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ABSTRACT Silver octahedra with edge lengths controlled in the range
of 20—72 nm were synthesized via seed-mediated growth. The key to the
success of this synthesis is the use of single-crystal Ag seeds with uniform
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and precisely controlled sizes to direct the growth and the use of citrate as
Ag nanosphere Ag octahedron

a selective capping agent for the {111} facets. Our mechanistic studies
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Ag octahedra as sacrificial templates, Au nanocages with an octahedral shape and precisely tunable optical properties were synthesized through a galvanic

demonstrated that Ag seeds with both cubic and quasi-spherical shapes
could evolve into octahedra. For the first time, we were able to precisely
control the edge lengths of Ag octahedra below 100 nm, and the lower

limit of size could even be pushed down to 20 nm. Using the as-obtained

replacement reaction. Such hollow nanostructures are promising candidates for a broad range of applications related to optics, catalysis, and biomedicine.
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tive catalyst (e.g., for ethylene epoxida-

tion) in industry and an effective anti-
bacterial agent in biomedicine.' It is also
of great interest as optical components or
probes for potential applications related to
surface-enhanced Raman scattering and local-
ized surface plasmon resonance (LSPR)S~"
Therefore, controlling both the size and
shape of Ag nanocrystals has received
extensive attention in recent years since
these two parameters allow researchers to
tailor the intrinsic properties, thus, enhanc-
ing their performance in a broad range of
applications. To date, there have been many
successful demonstrations in the synthesis
of Ag nanocrystals with a wide variety of
shapes, including sphere, cube, bar, octa-
hedron, bipyramid, decahedron, rod/wire with
a pentagonal cross section, and concave struc-
tures enclosed by high-index facets.'® '3
Most of these shape-controlled nanocryst-
als are still troubled by issues such as low
yield/purity, unsatisfactory uniformity, poor
reproducibility, and lack of effective means

Silver has been widely used as a selec-
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to precisely control the size while keeping
the shape for a specific application. Excep-
tions are Ag nanocubes and nanowires
because both of them can now be produced
using the polyol method in high yield/
purity, large quantity, as well as good uni-
formity and precisely controlled sizes."*~"°
In addition, Mirkin and co-workers have also
successfully synthesized Ag nanoprisms
(or nanoplates) with controlled sizes and
Ag nanorods with controlled aspect ratios
through a photochemical method.?°~2?
Different from Ag nanocubes enclosed by
{100} facets, Ag octahedra are completely
covered by {111} facets and have much
lower surface free energy and thus exhibit
quite different properties. For example,
Christopher and Linic reported that the
{100} and {111} facets of Ag had distinct
catalytic selectivity for the ethylene epox-
idation owing to the difference in activation
barrier for the formation of ethylene oxide
and acetaldehyde on the two different
facets.? Yang and co-workers reported that
Ag polyhedrons enclosed by different ratios
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of {100}/{111} facets showed distinct LSPR scattering
signatures.?® To achieve a systematic comparison with
Ag nanocubes 18—200 nm in size,"* ' synthesis of Ag
octahedra with precisely controlled sizes in the same
range is also of great significance for various applica-
tions. So far, there have been only a few reports on the
syntheses of Ag octahedra with uniform sizes. To this
end, Yang and co-workers have prepared Ag octahedra
in 1,5-pentanediol, where Ag precursor and stabilizer
were injected periodically into a solution containing
presynthesized Ag nanocubes.> 2 Tsuji and co-workers
synthesized Ag octahedra in N,N-dimethylforma-
mide, but the octahedra in their final products seemed
to be pretty low in yield.?’ It should be pointed out that
the sizes of the Ag octahedra reported in all of these
studies were larger than 150 nm. Smaller Ag octahedra
with well-controlled sizes (especially for the sizes
below 100 nm) and in high purity seem to be very
hard to prepare, which can be attributed to the follow-
ing two possible reasons: (i) the lack of a reliable
method to synthesize small, high-purity, and uniform
single-crystal Ag seeds for further growth into Ag
octahedra with relatively small sizes. In general, once
the formation of Ag seeds is initiated, it is hard to
terminate until the precursor has been consumed due
to the fact that the growth of Ag is autocatalytic.'#2%2°
(i) The lack of effective capping agent to confine the
Ag nanocystals in small sizes and with a specific facet.
The interaction between a capping agent and metal
surfaces can change the order of surface free energies
for different crystallographic planes of a crystal, and
thus allow the growth deviated from a thermodyna-
mically controlled pathway.'%3032

We recently demonstrated that these two issues
could be addressed by using seed-mediated growth
in the presence of a selective capping agent for the
{111} facets® Both theoretical and experimental
studies have demonstrated that citrate has a stronger
binding to the {111} facets of Ag relative to other types
of facets,>*** which could be employed to confine the
growth of Ag octahedra. Here, we further extend the
capability of this new approach by combining it with
recent advancement in seed synthesis. More specifi-
cally, we have developed a facile and robust method
for generating single-crystal Ag seeds with tightly
controlled sizes less than 30 nm by manipulating the
reduction kinetics in a polyol synthesis.'* The advan-
tages of the newly prepared Ag seeds, including small
and precisely controlled sizes, high purity and unifor-
mity, as well as large quantity per batch, make them
excellent seeds for further growth into Ag octahedra
with relatively small sizes and in high purity. Because of
the excellent seeds and effective capping agent, we
obtained Ag octahedra with controlled sizes below
100 nm, together with a narrow size distribution and
high purity in shape. Our studies also demonstrated
that both cubic and quasi-spherical single-crystal Ag
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seeds could evolve into octahedra whose sizes were
largely determined by the sizes of the seeds we used. In
principle, Ag octahedra with sizes ranging from tens of
nanometers to a few hundred nanometers can be
easily synthesized using the present protocol. In this
work, we only focus on the size control of Ag octahedra
less than 100 nm because larger ones could be easily
prepared. It should be pointed out that this work
represents the first demonstration to precisely control
the sizes of Ag octahedra below 100 nm, and the lower
limit could even be pushed down to 20 nm. The “size”
in this article refers to the diameter of a quasi-sphere,
the edge length of a cube, or the edge length of an
octahedron. Using the as-obtained Ag octahedra as
sacrificial templates, Au nanocages with an octahedral
shape and tunable optical properties from the visible
to the near-infrared region were also synthesized using
a galvanic replacement reaction.

RESULTS AND DISCUSSION

Comparison of Different Seeds for the Synthesis of Ag
Octahedra. The synthesis of Ag octahedra was con-
ducted in an aqueous solution via seed-mediated
growth, with single-crystal Ag nanocubes and quasi-
spheres relatively small in size as the seeds, respec-
tively. During the growth of Ag octahedra, specific
amounts of silver trifluoroacetate (CF3COOAQ), L-ascor-
bic acid (AA), and sodium citrate (NasCA) were intro-
duced into the presynthesized Ag seeds. These
chemicals served as the precursor, reductant, and
capping agent, respectively. The transmission electron
microscopy (TEM) images in Figure 1 shows the evolu-
tion from cubic Ag seeds into octahedra. The cubic
seeds with a uniform size (45 & 3.5 nm in edge length)
were obtained via an ethylene glycol (EG)-based polyol
synthesis. After adding 0.8 mL of Ag precursor through
a syringe pump, Ag nanocubes with truncation at
corners were obtained, suggesting that the growth
was mainly along the (100) direction of the cubic
seeds. Further growth of these truncated nanocubes
led to the formation of cuboctahedrons, truncated
octahedra, and octahedra after 1.1, 1.4, and 1.7 mL of
the CF3COOAg solution had been introduced, respec-
tively. This result suggests that the newly formed Ag
atoms were mainly deposited on the {100} facets,
making the proportion of {111} facets constantly
enlarged at the expense of {100} facets, which even-
tually disappeared. It should be pointed out that Ag
nanocrystals tend to lose their sharp corners/edges
due to the sensitivity of Ag toward oxidative etching
caused by the oxygen from air, especially when they
are relatively small in size." As a result, the final Ag
octahedra of this work showed slight truncation at the
corners. We also recorded TEM images from these Ag
polyhedrons at different tilting angles (from —30°
to 30°) relative to the electron beam to confirm their
structures (Supporting Information, Figure S1). Further
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Figure 1. TEM images showing the shape-evolution of
single-crystal, cubic Ag seeds into octahedra under the
standard condition. The volume of CF;COOAg (0.3 mM)
added into the growth solution was (A) 0, (B) 0.8, (C) 1.1,
(D) 1.4, (E) 1.7, and (F) 2.0 mL, respectively. The insets show
the corresponding 3D models for the polyhedrons.

growth on the resultant Ag octahedra was not ob-
served when 2.0 mL of the CF;COOAg solution was
added into the system. Instead, irregular Ag nano-
particles started to appear in the product due to the
homogeneous nucleation and growth. More and larger
irregular Ag particles were obtained in the product
with the addition of more (2.4 mL) precursors (Figure S2).
This result suggests that homogeneous nucleation was
more favorable than heterogeneous nucleation once
the octahedra had been formed in the reaction solu-
tion. Generally, the energy barrier for heterogeneous
nucleation would be lower than that for homogeneous
nucleation®® In the present system, however, the
energy barrier for further deposition of Ag atoms onto
the {111} facets of an octahedron was higher than that
for self-nucleation. This difference can be attributed to
the capping effect of citrate on the {111} facets of
Ag nanocrystals, which can greatly increase the
energy barrier for nucleation on these facets. We also
observed a similar phenomenon of self-termination for
Pd octahedra.®

When Ag quasi-spheres of 35 + 3.2 nm in size were
used as the seeds, the shape-evolution during their
growth was slightly different from the cubic seeds
(Figure 2). Unlike the cubic Ag seeds fully enclosed
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Figure 2. TEM images showing the shape-evolution of
single-crystal, quasi-spherical Ag seeds into octahedra with
the standard procedure. The volume of CF;COOAg (0.3 mM)
added into the growth solution was (A) 0, (B) 0.5, (C) 0.8, and
(D) 1.0 mL, respectively. The insets illustrate the corre-
sponding 3D models for the polyhedrons.

by {100} facets, the quasi-spherical Ag nanocrystals
were covered by a mix of {100} and {111} facets. Com-
pared with the seeds, Ag cuboctahedrons with
better resolved boundaries between the {100} and
{111} facets were first obtained when 0.5 mL of the
CF3COO0Ag solution was added. Further growth of the
cuboctahedrons was similar to the case of cubic seeds,
leading to the formation of truncated octahedra and
octahedra after 0.8 and 1.0 mL of the CF;COOAg
solution had been added, respectively. Similarly, irre-
gular Ag particles were also obtained together with the
Ag octahedra due to the homogeneous nucleation and
growth when too much CF;COOAg solution was added
(Figure S3). These results indicate that Ag octahedra
fully enclosed by {111} facets can be easily obtained
using the present protocol, regardless of the shape for
the single-crystal Ag seeds. Figure S4 shows high-
resolution TEM (HRTEM) images of the typical Ag seeds
and one of the as-obtained Ag octahedra. The fringe
spacing of 1.4, 2.0, and 2.36 A on the surfaces of the
nanocrystals can be indexed to the {220}, {200}, and
{111} reflections of face-centered cubic (fcc) Ag,
respectively. The Fourier transform (FT) patterns
obtained from the corresponding nanocrystals further
confirmed that the seeds and the products were all
single crystals in structure. To better understand
the correlation between the crystallinity of seeds and
the products, we also conducted a set of syntheses
involving multiply twinned Ag seeds for comparison.
The result shows that multiply twinned Ag particles
were obtained when twinned Ag seeds were em-
ployed for the seed-mediated growth (Figure S5).
Combined together, we can conclude that the use of

VOL.7 = NO.5 = 4586-4594 = 2013 F@L@Mi{\)

WWW.acsnano.org

4588



T Ag’
—_—

i NasCA + AA

a

J_ Na3CA +AA

\
\
PSS S

np---

Figure 3. Seed-mediated growth of Ag octahedra from single-crystal cubic and quasi-spherical seeds of Ag, respectively. The
size (L) of the resultant Ag octahedra is determined by the size (a) of the cubic or quasi-spherical seed. The “size” refers to the
diameter of a quasi-spherical seed and the edge length of a cubic seed.

high-purity single-crystal Ag seeds for the growth is a
crucial parameter in the formation of Ag octahedra
with good quality and purity in the present work.

Regardless of the shape of the single-crystal Ag
seeds used for the synthesis of Ag octahedra, the size
of the resultant octahedra is largely determined by the
size of the seeds. In an ideal situation where growth is
limited to the (100) direction only, the sizes of the
octahedra and the cubic seeds should be related by a
factor of 2.12 (Figure 3, top trace). If quasi-spherical
Ag seeds are used for growth in the same way, the
smallest size of the resultant octahedra should be 1.22
times of the size of the seeds (Figure 3, bottom trace).
The details of size calculation for octahedra grown
from cubic and quasi-spherical seeds, respectively,
are shown in Figure S6 of the Supporting Information.
However, from the TEM images shown in Figure 1, we
found that the average size (72 £+ 5.0 nm) of the
resultant Ag octahedra was smaller than the size
(95 nm) calculated for the octahedra grown from cubic
seeds of 45 nm in edge length under an ideal situation.
This discrepancy in size is similar to our previous
observations and the results from other groups,?”*’
which could be attributed to the slight truncation at
the corners of the cubic seeds. For the octahedra
grown from Ag quasi-spherical seeds (35 & 3.2 nm in
diameter), the size of 43 4 3.8 nm was close to what we
calculated for the ideal situation (Figure 2).

We also recorded UV—vis spectra of the Ag poly-
hedrons shown in Figures 1 and 2, which allowed us to
systematically study the effects of the size and shape of
Ag nanocrystals on LSPR properties. As shown in Figure
4A, the 45-nm cubic Ag seeds had three LSPR peaks
located at 350, 380, and 440 nm, which are identical
with our previous studies.'>'® In comparison with the
cubic seeds, the peak at 380 nm disappeared and only
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Figure 4. Normalized extinction spectra of the Ag polyhe-
drons shown in Figures 1 and 2.

two peaks could be observed for the truncated cubes
and cuboctahedrons, which might be due to their
higher symmetry than the cubes. Thereafter, the peak
at ~380 nm appeared again when the truncated
octahedra and octahedra formed, indicating that this
peak was associated with the dipole resonance of the
sharp corners/edges. For the 35-nm spherical Ag seeds,
only one LSPR peak located at 407 nm was observed
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due to the high isotropy (Figure 4B). When cuboctahe-
drons were formed, another peak at 350 nm started to
appear. Then, three peaks were observed as the trun-
cated octahedra and octahedra were formed, which
was similar to the case of cubic seeds. These observa-
tions agree well with the results obtained from the
discrete dipole approximation (DDA) calculations,
where the number of resonance peaks exhibited by a
metal polyhedron increases with the number of ways
in which it can be polarized (i.e., when the polyhedron
has a lower symmetry).383°

Size Control for the Ag Octahedra. Upon the basis of the
understanding of the relationship between the size of
Ag seeds and the resultant Ag octahedra, we further
achieved the syntheses of Ag octahedra with a range of
controlled sizes under 100 nm. First, single-crystal
cubic or quasi-spherical Ag seeds with uniform sizes
and in high purity were prepared using the polyol-
based methods."*'® Specifically, the seeds of 16 + 1.5,
21 £+ 2.0, and 28 + 2.0 nm in size were prepared in
diethylene glycol (DEG), while the seeds larger than
30 nm in size were obtained in EG. As shown by TEM
images in Figure 5, insets of panels A—D, single-crystal
Ag seeds with excellent uniformity and purity in both
size and shape were obtained. Using seed-mediated
growth as a powerful approach, these seeds with dif-
ferent sizes could be grown into Ag octahedra of
20 +2.2,30 £ 28,45 £+ 3.5, and 72 £ 5.0 nm in size,
respectively (Figure 5A—D). Since we have successfully
achieved the synthesis of single-crystal Ag seeds with
controlled sizes in the range of 15—200 nm using
the polyol method,'*~"® in principle, we could obtain
Ag octahedra with sizes in the range of 20—400 nm
using the present protocol.

Figure 5E shows UV—vis spectra of the resultant Ag
octahedra with different sizes. The major LSPR peaks
continuously red-shifted with the increase of particle
size. Two peaks located at 350 nm and beyond 400 nm
were observed for the 20- or 30-nm Ag octahedra,
while another peak located at ~385 nm appeared
when the size of the Ag octahedra increased to
45 and 72 nm. The difference in LSPR properties of
the octahedra with different sizes are similar to that of
Ag nanocubes.'*""® The major LSPR peaks of the Ag
seeds also exhibited a continuous red-shift from 398 to
405, 416, and 440 nm as the size increased (Figure S7).

To obtain Ag octahedra with controlled sizes below
100 nm as well as in high purity and uniformity, one has
to fulfill the following two requirements: (i) a tight
control of the size of Ag seeds below 50 nm, together
with high purity, single-crystallinity, and good unifor-
mity; and (i) effective capping of the Ag{111} facets to
confine the octahedra to small sizes, together with
relatively sharp corners/edges and smooth surfaces.
Both of the theoretical and experimental studies have
shown that citrate can bind more strongly to {111}
facets than {100} facets of Ag.3****° The capping can
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Figure 5. Size control for the Ag octahedra: (A—D) TEM
images of Ag octahedra with different edge lengths of (A)
20, (B) 30, (C) 45, and (D) 72 nm; (E) normalized extinction
spectra of the Ag octahedra as shown in panels A—D. The
insets of panels A—D show the corresponding Ag quasi-
spherical seeds of 16 nm and cubic seeds of 21, 28, and
45 nmin size, respectively. The scale bar in the inset of panel
D is 50 nm and applies to all other insets.

facilitate the growth of Ag along (100) direction and
meanwhile exposes {111} facets. As a result, the {100}
facets gradually disappeared while the {111} facets
became more dominant and eventually formed the Ag
octahedra. Moreover, our results also show that only
Ag octahedra with rounded corners/edges could be
obtained when the amount of citrate was reduced
to /10 of the standard synthesis (Figure S8A), demon-
strating the important role of citrate for effective
capping of the Ag{111} facets. When Ag octahedra
were employed as seeds for further growth in the
presence of citrate at a number of concentrations,
the final products were mixtures of the original seeds
and irregular nanoparticles formed through self-
nucleation (Figure S8B). Combined together, the key
to the successful synthesis of Ag octahedra with con-
trolled sizes and in high purity is the use of Ag seeds
with precisely controlled sizes and high quality as well
as the use of an effective capping agent, citrate, for the
{111} facets of Ag.
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Figure 6. SEM images showing the galvanic replacement
reaction between Ag octahedra and 0.1 mM HAuCl, after
different volumes of this solution had been added: (A) 0, (B)
1.0, (C) 2.0, (D) 3.0, (E) 5.0, and (F) 7.0 mL. Insets show the
corresponding TEM images and the scale bars are 50 nm.

Synthesis of Au Octahedral Nanocages with Tunable Optical
Properties. Hollow metal nanostructures have attracted
increasing attention in resent years due to their unique
properties and great performances in a variety of
applications such as catalysis and biomedicine.*'~**
Galvanic replacement reaction has been demonstrated
to be a simple and effective method for preparation of
metallic nanostructures with hollow interiors and por-
ous walls. To date, we have successfully achieved the
synthesis of Au, Pd, and Pt nanocages/nanoboxes with
different features for a variety of applications, using Ag
nanocubes enclosed by {100} facets as sacrificial
templates.**~>" Herein, it is interesting to investigate
the galvanic replacement reaction on nanocrystals
with an octahedral shape and thus fully enclosed by
{111} facets. Figure 6 shows SEM and TEM (insets)
images of Ag octahedra before and after they had
reacted with 0.1 mM HAuCl, at different volumes at
90 °C. We used Ag octahedra of 72 nm in size as the
templates. As shown in Figure 6A, Ag octahedra with
smooth surfaces can be clearly observed. After they
had reacted with 1.0 mL of HAuCl,, small holes were
generated at the side faces of the Ag octahedra
(Figure 6B), indicating that the galvanic replacement
reaction was initiated on the {111} facets. This obser-
vation is consistent with our previous report that the
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Figure 7. Schematicillustration showing the morphological
and structural evolution involved in the galvanic re-
placement reaction between an Ag octahedron and aque-
ous HAuCl, solution.

corner regions of a truncated nanocube terminated in
{111} facets served as the primary sites for galvanic
replacement reaction.*® At this stage, Ag atoms could
be oxidized by Au* to form Ag™ and escaped from the
holes. Meanwhile, Au** was reduced to Au atoms and
deposited on the surface of each octahedron as a thin
shell. Along with the increase of HAuCl,, larger holes on
the surfaces could be generated (Figure 6C). Once the
thickness of the Au layer had reached a critical value,
these holes would start to shrink (Figure 6D). As a
result, all the holes on the surface gradually disap-
peared to generate nanoboxes with smooth walls and
hollow interiors. It should be pointed out that alloying
always occurred between the deposited Au layer and
the underlying Ag surface due to the high diffusion
rates of Au and Ag atoms at such high temperature (90
°C).>2 When the HAuCl, solution was increased to
5.0 mL, dealloying of the nanoboxes occurred to gen-
erate octahedral nanocages (Figure 6E). Nanoframes
were finally obtained when 7.0 mL of HAuCl, solution
was added (Figure 6F), and they started to collapse
into Au fragments with the further addition of HAuCl,
(Figure S9).

Figure 7 summarizes the major steps of the galvanic
replacement reaction between HAuCl, and Ag octahe-
dra. Once HAuCl, solution is added to the dispersion of
Ag octahedra, the replacement reaction will start from
their {111} facets. Ag atoms start to dissolve from the
reaction site, and holes will appear on the surfaces of
the octahedra (step 1). During this process, Ag atoms
are oxidized and release electrons, which can easily
migrate to the surfaces of the octahedron and be used
to reduce AuCl,  into Au atoms. The generated Au
atoms tend to be deposited on the surfaces of each
template to form a thin layer due to a good matching of
the crystal lattices between Au and Ag (4.0786 and
40862 A for Au and Ag, respectively). As the amount of
HAuCl, increases, the surfaces containing holes will act
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Figure 8. Normalized extinction spectra showing the gal-
vanic replacement reaction between Ag octahedra and
0.1 mM HAuCl, solution at different volumes (from left to
right: 0, 0.5, 1.0, 2.0, 3.0, 4.5, and 6.0 mL). The LSPR peak
positions of the Au octahedral nanoboxes/cages could be
precisely tuned across from the visible to the near-infrared
region by varying the amount of HAuCl,.

as the most active sites for the further replacement
reaction. As a result, the holes become larger and
hollow interiors of the template can be obtained.
However, when the epitaxial deposition of Au reaches
a critical value, these holes will start to shrink, and then
gradually disappear to generate nanoboxes with
smooth and uniform walls (step 2). Because of the high
diffusion rates of Au and Ag atoms at such high
temperature (90 °C), more stable Au—Ag alloy will be
formed instead of either pure Au shell or Ag inner.>® If
more HAuCl, is added to the reaction system, the Ag
atoms in the Au—Ag nanoboxes will be selectively
removed by dealloying process (step 3). Further deal-
loying will release more Ag atoms into the solution,
and some holes will appear again on the surfaces of the
nanoboxes due to the lattice vacancies. Then, these
holes will coalesce to generate the nanoframes as the
HAuCl, increases (step 4). Complete dealloying will
make the nanoframes unable to keep their shape
and collapse into small fragments finally (step 5).

By adding different amount of HAuCl,, the LSPR
peaks of the Au octahedral nanoboxes/cages could
also be precisely tuned. As shown in Figure 8, the Ag
octahedra of 72 nm in size exhibit a major LSPR peak at
475 nm, together with two weak peaks at 350 and

EXPERIMENTAL SECTION

Chemicals and Materials. Silver trifluoroacetate (CF3COOAg,
>99.99%), sodium hydrosulfide hydrate (NaHS-xH,0), hydro-
chloric acid (HCl, 37% in water), poly(vinyl pyrrolidone) (PVP,
M,, =~ 55 000), L-ascorbic acid (AA, =99.0%), sodium citrate (NasCA),
diethylene glycol (DEG, =99.0%, lot no. BCBF4248V), hydrogen tetra-
chloroaurate(lll) hydrate (HAuCl,- 3H,0), acetone, and sodium chlor-
ide were all obtained from Sigma-Aldrich. Ethylene glycol (EG) was
obtained from J.T. Baker (lot no. G32B27). Deionized (DI) water with a
resistivity of 18.2 MQ-cm was used throughout the experiment.

Synthesis of Ag Seeds 16—45 nm in Size. Cubic and quasi-
spherical Ag seeds with sizes less than 30 nm were prepared
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392 nm. The major peak of Ag octahedra red-shifted to
517 nm when a small volume of HAuCl, solution
(0.5 mL) was added. It continued to red shift to 575,
655,710,760,and 800 nmas 1.0,2.0,3.0,4.5,and 6.0 mL
of HAuCl, solution was added to the reaction system,
respectively. Due to their controllable sizes and tunable
optical properties (from the visible to the near-infrared
region), such Au nanoboxes/cages with octahedral
shape could be promising candidates for various
applications related to optical sensing, photothermally
triggered drug release, and photothermal cancer
therapy.

CONCLUSION

We have demonstrated a facile approach to the
synthesis of Ag octahedra with precisely controlled
sizes using the seed-mediated growth, and further
fabricated Au octahedral nanocages with tunable op-
tical properties. Because of the availability of Ag seeds
with excellent uniformity, high-purity in shape, and
precisely controlled sizes, Ag octahedra with desired
sizes below 100 nm could be readily obtained. Since
the size of the as-prepared octahedra is determined by
the size of the seeds, the present protocol could be
used to prepare Ag octahedra with edge lengths in the
range of tens of nanometers to a few hundred nano-
meters. For the first time, we were able to precisely
control the edge lengths of Ag octahedra below
100 nm, and the lower limit of size could even be
pushed down to 20 nm. Significantly, the Ag octahedra
could be confined to relatively small sizes and pre-
pared with sharp corners/edges and smooth surfaces
due to the effective capping of citrate for the {111} facets
of Ag. We have also demonstrated that both cubic and
quasi-spherical seeds could evolve into octahedra via
seed-mediated growth. Once octahedra had been
formed, however, self-nucleation tended to occur if more
precursor was added into the reaction solution. In addi-
tion, using the as-obtained Ag octahedra as sacrificial
templates, Au octahedral nanocages were also synthe-
sized using a galvanic replacement reaction. Owing to
their precisely tunable optical properties, such hollow
nanostructures are promising candidates for various
applications related to optics, catalysis, and biomedicine.

using our recently reported protocol with DEG as the solvent/
reductant."® In a typical synthesis, 5 mL of DEG was added into a
three-necked flask (100 mL) and heated under magnetic stirring
in an oil bath (150 °C) for 30 min. Other reagents dissolved in
DEG were sequentially added into the flask using a pipet.
Specifically, 0.06 mL of NaSH solution (3 mM) was first added.
After 4 min, 0.5 mL of HCl (3 mM) was added, followed by
1.25 mL of PVP (20 mg/mL). After another 2 min, 0.4 mL of
CF3COOAg solution (282 mM) was added. During the entire
process, the flask was capped with glass stoppers except for the
addition of reagents. The sizes of the Ag seeds could be
controlled by monitoring the positions of their main LSPR peaks
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using a UV—vis spectrometer during their growth. The quasi-
spherical single-crystal seeds of 16 nm in size were obtained by
quenching the reaction with an ice—water bath when the LSPR
peak was positioned at 398 nm. The cubic single-crystal seeds of
21 and 28 nm in size were obtained by quenching the reaction
when the LSPR peaks were shifted to 405 and 413 nm, respec-
tively. After centrifugation, the seeds were washed with acetone
once and Dl water three times before they were redispersed and
stored in DI water at a concentration of 1.5 x 10" particles/mL.

Cubic Ag seeds of 45 nm in size were prepared using the
same protocol as 28 nm seeds described above, except for the
use of EG as a solvent/reductant.’® The product was obtained by
quenching the reaction with an ice—water bath when the major
LSPR peak had reached 440 nm. After centrifugation and
washing with acetone and DI water three times, the seeds were
then redispersed in DI water or EG at a concentration of 1.1 x
10"? particles/mL for further use. Quasi-spherical Ag seeds of
35 nm in size were prepared by etching the 45-nm Ag nano-
cubes. Specifically, 0.2 mL of the as-obtained Ag nanocubes
(45 nm, dispersed in EG) was added into a 25 mL flask contain-
ing 5 mL of EG, and heated to 150 °C under magnetic stirring.
Then, 50 mM HCI (in EG) was added, and the final concentration
of HCl in the solution was 1 mM. The mixture was heated for an
additional 5 min, and cooled down to room temperature.
Finally, after centrifugation and washing with acetone and DI
water three times, the product was redispersed in DI water at a
concentration of 1.1 x 10'? particles/mL.

Multiply twinned Ag seeds were prepared using the stan-
dard procedure with DEG as a solvent and reductant,’ except
for the absence of NaSH and HCl. The seeds were obtained by
quenching the reaction with an ice—water bath at t =5 min after
the injection of Ag precursor, followed by washing with acetone
once and DI water three times before use.

Synthesis of Ag Octahedra. In a standard synthesis, 1.0 mL of
aqueous NazCA (50 mM) was mixed with 1.5 mL of DI water in a
20-mL glass vial. After that, 20 uL of the as-prepared Ag seeds
were injected with a pipet, followed by the addition of 0.1 mL of
aqueous AA (50 mM). Then, a specific (as indicated in the figure
caption) amount of aqueous CF3COOAg (0.3 mM) was added
into the mixture using a syringe pump at a rate of 2.0 mL/h
under magnetic stirring. After the precursor had been added
into the mixture, the reaction was allowed to continue for 5 min.
The product was collected by centrifugation and washing with
DI water three times.

Synthesis of Au Octahedral Nanocages. In a typical synthesis, 100 uL
of the as-prepared Ag octahedra were dispersed in 5 mL of
PVP (1 mg/mL), and heated to 90 °C under magnetic stirring.
Then, a specific (as indicated in the figure caption) amount of
HAuCl, aqueous solution (0.1 mM) was added using a syringe
pump at a rate of 5 mL/h. We recorded the UV—vis spectra to
track the progress of the reaction as the volume of HAuCl,
solution was increased. Once cooled down to room tempera-
ture, the products were washed with 10 mL of saturated NaCl
solution to remove AgCl. Then, they were collected by centri-
fugation and washing with DI water three times, and dispersed
in DI water for further characterization.

Instrumentation. Transmission electron microscopy (TEM)
images were taken using Hitachi H-7500 and HT7700 micro-
scopes operated at 75 and 120 kV, respectively. High-resolution
transmission electron microscopy (HRTEM) images were taken
using an FEI Tecnai F30 High Resolution Electron Microscope
operated at 300 kV. Scanning electron microscopy (SEM) images
were captured using an FEI Nova NanoSEM 200 field-emission
microscope operated at 15 kV. Extinction spectra of Ag nano-
crystals and Au nanocages were recorded by a UV—vis spectrom-
eter (Varian, Cary 50). The concentration of Ag was determined
using a Perkin-Elmer inductively coupled plasma mass spectro-
meter (ICP-MS, NexION 300Q), and then converted into the
concentration of Ag seeds once the particle size had been
determined by TEM imaging.
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