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CONSPECTUS: Silver nanocrystals embrace fascinating properties for ~Framing Ag nanocube with
platinum group metals

a wide variety of applications, but their performance tends to
deteriorate because of shape instability arising from the dissolution of
Ag atoms from high-energy sites such as edges and vertices. This issue
can be addressed by framing the particle with a more stable metal M for
the generation of a Ag@M core-frame nanocrystal. In addition to the
improvement in shape stability, the inclusion of metal M expands the
functionality and capability of the Ag nanocrystals. The first part of this
Account introduces two strategies for the rational synthesis of Ag-based
core-frame nanocubes. In the first strategy, a precursor to metal M is cotitrated with Ag" ions into an aqueous suspension of Ag
nanocubes in the presence of ascorbic acid (H,Asc, reducing agent) and poly(vinylpyrrolidone) (PVP, colloidal stabilizer) under
ambient conditions. The M and Ag atoms derived from the two precursors are preferentially codeposited along the edges of Ag
nanocubes for the creation of Ag@M-Ag core-frame nanocubes. The second strategy combines the carving of Ag from the side faces
of Ag nanocubes and the concurrent deposition of M and Ag atoms on the edges in an orthogonal fashion. In one protocol, the
precursor to M is titrated into an aqueous suspension of Ag nanocubes in the presence of H,Asc, sodium hydroxide (pH modifier),
and cetyltrimethylammonium chloride (colloidal stabilizer and surface capping agent) under ambient conditions. In another
protocol, the precursor s titrated into a mixture of Ag nanocubes, PVP (colloidal stabilizer and surface capping agent), and ethylene
glycol (solvent and reducing agent) at an elevated temperature. In both cases, Ag atoms are carved from the side faces via oxidative
etching while M and Ag atoms derived from the chemical reduction are codeposited on the edges for the generation of Ag@M-Ag
core-frame concave nanocubes. The second part of this Account showcases the augmented properties of the Ag-based core-frame
nanocrystals, in addition to some new functionality. The first example demonstrates how to preserve the shape of Ag nanocubes at an
elevated temperature by passivating the vulnerable edges with Ir frames. The second example highlights the use of Ag—Pd core-frame
nanocubes as a SERS probe for in situ monitoring the Pd-catalyzed reduction of 4-nitrothiophenol to 4-aminothiophenol by NaBH,
and the subsequent Ag-catalyzed oxidation of 4-ATP to trans-4,4'-dimercaptoazobezene by the oxygen from air. The third example
establishes a method for the transformation of Ag@Au—Au core-frame concave nanocubes into trimetallic cage cubes through a site-
selective galvanic replacement reaction. Altogether, these studies demonstrate that the shape stability of Ag nanocrystals can be
enhanced while introducing new functionality by framing their edges with a different metal.

Ag-based core-frame nanocube
with expanded functionality

1. INTRODUCTION heating.é’7 When Ag nanocubes were aged in a polyol at an

Silver nanocrystals have received ever-increasing attention for elevated temperature, for example, their sharp edges and vertices
. . T .2 3T

their use in plasmonics,” optical detection,” and catalysis.” It is would be quickly truncated to take a rounded profile.” Such a

well-established that the geometric shape of a Ag nanocrystal
plays an important role in controlling its properties and thereby
determining its performance in various applications. For
example, the shape of a Ag nanocrystal defines the number of the enhancement of local electric fields.® It would also increase
modes allowed for localized surface plasmon resonance
(LSPR).* The shape also controls sharp features such as edges
and corners on the surface and thus the distribution of local
electric fields that are essential to surface-enhanced Raman
scattering (SERS).” However, it has been a challenge to preserve
the different shapes reported for Ag nanocrystals because most
of them are kinetic products. It is well documented that Ag is
vulnerable to oxidative etching and thus dissolution in an
environment that involves oxidants, halides, acids, and/or

change in shape would deteriorate the SERS activity of Ag

nanocubes due to the elimination of sharp features beneficial to

the proportion of {111} facets on the surface, compromising the
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Figure 1. Schematic illustration showing two strategies for transforming a Ag nanocube into a Ag@M-Ag core-frame nanocube and a Ag@M-Ag core-
frame concave nanocube, respectively. Modified with permission from ref 28. Copyright 2018 American Chemical Society.

selectivity of Ag nanocubes as a catalyst toward reactions such as
ethylene epoxidation.”

One viable approach to preserving the geometric shape of Ag
nanocrystals is to passivate the most susceptible sites at edges
with a relatively inert metal M for the generation of Ag@M core-
frame nanocrystals. In general, the choice of M needs to fulfill
the following requirements. First, M should be corrosion-
resistant in an aqueous solution at all pH values. Second, M must
have a much higher melting point than that of Ag (962 °C) to
render the system greater thermal stability. Third, M should take
aface-centered cubic (fcc) structure, together with a good match
in lattice constant with Ag, to facilitate the conformal, epitaxial
deposition of M on the Ag surface. Most of the platinum group
metals (PGMs) are strong candidates for this application. It has
been demonstrated that seeded growth offers a simple and
versatile route to selectively deposit M on the edges of
preformed Ag nanocrystals for the fabrication of Ag@M core-
frame products.”'” In a typical process, a reducing agent is mixed
with the Ag nanocrystals in a colloidal suspension, followed by
dropwise titration of a precursor solution to metal M. By
controlling the experimental conditions to eliminate self-
nucleation, the M atoms derived from the chemical reduction
can be selectively deposited on the edges of the seeds for the
creation of bimetallic nanocrystals with a core-frame structure.
In addition to the great improvement in shape stability, the
inclusion of a small amount of PGM atoms also expand the
catalytic capabilities of Ag nanocrystals. In particular, the core-
frame nanocrystals can serve as a unique probe for the in situ
detection and analysis of catalytic reactions through SERS
fingerprinting.'' ~'* Furthermore, upon selective removal of the
Ag core by etching, the core-frame nanocrystals can be
transformed into Ag-M nanoframes with a highly open structure
for catalytic applications.'”"> On the other hand, a core—shell
nanocrystal can be obtained when the M atoms are conformally
deposited over the entire surface.'”'” After removal of the Ag
core, the core—shell particles will be converted into nanoboxes
and nanocages.'”'® Although the M shell can also improve the
shape stability of the nanocrystal, its surface and catalytic
properties would be dominated by M rather than a combination
of M and Ag. In addition, the products involving the core—shell
configuration would require the use of more PGM:s relative to
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the core-frame counterparts, significantly increasing the material
cost. Altogether, it is believed that core-frame nanocrystals
would be advantageous over core—shell and other variants in
practical applications.

2. RATIONAL SYNTHESIS OF SILVER-BASED
CORE-FRAME NANOCRYSTALS

Over the past decades, many groups have successfully
synthesized Ag nanocrystals with a variety of shapes, including
cubes, cuboctahedra, bipyramids, decahedra, icosahedra, plates
or prisms, and rods or wires.”'”~** In general, the shape taken by
nanocrystals in a solution-phase synthesis can be controlled
through a thermodynamic or kinetic approach.”> The
thermodynamic control is typically attained through the use of
a capping agent that can selectively bind to a facet to reduce its
specific surface energy and thus promote a growth pathway that
eventually leads to a maximum expression of this facet on the
surface. For Ag nanocrystals with an fcc structure, the specific
surface energies of low-index facets increase in the order y(;; ;3 <
Y{100} < Y{110y Wwhen there is no capping agent in the solution.” As
a result, both the {110} and {100} facets should be gradually
replaced by the {111} facets, leading to the formation of
truncated cubes, cuboctahedra, and finally octahedra. However,
if a capping agent toward the {100} facets is introduced into the
reaction solution at an adequate concentration, nanocubes
covered by the otherwise less stable {100} facets will be
formed.” This concept has been demonstrated using the
synthesis of Ag nanocubes in ethylene glycol (EG), with
poly(vinylpyrrolidone) (PVP) serving as the surface capping
agent.19 Because PVP binds to the {100} facets most strongly,
the specific surface energies of low-index facets increase in the
order Y001 < Y} < Yoy leading to the formation of
nanocubes enclosed by {100} facets.

Figure 1 illustrates two approaches to the transformation of a
Ag nanocube into a Ag-based core-frame nanocube. The first
strategy involves galvanic-free codeposition of M and Ag on the
edges of a Ag nanocube. In a typical process, both M"" and Ag*
precursors are cotitrated into an aqueous suspension of Ag
nanocubes in the presence of ascorbic acid (H,Asc, reducin
agent) and PVP (colloidal stabilizer) at room temperature.'>”
When the added Ag® ions can effectively retard the galvanic
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Figure 2. (A) Schematic illustration showing the transformation of a Ag nanocube into a Ag@Pd-Ag core-frame nanocube by cotitrating Na,PdCl, and
AgNO; into an aqueous suspension of Ag nanocubes in the presence of H,Asc and PVP. (B—D) TEM images of the as-prepared nanocubes when the
cotitration volume of AgNOj; (0.1 mM) and Na,PdCl, (0.2 mM) is set to (B) 0.1 mL, (C) 0.2 mL, and (D) 0.3 mL, respectively, for each precursor
solution. (E—G) TEM images of the resultant nanostructures after etching of the samples shown in (B—D) with aqueous H,O,. The scale bars in the
insets are 20 nm. TEM images reproduced with permission from ref 13. Copyright 2015 American Chemical Society.

replacement reaction between M"* and Ag, the M and Ag atoms
derived from the reduction of the two precursors by H,Asc will
be codeposited on the edges of the Ag nanocube to generate a
Ag@M-Ag core-frame nanocube. The second strategy involves a
combination of carving of Ag from the side faces and then
codeposition of M and Ag on the edges of a Ag nanocube in an
site-orthogonal manner. In one protocol, the M"* precursor is
titrated into an aqueous suspension of Ag nanocubes in the
presence of H,Asc, sodium hydroxide (NaOH, pH modifier),
and cetyltrimethylammonium chloride (CTAC, colloidal
stabilizer and surface capping agent) at room temperature.””**
Different from the first strategy that involves the use of PVP as a
colloidal stabilizer only for the generation of Ag@Ag-M core-
frame nanocubes, the CI™ ions from CTAC can selectively bind
to the Ag(100) surface in an aqueous solution.”” In this case, Ag
atoms are carved from the side faces of Ag nanocubes through
the galvanic replacement reaction between the Ag and the M"*
precursor. Concurrently, M and Ag atoms are produced from the
reduction of the M"" precursor and dissolved Ag* ions by the
ascorbate monoanion (HAsc™), a product of the neutralization
reaction between H,Asc and NaOH, followed by their
codeposition on the edges of a Ag nanocube, due to their
higher surface energy, for the generation of a Ag@M-Ag concave
nanocube.”®*° In another protocol, the M"* precursor is titrated
into a suspension of Ag nanocubes in ethylene glycol (EG)
solution held at 110 °C in the presence of H,Asc and PVP.*"**
As demonstrated in the synthesis of Ag nanocubes, PVP can
selectively bind to the Ag(100) surface in an EG solution.'”*
Similar to the aqueous synthesis of Ag@M-Ag concave cubes,
where Cl™ ions can selectively bind to the Ag(100) surface,”® Ag
atoms are carved from the side faces through the galvanic
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replacement reaction while the reduction of M"* and dissolved
Ag" ions by both H,Asc and EG produces Ag and M atoms for
their codeposition on the edges of a Ag nanocube, leading to the
creation of a Ag@M-Ag core-frame concave nanocube.’”

2.1. Galvanic-Free Codeposition for the Generation of
Ag-Based Core-Frame Nanocrystals

Seeded growth has been extensively used for the synthesis of
bimetallic nanocrystals bearing a core-frame structure.”'’ This
strategy is built upon the concept that preformed nanocrystals
can serve as seeds for the heterogeneous nucleation and growth
of a different metal. In the past, seeded growth has been
successfully implemented when the seed is made of a less
reactive metal than the one to be deposited.” However, when
nanocrystals made of a relatively reactive metal such as Ag are
employed as the seeds, Ag can spontaneously undertake galvanic
replacement reaction with the precursors to Au, Pt, and Pd,
destructing the capability of the seeds to faithfully direct the
growth.” In a set of studies, my group addressed this issue by
introducing a faster chemical reduction to compete with and
thus suppress the galvanic replacement reaction.'”'**® Figure
2A illustrates one approach that involves the cotitration of
Na,PdCl, and AgNO; into an aqueous suspension of Ag
nanocubes in the presence of H,Asc and PVP at room
temperature.”” When the molar ratio of AgNO; to Na,PdCl,
was greater than 0.5, the added Ag" ions could push the galvanic
replacement reaction between Ag and Na,PdCl, backward. As
such, the reduction of the two precursors by H,Asc produced Pd
and Ag atoms for their initial codeposition on the edges of a Ag
nanocube, generating a Ag@Pd-Ag core-frame nanocube. As the
reaction was continued, more and more Pd and Ag adatoms
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Figure 3. (A) Schematic illustration showing the transformation of a Ag nanocube into a Ag@Au-Ag core-frame concave nanocube by titrating
HAuCl, into an aqueous suspension of Ag nanocubes in the presence of H,Asc, NaOH, and CTAC. (B, C) TEM images of concave nanocubes
prepared at different titration volumes of HAuCl, (0.1 mM): (B) 0.8 mL and (C) 1.6 mL. (D) HAADF-STEM image and EDS mapping of one
concave cube shown in (C). (E, F) TEM images of the resultant nanoframes after etching the samples shown in (B) and (C) with aqueous H,0,. (G)
HAADF-STEM image and EDS mapping of one nanoframe shown in (F). The scale bars in the insets are 40 nm. Reproduced with permission from ref

28. Copyright 2018 American Chemical Society.

would be generated for subsequent deposition on the corners
and then side faces.

Panels B—D of Figure 2 show TEM images of the products
obtained by cotitrating AgNO; (0.1 mM) and Na,PdCl, (0.2
mM) up to volumes of 0.1, 0.2, and 0.3 mL, respectively, for each
precursor solution. The absence of pits on the particles indicated
that no galvanic replacement reaction between Ag and Na,PdCl,
was involved. When the as-prepared samples were etched with
aqueous H,0, to selectively remove Ag while leaving Pd intact,
panels E—G of Figure 2 show different types of as-obtained
nanostructures. At a titration volume of 0.1 mL, Figure 2E
suggests that the resultant Pd atoms were only deposited on the
edges, rather than the corners, of Ag nanocubes, for the
formation of nanoframes with an ultrathin ridge thickness. When
the titration volume was increased to 0.2 mL, Figure 2F shows
the formation of nanoframes with thicker ridges, together with
the presence of Pd atoms at the corners. When the titration
volume was further increases to 0.3 mL, Figure 2G shows the
formation of nanocages due to the coverage of Pd atoms on the
edges, corners, and side faces. Altogether, these results confirm
the progression of Pd deposition from edges to corners and then
side faces of the Ag nanocubes as the titration volume was
increased. It is worth mentioning that the frames were made of
Ag and Pd alloys because Ag and Pd are completely miscible to
each other. In addition, interatomic diffusion between Ag and Pd
would also contribute to the formation of alloys. In another
study, the capability of this cotitration method was extended to
the synthesis of Ag@Au—A§ core-frame nanocubes, as well as
their nanoframe derivatives.”® Because the reduction potential of
AuCl,” is higher than that of PAdCL>", the lower limit of the
molar ratio between AgNO; and HAuCl, should be increased to
3 in order to effectively inhibit galvanic replacement reaction.
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More importantly, my group demonstrated that the added
HAuCl, and AgNO; could be completely reduced to produce
Ag and Au atoms, respectively, followed by their codeposition
onto the edges of the Ag nanocubes. In general, it is feasible to
control the composition of the Ag—Au alloy being deposited on
the edges of Ag nanocubes by simply maneuvering the feeding
ratio between the two precursors. It is arguable that this protocol
can be further extended to the fabrication of Ag@M-Ag (M: Pt,
Ir, Rh, and Ru) core-frame nanocrystals. These core-frame
nanocubes embrace both plasmonic and catalytic properties for
reporting on chemical reactions by SERS (see section 3.2).

2.2. Site-Selective Carving and Codeposition for the
Generation of Ag-Based Core-Frame Concave Nanocrystals

In a different approach, site-selected carving and codeposition
are integrated for the fabrication of Ag-based core-frame
concave nanocubes.”**** The success of this method relies
on the ability to confine oxidative etching of Ag from to the side
faces while the codeposition of M and Ag only occurs on the
edges of a nanocube in a site-orthogonal manner. In one
example, Figure 3A illustrates the transformation of a Ag
nanocube into a Ag@Au-Ag core-frame nanocube with a
concaved surface.” In a typical process, HAuCl, (0.1 mM) was
titrated into an aqueous suspension of Ag nanocubes in the
presence of H,Asc, NaOH, and CTAC at an initial pH of 11.6
and under ambient conditions. In this case, the oxidation of Ag
was started from side faces due to their capping by CI” ions.
Concurrently, both AuCl,” and the dissolved Ag" ions were
reduced by HAsc™ for the generation of Au and Ag atoms,
followed by their initial codeposition on the edges and then
corners of the Ag nanocube. Panels B and C of Figure 3 show
SEM images of the Ag@Au-Ag concave nanocubes obtained
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Figure 4. (A) Schematic illustration showing the transformation of a Ag nanocube into a Ag@Rh-Ag core-frame concave nanocube and a Ag—Rh
hollow nanocube by titrating different volumes of the Na;RhCl, solution into a suspension of Ag nanocubes in EG containing H,Asc and PVP. (B, C)
TEM images of the nanostructures prepared by titrating (B) 0.1 mL and (C) 0.3 mL, respectively, of the Na;RhCl, solution (2 mM). (D) TEM image
of the resultant nanoframes after etching the sample shown in (C) with an aqueous solution of Fe(NO;); and HNO;. Reproduced with permission

from ref 32. Copyright 2019 American Chemical Society.

after the titration of 0.8 and 1.6 mL, respectively, of HAuCl,.
The nanocubes became more concave on their side faces as the
titration volume of HAuCl, was increased. Figure 3D shows the
aberration-corrected high-angle annular dark-field scanning
TEM (HAADF-STEM) image recorded from one of the Ag@
Au-Ag concave nanocubes shown in Figure 3C, together with
the corresponding energy dispersive X-ray spectroscopy (EDS)
elemental mapping. The regions with dark contrast in the
HAADF-STEM image indicates the presence of concavity on
the side faces due to the loss of Ag. The EDS results confirm the
distribution of Ag and Au atoms in the core and at the edges and
corners of the nanocube, respectively. To reveal the deposition
of Au, these two samples were etched with aqueous H,O,.
Panels E and F of Figure 3 show TEM images of the resultant
nanostructures. Figure 3G shows the HAADF-STEM image of
an individual Ag—Au nanoframe sampled from Figure 3F,
together with the corresponding EDS elemental mapping of
both Ag and Au. Altogether, these results confirm the deposition
of Au on the edges and corners of the Ag nanocubes.

Per results from another study, Figure 4A shows the
transformation of a Ag nanocube into a Ag@Rh-Ag core-
frame concave nanocube and then a Ag—Rh hollow nanocube.*”
In a typical process, a solution of Na;RhCly in EG (2 mM) was
titrated into a suspension of Ag nanocubes in EG held at 110 °C
in the presence of H,Asc and PVP. Different from the aqueous
system, the use of EG as a solvent helped address challenges
associated with the instability of some metal precursors in an
aqueous system because of hydrolysis.*® It is also well-
established that the reducing power of EG can be augmented
by elevating the reaction temperature,”® making the rate of
chemical reduction faster than that of the galvanic replacement
reaction. Like the reaction in the aqueous system with the
involvement of CTAC as a surface capping agent, Ag atoms from
the side faces were carved through oxidation while the reduction
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of Na;RhCl, and the dissolved Ag* ions by both EG and H,Asc
produced Rh and Ag atoms for their subsequent codeposition on
the edges and corners of the nanocube in a site-orthogonal
manner. Panels B and C of Figure 4 show TEM images of the as-
obtained products when two different volumes of the Na;RhCly
solution had been titrated. At 0.1 mL, Figure 4B shows the
creation of nanocubes with concaved side faces and rough edges.
At 0.3 mL, Figure 4C shows the formation of nanocubes with
hollow interior and islands on the surface. After the sample
shown in Figure 4C was etched with an aqueous mixture of
Fe(NO;); and HNO,, Figure 4D shows the formation of
nanoframes, validating the preferential deposition of Rh atoms
on the edges and corners of the Ag nanocubes.

In summary, cotitration of Ag" and M"* precursors offers a
facile approach to the fabrication of Ag-based core-frame
nanocrystals by retarding the galvanic replacement reaction
between Ag and the M"" precursor while promoting the
deposition of M and Ag on the edges and vertices of Ag
nanocrystals. Alternatively, one can leverage the interplay
between galvanic replacement and chemical reduction to
achieve site-selective carving and codeposition for the
generation of Ag-based core-frame concave nanocrystals.

3. UTILIZATION OF THE SILVER-BASED CORE-FRAME
NANOCRYSTALS

This section discusses a few applications enabled or enhanced by
the Ag-based core-frame nanocrystals. I will introduce the
concept to preserve the geometric shape of Ag nanocubes at an
elevated temperature by framing their edges with Ir. I will then
highlight the use of Ag@Pd-Ag or Ag@Rh-Ag core-frame
nanocubes as a bifunctional probe integrated with plasmonic
and catalytic properties for catalyzing and reporting chemical
reactions. Finally, I will discuss how to leverage the unique
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been treated in a PVP/EG solution at 110 °C for (B) S min, (C) 10 min, and (D) 30 min, respectively. (E—G) TEM images of the Ag—Ir nanocubes
prepared by titrating 0.0S mL of the Na;IrCl, solution (E) before and after thermal treatment for (F) 10 min and (G) 30 min. (H—J) TEM images of
the Ag—Ir nanocubes prepared by titrating 0.1 mL of the Na;IrCl solution (H) before and after thermal treatment for (I) 10 min and (J) 30 min.
Reproduced with permission from ref 7. Copyright 2020 Royal Society of Chemistry.

composition of a Ag@Au-Ag core-frame nanocube to have it
transformed into a nanoscale cage cube made of a trimetallic
alloy through a galvanic replacement reaction.

3.1. Enhancing the Shape Stability of Ag Nanocrystals

As discussed previously, the Ag atoms located at the edges and
corners of Ag nanocubes are most vulnerable to oxidation and
dissolution, leading to their shape instability. In a recent study,
my group demonstrated an effective strategy for preserving the
shape of Ag nanocubes by covering their edges and corners with
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Ir.” As illustrated in Figure SA, Ag nanocubes were dispersed in a
PVP/EG solution, followed by titrating different volumes of the
Na;IrCly/EG solution (2 mM) at 110 °C. It was argued that
Na;IrCly would be reduced for the generation of Ir atoms,
followed by their deposition on the edges and then corners of the
Ag nanocubes. The shape stabilities of the as-prepared Ag—Ir
core-frame nanocubes were then evaluated by incubating the
nanocubes in a PVP/EG solution at 110 °C. In the first set of
experiments, the original Ag nanocubes were dispersed in a
PVP/EG solution at 110 °C, followed by the collection of three
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samples at 5, 10, 30 min, respectively, for TEM characterization.
Panels B—D of Figure S show TEM images of the resultant
particles at three time points, suggesting the transformation of
nanocubes to nanospheres. In the second set of experiments,
0.05 mL of Na,IrCls was titrated into the reaction solution.
Figure SE shows a TEM image of the product. The sharpened
corners on the nanocubes indicated the deposition of Ir. Panels
F and G of Figure 5 show TEM images of the resultant
nanoparticles after incubating the sample shown in Figure SE in
PVP/EG at 110 °C for 10 and 30 min, respectively. Truncations
could be identified at a limited number of corners as marked by
circles, likely due to the insufficient coverage of Ir. In the third set
of experiments, the titration volume of Na;IrCls was increased to
0.1 mL. Figure SH shows TEM image of the product with a cubic
shape. Panels H and J of Figure 5 show the resultant
nanoparticles after the sample shown in Figure SH had been
incubated in PVP/EG at 110 °C for 10 and 30 min, respectively.
In these cases, the cubic shape of these nanocubes was well
preserved. Evidently, the increased number of Ir atoms
deposited on the edges and corners of the nanocubes greatly
improved the shape stability. Inductively coupled plasma mass
spectrometry (ICP-MS) was further used to measure the Ir
contents in these two samples. It was found that the Ir to Ag
atomic ratios of these two samples were 1:241 and 1:165,
respectively. Collectively, these results conclude that the
deposition of Ir on the edges and corners of Ag nanocubes
can prevent the Ag atoms from oxidation and thereby preserve
their cubic shape at an elevated temperature. It is anticipated
that the deposition of a PGM can also introduce new catalytic
properties while enhancing the thermal stability of the Ag
nanocrystals.

3.2. Bifunctional Core-Frame Nanocrystals with Integrated
Plasmonic and Catalytic Properties

Although Ag nanocrystals embrace superior LSPR properties in
the visible region for SERS applications, they can only catalyze
specific oxidation reactions such as ethylene epoxidation.”” In
comparison, PGMs such as Pd, Rh, Pt, Ir, and Ru are good
catalysts toward a variety of chemical reductions,” but their
plasmonic properties are compromised because of the weak
coupling between their conduction electrons and visible light.*
In a set of studies, my group demonstrated the concept to
decorate the edges of Ag nanocrystals with PGMs for the
creation of Ag-based core-frame nanocubes with integrated
SERS and catalytic properties on the same nanocrystal." >
Figure 6A illustrates the use of Ag@Pd-Ag core-frame
nanocubes for catalyzing and probing chemical reactions." "' >*’
These bimetallic nanocubes were synthesized by following the
protocols described in section 2.1. In the first step, 4-
nitrothiophenol (4-NTP) molecules adsorb on the Ag surface
in the proximity to the SERS hot spots located on the edges of
the core-frame nanocube through the Ag—S linkage. When the
4-NTP-modified nanocubes were mixed with NaBH, in an
aqueous solution under ambient conditions, NaBH, would
decompose to produce H,, followed by their adsorption and
dissociation on the Pd surface to generate H atoms.”' The
atomic hydrogen could quickly reduce 4-NTP to 4-aminethio-
phenol (4-ATP). The 4-ATP molecules could remain on the
surface of the core-frame nanocubes until all the NaBH, in the
reaction solution had completely decomposed. Afterward, the
Ag surface activated the O, from air,*” enabling Ag-catalyzed
oxidation of 4-ATP to trans-4,4'-dimercaptoazobezene (trans-
DMAB).
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Figure 6. (A) Schematic illustration of the Pd adatoms on the edges of a
Ag nanocube for catalyzing and reporting on the sequential Pd-
catalyzed reduction of 4-NTP to 4-ATP by hydrogen and the Ag-
catalyzed oxidation of 4-ATP to trans-DMAB by O, in the air using
SERS. (B) Time-dependent SERS spectra recorded from an aqueous
suspension of 4-NTP-functionalized Ag@Pd-Ag core-frame nanocubes
with 4.6 wt % Pd before and after the introduction of the NaBH,
solution. (A) Reproduced with permission from ref 11. Copyright 2020
Wiley-VCH Verlag GmbH & Co. (B) Reproduced with permission
from ref 40. Copyright 2016 Wiley-VCH Verlag GmbH & Co.

Figure 6B shows the time-dependent SERS spectra recorded
from an aqueous suspension of the Ag@Pd-Ag nanocubes
containing 4.6 wt % Pd at different time points.* Initially, the
three vibrational peaks at 1108, 1336, and 1572 cm™" (marked
by dashed blue lines) were assigned to the vcy, o, and vec

bands of 4-NTP, respectively. At t = 2 min after the addition of
NaBH,, the vyo, band was slightly red-shifted while the v

band of 4-ATP appeared at 1595 cm™' (marked by a dashed
orange line), confirming the reduction of 4-NTP to 4-ATP. On
the other hand, other bands of 4-NTP remained at essentially
the same peak positions while showing significant reduction in
peak intensity. It was argued that the added NaBH, could
promote the desorption of 4-NTP from the surface.*> When the
reaction progressed to t = 4 min, all the bands associated with 4-
NTP disappeared, indicating the completion transformation of
4-NTP to 4-ATP. From t = 4—20 min, the SERS spectra showed
little change. At t = 30 min, three bands appeared at 1142, 1388,
and 1429 cm™' (marked by dashed red lines), with their
assignment to the vy + Bey, Unn + Vo and vy + fcy of trans-
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DMAB, respectively. This result suggests that the conversion of
4-ATP to trans-DMAB by the O, from the air once the NaBH, in
the solution had been depleted. The spectrum remained
essentially unchanged up to t = 60 min. Collectively, this
study demonstrated that the Ag@Pd-Ag core-frame nanocubes
could serve as a dual catalyst while reporting on the conversion
of an aromatic nitro compound to an aromatic azo compound by
SERS.

In another study, Ag@Rh-Ag core-frame nanocubes with 2.84
wt % Rh content were utilized to catalyze the degradation of
environmental pollutants while monitoring the reaction by
SERS.** Specifically, the protocol described in section 2.2 was
used to synthesize the core-frame nanocubes. After their surface
was functionalized with Rhodamine 6G (R6G), SERS spectra
were collected at different time points after the introduction of
NaBH,. Figure 7A shows the time-dependent SERS spectra after
the removal of fluorescence background. At the beginning, the
characteristic peaks of R6G were resolved at 612 cm™" (in-plane
xanthene ring deformations), 775 cm™" (in plane xanthene ring
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Figure 7. (A, B) Time-dependent SERS spectra recorded before and
after the introduction of the NaBH, solution into an aqueous
suspension containing (A) R6G-functionalized Ag@Rh-Ag nanocubes
with 2.84 wt % Rh content and (B) R6G-functionalized Ag nanocubes.
Reproduced with permission from ref 32. Copyright 2019 American
Chemical Society.
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deformations), 1364 cm™" (xanthene ring stretch), 1510 cm™

(xanthene ring stretch), and 1642 cm™ (xanthene ring stretch),
respectively. At t = 2 min post the addition of NaBH,, the peak
intensities of all these bands decreased. At t = 6 min, the peak
intensities dropped by almost 70%. By ¢ = 8 min, none of these
peaks could be detected, suggesting the complete degradation of
R6G. In comparison, when the Ag@Rh-Ag nanocubes were
replaced with Ag nanocubes while keeping all other
experimental parameters unchanged, Figure 7B shows that a
series of SERS spectra recorded over a period up to 30 min,
indicating that these spectra remained essentially the same.
Altogether, these results confirm that the Rh atoms situated on
the surface of the Ag@Rh-Ag nanocubes were able to catalyze
the degradation of R6G by NaBH,,.

In summary, when the edges of Ag nanocubes are decorated
with a PGM element, the resultant core-frame nanocubes with
integrated plasmonic and catalytic activities can catalyze a
reaction while reporting on the chemical species involved
through SERS fingerprinting. Most recently, my group reported
another strategy to expand the catalytic capacity of Ag
nanocrystals by modifying their surface with an organic ligand.
It was demonstrated that isocyanide compounds could adsorb
on the surface of Ag nanocubes to promote Ag-catalyzed redox
reactions between isocyanide and nitroaromatic molecules
toward the production of an aromatic azo compound.**

3.3. Selective Etching of Ag from Ag-Based Core-Frame
Nanocrystals by Controlling Their Landscape of
Composition

As discussed in section 2, a Ag nanocube can be transformed into
a bimetallic core-frame concave nanocube with well-defined,
spatially controlled distributions of elements on its surface. In a
recent study, my group demonstrated the feasibility of galvanic
replacement reaction between a bimetallic core-frame concave
nanocube and a third metal precursor for the generation of a
multimetallic cage cube.* Figure 8A illustrates the trans-
formation of a Ag@Au-Ag core-frame concave nanocube into a
Ag—Au—Pt concave nanocube and then a Ag—Au—Pt cage cube.
In a typical process, the as-prepared Ag@Au-Ag core-frame
concave nanocubes were dispersed in an aqueous solution of
CTAC, followed by the titration of an aqueous H,PtCl, at room
temperature. Because of the galvanic reaction between Ag and
H,PtCly to produce one Pt atom at the expenses of four Ag
atoms, Ag atoms were removed from the Ag-dominated regions
located at the center of each side face of a nanocube while the Pt
atoms were deposited on the edges and corners of the nanocube
in a site-orthogonal manner. Once a thin layer of Ag—Au—Pt
alloy was formed around the cavities but not inside the cavities,
continuous carving of Ag along the center of a core-frame
nanocube created a cage cube made of a Ag—Au—Pt alloy and
characterized by three orthogonal, intersected holes.

After 1.2 mL of H,PtCly had been titrated into the suspension
of Ag@Au-Ag core-frame concave nanocubes prepared with 0.8
mL of HAuCl, using the protocol described in section 2.2 (see
Figure 3B), Figure 8B shows an SEM image of the Ag—Au—Pt
cage cubes. Figure 8C gives the HAADF-STEM image of one
cage cube oriented along the (001) zone axis. The same cage
cube was then subjected to EDS mapping. Panels D—G Figure 8
provide the spatial distribution of Ag, Au, Pt, and C],
respectively. It was found that the Ag followed the profile of
the nanoparticle while both Au and Pt were predominantly
distributed on the edges and corners of the cage cube. The
weaker signal of Pt relative to those of Ag and Au indicated the
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Figure 8. (A) Schematic diagram showing the transformation of a Ag@
Au-Ag core-frame concave nanocube to a Ag@Au-Ag-Pt concave cube
and then a Ag—Au—Pt cage cube by titrating H,PtCl, (0.2 mM) into an
aqueous suspension of Ag@Au-Ag core-frame concave nanocubes in
the presence of CTAC. (B) SEM image of the Ag—Au—Pt cage cubes.
(C) HAADF-STEM image of one Ag—Au—DPt cage cube shown in (B).
The scale bar in the inset of (B) is 40 nm. (D—G) EDS elemental
mapping of (D) Ag, (E) Au, (F) Pt, and (G) Cl of the Ag—Au—Pt cage
cube in (C). (H—J) TEM images of the products that were obtained by
reacting the Ag@Au-Ag concave nanocubes with (H) 0.4 mL of
K,PtCl, (0.2 mM), (I) 0.4 mL of Na,PdCl, (0.2 mM), and (J) 0.24 mL
of HAuCl, (0.2 mM), respectively. Reproduced with permission from
ref 45. Copyright 2019 American Chemical Society.

limited deposition of Pt atoms. The overlap between the signal
of Cl with that of Ag suggested that the CI™ ions derived from
CTAC could bind to the Ag surface.””*® My group further
demonstrated that the same strategy could be extended to other
salt precursors for the creation of trimetallic cage cubes.”” Panels
H—TI of Figure 8 show the three products obtained by replacing
H,PtCly with K,PtCl,, Na,PdCl,, and HAuCl, while keeping
other parameters the same as those in the standard protocol,
respectively. Figure 8H shows the formation of cage cubes with
relatively small holes in the center. In this case, one Pt atom was
created at the expense of two Ag atoms, making carving of Ag
less effective. When K,PtCl, was replaced with Na,PdCl,, Figure
81 shows a TEM image of the product, indicating the creation of
cage cubes with holes larger than those obtained from K,PtCl,.
Likely, the difference in reduction potential of these two
precursors would contribute to such a change in hole size. When
HAuCl, was used to produce one atom at the expense of three
Ag atoms through a galvanic replacement reaction, Figure 8]
shows a TEM image of the product that includes Ag nanocubes
with pits on their surfaces. Taken together, these results suggest
that the size of the holes in the cage cubes can be tailored
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depending on the stoichiometry involved in the galvanic
replacement reaction.

4. CONCLUSIONS AND OUTLOOK

Shape-controlled synthesis offers a powerful route to tailor the
physicochemical properties of Ag nanocrystals, ultimately
optimizing their performance in a broad spectrum of
applications. Despite remarkable success, the full potential of
shape-controlled Ag nanocrystals is yet to be fully realized
because the sharp edges and corners on their surface are highly
susceptible to truncation due to oxidative etching. The change in
shape will cause significant deterioration to the electronic,
optical, and catalytic properties of the nanocrystals. One
approach to addressing this issue is to protect the vulnerable
sites with a corrosion-resistant metal to generate Ag-based core-
frame nanocrystals. This Account discussed two strategies for
the rational synthesis of Ag-based nanocubes with a core-frame
structure. The first strategy relied on the cotitration of a
precursor to metal M and AgNOj into an aqueous suspension of
Ag nanocubes in the presence of H,Asc and PVP, promoting
galvanic-free codeposition of Ag and M atoms along the edges of
Ag nanocubes for the generation of Ag@M-Ag core-frame
nanocubes. In the second strategy, a precursor to M was titrated
into a suspension of Ag nanocubes in the presence of H,Asc and
CTAC in an aqueous solution under ambient conditions or in a
EG/PVP system at an elevated temperature, respectively,
carving Ag atoms from the side faces while codepositing of M
and Ag atoms on the edges of the Ag nanocubes in a site-
orthogonal manner for the creation of Ag@M-Ag core-frame
concave nanocubes. The enhanced properties and applications
of the Ag-based core-frame nanocubes were then highlighted
using three case studies. In the first case, the edges and corners of
Ag nanocubes were framed with a small number of Ir atoms to
greatly enhance their shape stability at an elevated temperature.
In the second case, Ag@Pd-Ag core-frame nanocubes were
explored as a dual catalyst for monitoring the stepwise Pd-
catalyzed chemical reduction and Ag-catalyzed oxidation by
SERS. In the third case, Ag@Au-Ag core-frame concave
nanocubes with well-controlled distribution of Au on the
surfaces were transformed into Ag—Au—Pt trimetallic cage
cubes through site-selective etching of Ag via a galvanic
replacement reaction.

Moving forward, one can leverage the success in the
development of Ag-based core-frame nanocubes to Ag nano-
crystals with other shapes. In particular, one can deposit the
second metal M on Ag pentagonal nanorods with tunable LSPR
peaks in the NIR region.”” The side surface of a pentagonal
nanorod is enclosed by five {100} facets while the two ends are
terminated in ten {111} facets. Since the twin boundaries
between these facets are relatively higher in surface free energy
than both {100} and {111} facets, they would be most favorable
for the deposition of M for the creation of a Ag-based core-frame
nanorod. In practice, one can achieve the desired growth by
further optimizing the reaction temperature and the titration
rate of the precursor to M used in the original protocols
developed for the deposition of M on Ag nanocubes. It is
anticipated that the core-frame nanorods should display LSPR
peaks similar to those of Ag nanorods while integrating the
catalytic properties of metal M, greatly expanding the spectral
range for SERS-based detection of chemical reactions from the
visible to the NIR region.

It is also worth mentioning that, despite the success in the
fabrication of bimetallic systems in a core-frame structure, it is
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Figure 9. Ilustration of SERS fingerprinting for monitoring the deposition of Pd atoms on a Ag nanocube. Reproduced with permission from ref S1.

difficult to detect and quantify the second metal being deposited
on the surface of nanocrystal-based seeds while they are still
suspended in the reaction medium. Today, it remains a daunting
challenge to resolve the surface atomic composition during a
solution-phase synthesis by all the imaging- or diffraction-based
techniques."”"” In a set of recent studies, my group started to
address this challenge by forging a paradigm shift through the
development of isocyanide-based probes for investigating the
heterogeneous nucleation and growth of the second metal such
as Pt and Pd on Ag nanocrystals. In the proof-of-concept
demonstration, my group established the use of 2,6-
dimethylphenyl isocyanide (2,6-DMPI) as a molecular probe
to monitor the deposition of Pt on the edges of Ag nanocubes in
the original reaction solution by SERS.*” Because the hot spots
for SERS and the sites for initial deposition coincide at the edges
of a Ag nanocube, in situ SERS embraces the sensitivity to detect
as few as 27 Pt atoms being deposited onto the edge of a 39 nm
Ag nanocube. In another study, it was established that 2,6-DMPI
could bind to Pd atoms in three distinct configurations to
provide a more detailed picture about atomic arrangement of Pd
adatoms.”’ Figure 9 illustrates the concept, with 2,6-DMPI
serving as a spectroscopic probe to elucidate the states of Pd
atoms on the edges of a Ag nanocube, as well as the diffusion of
Pd adatoms to corners and side faces. The isocyanide group of
2,6-DMPI binds to Ag and Pd via ¢ donation and z-back-
donation, respectively, leading to distinct positions for the
Unc(ag) 20d Unc(pg) bands. In addition, isocyanide can bind to
one, two, and three adjacent Pd atoms for the generation of atop,
bridge, and hollow configurations, respectively, giving rise to
UNC(Pd)-atopr  UNC(Pd)-bridger @0 UNc(pd)-hollow Dands with a
continuing shift toward lower frequencies. By monitoring the
evolution of vy bands as a function of time, it was feasible to
watch and track the early stage deposition of Pd on Ag
nanocubes in real time. Most importantly, this in situ technique
opens the door to investigating the explicit roles played by the
reaction temperature and type of Pd precursor in affecting the
growth of Pd—Ag bimetallic nanocrystals.

The power of the isocyanide probe can be further expanded to
investigate the coreduction of precursors to two (or even more)
different metals for their codeposition on Ag nanocubes by
analyzing the outermost surface consisting of the deposited
atoms and remaining Ag atoms by SERS. In principle, the
isocyanide probe could characterize the composition of the
outmost surface layer of Ag-based bimetallic nanocrystals by
SERS at a sensitivity greater than that of electron microscopy.
For example, 1,4-phenylene diisocyanide (1,4-PDI) was utilized
to characterize the transformation of Ag@Au core—shell
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nanocubes from a Ag-dominated to a Au-enriched outermost
surface when the Au shell thickness was increased from four to
six atomic layers.’" In the case of coreduction, depending on the
difference in reaction kinetics between the precursors, two
possible deposition patterns can be involved. If the precursors
have different reduction kinetics, the precursor with a faster
reduction rate should be deposited first, followed by the slower
one. In contrast, when the precursors have comparable
reduction kinetics, they are reduced concurrently for the
codeposition of their atoms as an alloy. In principle, one can
introduce 2,6-DMPI into the reaction solution to resolve the
deposition pattern. For example, in a case study involving Pd and
Rh, it will be feasible to resolve the distinct vibrational peaks at
2110 cm™ (atop) and 2130 cm ™" for the NC group binding to
Pd and Rh atoms, respectively.”>* In a typical experiment,
PdCl,*™ and RhCl¢*~ can be mixed at a 1:1 molar ratio and then
titrated into an aqueous suspension of Ag nanocubes. More
specifically, an aqueous mixture of the precursors will be titrated
at an incremental volume. After the precursor mixture has been
added, aliquots will be sampled from the reaction solution at
different time intervals for SERS measurements. From the
intensities of SERS peaks located at 2110 and 2130 cm™, one
can derive the relative numbers of Pd and Rh atoms deposited
on the edges of Ag nanocubes as a functional of the reaction
time. The same measurement can be repeated by increasing the
titration volume of the precursor mixture to different values. An
analysis of the SERS spectra will reveal the codeposition pattern
as a function of the volume of precursor mixture added into the
growth solution. One can further vary the molar ratio of PdCl,*~
to RhCl,*~ from 1:1 to 10:1, 5:1, 1:5, and 1:10 to examine how
this parameter will affect the codeposition pattern. Taken
together, this set of experiments will point toward the
codeposition pattern when a specific amount of a mixture of
PdCl,>” and RhCl¢*> at a certain molar ratio is titrated into an
aqueous suspension of Ag nanocubes. The same study can also
be extended to other combinations of metals, including Pd, Pt,
Rh, Ir, and Ru. Such a quantitative understanding will provide
invaluable insight and guidance for the rational synthesis of bi-
and multimetallic nanocrystals with desired and controlled
properties.
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