Au@Ag Core—Shell Nanocubes with

Finely Tuned and Well-Controlled Sizes,
Shell Thicknesses, and Optical Properties

Yanyun Ma,"* Weiyang Li,* Eun Chul Cho," Zhiyuan Li,® Taekyung Yu," Jie Zeng," Zhaoxiong Xie,* and

Younan Xia™*

*Department of Biomedical Engineering, Washington University, St. Louis, Missouri 63130, United States, *State Key Laboratory for Physical Chemistry of Solid Surfaces
and Department of Chemistry, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen, Fujian 361005, P. R. China, and ®Institute of Physics, Chinese

Academy of Sciences, Beijing 100080, P. R. China

old (Au) and silver (Ag) nanocrys-

tals have received considerable at-

tention for many years because of
their fascinating optical properties known
as localized surface plasmon resonance
(LSPR),'* and their widespread use in appli-
cations related to photonics, catalysis, infor-
mation storage, chemical/biological sens-
ing, and surface-enhanced Raman
scattering (SERS).> % In an effort to tailor
their properties and thus improve their per-
formance in various applications, people
have developed a myriad of chemical meth-
ods for generating Au and Ag nanocrystals
with a rich variety of shapes, including
sphere, cube, decahedron, icosahedron, bi-
pyramids, thin plate, rod, and wire."' "2 Par-
allel to these developments, people have
also looked into the possibility of combin-
ing Au and Ag into one single system to
provide a new handle for controlling opti-
cal and catalytic properties. To this end,
Au—Ag alloy and core—shell nanocrystals
have been prepared and investigated in the
context of catalysis, plasmonics, sensing,
imaging, and biomedicine.?' 3 Particularly,
by combining Au and Ag into a core—shell
configuration, their LSPR properties can be
potentially tailored and finely tuned by
varying the size/shape of the core and the
thickness of the shell as well as the coupling
between the core and the shell.

For core—shell nanocrystals, it is rela-
tively easy and straightforward to generate
Au (or an alloy of Au and Ag) shells on Ag
cores (i.e., in the form of Ag@Au) because of
a spontaneous galvanic replacement reac-
tion between Ag nanocrystals and a salt
precursor to elemental Au such as AuCl,~
or AuCl,™.3¢ By controlling the volume of
the salt precursor titrated into an aqueous
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ABSTRACT This paper describes a facile method for generating Au@Ag core—shell nanocubes with edge
lengths controllable in the range of 13.4—50 nm. The synthesis involved the use of single-crystal, spherical Au
nanocrystals of 11 nm in size as the seeds in an aqueous system, with ascorbic acid serving as the reductant and
cetyltrimethylammonium chloride (CTAC) as the capping agent. The thickness of the Ag shells could be finely tuned
from 1.2 to 20 nm by varying the ratio of AgNO; precursor to Au seeds. We also investigated the growth mechanism
by examining the effects of seeds (capped by CTAC or cetyltrimethylammonium bromide(CTAB)) and capping
agent (CTAC vs CTAB) on both size and shape of the resultant core—shell nanocrystals. Our results clearly indicate
that CTAC worked much better than CTAB as a capping agent in both the syntheses of Au seeds and Au@Ag
core—shell nanocubes. We further studied the localized surface plasmon resonance properties of the Au@Ag nanocubes
as a function of the Ag shell thickness. By comparing with the extinction spectra obtained from theoretical calculations,
we derived a critical value of ca. 3 nm for the shell thickness at which the plasmon excitation of the Au cores would be
completely screened by the Ag shells. Moreover, these Au@Ag core —shell nanocubes could be converted into Au-based
hollow nanostructures containing the original Au seeds in the interiors through a galvanic replacement reaction.

KEYWORDS: core—shell nanocubes - seed-mediated growth -
cetyltrimethylammonium chloride - surface plasmonic property

suspension of Ag nanocrystals, one can
readily control the thickness of the shells
and thus the optical properties of the prod-
ucts. It might also be possible to directly
generate Au coatings on Ag nanocrystals
through the use of a salt precursor and a
very strong reducing agent, although it
would be hard to exclude the involvement
of a galvanic replacement mechanism. In
comparison, the core—shell nanocrystals
with an inverted structure (i.e.,, Au@Ag con-
sisting of a Au core and a Ag shell) can only
be prepared via the conformal coating of
Ag on Au nanocrystals in a solution phase.
In general, it should not be difficult to gen-
erate a conformal coating of Ag on the sur-
face of an Au nanocrystal due to their close
match of the lattice constant (the difference
is only 0.2%) and thus the assurance of epi-
taxial growth. However, the deposited Ag
can evolve into different shapes or
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morphologies depending on the experimental condi-
tions such as the type of Au seeds (e.g., the size, shape,
facets, and capping agent), the precursor to elemental
Ag, the reductant, the capping agent present in the re-
action solution, the solvent, and the temperature. All of
these variables make this seemingly simple process
hard to control and worthy of systematic investigation.
To date, Au@Ag core—shell nanocrystals with vari-
ous morphologies have been synthesized using an epi-
taxial growth process that involves conformal deposi-
tion of Ag on the surface of Au seeds.?’ 32 For example,
Fan et al. synthesized Au@Ag nanocubes by using
30-nm Au octahedra as seeds.? Tsuji et al. and Wang
et al. demonstrated the seed-dependent evolution of
shape for Au@Ag core—shell structures with various
morphologies (decahedron, cube, rod, and octahedron,
among others) by depositing Ag onto the surface of a
mixture of Au nanocrystals with different shapes.?*~26
Pastoriza—Santos et al. and our group have reported
the synthesis of Au@Ag core—shell octahedra using Au
nanorods as seeds.?’2¢ Mirkin et al. have synthesized
Au@Ag core—shell nanoprisms by using Au nanoparti-
cles (5 or 11 nm) or Au nanoprisms (~144 nm) as
seeds.?>3% However, in all of these studies, the Ag shell
was not evenly deposited on the entire surface of the
Au core because of the highly anisotropic shapes of Au
seeds used in the syntheses. The shell thickness could
vary significantly from place to place across the surface
of an Au@Ag core—shell nanostructure. As a result, it
has been very hard to derive the critical shell thickness
at which the plasmon excitation of the Au cores would
be completely screened by the Ag shells. It has also
been difficult to resolve the correlation between the
core—shell structures (e.g., the shell thickness and over-
all edge length) and the corresponding LSPR properties.
Here we report a facile route to the synthesis of
Au@Ag core—shell nanocubes with relatively high yield
(86—90%) in an aqueous solution. The edge lengths of
the cubes can be finely controlled from 13.4 to 50 nm
by using single-crystal spherical Au nanocrystals (11
nm, cuboctahedron) as the seeds and cetyltrimethyl-
ammonium chloride (CTAC) as a capping agent to di-
rect the growth of Ag shells. The thickness of the Ag
shells can be precisely controlled in the range of 1.2 to
20 nm due to the spherical shape and high uniformity
for the Au seeds. These Au@Ag nanocubes with highly
tunable and controllable sizes and shell thicknesses al-
lowed us to systematically investigate their LSPR prop-
erties and obtain, for the first time, the critical shell
thickness at which the plasmon excitation of the core
will be completely screened by the shell. It is also worth
pointing out that it has been very difficult to obtain
Ag nanocubes with edge lengths smaller than 25 nm
when a hydrophilic system based on polyol reduction
is used.?” In a recent study, we obtained Ag nanocubes
as small as 13.5 nm, but only with a hydrophobic system
based on isoamyl ether.® In the present work, we dem-
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Figure 1. (A) TEM and (B) high-resolution TEM images of the
Au nanocrystal seeds (11.0 = 0.5 nm) prepared using a two-
step procedure, with CTAC serving as the capping agent.
The seed can be considered as a cuboctahedron enclosed
by a mix of {100} and {111} facets.

onstrate that the sizes of the Au@Ag cubes can be con-
trolled as small as 13.4 nm by using 11-nm Au seeds.

RESULTS AND DISCUSSION

Synthesis of Au@Ag Core— Shell Nanocubes. We employed
a seed-mediated growth process to prepare the Au@Ag
Core—Shell nanocubes. The Au seeds were, in turn, syn-
thesized using a two step procedure: (i) Very small
(2—3 nm) Au nanocrystallites were synthesized by re-
ducing HAuCl, with NaBH, in the presence of cetyltrim-
ethylammonium bromide (CTAB), and (ii) these Au
nanocrystallites were allowed to grow into Au nano-
crystal seeds of 11 nm in size in the presence of addi-
tional HAuCl,, ascorbic acid (AA), and CTAC. Figure 1A
shows a typical transmission electron microscopy (TEM)
image of the as-prepared Au nanocrystal seeds, which
exhibited a spherical shape and were uniform in size (11
*+ 0.8 nm). As indicated by the high-resolution TEM im-
age (Figure 1B), these spherical seeds were single-
crystal cubo-octahedrons (or truncated octahedrons)
enclosed by a mix of {100} and {111} facets on the sur-
face. In the following discussion, the Au nanocrystal
seeds prepared using this specific procedure and cap-
ping agent are referred to as CTAC—Au seeds.

www.acsnano.org
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Figure 2. TEM images of Au@Ag core—shell nanocubes obtained by injecting different volumes of AgNO; (2 mM) into 5 mL
solutions containing the same amount of Au seeds (14.6 mg/L) at 60 °C. The volumes of AgNO; were (A) 0.25 mL (edge length
of the cubes, 13.4 = 0.6 nm), (B) 0.5 mL (edge length of the cubes, 15.2 = 0.6 nm), (C) 1 mL (edge length of the cubes, 17.2
+ 0.7 nm), and (D) 2 mL (edge length of the cubes, 20.0 = 0.6 nm). After injection, the final concentrations of AGNO; were
0.09, 0.17, 0.29, and 0.44 mM, respectively. Insets are the corresponding high-magnification TEM images with the scale bars

being 8 nm.

The Au@Ag core—shell nanocubes were formed by
depositing Ag on the as-prepared CTAC—Au seeds. In
a typical synthesis, we added AgNO; (the precursor to
elemental Ag), AA (the reducing agent), and CTAC (the
capping agent) into an aqueous suspension containing
the Au seeds held at 60 °C. Cubic Au@Ag core—shell
nanocrystals were formed due to the conformal over-
growth of Ag on the CTAC—Au seeds. As a major advan-
tage of seed-mediated synthesis, the size of the result-
ant Au@Ag core—shell nanocrystals could be controlled
from approximately 13 to 50 nm by varying either the
amount of AgNO; or the amount of Au seeds added
into the reaction solution. Figure 2 shows TEM images
of the Au@Ag nanocubes obtained by injecting differ-
ent volumes of AgNOs (2 mM) into aqueous suspen-
sions containing the same amount of Au seeds. It can
be seen that the edge lengths of the resultant Au@Ag
cubes increased from 13.4 to 15.2, 17.2, and 20 nm
when the volume of AgNO;s solution was increased
from 0.25 to 0.5, 1, and 2 mL. It is worth pointing out
that these values were very close to the edge lengths
(12.5,14.5, 17.4, and 21.4 nm) calculated based on the
number of Au seeds and the amount of AgNOs added.
The inset in each image gives a magnified TEM image of
the core—shell cubes. A clear difference in contrast
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can be observed between the Au core and the Ag shell
due to the difference in atomic number and thus at-
tenuation of electrons. It is clear that essentially every
cube contained one Au nanocrystal seed in its center.
The Ag shell was evenly deposited on the Au seeds,
forming a complete coating on the Au core. As the sur-
face of the Au@Ag nanocubes was dominated by the
{100} facets,® we can deduce that the growth rate of Ag
on the {111} facets of the Au seed was faster than the
growth rate on the {100} facets. Otherwise, the depos-
ited Ag should have evolved into octahedrons with a
large fraction of {111} facets on the surface.

Figure 3 shows TEM images of the Au@Ag
core—shell cubes obtained by injecting the same
amount of AgNOs (5 mL, 2 mM) into aqueous suspen-
sions containing different amounts of the Au seeds. The
edge length of the cubes increased from 24.4 to 30.4,
42.6, and 50.4 nm when the concentration of the Au
seeds was reduced from 14.6 to 7.3, 2.9, and 1.46 mg/L
while the volume of the seeds was fixed at 5 mL. The Au
core (in the center) and the Ag shell can also be easily
distinguished from the TEM images at a higher magni-
fication (see the insets).

Comparison of Different Capping Agents. It has been
known that the choice of a capping agent can greatly
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Figure 3. TEM images of Au@Ag core—shell nanocubes obtained by injecting 5 mL of AgNO; solution (2 mM) and 5 mL of
AA solution (50 mM) into 5 mL of solutions with different seed concentrations: (A) 14.6 mg/L (edge length of the cubes, 24.4
+ 0.9 nm), (B) 7.3 mg/L (edge length of the cubes, 30.4 = 1.2 nm), (C) 2.9 mg/L (edge length of the cubes, 42.6 = 1.7 nm),
(D) 1.46 mg/L (edge length of the cubes, 50.4 = 2.2 nm). After injection, the final concentration of AGNO; was 0.67 mM. The
reaction temperature was controlled at 60 °C. Insets are the corresponding high-magnification TEM images with the scale

bars being 20 nm.

influence the final shape of the nanocrystals as well as
their sizes.*3 Figure 4 shows TEM images of the
samples prepared under the same condition as in Fig-
ure 2, except the use of CTAB instead of CTAC as a cap-
ping agent during the growth of Ag. In this case, the
size of the cubes did not show significant change when
the added volume of AgNO; solution was increased.
Moreover, the samples obtained at a large amount of
AgNO; exhibited poor uniformity in terms of both
shape and size (Figure 4D). This result indicates that al-
though CTAB can also direct Ag to grow to cubic nano-
crystals on the Au seeds, this capping agent could not
be used to control the size as we have achieved with
CTAC. We also observed that when CTAB was used as
a capping agent, the reaction solution turned from
transparent to turbid as the volume of AgNO; was in-
creased. This change could be ascribed to the forma-
tion of silver bromide (AgBr) from AgNO; (Ag™) and
CTAB (Br™). When a large amount of AgNOs was added
into the reaction solution, the AgBr became a precipi-
tate due to its limited solubility in water. This is sup-
ported by the fact that the solubility of AgBr (described
by the constant of a solubility equilibrium, Ky, = 7.7 X
107"%) is much lower than that of AgCl (K, = 1.56 X
10719 at 25 °C.*° As a result, even though a larger
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amount of AgNO; was applied, the concentration of
Ag* available for the growth of Au@Ag cubes was
rather limited due to the formation of a large quantity
of water-insoluble AgBr, which was harder to be re-
duced than Ag* ions when AA was used as a reductant.
To better understand the influence of a capping
agent on the synthesis of Au@Ag core—shell nanocrys-
tals, we also prepared CTAB—Au seeds (see Figure S1
in the Supporting Information) by using a procedure
similar to what was used to prepare the CTAC—Au
seeds, except for the introduction of CTAB as a cap-
ping agent. As shown in Figure S1A, neither the size dis-
tribution (13.8 * 1.2 nm) nor the shape of the
CTAB—Au seeds was as uniform as the CTAC—Au seeds.
The spherical nanoparticles were also found to be
single-crystal, truncated octahedrons (Supporting Infor-
mation, Figure S1B), similar to the CTAC—Au seeds.
However, the sample also contained many triangular
particles in addition to the spherical ones. Based on our
previous studies, these triangular particles could be as-
signed to truncated bipyramids characterized by a sin-
gly twinned structure.*! During the prepartion of Au
seeds, oxidative etching played an important role in the
formation of single-crystal Au seeds with high unifor-
mity. The formation of such twinned structure could

www.acsnano.org



50 nm

Figure 4. TEM images of the samples prepared under the same condition as in Figure 2, except the use of CTAB instead of
CTAC as a capping agent during the growth of silver. After the injection of AGQNO; and AA, the concentrations of AgNO; were:

(A) 0.09, (B) 0.17, (C) 0.29, and (D) 0.67 mM, respectively.

be attributed to the weaker oxidative etching power
for the Br~ in CTAB as compared to the Cl~ in CTAC
because the chloride ions released by the Au precur-
sor (HAuCl,) are not sufficient to dissolve the
twinned seeds of Au.*!

We then tried to generate Au@Ag cubes by deposit-
ing Ag onto these CTAB—Au seeds. Supporting Infor-
mation Figure S2 shows TEM images of the Au@Ag
nanocubes prepared under the same condition as in
Figure 2, except for the use of CTAB— rather than
CTAC—Au seeds. It is clear that the size of the Au@Ag
core—shell nanocubes could still be controlled from ap-
proximately 15 to 32 nm by varying the amount of
AgNO; added into the reaction solution. However, the
yield of the cubes (80—82%) was lower compared to
those of samples prepared from the CTAC—Au seeds
where the yields of cubes were typically in the range of
86—90%. Many bipyramid core—shell nanocrystals can
be observed in the sample, which could have grown
from the triangular particles found in the CTAB—Au
seeds. Supporting Information Figure S3 shows TEM im-
ages of the samples prepared under the same condi-
tion as in Figure 4, except for the use of CTAB—Au
seeds. A similar outcome was also observed in that we
could not control the size when CTAB was used as a
capping agent to grow Ag no matter what kind of seeds
was used.

www.acsnano.org

Figure 5 summarizes the effects of the two differ-
ent capping agents on the outcomes of seed-mediated
growth when two different types of Au seeds were
used. When CTAC was used as the capping agent dur-
ing growth, the size of the resultant Au@Ag cubes lin-
early increased with the volume (or final concentration)
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Figure 5. Plots summarizing the dependence of size on the
concentration of AgNO; for the four syntheses involving two
different types of capping agents for both Au seeds and
Au@Ag cubes: (a, c) CTAB—Au seeds were used for the
growth of silver in solutions containing (a) CTAC and

(c) CTAB, respectively. (b, d) CTAC—Au seeds were used for
the growth of silver in solutions containing (b) CTAC and
(d) CTAB, respectively. The sizes refer to the edge length for
the Au@Ag cubes, and the diameter for the spherical Au
seeds, respectively.
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Figure 6. (A) UV—vis extinction spectra of Au@Ag core—shell
nanocubes with different thicknesses (t) for the Ag shells.
(B) Extinction spectra calculated for Au@Ag core—shell
nanocubes with different shell thicknesses using the DDA
method. We used a model with truncation at the corners and
edges (see Supporting Information).

of Ag™ solution regardless of the type of Au seeds used.
In contrast, CTAB did not work well as a capping agent
for the seeded growth in terms of size control over a
broad range, primarily due to the formation of AgBr
precipitate.

Optical Properties of the Au@Ag Core—Shell Nanocubes. The
uniformity in shape as well as the ability to finely tune
and control the thickness of Ag shells allowed us to sys-
tematically investigate the influence of shell thickness
on the LSPR properties of the core—shell nanocrystals.
Figure 6A shows UV—vis spectra taken from aqueous
suspensions of Au@Ag core—shell cubes with different
thicknesses (t) for the Ag shells (from 1.2 to 2.1, 3.1, and
4.5 nm), where the edge length of the nanocubes in-
creased from 13.4 to 20 nm (see the Supporting Infor-
mation for the definition of t). At a small t (1.2 nm), the
Au@Ag nanocubes showed two characteristic peaks lo-
cated at ca. 510 and 410 nm, representative of the Au
core and the Ag shell, respectively. As expected, the in-
tensity of peak for the Au nanocrystal seeds decreased
as the thickness of the Ag shell increased. When the
thickness of the shell increased to a critical point (t =
3.1 nm), the peak from the Au nanocrystal seeds disap-
peared, and only the peak for the Ag cubes remained.
This result was consistent with the trend observed in
theoretical calculations where the extinction spectra of
Au@Ag core—shell nanocubes were computed using
the discrete dipole approximation (DDA) method. The

ACINANCO) voL.a = No.11 = MAET AL

DDA calculation is able to provide both scattering and
absorption spectra of nanoparticles with arbitrary
shapes and with sizes on the order of, or less than, the
wavelength of the incident light.#? In the calculations,
we assumed that the Au seeds were spherical with a di-
ameter of 11 nm, and the average shell thickness of
Ag was varied from 1 to 5 nm. We also considered the
Ag nanocubes as being truncated at their corners and
edges, similar to the Ag cubes obtained in our synthe-
ses (see Supporting Information for a detailed descrip-
tion of the truncation in a model). As shown in Figure
6B, we also observed a trend for the change of LSPR
peaks similar to the experimental observation, imply-
ing that the incident light could only penetrate Ag
shells with a certain thickness around 3 nm. Beyond
that, it will be impossible to excite the electrons in the
Au cores. We also calculated the LSPR properties of the
Au@Ag nanocrystals when the Ag shell took a spheri-
cal rather than a cubic shape by using Mie theory, which
is suitable for any nanoparticle with a spherical shape.*?
The changes to the LSPR peaks (Supporting Informa-
tion, Figure S4) were essentially the same as the results
of experimental measurements and DDA calculations.

To confirm that the Au core and the Ag shell did
not alloy during the synthesis, we monitored the
changes to the extinction spectra by dissolving Ag
from the as-prepared Au@Ag core—shell nanocubes
(17.2 nm in edge length) with aqueous Fe(NOs); solu-
tion (0.05 M). It has been known that Fe(NOs); can be
used as an etchant to dissolve Ag.** As shown in Sup-
porting Information Figure S5A, the main LSPR peak
shifted from around 410 nm (for Ag) to around 524 nm
(for Au) when the volume of Fe(NO;); solution was in-
creased from 0 to 0.08 mL. When 0.06 mL of the
Fe(NOs); solution was added, the LSPR peak associated
with the Ag shells completely disappeared, and only the
peak for the Au cores remained. The TEM image (Sup-
porting Information, Figure S5B) also clearly shows the
existence of the Au cores obtained by dissolving
Au@Ag core—shell nanocubes with 0.08 mL of Fe(NO;);
solution.

When the edge length of the Au@Ag nanocubes
was further increased beyond 20 nm, the LSPR spectra
showed characteristic features of pure Ag nanocubes
only. As shown in Figure 7A, the major LSPR peaks of
the Ag nanocubes displayed a continuous red-shift
along with the size increase. When the edge length of
the cubes was increased from 24.4 to 30.4, 42.6, and
50.4 nm, the positions of the major LSPR peaks were
shifted from 421 to 432, 454, and 466 nm, respectively.
For the 42-and 50-nm samples, a split of LSPR peak
around 390 nm appeared, indicating that the corners
of the Ag nanocubes became sharper than those of the
smaller nanocubes.>” The small shoulder at ~530 nm
could be due to the small amount (10— 14%) of right by-
ramidal nanocrystals found in the sample. The plot in
Figure 7B suggests that there was a more or less linear
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Figure 7. (A) UV—vis extinction spectra of Au@Ag core—shell
nanocubes obtained under the same conditions shown in
Figure 3, indicating that the main LSPR peak red-shifts with
the increase in edge length. (B) A plot showing the linear de-
pendence between the major LSPR peak position and the
edge length for the Au@Ag core—shell nanocubes.
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Figure 8. TEM images of Au-based nanocages derived from the Au@Ag nanocubes of (A) 50 and (B) 21 nm in edge length,
respectively. The wall thicknesses of the Au nanocages were (A) 8.8 = 0.9 and (B) 4.2 = 0.4 nm, respectively. Insets show the
corresponding images at higher magnification, clearly revealing the existence of the original Au seeds in the interiors
(marked by white arrows). (C,D) UV—vis extinction spectra taken from aqueous suspensions of Ag nanocubes (C) 50 and
(D) 21 nm, respectively, in edge length after they had been titrated with different volumes of an aqueous 0.5 mM HAuCl, so-
lution (as labeled on each curve).
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relationship between the LSPR peak position and the
edge length of the Au@Ag nanocubes, which agrees
with our previous observations with pure Ag
nanocubes. The equation for describing the calibration
curve was A\max = 1.66/ + 383 (R? = 0.9947), where \max
and / are the peak position and edge length,
respectively.

Synthesis of Au—Ag Hollow Nanostructures Containing Au
Nanocrystals in the Interiors. One of the interesting fea-
tures of the Au@Ag core—shell nanocubes is that the
Ag shells can be transformed into porous shells of Au
with slightly enlarged dimensions while the Au cores
were kept inside the shells. The transformation can be
easily achieved via a galvanic replacement process be-
cause the reduction potential of Ag is the lowest among
the four noble metals (Pd, Pt, Au, and Ag).?’2 In our pre-
vious study, we have demonstrated that Au, Pt, and Pd
hollow nanostructures containing Au nanorods could
be synthesized using a galvanic replacement reaction
involving Au@Ag core—shell nanostructures derived
from Au nanorods.?” Here we shown that a similar ap-
proach can also be applied to the Au@Ag nanocubes
with much smaller sizes (21 vs 50 nm). Figure 8, panels
A and B show TEM images of two examples of such hol-
low nanostructures derived from Au@Ag nanocubes of
50 and 21 nm in edge length, respectively. The hollow
nanostructures essentially retained their original cubic
shape, and most of them contained the Au nanocrystal
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seeds, indicated by white arrows in the insets. The
mechanism of this galvanic replacement reaction was
discussed in detail in our previous work.>

Figure 8, panels C and D show UV—vis extinction
spectra of the Au—Ag hollow nanostructures formed
by adding different volumes of the 0.5 mM aqueous
HAuCl, solution into the 50-nm and 21-nm Au@Ag
nanocubes. It has been established that the LSPR prop-
erties of the Au—Ag nanostructures are determined by
the ratio of outer edge length to wall thickness.34~36 In
principle, by controlling the volume of HAuCl,, the LSPR
peak positon could be continuously shifted toward
longer wavelengths. In the present cases, the LSPR peak
was continuously tuned from 450 to 750 nm for the
50-nm Au@Ag cubes, while it was only shifted from 410
to 600 nm for the 21-nm Au@Ag cubes. For hollow
nanostructures with smaller size, it is more difficult to
further reduce the wall thickness because the small hol-
low nanostructures tended to fragment into small
pieces when more HAuCl, solution was added.

CONCLUSIONS
We have successfully demonstrated a facile ap-
proach to the preparation of Au@Ag core—shell

METHODS

Chemicals and Materials. Gold(lll) chloride trihydrate
(HAuCl, - 3H,0, =99.0%), silver nitrate (AgNO;, >99%), sodium
borohydride (NaBH,, 99%), L-ascorbic acid (AA, >99%), poly(vinyl
pyrrolidone) (PVP), cetyltrimethylammonium bromide (CTAB,
=99%), and cetyltrimethylammonium chloride (CTAC, =98%)
were all obtained from Sigma-Aldrich and used as received. In
all experiments, we used deionized water with a resistivity of 18
MQ, which was prepared using an ultrapure water system (Milli-
pore).

Synthesis of Au Nanocrystal Seeds Capped with CTAC or CTAB. The Au
nanocrystal seeds were prepared using a two-step procedure.
We first made 3-nm Au nanoparticles by adding 0.6 mL of ice-
cooled NaBHj, solution (10 mM) into a 10 mL aqueous solution
containing HAuCl, (0.25 mM) and CTAB (100 mM), generating a
brownish solution. The seed solution was kept undisturbed for
3 hat 27 °C to ensure complete decomposition of NaBH, remain-
ing in the solution.*? For the synthesis of CTAC-capped Au seeds,
6 mL of aqueous HAuCl, solution (0.5 mM), 6 mL of aqueous
CTAC solution (200 mM), and 4.5 mL of aqueous AA solution
(100 mM) were mixed, followed by the addition of 0.3 mL of the
3-nm Au nanoparticles. The final mixture turned from colorless
into red within 1 min, indicating the formation of larger Au nano-
crystals. After 1 h, a UV—vis spectrum was recorded from the
Au nanocrystal suspension and the products were collected by
centrifugation (14 500 rpm, 30 min) and then washed with wa-
ter once. After dispersing the nanocrystals in deionized water,
the concentration of elemental gold in this seed solution was
found to be 0.146 g/L (the corresponding number concentra-
tion of Au nanoparticles was 1.08 X 10'%/L) as determined by
ICP—MS. For the synthesis of CTAB-capped Au seeds, the same
method and addition sequence were used, except for the use of
6 mL of CTAB solution (200 mM) instead of CTAC solution in
the growth of Au seeds. Also, the same washing conditions were
used as for the CTAC-capped Au seeds.

Synthesis of Au@Ag Nanocubes with CTAC—Au Seeds in the Presence of
(TAC. In a typical procedure, 0.5 mL of the CTAC—Au seeds and
4.5 mL of CTAC (20 mM) aqueous solution were mixed in a 20 mL
vial. After the mixture was heated at 60 °C for 20 min under mag-
netic stirring, a specific volume of aqueous AgNOs solution (2

INO) voL.4 = No.11 = MAET AL

nanocubes with relatively high yields (86—90%) via
a water-based system, which is supposed to be envi-
ronmentally friendlier than those involving organic
solvents. The thickness of the Ag shell could be pre-
cisely tuned from 1.2 to 20 nm while the size of the
cubes was increased from 13.4 nm to about 50 nm.
Mechanistic studies showed that CTAC can act as an
effective capping agent for both the preparation of
Au seeds and the directed growth of the Ag shells. In
comparison, CTAB was less effective in generating
single-crystal Au seeds due to the weaker oxidative
etching power relative to CTAC. CTAB was also not
ideal for the growth step due to the formation of in-
soluble AgBr upon the addition of AgNO; solution.
By systematically studying the LSPR properties of the
Au@Ag core—shell nanocubes as a function of the
Ag shell thickness, we obtained a critical value of 3
nm for the shell thickness at which the LSPR of the
Au cores were completely screened by the Ag shells.
Finally, we also demonstrated that these Au@Ag
nanocubes could be converted into Au-based hol-
low nanostructures containing the Au seeds via a
galvanic replacement reaction.

mM) and an aqueous solution of AA (50 mM) and CTAC (40
mM) were simultaneously injected at a rate of 0.2 mL/min using
a syringe pump. The volume of AA (50 mM) added into the reac-
tion solution was kept the same as that of AgNO;. Different vol-
umes (0.25, 0.5, 1, and 2 mL) of AgNO; were used to control the
size of the resultant Au@Ag nanocubes from 13.4 nm up to 20
nm. After injection, the concentrations of AgNOs in the final so-
lutions were 0.09, 0.17, 0.29, and 0.44 mM, respectively. During
the injection, the reaction mixture turned from red to brownish-
yellow. After 4 h, the vials were cooled in an ice-bath. The prod-
ucts were collected by centrifugation (14 500 rpm for 15 min)
and then washed with water once.

To control the size of Au@Ag nanocubes in the range of
20—50 nm, we used different volumes (0.5, 0.25, 0.1, and 0.05
mL) of the CTAC—Au seeds. We kept the total volume of aque-
ous suspension containing the Au seeds and CTAC (20 mM) at 5
mL. After mixing the two aqueous solutions and heating them
at 60 °C for 20 min under magnetic stirring, 5 mL of AgNO; (2
mM) aqueous solution and 5 mL of an aqueous solution contain-
ing AA (50 mM) and CTAC (40 mM) were simultaneously in-
jected at a rate of 0.2 mL/min. Other procedures were the same
as described above.

Synthesis of Au@Ag Nanocubes with CTAB—Au Seeds. The experi-
ments were conducted in the same way as those with CTAC—Au
seeds described in the previous sections, except for the use of
different seeds.

Synthesis of Hollow Nanostructures Containing Au Nanocrystal Seeds.
We prepared Au—Ag hollow nanostructures containing Au
nanocrystal seeds via a galvanic replacement reaction between
the Au@Ag nanocubes and aqueous HAuCl, solution. The
Au@Ag nanocubes were collected by centrifugation (13 000
rpm for 15 min) and then redispersed in a solution of PVP (1 wt
%) and CTAB (0.2 M) with a volume ratio of 1:1. Then, 1 mL of the
Au@Ag nanocubes was heated at 90 °C for 2 min, followed by
three additions of 0.5 mM HAuCl, solution. We recorded the
UV—vis spectra as the volume of HAuCl, was increased to track
the progress of the reaction. The hollow nanostructures were
collected by centrifugation (13 000 rpm for 15 min) and washed
with water twice.

www.acsnano.org



Instrumentation. Transmission electron microscopy (TEM) im-
ages of the Au nanocrystals, Au@Ag nanocubes, and Au—Ag hol-
low nanostructures were obtained with a Technai G2 Spirit
microscope operated at 120 kV (FEI, Hillsboro, OR). High-
resolution TEM (HRTEM) images were obtained with a field-
emission JEOL 2100F microscope operated at 200 kV (Tokyo, Ja-
pan). Extinction spectra of all the nanostructures were recorded
using a UV—vis spectrometer (Varian, Cary 50). The concentra-
tion of gold was determined using an ICP—MS spectrometer
(7500 CS, Agilent), which could be convert to the concentration
of Au nanocrystals once the particle size had been measured by
TEM imaging.
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