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Abstract: Facet-selective etching and deposition, as deter-
mined by the landscape of surface energy, represent two
powerful methods for the transformation of noble-metal
nanocrystals into nanostructures with complex shapes or
morphologies. This review highlights the use of these two
methods, including integration of them, for the fabrication of
novel monometallic and bimetallic nanostructures with
enhanced properties. We start with an introduction to the
role of surface capping in controlling the facet-selective
etching or deposition on the surface of Ag nanocrystals,
followed by a case study of how to maneuver etching and
deposition at different facets of Pd nanocrystals for the

fabrication of nanoframes. We then introduce the use of
galvanic replacement to accomplish selective etching and
deposition on two different facets in an orthogonal manner,
transforming Pd nanocubes into Pd—Pt octapods. By com-
plementing galvanic replacement with a chemical reduction
reaction, it is also feasible to control the rates of these two
reactions for the conversion of Ag nanocubes into
Ag@Ag—Au concave nanocubes and Ag@Au core-shell nano-
cubes. These transformation methods not only greatly
increase the shape diversity of metal nanocrystals but also
offer nanocrystals with enhanced plasmonic and/or catalytic

properties.
J

Introduction

Noble-metal nanocrystals have attracted much interest over the
past few decades owing to their unique properties that endorse
a broad spectrum of applications in photonics/plasmonics'
and catalysis.*® For instance, Au, Ag, and Cu nanocrystals
exhibit localized surface plasmon resonance (LSPR) in the visible
and near-infrared regions and the frequency can be tuned by
varying physical parameters such as composition, size, shape,
and structure (solid vs. hollow).”® This distinctive light-matter
interaction also contributes to the creation of an intense local
electrical field on the surface of these nanocrystals, leading to
another phenomena known as surface-enhanced Raman scat-
tering (SERS) for ultrasensitive detection."™"® On the other
hand, it has been documented that the catalytic properties of
Pd and Pt nanocrystals could be engineered by controlling their
shape and thus the types of facets expressed on the
surface.™ ¥ It is also feasible to greatly enhance their catalytic
activity by introducing high-index facets associated with a
concave surface for the presentation of surface atoms with low-
coordination numbers in high densities."”™!

Two complementary strategies, etching and deposition,
have been demonstrated for rationally transforming noble-
metal nanocrystals into complex nanostructures.”” In general,
etching refers to an electrochemical process, in which metal
atoms are oxidized by an oxidant and dissolved as cations.
When the surface atoms are located on distinctive facets of a
nanocrystal, they will exhibit different surface energies and thus
differ in reactivity.”" Typically, the atoms with the highest
surface energy are most susceptible to etching, giving rise to
facet-dependent etching rates for carving a nanocrystal into a
unique shape or morphology.”*® Alternatively, pre-formed
nanocrystals can serve as seeds for the deposition of atomic
species through heterogeneous nucleation and growth to attain
larger nanocrystals from the same or a different metal.**? The
deposition of atomic species is also preferentially initiated from
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the crystallographic facets with the highest surface energy,
leading to faster growth for these facets and their elimination in
the final product to minimize the total surface energy. Because
the deposited adatoms can diffuse across the surface of a seed
during the growth process, one can manipulate the rates of
deposition and diffusion to tailor the shape or morphology of
the resultant nanocrystal.”” Significantly, when etching is
coupled with deposition, one can remove atoms from some
facets while adding atoms to other facets in an orthogonal
manner.3¥ [f the rate of etching is greater than that of
deposition, a solid nanocrystal can be transformed into a
hollow, porous and/or frame structure. In comparison, when
growth prevails over etching, the nanocrystal can grow into a
larger one with concaved side faces.

As illustrated in Figure 1, this article provides an overview of
the strategies that rely on facet-selective etching and/or
deposition for transforming nanocrystals into different types of
nanostructures, with focus on the mechanistic insights. We start
with the first strategy by introducing a number of examples to
highlight the importance of surface capping or surface energy
in altering the etching or deposition behavior of monometallic
nanocrystals for transforming them into nanostructures with
more complex shapes or morphologies.”** We further demon-
strate that etching can also be coupled with deposition for
converting a solid nanocrystal into a hollow, frame-like structure
by maneuvering the rates of these two processes.® We then
discuss the second strategy that leverages galvanic replacement
for the fabrication of bimetallic nanocrystals with well-con-
trolled morphologies.”®*” In an analogy to corrosion, galvanic
replacement can be deciphered as a simple redox process, in
which oxidation and reduction reactions occur concomitantly at
the anode and cathode, respectively. In one case study, galvanic
replacement is applied to a Pd nanocube in the presence of
halides such of Br~ ions. In the presence of chemisorbed Br~
ions, the {100} facets can serve as an anode for the oxidation of
Pd atoms in the form of Pd(ll) while the Pt atoms derived from
the reduction of Pt(IV) by Pd are deposited on the {111} facets
in an orthogonal manner. As a result, the Pd nanocube is
gradually transformed into a Pd—Pt octapod.?® On the other
hand, galvanic replacement can be combined with a competing
chemical reduction to guide the structural evolution of nano-
crystals. As an example, Ag nanocubes were transformed into
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Ag@Au—Ag concave nanocubes through selective etching of Ag
atoms from the side faces capped by ClI™ ions due to galvanic
replacement, accompanied by the deposition of Au atoms at
the orthogonal sites such as edges and corners.®® In parallel,
the newly added Au(lll) and the dissolved Ag(l) ions can be co-
reduced through chemical reduction for the generation of Au
and Ag atoms for their co-deposition on the edges and corners.
By maneuvering the reaction rates to balance the galvanic
replacement with chemical reduction, one can transform the
same batch of nanocrystals into nanostructures with different
types of complex morphologies.

Facet-Selective Etching versus Deposition

Yang and co-workers demonstrated that the landscape of
surface energy could be utilized to achieve facet-selective
etching of Ag octahedral nanocrystals.”? Figure 2A shows a
schematic diagram illustrating how a Ag octahedron is trans-
formed into a series of nanocrystals with hollow and branched
structures by preferentially etching Ag from {100} facets with a
weak etchant. In a typical process, a mixture of NH,OH and
H,O, was introduced into an aqueous solution of poly(vinyl
pyrrolidone) (PVP) under vigorous stirring at 4°C, followed by
the addition of Ag octahedrons in an ethanol suspension. The
etching rates along the {111} and {100} directions could be
controlled by varying the concentration of the etchant. Fig-
ure 2B shows scanning electron microscopy (SEM) image of the
Ag octahedrons. When the concentration of the etchant was
low, Figure 2C shows the selective etching of Ag from {111}
facets for the generation of nanostructures with hollow side
faces. As the concentration of the etchant was increased,
Figure 2, D and E, indicates the predominant etching from the
{100} facets for the formation of eight distinctive arms and then
octapods, respectively. Taken together, it is feasible to select an
etchant with an optimal etching power to facilitate facet-
selective etching for the fabrication of nanocrystals with
complex morphologies and tunable plasmon resonances. It has
been demonstrated that these etched particles can serve as
sensitive SERS substrates for chemical sensing.

On the other hand, Xia and co-workers explored the use of
surface energy in directing facet-selective deposition of Ag
cubic nanocrystals. In one study, they demonstrated that the
surface energies of {100} and {111} facets on the surface of Ag
nanocubes could be maneuvered by introducing ionic species
such as Cu(ll) to control the deposition of Ag on different types
of facets.® Figure 3A illustrates the two pathways proposed to
account for the evolution of a Ag nanocube into nanocrystals
with different morphologies depending on the absence/pres-
ence of Cu(NO,), in the reaction solution. In a typical synthesis,
aqueous AgNO; was titrated into an aqueous suspension of Ag
nanocubes with slight truncation at corners and then reduced
by ascorbic acid (H,Asc) under ambient conditions. When Cu
(NO,), was absent from the reaction solution, the surface energy
of {100} facets was greater than that of {111} facets, Y00 > Y11
As such, the Ag atoms derived from the reduction of AgNO; by
H,Asc were preferentially deposited on {100} to accelerate their
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growth along < 100> directions for the eventual elimination of
these facets on the final products.®® More interestingly, when
H,Asc was used at a sufficiently high concentration, the
deposition rate of Ag atoms would surpass the diffusion rate of
Ag adatoms, evolving each {100} facet into a concaved
surface.” Figure 3, B-D, shows SEM images of the products.
Alternatively, when Cu(NOs), was present in the reaction
system, the Cu(ll) ions could selectively cap the {100} facets,
reversing the order of the surface energies to Y;11)> Y00 and
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Figure 1. Schematic illustration of two strategies that rely on the etching
and deposition for the transformation of nanocrystals into complex nano-
structures: (A) facet-selective etching versus deposition, as well as an
integrated approach for the generation of complex monometallic nano-
crystals. (B) galvanic replacement and its combination with a chemical
reduction for the fabrication of bimetallic nanostructures with different
morphologies. Reprinted with permission from refs 22, 34, 35, 36, and 38.
Copyright 2010 American Chemical Society, 2011 Wiley-VCH Verlag GmbH &
Co., 2017, 2011, and 2018 American Chemical Society.

promoting the deposition of Ag on {111} facets. Figure 3, E-G,
shows SEM images of the resultant concave cubes, octapods,
and trisoctahedrons, respectively. When tested as SERS sub-
strates, the concave octahedrons and trisoctahedrons were
more active than the conventional Ag octahedrons with a
similar size but covered by flat faces.

With the use of Ag nanoplates, we also investigated facet-
selective deposition and etching and identified that these two
processes could follow the opposite pathways.*” Figure 4A
shows a schematic illustration describing the transformation of
a Ag nanoplate into a twinned cube and its reverse process that
involves etching with H,0, locally produced through enzymatic
oxidation of glucose. In the first step, citrate-free Ag nanoplates
were synthesized and then re-dispersed in an aqueous solution
containing H,Asc and PVPM" When aqueous HAuCl, was
introduced, the AuCl,” ions could be reduced by both Ag and
H,Asc for the generation of Au atoms through galvanic replace-
ment and chemical reduction, respectively, followed by their
deposition on the Ag nanoplates for the production of Ag—Au
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Figure 2. (A) Schematic illustration showing the transformation of a Ag
octahedron into various types of nanostructures through selective etching
of Ag from the {111} and {100} facets. SEM images of (B) Ag octahedrons
and (C-E) the resultant nanostructures after etching with an increased
amount of NH,OH/H,0, in the presence of PVP. Reprinted with permission
from ref 22. Copyright 2011 American Chemical Society.

nanoframes. On the other hand, the ClI™ ions originating from
AuCl,” could selectively bind to the {100} facets (flat edges) of
the Ag nanoplate to lower the surface energy for attaining v,
> Yoo~ Under this circumstance, upon the titration of
AgNO; into the reaction solution, the Cl™ ions, rather than the
Au atoms, directed the deposition of Ag atoms derived from
the reduction of AgNO; by H,Asc onto {111} facets, trans-
forming Ag nanoplates with a hexagonal shape into twinned
cubes with truncated corners. Figure 4, B and D, shows trans-
mission electron microscopy (TEM) images of the products that
were obtained at different stages of the growth process.

In the second step, the enzymatically derived H,O, could
consecutively remove the Ag atoms located at the two high-
energy {111} facets parallel to the twinned plane of the Ag
twinned cubes through oxidative etching by following a path-
way opposite to deposition. In a typical process, the as-
obtained Ag twinned cubes were functionalized with
cetyltrimethylammonium chloride (CTAC) to change the surface
charge from negative to positive, making it possible to adsorb
the negatively charged glucose oxidase (GOx). Because GOx can
catalyze the oxidation of glucose by O, to produce gluconic
acid and H,0," one can control the amount of glucose
involved in the reaction system to produce enzymatic H,O, on
the surface of the particles for the etching of Ag atoms with
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Figure 3. (A) Schematic illustration showing the transformation of a Ag
nanocube with truncation at corners into a concave octahedron or a
trisoctahedron through selective deposition of Ag on the {100} or {111}
facets, respectively. SEM images showing the transformation of Ag nano-
cubes into (B-D) concave octahedrons and (E-G) trisoctahedrons after
adding different amounts of aqueous AgNO; into a mixture of Ag
nanocubes and H,Asc in the absence and presence of Cu(NO,),, respectively.
The inset shows a model of the corresponding structure. Reprinted with
permission from ref 34. Copyright 2011 Copyright 2012 Wiley-VCH Verlag
GmbH & Co.

selectivity determined by surface energy. As shown in Figure 4E,
there was no change to the morphology of the sample before
the addition of glucose. Figure 4, F and G, shows TEM images of
the particles after the introduction of glucose at time points of
15 and 60 min, respectively, indicating the transformation of
twinned cubes into nanoplates and then nanoframes in a
sequential manner. Altogether, these results confirm that the
growth and etching processes essentially share the same
mechanism that relies on the relative surface energies of
different facets.

In summary, the facet selective etching versus deposition
are two independent processes for the generation of complex
nanostructures. It has been demonstrated that both strategies
rely on the surface energies of nanocrystal facets to promote
either the dissolution of atoms from the original templates or
the growth on the nanocrystal seeds, leading to the further
increase in the diversity of nanocrystal morphologies for their
expanded scope of applications.

Coupling Facet-Selective Etching with
Deposition

Despite success through facet-selective etching or deposition,
the combination of these two processes opens up new
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Figure 4. (A) Schematic illustration of site-selected growth of a citrate-free
Ag nanoplate into a twinned cube, followed by site-selected etching by
enzymatic H,0, along the reversed direction of growth. (B-D) TEM images
of the products obtained during the growth of Ag nanoplates in an aqueous
solution of HAuCl,, H,Asc, and PVP, followed by the titration of aqueous
AgNO; at volumes of (B) 0 mL, (C) 0.8 mL, and (D) 1.5 mL, respectively. (E-G)
TEM images of (E) GOx-functionalized Ag twinned cubes and two samples
after adding the glucose solution at (F) 15 min and (G) 60 min, respectively.
The inset shows the corresponding model for each nanocrystal. Reprinted
with permission from ref 40. Copyright 2016 American Chemical Society.

opportunities. For example, Xia reported a method that
combined etching with deposition (regrowth) for the trans-
formation of Pd nanocubes of a single size into Pd octahedrons
with different edge lengths.*” A typical experiment was carried
out using HCI/O, as an oxidative etchant“® together with
triethylene glycol (Tri-EG) serving as a reducing agent. Because
the {100} facets on a Pd nanocube were capped by chem-
isorbed Br~ ions,*” Pd atoms were selectively removed from the
{111} facets at corner sites during oxidative etching and the
resultant Pd(ll) ions were then reduced and deposited back
onto the nanocube, but preferentially on the {100} facets. By
varying the amount of HCl added into the reaction system, it
was feasible to control the ratio between the rates for etching
and regrowth. At a large amount of HCl, etching was in
dominance, resulting in the formation of Pd octahedrons with
an edge length about 70% of that of the nanocubes. When HCI
was used at a small amount, all the newly formed Pd(ll) ions
could be reduced and deposited back onto the Pd nanocube. In
this case, the resultant Pd octahedron had roughly the same
volume as that of the starting nanocube due to the balance
between etching and regrowth so that the edge length was
about 130% of that of the nanocube. When the amount of HCI
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Figure 5. (A) Schematic diagram elucidating the transformation of a Pd
octahedron into an octahedral nanoframe as a result of comparable
deposition and etching rates along the edges and corners of the octahedron
and a higher etching rate along the faces. (C-E) TEM images (with a
representative model in the inset) of various types of Pd nanoframes derived
from (B) octahedra, (C) cuboctahedra, (D) nanocubes, and (E) concave
nanocubes, respectively, using the standard protocol. Reprinted with
permission from ref 35. Copyright 2017 American Chemical Society.

was in between, the resultant Pd octahedrons would take an
edge length between these two values. This work not only
demonstrates the importance of both etching and regrowth in
the formation of metal nanocrystals but also offers a simple
method for controlling both the shape and size of metal
nanocrystals.

Jin, Yin, and co-workers explored the transformation of solid
nanocrystals with well-defined shapes into nanoframes by
integrating facet-selective etching with deposition. Figure 5A
illustrates the mechanism responsible for the generation of an
octahedral nanoframe. In a typical synthesis, Pd octahedrons
were dispersed in a N,N-dimethylformamide (DMF) solution
containing potassium iodide (KI), formaldehyde (HCHO), and
PVP. After the reaction vessel was vacuumed and then filled
with a certain volume of pure O, gas, it was held at 100°C for
1 h. In the reaction system, the O,/I” pair served as an etchant
to remove Pd atoms from the octahedron through oxidative
etching while HCHO acted as a reducing agent to reduce the
dissolved Pd(ll) ions back into Pd atoms for their subsequent re-
deposition onto the octahedron. By increasing the concentra-
tion of HCHO to increase the reducing power, it was possible to
maneuver the rates of oxidative etching and deposition, Rehing
and Ryeosiiom ON the faces, edges, and corners of the octahedron,
respectively. When Ry,i0n beCame smaller than Ry 0N the
side faces while it was comparable to R..,, along the edges
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and corners, the removal of Pd atoms would be predominantly
located on the side faces but largely suppressed at the edges
and corners, leading to the conversion of an octahedron into a
Pd octahedral nanoframe. In fact, this concept can be applicable
to Pd nanocrystals with different shapes. Figure 5, B-E, shows
TEM images of the resultant Pd nanoframes that were derived
from Pd octahedra, cuboctahedra, nanocubes, and concave
nanocubes, respectively. In conclusion, coupling site-selective
etching with deposition provides an opportunity to transform
solid nanocrystals to nanoframes by simply controlling the rates
of etching and deposition on different facets of nanocrystal
templates. This facile and versatile approach could become the
main stream for the creation of large fraction of atoms on the
active sites of nanoframes for applications in catalysis.

Integrating Etching with Deposition through
Galvanic Replacement

Galvanic replacement offers another opportunity to integrate
oxidative etching with deposition for the transformation of solid
nanocrystals of various shapes into complex
nanostructures.”* |t is an electrochemical process for the
deposition of metal A on the surface of a template made of a
more reactive metal B. For example, when Ag nanocubes are
mixed with a gold precursor such as HAuCl, in an aqueous
solution, Ag will be dissolved (partially or completely) through
oxidation while Au atoms derived from the reduction by Ag will
be deposited on the surface of the nanocubes, leading to the
production of hollow nanostructures comprised of Ag—Au alloys
with tunable LSPR peaks in the range of 500nm to
1200 nm.®**" Likewise, Ag nanocubes could react with Na,PdCl,
or K,PtCl, for the generation of Ag—Pd or Ag—Pt bimetallic
hollow nanostructures with tunable compositions and interest-
ing catalytic properties.*®*"

In addition to the fabrication of hollow or porous nano-
structures, galvanic replacement has also been explored for the
fabrication of bimetallic nanocrystals with a concaved structure.
The success relies on the ability to control oxidative etching of
atoms from specific facets of nanocrystals while the deposition
of another metal would occur on the other facets in an
orthogonal manner. To this end, Xia and co-workers demon-
strated the transformation of Pd nanocubes into Pd—Pt concave
nanocrystals by leveraging the surface capping of Br~ ions
toward the {100} facets of Pd nanocubes.®® In a typical process,
as illustrated in Figure 6A, the as-prepared Pd nanocubes are
dispersed in an aqueous solution of KBr and PVP, followed by
the titration of aqueous H,PtCls at 90°C. It was hypothesized
that the added Br~ ions would play dual roles in this synthesis.
Firstly, Br~ ions would preferentially bind to the {100} facets of
the Pd, making these sites more susceptible to dissolution
through an oxidation reaction.*” On the other hand, the Br~
ions would undertake ligand exchange with PtCl>~ for the
formation of PtBry>~ ions because of the favorable binding
constant.®® Under this circumstance, the Pt atoms derived from
the reduction of Pt(IV) by Pd would be deposited on the
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Figure 6. (A) Schematic diagram illustrating the transformation of a Pd
nanocube into a Pd—Pt concave nanocube and octapod via galvanic
replacement reaction between Pd atoms and Pt(IV) ions in the presence of
Br~ ions to selectively cap the {100} facets. (B-E) TEM images of the resultant
Pd—Pt nanocrystals obtained at (B) 0.5, (C) 4, (D) 9, and (E) 20 h, respectively,
after the galvanic replacement reaction was initiated. Scale bars in the
insets: 10 nm. Reprinted with permission from ref 36. Copyright 2011
American Chemical Society.

corners, {111} facets, nanocubes in a fashion orthogonal to
etching, leading to the formation of Pd—Pt concave nanocubes.
As the replacement reaction continues, the concave nanocubes
were further transformed into octapods with concave surfaces.
Figure 6, B-E, shows TEM images of the products after Pd
nanocubes had reacted with a Pt(IV) precursor for different
periods of time. In the early stage, Figure 6B shows that the
cubic morphology was essentially preserved but there was a
slight change to the degree of corner truncation due to the
oxidative etching enabled by the pair of ClI7/Br~ ions and
dissolved 0, in the reaction solution.**¥ As the reaction
progressed, Figures 6, C and D, shows that the side faces of the
nanocubes became more concaved, suggesting the etching of
Pd atoms from the {100} facets. At the end, Figure 6E shows the
nanostructures after Pd atoms had been extensively removed
from the side facets of the nanocubes while the resultant Pt
atoms were deposited at the corners. Likewise, the same
protocol was also extended to transform Pd octahedra and
cuboctahedra into concave nanostructures by selectively etch-
ing Pd atoms from the {100} facets as accompanied by the
deposition of Pt on the {111} facets in an orthogonal fashion.
The Pd—Pt concave nanocubes with different weight percen-
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Figure 7. (A) Schematic illustration of the proposed mechanism responsible
for the transformation of a Ag nanocube into three different types of Ag—Pd
nanostructures via reaction with different amounts of Pd(ll) precursor in the
presence of CTAC. (B-D) TEM images of Ag—Pd concave nanocubes
prepared by reacting Ag nanocubes with 0.06 mM Pd(ll) precursor solution
at volumes of (B) 0.05 mL, (C) 0.1 mL, and (D) 0.4 mL, respectively. Reprinted
with permission from ref 37. Copyright 2019 Royal Society of Chemistry.

tages of Pt were also evaluated as electrocatalysts for the
oxygen reduction reaction (ORR). Remarkably, the sample with
3.4 wt.% of Pt exhibited a large specific electrochemical surface
area of 185.8 m?%/g, and its mass activity toward ORR was
almost four times as great as that of the commercial Pt/C
catalyst.

Most recently, we reported the fabrication of Ag—Pd
concave nanocubes through site-selected galvanic replacement
reaction by following a mechanism similar to the aforemen-
tioned Pd—Pt system.”” Figure 7A illustrates the proposed
pathway responsible for the conversion of a Ag nanocube into
three different Ag—Pd concave nanocubes with various degree
of concaveness on the side faces. Similar to the binding of Br~
ions to the {100} facets of Pd nanocubes, we argue that the CI~
ions originating from CTAC could selectively bind to the {100}
facets on Ag nanocubes,”® initiating the oxidation of Ag into
Ag(l) ions for their release into the reaction solution. The
dissolved Ag(l) ions would form soluble AgCl,” complex when
an excess amount of CI~ ions was involved in the synthesis.”*®
Concomitantly, Pd atoms derived from the reduction of Pd(ll)
precursor by Ag would be selectively deposited on the edges,
the {110} facets with the highest energy, of the nanocube. The
Pd adatoms could diffuse across the surface to other regions. By
varying the amount of the Pd(ll) precursor solution involved in
a synthesis, it was possible to carve the Ag atoms from the side
faces of nanocubes in a controllable manner. The TEM image in
Figure 7B shows that the Ag nanocubes after reacting with
0.05 mL of the 0.06 mM Pd(ll) precursor. The cubic shape was
well preserved at this stage of reaction. With an increase in the
volume of Pd(ll) precursor to 0.1 and 0.4 mL, Figure 7, C and D,

7 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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shows that Ag nanocubes were transformed into Ag—Pd nano-
cubes with more significant concaveness on their side faces.

In summary, galvanic replacement reaction allows the
integration of oxidative etching with deposition on the
individual nanocrystals. It has been demonstrated that the
lower surface energy facets could serve as an anode to carve
atoms in the form of ions through oxidation while the
deposition of metal would proceed in other facets in an
orthogonal manner. In turn, galvanic replacement reaction
offers a simple approach to produce octapods and concave
nanostructures, in addition to its utility to fabricate hollow
nanostructures and nanocages.

Complementing Galvanic Replacement with
Chemical Reduction

We also introduced a reducing agent to couple with galvanic
replacement for the fabrication of bimetallic nanostructures
with a concave or a core-shell structure.”®**” When the rate of
galvanic replacement is comparable to that of chemical
reduction, Figure 8A illustrates the transformation of a Ag
nanocube to a Ag@Au—Ag concave nanocrystal via concurrent
galvanic etching of the Ag atoms on the side faces and the co-
deposition of Ag and Au atoms derived from co-reduction on

the edges and corners of the Ag nanocube® In a typical
A Agnanocube  Au(lll) Au(lll) HAsc™ Ag(l)
; o ' o

€10 u; +3e”

- FSPAgCl”
-3e” (Ag*, Cl—)

H,Asc, NaOH,CTAC
— Increase the amount of HAuCl, —>

DI water, RT

Ascorbic acid (H,Asc)
Poly(vinylpyrrolidone) (PVP)

Ascorbate monoanion (HAsc™)
Cetyltrimethylammonium chloride (CTAC)

B

Figure 8. (A) Schematic illustration depicting the transformation of a Ag
nanocube into a Ag@Au—Ag concave nanocube in the presence of H,Asc,
NaOH, and CTAC. (B-D) SEM images of the Ag@Au—Ag concave nanocubes
prepared by titrating 0.1 mM aqueous HAuCl, at different volumes of (B) 0.2,
(C) 0.8, and (D) 1.6 mL, respectively. (E-G) TEM images of the resultant
nanostructures after the removal of Ag from the samples in (B-D) using
aqueous H,0,. Scale bars in the insets: 40 nm. Reprinted with permission
from ref 38. Copyright 2019 American Chemical Society.
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experiment, aqueous HAuCl, 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 under ambient conditions. As
discussed in the previous case studies, we argue that the CI~
ions originating from CTAC could preferentially bind to the side
faces of Ag nanocubes, making the {100} facets active for the
instigation of oxidation of Ag by AuCl,”. With an excessive
amount of CI™ ions, the dissolved Ag(l) ions would form soluble
AgCl,” in the reaction solution. Concurrently, both the AgCl,~
and the Au(lll) species were co-reduced by ascorbate mono-
anion (HAsc),®® which was derived from the neutralization
between H,Asc and NaOH, for the generation of Au and Ag
atoms. Because the side faces were involved in the galvanic
replacement reaction for the dissolution of Ag, the co-
deposition of Au and Ag atoms would be initiated at and
confined to the edges and corners. By simply increasing the
amount of HAuCl, involved in the reaction, more and more Ag
atoms would be carved away from the side faces, leading to the
formation of Ag@Au—Ag nanocrystals with increasingly con-
caved side faces.

Figure 8, B-D, shows SEM images of the nanocrystals
obtained after different volumes of 0.1 mM HAuCl, had been
added into the reaction solution. At 0.2 mL, Figure 8B shows a
morphology similar to that of the original Ag nanocubes. At 0.8
and 1.6 mL, Figure 8, C and D, shows the resultant nanocubes
with an increase in concaveness on the side faces, respectively.
After the removal of remaining Ag by etching the above three
samples with aqueous H,O,, Figure 8, E-G, shows the corre-
sponding nanostructures, indicating the transition from broken
nanoframes to cubic nanoframes with an increase in ridge
thickness. These results support our argument that Au atoms
were deposited on the edges of nanocubes, together with the
diffusion of adatoms to the side faces.

Most recently, we developed a strategy for the fabrication
of Ag@Au core-shell nanocubes by suppressing the galvanic
replacement reaction with a parallel chemical reduction
reaction.” Figure 9A outlines a proposed pathway for the
transformation of a Ag nanocube into a Ag@Au core-shell
nanocube. In a typical process, Ag nanocubes were dispersed
with PVP in ethylene glycol (EG) at 110°C, followed by the slow
titration of aqueous HAuCl,. In principle, the added HAuCl,
could be reduced by Ag and EG via galvanic replacement and
chemical reduction, respectively. In the first step, galvanic
replacement reaction between HAuCl, and Ag would enable
the deposition of Au on the edges of the nanocubes for the
creation of surface defects on the side faces of the nanocubes
as the Ag atoms were dissolved to the reaction solution in the
form of Ag(l) due to oxidation. In the second step, these defects
with high surface energies would become the favored sites for
the co-deposition of Ag and Au atoms derived from the co-
reduction of both the Ag(l) ions and Au(lll) by EG, filling the pits
with an Ag—Au alloy to terminate the galvanic replacement
reaction in those regions. Starting from this time point, the
newly added HAuCl, would be reduced by EG to Au atoms
exclusively, followed by their deposition onto a cubic template
for the generation of Au shell in a layer-by-layer fashion.
Figure 9B shows TEM image of the product after reacting Ag

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Reduction of

Au(lll) by Ag
Co-reduction of
Reduction of Ag(l) and Au(lll)
Au(lll) by Ag by EG
— ——
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EG,PVP,110°C W Ag M Au M Ag-Au alloy
Ethylene glycol (EG) Poly(vinylpyrrolidone)

X =

(PVP)

B '""

- — 50 nm

Figure 9. (A) Schematic illustration showing the transformation of a Ag
nanocube into a Ag@Au core-shell nanocube in ethylene glycol (EG) held at
110°C. TEM and HAADF-STEM images of two samples prepared by reacting
Ag nanocubes with (B-D) 1.0 and (E-G) 4.0 mL of 0.1 mM aqueous HAuCl,,
respectively. Reprinted with permission from ref 67. Copyright 2019
American Chemical Society.

nanocubes with 1.0 mL of 0.1 mM HAuCl,. Figure 9, C and D,
shows the aberration-corrected high-angle annular dark-field
scanning TEM (HAADF-STEM) images of one nanocube taken
from the sample. Based on the contrast between Ag and Au,
Figure 9C clearly shows the formation of a core-shell nanocube
with a Ag core and a Au shell. In particular, the defects (marked
by dotted black line) could be well-defined on the side faces of
the Ag nanocubes where the Au atoms tended to be deposited
before the conformal deposition of Au atoms would be
continued towards the Au shell across the entire surface of the
Ag nanocubes. Figure 9D shows the arrangements of Au and
Ag atoms, from which we could determine the thickness of the
Au layer to be about three atomic layers. When the titration
volume of HAuCl, was increased from 1.0 to 4.0 mL, Figure 9E
shows no obvious change in morphology except for an increase
in average edge length of for the nanocubes. As shown in
Figure9. F and G, the HAADF-STEM images confirm the
formation of eight atomic layers of Au on the surface of the Ag
nanocubes. This sample showed remarkable chemical stability
in agueous 30% H,0, for 12 h and an excellent thermal stability
in EG solution at 110°C for 6 h.

In summary, the two competing reactions, namely galvanic
replacement reaction and chemical reduction, provide oppor-
tunities to fabricate concave hollow nanostructures and core-
shell nanocrystals by interplaying the rates of these two
reactions. This design rule is applicable to the fabrication of
bimetallic or multi-metallic nanocrystals when the reactivity of
metal templates is higher than that of the metal being
deposited.
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Conclusion and Perspectives

We have discussed the use of facet-selective etching and
deposition (growth or regrowth) for the transformation of
simple nanocrystals such as cubes and octahedrons into nano-
structures with complex shapes or morphologies. The facet
selectivity for both etching and deposition is largely determined
by the landscape of surface energy. In general, etching and
growth would be initiated from the facet with the greatest
surface energy. By varying the capping agent to manipulate the
landscape of surface energy, different types of facets can be
selectively activated for either etching or deposition. In the case
of galvanic replacement, etching and deposition occur simulta-
neously at two orthogonal facets with different surface
energies. When more than one reaction pathways are involved,
such as coupling between galvanic replacement with a
chemical reduction, the interplay between these processes
makes it possible to achieve a greater control over the
morphology of the final products. In this review, we have
mainly focused on transformations involving monometallic
seeds with simple geometry in order to reveal the insights
behind facet selectivity. It should be pointed out that there is
also active research in progress regarding the transformation of
bimetallic nanocrystals, in which several additional nanoscale
processes such as solid-state  diffusion,®® Kirkendall
diffusion,”’" and dealloying”>”® other than galvanic replace-
ment could kick in to generate nanocrystals with even more
complex shapes, morphologies, and compositions. From all
these endeavors, we will surely gain further insights into the
facet-selective etching and deposition mechanisms while sig-
nificantly increase the diversity and functionality of metal
nanocrystals. Moving forward, it is important to apply these
design rules of metal nanocrystals to other systems such as
nanostructures consisting of soft core and hard shell nano-
particles for the construction of multi-shell hollow nanostruc-

tures for potential applications in energy storage and
conversion.”¥
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Minireview
Facet-Selective Etching and Deposition
- ﬂ J. Ahn, L. Zhang, Prof. Dr. D. Qin*
Bimetallic
Metal Complex 1-1
Nanocrystal > solCas > nostructure
Nanocrystal Transforming Noble-Metal Nano-
(0 2 crystals into Complex Nanostruc-
tures through Facet-Selective
This Minireview discusses the use of reaction pathways are involved, such Etching and Deposition
facet-selective etching and deposition as simultaneous galvanic replacement
(growth or regrowth) for the transfor- and chemical reduction, the interplay
mation of simple nanocrystals such as between these processes makes it
cubes and octahedrons into nano- possible to achieve even greater
structures with complex shapes or control over the morphology of the

morphologies. When multiple final products.




