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metals proving extraordinarily suc-
cessful,[2] there has recently been a con-
certed effort to adapt the same synthetic 
techniques to Rh-based nanostructures.[1a] 
By establishing control over the size, 
shape, and faceting of the catalyst and 
through the synthesis of Rh-based bime-
tallic architectures, it is proving possible to 
realize greater catalytic activity and selec-
tivity, and hence, provides a more effective 
utilization of a finite precious resource.

Exerting shape control over Rh nano-
structures initially proved to be a formi-
dable challenge due to its exceedingly 
high surface energy, a characteristic that 
made it difficult to substantially alter the 
order of the surface energies of the var-
ious facets through the use of capping 
agents.[1a,3] This synthetic challenge has 
now, to a large degree, been met through 
the ingenuity of many researchers who 
have demonstrated synthetic protocols 
able to realize well-recognized nanostruc-
ture architectures such as Rh nanocubes,[4] 

nanowires,[5] tetrahedrons,[6] icosahedra,[4b,7] nanoframes,[8] and 
nanosheets,[6,9] as well as more complex geometries offering 
convex and/or concave features.[3,6,10] The synthesis of Rh-based 
bimetallic nanostructures has also shown significant progress, 
but where the field is at a more nascent stage due to the much 
larger parameter space associated with binary systems. Bime-
tallic nanostructures, however, present far greater opportuni-
ties from the standpoint of tuning nanostructure properties 
through alloying or the heterogeneous deposition of one metal 
on another.[2b] The use of high melting point metals, such as 
Rh, have the added advantage of enhancing the shape stability 
of nanostructures at elevated temperatures.[11] With prominent 
work now appearing for the CuRh,[12] NiRh,[13] PdRh,[8a,11,14] 
PtRh,[10d,15] and AuRh,[8b,16] systems, it is quite evident that Rh-
based bimetallic nanostructures present unique opportunities 
in catalysis.

Galvanic replacement reactions have been widely used to 
synthesize hollow metal nanostructures and the mechanisms 
guiding these reactions have been well-documented.[17] Such 
reactions proceed by exposing a sacrificial metal template to 
ions of a second metal with a higher electrochemical potential, 
the result of which is the oxidation and dissolution of the tem-
plate material as the metal ions are reduced onto its surface. The 
reaction often leads to bimetallic nanoshells caused by alloying 

Galvanic replacement reactions are widely used in the synthesis of bimetallic 
nanoshells. Essential to these syntheses is the design of template materials 
with electrochemical potentials that are low enough to facilitate the replace-
ment of a wide variety of metals. While Cu is an attractive template from 
this standpoint, it has only rarely been used due to its propensity for oxida-
tion and the associated difficulties in achieving chemically stable colloids. 
Here, a synthetic scheme is demonstrated for the design of supported Cu 
templates and their subsequent replacement with Rh where the detrimental 
influences of oxidation are not only mitigated but used to place shape and 
compositional controls on the reaction product. It is shown that the CuRh 
nanoshells can be produced that are shaped as substrate-truncated nano-
cubes or cuboctahedrons depending upon the degree of exposure that the 
Cu templates have to dissolved oxygen. Moreover, it is demonstrated that the 
intentional surface oxidation of the Cu template followed by Cu2O removal 
results in galvanic replacement reactions yielding porous nanoshells with far 
greater Rh replacement. The study forwards the design of Cu templates for 
galvanic replacement reactions and presents opportunities for their use in 
other template-mediated syntheses.

CuRh Nanoshells

1. Introduction

Rhodium, like all platinum group metals, expresses a unique 
set of chemical and physical properties that make it indispen-
sable.[1] Being insoluble in most acids and highly resistant to 
oxidation, this precious metal shows a high degree of chemical 
inertness. Nevertheless, it derives great significance from the 
chemistry that is activated on its highly catalytic surface. Its use 
in three-way catalytic converters alone accounts for ≈80% of 
annual production.[1b] At the same time, the metal is extremely 
rare and is currently priced at levels similar to Au. With rapid 
advancements in the nanoscale synthesis of less rare precious 
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between the depositing metal and the template material. Only 
a few examples appear in the literature where colloidal or sup-
ported nanostructures are galvanically replaced with Rh.[12c,18] 
One of the obstacles is that Ag, the most commonly used 
template material, does not readily lend itself to the galvanic 
replacement of Rh due to the nearness of the Ag+ and Rh3+ 
electrochemical potentials, showing values of 0.8 and 0.76 V  
versus the standard hydrogen electrode (SHE), respectively.[2b] 
While Bi and Lu[18a] have demonstrated the possibility of per-
forming water-based galvanic replacement reactions with 
Ag templates by altering the electrochemical potential of Ag 
through the addition of iodide ions, others have resorted to Cu 
templates where the reaction is carried out in either water[18b] 
or oleylamine.[12c] The latter two syntheses, which were part of 
larger investigations exploring a number of Pt group metals, 
were the first to demonstrate the viability of the Cu template 
for Rh replacement. In both cases, the replaced structures were 
near-spherical.

As a template material for galvanic replacement reactions, 
Cu has a number of advantages; it is an earth-abundant and 
inexpensive metal with a low electrochemical potential (0.34 
V for the Cu2+ ion vs SHE)[2b] and a well-developed colloidal 
chemistry that is able to exert a reasonable level of shape con-
trol.[19] It also exhibits a localized surface plasmon resonance 
(LSPR) in the visible spectrum[20] that allows for spectroscopic 
monitoring. It has, however, only been used sparingly as a tem-
plate for galvanic replacement reactions[12c,18b,21] because Cu is 
susceptible to oxidation in air as well as in aqueous solutions 
containing dissolved oxygen. The oxidation of Cu nanostruc-
tures has been well-documented by monitoring its deleterious 
influence upon the plasmon resonance,[19f,20a,22] which over an 
extended period of time sees the plasmon peak extinguished. 
In previous studies, we have demonstrated the galvanic replace-
ment of substrate-supported templates formed in the vapor 
phase.[23] Here, we demonstrate a related synthetic scheme 
for the formation of highly faceted substrate-supported Cu 
templates and their subsequent transformation into the CuRh 
shells using aqueous galvanic replacement reactions. The study 
not only demonstrates a new pathway for the synthesis of CuRh 
nanostructures but also advances Cu template design and elu-
cidates the important role that dissolved oxygen plays in deter-
mining the final reaction product.

2. Results and Discussion

2.1. Reaction Scheme

Scheme 1 shows a schematic of the four-step procedure used 
to form the substrate-supported CuRh nanoshells on [0001]-ori-
ented sapphire. It begins with the sputter deposition of a con-
tinuous ultrathin metal film at room temperature. The film 
then undergoes a solid-state dewetting procedure[24] under a 
H2/Ar atmosphere that sees it self-assemble into isolated crys-
talline nanoscale islands when heated to sufficiently high tem-
peratures. Nanostructures produced in this manner typically 
express weak faceting, are randomly positioned on the sub-
strate, and have a substantial size distribution, but where it is 
noted that numerous directed dewetting procedures have been 

developed to obtain size uniformity and control over nanostruc-
ture positioning.[25] Wet-chemistry is then used to transform 
the Cu nanostructures into highly faceted templates. Such 
seed-mediated growth modes, which occur at the liquid–sub-
strate interface,[26] involve the reduction of solvated ions onto 
substrate-immobilized seeds using a reducing agent. The shape 
change takes advantage of the crystalline nature of the dewetted 
Cu seed and its ability to promote homoepitaxial growth on its 
surface. Once produced, the Cu templates are dried and rap-
idly transferred to a heated aqueous solution containing Rh3+ 
ions. There they undergo a galvanic replacement reaction that 
sees the Cu templates transformed into the CuRh nanoshells. 
Substrate-based nanoshells formed in this manner are dis-
tinct from their colloidal counterparts in that the inner volume 
is enclosed conjointly by the shell and the substrate material. 
Important is that the overall scheme minimizes the Cu oxida-
tion issue through the (i) removal of residual O2 by reacting 
it with H2 gas during the dewetting procedure and (ii) rapid 
transfer of the Cu nanostructures from one reaction vessel to 
another. It is also noteworthy that all nanostructures remain 
ligand-free throughout the entire procedure.

2.2. Template and Nanoshell Characterization

Figure 1a–c shows scanning electron microscopy (SEM) images 
of the nanostructures formed at the various stages of the reac-
tion scheme. The dewetted Cu nanostructures (Figure 1a)  
are weakly faceted and, with a contact angle of ≈140°, they are 
near-spherical in shape. While the nanostructure size distribu-
tion, spacing, and shape appear quite similar to those derived 
from the dewetting of Au films,[27] it should be recognized 
that the dewetting of Cu films is a far more delicate process. 
It is imperative that H2 gas be used in the dewetting process 
as even residual levels of oxygen can lead to the formation of 
Cu–Cu2O heterostructures (Figure S1, Supporting Informa-
tion). The maximum dewetting temperature and timespan 
must be chosen to limit the evaporation of Cu while promoting 
sufficient diffusion to obtain equiaxed single crystal structures. 
The use of temperatures above the melting point of Cu, while 
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Scheme 1. Schematic showing the reaction scheme used to form faceted 
substrate-supported Cu templates followed by their transformation into 
CuRh bimetallic nanoshells.
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promoting fast diffusion processes, leads to unwanted interac-
tions at the Cu–sapphire interface that disrupt an otherwise 
epitaxial relationship. It should be noted that these findings 
are consistent with those of Curiotto et al.[28] who performed 
an in-depth study on the dewetting of Cu films that were 
three to eight times thicker than those used in the current 
investigation.

The near-spherical seeds undergo a dramatic shape change 
as Cu2+ ions, derived from Cu(NO3)2, are reduced onto their 
surface with ascorbic acid (AA) for a 5 min interval (Figure 1b). 
While the chemistry used to enact this shape transformation is 
straightforward, it is somewhat at odds with a colloidal chem-
istry that consistently points to Cu as being difficult to reduce,[19] 
often requiring higher temperatures and reducing agents that 
are much stronger than AA (e.g., hydrazine). Also noteworthy, 
is that while most syntheses derive Cu2+ from CuCl2 as opposed 
to Cu(NO3)2, its substitution into our reaction scheme yields 
unsatisfactory results in that only small protrusions grow off an 
otherwise spherical seed (Figure S2, Supporting Information). 
Chlorine ions are known to influence growth modes involving 
both Cu and CuO2.[29] The resulting Cu templates, which are 
shaped as a substrate-truncated cuboctahedrons, are highly fac-
eted, displaying three prominent square (100) facets and four 
(111) facets. For the sake of simplicity, this structure will, hence-
forth, be referred to as a cuboctahedron. While it is similar in 
appearance to the equilibrium shape expected for a substrate-
supported face centered cubic metal,[26,30] it differs in that its 
(100) and (111) facets are overexpressed and underexpressed, 

respectively. It should be noted that longer growth times do not 
lead to a further exaggeration of the (100) facets. A close exam-
ination of the Cu templates reveals that they are all oriented 
in one of two in-plane orientations offset by 180° (denoted by 
yellow arrows in Figure 1b) as is expected for a [111]-oriented 
face centered cubic metal forming a heteroepitaxial relationship 
with a [0001]-oriented sapphire substrate.[31] This is also con-
sistent with the spherical Cu seeds being single crystals and the 
solution-based Cu deposition being homoepitaxial. With solid-
state dewetting being the most widely used method for forming 
substrate-based nanostructures, the ability to rapidly exaggerate 
their faceting could have relevance beyond the scope of the cur-
rent work and has the potential to be broadly applicable to a 
wide variety of metals.

X-ray diffraction (XRD) measurements confirm that both the 
spherical seeds and cuboctahedron-shaped templates are highly 
oriented with their Cu [111]-axis perpendicular to the substrate 
surface (Figure 1d; Figure S3, Supporting Information). The 
absence of other Cu peaks is consistent with homoepitaxial 
deposition. The XRD data, when correlated with the observed 
faceting relative to the substrate alignment flat, indicates that 
the cuboctahedrons have two orientational relationships with 
the substrate that are given by (111)[–211]Cu∥(0001)[11–20]sapphire 
and (111)[21–1–]Cu∥(0001)[11–20]sapphire. These relationships are in 
agreement with those observed for Au[23a] and Pd[32] nanostruc-
tures on sapphire. Neither the spherical seeds nor the cuboc-
tahedron templates show any peaks corresponding to Cu2O or 
CuO.

Part. Part. Syst. Charact. 2018, 1700420

Figure 1. SEM images of a) near-spherical Cu seeds formed by solid-state dewetting, b) cuboctahedron-shaped Cu templates formed through the 
liquid-phase homoepitaxial deposition of Cu onto the spherical seeds, and c) CuRh cuboctahedron-shaped nanoshells formed through the galvanic 
replacement of the Cu templates with Rh. The scale bar for the insets is 100 nm. d) XRD data showing the (111) Cu peak for cuboctahedron-shaped 
Cu template. e) Extinction spectra for the Cu seeds (blue), Cu templates (red), and CuRh nanoshells (green). f) Elemental line scan across a single 
CuRh nanoshell.
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Figure 1e shows the extinction spectra for the spherical Cu 
seeds and cuboctahedron templates immediately after synthesis. 
The seeds show an LSPR peak at 577 nm as well as a broad 
shoulder originating from the interband transition of Cu.[19f,20a] 
For the cuboctahedron structures, the LSPR shifts to 597 nm and 
grows in strength. The redshift is caused by the increased size of 
the structures, while the strengthened LSPR originates from a 
combination of the increased size and a lessening of plasmon 
damping as the resonance shifts away from the interband 
transition.[19f,20a] Simulations of the extinction spectra using 
the discrete dipole approximation (DDA)[33] accurately describe  
the observed behavior (Figure S4, Supporting Information). The 
prominence of the plasmon resonance in both spectra provides 
further confidence that any oxide layer is of minimal thickness 
since such a layer strongly damps and broadens the LSPR.[19f,20a]

The galvanic replacement of cuboctahedron Cu templates 
with Rh leads to the formation of the CuRh nanoshells shown in 
Figure 1c. Rh deposition onto the template proceeds in a near-
conformal manner, but where the (100) facets become somewhat 
exaggerated when compared to those of the starting template. 
The surface of the nanoshells appear somewhat rougher than 
the Cu templates. In contrast with our previous substrate-based 
galvanic replacement reactions,[23] the nanoshells show no 
obvious openings to the interior. Energy-dispersive X-ray spec-
troscopy (EDS) indicates a composition of Cu0.6Rh0.4 where the 
elemental line scans for individual nanoshells show the char-
acteristic profile of a hollow structure (Figure 1f).[23b] There 
is no LSPR observed in the extinction spectrum of the CuRh 
nanoshells (Figure 1e) as is expected when a Pt-group metal is 
alloyed with a plasmonic nanostructure.[2b]

While the galvanic replacement of Cu templates with Rh 
proceeds in a near-conformal manner, it is noteworthy that this 
is not typically the case when Cu is replaced with Au or Ag. 
For the latter cases, the replacement process is often accompa-
nied by dramatic shape transformations that can even see the 
formation of nanowires, nanoplates, or dumbbell structures 
off of templates that have little resemblance to the emerging 
structure.[21a,34] The formation of such asymmetric structures 
has been rationalized in terms of such phenomena as the 
Kirkendall effect, the outward diffusion of template material 
through openings in the surface being replaced, and reaction 
kinetics. The absence of such phenomena when replacing Cu 
with Rh likely originates from the use of fast reaction kinetics 
in combination with the low diffusivity of Rh. These galvanic 
replacement reactions are carried out with a Rh3+ molar con-
centration that greatly exceeds that of the substrate-based Cu 
(>25×). If this excess results in the rapid formation of a near-
conformal Rh layer, then it could severely restrict the outward 
diffusion of Cu. The low diffusivity of Rh would aid in pre-
serving the integrity of this layer. We have previously shown 
that the passivation of templates with a thin metal layer prior 
to replacement leads to replaced shells that are considerably 
smoother and whose shape conforms to the initial template.[23c]

2.3. Aqueous Syntheses Lacking Dissolved Oxygen

For the aqueous syntheses described thus far, no attempt 
was made to remove dissolved oxygen. With Cu being prone 

to surface oxidation and previous investigations showing that 
dissolved oxygen can influence synthesis and catalysis,[35] a 
study was undertaken to determine the role it plays in template 
formation and the resulting galvanic replacement reaction. 
Figure 2 summarizes the results obtained when the synthetic 
scheme is carried out using aqueous reactants that have been 
purged with N2 gas to remove dissolved oxygen.[35d] The most 
striking difference in the oxygen-free syntheses is that the con-
tinued overgrowth of the seeds with Cu sees the formation of 
nanocubes (Figure 2a). The cubes are heteroepitaxially aligned 
and have their [111]-axis oriented perpendicular to the substrate 
surface (Figure 2b). These are the first examples of epitaxially 
aligned Cu nanocubes and are geometrically equivalent to their 
Ag-based counterparts.[36]

The fact that dissolved oxygen is able to influence the over-
growth of Cu is not particularly surprising. Substrate-based 
growth modes could, in fact, be particularly sensitive to dis-
solved oxygen since the number of Cu atoms contained within 
the seeds is ≈5 × 1016 where only a small fraction reside on the 
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Figure 2. a) Plan view SEM images and corresponding schematics 
showing a time progression in which Cu templates transform from a 
cuboctahedron shape to a [111]-oriented nanocube when formed in the 
absence of dissolved oxygen. b) Plan view SEM image showing heteroepi-
taxially aligned Cu nanocubes where the inset shows a tilted view image 
of an individual structure. c) SEM images of the CuRh nanoshells derived 
from Cu nanocube templates. d) Elemental line scan across a single CuRh 
nanoshell. The scale bar for the insets is 100 nm.
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surface of the nanostructures. In comparison, the number of 
dissolved oxygen molecules contained in 4 mL of room tem-
perature water (i.e., the amount of water used in the synthesis) 
is 6 × 1017. While 90% of the dissolved oxygen will eventually 
be liberated as the water is heated to the growth temperature, it 
will still be present in quantities that greatly exceed the number 
of surface-bound Cu atoms. That being said, it is surprising 
that the removal of dissolved oxygen leads to the preferential 
growth of (100) facets. With the surface free energies of the Cu 
facets showing a hierarchy of (111) < (100) < (110),[2b] the (100) 
facet-selective growth mode can only proceed if the synthesis 
somehow alters this order. Given that much of the dissolved 
oxygen is removed through a N2 gas purge, and Cu(NO3)2 and 
AA are the only remaining solvated species, it is difficult to 
identify a potential capping agent. Nevertheless, this Cu nano-
cube growth mode is quite reproducible.

The galvanic replacement of Cu nanocubes with Rh pro-
ceeds in much the same manner as the cuboctahedron-shaped 
templates (Figure 2c–d). The alloyed shell forms a somewhat 
roughened conformal layer without any obvious openings, 
where energy dispersive X-ray spectroscopy indicates a similar 
replacement ratio. The cubic nanoshells do, however, appear 
somewhat distorted. The buckling of nanoshells formed 
through galvanic replacement has been observed previously[23b] 
and was attributed to compressive stresses caused by lattice 
mismatch between the template material and the depositing 
metal. This explanation seems plausible given the 5.2% mis-
match between Cu and Rh and the fact that Rh would be under 
compression due to its larger lattice constant.

2.4. Cu Template Oxidation and Its Removal

Chan et al.[20a] have shown that the oxidation rate of Cu is quite 
slow, obtaining a value of 0.03 nm d−1 for polycrystalline Cu 
nanotriangles formed using nanosphere lithography. We have 
taken precautions in our synthesis to minimize any influence 
that oxygen might have including (i) the formation of the seeds 
under a H2/Ar atmosphere, (ii) transforming them into fac-
eted structures in N2 purged reactants, and (iii) immediately 
reacting the templates with minimal exposure to air. With syn-
theses carried out in the near absence of oxygen, there is also 
the opportunity for studying the impact of Cu oxidation on the 

galvanic replacement process by intentionally oxidizing the sur-
face of the templates prior to replacement. The investigation 
revealed that template surface oxidation was inconsequential to 
the galvanic replacement reaction. The oxide layer is not crucial 
to the replacement process because Cu2O has a lower electro-
chemical potential than Rh3+ and is, hence, also subject to the 
galvanic replacement process.[18b] It was, however, discovered 
that the formation of an oxide layer followed by its subsequent 
removal with glacial acetic acid yielded a fundamentally altered 
reaction product.

Figure 3a shows a series of extinction spectra for a single 
sample as it progresses through a process whereby the Cu 
seeds are transformed into faceted templates, allowed to oxi-
dize, exposed to an etchant that removes the oxide layer, and 
then is galvanically replaced with Rh. The seed-to-template 
transformation causes the LSPR to strengthen and redshift as 
previously described (Figure 1e). Template oxidation results in 
the formation of a core–shell structure consisting of plasmonic 
core of reduced dimensions enveloped in a dielectric coating. 
Its formation causes a weakening of the resonance as it red-
shifts and broadens, a result consistent with DDA simulations 
of the oxidation process.[20a] Removal of this Cu2O layer causes 
the LSPR to blueshift due to the loss of the dielectric coating. 
The degree of the blueshift is beyond that of the LSPR of the 
original Cu template because the size of the nanostructure has 
decreased due to the loss of the oxidized Cu. The plasmon also 
loses strength as it shifts toward the interband transition of 
Cu where it experiences increased damping. In the final step, 
the plasmon signature is lost as the etched Cu templates are 
replaced with Rh.

Figure 3b,c shows an SEM image and an elemental line scan 
for the CuRh nanoshells derived from the galvanic replacement 
of cubic Cu templates where an oxide layer was formed and 
then removed immediately prior to the replacement reaction. 
The nanoshell structures produced are fundamentally different 
from those obtained using nanocube templates that did not 
undergo the oxidation/etching procedure in that the shells are 
porous and show a Rh replacement near 90% (i.e., Cu0.1Rh0.9). 
The fact that the cube shape is preserved during the oxida-
tion/etching procedure is consistent with prior studies on Cu 
nanotriangles.[20a] It is important to note that such structures do 
not form unless the templates are first oxidized. If, for example, 
cubic Cu templates are exposed to the etching treatment 
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Figure 3. a) Extinction spectra showing the changes occurring as (i) Cu seeds are (ii) transformed into templates, (iii) oxidized, (iv) exposed to acetic 
acid to remove the oxide, and (v) galvanically replaced with Rh. b) Tilted view SEM image of the porous CuRh nanoshells. c) Elemental line scan across 
a single nanoshell. The scale bar for the inset is 100 nm.
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without first being oxidized, then nanoshells are formed that 
are identical to those shown in Figure 2c. This rules out the pos-
sibility that the porous nature of the nanoshells is caused by an 
interaction between acetic acid and elemental Cu. We suspect 
that the oxidation/etching procedure locally damages other-
wise pristine (100) facets, leaving behind nanoscale pock marks 
that disrupt the early stages of the replacement process. If this 
disruption leads to the formation of numerous openings that 
allow for the accelerated dissolution of Cu, then there would 
be less time for the incorporation of Cu into the nanoshell 
through alloying. Regardless of the underlying mechanism, 
the oxidation/etching procedure provides a new procedure for 
placing shape and compositional controls on galvanic replace-
ment reactions. Such controls are particularly well-suited for 
reactions utilizing substrate-supported templates.

3. Conclusions

The study carried out advances the design of supported Cu 
templates for galvanic replacement reactions. We demonstrate 
that the interactions between Cu and O2 in both ambient air 
and aqueous environments can act as chemical controls that 
can guide reactions down variable pathways yielding distinct 
reaction products. In doing so, we are able to take what is nor-
mally considered a negative influence (i.e., the oxidation of 
Cu) and use it to further nanostructure design. Our findings 
indicate that such controls can be used to alter both the shape 
and composition of the CuRh nanoshells derived from galvanic 
replacement reactions. The work has the potential to promote 
increased interest in Cu as an inexpensive template material for 
galvanic replacement reactions as well as other template-mediated 
growth modes.

4. Experimental Section
Chemicals: Cu films were deposited using a sputter target cut from a 

0.5 mm thick foil with 99.9999% purity (Alfa Aesar). They were deposited 
on 7 mm × 7 mm × 0.5 mm [0001]-oriented sapphire substrates that 
were cleaved from 3 in. wafers (MTI Corp.). The seeds were prepared 
in an ultrahigh purity (UHP) gas mixture containing 10% H2 and 90% 
Ar by volume. The various aqueous syntheses of Cu templates utilized 
98.0% copper nitrate (Cu(NO3)2, Sigma-Aldrich), copper chloride 
(CuCl2, Sigma-Aldrich), AA (Sigma-Aldrich), and 99+% glacial acetic 
acid (Alfa Aesar). The dissolved oxygen was purged from the reactants 
with UHP N2 gas. The galvanic replacement reactions utilized sodium 
hexachlororhodate (Na3RhCl6, Sigma-Aldrich). Aqueous solutions were 
prepared with deionized (DI) water with a resistivity of 18.2 MΩ cm–1 
and all glassware was cleaned with aqua regia and thoroughly rinsed in 
DI water prior to use. All chemicals were used as received.

Self-Assembly of Cu Seeds: Ultrathin Cu films with a thickness of 
13 nm were sputter deposited onto [0001]-oriented sapphire substrates 
at room temperature using a Gatan model 681 high-resolution ion beam 
coater. The films were removed from the sputter coater and immediately 
transferred to a Lindberg Blue M quartz tube furnace equipped with the 
vacuum fittings needed to place the sample under a H2/Ar flow. After 
purging the tube with a gas flow of 120 cm3 min−1 for 30 min, the flow 
rate was reduced to 60 cm3 min−1 and the sample was heated to 1030 °C 
in 25 min. The furnace was then turned off, allowing the sample to 
cool to room temperature. At this point, the dewetted Cu seeds were 
removed from the quartz tube and immediately subjected to a liquid-
phase synthesis.

Cu Template Synthesis: The cuboctahedron-shaped Cu templates were 
synthesized using a liquid-phase seed-mediated growth mode. Solutions 
containing 3 mL of 1 × 10−3 m Cu(NO3)2 and 1 mL of 10 × 10−3 m AA 
were prepared separately and heated to 90 °C. The dewetted Cu seeds 
were then placed in the AA. After the seeds were allowed to equilibrate 
with the surrounding solution for 15 s, the reaction was initiated 
through the rapid injection of the aqueous Cu(NO3)2. The reaction was 
then allowed to proceed for 5 min, after which the sample was dried in 
a flow of N2 gas. The same procedure was used to prepare Cu nanocube 
templates, but where the reactants were purged with N2 gas to remove 
dissolved oxygen. The Cu templates used to obtain Figure 3 were 
oxidized by rinsing them in DI water and then immediately placing them 
on a hot plate heated to 210 °C for 5 min. The oxide was then removed 
by placing the oxidized templates into 2 mL of glacial acetic acid for  
30 s, a procedure known to remove the oxide while leaving the 
underlying Cu intact.[20a]

CuRh Nanoshell Synthesis: Galvanic replacement reactions were 
carried out by placing the substrate-supported templates into 25 mL of 
100 × 10−6 m Na3RhCl6 heated to 90 °C. For these values, the Rh3+ molar 
concentration greatly exceeds that of the substrate-based Cu (>25×) 
and is, hence, not expected to change appreciably over the course of 
the reaction. The replacement reaction was then allowed to proceed for 
45 min, after which the sample is rinsed in acetone and gently dried 
under flowing N2 gas. Acetone is used instead of water because the 
nanoshells can be damaged by the strong capillary forces exerted as 
water dries.

Instrumentation: SEM images and associated elemental analysis 
were obtained using field emission scanning electron microscope 
Magellan 400 FEI equipped with Bruker XFlash energy dispersive 
X-ray detector. SEM images were obtained using a secondary electron 
detector operating in immersion mode using a voltage, current, and 
working distance of 10 keV, 13 pA, and 4.5 mm, respectively. EDS 
elemental analysis was performed using a secondary electron detector 
operating in a far-field mode using a voltage, current, and working 
distance of 10 keV, 1.4 nA, and 4.7 mm, respectively. EDS point analysis 
and line scans were obtained using the ESPRIT software package. For 
elemental analysis L-series were used both for Cu and Rh (i.e., Cu Lα 
at 0.928 keV and Rh Lα at 2.697 keV). The EDS data were processed 
through integration. The extinction spectra were acquired using a 
Jasco V−730 Spectrophotometer. The XRD data was obtained using 
Bruker D8 Advance Davinci diffractometer using Cu Kα1 radiation  
(λ = 1.54056 Å).

DDA Simulations: DDSCAT (Version 7.3)[33b] was used to carry out 
the DDA simulations of the extinction spectra presented in Figure S4 
(Supporting Information), where the simulated structures were first 
created using LAMMPS[33c] and visualized using visual molecular 
dynamics.[33d] Details of the simulations are provided as Supporting 
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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