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ABSTRACT

This paper describes a two-step procedure for generating cubic nanocages and nanoframes. In the first step, Au/Ag alloy nanoboxes were
synthesized through the galvanic replacement reaction between Ag nanocubes and an aqueous HAuCI 4 Solution. The second step involved
the selective removal (or dealloying) of Ag from the alloy nanoboxes with an aqueous etchant based on Fe(NO 3)3 or NH4OH. The use of a wet
etchant other than HAuCI 4 for the dealloying process allows one to better control the wall thickness and porosity of resultant nanocages
because there is no concurrent deposition of Au. By increasing the amount of Fe(NO 3)3 or NH,OH added to the dealloying process, nanoboxes
derived from 50-nm Ag nanocubes could be converted into nanocages and then cubic nanoframes with surface plasmon resonance (SPR)

peaks continuously shifted from the visible region to 1200 nm. It is also possible to obtain nanocages with relatively narrow SPR peaks (with

a full width at half-maximum as small as 180 nm) by controlling the amount of HAUCI 4 used for the galvanic replacement reaction and thus
the optimization of the percentage of Au in the alloy nanoboxes.

Hollow nanoparticles of noble metals have unique physical in an aqueous solution. By increasing the amount of HAuCI
and chemical characteristics that differentiate them from added to a suspension of Ag nanocubes, the nanocubes can
many other types of nanostructured matertalhey have be controlled to evolve from solid objects into cubic
also been recognized for a range of applications, including nanoboxes and then nanocages. As a well-established
catalysis’ optical sensing,drug delivery? biomedical imag- example, the SPR peaks of gold hollow nanoboxes and
ing.® as well as photothermal cancer treatmfeAmong the nanocages can be readily tuned from the visible to the near-
various synthetic routes, the one based on the galvanicinfrared (NIR) region by varying the wall thickness relative
replacement reaction has proven to be the most effective into the overall dimensiof.

generating hollow nanostructures from a number of noble  Although the protocol based on the galvanic replacement
metalst’ It has been demonstrated that bimetallic alloy reaction with HAuCJ works well for Ag nanostructures of
hollow nanostructures composed of Ag and Au, Pd, or Pt a variety of shapes, it has a drawback that limits our ability
could be conveniently prepared by reacting Ag nanostructuresto achieve a tight control over the wall thickness and porosity
with a compound containing a less reactive noble metal suchfor the resultant nanocages. In the early stage of the reaction
as Au, Pd, or Pt. In particular, Au/Ag nanoboxes (nano- (or when a relatively small amount of HAuCis added),
structures with hollow interiors) and nanocages (nano- Ag atoms are dissolved from the nanocube, which also serves
structures with hollow interiors and porous walls) with as a template for the deposition of Au atoms produced via
tunable surface plasmon resonance (SPR) peaks can béhe replacement reaction:

routinely synthesized by reacting Ag nanocubes with HAuCI

— + —
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dissolved according to the following chemical reactiéh:
(1) (2)

Ag(s) + Fe(NQy);(aq)— AgNOs(aq)+ Fe(NQ),(aq) (2)

The Au component, however, will remain in the nanoboxes.

Unlike the previously demonstrated dealloying process based

on HAUCL that also involves Au deposition, the reaction
nanocube nanobox nanocage cubic nanoframe between the Au/Ag aIon nanoboxes and Fe@)&@ simply

a dealloying process. With the progress of the reaction (step
Figure 1. Schematic illustrating the formation of a nanocage made 2 jn Figure 1), the nanobox develops into hanocages with

of a Au/Ag alloy and then a cubic nanoframe made of pure Au by . . . .
selectively removing the Ag atoms from a Au/Ag alloy nanobox increasing porosity as more Ag is removed from the alloy

with an aqueous etchant based on Fe{N@r NH,OH. The wall. Since the reaction between Ag and Fe@iConly
nanobox is, in turn, prepared using the galvanic replacement reactionproduces water-soluble species, the porosity of the nanocage
between the Ag nanocube and an aqueous solution of HAs@p will be determined by the amount of Fe(N@added to the

1). When silver is dealloyed using Fe(ho or NH,OH, the  reaction solution. In the last step, when the Ag is close to

nanobox first evolves into a porous nanocage (step 2). AS MOre . iate removal, the central portion of each side wall of
etchant is added, the silver can be completely removed to generate

a cubic nanoframe (step 3). The drawing in the lower panel the nanocage will disappear, and the final product takes the
corresponds to the cross-section indicated in the upper panel forform of a cubic nanoframe.
the nanocube, nanocage, and nanoframe. Figure 2 shows transmission electron microscopy (TEM)
images of nanostructures that were obtained by reacting 50-
deposited Au to form an alloy shell. As a result, the nm Ag nanocubes with HAuglsolution, followed by
intermediate products of this synthesis are nanoboxes withselective removal of the remaining Ag with an etchant based
walls consisting of Au/Ag alloys. In the late stage of the on Fe(NQ)s. Silver nanocubes with fairly sharp corners
reaction (or when a large amount of HAU® added), the  (Figure 2A) were, in turn, synthesized using a polyol
Ag atoms in the alloy walls are selectively extracted through proces¥ and then used as sacrificial templates to generate
a dealloying process to generate nanocages with composition#\u/Ag alloy nanoboxes through the galvanic replacement
approaching pure goRiln this dealloying process, Au atoms reaction. With the addition of 4 mL of HAuGlaqueous
are concurrently produced and deposited onto the walls, solution (0.2 mM), the Ag nanocubes were partially dissolved
causing additional changes to both the wall thickness andto form nanoboxes with relatively thick walls (Figure 2B).
porosity. Such an unwanted coupling between Ag dealloying The reaction followed the same mechanism described in a
and Au deposition makes it difficult to fine-tune or precisely previous publicatiof.Different from our previous work, the
control the wall thickness, porosity, and thus optical property replacement reaction between Ag nanocubes and HAuCI
of the resultant nanocage. Since the deposition of Au is was stopped at an early stage when only a small void was
unavoidable whenever HAugls added, it has also been formed inside each nanobox. There was also a small opening
very difficult to produce nanocages with ultrathin walls by on the surface of the nanobox, and the remaining Ag was
relying on the previously demonstrated protocols. Here we enclosed by a shell made of a Au/Ag alloy. Energy-dispersive
demonstrate that all these technical problems will vanish X-ray spectroscopy (EDX) analysis of the nanobox sample
when the dealloying of Ag and the deposition of Au are indicated that the atomic percentage of Au was only 15%.
separated from each other. After 5 uL of 50 mM aqueous Fe(N£) solution had been
The dealloying or selective dissolution of Ag from Au/ introduced, the Au/Ag nanoboxes evolved into nanocages
Ag alloys has been investigated for decatlétshas been with porous walls (Figure 2C). The percentage of Au in these
shown that porous structures can be formed by treating ananocages was increased to 30%. The pores on the surface
Au/Ag alloy with an oxidative etchant such as nitric acid or of a typical nanocage had an average diameter of 4 nm. As
perchloric acid® In the present work, we demonstrate that the total volume of Fe(Ng)s; solution was increased to 10
the Ag contained in the walls of Au/Ag alloy nanoboxes ulL, the pore size was enlarged to 6 nm, and the number of
can be selectively removed using an aqueous solutionpores on each nanocage also increased substantially (Figure
containing Fe(N@); or NH,OH, two commonly used wet  2D). After adding a total 1%L of Fe(NO)s solution, the
enchants for pure silvét. Figure 1 shows a schematic pores merged to form openings as bighdss nm in diameter
detailing all the major steps involved in the new protocol, (Figure 2E), and the nanocage turned into a skeleton-like
by which Au/Ag nanoboxes, Au/Ag nanocages, and finally structure. The atomic percentage of Au was further increased
Au cubic nanoframes are obtained. In the first step, the to 60%. By the time a total of 2L of Fe(NGOs)s solution
galvanic replacement reaction was performed by reacting Aghad been added, essentially all the Ag atoms had been
nanocubes with a specific amount of aqueous HAUCI selectively removed, and the nanocage became a cubic
solution to form nanoboxes composed of a Au/Ag alloy shell nanoframe consisting of pure Au (Figure 2F). We also
and some unreacted Ag metal inside the shell. After the monitored the morphological change involved in each step
galvanic replacement reaction, Fe(N§Xsolution instead of by scanning electron microscopy (SEM, see the insets). The
more HAUC], is introduced into the suspension of Au/Ag SEM image captured at a tilting angle of°48he inset of
alloy nanoboxes, and the remaining Ag in the nanoboxes isFigure 2F) clearly shows the three-dimensional (3D) profile
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Figure 3. Absorbance spectra of 50-nm Au/Ag nanoboxes after
etching with different volumes of 50 mM Fe(NJ2 aqueous
solution. (A) The nanocubes were reacted with 4.0 mL of 0.2 mM
HAuClI, solution, followed by etching with-820 uL of Fe(NGs)3
solution. The SPR peak was red-shifted from 590 (nanoboxes) to
- . - 1210 nm (cubic nanoframes). (B) If the nanocubes were reacted
— 50 nm with 10.0 mL of 0.2 mM HAuC] solution before etching, the SPR
peak was shifted from 720 to 830 nm when reacted witt1Q0
Figure 2. TEM and SEM (inset) images of (A) 50-nm Ag uL of Fe(NGs)s solution. Note that the peaks are much narrower
nanocubes; (B) Au/Ag alloy nanoboxes obtained by reacting the than those for the sample in panel A. See Figure 4 for TEM images.
nanocubes with 4.0 mL of 0.2 mM HAughqueous solution; and
(C—F) nanocages and nanoframes obtained by etching the nanovulnerable to the etchant, thus the Ag atoms in the side faces

boxes with 5, 10, 15, and 20L of 50 mM aqueous Fe(Ng; of a nanobox are dissolved ahead of those at the edges. With
solution. The inset in (F) was obtained at a tilting angle of,45 the continuous removal of Ag atoms, the Au atoms left

clearly showing the 3D structure of a nanoframe. The scale bars in . . .
all insets are 50 nm. EDX analysis indicates the atomic ratio of behind on the side faces diffuse toward the edges of each

Au:Ag was 15:85, 30:70, 45:55, 60:40, and 100:0 for the samples Nanocage, causing the central portion of each face to
in panels B, C, D, E, and F, respectively. diminish. As a result, the wall thickness measured by TEM

appeared to increase as more FegN®olution was added.
of a cubic nanoframe resulting from the complete removal It is worth noting that the nanocages and nanoframes are
of Ag atoms from a Au/Ag nanobox. The increase of porosity fairly stable structures; their cubic shape was well preserved
with the addition of Fe(Ng); was caused by the removal of in the process of SEM/TEM sample preparation. Only a few
Ag atoms and the clustering of Au atoms via diffusion, and of them exhibited deformation due to the strong capillary
this scheme is consistent with previously reported theoretical force involved in solvent evaporation.
simulation$?® and experimental resulf§ for the dealloying Similar to the synthesis that is solely based on HAYCI
of Ag from Au/Ag bimetallic alloys. the spectral changes involved in the dealloying process could

When measured using TEM, the wall thickness of the also be closely monitored as more Fe@i>solution was

nanocage appeared to increase slightly with the continuousadded to the reaction solution. Figure 3A shows the absor-
removal of Ag atoms. When 10, 15, and 20 of Fe(NQOs)s bance spectra of nanoboxes, nanocages, and cubic nano-
solution were added, the average wall thickness was roughlyframes as 50-nm Ag nanocubes were titrated with HAuUCI
5, 8, and 10 nm, respectively. However, it should be pointed and then Fe(Ng)s. As expected, the SPR peak was continu-
out these values measured by TEM only reflect the thicknessously red-shifted from the visible to the NIR region as a
at the edges of each nanocage, rather than the central portionesult of the galvanic replacement reaction and then de-
of a side face. In fact, the side face was continuously thinned alloying process. As expected, the SPR peak position could
as more Fe(Ng); was added. This occurrence can be be easily tuned to>1000 nm by simply controlling the
attributed to the fact that th¢ 100 planes are more amount of Fe(NG); solution added into the suspension of
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Au/Ag nanoboxes. When 1.5, 3, 5, and 4D of 50 mM
aqueous Fe(Ng)s; solution were introduced, the SPR peak
was shifted from 540 to 590, 780, 950, and 1150 nm,
respectively. The position of the SPR peak of a nanocage is|
mainly determined by its wall thickness. As the wall
thickness decreases, the SPR peak continuously move
toward longer wavelengths. Although the wall thickness of
Au nanocages appeared to increase with dealloying when
viewed under TEM, the red-shift of SPR peaks indicates that
the thickness of the wall in the center portion of each side
face was actually reduced. After 20 of 50 mM Fe(NQ);
solution had been introduced, the side faces of the nanocage«
nearly disappeared, and the resultant cubic nanoframe
displayed an SPR peak around 1210 nm. To verify this result,
we also employed the discrete dipole approximation method
to calculate the extinction spectrum for a cubic nanoframe
of gold with an edge-to-edge length of 50 nm and a wall
thickness of 10 nm at the edges. The calculated spectru
(Figure S1, Supporting Information) shows a major extinction
peak at~1100 nm, which agrees reasonably well with the ¥ :
spectrum experimentally recorded from the ensemble of a — 50 nm

large number of cubic nanoframes. Figure 4. (A) TEM image of nanoboxes obtained by the galvanic
The evolution of SPR spectra for the nanocages and replacement reaction between 50-nm Ag nanocubes and 10 mL of

nanoframes is also dependent on the composition of the0-2 MM HAUCL solution. After etching with (B) 10, (C) 20, and

. . D) 100 uL of 50 mM aqueous Fe(N£) solution, no significant
starting nanoboxes. For nanoboxes prepared by adding ldmorphological change was observed. EDX analysis shows that the

mL of 0.2 mM HAuUC, solution to the 50-nm Ag nanocubes,  aomic ratios of Au:Ag are 30:70, 36:64, 40:60, and 43:57 for panels
they had a molar percentage of 30% for Au and an SPR A, B, C, and D, respectively.

peak at 720 nm. When these nanoboxes were etched with

different volumes of aqueous Fe(N@ we also observed a  sypstantial lose of Ag when Au/Ag alloys with Au percentage
red-shift for the SPR peak (Figure 3B), but the shift was far gpove 54% were subjected to the same etchant.

less significant compared to that observed for the nanoboxes By etching Au/Ag alloy nanocages with Fe(Ng the
prepared with a Au molar percentage of 15% (Figure 3A). ghape of the nanocages can be well maintained during the
For the nanoboxes containing 30% Au, the SPR peak wasjisso|ution of Ag. Previously, we found that the galvanic
shifted from 720 to 770, 820, 850, and 850 nm, respectively, repjacement reaction between HAy@nd Ag nanocubes
after 10, 20, 40, and 106L of 50 mM Fe(NQ)s solution ith truncated corners could lead to the formation of Au/
had been added. Interestingly, the nanocages prepared using g nanocages with controllable pores at all corféesnew

this route showed much narrower SPR peaks compared toype of nanostructure promising for controlled drug delivery.
the samples described in Figure 3A: 180 nm versus 350 nmyowever, further addition of HAuGko dealloy Ag changes

for the full width at half-maximum (fwhm). This observation  the shape of the nanocages, mainly because the removal of
means that the galvanic replacement reaction between Agag takes place at the corners wifi1l} facets and the
nanocubes and HAugtould be stopped at a stage where a deposition of Au occurs 4t100} side faces. Using Fe(N{R
relatively uniform Au/Ag alloy wall has been formed and jnstead of HAUC) to dealloy Ag would preserve the shape
no pure Ag remains inside the shell. Etching of these whijle maximizing the empty space inside each nanocage.
nanocages with Fe(Ng2 barely changed the wall thickness  Figure 5A shows the TEM image of nanocages obtained by
(Figure 4) or the fwhm of the absorbance spectra, indicating reacting 0.8 mL of 0.2 mM HAuGlsolution and 80-nm Ag

that the Ag atoms in the Au/Ag alloy walls could not be nanocubes with truncated corners. After the replacement
completely extracted via dealloying. This incompleteness of reaction, the nanocages showed pinholes at each corner but
Ag extraction from Au/Ag alloy nanoboxes containing 30% no opening on the side faces. Those nanocages were then
Au was also confirmed by EDX, which gave a Au-to-Ag etched with 5L of 50 mM Fe(NQ); solution (Figure 5B).
atomic ratio of 43:57 after 10@L of 50 mM Fe(NQ)3 Although SEM images (Figure 5, insets) of the nanocages
solution had been added. Although the exact explanationbefore and after etching with Fe(NJ@ showed essentially
remains elusive, this observation is similar to the partial no morphological changes for the nanocages, TEM studies
dissolution of Ag from a Au/Ag alloy with nitric acid indicated a dramatic reduction in wall thickness after etching
reported by Espiell and co-worket®. These authors found  (Figure 5). The reduction in wall thickness can also be
that Ag could be completely dissolved with 6.56 M HNO inferred from the change in the absorbance spectrum: the
from Au/Ag alloys whose molar percentages of Au were peak was red-shifted from 550 to 1020 nm after etching with
lower than 54%. However, they did not observe any Fe(NQ)s; (Figure S2, Supporting Information).
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kinetics. As NHOH is a much weaker enchant than
Fe(NQ)s,™2Au atoms can diffuse and passivate the remain-
ing Au/Ag alloy surface before the Ag atoms are completely
removed with NHOH. In addition, the dissolution rate of
Ag in an NH,OH solution is dependent on the supply of
oxygen, which can limit the uniformity of the products due
to the variation of dissolution and diffusion of oxygen in
water during the etching process. On the basis of these
arguments, Fe(Ng§s seems to be a better etchant than
NH4OH for converting Au/Ag alloy nanoboxes into Au
nanocages and then cubic nanoframes.

In summary, we have investigated the selective removal
(or dealloying) of Ag atoms from Au/Ag alloy nanoboxes
with an aqueous etchant based on Fe{N®@r NH,OH.
Different from the previously reported protocols that use
HAuCI, for both the galvanic replacement reaction and the
dealloying of Ag, there is no concurrent deposition of Au in
the dealloying process when HAuCIs replaced with
Fe(NG); or NH,OH. This new procedure allows for a better
control of the wall thickness and porosity of the resultant
nanocages, as well as the fabrication of new types of
nanostructures such as cubic nanoframes. Although we have

mainly focused on Fe(N£; and NH,OH in this work, we

F:?“.re% IEM ?]”?1 SE'\f (insets) ‘l)f 80-nm Au/Ag aII%y nanocages helieve other wet etchants for silver métalkcan also be
obtained t roug tl € galvanic rep acement reaction between corner- . . . . _
truncated Ag nanocubes and HAuClollowed by etching with applied to the dealloying process in an effort to fine-tune

Fe(NQy); solution. (A) When reacted with 0.8 mL of 0.2 mM the wall thickness, porosity, pore size, and optical properties
HAuCI, solution, the truncated Ag nanocubes were converted into associated with the nanocages.

nanoboxes with openings at the corners. (B) After etching with 5 ] )
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