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 ABSTRACT 

The sacrificial templates used in galvanic replacement reactions dictate the

properties of the hollow metal nanostructures formed. Here, we demonstrate that

substrate-based Au–Ag nanoshells with radically altered properties are obtained

by merely coating silver templates with an ultrathin layer of gold prior to

their insertion into the reaction vessel. The so-formed nanoshells exhibit much 

smoother surfaces, a higher degree of crystallinity and are far more robust.

Dealloying the nanoshells results in the first demonstration of substrate-based 

nanocages. Such cages exhibit a well-defined pattern of geometric openings in 

directions corresponding to the {111}-facets of the starting template material. 

The ability to engineer the cage geometry through adjustments to the orientational

relationship between the crystal structure of the starting template and that of

underlying substrate is demonstrated. Together these discoveries provide the

framework to advance our understanding of the mechanisms governing substrate-

based galvanic replacement reactions. 

 
 

1 Introduction 

Water-based synthetic protocols utilizing galvanic 

replacement provide straightforward pathways for 

fabricating hollow metal nanoshells [1, 2]. Such reac-

tions proceed by reacting preformed sacrificial metal 

templates with noble metal salts exhibiting a higher 

electrochemical potential. The reaction, which occurs 

spontaneously, sees the oxidation and dissolution of 

metal atoms from the template as metal ions are 

reduced and deposited on its surface. The product of 

the reaction is a nanostructure of greater complexity 

than the sacrificial template. It typically features a 

hollowed morphology, although notable exceptions 

have been identified [3–5]. The prototypical galvanic 

replacement reaction is one where silver templates 

are reacted in an aqueous solution of HAuCl4 [6]. In 

this reaction, the reduction of each Au3+ ion results in 

the oxidation and dissolution of three Ag+ ions from 

the template. With both deposition and dissolution 

being highly dependent on the size, shape and 

crystallinity of the silver template, numerous synthetic 

strategies are emerging in an effort to engineer nano-

materials for use in biomedical [2, 7], sensor [8–11] 
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and catalytic applications [12, 13]. Coinciding with 

this effort are fundamental studies aimed at elucidating 

the mechanisms governing galvanic replacement 

reactions [4, 14–18]. 

Silver nanocubes exhibiting six {100}-facets are, 

from a mechanistic standpoint, the simplest template 

material. Galvanic replacement reactions transform 

the nanocube into a hollow nanobox composed of a 

Au–Ag alloy [14]. If, however, the reaction is allowed 

to continue after the nanobox has formed the structure 

undergoes morphological transformations, first through 

the formation of square pores on the cube faces (i.e., a 

nanocage) and then through fragmentation. Coinciding 

with this deconstruction is a composition which trends 

toward pure Au. Many aspects of this progression 

are well understood. The initial stages of the reaction 

are characterized by the dissolution of Ag from the 

surface of the cube as Au is heteroepitaxially deposited. 

The 100 °C reaction temperature, needed to prevent 

the precipitation of AgCl [19], is sufficient to cause 

rapid alloying between the deposited Au and the 

underlying Ag. Template hollowing initiates at a single 

defect site on one of the six faces of the nanocube. As 

Au continues to plate the cube the exiting Ag+ first 

results in the formation of a pit and then hollows out 

the interior of the structure until the supply of pure 

Ag is exhausted. The side-opening then seals due   

to volume diffusion, surface diffusion, dissolution 

followed by re-deposition or a combination of the 

aforementioned [2]. At this stage the nanostructure 

exists as an alloyed Au–Ag nanobox, a structure which 

preserves the original shape of the template. Longer 

reaction times lead to a continuation of the galvanic 

replacement reaction through the dealloying of Ag 

from the walls of the nanobox [14]. Because of the 1:3 

Au:Ag replacement ratio, dealloying results in the 

injection of vacancies and an overall reduction in the 

number of atoms in the structure. Vacancy coalescence 

eventually leads to the formation of square pores in the 

sidewalls of the structure. Continuing the reaction leads 

to nanostructure fragmentation which results from 

further dealloying and Ostwald ripening processes.  

When templates exhibiting complex faceted geo-

metries are used in galvanic replacement reactions 

they promote a facet dependent reactivity. As a result, 

the reaction product can achieve a shape which 

radically differs from that of the original template. 

Notable examples include templates which are 

cuboctahedrons [3, 20, 21], polyhedrons [4], multiply 

twinned particles (MTP) [15], and nanowires [22]. 

The early stages of the reaction are characterized by 

the preferential deposition of Au on facets having 

high surface energy. With a hierarchy of surface 

energies of γ{110} > γ{100} > γ{111}, the deposition 

tends to accentuate the {110}- and {100}-facets at the 

expense of {111}-facets. With preferential deposition 

occurring along high surface energy facets, the low 

surface energy {111}-facets typically become the 

locations for pitting, hollowing and dealloying- 

induced void formation [1]. Noteworthy, is that the 

preferential deposition tends to increase the surface 

energy of the emerging structure, a behavior that is 

in opposition to thermal diffusion processes [23] 

which favor the formation of low surface energy 

{111}-facets.  
Previously, we carried out galvanic replacement 

reactions on substrate-based silver templates which 

share a heteroepitaxial relationship with the underlying 

substrate [24]. The ability to form a nanohut structure 

which takes the form of a near-hemispherical Au–Ag 

nanoshell that faces downward on the surface of the 

substrate and which has a single opening near its 

base was demonstrated. The nanohuts, however, 

exhibit a rough surface morphology consisting of many 

loosely connected lobes. Motivated by previous studies 

on solution-dispersed templates which demonstrate 

the importance of alloying, pitting and facet-selective 

deposition in the early stages of the replacement 

process we undertook an investigation which altered 

the start of the reaction by coating the substrate- 

based silver templates with a 3 nm thick layer of Au 

prior to their insertion into the reaction vessel. Here, 

we report that such a layer dramatically alters the 

product of reaction, yielding nanoshells which (i) 

exhibit a much smoother surface morphology, (ii) 

preserve the general shape of the starting template, 

(iii) are far more robust and (iv) dealloy in a manner 

yielding a variety of unique nanocage geometries. 

The discovery is used to advance the understanding 

of substrate-based galvanic replacement reactions.  
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2 Results 

Silver templates for galvanic replacement reactions 

were fabricated on (0001)-oriented sapphire substrates 

using dynamic templating, a lithography-free templated 

assembly route which we describe in detail elsewhere 

[25]. When complete, the process yields a periodic 

array of Ag templates with diameters of 270 nm. The 

majority of the templates, while still appearing quite 

rounded, show faceting consistent with either [110]- 

or [111]-oriented substrate-truncated cuboctahedrons 

[23], but where [100]- and [211]-oriented templates 

also appear in significant numbers. Substrate-based 

galvanic replacement reactions [24] utilizing an aqueous 

HAuCl4 solution were then carried out on these Ag 

templates as well as on identical templates which 

were first sputter coated with 3 nm of Au prior to 

reaction. The coating is smooth and follows the 

contours of the underlying template (Fig. S1 in the 

Electronic Supplementary Material (ESM)). 

Figure 1 compares the nanoshells derived from 

silver templates with those obtained from Au-coated 

silver templates. In both cases, scanning electron 

microscopy (SEM) images reveal that the galvanic 

replacement reactions transformed the template 

structures into periodic arrays of hollow nanoshells. 

Striking differences, however, are observed when 

comparing the morphology of the nanoshells obtained. 

Nanoshells derived from the silver templates (Fig. 1(a)) 

exhibit an irregular surface morphology consisting of 

numerous loosely connected lobes. This rough 

morphology is observed even when the reaction is 

carried out at a slower rate (Fig. S2 in the ESM). In 

contrast, the Au-coated silver templates (Fig. 1(b)) yield 

nanoshells which exhibit a much smoother outer 

surface with an opening adjacent to the substrate. 

This opening can have a hexagonal geometry (inset 

to Fig. 1(b)), although openings with jagged irregular 

edges are more typical. For both cases, energy 

dispersive X-ray spectroscopy (EDS) measurements 

reveal a nanoshell composition of near Au0.70Ag0.30.  

The transfer of the nanoshells from the substrate 

surface to transmission electron microscopy (TEM) 

grids allowed for the inner surfaces of the nanoshells 

to be imaged. Figures 1(c) and 1(d) show top- and 

side-view TEM images of inverted nanoshells (i.e., 

nanobowls [26–29]) derived from the uncoated and 

Au-coated silver templates, respectively. The images 

obtained confirm that the structures are hollow with 

a shell thickness below 40 nm. Also noteworthy is the 

fact that the nanoshells are quite robust, maintaining 

their structural integrity during the removal process. 

Unique to the nanoshells derived from the Au-coated 

silver template is series of parallel planar defects 

 

Figure 1 65° tilted-view SEM images of a nanoshell array produced using galvanic replacement reactions on (a) silver templates and
(b) silver templates coated with 3 nm of Au. The insets show a high magnification view of an individual nanoshell. Top- and tilted-view 
TEM images of inverted nanoshells obtained from silver templates having the (c) uncoated and (d) Au-coated configurations. 
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extending from one side of the shell to the other 

(Fig. 1(d)). 

The temporal evolution of the sacrificial templates 

into hollow nanoshells was assessed for the uncoated 

and Au-coated template configurations. Figures 2(a)– 

2(d) show SEM images of uncoated templates exposed 

to aqueous HAuCl4 for time intervals ranging from  

4 to 30 min. The early stages of the reaction result in 

the preferential deposition of Au onto the high 

curvature surfaces where facets intersect. This in 

combination with a slower rate of deposition onto  

the {100} and {111} facets exaggerates the underlying 

crystallography of the substrate-truncated cubocta-

hedron (Fig. 2(a)). Noteworthy is the fact that the 

resulting framework is disconnected at numerous 

locations. As the reaction proceeds the framework 

becomes increasingly rough, developing lobes while 

the facets of the structure remain smooth (Fig. 2(b)). 

As the lobes continue to become more pronounced, 

prominent openings emerge in the structure (Fig. 2(c)). 

While somewhat obscured by the lobes, an examination 

of a large number of structures makes it apparent 

that the openings consistently form at the facet positions 

of the initial Ag template, a behavior consistent with 

the dealloying process. Reactions allowed to proceed 

further result in structures where the pattern of 

 

Figure 2 Top- and 65° tilted-view SEM images showing the evolution of (i) silver templates and (ii) silver templates coated with 3 nm 
of Au as they undergo galvanic replacement reactions for time intervals ranging from 4 to 30 min. It should be noted that the darker contrast
in the top-view SEM image shown in Fig. 2(e) reveals the existence of a hollow channel within the structure (denoted by yellow arrows).
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openings is further obscured by an increase in the 

overall porosity and the continued development of 

lobes (Fig. 2(d)). 

The progression for galvanic replacement reactions 

carried out on Au-coated silver templates is markedly 

different. Figures 2(e)–2(h) show this progression for 

nanoshells derived from [111]-oriented templates. 

The early stage morphology of the nanoshell derived 

from the Au-coated template (Fig. 2(e)) is characterized 

by an exceedingly smooth shell with a small pinhole 

near the base of the structure (denoted by the white 

array) and a single hollow channel extending from 

one side of the template to the other (denoted by 

yellow arrows). Such channels are consistently observed 

for templates that are not fully reacted. The fact that 

many of the channels in adjacent structures are 

parallel to each other (Fig. S3 in the ESM) suggests a 

correlation between the channel direction and the 

underlying crystal structure of the silver template. In 

striking contrast to the structures derived from 

uncoated templates, those utilizing Au-coated silver 

templates do not undergo a rapid deterioration in 

their morphology for longer reaction times. Instead 

the Au deposition occurs in a far more uniform 

manner over the entire template, showing only a 

slight preference for deposition on {100} facets and 

along the curved regions where the facets meet 

(Fig. 2(f)). At this point the structure has also developed 

a single large opening at its base. This is followed by 

a progression which transforms the structure into a 

nanocage [1], a designation attributed to hollow 

structures with a geometric pattern of openings over 

their surface (Figs. 2(g) and 2(h)). This late-stage 

behavior is consistent with the dealloying process. 

Further insights into the dealloying process are 

obtained by comparing SEM images for nanoshells 

derived from templates of various orientations. Figure 3 

shows the early and late stages of the dealloying 

process for [100]-, [110]-, [111]-, and [211]-oriented 

structures where the structure orientation is assigned 

based on faceting consistent with a substrate-truncated 

cuboctahedron. The early stages show the formation 

of small openings on the {111} facets near the base of 

the structure. Other {111} facets show contrast 

consistent with being thinner than the remainder of 

the structure, a feature consistent with a galvanic 

replacement process that deposits more slowly on 

low surface energy facets. It is noted that the openings 

often appear as triangular features as denoted by the 

yellow arrow in Fig. 3(a), a feature analogous to the 

square openings observed in the dealloying of 

solution-based nanoboxes [14]. The late stages of the 

dealloying process consistently give rise to a nanocage 

geometry with a pattern of openings corresponding 

to the {111} facets of each uniquely oriented structure. 

The fact that each of these nanocage structures is 

unique, demonstrates the potential to engineer the 

cage geometry based on the orientational relationship 

between the crystal structure of the initial template 

and the substrate. Individual structures do, however, 

show a degree of variability in the number of {111} 

facets which develop openings. The observed trend, 

however, is for openings to appear most frequently at 

the base of the structure, while those closer to the top 

are less common. <111>-oriented openings are com-

monly observed in late stage galvanic replacement 

reactions carried out on solution-dispersed templates 

and are typically attributed to an Ostwald ripening 

process [2]. Unique to these substrate-based structures 

is that many of the openings often express the hexa-

gonal geometry exhibited by the six-fold symmetry 

of a (111) plane. 

As previously mentioned, the early stages of galvanic 

replacement reactions carried out on Au-coated silver 

templates are characterized by template hollowing 

which proceeds along a channel whose direction    

is determined by the underlying crystal structure of 

the template. In order to further investigate this 

phenomenon processing conditions were established 

which allowed randomly positioned silver templates 

to assemble directly on Si3N4 TEM grids. The grid 

with templates was then exposed to the galvanic 

replacement reaction. The so-formed Ag islands have 

a broad size distribution and a diverse range of 

faceting. They form with the [211]-, [111]-, [100]-, or 

[110]-orientation normal to the surface of the grid, 

where the [211]-orientation is by far the most common. 

The varied nature of these templates provided an 

excellent platform for characterizing nanoshells derived 

from a diverse collection of templates all exposed to 



 

 | www.editorialmanager.com/nare/default.asp 

370 Nano Res. 2014, 7(3): 365–379

the same galvanic replacement reaction.  

Figure 4 shows TEM images and the corresponding 

selected area electron diffraction (SAED) pattern for a 

[110]-oriented silver template and nanoshells derived 

from a galvanic replacement reaction which exposed 

both uncoated and Au-coated silver templates to a 

15 μM HAuCl4 solution for 10 min. In both cases, the 

nanoshells appear quite similar to those formed on 

sapphire substrates, a result which validates the 

Si3N4-based assembly process. Electron diffraction for 

the uncoated sample reveals the expected single- 

crystal reflections superimposed on a polycrystalline 

diffraction pattern (Fig. 4(b)). The pattern is consistent 

with a structure having a dominant [110]-orientation 

normal to the Si3Ni4 surface, but where parts of the 

structure have a polycrystalline character. In contrast, 

the coated nanoshell reveals single crystal reflections 

consistent with a [110]-orientation normal to surface 

(Fig. 4(c)). The result demonstrates that the Au-coated 

templates give rise to nanoshells with a higher degree 

of crystallinity. 

Figure 5 shows plan view TEM images and the 

corresponding SAED patterns for samples derived 

from Au-coated silver templates with varying degrees 

 
Figure 3 Top- and 65° tilted-view SEM images showing the evolution of structures from Au–Ag (i) nanoshells to (ii) nanocages. This 
dealloying process is shown for structures derived from Au-coated silver templates having a (a) and (b) [100]-, (c) and (d) [110]-,
(e) and (f) [111]-, and (g) and (h) [211]-orientation. Note that each orientation gives rise to a unique nanocage geometry. The insets to
the figures show schematics of top- and side-view cuboctahedrons with the same orientation as the nanoshell. The {111} facets denoted
by an “x” show a partial or complete opening. 
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of hollowing resulting from the termination of the 

replacement reaction before completion. A particular 

[211]-oriented structure exhibiting a distinctive shape 

was targeted due to its high rate of occurrence on the 

Si3N4 substrate. The unreacted template (Fig. 5(a)) 

has two prominent parallel facets which correspond 

to the in-plane [1
—

11]-direction. It should be noted  

that face centered cubic (fcc) crystal structures are 

prone to the formation of {111} facets since this plane 

has the lowest surface energy [30]. The early stages of 

the replacement process are characterized by the 

formation of a hollowed channel (Fig. 5(b)) which 

appears as a bright rectangular feature along the [01
—

1]- 

direction and is, thus, parallel to the (1
—

11) facets of 

the particle. Continued hollowing results in a channel 

which extends from one side of the structure to the 

other (Fig. 5(c)). This is followed by a widening of  

the channel (Fig. 5(d)) until the hollowing process is 

complete (Fig. 5(e)). Of significance is the fact that the 

diffraction patterns appear similar throughout the 

replacement process. With Au and Ag sharing the 

same fcc crystal structure and having nearly the same 

 

Figure 4 TEM images and the associated SAED patterns for a (a) [110]-oriented silver template and [110]-oriented nanoshells derived 
from (b) uncoated and (c) Au-coated silver templates. The thin discontinuous Au film encircling the shells in Fig. 4(c) is a remnant of the
template coating process. The tilt angle is 35°. 

 

Figure 5 TEM images and the corresponding SAED patterns of (a) a [211]-oriented silver template and (b)–(e) similarly shaped 
templates with varying degrees of hollowing due to the galvanic replacement reaction. Note that the replacement reaction proceeds
through the formation of a channel which first extends from one side of the Ag template to the other followed by an expansion in width.
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lattice constant (Ag: a = 4.085 Å, Au: a = 4.078 Å), the 

diffraction pattern is not expected to change appreciably, 

provided that Au deposits heteroepitaxially on the 

template during the galvanic replacement reaction. 

While the epitaxial nature of the replacement process 

has been previously documented [3, 14], it is note-

worthy that epitaxy is not disrupted by the room 

temperature deposition of 3 nm of Au on top of the 

silver template prior to the replacement reaction. 

A sampling of partially reacted structures with 

various crystallographic orientations and faceting 

reveals that the channel formation shown in Fig. 5 is 

not unique to the [211]-oriented structure shown, but 

is instead characteristic of substrate-based galvanic 

replacement processes on Au-coated silver templates. 

Figure 6 shows TEM images and SAED patterns for 

four sets of structures corresponding to the [211]-, 

[100]-, [111]-, and [110]-orientations. The images and 

SAED patterns for all similarly oriented structures 

have been rotated such that their crystallographic 

axes are aligned. Adjacent to the structures of each 

orientation is a stereographic projection (i.e., a Wulff 

net) showing the crystallographic directions for all 

low index planes. In this depiction the Miller index at 

the center corresponds to the crystallographic direction 

normal to the substrate while those at the outer 

extent correspond to in-plane directions. Intermediate 

values represent possibilities between these two 

extremes. An examination of the structures reveals 

that the channel consistently lies along one of the 

<110>-directions regardless of the faceting or structure 

orientation. Nanocage structures with the characteristic 

<111>-oriented pattern of openings were observed for 

the [100]- and [111]-orientations (denoted by white 

arrows in Figs. 6(h) and 6(l)).  

Further insights regarding the galvanic replacement 

process are garnered from an examination of the 

underlying crystallography of the structures shown 

in Fig. 6. If the channels, as the data indicates, form 

preferentially along the in-plane <110>-directions 

then [211]-oriented templates present only one 

possible channel direction, i.e., along the in-plane   

[01
—

1]-direction (Fig. 6(q)). This, however, is not the 

case for the [100]-oriented structures as two mutually 

perpendicular in-plane channel directions are possible 

(Fig. 6(r)). Noteworthy is the fact that the channel 

forms only along one of the two possible directions. 

Because these two channel directions are equivalent 

from a crystallographic standpoint, it follows that the 

choice between the two depends on factors other 

than the underlying crystallography of the template. 

The fact that a channel is also observed in a single 

direction for a [111]-oriented template (Fig. 6(i)) 

underscores this point as three different in-plane 

channel directions are possible for this orientation 

(Fig. 6(s)). Channels in [111]-oriented structures are, 

however, less well-defined and tend to hollow out 

one side of the structure before the other. Also 

noteworthy is the fact that partial channels are not 

typically observed for any orientation, a fact which 

suggests that Ag consumption is quite rapid once the 

channel begins to form. The [110]-oriented structures 

are unique in that they show channels in a variety of 

<110>-directions including the in-plane [1
—

10]-direction 

(Fig. 6(m)), at an angle of 60° relative to the substrate 

in the [011
—

]-direction (Figs. 6(n) and 6(o)) and normal 

to the substrate in the [110]-direction (Fig. 6(p)). For 

this case, template faceting could play a decisive role 

in determining the channel direction. Another feature 

likely associated with faceting is the formation of 

much smaller channels (denoted by white arrows in 

Figs. 6(a) and 6(i)) in crystallographic directions 

consistent with <111>-oriented entry points. Such 

channels often appear in an in-plane direction normal 

to the main channel. 

The planar defects observed for nanoshells derived 

from Au-coated silver templates formed on sapphire 

substrates (Fig. 1(d)) are also observed for nanoshells 

formed on the Si3N4 TEM grids. Figure 7 shows TEM 

images and the corresponding electron diffraction 

patterns for a silver template (Fig. 7(a)) and for 

nanoshells of various orientations (Figs. 4(b)–4(e)) 

which prominently exhibit this feature. For all cases 

the orientational relationship between the imaged 

structure and the diffraction pattern is consistent with 

the existence of stacking faults along a <111>-direction. 

The diffraction patterns also show the characteristic 

streaking expected along the stacking fault direction 

[31]. Both Ag and Au have low stacking fault energies 

[32, 33] and examples of the occurrence of this defect 

for nanoscale materials are frequent [34–36]. The origins 

of the stacking faults in the Ag template are likely  
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Figure 6 TEM images and the corresponding SAED patterns for structures derived from Au-coated silver templates with the (a)–(d) 
[211]-, (e)–(h) [100]-, (i)–(l) [111]-, and (m)–(p) [110]-orientation normal to the Si3N4 surface. To the right of each set of similarly 
oriented structures is (q)–(t) a stereographic projection showing the crystallographic directions for all the low index planes. It is noted
that many of the imaged structures lie on top of the remnants of the thin discontinuous Au film because they have moved on the TEM
grid during the drying process which occurs after the galvanic replacement reaction has been terminated. 
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associated with the relaxation of strains formed at the 

template–substrate interface [37, 38]. The result also 

suggests that the galvanic replacement process is 

amenable to defect transfer between the template and 

nanoshell. It is noted that the transfer of stacking faults 

from a Ag seed to a Ge nanowire has recently been 

demonstrated for a vapor-solid-solid growth mode [36]. 

Also noteworthy is that nanoscale fcc metals with 

stacking faults show enhanced mechanical properties 

due to the inhibition of dislocation motion [34, 39]. 

3 Discussion 

3.1 Mechanisms guiding the hollowing process 

The most notable result of the current investigation 

is that the hollow metal nanoshells derived from 

substrate-based galvanic replacement reactions can 

appear smooth or rough depending on whether or 

not the silver template is coated with a 3 nm thick 

layer of Au prior to its insertion into the reaction 

vessel. In order to rationalize this difference, it should 

first be noted that uncoated silver templates derived 

from colloidal processes often yield smooth nanoshells. 

This difference originates from the distinct nature of 

the substrate-based templates: They are larger and 

have properties which originate from the interfacial 

interactions which occur as the template assembles 

on the substrate at high temperatures. Such interactions: 

(i) Establish the crystallographic orientation, (ii) dictate 

the template shape through the establishment of 

contact angles which minimize the overall surface 

energy of the substrate–template combination and (iii) 

induce defect structures which minimize elastic strains 

originating from lattice mismatch. These influences 

lead to highly defected crystalline templates which, 

despite some faceting, appear quite rounded especially 

where facets intersect. Crystalline materials with 

rounded features show a step-terrace surface mor-

phology on atomic length-scales [40]. Atoms at these 

step-edges are particularly reactive because of their 

lower coordination [41]. With step-edges, defects and 

certain facets all presenting highly reactive sites on 

rather large templates, the early stages of the galvanic 

replacement reaction are likely to be far more disor-

ganized when compared to reactions carried out on 

templates with a highly faceted geometry (e.g., 

nanocubes). The surfaces of substrate-based templates 

could also be rendered more reactive than their 

colloidal counterparts due to the fact that they are 

free of surfactants. Such surface agents can alter both 

the rate and facet dependent nature of the replacement 

process [1, 42]. 

3.2 The uncoated silver template 

The onset of the galvanic replacement reaction for the 

uncoated silver template will see the rapid oxidation 

of Ag as Au deposits on its surface. The fact that Au 

preferentially deposits on the high curvature surfaces 

where facets intersect is accounted for by the highly 

reactive nature of the step-edges [41] associated with 

such surfaces. This preferential deposition leads to 

 

Figure 7 TEM images and the corresponding diffraction pattern for (a) a Ag template and for (b) [211]-, (c) [100]-, (d) [111]-, (e) 
[110]- oriented nanoshells showing prominent stacking faults along a <111>-direction. 
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the formation of a nanoshell framework comprised of 

lobes which are disconnected and/or poorly connected 

at numerous locations. Lobe formation can be attributed, 

not only to preferential deposition, but also to the fact 

that this thin Au framework is intrinsically unstable 

to Rayleigh-like instabilities arising from thermal 

diffusion processes [43]. With a slower rate of Au 

deposition onto the {100} and {111} facets, there also 

exists favorable kinetics for the interdiffusion of 

subsurface Ag into the thin Au layer [2]. The galvanic 

replacement reaction will continue to hollow out the 

structure until the supply of pure Ag is exhausted. 

This reaction proceeds through the deposition of Au 

onto the outer shell cathode and the dissolution of Ag 

from the inner core anode. The deposition, however, 

is onto a surface that has been fundamentally 

transformed by early stage processes which result in: 

(i) A surface topography that is far from that of the 

pre-reacted template and (ii) local variations in the 

degree of Au–Ag alloying over the surface of the 

nanoshell. Both of these factors act as destabilizing 

influences in the later stages of the reaction which 

lead to the observed lobes and nanoshell porosity. 

Deviations in nanoscale curvature are well known to 

result in curvature-driven diffusion processes which 

act to lower the overall surface energy of the structure 

[44]. It should be noted that the nanoshell geometry 

is highly amenable to such surface diffusion processes 

as it allows for them to occur over both the inner and 

outer surfaces of the nanoshell. The resulting deterio-

ration in nanoshell topography is further exacerbated 

by the dealloying of Ag-rich facets which leads to  

the injection of vacancies which, upon coalescence, 

rupture the surface of the nanoshell. It should be 

noted that important parallels can be drawn between 

these substrate-based galvanic replacement reactions 

on uncoated silver templates and the observed 

corrosion of Au–Ag alloys when exposed to electrolytic 

solutions which dissolve the Ag component [45–47]. 

Simulations by McCue et al. [41] are particularly 

relevant as they demonstrate that the step-edge 

topography exhibited by Au–Ag nanospheres gives 

rise to nanoscale porosity.  

3.3 The Au-coated silver template 

The evolution of the Au-coated silver template is 

different in that the galvanic replacement reaction 

begins at a point where the reactivity of the template 

surface has already been lowered by a 3 nm Au 

coating. The coating is particularly effective at lowering 

the reactivity of the step-edges as is evident from the 

nanoshells shown in Figs. 3(a), 3(c), 3(e), and 3(g), 

which clearly show that the deposition rate onto the 

{100} facets is nearly identical to that observed for the 

high curvature surfaces where facets intersect. The 

{111} facets, however, have a slower rate of reaction 

due to their low surface energy. Nevertheless, the 

overall topography of the structure is much smoother 

at every stage of the reaction due to the initial 

passivation of the template by the deposited Au. The 

fact that the surface is passivated prior to reaction is 

also expected to slow the initial stage of the reaction. 

In contrast to the case of the uncoated template, 

which presents a highly reactive surface, the passivated 

surface is one which must first be breached in order 

to expose a silver template anode from which the 

structure is efficiently hollowed.  

The initial pitting of the Au-coated silver template 

is through a single opening (Fig. 2(e)), as is often 

observed in galvanic replacement reactions [14]. With 

few exceptions, the opening is near or at the base of 

the structure. Possible explanations for this location 

include: (i) A Au passivating layer that is thinner at 

the base due to the shadowing of the Au flux by the 

rounded template during the sputter deposition 

process or (ii) a higher number of defects near the 

template-substrate interface due to misfit dislocations. 

The choice of entry point along the circumference of 

the base is strongly influenced by the crystal structure 

of the template. It consistently results in the formation 

of a channel into the structure along a single 

<110>-direction regardless of the crystallographic 

orientation of the template relative to the underlying 

substrate. While it is not yet possible to detail the 

exact mechanisms guiding channel formation and 

evolution, several points of relevance can be made. 

First, the straightness of the channel is consistent 

with a dissolution process that proceeds in a layer- 

by-layer manner [45]. Second, the dissolution of silver 

from the channel walls is expected to be strongly 

connected to its coordination. In the bulk, each silver 

atom has a coordination number of 12. In an idealized 
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scenario, where surface reconstructions are ignored, 

the coordination numbers for atoms in {110}, {100}, and 

{111} surfaces are reduced to 7, 8, and 9, respectively. 

The lower coordination of atoms in {110} surfaces 

makes the addition of Au highly favorable because of 

the availability of unsatisfied bonds, a tendency that 

has been well-documented [1–4]. At the same time, Ag 

atoms that are a part of {110} surfaces are more prone 

to dissolution because they have the least number of 

nearest neighbor bonds. With {110} surfaces being an 

obvious choice for both deposition and dissolution, 

there exist two competing tendencies. In a scenario 

where a {110} surface of a silver template is exposed 

to the HAuCl4 solution, Au will preferentially deposit 

on it. If, however, the replacement reaction proceeds 

by having electrons flowing between an anode on the 

inside of the structure to a cathode on the outside 

then the Au deposition is onto the outer shell and Ag+ 

dissolution is from the inside surface of the template. 

In this scenario, Au3+ is not readily available for 

deposition on the inner surface. In this Au3+-poor 

inner-shell environment a {110} surface, therefore, 

becomes the most favorable surface from which Ag+ 

can dissolve. The mechanism by which a channel 

forms in a single <110>-direction when numerous 

equivalent channel directions are available remains 

ill-defined, but is likely related to the evolving charge 

distributions within the structure as it undergoes the 

reaction. Such effects are pronounced for galvanic 

replacement reactions carried out on Pd nanowires 

where electrons generated during Pd oxidation are 

forced to the ends of the nanowire where they reduce 

Au3+ to eventually form tadpole-like structures instead 

of the expected nanotube [22]. Such influences are 

also likely to play a role in the anisotropic hollowing 

observed in Ag–Au–Ag nanorod structures [48].  

Once the supply of pure silver is exhausted, the 

nanoshells undergo a morphological reconstruction. 

The reconstruction is driven by the dealloying of the 

Ag in the Au–Ag nanoshell which results in the 

injection of vacancies into the nanoshell that leads to 

a gradual thinning and the subsequent rupture of the 

nanoshell walls. The observed nanocage openings in 

the <111>-directions during the dealloying process is 

common to galvanic replacement reactions [14]. The 

{111} facets are particularly amenable to such recon-

structions, not only because they are thin, but because 

they are also likely to have a Ag content that is higher 

than the rest of the nanoshell since the early stage 

alloying process is expedited by the small amount  

of material being alloyed. The trend towards the 

formation of hexagonal openings reflects the six-fold 

symmetry of the {111}-planes. While hexagonal 

openings have not been previously observed in 

nanoshells derived from galvanic replacement reactions, 

it is noted that such features emerge in kinetic Monte 

Carlo simulations of the dealloying of bulk Au–Ag 

alloys [47]. 

3 Conclusion 

We have demonstrated that the early stages of 

substrate-based galvanic replacement reactions lead 

to late stage instabilities which give rise to a mor-

phological deconstruction of the nanoshells produced. 

By merely coating the outer surface of the sacrificial 

template with a thin layer of Au prior to reaction we 

inhibit these instabilities, fundamentally altering the 

product of the reaction. In contrast to the porous, 

rough nanoshells derived from the uncoated template, 

the Au layer leads to the formation of hollow Au–Ag 

nanoshells which are smooth, robust and crystalline 

and which exhibit a well-defined pattern of geometric 

openings. We attribute these differences to the 

passivation of the highly reactive surface of the silver 

template by the Au layer. In the absence of this 

passivating layer, the surface topography of the 

emerging nanoshell is dramatically altered by the 

highly reactive nature of curved surfaces of the 

sacrificial template. This gives rise to a nanoshell 

with a weak structural framework that is unable to 

withstand the destabilizing influences of dealloying 

and thermal diffusion processes. Surface passivation, 

however, prevents these destabilizing influences, 

allowing for the orderly dissolution of the template 

from a single pit at its base. Unique to these studies is 

the observation that the hollowing initiates in a 

<110>-direction and proceeds first through the rapid 

dissolution of a single channel across the entire extent 

of the template followed by the removal of the 

remaining Ag. This observation is attributed to the 

combined influences of atoms in {110}-surfaces having 
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low coordination, the Au3+-poor environment within 

the interior of the hollowing shell and a reaction that 

proceeds through the transfer of electrons from an 

inner shell anode to an outer shell cathode. The final 

stages of the reaction lead to the formation of openings 

in the <111>-directions where each template orientation 

relative to the underlying substrate yields a unique 

nanocage geometry. Collectively, these synthetic and 

mechanistic findings demonstrate the critical importance 

of template engineering in substrate-based galvanic 

replacement reactions. 

4 Methods 

4.1 Nanoshell/nanocage array fabrication  

Periodic arrays of sacrificial Ag templates were 

fabricated on 10 mm × 8 mm × 0.5 mm (0001)-oriented 

sapphire substrates (MTI Corp.) using a lithography- 

free route described elsewhere [25]. Briefly, a shadow 

mask with a periodic array of 900 nm diameter 

openings and a pitch of 1.6 μm was used to define 

75 nm high antimony pedestals topped with a 45 nm 

thick layer of Ag. Heating the structures to 750 °C in 

13 min resulted in pedestal annihilation through 

evaporation/sublimation that led to a forced agglo-

meration of Ag atoms at the center of each pedestal. 

Continued heating to 850 °C in 4 min, where it held 

for 10 min, caused the templates to become more 

faceted, but where 70% of the Ag was lost in the 

process through sublimation. Galvanic replacement 

reactions were then carried out on these Ag templates 

as well as on identical templates which were first 

sputter coated (Model 681 Gatan High Resolution Ion 

Beam Coater) with 3 nm of Au prior to reaction. A 

typical reaction proceeded by placing the substrate 

into a 20 μM HAuCl4 (Alfa Aesar) solution heated to 

100 °C for 10 min, after which it was slowly pulled 

out of the solution and dried. 

4.2 TEM sample preparation 

Two procedures were devised in order to simplify 

TEM sample preparation: (i) The transfer of the nano-

shells from the substrate surface to TEM grids was 

carried out by first dipping the sapphire substrate into 

acetone and then, upon removal, placing a holey 

carbon TEM grid (Quantifoil) facedown over the 

nanoshells. As the acetone dries, capillary forces pull 

the grid towards the structures, ultimately forming 

bonds between the two surfaces. As the grid is removed 

from the substrate many of the nanoshells are peeled 

off the sapphire surface leaving them inverted in a 

nanobowl configuration. The number of nanoshells 

sticking to the grid can be significantly increased by 

limiting the exposure of the nanoshell to air and 

through the sputter deposition of a few nanometers 

of Au onto the grid immediately prior to use. Both of 

these procedures likely increase the number of bonds 

shared between the TEM grid and the nanoshell. (ii) 

Randomly positioned silver templates were assembled 

directly on Si3N4 TEM grids (Ted Pella, Inc.). The 

processing route used to form the silver templates is 

described in detail elsewhere [49]. Briefly, continuous 

thin films of Sb (12 nm) and Ag (18 nm) were sputter 

deposited over the surface of the TEM grid. The grid 

was then exposed to a heating regimen which caused 

the Ag atoms to agglomerate into islands, but where 

the concurrent sublimation of antimony greatly 

enhances the agglomeration process. The grid with 

templates was then exposed to the galvanic replace-

ment reaction. 

4.3 Instrumentation 

SEM images were obtained in secondary electron 

mode using either an FEI Quanta 400 or a 600 FEG 

ESEM. The samples were coated with a gold–palladium 

film to improve imaging. TEM images were obtained 

using an FEI Tecnai 12T Transmission Electron 

Microscope.  
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