities of fine-tuning the optical, electronic, and catalytic properties of the nanoparticles.

■ INTRODUCTION
Recent advances in colloidal nanoparticle synthesis have greatly
enhanced our capabilities of fine-tuning the optical, electronic,
and catalytic properties of metallic nanoparticles through
deliberate control over the particle shapes and compositions.1−5

Seed-mediated nanocrystal growth, in particular, provides a
highly robust and versatile approach to the precise geometry
control of metallic nanoparticles under mild conditions.5−13

The seed-mediated structural evolution of nanocrystals is
synergistically guided by a set of interplaying geometric, kinetic,
and thermodynamic factors such as the crystallinity of
seeds,5,10,14 the supersaturation of crystal growth units,15 the
thermodynamic stabilities of various crystallographic facets,16

and the selective passivation of nanocrystal surfaces.10 An
extensive library of anisotropic nanoparticle geometries, such as
nanorods,6,17−21 nanoprisms,22 and a series of low-index and
high-index faceting nanopolyhedrons,12,13,16,23−31 have been
experimentally realized through kinetically controlled seed-
mediated nanocrystal growth processes with the aid of
structure-directing surfactants and foreign ion additives.
These synthetic protocols, however, have been developed and
optimized in a largely empirical fashion, while detailed
nanocrystal growth mechanisms often remained ambiguous

until recently a coherent mechanistic understanding of shape-
controlled growth of Au nanocrystals started to emerge in the
literature.32

The geometric evolution of Au nanocrystals during seed-
mediated growth is essentially governed by two primary
pathways: kinetic control of nanocrystal growth and selective
passivation of nanoparticle surfaces.10,32 Under the kinetic
control pathway, fast nanocrystal growth facilitates the
formation of kinetically favored high-index faceting nanocryst-
als, such as {221}-faceting nanotrisoctahedrons,10,33−35 whereas
slower nanocrystal growth generally results in thermodynami-
cally more stable, low-index faceting nanoparticles such as
nanocubes enclosed by {100} facets and nanooctahedrons
enclosed by {111} facets.10,32 In contrast, selective passivation
of nanoparticle surfaces by capping surfactants or foreign ions
offers an alternative pathway that leads to the formation of
exotic geometries bound entirely by the passivated facets.10,27,31

While these two pathways appear divergent at first glance, there
is a strong synergy between them. The key components in the
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nanocrystal growth solutions, including the surfactants, the
foreign ions, and the reducing agents, all play multiple
intertwining roles in guiding the structural evolution of
nanocrystals and may modulate the interswitch between
multiple nanocrystal growth pathways. A particularly interesting
phenomenon manifesting such mechanistic complexity is the
underpotential deposition (UPD) of up to a monolayer of
foreign metal adatoms on the Au nanoparticle surfaces during
foreign ion-guided Au nanocrystal growth.10,27,31,32,36−40 The
UPD adlayer not only selectively passivates various Au facets,
but also fine-regulates the overall nanocrystal growth kinetics,
allowing Au nanocrystals to evolve into a variety of low-index
and high-index faceting geometries in a highly controllable
manner. Under appropriate conditions, the foreign metal ions
may also be coreduced with Au through seed-mediated

electroless codeposition processes to form heterostructured or
homogeneously alloyed multimetallic nanoparticles with further
increased architectural and compositional complexity.41−46

Among various anisotropic Au nanostructures, single-
crystalline cylindrical Au nanorods (NRs) have been of
particular interests owing to their intriguing aspect ratio-
dependent plasmonic properties.6,7,19,20 The most popular
protocols for NR synthesis involve seed-mediated growth
coguided by a foreign metal ion, Ag+, and halide-containing
cationic surfactants, such as cetyltrimethylammonium bromide
(CTAB), in the presence of ascorbic acid (AA), which serves as
a mild reducing agent.6,17−19 While the aspect ratios of Au NRs
can be fine-tuned by simply varying the concentration of Ag+

ions in the growth solution, the exact roles that Ag+ ions play in
the symmetry-breaking of the isotropic seeds and the

Figure 1. (A) Schematic illustration of geometric evolution during NR overgrowth in the presence of fixed concentrations of HAuCl4, AA, and
CTAB but varying concentrations of Ag+ ions. SEM and TEM (inset) images of the overgrown NRs obtained at various [Ag+]/[HAuCl4] ratios of
(B) 0, (C) 0.02, (D) 0.05, (E) 0.07, (F) 0.50, and (G) 2.0. The concentrations of CTAB, HAuCl4, and AA were 20 mM, 200 μM, and 10 mM,
respectively. (H) Ag/Au atomic ratios of the overgrown NRs obtained at various [Ag+]/[HAuCl4] ratios. The bulk and surface Ag/Au atomic ratios
were quantified by EDS and XPS, respectively. (I) Surface atomic ratios of Br/(Au + Ag) quantified by XPS and apparent ζ-potentials of the
overgrown NRs obtained at various [Ag+]/[HAuCl4] ratios. The error bars in panels H and I represent the standard deviations of three samples
fabricated under identical conditions. (J) Optical extinction spectra of the overgrown NRs obtained at various [Ag+]/[HAuCl4] ratios as labeled in
the figure.
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subsequent anisotropic NR growth still remain elusive and
controversial.36,47−50 In striking contrast to the excellent
control over NR aspect ratios, limited success has been
achieved so far in the precise facet control of NRs using the
seed-mediated growth method. The surface curvature and local
facets of Au NRs may change drastically upon even slight
variation of the ingredients in the NR growth solutions, and
quantitative assignments of the crystallographic facets exposed
on the highly curved NR surfaces have long been under intense
debate.17,51−56

A unique way to further fine-tailor the crystallographic facets
and expand the aspect ratio tuning range of Au NRs involves
the shape-controlled overgrowth of preformed cylindrical
NRs.57−69 In the absence of foreign metal ions, cylindrical Au
NRs may selectively undergo tip overgrowth, isotropic
overgrowth, and anisotropic overgrowth to evolve into
peanut-shaped NRs, cuboidal NRs, and truncated nano-
octahedrons, respectively, depending on the concentrations of
CTAB in the overgrowth solutions.60 Recently, we further
demonstrated that more rigorous control of Au NR facets with
atomic level precision could be achieved using cuprous (Cu+)
foreign ions and halide-containing surfactants as unique pairs of
surface capping competitors to maneuver the facet evolution
during NR overgrowth.68,69 In comparison to Cu+ ions, Ag+

ions have been more widely used in combination with various
surfactants to guide the morphology-controlled overgrowth of
Au NRs. A large variety of NR-derived anisotropic geometries,
such as nanodumbbells, starfruit-shaped NRs, dogbone-like
NRs, concave nanocuboids, and arrow-headed NRs, have been
obtained through Ag+- and CTAB-coguided NR overgrowth
processes.57,58,61,63−67 However, it still remains a significant
challenge to obtain a unified picture that rigorously interprets
the interplay of multiple evolutionary pathways involved in the
NR overgrowth processes. In this work, we endeavor to
pinpoint the intertwining roles of Ag+ ions, surfactants, and
reducing agents in directing the structural and compositional
evolution during NR overgrowth with a primary focus on the
effects of two interswitchable pathways, specifically Ag UPD
and Au−Ag codeposition, on the geometries and compositions
of the overgrown NRs.

■ RESULTS AND DISCUSSION

Single-crystalline cylindrical Au NRs were prepared through a
seed-mediated growth process in the presence of Ag+ ions and
CTAB/oleate binary surfactant mixtures70 and were sub-
sequently employed as the seeds for the postfabrication NR
overgrowth. As shown by the scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images in
Figure S1 in the Supporting Information, the as-fabricated Au
NRs were highly uniform and monodisperse with diameters of
21 ± 3 nm and lengths of 105 ± 5 nm. It was previously
reported that Ag existed as either a UPD layer of Ag adatoms or
arguably as a AgBr adlayer on the NR surfaces, which was
further capped with a positively charged, self-assembled bilayer
of CTAB.17 While the bulk composition of the NRs was
dominated by Au as shown by the energy dispersive
spectroscopy (EDS) results, both Ag and Br signals were
well-resolved by X-ray photoelectron spectroscopy (XPS),
clearly verifying the presence of both Ag and CTAB on the NR
surfaces (Figure S2 in the Supporting Information). Starting
with these preformed cylindrical Au NRs, we performed
detailed investigations on the structural and compositional

transformations upon NR overgrowth as a function of three
variables: Ag+ ions, capping surfactants, and reducing agents.

Effects of Ag+ Ions. We symmetrically varied the
concentration of Ag+ ions while keeping HAuCl4 (Au
precursor), CTAB, and AA at fixed concentrations of 200
μM, 20 mM, and 10 mM, respectively. As schematically
illustrated in Figure 1, panel A, the cylindrical Au NRs
transformed into a series of interesting NR-derived anisotropic
geometries as the Ag+ concentration in the overgrowth solution
progressively increased. In the absence of Ag+ ions, the Au NRs
transformed into elongated trisoctahedral nanoparticles
(ETOH NPs) (Figure 1B), which is in line with our previous
observations.69 Detailed electron microscopy characterizations
revealed that each ETOH NP was enclosed by four {110}
lateral side facets and 24 high-index {221} facets at the two
ends.69 The formation of the kinetically favored, high-index
faceting ETOH NPs was a direct consequence of fast NR
overgrowth at sufficiently high [AA]/[HAuCl4] ratios ([AA]/
[HAuCl4] = 50 in this case). Overgrowth of quasi-spherical Au
nanoparticles under similar conditions resulted in the formation
of high-index faceting nanotrisoctahedrons each of which was
enclosed by 24 {221} facets.34 In the presence of Ag+ ions,
strikingly different geometric transformations were observed
upon NR overgrowth. As shown in Figure 1, panel C, surface
concavity was developed on the NR surfaces at relatively low
[Ag+]/[HAuCl4] ratios below 0.02, forming dog bone-like
nanorods (DBLNRs) with eight sharp tips. Upon further
increase of the [Ag+]/[HAuCl4] ratio, however, the surface
indentation and tip sharpness of the DBLNRs both gradually
decreased, while the transverse dimensions of the overgrown
NRs progressively increased (Figure 1D,E), eventually leading
to the formation of arrow-headed NRs (AHNRs) with two
sharp tips, each of which was enclosed by four thermodynami-
cally stable {111} facets (Figure 1F,G). The evolution of the
transverse and longitudinal dimensions of the overgrown NRs
obtained at different [Ag+]/[HAuCl4] ratios is shown in Figure
S3 in the Supporting Information. Apparently, Ag+ ions played
crucial roles in directing the morphological evolution of NRs
under the current NR overgrowth conditions.
To further elucidate the exact roles of Ag+ ions, we used EDS

and XPS to characterize the bulk and surface compositions of
the overgrown NRs, respectively. Both EDS and XPS results
(Figure S4 in the Supporting Information) showed the absence
of Ag on the ETOH NPs, verifying that the formation of
ETOH NPs was purely a CTAB-mediated, kinetically
controlled process without the involvement of Ag+ foreign
ions. At low [Ag+]/[HAuCl4] ratios below 0.07, the bulk
compositions of the overgrowth NRs were essentially
dominated by Au with Ag signals almost undetectable by
EDS. However, strong Ag signals were clearly resolved in XPS,
and the surface Ag/Au atomic ratios measured by XPS
exhibited much higher values than the bulk Ag/Au atomic
ratios obtained from EDS (Figure S5 in the Supporting
Information). The sample penetration depth of the XPS
measurements under the current experimental conditions was
calibrated to be ∼1 nm, which roughly corresponded to five
atomic layers from the outer surface of the nanoparticles.
Therefore, a Ag/Au atomic ratio of ∼0.25 corresponded to a
saturated monolayer coverage of Ag UPD adatoms on the Au
nanoparticle surfaces. As the [Ag+]/[HAuCl4] ratio increased
from 0.01 to 0.07, the surface Ag/Au atomic ratios (measured
by XPS) progressively increased from ∼0.12 to ∼0.26, while the
bulk Ag/Au atomic ratios (measured by EDS) remained below
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0.03 (Figure 1H), well reflecting the transition of a
submonolayer to a fully saturated monolayer of Ag UPD
adatoms on the surfaces of the overgrown NRs. Both the EDS
and XPS results strongly indicated that the transformation of
cylindrical Au NRs into the DBLNRs was governed by a Ag
UPD-dominated overgrowth pathway.
As the [Ag+]/[HAuCl4] ratio further increased to above 0.07,

Ag+ and HAuCl4 started to be coreduced by AA to form Au−
Ag alloy shells surrounding the Au NR cores, resulting in the
formation of Au−Ag bimetallic AHNRs. EDS and XPS results
shown in Figure S6 in the Supporting Information clearly
verified the Au NR-core and Au−Ag alloy-shell heterostructure
of the AHNRs. Much higher Ag content was detected by both
EDS and XPS on the AHNRs than on the DBLNRs, and a
sharp increase of both the bulk and surface Ag/Au atomic ratios
was observed over a narrow [Ag+]/[HAuCl4] window (Figure
1H). In the high [Ag+]/[HAuCl4] ratio regime, the NR
overgrowth was dominated by Au−Ag electroless codeposition,
a pathway fundamentally different from the Ag UPD. The Ag
atoms in the AHNRs were intermixed with Au atoms far
beyond the surface atomic layer to form alloy structures. We
also performed angle-dependent XPS measurements to further
contrast the compositional difference between DBLNRs and
AHNRs. The maximal probe penetration depth (∼1 nm) was
achieved at normal incidence, while the probe penetration
depth decreased as the detector was shifted away from normal
incidence with respect to the sample surfaces (Figure S7A in
the Supporting Information). The surface Ag/Au atomic ratios
of DBLNRs progressively increased as the probe penetration
depth decreased, whereas the AHNRs exhibited surface Ag/Au
atomic ratios that were almost independent of the probe
penetration depth (Figure S7B in the Supporting Information).
Meanwhile, both the DBLNRs and AHNRs exhibited surface
Br/Au atomic ratios that progressively increased with decrease
in probe penetration depth, verifying that the CTAB surfactant
molecules existed on the surfaces of the overgrown NRs. The
angle-dependent XPS results provided strong evidence that Ag
UPD adatoms were present on the surface of DBLNRs, while
an AHNR was composed of a Au NR core surrounded by a
Ag−Au alloy shell. Therefore, DBLNRs can be considered as a
product of Ag UPD-guided NR overgrowth, while the
transformation of Au NRs into AHNRs was dominated by
Ag−Au codeposition. More interestingly, the pathway inter-
switch between the Ag UPD and Ag−Au codeposition can be
modulated by simply tuning the [Ag+]/[HAuCl4] ratios with a
threshold value around 0.07 for the pathway switch (Figure
1H).
Under all the experimental conditions mentioned above

([Ag+]/[HAuCl4] < 2), no precipitation of AgBr was observed
during the NR overgrowth. However, when the [Ag+]/
[HAuCl4] ratio further increased to 4, insoluble AgBr started
to form, which resulted in mixtures of AHNRs and irregularly
shaped, micron-sized AgBr (see Figure S8 in the Supporting
Information). To avoid the complication due to AgBr
precipitation, the structural evolution during NR overgrowth
at [Ag+]/[HAuCl4] ratio higher than 2 was not further
explored.
We qualitatively assessed the surface packing density of

CTAB on the overgrown NRs by plotting surface atomic ratio
of Br/(Au+Ag) (quantified by XPS) as a function of the [Ag+]/
[HAuCl4] ratio in the overgrowth solutions. As shown in
Figure 1, panel I, the CTAB packing densities on the DBLNRs
appeared higher than those on AHNRs. The XPS results also

showed that the Br/(Au+Ag) ratio was independent of the Ag/
(Au+Ag) ratio of the DBLNRs, suggesting that the surface of a
DBLNR was capping with a CTAB surfactant layer rather than
a AgBr adlayer. However, XPS was incapable of further
distinguishing the Ag(0) from Ag(I) species because of the
spectral overlap between Ag(0) and Ag(I). To gain further
insights into the nature of surface-deposited Ag, we correlated
the XPS results with the nanoparticle surface charges
characterized by ζ-potential measurements. In our ζ-potential
measurements, a commercial ζ-potentiometer was used to
measure the free mobility and effective hydrodynamic sizes of
the colloidal nanoparticles, which were then converted into
apparent ζ-potentials using simple theoretical formulas
approximating each particle as a hard sphere homogeneously
coated with a charged thin layer. Although more accurate
determination of ζ-potentials requires the incorporation of
additional empirical or semiempirical parameters, such as the
geometric anisotropy and heterogeneous distribution of
adsorbates on various facets,71 into the theoretical formulas,
the apparent ζ-potentials reported here allowed us to
qualitatively compare the relative surface charges of the
nanoparticles of various NR-like geometries. Interestingly, the
apparent ζ-potentials of the DBLNRs remained essentially
unchanged regardless of the variation of the [Ag+]/[HAuCl4]
ratios (Figure 1I). Both the XPS and ζ-potential results
suggested that the surface packing density of CTAB on the
overgrown DBLNRs was independent of the [Ag+]/[HAuCl4]
ratios in the NR overgrowth solutions. When the Au−Ag
codeposition dominated the NR overgrowth, however, the
apparent ζ-potentials started to increase with the [Ag+]/
[HAuCl4] ratios despite the decrease in the surface packing
density of CTAB, suggesting that additional Ag+ ions may be
physicorbed on the surfaces of AHNRs when the Ag+

concentration is sufficiently high. More quantitative assessment
of Ag(0) and Ag(I) species on the nanoparticle surfaces,
however, requires detailed investigations using advanced
structural characterization techniques such as synchrotron Ag
K-edge extended X-ray absorption fine-structure (EXAFS)40

and small-angle neutron scattering (SANS)72 measurements.
Complementary to the SEM and TEM measurements, the

structural transformations of NRs upon their overgrowth can
also be monitored using optical extinction spectroscopy owing
to the geometry-dependent plasmonic characteristics of the
nanoaprticles (Figure 1J). The cylindrical Au NRs displayed a
strong longitudinal plasmon resonance at ∼860 nm and a much
weaker transverse plasmon resonance at ∼510 nm, respectively.
In the low [Ag+]/[HAuCl4] ratio regime where Ag UPD
dominated the NR overgrowth, both the longitudinal and
transverse plasmon resonances red-shifted and became stronger
as the Au NRs evolved into DBLNRs largely due to the
formation of surface concavity. We also found that the
transverse plasmon mode of DBLNRs split into two peaks,
which is a spectral signature of NRs with surface inden-
tations.63,68 As the degree of surface indentation of the
DBLNRs decreased, both the longitudinal and transverse
plasmon peaks gradually blue-shifted accompanied by decrease
in peak intensities. When the Au−Ag codepostion started to
dominate the NR overgrowth at higher [Ag+]/[HAuCl4] ratios,
corner truncation of the DBLNRs led to further blue-shift and
weakening of the longitudinal plasmon peak, while the
transverse plasmon peak remained robust at essentially fixed
wavelengths. The transverse plasmon peak became much
stronger than the longitudinal plasmon peak when the NRs
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eventually evolved into AHNRs at sufficiently high [Ag+]/
[HAuCl4] ratios.
We used high-angle annular dark-field scanning transmission

electron microscopy (HAADF-STEM) to further characterize
the atomic-level structures of the DBLNRs and AHNRs (Figure
2). The relative orientation of each DBLNR or AHNR with
respect to the electron beam was verified by the crystalline
lattices in the high-resolution HAADF-STEM images and the
fast-Fourier transform (FFT) patterns of the images. Figure 2,
panel A shows the geometric model and HAADF-STEM image
of a single-crystalline DBLNR projected along the [001] zone
axis. The surface indentation of the DBLNR was well reflected
by the line-scan image intensity profiles (the image intensity
was roughly proportional to the thickness of the specimen).
Figure 2, panels B and C show the high-resolution HAADF-
STEM images of the regions i and ii labeled in Figure 2, panel
A, respectively. Because of the small lattice mismatch between
Au and Ag (<0.2%), only one set of face centered cubic lattices
was resolved in the high resolution HAADF-STEM image. The
concave surfaces of a DBLNR were essentially enclosed by

various types of high-index facets whose Miller indices were
determined by the local surface curvatures. Figure 2, panels D
and E show the HAADF-STEM images and geometric models
of individual AHNRs projected along the [001] and [011] zone
axis, respectively. The 3D geometries of the AHNRs were
qualitatively confirmed by the orientation-dependent line-scan
intensity profiles. The (100) crystalline lattices were clearly
resolved in the high resolution HAADF-STEM image when an
AHNR was projected along the [001] zone axis (Figure 2F).
The lateral side facets of an AHNR were dominated by low-
index {100} facets, while the longitudinal tips of an AHNR
were enclosed by low-index {111} facets. Under the Ag UPD
pathway, the side facets were selectively passivated by the UPD
adlayers, while the growth of corners was facilitated, resulting in
the formation of high-index faceting DBLNRs with concave
surfaces and increased longitudinal dimensions. In contrast,
Ag−Au codeposition preferentially occurred on the lateral side
facets to form thermodynamically more stable, low-index
faceting AHNRs with significantly increased transverse
dimensions.

Figure 2. (A) HAADF-STEM image and the corresponding geometric model of an individual Au DBLNR projected along the [001] zone axis,
together with the intensity profiles along the line labeled in panel A. High-resolution HAADF-STEM images of (B) region i and (C) region ii labeled
in panel A. The inset in panel C is the fast Fourier transform (FFT) pattern of the image. HAADF-STEM images and the corresponding
geometric models of individual AHNRs projected along (D) [001] and (E) [011] zone axes. The intensity profiles along the lines labeled in each
panel were also shown. (F) High-resolution HAADF-STEM images of a portion of an individual AHNR. The HAADF-STEM image of the entire
AHNR and the specific region in the high-resolution image are shown in the upright inset. The bottom right inset is the corresponding FFT pattern
of the high-resolution HAADF-STEM image.
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Effects of Surface Capping Surfactants. The pathway
switch between Ag UPD and Au−Ag codeposition could also
be maneuvered by varying the concentration of the CTAB
surfactants while keeping Ag+, HAuCl4, and AA at fixed
concentrations. Figure 3, panels A−F show the SEM and TEM
images of the nanoparticles obtained upon NR overgrowth in
the presence of 200 μM HAuCl4, 10 mM AA, 14 μM Ag+, and
various concentrations of CTAB. At relatively low CTAB
concentrations (e.g., [CTAB] = 10 mM), AHNRs were
obtained. As the concentration of CTAB progressively
increased, surface indentation and corner protrusion gradually
emerged, eventually leading to the formation of DBLNRs with
shape tips and highly indented surfaces at CTAB concen-
trations above 80 mM. The structural transition from AHNRs
to DBLNRs was essentially caused by the pathway switch from
Ag−Au codeposition to Ag UPD, which was further verified by
EDS (Figure 3G). As the concentration of CTAB increased,
both the longitudinal and transverse plasmon resonances
progressively red-shifted and became increasingly more intense
(Figure 3H), well-reflecting the transition from AHNRs to
DBLNRs with increasing degrees of surface indentation. Under
the current NR overgrowth conditions, CTAB served as a
surface-capping competitor to the Ag+ foreign ions, providing
another key knob for the pathway interswitch. Therefore, it is
the ratio of [Ag+]/[CTAB] rather than the absolute
concentrations of Ag+ and CTAB that modulates the pathway
switch between Ag UPD and Ag−Au codeposition.

To gain more detailed insights into the effects of Ag UPD
layers on the surface indentation of DBLNRs, we systematically
varied the concentration of Ag+ ions in the NR overgrowth
solutions while keeping CTAB at a sufficiently high
concentration (150 mM) such that the pathway switch from
Ag UPD to Au−Ag codepostion was effectively suppressed. In
the presence of 150 mM CTAB, the NR overgrowth was always
dominated by the Ag UPD pathway when the [Ag+]/[CTAB]
ratio was varied over a broad range from 0.1−0.75. The degree
of surface indentation and the sharpness of the tips of the
DBLNRs progressively decreased as the [Ag+]/[CTAB] ratio
increased (Figure 4A−D). While the Ag signals were very low
in EDS, the surface Ag/Au atomic ratios were measured to be
in the range of 0.2−0.25 by XPS for the DBLNRs with various
degrees of surface indentation (Figure 4E), verifying the
presence of a Ag UPD adlayer on the nanoparticle surfaces. The
capability of tuning the surface indentation and tip sharpness of
the DBLNRs, when combined with the fine-control over aspect
ratios, enables the tuning of the plasmon resonance frequencies
and extinction spectral line-shapes of NRs with greater detail
and precision. As shown in Figure 4, panel F, sharper tips and
more significant surface indentation gave rise to larger spectral
red-shifts of both the transverse and longitudinal plasmon
resonances.
To further test the hypothesis that the pathway switch was

maneuvered by the competition between Ag+ ions and capping
surfactants, we used benzyldimethylhexadecylammonium chlor-

Figure 3. SEM and TEM (inset) images of overgrown NRs obtained in (A) 10 mM, (B) 20 mM, (C) 30 mM, (D) 60 mM, (E) 80 mM, and (F) 120
mM CTAB. The Ag+, AA, and HAuCl4 concentrations were kept at 14 μM, 10 mM, and 200 μM, respectively. (G) Ag/Au atomic ratios (quantified
by EDS) of the overgrown NRs obtained at various CTAB concentrations. The error bars represent the standard deviations of three samples
fabricated under identical conditions. (H) Optical extinction spectra of the overgrown NRs obtained in various concentrations of CTAB as labeled in
the figure.
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ide (BDAC) instead of CTAB as the capping surfactants to
guide the NR overgrowth. At a [Ag+]/[HAuCl4] ratio of 0.05,
AHNRs were obtained in the presence of 30 mM BDAC
(Figure 5A), while DBLNRs were obtained in 30 mM CTAB
under otherwise identical NR overgrowth conditions (Figure

S9 in the Supporting Information). Apparently, the substitution
of CTAB with BDAC switched the NR overgrowth pathway
from Ag UPD to the Ag−Au codeposition. Such pathway
switch could be interpreted as a consequence of the weaker
interactions of BDAC than those of CTAB with Au

Figure 4. TEM images of overgrown NPs obtained in the presence of 150 mM CTAB at various [Ag+]/[HAuCl4] ratios of (A) 0.10, (B) 0.20, (C)
0.50, and (D) 0.75. The concentrations of HAuCl4 and AA were 200 μM and 10 mM, respectively. (E) Ag/Au atomic ratios determined by EDS and
XPS for the overgrown NRs obtained at various [Ag+]/[HAuCl4] ratios. The error bars represent the standard deviations of three samples fabricated
under identical conditions. (F) Optical extinction spectra of the overgrown NRs obtained in the presence of 150 mM CTAB and various [Ag+]/
[HAuCl4] ratios as labeled in the figure.

Figure 5. SEM and TEM (inset) images of overgrown NRs obtained in the presence of 30 mM BDAC at various [Ag+]/[HAuCl4] ratios of (A) 0.05,
(B) 0.20, (C) 0.50, and (D) 0.75. The concentrations of HAuCl4 and AA were fixed at 200 μM and 10 mM, respectively. (E) High-magnification
SEM image of Au@Ag−Au MCLNRs obtained at [Ag+]/[HAuCl4] ratio of 0.75. (F) Photograph of momordica charantias. (G) Ag/Au atomic
ratios, determined by EDS, of NPs obtained at various [Ag+]/[HAuCl4] ratios. The error bars represent the standard deviations of three samples
fabricated under identical conditions. (H) Optical extinction spectra of NPs obtained through NR overgrowth in the presence of 30 mM BDAC and
various [Ag+]/[HAuCl4] ratios as labeled in the figure.
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surfaces.10,73 The relative binding affinities of CTAB and
BDAC on Au surfaces were further verified by the surfactant
exchange between CTAB and BDAC monitored by surface-
enhanced Raman spectroscopy (SERS) measurements (Figures
S10 and S11 in the Supporting Information). More detailed
discussion on the SERS results is included in the Supporting
Information. In the presence of 30 mM BDAC, nanoscale
roughness started to develop on the lateral side surfaces of the
AHNRs as the [Ag+]/[HAuCl4] ratio increased, while the
{111} facets at the tips were preserved (Figure 5B−D), leading
to the formation of a unique structure resembling momordica
charantias, inspiring the name momordica charantia-like
nanorods (MCLNRs) (Figure 5E,F). The EDS results (Figure
S12 in Supporting Information) clearly showed that each
MCLNR was composed of a Au NR core and a Ag−Au alloy
shell. The Ag/Au atomic ratios obtained from EDS
progressively went up to ∼0.40 with the increase of the
[Ag+]/[HAuCl4] ratios, indicating that the transformation of
Au NRs into MCLNRs was dominated by Ag−Au electroless
codeposition (Figure 5G). As shown in Figure 5, panel H, the
structural evolution from AHNRs to MCLNRs caused
significant blue-shift and weakening of the longitudinal plasmon
resonance largely due to the increased transverse dimensions
and Ag content of the particles.
The morphological interconversions between MCLNRs and

AHNRs could also be achieved through variation of the BDAC
concentration while keeping Ag+, HAuCl4, and AA at fixed
concentrations. As shown in Figure 6, panels A−D, the
MCLNRs gradually became less rough on their lateral side
surfaces as the concentration of BDAC increased, eventually
transforming into AHNRs at sufficiently high BDAC
concentrations. The Ag/Au atomic ratios of MCLNRs were
significantly higher than those of the AHNRs, though the
[Ag+]/[HAuCl4] ratio in the NR overgrowth solutions was kept
the same (Figure 6E). During the geometric transition from

MCLNRs to AHNRs, the longitudinal plasmon resonance
progressively blue-shifted, and the peak width significantly
decreased as a consequence of decrease in aspect ratios, while
the transverse plasmon resonance wavelength remained
essentially unchanged (Figure 6F).
Both the cationic amphiphilic chain and the halide anion of

the surfactant molecules play crucial roles in guiding the NR
structural evolution. The surfactants interact with the nano-
particle surfaces primarily through metal−halide interactions.
During surfactant-guided, seed-mediated nanocrystal growth,
the presence of additional halide anions may drastically modify
the geometries of the resulting Au nanoparticles due to the
metal−halide interactions.74−76 However, we found that the
halide anions alone without the surfactants were incapable of
controlling the geometry of overgrown NRs. In the presence of
the halide-containing cationic surfactants, the Au(III) precursor
is reduced to Au(I) by AA, which forms Au(I)−surfactant
complexes that are soluble in water.18 Upon addition of Au NR
seeds into the overgrowth solution, a surface-catalyzed
electroless plating process occurs, through which Au(I) is
further reduced to metallic Au on the surfaces of Au NRs.18

Without any surfactants, Au(III) was rapidly reduced to
metallic Au, while Ag(I) was coreduced to metallic Ag in the
presence of KBr or KCl even before the introduction of Au NR
seeds, resulting in the formation of highly aggregated Au−Ag
bimetallic nanoparticles (Figure S13 in the Supporting
Information). To further elucidate the roles of the halide
anions in the surfactants, we substituted CTAB with
cetyltrimethylammonium chloride (CTAC), a chloride-con-
taining surfactant with exactly the same amphiphilic chain as
that of CTAB, to guide the NR overgrowth under otherwise
identical experimental conditions. As shown in Figures S14A−
C in the Supporting Information, substitution of 20 mM CTAB
with 20 mM CTAC resulted in a morphological change from
DBLNRs to AHNRs primarily because chloride anions have

Figure 6. TEM images of overgrown NRs obtained in (A) 5 mM, (B) 10 mM, (C) 50 mM, and (D) 150 mM BDAC. The concentrations of Ag+,
HAuCl4, and AA were fixed at 20 μM, 200 μM, and 10 mM, respectively. (E) Ag/Au atomic ratios, determined by EDS, of NPs obtained at various
BDAC concentrations. The error bars represent the standard deviations of three samples fabricated under identical conditions. (F) Optical extinction
spectra of the overgrown NRs obtained in the presence of various concentrations of BDAC as labeled in the figure.
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weaker interactions with Au than bromide anions and thus are
less efficient to compete with Ag+ ions. On the other hand, the
packing density of the surfactants on the nanoparticle surfaces
is intimately tied to the structures of the amphiphilic chains.
Although both CTAC and BDAC contain the same anion, the
cationic chain of BDAC is bulkier than that of CTAC due to
the presence of benzene ring. As a result, substitution of 30 mM
BDAC with 30 mM CTAC switched the morphology of the
overgrown NRs from MCLNRs to AHNRs (Figures S14D−F
in the Supporting Information) possibly due to denser packing
of CTAC on the nanoparticle surfaces than that of BDAC.
We analyzed the detailed XPS spectral features of the Au 4f

and Ag 3d peaks of the overgrown NRs of various geometries
and compositions (Figure S15 in the Supporting Information).
The Ag/Au surface atomic ratios labeled in Figure S15A,B were
quantified by XPS, and a table listing the positions of Au 4f and
Ag 3d peaks was shown in Figure S15C. The XPS spectra of
bulk Au and Ag foils were also included for comparison. On the
bulk Ag foil, two well separated spin−orbital components were
observed at 368.2 eV (Ag 3d5/2) and 374.2 eV (Ag 3d3/2),
respectively, and weak loss features were also observed to the
higher binding energy side of each spin−orbit component for
Ag. The loss features, however, became undetectable on the Ag-
containing overgrown NR samples due to the change of atomic
coordination environment of Ag atoms upon the formation of
either a Ag UPD layer or a Ag−Au alloy shell. While the Au 4f
peaks only slightly shifted within ±0.1 eV, the Ag 3d peaks
exhibited significantly more pronounced spectral down-shifts
up to −0.5 eV upon the formation of a Ag UPD layer or a Ag−
Au alloy shell, which is in excellent agreement with previously
reported XPS results on Ag UPD layer-coated Au nano-
particles27 and Au−Ag alloy nanoparticles.77,78

Effects of Reducing Agents. In addition to the interplay
between Ag+ ions and surfactants, the reducing agents also
played a key role in maneuvering pathway interswitch between
Ag UPD and Ag−Au codeposition. To further investigate the
effects of reducing agents, we fixed the concentrations of

CTAB, AgNO3, and HAuCl4 at 20 mM, 100 μM, and 200 μM,
respectively, while systematically varying the AA concentra-
tions. At relatively high [AA]/[HAuCl4] ratios, the preferential
codeposition of Ag and Au resulted in the formation of Au@
Ag−Au AHNRs (Figure 7A). As the [AA]/[HAuCl4] ratios
gradually decreased, and Ag UPD began to dominate the NR
overgrowth process, giving rise to the formation of DBLNRs
with truncated corners, which further evolved into DBLNRs
with sharper tips and more significant surface indentation
(Figures 7B−D). The evolution of Ag/Au atomic ratios (Figure
7E) and optical extinction spectral features (Figure 7F)
provided additional evidence on the pathway switch from
Ag−Au codeposition to Ag UPD as AA concentration
decreased. This strongly indicated that fast NR overgrowth in
the presence of high concentrations of AA favored the Au−Ag
codeposition. The NR overgrowth was slowed down when
decreasing the AA concentrations, which caused the pathway
switch from Au−Ag codeposition to Ag UPD.
To better understand the effects of reducing agents, we also

used other mild reducing agents, such as hydroquinone (HQ)
and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), to initiate the NR overgrowth. Because the reducing
capabilities of both HQ and HEPES are significantly weaker
than those of AA,79,80 the NR overgrowth became much slower
when using HQ and HEPES instead of AA under otherwise
identical conditions. By keeping the molar ratio of reducing
agents to HAuCl4 fixed at 50, AHNRs were obtained in the
presence of AA, whereas the use of HQ and HEPES resulted in
the formation of DBLNRs (Figure S16 in Supporting
Information). Therefore, the NR overgrowth kinetics con-
trolled by the reducing agents is also a key factor determining
the pathway interswitch between Ag UPD and Au−Ag
codeposition.
As summarized in the literature, the geometric evolution of

Au nanocrystals during seed-mediated growth is primarily
governed by two pathways: kinetic control and selective surface
passivation.32 In absence of foreign metal ions, high-index

Figure 7. SEM images of overgrown NRs obtained at various [AA]/[HAuCl4] ratios of (A) 100, (B) 10, (C) 2.5, and (D) 1.5. The concentrations of
Ag+, CTAB, and HAuCl4 were kept at 100 μM, 20 mM, and 200 μM, respectively. (E) Ag/Au atomic ratios (quantified by EDS) of the overgrown
NRs obtained at various [AA]/[HAuCl4] ratios. The error bars represent the standard deviations of three samples fabricated under identical
conditions. (F) Optical extinction spectra of the overgrown NRs obtained at various [AA]/[HAuCl4] ratios as labeled in the figure.
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faceting nanoparticles were typically the major products of fast
nanocrystal growth processes, while slow growth kinetics
favored the formation of thermodynamically stable low-index
faceting nanoparticles. In the presence of Ag+ foreign ions, the
surfaces of Au nanoparticle were selectively passivated by Ag
UPD adlayers, guiding the transformation of Au nanocrystals
into a variety of high-index faceting geometries.10,27 Higher Ag+

concentrations resulted in the formation of facets with higher-
order Miller indices.27 In striking contrast to these previous
observations, we found that slow NR overgrowth allowed the
cylindrical Au NRs to transform into high-index faceting
DBLNRs, whereas fast NR overgrowth led to the formation of
low-index faceting AHNRs. Apparently, the geometric
evolution of NRs observed in this work should not be simply
interpreted as the consequence of either a kinetically controlled
or a surface passivation-dominated nanocrystal growth process.
It was essentially the pathway interswitch between Ag UPD and
Au−Ag codeposition that underpinned the intriguing structural
evolution of cylindrical Au NRs into various Au−Ag bimetallic
nanoparticle geometries.
Structural Stability of Ag−Au Bimetallic AHNRs and

MCLNRs. Ag nanostructures exhibit highly desired plasmonic
properties for widespread applications; however, they are
chemically much less stable than the other noble metal
counterparts such as Au, Pt, and Pd nanopartricles. An effective
way to stabilize the Ag nanoparticles while retaining their key
plasmonic characteristics is to homogeneously alloy elemental

Ag with elemental Au in nanocrystals. As previously
demonstrated in various Ag−Au alloy nanoparticles, the
interdiffussion of Ag atoms into Au matrix through alloying
greatly enhanced the stability of Ag elements, and higher
oxidation potentials were required to trigger the oxidation of Ag
when it was alloyed.65,66,81 While nanostructures similar to the
AHNRs can be fabricated through NR overgrowth under
various conditions,37,65,66,82 there has long been lack of
consensus on the exact compositions of the AHNRs. An
AHNR was initially identified to be a Au NR core coated with
either a Ag UPD adlayer37 or a monometallic Ag nanoshell.82

However, more recent studies revealed that each AHNR was
essentially a heteronanostructure composed of a Au-core and a
Ag−Au alloy shell,65,66 which well interpreted the structural
robustness of the AHNRs against chemical etching.65,66 As
demonstrated in this work, the Au−Ag codeposition-controlled
NR overgrowth provided a unique way to electrolessly deposit
Ag−Au alloy shells on Au NR cores.
We systematically compared the structural changes of three

representative Ag−Au bimetallic heteronanostructures, Ag@Ag
core−shell nanocuboids (NCBs), Au@Au−Ag core−shell
AHNRs, and Au@Au−Ag core−shell MCLNRs, upon oxidative
etching by Fe3+, sulfidation with Na2S, and galvanic
replacement with HAuCl4 (Figure 8). The monometallic Ag
shells were completely etched upon exposure of the NCBs to
Fe3+, whereas both the AHNRs and MCLNRs were extremely
robust against oxidative etching (Figure 8B,G,L). The relative

Figure 8. (A) SEM and TEM (inset) images of Au@Ag core−shell NCBs. TEM images of Au@Ag core−shell NCBs after (B) oxidative etching by
Fe3+, (C) sulfidation with Na2S, and (D) galvanic replacement with HAuCl4. (E) Optical extinction spectra of the NPs shown in panels A−D. TEM
images of (F) AHNRs, (G) AHNRs after oxidative etching by Fe3+, (H) AHNRs after sulfidation with Na2S, and (I) AHNRs after galvanic
replacement with HAuCl4. (J) Optical extinction spectra of the NPs shown in panels F−I. TEM images of (K) MCLNRs, (L) MCLNRs after
oxidative etching by Fe3+, (M) MCLNRs after sulfidation with Na2S, and (N) MCLNRs after galvanic replacement with HAuCl4. The inset of panel
N shows a high-magnification TEM of one particle indicated by an arrow. (O) Optical extinction spectra of the NPs shown in panels K−N.
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resistivities of various nanoparticles toward oxidative etching
were further evaluated by electrochemical measurements. A
strong anodic peak was observed at ∼0.56 V versus SCE in the
cyclic voltamogram (CV) of Au@Ag core−shell NCBs, which
was attributed to the oxidation of the metallic Ag shells. In
contrast, much weaker anodic peaks were observed for both
AHNRs and MCLNRs at significantly more positive potentials,
indicating that alloying of Ag with Au shifted the Ag oxidation
potential to much higher values and the oxidation of Ag also
became kinetically inhibited (Figure S17 in the Supporting
Information). The structural robustness of Ag−Au alloys was
further confirmed by the sulfidation reactions with Na2S. While
the Au@Ag core−shell NCBs completely transformed into
Au@Ag2S core−shell nanoparticles upon sulfidation (Figure 8C
and Figure S18 in the Supporting Information), no significant
morphological or compositional change was observed on
AHNRs and MCLNRs (Figure 8H,M). Upon the exposure of
the NCBs to HAuCl4, fast galvanic replacement reactions
occurred, which gave rise to the formation of Au@Ag−Au
yolk−shell particles with interior cavities83,84 (Figure 8D). For
AHNRs, the sharpness of the tips and edges decreased, while all
the facets were well-preserved because the undercoordinated
corner and edge atoms were less stable than the surface atoms
on the low-index facets of the AHNRs (Figure 8I). The
MCLNRs appeared to be more reactive than AHNRs as evident
by the formation of nanoscale porosity upon galvanic
replacement (Figure 8N) mostly likely due to the fact that
the Ag/Au atomic ratios of MCLNRs were higher than those of
AHNRs and BDAC provided less effective surface protection in
comparison to CTAB.
All the above-mentioned structural transformation processes

could be tracked by optical extinction spectroscopy. As shown
in Figure 8, panel E, Au@Ag core−shell NCBs exhibited four
distinct plasmon resonance bands, which could be assigned to
the longitudinal dipole, transverse dipole, transverse octupole,
and even high-order multipole resonances, respectively.85−88

Upon complete etching of the Ag shells with Fe(NO3)3, only
the spectral features of pure Au NR cores were preserved.
Interestingly, significant plasmon damping was observed upon
the sulfidation of the Ag shells into Ag2S shells due to the
spectral overlap between interband transitions of Ag2S with the
plasmon resonances of Au.89 The galvanic replacement of
NCBs gave rise to significant red-shift and broadening of both
the transverse and longitudinal plasmon band upon the
formation of the yolk−shell structures, which was in line with
previous observations.83,84 For AHNRs and MCLNRs, no
obvious spectral changes were observed due to the structural
robustness of these two structures against the oxidative etching,
sulfidation, and galvanic replacement treatments (Figure 8J,O).

■ CONCLUSIONS
This work highlights the intertwining roles of Ag+ foreign ions,
surface-capping surfactants, and reducing agents that underpin
the intriguing geometric and compositional evolution of single-
crystallline Au NRs upon their overgrowth. The interplay of
Ag+ ions, surfactants, and reducing agents modulates the switch
between two underlying NR overgrowth pathways, Ag UPD
and Au−Ag electroless codepostion. The interswitch between
the two pathways allows cylindrical Au NRs to selectively
evolve into a variety of NR-derived anisotropic geometries with
interesting structural, compositional, and plasmonic character-
istics. The selective surface passivation of Au NRs by Ag UPD
adlayers leads to the transformation of cylindrical Au NRs into

DBLNRs with concave surfaces enclosed by high-index facets,
whereas the Au−Ag codeposition-dominated NR overgrowth
processes result in the formation of low-index faceting AHNRs
and MCLNRs with Au−Ag alloy shell structures. The
homogeneous alloying of Ag with Au in the AHNRs and
MCLNRs greatly enhances the stability of the Ag elements in
the particles, which makes the AHNRs and MCLNRs
remarkably more resistive to oxidative etching, sulfidation,
and galvanic replacement than their heterostructured Au−Ag
core−shell counterparts. The new insights gained from this
work provide important information that may guide the rational
design and development of new synthetic approaches to
architecturally more sophisticated metallic nanostructures,
further enhancing our capabilities to fine-tune the optical,
electronic, and catalytic properties of metallic nanoparticles
through more deliberate and precise control over the particle
geometries and compositions.

■ EXPERIMENTAL SECTION
Nanorod Overgrowth. Single-crystalline cylindrical Au NRs were

prepared following a previously published protocol70 with minor
modifications (see details in the Supporting Information). The NR
overgrowth was conducted in the presence of Ag+, HAuCl4, CTAB,
and AA at 30 °C under ambient air. The NR overgrowth solution was
prepared by sequentially adding H2O, HAuCl4, AgNO3, and AA into a
CTAB solution. After the solution was gently mixed for 30 s, the
overgrowth of NRs was initiated by the introduction of 100 μL of the
preformed cylindrical Au NRs (in 0.1 M CTAB). The reaction
solution was gently mixed for 30 s immediately after the addition of Au
NRs and then left undisturbed at 30 °C for 1 h. The obtained
nanoparticles were then washed with H2O twice through centrifuga-
tion/redispersion cycles and finally redispersed in 200 μL of 20 mM
CTAB. To investigate the effects of Ag+, CTAB, and AA, the overall
concentrations of Ag+, CTAB, and AA in the NR overgrowth solutions
were systematically varied, while the total volume of the nanorod
overgrowth solutions was always fixed at 5.0 mL. BDAC and CTAC
were also used as an alternative surfactant instead of CTAB to
compare the effects of different surfactants on the NR overgrowth. The
effects of reducing agents were investigated by varying the
concentration of AA in the overgrowth solutions or using other mild
reducing agents such as HQ and HEPES.

Characterizations. The TEM images were obtained using a
Hitachi H-8000 transmission electron microscope operated at an
accelerating voltage of 200 kV. All samples for TEM measurements
were dispersed in water and drop-dried on 300 mesh Formvar/carbon-
coated Cu grids. SEM and EDS measurements were performed using a
Zeiss Ultraplus thermal field emission scanning electron microscope.
The samples for SEM and EDS measurements were dispersed in water
and drop-dried on silicon wafers. The atomic level structures of the
nanoparticles were resolved by aberration-corrected HAADF-STEM
using a JEOL 2100F 200 kV FEG-STEM/TEM microscopy equipped
with a CEOS CS corrector on the illumination system. The samples
for HAADF-STEM measurements were dispersed in water and drop-
dried on 400 mesh Cu grids with ultrathin carbon support film
(Electron Microscopy Science Inc.). The optical extinction spectra of
the nanoparticles were measured on aqueous colloidal suspensions at
room temperature using a Beckman Coulter Du 640 spectropho-
tometer. ζ-Potentials of colloidal nanoparticles were measured at room
temperature using ZETASIZER nanoseries (Nano-ZS, Malvern). The
samples for ζ−potential measurements were all freshly prepared,
centrifuged, and redispersed in 10 mM CTAB (pH ∼ 7.8). XPS
measurements were carried out using a Krato AXIS Ultra DLD XPS
system equipped with a monochromatic Al Kα source. The samples
for XPS measurements were all freshly prepared and dried in vacuum
before being loaded into the XPS chambers. SERS spectra were
obtained on a Bayspec Nomadic confocal Raman microscopy built on
an Olympus BX51 microscope equipped with a 785 nm continuous
wave diode laser. CV measurements were performed in 0.1 M KNO3
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electrolyte solution at room temperature. More details of SERS and
CV measurements are presented in the Supporting Information.
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