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ABSTRACT 

 

     The advancement of next generation technologies is reliant on our ability to engineer 

matter at the nanoscale. Since the morphological features of nanomaterials dictate their 

chemical and physical properties, a significant effort has been put forth to develop 

syntheses aimed at fine tuning their size, shape and composition. This massive effort has 

resulted in a maturing colloidal chemistry containing an extensive collection of 

morphologies with compositions nearly spanning the entire transition region of the periodic 

table. While colloidal nanoparticles have opened the door to promising applications in 

fields such as cancer theranostics, drug delivery, catalysis and sensing; the synthetic 

protocols for the placement of nanomaterials on surfaces, a requisite for chip-based 

devices, are ill-developed.      

     This dissertation serves to address this limitation by highlighting a series of syntheses 

related to the design of substrate-based nanoparticles whose size, shape and composition 

are controllably engineered to a desired endpoint. The experimental methods are based on 

a template-mediated approach which sees chemical modifications made to prepositioned 

thermally assembled metal nanostructures which are well bonded to a sapphire substrate. 

The first series of investigations will highlight synthetic routes utilizing galvanic 

replacement reactions, where the prepositioned templates are chemically transformed into 

hollow nanoshells. Detailed studies are provided highlighting discoveries related to (i) 

hollowing, (ii) defect transfer, (iii) strain induction, (iv) interdiffusion, (v) crystal structure 

and (vi) the localized surface plasmon resonance (LSPR).  
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     The second series of investigations, based on heterogeneous nucleation, have templates 

serve as nucleation sites for metal atoms arriving in either the solution- or vapor phase. The 

solution-phase heterogeneous nucleation of Ag on Au reveals that chemical kinetics 

(injection rate & precursor concentration) can be used to control the nature of how Ag 

atoms assemble on the Au template. It was discovered that (i) slow kinetics leads to an 

anisotropic growth mode (heterodimeric structures), (ii) fast kinetics causes a very uniform 

deposition (Au-Ag coreshell morphology, or Au@Ag) and (iii) medium kinetics produces 

structures with an intermediate morphology (truncated octahedron). In the second case, 

where the nucleation event is carried out at high temperatures, the Ag vapor is sourced 

from a sublimating foil onto adjacent Au templates. This process drives the composition 

and morphology from a Au Wulff-shape to a homogeneous Au-Ag nanoprism. By tracking 

over time the (i) morphological features, (ii) LSPR and (iii) composition; insights into the 

fundamental atomic scale growth mechanisms are elucidated. Overall, substrate-based 

template-mediated syntheses have proven to be an effective route for directing growth 

pathways toward a desired endpoint giving rise to an impressive new group of complex 

substrate-based nanostructures with asymmetric, core-shell and hollowed morphologies.  

     While this dissertation is focused heavily on the development of synthetic procedures 

aimed at generating substrate-based plasmonic nanomaterials, the last chapter will serve to 

highlight a series of on-going studies aimed at defining these nanomaterials as highly 

effective heterogeneous catalysts. Several examples are shown including (i) nanoparticle 

films synthesize via sputter deposition, (ii) mechanically induced nanotexturing of bulk 

copper foils, (iii) ultra-small AuPd nanoparticles synthesized via pulse laser, (iv) substrate-

based AuCu nanoprisms and (v) the Wulff in a Cage Morphology.  
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1.2 The schematic shows the reduction of metal ions with a reducing 
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1.3 Shown schematically are three growth modes: a) Frank-van der 
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parameters 𝛾𝑆, 𝛾𝑀 & 𝛾𝐼 are the surface-energies for the air-

substrate interface, air-metal interface and metal-substrate 

interface. 
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1.4 TEM characterization of the Volmer-Weber growth mode for the 

sputter deposition of Cu on SiO2 at 1, 3, 5, 10 and 40 nm. Scale 

bar is 50 nm. 
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1.5 The preparation of substrate-based nanoparticles involves a) the 

sputter deposition of a metal thin film, heating and self-assembly 

of Au nanoparticles. b) Tilted view SEM micrograph of thermally 

assembled Au nanoparticles on a sapphire substrate.   

8 

1.6 In 1) shows a schematic of the processing route involved in 

dynamic templating. In (1a) shows the placement of a shadow 

mask a substrate, then the sputter deposition of first (1b) antimony 

and then (1c) gold. Then the (1d) mask is removed, and the sample 

is (1e) heated with (1f) the end result being a periodic array of 

gold nanoparticles. The assembly mechanism is shown in 2a-c. As 

the pedestal is heated, 2a) antimony beings to sublimate from the 

sides of the pedestal where continuation leads to 2b) forced inward 

diffusion of Au and finally 2c) assembly of Au into a single 

particle and complete removal of antimony. 3) A photograph (left) 

and SEM image (right) of a periodic array of Au seeds (tilt 45˚) 

on (0001)-sapphire. Images 1 and 2 were reproduced by 

permission of The Royal Society of Chemistry. 
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1.7  A web representing the many applications of metallic 

nanoparticles. 
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2.1 A simple demonstration of the increase to SA upon reducing the 
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2.2 Shown schematically is the evolution of octahedron to the cube 

morphology. Upon tuning the shape, the rate of electrooxidation 
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excellent means for determining the role of facet type in 

catalysis. 
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2.3 The FCC lattice. 18 

2.4 The low index facets for an FCC crystal consisting of a) (111) b) 

(100) and c) (110). The respective planes are shown in a cubic 

cell. Adjacent to each cubic cell is the manner in which atoms pack 

into the respective plane. 
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2.5 A) Shown above from the [100]-axis is the low energy Wulff 

configuration comprised of both (100)- and (111)-facets. The 

atomic packing for B) (111), C) (100) and D) (110)-facets are 

shown. 
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2.6 Schematic illustrating the various stages of a galvanic replacement 
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3.1 a) The laser is directed at the back of the cantilever, reflected and 

then detected by a photodetector (PSPD). b) As the tip rasters the 

surface, the deflection of the cantilever is detected by the laser 

and which is used to construct a height image. c) A 3D-image 

captured using AFM showing self-assembled Au nanoparticles 

on Al2O3.   
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3.2 A schematic showing the interaction of incident electrons with a 

nanostructure and the resulting electron types. 
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3.3 Schematic of the working principle. The electrons are sent through 

the sample and collected by the detector directly beneath the 

sample area.   
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3.4 The interaction between incident X-rays (green) and a crystal 

lattice (black dots).  
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3.5 The cubic cell with Miller indices (h k l), lattice constant ‘a’ and 

distance between planes ‘d’ identified.  

40 

3.6 A Table containing the theoretical 2θ(h k l) values for Ni, Cu, Pd, 

Ag, Pt and Au. The figure to the right shows a typical graph for a  

θ - 2θ measurement.  
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3.7 a) An XRD spectrum from epitaxially aligned Au on (0001)-

sapphire. b) An XRD spectrum from a sample grown on (0001)-

sapphire with multiple crystal orientations.  

41 

3.8 a) The TEM micrograph shows a AuAg hollow nanoshell. The 

inset shows the single crystal SAED pattern obtained for the 

nanoshell. B) The TEM micrograph shows the morphological 

features of a 3 nm Cu thin film. The inset shows the diffraction 

ring pattern generated from SAED. 
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3.9 A table with tabulated values for the theoretical d-spacings of Ni, 

Cu, Pd, Ag, Pt. The theoretical ring pattern to the right represents 

a typical output for a polycrystalline FCC metal.  
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4.1 Schematics showing the synthetic routes used to assemble (a) non-

arrayed and (b) arrayed silver nanostructures. The SEM images 

show structures with (c) a substantial size distribution situated at 

random locations and (d) arrayed structures with a narrow size 

distribution. Both structures were used as templates in (e) galvanic 

reactions yielding immobilized Au-Ag nanohuts. Figure taken 

from reference 125. 
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4.2 SEM images showing the morphology of unreacted templates and 

nanohuts formed through galvanic replacement reactions using 10 

and 100 μM solutions in the (a) non-arrayed and (b) arrayed 

configurations. (c) Images of non-arrayed and arrayed nanohut 

structures which have been removed from the sapphire substrate 

using Scotch tape. The scale bar for all insets is 200 nm and the 

tilt angle is 65°. (d) Top- and tilted-view TEM images of nanohuts 

assembled directly on Si3N4 support films. (e) Top- and titled-
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view TEM images of nanobowls removed from sapphire 

substrates. (f) AFM image and the associated cross-section for an 

individual template and the same structure after it has been 75% 

reacted to form a nanohut. The white arrows on both the SEM and 

AFM images point toward the single side opening found on each 

nanohut. Figure taken from reference 125. 

4.3 Calculated extinction spectra of (a) a hollow gold shell and the 

same shell (b) resting on a sapphire substrate, (c) with a 

rectangular side opening and (d) resting on a substrate and having 

rectangular side opening. The shell is a truncated sphere (diameter 

= 40 nm, shell thickness = 5 nm) which forms a 130° contact angle 

with the substrate. The side opening is 10 nm in the vertical 

direction and 14 nm in the horizontal direction. The substrate has 

a diameter of 80 nm and thickness of 15 nm. The incident light is 

transversely polarized (i.e., the E-field is parallel to the substrate). 

For the nanohut geometry, spectra are calculated using transverse 

E-fields that are both through and parallel to the side opening. 

Figure taken from reference 125. 
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4.4 The extinction spectra for non-arrayed silver templates with an 

average particle size of 30 nm exposed to various HAuCl4 

concentrations. Concentrations of 0, 0.5, 1 and 2 μM yield LSPR 

peaks at 436, 465, 529 and 745 nm, respectively. The inset shows 

optical images of the samples taken in reflectance. Figure taken 

from reference 125. 

51 

5.1 A 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. Figure taken from reference 128. 
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5.2 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 (e) reveals 

the existence of a hollow channel within the structure (denoted by 

yellow arrows). Figure taken from reference 128. 

54 

5.3 Top- and 65° tilted-view SEM images showing the evolution of 

Au passivated 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) 
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[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. Figure taken from reference 128. 

5.4 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. Figure taken 

from reference 128. 
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5.5 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. Figure taken from reference 128. 

59 

6.1 The schematic shows how the template nanostructure dictates the 

degree of alloying between the depositing shell and template. 

Three cases are shown, (a) zero strain between the shell and 

template, (b) induced compression in the depositing shell and (c) 

induced tension in the depositing shell. The SEM micrographs on 

the right show results nanoshells with and without the use of a 

passivation layer. Figure taken from ref 165. Copyright 2014 

American Chemical Society. 

65 

6.2 TEM image of a smooth Pt nanoshell and an inverted nanoshell 

resting on a TEM grid. The EDS spectrum shows that the Pt shell 

is free of Cu. Figure taken from ref 165. Copyright 2014 American 

Chemical Society. 

65 

7.1 Morphological and elemental characterization of Au−Ag 

heterodimer structures formed in the regime of slow kinetics. (a) 

Schematic depicting the expected topography for a [111]-oriented 

Au seed with facets defined by the geometry of a truncated 

octahedron. (b) SEM image of a periodic array of Au−Ag dimer 

structures. High magnification SEM images of individual 

structures taken in (c) secondary electron (SE) and (d) 

backscattered electron (BSE) mode. (e) Elemental maps and (f) 

line scans showing the distribution of Au and Ag within the dimer 
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structure. Figure taken from 184. Copyright 2014 American 

Chemical Society. Copyright 2014 American Chemical Society. 

7.2 Early stage morphological and elemental characterization of 

bimetallic Au−Ag structures formed in the regime of moderate 

kinetics. (a) Schematic depictions of the topography expected for 

bimetallic structures formed after the deposition of Ag on the 

{100} facets of [111]-, [110]-, and [100]-oriented Au seeds. (b) 

SEM images of the structures formed in the early stages of the 

reaction and their corresponding (c) Au, (d) Ag, and (e) Au+Ag 

elemental maps and (f) line scans. (g) SEM images showing the 

early to late stage progression in morphology which reveals a Au 

seed being overgrown with Ag to the point of encapsulation. 

Figure taken from 184. Copyright 2014 American Chemical 

Society. 
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7.3 Late stage morphological and elemental characterization of 

bimetallic Au@Ag structures formed in the regime of moderate 

kinetics. Schematics of (a) [111]-, [110]-, and [100]-oriented Au 

seeds followed by (b) depictions of the Au@Ag structures formed 

in the late stages of the reaction. SEM images of the observed 

structures taken in (c) secondary electron and (d) backscatter 

modes and their corresponding (e) Au and (f) Ag elemental maps. 

Figure taken from 184. Copyright 2014 American Chemical 

Society. 

77 

7.4 Morphological and elemental characterization of bimetallic 

Au@Ag structures formed in the regime of fast kinetics. (a) SEM 

images showing the observed progression in morphology where a 

Au seed is overgrown on its {100} facets followed by the 

overgrowth of its {111} facets to the point of encapsulation. (b) 

Schematic depictions of the topography expected for a [111]-, 

[110]-, and [100]-oriented structure derived from a growth mode 

which is dominated by the near uniform overgrowth of the {100} 

Au facets with Ag. SEM images of the observed structures taken 

in (c) secondary electron and (d) backscatter modes and their 

corresponding (e) Au and (f) Ag elemental maps and (g) line 

scans. Figure taken from 184. Copyright 2014 American 

Chemical Society. 
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7.5 Schematic illustration of the mechanistic framework responsible 

for the heterogeneous nucleation of Ag on surfactant-free Au 

seeds. It shows (a) the initial seed, (b) the seed after double-layer 

formation and the progression of the reaction once the reducing 

agent is added in the (c) slow, (d) moderate, and (e) fast regimes. 
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Figure taken from 184. Copyright 2014 American Chemical 

Society. 

8.1 Schematic of the devised templated assembly process which 

transforms substrate-immobilized Au templates into triangular 

AuAg nanoprisms through the high temperature exposure of Au 

templates to a Ag flux derived from an adjacent foil. The image 

shows the experimental configuration utilized. Figure taken from 

ref 206. 

84 

8.2 Tilted-view SEM images of a periodic array of (a) Au templates 

and (b) the AuAg nanoprisms derived from them. The insets show 

top- and 65° tilt-view images of the individual structures. Top-

view images of the AuAg nanoprisms assembled using Au 

templates formed through the (c) solid state dewetting of an 

ultrathin Au film and (d) dynamic templating. Figure taken from 

ref 206. 

87 

8.3  (a) Top- and tilted-view SEM images showing a Au template with 

labelled facets and identical templates as they undergo a shape 

transformation resulting from their exposure to Ag vapor for time 

intervals extending from 30 to 600 min. Plots showing the 

temporal evolution of the nanostructure (b) width, (c) height and 

(d) composition. Figure taken from ref 206. 

89 

8.4  (a) Optical extinction spectra for nanostructures which evolve 

from Au templates to triangular AuAg nanoprisms. DDA 

simulations of the extinction spectra where (b) the nanoprism 

corners are subjected to an increasing degree of truncation and (c) 

the height is systematically increased to the point where a 

tetrahedron is formed. (d) The integrated transmittance (476-731 

nm) through an ensemble of Pd-coated AuAg nanoprisms exposed 

to on/off cycling of H2 gas and (e) a schematic of the sensing mode 

responsible for H2 detection. Figure taken from ref 206. 
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8.5 Schematic representation of the key elements which drive each of 

the three stages of the kinetically driven transformation of Wulff-

shaped Au into triangular AuAg nanoprisms resulting from (a) the 

arrival of Ag adatoms to the template through direct impingement 

and surface diffusion. (b) Stage 1 processes where adatoms 

preferentially collect and deposit on {100} facets due to the 

varying Ehrlich-Schwoebel (ES) barriers. (c) Stage 2 processes 

where layer-by-layer growth is nucleated at the sites provided by 

the substrate-nanostructure interface where downward facing 

facets form and where Ag is increasingly desorbed from the top 

facet. (d) Stage 3 processes where adatoms arriving to the 

94 
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structure via substrate surface diffusion diffuse up the sidewalls to 

the nucleate growth on the top facet. Figure taken from ref 206. 

9.1 a) The reduction of 4-NP to 4-AP with NaBH4 and metal catalyst. 

b) The change in the absorbance spectrum over time after addition 

of metal catalyst.   

99 

9.2 a) The absorbance of 4-NP at 400 nm as a function of time. b) A 

plot of –ln(A/Ao) vs. t where the purple dash line is used to 

determine the slope which is equal to kapp.  The orange circle in a) 

and b) represents the induction time.  

101 

9.3 a) Shown is an SEM micrograph and a 3D – topographic AFM 

image of an annealed copper foil with a smooth surface. b) Upon 

shear deformation, micro- and nanoscaled trenches are observed 

with both SEM and AFM. c) Catalytic measurements were carried 

out as a function of the number of cuts made into the foil to reveal 

a linear dependence with the rate constant. d) The recyclability 

was also tested where the blue arrows show the rate of uncut foil 

(null) and the green bars are measurements from the shear 

deformed foil for week 1, and red bars for week 2.  
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9.4 As a demonstration of the Volmer-Weber growth mode, shown 

are TEM micrographs of Cu with nominal thicknesses of 1, 3, 5 

and 10 nm (a - d). The three plots below show the catalytic rates 

of e) Au, f) Cu and g) Pd as a function of thickness. The vertical 

blue, orange and red lines denote the thickness for where the film 

merges. 
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9.5 SEM images of (a) AuCu nanoprisms along with insets showing 

high resolution images of top- and side-views. (b) The optical 

absorbance spectra for Au templates (pink), AuCu triangular 

nanoprisms (blue) and near-hemispherical AuCu nanostructures 

(green). (c) Schematic representation of the experimental 

configuration used for photocatalysis measurements which sees 

the probe beam and the laser excitation source pass through the 

cuvette at right angles to each other. d) The time dependence of -

ln(A/A0) for AuCu nanoprisms where the dashed red and green 

lines denote the laser excitation wavelengths used for 

photocatalysis but where blue is measured in the dark. 
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9.6 a) Shown is a histogram of the diameter-distribution of AuPd 

nanoparticles synthesized from the ultrashort laser pulse for a 

given Au-Pd precursor ratio. The high resolution TEM 

micrograph shows the single crystal nature of the derived 

nanoparticle. Directly beneath shows a series of particles with 

associated EDS maps to show individually elemental Au and Pd. 

105 



xviii 

 

b) A 3D plot showing the reduction rate of 4NP to 4AP with 

NaBH4 all as a function of the precursor ratio.  

9.7 A) A schematic showing the reduction of low, medium and high 

concentrations of Ag+ resulting deposition on the edge, edge plus 

(100)-facet, and complete coverage, respectively. The subsequent 

galvanic replacement of the deposited Ag with Au3+ results in the 

formation of a frame, cage or shell for the low, medium and high 

concentrations, respectively. B) SEM micrographs show Au 

templates, oriented with [111], [110] and [100]-axis up, enveloped 

by an Au frame; a result from using low Ag+.  
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Overview and Background 

     At the onset of the 21st century, the modernization of science and technology is reliant 

on the ongoing effort to miniaturize material not only to replace the current microscaled 

technologies but also to exploit the new and exciting properties materials exhibit at the 

nanoscale.1 Therefore, a great deal of effort has been put forth to develop syntheses aimed 

at growing nanomaterials with desired morphological features. The two most common 

methods utilized to synthesize nanomaterials include (1) wet chemical reduction for the 

synthesis of colloidal or solution-phase nanoparticles and (2) physical vapor deposition for 

supported or substrate-based nanoparticles. This dissertation will discuss new routes which 

encompass both methods to realize a new class of substrate-based nanostructures whose 

characteristics such as size, shape, composition, structure, porosity and faceting are readily 

tunable. In particular, the elements in focus are the Group 10 & 11 (rows 1 - 3) transition 

metals, shown in Figure 1.1. 

 

Figure 1.1 A partial representation of the periodic table excluding the Lanthanide and 

Actinide series. Boxed in red are Groups 10, 11 (Ni, Cu, Pd, Ag, Pt and Au), which include 

the elements of interest. 
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1.2 Synthesis of Colloidal Nanoparticles  

     In 1857, Michael Faraday was the first known scientist to document the synthesis of 

colloidal Au nanoparticles by reducing gold salts with organic compounds or 

phosphorous.2 He was also among the first to correlate the strong red color with the small 

size of the Au nanoparticles which he attributed to the “finely divided metallic state”.2 It 

wasn’t until 1937 these remarkable assertions could be verified through direct observation 

provided by a transmission electron microscope (TEM).3 The TEM, both then and now, 

provides researchers the ability to systemically relate their synthetic conditions with the 

morphology of their nanoparticle products, a necessity in the scientific process.  

     Among the most well-known nanoparticle synthesis routes is that of Turkevich, who, in 

1951 showed that narrowly distributed colloidal gold (~ 20 nm in diameter) could be 

formed by reducing tetrachloroauric acid (AuCl4-) with sodium citrate (Na3C6H5O7).
4,5 This 

processing route, among others, set the stage for what has become roughly six decades of 

colloidal synthesis aimed at engineering nanoparticle shape, size, composition, porosity 

and structure (i.e. solid vs. hollow, coreshell, heterostructures and combinations).6  

     Chemical reduction, like the one carried out by Turkevich, is still exists as the most 

popular methods for the synthesis of colloidal nanoparticles,7 among many others8. A 

prototypical chemical reduction reaction involves the injection of a reducing agent into a 

solution containing a metal ions, as shown in Figure 1.2. Common reducing agents include 

sodium borohydride, hydrazine, hydroxylamine, sodium citrate, sugars, alcohols, 

aldehydes, amides and amines.8 These reducing agents directly donate electrons to the 

metal cations resulting in the formation of metal atoms which undergo homogeneous 
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nucleation leading to crystal growth. Continuous growth only occurs if thermal fluctuations 

produce clusters greater than a critical radius r*, a value defined by both the volume- and 

surface-free energy terms.9  

     The straightforward reduction of metal ions produces an impressive distribution of 

colloidal nanoparticles. Should a residual charge (resulting in an electrostatic repulsion) 

between nanoparticles be insufficient to prevent collision, increasing time will result in 

flocculation and precipitation (which in most cases is unfavorable). Flocculation is a result 

from the van der Waals attraction between diffusing nanoparticles. To prevent this 

phenomenon, a chemical agent can be added (either before or after the synthesis) in the 

form of ligands, surfactants, ions, capping agents or stabilizers.10 These agents serve to add 

an electrostatic repulsion between nanoparticles, effectively inhibiting collisions which 

lead to flocculation. The theoretical foundations of colloidal stability were first postulated 

by Derjaguin, Landau, Verwey and Overbeek, (called the DLVO theory); a framework 

which continues to successfully describe the interplay between electrostatic forces, vdW 

forces and temperature.11,12 

     The size distribution and expressed morphological features of the resultant colloids can 

be tuned effectively by (i) choice of capping agents (which modulates surface energy)13, 

Figure 1.2 The schematic shows the reduction of metal ions with a reducing agent and 

subsequent homogeneous nucleation and growth into colloidal nanoparticles.  

 

Metal Atoms 

Homogeneous 

Nucleation Growth 

Colloidal Nanoparticles 

Reducing 

Agent 

Metal 

Ions 
Metal Clusters 

r > r* 



4 

 

(ii) plasmonic excitation14, (iii) radiation15 and as discussed by Lim et al. (iv) pH, (v) 

temperature, (vi) precursor concentration, (vii) ionic strength, (viii) reduction potential and 

(ix) injection rate.16 Since nanoparticle growth is very sensitive to all of these parameters, 

the governing mechanisms are often difficult to decipher.  

 

1.3 Synthesis of Substrate-based Nanoparticles 

     Physical vapor deposition (PVD) is a gas-phase synthesis route which involves the 

generation of a metal vapor, the impingement of metal vapor on a given substrate and then 

homogenous or heterogeneous nucleation and growth of a metal film. There are a number 

of methods utilized to source metal vapor to a substrate including sputter deposition17, arc 

discharge18, laser ablation19, thermal evaporation20 and electron beam based methods21.  

     Chemical vapor deposition (CVD), another popular gas-phase technique, involves a 

substrate exposed to a gaseous precursor which reacts and deposits a desired material onto 

the surface while the gaseous byproducts are constantly exhausted away by a continuous 

flow of gas.22 A variation of CVD is known as atomic layer deposition (ALD), a self-

limiting reaction which allows for growth of atomically specified thicknesses.23 ALD 

processes typically consist of binary reaction sequences involving two surface reactions to 

form a binary film. The finite number of surface sites constrains the reaction to a finite 

number of surface reactions and since each of the two surface reactions is self-limiting, the 

two reactions can proceed sequentially, producing an atomically thin film.23  

     All materials synthesized in this dissertation involve the room temperature sputter 

deposition of a metal onto an oxide substrate. Under these conditions, the metal adatoms 

tend to grow/assemble on the surface according to the Volmer-Weber growth mode 
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(discussed in section 1.3.1),24,25 a mode characterized by strong adatom-adatom 

interactions resulting in the early stage formation of discrete irregular islands but where 

continual deposition causes the islands to merge and form a continuous polycrystalline 

film. 

 

1.3.1 The Growth of a Thin Film via Sputtering 

     The vapor phase deposition of atoms onto a substrate is inherently a non-equilibrium 

phenomenon.26 In other words, during the deposition, the system of adsorbed atoms 

(adatoms) has not sufficient time nor energy to probe the potential energy field to settle 

into positions which minimize their overall surface energy (or attain thermodynamic 

equilibrium). During sputter deposition, the process of adatom assembly is largely 

determined by the ratio of surface diffusion rate, D, to the flux of atoms arriving to the 

surface, F,26 where the final location for a given adatom is governed by a competition 

between kinetics and thermodynamics. Surface diffusion can be imagined as adatoms 

hopping from site-to-site with rates defined by Arrhenius law (k = Ae-V/kBT), where A is 

related to the hopping distance, V is the energy barrier from site-to-site, kB is Boltzmann 

constant and T is temperature.27 Growth processes are typically described in terms of (i) 

surface energy, (ii) temperature, (iii) incident flux, (iv) adatom-adatom and adatom-

Figure 1.3 Shown schematically are three growth modes: a) Frank-van der Merwe, b) 

Volmer-Weber and c) Stranksi-Krastanov. Parameters 𝛾𝑆, 𝛾𝑀 & 𝛾𝐼 are surface-energies for 

the air-substrate interface, air-metal interface and metal-substrate interface, respectively. 

a. Frank-van der Merwe            b. Volmer-Weber                 c. Stranksi-Krastanov 

       (Layer-by-Layer)                      (Island Growth)               (Layer-by-Layer and Island)    
      𝛾𝑆 ≥   𝛾𝑀 + 𝛾𝐼                               𝛾𝑆 <  𝛾𝑀 + 𝛾𝐼                             𝛾𝑆  ≈ 𝛾𝑀 + 𝛾𝐼 
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substrate attractive forces and (v) surfactants/impurities.26,27 Depending on these 

parameters, there are three observed growth modes including (a) Frank-van der Merwe, (b) 

Volmer-Weber, and (c) Stranksi-Krastanov (Figure 1.3).    

 

Description of the Growth Modes: 

     An important point to be made prior to discussions about film growth in terms of surface 

energy is that considerations are defined by thermodynamic equilibrium. This is not 

necessarily attained should large kinetic barriers hinder the growth process. Despite this, 

knowing how the system will evolve provides a valuable measure for choosing substrate 

materials, temperatures, deposition conditions, etc.  

 

Frank-van der Merwe Growth - characterized by atoms assembling in a layer-by-layer 

fashion Figure 1.3a. Atoms preferentially assemble at the step edges of a growing film. 

This mode is typically observed when the attractive force between metal adatoms is much 

less than the attraction between atoms and the substrate. Consideration of surface-energies 

points to a relatively energy-expensive substrate-air interface where  𝛾𝑆 ≥   𝛾𝑀 + 𝛾𝐼. 

 

Volmer-Weber Growth – a growth mode observed throughout this dissertation; the atoms 

assemble into discrete 3-dimensional islands (Figure 1.3b), typically observed when 

highly dissimilar materials are interfaced.26 This growth-mode is shown in Figure 1.4; 

where TEM micrographs capture the morphological features of the sputter deposition of 

Cu onto SiO2 (Figure 1.4 a-e). Early stage growth is characterized by the formation of a 

high areal density of Cu islands (Figure 1.4 a,b), which, as growth continues (Figure 1.4 
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b), eventually merge to form a network of grains. Continued growth (Figure 1.4 d,e) 

results in the formation of a polycrystalline thin film. This mode occurs when the sum of 

the metal-substrate surface energy and metal-air surface energy are greater than substrate 

surface energy. (𝛾𝑆 <  𝛾𝑀 + 𝛾𝐼) Since the formation of a metal-air surface and metal-

substrate interface relatively are more expensive, the areas expressed by these surfaces are 

minimized by shaping the metal into a sphere (a minimum surface to volume ratio) and 

decreasing the effective contact area between the metal and substrate. 

 

Stranksi - Krastanov Growth – characterized by a layer-by-layer growth mode which, 

upon reaching a critical thickness, grows according to an island growth mode. The 

governing factors responsible for this growth mode are still under investigation.28 

However, this type of growth mode is typically observed when the sum of the metal-

substrate surface energy and metal-air surface energy are roughly equal to the substrate 

surface energy. (𝛾𝑆  ≈ 𝛾𝑀 + 𝛾𝐼) 

1.3.2 Thermal Dewetting 

     As previously discussed, the vapor phase deposition of a high surface energy material 

(i.e. a metal) on a low surface energy substrate (i.e. an oxide) results in the formation a 

Growth 

Time a

) 
b c d e 

Figure 1.4 TEM characterization of the Volmer-Weber growth mode for the sputter 

deposition of Cu on SiO2 at 1, 3, 5, 10 and 40 nm. Scale bar is 50 nm. 
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metastable metal thin film where atoms are locked into their position due to kinetic barriers 

(Figure 1.4). If however, directly after deposition, the sample is heated such that the atoms 

gain enough energy to overcome these remaining kinetic barriers, the system will continue 

to evolve toward equilibrium. This assembly process is known as thermal dewetting and is 

one of the most straightforward routes for synthesizing substrate-based metal 

nanoparticles. Figure 1.5a shows this process schematically, where first a metal (i.e. Au) 

is deposited on an oxide surface (i.e. Al2O3 or SiO2) and then heated. A tilted SEM image 

of the thermally self-assembled Au NPs on (0001)-sapphire is shown in Figure 1.5b. This 

process, carried out at 1100 °C, results in the formation of single crystal nanostructures 

firmly chemisorbed to the surface of an oxide substrate with morphologies consistent with 

that of the Wulff configuration or truncated octahedron (for FCC crystals). (Details in 

sections 2.2 & 2.3). The resultant sizes, areal densities, shapes and crystal orientations are 

strongly influenced by the deposition and annealing conditions, film thicknesses, 

impurities and substrate parameters including surface texture, crystal structure, and 

orientation.  

 

 

Figure 1.5 The preparation of substrate-based nanoparticles involves a) the sputter 

deposition of a metal thin film, heating and self-assembly of Au nanoparticles. b) Tilted 

view SEM micrograph of thermally assembled Au nanoparticles on a sapphire substrate.   
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1.3.3 Dynamic Templating: A Directed Assembly Process 

     While thermal dewetting provides a convenient high throughput method for the 

fabrication of metal nanostructures on surfaces, it suffers from two major disadvantages 

which include a (1) wide size distribution and (2) lack of control over position. To 

overcome these disadvantages, a technique called Dynamic Templating was invented by 

our group.29 This technique is a simple, inexpensive and serves as a versatile route for the 

templated assembly of metal nanoparticles ordered in periodic arrays on a surface. The 

schematic in Figure 1.6 shows this process step-step where (a) first a commercially 

available shadow mask is placed onto the substrate, (b) antimony and then (c) a metal (i.e. 

Au, Ag, Ni, Cu, Pt)29 is sputter deposited through the shadow mask, (d) the mask is 

removed leaving behind antimony-metal pedestals on the substrate, (e) the sample is heated 

to temperatures which causes antimony to sublimate (completely) and the metal to 

assemble at the center of the pedestal location, resulting in a periodic array (Figure 1.6-3).  

     The governing assembly mechanisms, shown in Figure 1.6-2, involve the following 

key requirements: (i) the rapid loss of material from the pedestal through sublimation (or 

evaporation), (ii) the preferential loss of this material from the pedestal sides due to the 

inhibition of the sublimation process (or evaporation) by material atop the pedestal and (iii) 

the formation of a liquid at the interface between the pedestal and the agglomerating 

material. Success of this process is reliant on maintaining a quasi-continuous capping layer 

which inhibits the sublimation through the pedestal top, and thus, the dissolution of the 

antimony into the metal is likely a key mechanistic requirement. In summary, the net effect 

is a highly anisotropic sublimation process which continuously reduces the top surface area 

of the pedestal until all the material is driven to the center and a single metal nanostructure 
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is left behind once all antimony sublimates/evaporates. The final product is shown in 

Figure 1.6–3, where a hand holds a sapphire substrate which supports an array of Au 

nanoparticles made using Dynamic Templating. 

  

 

1) 2) 

Figure 1.6 In 1) shows a schematic of the processing route involved in dynamic 

templating. In (1a) shows the placement of a shadow mask a substrate, then the sputter 

deposition of first (1b) antimony and then (1c) gold. Then the (1d) mask is removed, 

and the sample is (1e) heated with (1f) the end result being a periodic array of gold 

nanoparticles. The assembly mechanism is shown in 2a-c. As the pedestal is heated, 2a) 

antimony beings to sublimate from the sides of the pedestal where continuation leads to 

2b) forced inward diffusion of Au and finally 2c) assembly of Au into a single particle 

and complete removal of antimony. 3) A photograph (left) and SEM image (right) of a 

periodic array of Au seeds (tilt 45˚) on (0001)-sapphire. Images 1 and 2 were reproduced 

by permission of The Royal Society of Chemistry. 

 

3) 
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1.4 The Advantages of Substrate-based Nanomaterials 

 

     There are a number of advantages derived from working with substrate-based 

nanoparticles as compared to colloidal nanoparticles including: 

(1) Enhanced Stability: Thermally assembled nanoparticles are, for the materials and 

substrates herein discussed, well bonded to the substrate. This immobilization protects 

nanoparticles, upon exposure to chemicals and/or immersion into the various solvents, 

against flocculation. Colloidal nanoparticles, on the other hand, are extremely sensitive to 

chemical additives such as (i) ions30, (ii) acid or bases31, (iii) heating32, (iv) ligand 

exchange33, (v) light34 and (vi) gases34 which tend to induce flocculation.  

(2) Nanoparticle Surfaces Devoid of Ligands/Surfactants: The thermally assembled 

structures have the advantage of being free from ligand/surfactants which make these 

structures fundamentally unique from colloidal nanoparticles which are reliant on ligands 

for stability. The presence of ligands is known to (i) hinder heterogeneous catalysis by 

reducing the apparent reaction rates,35 (ii) alter the surface free energy,10 (iii) modulate hot-

electron lifetimes,36 (iv) change the local refractive index of the functionalized nanoparticle 

causing a shift in the plasmon resonance,7 and lastly (v) add additional ambiguity to 

processes such as homo/heterogeneous nucleation, galvanic replacement reactions, surface 

diffusion, or more generally, any process occurring at the surface. It’s also important to 

note that self-assembled nanoparticles can themselves be functionalized with ligands, 

making this platform ideal for establishing systematic comparisons between ligand and 

ligand-free states.  

(3) Epitaxial Alignment: The crystallographic orientation of the substrate can be used to 

dictate the crystal direction of the assembled nanoparticle. A nice example, and one which 
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is used repeatedly, is the thermal assembly of Au on (0001)-sapphire. The hexagonal 

packing of the atoms in the (0001)-sapphire provides the atomic geometry ideal for the 

formation of [111]-oriented Au structures. These facts can be established qualitatively with 

SEM (top view reveals 6-sided hexagonal structures) or quantitatively with X-ray 

diffraction data (discussed in section 3.5) which shows two dominant crystallographic 

orientation relationships of (111)[-211]Au∥(0001)[11-20]sapphire and (111)[2-1-

1]Au∥(0001)[11-2 0]sapphire.  

(4) Substrate Synergism: It has been proven extensively that the substrate can play an 

active role in chemical reactions.37 For example, metal nanoparticles supported on 

semiconductor supports have shown to be more catalytically active as compared to 

substrates comprised of dielectric materials.38 Arguably the best example of this is provided 

by Widmann and Behm where CO reduction rate (CO2 formation) is shown to be dependent 

on the substrate material where the rates order such that Au/TiO2 > Au/ZrO2 > Au/ZnO > 

Au/Al2O3; concluding, in this case, that the use of a reducible substrate material (i.e. TiO2) 

leads to active catalysis but where nonreducible materials (i.e. Al2O3) are inactive. This is 

one example of the important role the substrate can play in chemical reactions occurring 

on supported materials.   

(5) Access to a Variety of Materials: The vapor phase deposition of transition metals onto 

a surface is a very quick and inexpensive process. More important is the fact that your 

choice of metal is virtually unrestricted, so long as the metal target is available. This may 

not be so true when working with nanomaterials in the colloidal form, where, applications 

utilizing colloidal nanoparticles are typically developed once mature synthetic protocols 
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have already been established. Therefore, nanomaterial syntheses carried out in the vapor 

phase provide rapid access to a variety of materials ideal for systematic comparisons.  

(6) Same Particle Characterization by use of Surface Alignment Markers: One of the 

greatest advantages of working with nanoparticles on surfaces is the fact that the same 

nanoparticle can be characterized before, during and/or after a given reaction.  

(7) Ideal Platform for Dip-Catalysis: The utility of colloidal nanoparticles as 

heterogeneous catalysts is drastically hindered from the fact that these nanoparticles need 

to be recovered from the reaction vessel once a given reaction is complete. Recovery can 

take the form of filtering, centrifugation, or use of magnetism.39 To address this 

shortcoming, the dip-catalyst modality can be employed which involves the attachment of 

nanoparticles to a support (glass40, filter paper41) and cycled from one reaction to the next. 

(Several dip-catalyst platforms are discussed in Chapter 9)  

(8) Tuning the Plasmon Resonance: The placement of nanoparticles onto an oxide 

substrate, from either air or water, causes the plasmon resonance to red shift.42 This is 

observed when metal nanoparticles are either encapsulated or in contact with materials with 

higher refractive index including the commonly used substrates: sodalime glass (SLG), 

silica glass (SiO2), sapphire (Al2O3), indium tin oxide (ITO), magnesium oxide (MgO) 

which all have n > 1.4. Lastly, it’s important to note that the placement of metal 

nanoparticles on conducting substrates (i.e. ITO, FTO), can serve as a means apply an 

electric potential to carry out electrochemistry on single metal nanoparticles.43  
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1.5 The Applications of Plasmonic Nanoparticles 

     The applications which utilize metal nanostructures span many fields and can be 

summarized by the web below (Figure 1.7). Of particular relevance to this dissertation 

include applications such as photochemistry44, catalysis45,46, energy harvesting47, ultra-

high contrast biological imaging48, cancer therapy49, surface enhanced Raman 

spectroscopy50, plasmon mediated nanostructure growth51 and solid state hot-electron 

based solar cells52. These applications can be generally grouped into five broad categories 

which include catalysis, sensing, electronics, biomedical and energy applications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.7 A web representing the many applications of metallic nanoparticles.  
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CHAPTER 2 

 

CONCEPTS AND MATHEMATICAL FOUNDATIONS 

 

2.1 The Tunable Properties of Metal Nanoparticles 

      The hallmark of nanotechnology is the ability to tune the chemical and physical 

properties of nanomaterials through adjustments made to size, shape (i.e. faceting), 

composition (bi-, tri- and multimetallic platforms) and morphology (solid, hollow, porous, 

etc.). Before discussing the fundamental changes to properties, its good practice to realize 

the increases to surface area when the bulk is reduced to nanosizes. Take for example a 

gold cube with a mass of 1 mg reduced to mono-dispersed nanoparticles with diameters of 

5 nm (Figure 2.1); a process which increases the surface area by a factor 7.5 × 104. 

 

 

 

 

 

 

 

2.1.1 Size Dependent Properties  

     Apart from the high surface area to volume ratios attainable, nanoscaled particles 

exhibit properties unique from the bulk. As stated by Roduner, the exhibition of these 

unique properties can be attributed generally to (1) surface effects and (2) quantum 

effects.53  

Figure 2.1 A simple demonstration of the increase to SA upon reducing the size of 

material to the nanoscale.  

            Bulk Gold Cube                                         Gold Nanoparticles 

 

Mass = 1 mg 

SA = .83 mm2 

Vol = .05 mm3 

 

  Mass = 1 mg 

SA = 6.2×104 mm2 

Vol = .05 mm3 

 

5 nm 
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     (1) Surface effects: As a material becomes reduced down to smaller and smaller 

dimensions, there are a relatively larger number of atoms at the surface.53 Intrinsic to 

surfaces are atoms exhibiting a fewer number of nearest neighbors as compared to atoms 

in the bulk, giving rise to a drastically higher density of edge and corner sites which have 

an even lower coordination capable of binding foreign molecules more tightly.  

     (2) Quantum Effects: Solutions to the Schrödinger equation provide the wave function 

for a given system of particles (i.e. electrons) in a known spatial confinement and given 

potential. Since the wave function of the conduction electrons are delocalized over the 

entire particle, the electrons can be treated as ‘particles in a box’.53 The wave function and 

possible energies of a given system of particles are dependent on the confinement 

conditions (i.e. the size of the box), therefore, their energies can be tuned accordingly.53 

Therefore, the ability to form bonds, propensity to take part in redox reactions or simply 

interact with other systems can all be tuned through size modifications.  

 

2.1.2 Shape Dependent Properties  

     The expressed faceting of a given nanoparticle dictates the overall shape. For example, 

an FCC nanoparticle expressing all (111) – facets takes the shape of an octahedron, or for 

all (100) – facets, the shape of a cube. Since each facet contains a different packing 

symmetry and planar density of in-plane atoms (or coordination), the stability/reactivity 

for each facet is different. Applications such as catalysis is dependent on making and 

breaking bonds with molecules. Therefore, the reactivity which depends on faceting, is 

paramount in determining catalytic efficacy. An excellent example for the shape dependent 

catalytic activity was demonstrated by the Xia group, where the electrooxidation of formic 

acid was measured against nanoparticles expressing completely (111) – facets, 
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nanoparticles with completely (100) – facets, and nanoparticles exhibiting mixed 

combinations of both (111) and (100) facets (Figure 2.2).54 An increase in catalytic rate is 

observed when gradually changing shape from octahedron to cube. 

 

 

 

 

 

 

2.1.3 Composition Dependent Properties 

     Multimetal nanoparticle catalysts have attracted considerable attention over that of the 

monometallic platform due to (i) reduction in precious metal used and (ii) improvements 

to quality and properties of catalysts.55 Multimetal nanoparticles are known to display 

intermediate properties consistent with each constituent element.56,57 One example of the 

utility in multimetal nanoparticles can be realized when considering Au. Since Au is one 

of the most ubiquitous materials in use, alloying with other materials will not only reduce 

the usage of Au, but also provide additional property tunability.58 This rationale is the same 

for Pt, a material which is and will continue to be heavily used in polymeric electrolyte fuel 

cells (PEFC). According to Sealy, assuming each fuel cell vehicle requires 15 g Pt, 

approximately 5 billion can be manufactured, enough to meet the demand.59 Therefore, the 

search for a multimetal catalysts comprised of inexpensive and available materials will not 

only reduce the demand for Pt but also potentially enhance the efficacy of the catalyst, 

making PEFC’s economically feasible.  

Figure 2.2 Shown schematically 

is the evolution of octahedron to 

the cube morphology. The rate 

of electrooxidation of formic 

acid is shown to increase as the 

shape tend toward a cube, or 

(100)-facets.54 This process 

provides an excellent means for 

determining the role of facet 

type in catalysis.   
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2.2 The FCC Crystal Structure 

     The physical and chemical properties of 

materials depend critically on how atoms assemble 

into 3D lattices. The elements in Group 10 & 11 (the 

first three rows) form a Face Centered Cubic (FCC) 

crystal lattice as depicted into Figure 2.3, having an 

atom at each corner (blue) and one at the center of 

each face (green) of the cubic cell, giving an atom 

embedded in the bulk a total of 12 nearest neighbors. While the bulk ordering of atoms has 

a large effect on physical properties (elasticity, electrical and thermal conductivity, etc.), 

the chemical interactions between nanoparticles and the external environment are largely 

dictated by the arrangement of atoms at the surface. For FCC nanoparticles, facet 

expression is typically characterized by a combination of the three low index facets; the 

(111), (100) and (110). The most stable (or lowest energy facet) is the (111) facet, where 

atoms have a hexagonal packing (Figure 2.4a). Each atom in (111)-plane has a 

coordination number of 9, the highest possible among facets. While in-plane atoms are well 

bonded, atoms which rest directly on the (111)-plane only have a coordination of only 3, a 

feature conducive to (i) high atomic diffusion and (ii) lower reactivity (with respect to 

reactions later discussed in Chapters 4 – 9).  The (100)-facet is the second most stable 

facet, hosting atoms with an in-plane and on-plane coordination of 8 and 4, respectively 

(Figure 2.4b). Lastly, the (110) facet is the most energetically expensive to create (among 

low index facets), having an in-plane and on-plane coordination of 7 and 5, respectively 

(Figure 2.4c). 

Figure 2.3 The FCC lattice.  
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2.3 Surface Energy 

     The term surface energy (γ), or surface free 

energy, is used to quantify the disruption of 

intermolecular bonding of a surface. In other 

words, it is the amount of energy required to 

create a given surface from the bulk. This 

concept is best understood if imagined as a 

perfect crystal which is separated into two 

halves along a plane defined by one of the low 

index facets of an FCC crystal (i.e. (111), (100) 

or (110)). The energy required to create these two new surfaces, divided by the total area, 

is the surface free energy. The knowledge of surface energy is an invaluable tool when 

shape engineering nanostructures as it provides the how and why atoms tend to assemble 

into observed morphologies.  Table 2.1 provides a list of surface energies for the metals of 

interest.  

Figure 2.5 A) Shown above from the 

[100]-axis is the low energy Wulff 

configuration comprised of both 

(100)- and (111)-facets. The atomic 

packing for B) (111), C) (100) and D) 

(110)-facets are shown.  

Figure 2.4 The low index facets for an FCC crystal consisting of a) (111) b) (100) and 

c) (110). The respective planes are shown in a cubic cell. Adjacent to each cubic cell is 

the manner in which atoms pack into the respective plane.  

 (111)                  (100)                 (110) 
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   Differences in surface energy among atomic planes 

can be realized by considering the atomic packing at 

the interface. As stated previously, an atom resting in a 

(111)-facet is bonded to 9 other neighbors whereas the 

(100)- and  (110)-facets have 8 and 7, respectively. 

Therefore, it is understood that the formation of a high 

energy facet will require the breaking of more bonds 

per area, an energetically expensive event.  

     In 1878, Gibbs presented a fairly simple 

mathematical interpretation of these notions.61 He 

defined ∆G as the difference in energy between a 

crystal of finite dimension versus that of the same 

crystal imbedded in an infinitely large crystal. Proposed was that the equilibrium shape of 

the nanocrystal will be one such that the ∆G is minimized, where the Gibbs free energy 

change is given by: 

                    ∆𝐆 = ∑ 𝛄𝐤𝐀𝐤

𝐤

 

     Where surface energy (γk) and area (Ak) is representative of any facet “k”. Since the 

low index facets are more stable than that of the higher index facets, an accurate solution 

can be attained by only considering that of the (111)-, (100)- and (110)-facets. An example 

of a prototypical low energy Wulff configuration is provided in Figure 2.5, which shows 

the expression of (111)- and (100)-facets, where area of the (111) is slightly higher than 

that of the (100) due to that fact that γ111 <  γ100. The substrate also plays a role, but 

mostly with respect to contact angle formed between the surface and nanostructure. 

Metal Surface energy60, 

(eV/atom; J/m2) 

Ni (111)    0.695   2.011 

(100)    0.969   2.426 

(110)    1.337   2.368 

Cu (111)    0.707   1.952 

(100)    0.906   2.166 

(110)    1.323   2.237 

Pd (111)    0.824    1.920 

(100)    1.152    2.326 

(110)    1.559    2.225 

Ag (111)    0.553   1.172 

(100)    0.653   1.200 

(110)    0.953   1.238 

Pt (111)    1.004    2.299 

(100)    1.378    2.734 

(110)    2.009    2.819 

Au (111)    0.611   1.283 

(100)    0.895   1.627 

(110)    1.321   1.700 

(1) 

Table 2.1 Surface Energies 
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Assembled metal nanostructures on low-surface energy substrates give rise to structures 

with large contact angles. Assembly on high-surface energy substrates result in flat or 

hemispherical structures.62 

  

2.4 Galvanic Replacement Reactions 

 

     A galvanic replacement reaction is an electrochemical process involving the oxidation 

of one metal (i.e. template) by the ions of another metal with a higher reduction potential.66 

This interaction results in the oxidation and dissolution of the template while the ions of 

the second metal become reduced and plated onto the template. This straightforward 

reaction is the most popular approach for synthesizing hollow nanomaterials.  The 

mechanistic details of this reaction carried out on thermally assembled templates are 

discussed in Chapter 4 – 6. In the next section, an introduction to the governing chemical 

thermodynamics is provided.  

  
2.4.1 The Nernst Equation 

     In the early 1900’s, Walther Nernst, a German Physicist and Nobel Laureate, developed 

the mathematical constructs for a number topics related to solid state physics, 

thermodynamics, electrochemistry and physical chemistry.63 His contributions to 

electrochemistry, notably the Nernst Equation, are immediately relevant to the galvanic 

replacement reactions used in the formation hollow metal nanoparticles. The Nernst 

equation relates the reduction potential of a given half-cell reaction to temperature, reaction 

quotient and standard cell potential. A galvanic replacement reaction, between a solid and 

metal ion species, can be represented by n-number of metal ions (Am+), which have a 

higher reduction potential, that oxidize m-number of neutral species (Bo) having a lower 
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reduction potential. The end result is n-number reduced species (Ao) oxidized by m-number 

of species (B). The complete redox reaction is given by:  

                         𝐧𝐀𝐦+ + 𝐦𝐁𝐨  ⇆ 𝐧𝐀𝐨  + 𝐦𝐁𝐧+ 

The complete redox reaction can be written as half reactions:  

                                                     𝐧𝐀𝐦+ + 𝐦 𝐞− → 𝐧𝐀𝐨            (𝐫𝐞𝐝𝐮𝐜𝐭𝐢𝐨𝐧)                        (3) 

                                                     𝐦𝐁𝐨 → 𝐦𝐁𝐧+ + 𝐧𝐞−            (𝐨𝐱𝐢𝐝𝐚𝐭𝐢𝐨𝐧)                         (4) 

 

     Each half reaction has a tabulated reduction potential describing the tendency for the 

given species to gain electrons or become reduced (hence reduction potential). The species 

with a higher (more positive) reduction potential will take electrons from (or oxidize) a 

species having a lower potential. If the half reaction A (the species being reduced) has a 

reduction potential Ered
o  and the half reaction B (the species being oxidized) has a reduction 

potential Eox
o , the measure of the potential difference between each half reaction is known 

as the cell potential, Eo:64  

                         𝐄𝐨 =  𝐄𝐫𝐞𝐝
𝐨 −  𝐄𝐨𝐱

𝐨      

      The values for a given reduction potential are well established are provided with respect 

to a given standardized electrode known as a standard hydrogen electrode (SHE). The SHE 

forms the basis for the thermodynamic sale of redox potentials. Table 2.2 provides the 

potentials for the group 10 and 11 metals.65 

     Also of relevance to the Nernst formulation is the relative proportion of reactants to 

products, formally known as the reaction quotient Q, which can be written as:  

                       𝐐 =  
[𝐀𝐨]𝐧[𝐁𝐧+]𝐦

[𝐀𝐦+]𝐧[𝐁𝐨]𝐦
=

[𝐁𝐧+]𝐦

[𝐀𝐦+]𝐧
 

(2) 

(6) 

(5) 
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If both 𝐄𝐨 and Q are known, the potential of a given oxidation-reduction reaction can be 

given by (The Nernst Equation): 

                      𝐄 =  𝐄𝐨 − 
𝐑𝐓

𝐳𝐅
𝐥𝐧 𝐐 

     Where ‘Eo’ is the standard cell potential, ‘R’ is the universal gas constant, T is 

the absolute temperature, ‘F’ is the Faraday constant (coulombs per mole of electrons), 

‘z’ is the number of moles of electrons transferred in the half-reaction and ‘Q’ is 

the reaction quotient.  

 

 

 

 

 

 

 

 

 

 

2.4.2 Galvanic Replacement on Nanoparticles     

      The classic example in literature is the galvanic replacement of silver (Ag) with gold 

(Au). Ag nanostructures are, by far, the most commonly used sacrificial templates for 

galvanic replacement reaction due to: (i) the relatively low electrochemical potential of Ag 

(0.8 V vs. SHE, i.e. the standard hydrogen electrode) 66 and (ii) a colloidal chemistry that 

is both rich and well-established.67-72 The prototypical galvanic replacement reaction is one 

where silver templates (nanocubes, cuboctohedrons, nanorods or nanowires) are reacted in 

an aqueous solution of HAuCl4.
73 In this reaction, the reduction of each Au3+ ion results in 

Element (Ion) Redox E° 

(V vs. SHE) 

Ni (Ni2+) -0.26 

Cu (Cu2+,Cu+) 0.34, 0.52 

Pd (Pd2+) 0.95 

Ag (Ag+) 0.80 

Pt (Pt2+) 1.18 

Au (Au3+) 1.49 

(7) 

Table 2.2. The standard redox potentials65 

http://en.wikipedia.org/wiki/Universal_gas_constant
http://en.wikipedia.org/wiki/Absolute_temperature
http://en.wikipedia.org/wiki/Faraday_constant
http://en.wikipedia.org/wiki/Coulomb
http://en.wikipedia.org/wiki/Mole_(unit)
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Half-reaction
http://en.wikipedia.org/wiki/Reaction_quotient
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the oxidation and dissolution of 

three Ag+ ions from the template. 

While the synthetic pathways are 

relatively straightforward, the 

underlying mechanisms guiding 

galvanic replacement reactions are 

complex. Silver nanocubes exhibiting six {100}-facets are, from a mechanistic standpoint, 

a simple template material. Galvanic replacement reactions transform nanocubes into 

hollow nanoboxes composed of an Au-Ag alloy, 74 where the steps include (i) Au plating 

onto the Ag template, (ii) the formation of a pit to allow silver to leave the core, (iii) Au 

diffusion processes which result in sealing and (iv) lastly dealloying, as summarized in 

Figure 2.6. 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 Au3+ is reduced and 

heteroepitaxially deposited as Auo on the remaining Ag template. The 100 °C reaction 

temperature is required to prevent the precipitation of AgCl, 75 and is sufficient to cause 

rapid alloying between the deposited Au and the underlying Ag.66 Template hollowing is 

postulated to initiate 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-

Figure 2.6 Schematic illustrating the various 

stages of a galvanic replacement reaction carried 

out on a Ag nanocube template. 
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opening then seals due to volume diffusion, surface diffusion, dissolution followed by re-

deposition or a combination of the aforementioned.73 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 slow dealloying of Ag from the walls of the nanobox.74 Due to 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.  

     Structures formed from galvanic replacement reactions on templates with multiple facet 

types express a greater complexity due to a facet dependent reactivity. For this scenario, 

the reaction product can achieve a shape which radically differs from that of the original 

template. Notable examples include templates which are cuboctahedrons,76 polyhedrons,77 

multiply twinned particles (MTP) 78 and nanowires79. The early stages of the reaction are 

characterized by the preferential deposition of Au on facets having the highest surface 

energy. With a hierarchy of surface energies of γ{110} > γ{100} > γ{111} for a face 

centered cubic template, 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 sites for pitting, 

hollowing and dealloying-induced void formation.66 

     In addition to the aforementioned studies, there is an emerging importance being placed 

on the evolving charge distribution within the dissolving template as it undergoes a 
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galvanic replacement reaction. Such influences result in the unexpected asymmetric 

hollowing observed in Ag-Au-Ag nanorod structures whereby one end of the structure 

hollows prior to the onset of hollowing at the opposite end. 80 One research group has 

shown that palladium nanotube templates form tadpole-like structures instead of the 

expected nanotube morphology when reduced with Au3+.79 More recently, 81 these same 

influences have been used in combination with underpotential deposition82 on a central 

nanocrystal to obtain unprecedented control over the nanostructure geometry. 

 

2.5 The Localized Surface Plasmon Resonance 

     A plasmonic nanostructure, otherwise commonly referred to as a nanoscaled antenna, 

is capable of absorbing large amounts of light energy. The absorbed light energy manifests 

itself as large localized electric fields emanating from the nanostructure’s surface. These 

near fields can be as high as 102 – 103 Einc and even 104 – 105 Einc for closely spaced 

nanoparticles,83 which have the potential not only enhance technologically relevant 

chemical and physical processes,83 but also provide the means to discover new ones.44  

 

 

2.5.1 The Physics of the Light-Matter Interaction  

     A localized surface plasmon resonance (LSPR) is a coherent oscillation of the 

conduction electrons in a metal nanoparticle. An incident photon can be used to stimulate 

the LSPR provided that the frequency of photon matches the resonance frequency of the 

electrons in the nanoparticle. The resonance frequency for the metals such as Cu, Ag, and 

Au span the visible region of the electromagnetic spectrum (400 - 800 nm, 1.5 - 3.1 eV), 

whereas metals such as Al, Cr, Mg, Rh, Ru, Ti, Pt and Pd have resonances in the UV region 
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(200 - 400 nm, 3.1 - 6.2 eV).84 Most plasmonics applications deal with Au nanoparticles 

due to their electromagnetic properties, mature synthetic procedures, resistance to 

oxidation, biocompatibility, and ease of functionalization.85 

     The parameters which define the spectral position and intensity of the LSPR include 

electron density, effective mass, particle shape, size, dielectric constant and local 

environment (i.e. index of refraction, neighboring fields, and temperature).86 Figure 2.7 

shows the collective oscillation of free electrons induced by a photon resonant with the 

localized surface plasmon.   

 

2.5.2 The Parameters Defining the LSPR 

    When the diameter of a metal nanoparticle is much less than the wavelength of light, the 

polarizability ‘𝛂’ induced by a photon of angular frequency ω, can be approximated by the 

Clausius - Mossotti (C-M) relation87: 

                  𝛂 = 𝟑𝐕𝛆𝐨

𝛆(𝛚)  −    𝛆𝐦

𝛆(𝛚) +  𝟐𝛆𝐦
 

     Where 𝛆𝐨 is the permittivity of vacuum, 𝛆𝐦 is the dielectric constant of the medium, 

𝛆(𝛚) and V are the frequency dependent dielectric constant and volume of the metal 

nanoparticle, respectively.  The dielectric constant is defined by two components, a real 

(8) 

Figure 2.7 The interaction between a 

metal nanoparticle and a photon resonant 

with the localized surface plasmon. The 

conduction electrons couple with the 

electric-field of the incident photon, 

causing the electrons to oscillate in phase 

with the photon. The y-axis is parallel to 

the incident electric-field where the 

positive x-axis points in the photon 

propagation direction, or k-vector.      

y 

x 

E 

k 



28 

 

and imaginary part where 𝛆(𝛚) =  𝛆𝐫(𝛚) +  𝐢𝛆𝐢(𝛚). One can immediately see that the 

resonance conditions are met when 𝛆𝐫(𝛚) = −𝟐𝛆𝐦  where 𝛆𝐢 is assumed to be both small 

and only weakly dependent on 𝛚.88 The dielectric constant 𝛆𝒓(𝛚), is comprised of material 

properties including electron density, electron mass, interband transitions and electron 

charge. Upon evaluating the C-M relation, (finding where experimetally derived 𝛆𝐫(𝛚) – 

values equate to  −𝟐𝛆𝐦) approximate theoretical resonances can be tabulated. Table 2.3 

shows these theoretical values for the LSPR of Cu, Ag and Au in air (n = 1.00) and in water 

(n = 1.33). The right-most column provides a rough range of experimentally observed 

resonances for colloidal Ag, Au and Cu nanoparticles. Deviations from theory are not 

surprising since experimentally observed nanoparticles typically have variety of sizes, 

capping agents (higher index of refraction), defects and aggregates/dipole-dipole 

interactions, surface oxide (i.e. Ag and Cu, not Au), all contributers to resonance shifting.   

 

 

 

 

 

 

              

                      Note: Wavelength values for where 𝛆 = −2𝛆𝒎 are from Rakić 91 

 

2.5.3 The Role of Shape on the Localized Surface Plasmon 

     Altering the shape of nanoparticles has a profound effect on the localized surface 

plasmon resonance. This collective oscillation of conduction electrons moves with respect 

 𝝀(𝛂𝒎𝒂𝒙),  

nm 

n = 1.00 

𝝀(𝛂𝒎𝒂𝒙),  

nm 

n = 1.33 

𝝀(obs.),  

nm 

n = 1.33 

Cu 341 454 520 – 560 

[ref 89] 

Ag 362 398 390 

[ref 90] 

Au 483 518 520 

[ref 90] 

Table 2.3 Resonances Based on Clausius- Mossotti Relation  
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to the positive lattice, which constantly serves as a restoring force. Nanoscaled features 

such as corners, edges and pores dictate the magnitude of this restoring force.92 These 

morphological features also have a profound effect on the spectral profile of the localized 

surface plasmon resonance, to the extent that a plasmonic fingerprint can be established for 

each nanoparticle morphology. As an example, Figure 2.8 below shows the normalized 

absorbance spectrum of a gold sphere (red), nanoprism (blue), nanorod (green) and a 

nanoshell (purple) simulated with DDA, each exhibiting a unique LSPR.  

 

2.5.4 The LSPR of Supported Nanostructures  

     The dispersal (or growth) of metal nanoparticles on a surface changes the LSPR spectral 

position and features.93 If, for example, nanoparticles are transferred from air (n = 1.00), to 

water (n = 1.33), the LSPR will red shift. Analogous to this is when nanoparticles are either 
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Figure 2.8 The absorbance spectrum is gold sphere (red), nanoprism (blue), nanorod 

(green) and a nanoshell (purple) simulated with DDA. The sphere has diameter 50 nm, 

nanoprism edge length and height 50 and 20 respectively, nanorod 50 nm length and 10 

nm width and nanoshell 50 nm and 55 nm inner and out diameter respectively.  

 



30 

 

encapsulated or in direct contact with materials with higher refractive index including the 

commonly used substrates: sodalime glass (SLG), silica glass (SiO2), sapphire (Al2O3), 

indium tin oxide (ITO), magnesium oxide (MgO), where nSLG = 1.53, nSiO2 = 1.46, nAl2O3 = 

1.77, nITO = 1.8 – 2.2, and nMgO = 1.7.91 This is due to the induction of an image charge on 

the neighboring body which causes not only a red shift in the LSPR but also, in some cases, 

the expression of new modes.42 Lastly, it’s important to note that if nanostructures are 

placed too close to one another, dipole-dipole interactions could also drastically red shift 

the LSPR.94 

  

2.5.5 Electromagnetic Simulation Packages  

 

    There are a number of software packages available for simulating the interaction 

between arbitrarily shape metal nanoparticles and incident radiation. Growing in popularity 

is the user friendly and commercially available Finite-Difference Time-Domain (FDTD) 

method, offered by Lumerical. The FDTD uses finite differences to approximate the spatial 

and temporal derivatives in Maxwell’s equation. This software is capable of solving for a 

number of valuable solutions including extinction, scattering, absorbance and the near 

field.95 

     All simulations carried out in this dissertation were performed using The Discrete 

Dipole Approximation (DDA). The theoretical inspiration for DDA was sparked in 1909 

by Lorentz who realized that the dielectric properties of materials is directly related to the 

polarizabilities of individual atoms by the Clasius-Mossotti relation (mentioned 

previously).96 The general idea of DDA was first introduced in 1964 by DeVoe who was 

investigating the optical properties of molecular aggregates.97 Later in 1973, 
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astrophysicists Purcell and Pennypacker used DDA to compute the scattering and 

absorption of starlight from interstellar dust.98 The basic idea of DDA involves replacing 

the particle with a lattice of polarizable points which, upon applying an electric field, 

acquire a dipole moment. The dipoles respond to both the applied field and also 

neighboring dipoles. This then is an algebraic problem involving a system of interacting 

dipoles. DDA is an iterative algorithm capable of approximating the scattering and 

absorption spectra of arbitrarily shape particles, provided the optical constants are known. 

In 1994, Draine and Flatau implemented this algorithm in Fortran, calling the code 

DDSCAT.99 Summarized below are the key mathematical concepts involved in the 

algorithm. The simulated particle consists of a 3D-array of polarizable points, which, upon 

applying an external E-field undergo a dipole polarization Pi equal to:  

  

𝐏𝐢 =  𝛂𝐢 · 𝐄𝐥𝐨𝐜(𝐫𝐢) 

Where αi is a material dependent property known as the polarizability tensor and Eloc(ri) 

is the instantaneous local electric field at ri given by: 

𝐄𝐥𝐨𝐜(𝐫𝐢) =  𝐄𝐨𝐞𝐢𝐤·𝐫𝐢 − ∑ 𝐀𝐢𝐣 · 𝐏𝐣

𝐣≠𝐢

  

On the right hand side, the first term represents the electric field induced by the incident 

wave at the dipole at ri and the second term sums the induced field at ri by all 

neighboring dipoles. DDScat computes Pj which satisfies a system of 3N linear equations 

given by:  

𝐀′ · 𝐏 = 𝐄 

(9) 

(10) 

(11) 
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     For a system with N total dipoles, E and P are 3N dimensional vectors, and A’ is a 3N 

x 3N matrix. Solving this set of 3N complex linear equations, the polarizations Pj are 

determined, and from this can be determined the scattering, absorption and extinction.100  
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CHAPTER 3 

 

NANOMATERIAL CHARACTERIZATION TECHNIQUES 

3.1 Introduction 

     The observations and conclusions derived from data is essential for gaining the full 

understanding and appreciation of mechanistic insights described in Chapter’s 4 - 9. 

Therefore, a brief discussion of the working principles will be discussed along with 

example data and analysis. The techniques discussed include UV-Vis-NIR Spectroscopy, 

atomic force microscopy (AFM), scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), X-ray diffraction (XRD), and selected area electron 

diffraction (SAED).  

3.2 UV-Vis-NIR Spectroscopy 

      The optical properties of the nanomaterials can be used to deduce information about 

their structure and morphology. Visible spectroscopy provides the easiest way to monitor 

real time changes over time, an advantage not (yet) readily accessible via electron 

microscopy. Presented on the next page are three steps which summarize how a sample is 

characterized using UV/Vis spectroscopy. First, nanoparticles are synthesized on a 

transparent substrate (i.e. SiO2, Al2O3, MgO, etc.). The sample is then mounted into the 

UV/Vis spectrometer such that the beam penetrates the sample normal to the surface. The 

spectrometer measures an absorbance spectrum which can be correlated to the physical 

aspects of the nanoparticles including nanoparticle size, shape, composition, structure (i.e. 

hollow, porous), substrate (or support), electron density, surface chemistry, dielectric 

environment, temperature and external fields.  
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Step 1: Sample Preparation, Electron Microscopy, Analysis 

 

Step 2: Optical Characterization: UV/Vis Spectroscopy and Extinction  

 

 

 

 

 

 

Step 3: Interpretation and Analysis of the Absorbance Spectrum 
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3.3 Atomic Force Microscopy 

     Atomic force microscopy (AFM) is a technique used to measure the nanoscale 

topography of surfaces.101 It involves a sharp tip (with radius typically less than a few nm) 

attached to the end of a microsized cantilever oscillating at or near resonance. A laser is 

directed at the back of the cantilever, reflected and then detected by a position sensitivity 

photodetector (PSPD) (Figure 3.1a). As the probe rasters over a selected area (Figure 

3.1b), deflections in the cantilever induced by nanoscaled features are detected and 

interpreted by the software to construct an image. A simple feedback loop is used to keep 

the height of the tip a safe distance above the sample. It is important to note that the x-

direction data (i.e. in-plane distances) are less reliable due to convolutions brought about 

by the morphology of the tip. A sample 3D-image is shown in Figure 3.1c where thermally 

assembled Au NPs on sapphire are scanned.  
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Figure 3.1 a) The laser is directed at the back of the cantilever, reflected and then 

detected by a photodetector (PSPD). b) As the tip rasters the surface, the deflection of 

the cantilever is detected by the laser and which is used to construct a height image. c) 

A 3D-image captured using AFM showing self-assembled Au nanoparticles on Al2O3.   
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3.4 Electron Microscopy 

     Optical microscopy becomes physically limited when attempting to characterize 

materials having subwavelength sizes. This limitation is known as the Abbe diffraction 

limit.102 In the mid 1800’s, Abbe determined that the resolution of an optical microscope 

is directly proportional to the incident wavelength and inversely proportional to the 

numerical aperture,103 where the spatial resolution can be defined by105:  

                𝐝 =  
𝛌

𝟐𝐧𝐬𝐢𝐧𝛉
 

     Where λ is the wavelength of the radiation used to image the object, 𝐧𝐬𝐢𝐧𝛉 is a 

numerical aperture of the lens (𝐧𝐬𝐢𝐧𝛉 ≈ 1).104 Since visible light is in the range of 400 – 

800 nm, the best spatial resolution possible is ~150 nm. Since nanomaterials have at least 

one dimension of their morphology under 100 nm, optical microscopy is ineffective.  

     The hallmark of electron microscopy is that the wavelength of the incident electrons 

can be made roughly six orders of magnitude shorter than visible light. The wavelength of 

an electron can be determined by equating the kinetic and potential energy terms:  

                          
𝟏

𝟐
𝐦𝐨𝐯𝟐 =  𝐞𝐕 

Where mo and v are the rest mass and velocity of the electron, respectively. On the right 

hand side, e and V represent the charge and voltage on the electron. Since the above 

equation can be rearranged such that momentum can be known, the de Broglie relation (pλ 

= h) can be used to determine the wavelength of the electron. Taken all together, including 

relativistic effects, the wavelength of the electron can determined by solving105:   

                          𝛌𝐞 =  √
𝐡𝟐

 [𝟐𝐦𝐨𝐞𝐕 (𝟏 +  
𝐞𝐕

𝟐𝐦𝐨𝐜𝟐) ] 
 

(12) 

(13) 

(14) 
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     Where h is Planck’s constant and c is the speed of light. Table 3.1 provides a series of 

accelerating voltages with corresponding wavelengths, velocities and resolutions.  

Table 3.1 Electron Properties and Resolution as a Function of Accelerating Voltage 

† Resolution values are based on the formula in ref 105 where d = 1.22 λe/β. Values are 

obtained without corrections to the various forms of aberrations and for the upper limit 

value of β = 10 mrads. 

 

3.4.1 Scanning Electron Microscopy 

     When the incident beam of electrons 

interacts with a sample, three varieties of 

electrons (scattered and/or emitted) 

including: (i) secondary electrons 

(inelastically scattered) with energies < 50 

eV, (ii) backscattered electrons (elastically 

scattered), which have energies similar to 

those of the incident electrons and (iii) 

Auger electrons, with very low energies, 

which are emitted by the decay of excited 

atoms.105 The secondary electrons, used primarily for topographical imaging, are captured 

by a detector which is located to the side of the sample chamber (Figure 3.2). 

Backscattered electrons, used for elemental-contrast (or Z - contrast), are collected by a 

detector located directly above the sample.106  

Accelerating 

Voltage (kV) 

Relativistic 

Wavelength (pm) 

Velocity (x 108) 

(m/s) 

Theoretical 

Resolution† (nm) 

100 3.68 1.64 0.45 

200 2.73 2.09 0.33 

300 2.23 2.33 0.27 

400 1.93 2.48 0.24 

1000 1.22 2.82 0.15 

Backscattered 
Electrons 

 

Vacuum 
 

SE 
Detector 

 

Incident  
Electrons 

 

BS 
Detector 

 

Secondary 
Electrons 

 

Auger 
Electrons 

 

Figure 3.2 A schematic showing the 

interaction of incident electrons with a 

nanostructure and the resulting electron 

types for SEM.  
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3.4.2 Transmission Electron Microscopy  

     As discussed previously, SEM captures 

secondary and backscattered electrons to 

create an image. It turns out that the 

resolution of SEM is limited by the 30 kV 

voltages used. Higher resolution can be 

attained via transmission electron microscope 

capable of accelerating voltages of up to 300 

kV shortening the electron wavelength a 

factor of 105 - 106 compared to visible light107 

with λe = 2.51 pm and ve = 2.086 x 108 m/s.105 

The resolution, d, of the TEM is defined by 

λe, the electron wavelength, and β, the semi-

angle of collection of the magnifying lens.105 

𝐝 =
𝟏. 𝟐𝟐𝛌𝒆

 𝛃
 

The semiangle 𝛃, can be approximated to 10 mrads which is an upper limit for TEM’s.105 

As shown in Figure 3.3, the detector for the TEM is located directly beneath the sample 

where transmitted/scattered electrons are collected. Areas of the sample which are thicker 

or comprised of material with a higher Z appear darker. The primary drawback of TEM 

stems from the fact that the sample must be extremely thin and dispersed on a TEM grid. 

The grid, which has windows with thicknesses < 100 nm, can be made of variety of 

materials, the most popular being carbon, TiOx and Si3N4. Sample preparation for 

nanomaterials made in solution involves drop casting directly onto the TEM grid.   

Backscattered 
Electrons 

 

Vacuum 
 

Detector 

 

Incident  
Electrons 

 Secondary 
Electrons 

 
      Auger 
Electrons 

 

Transmitted 
Electrons 

 

Figure 3.3 Schematic of the working 

principle. The electrons are sent through 

the sample and collected by the detector 

directly beneath the sample area.   

 

(15) 
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3.5 X - Ray Diffraction 

     X-ray diffraction (XRD) is a technique used 

to measure the distance between planes in 

crystals.  Common to X-ray diffractometers are 

X-rays sourced by a Cu K-alpha emission having 

energies of 8.1 keV and wavelengths of 1.54 Å. 

When coherent monochromatic X-rays interact 

with the lattice of a given crystal, an Edwald 

sphere is produced around the sample. This sphere consists of X-rays interfering with one 

another both constructively and destructively. Constructive interference occurs when 

Braggs equation is satisfied: 
 

𝐧𝛌 = 𝟐𝐝𝐬𝐢𝐧𝛉 

Where n is a positive integer, λ is the wavelength of incident X-ray, d is the spacing 

between a given plane and θ is the Bragg angle. The spacing between atomic planes can 

be deduced provided several parameters are known including (1) the angle of incidence, 

(2) the spatial aspects of the diffraction sphere and (3) the wavelength of the X-rays. The 

technique utilized throughout this dissertation is known as theta-2theta or (θ - 2θ), which 

detects X-ray intensity (at a known distance from the sample) as a function of 2θ, (Figure 

3.4). In order to solve for the d-spacing based on experimentally measured 2θ values, a 

general expression for d-spacing as a function of 2θ can be solved for. This can be done by 

inserting expressions for d-spacing into Braggs equation (eq 16). 

 

 

Figure 3.4 The interaction between 

incident X-rays (green) and a crystal 

lattice (black dots).  

 

Figure 3.4  The interaction between 

incident X-rays (green) and a crystal 

lattice (black dots).  

(16) 

2θ 
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For a cubic system, the distance between parallel-

planes can be represented by (Figure 3.5):  

                      
𝟏

𝐝𝟐
=

𝐡𝟐 + 𝐤𝟐 + 𝐥𝟐

𝐚𝟐
 

where the indexes (h k l) represent the Miller indices 

of the Bragg plane and ‘a’ is the lattice constant and 

d is the distance between planes. By simply isolating 

d from the above equation and substituting into 

Braggs equation, one can arrive at the value for 𝟐𝛉:  

         𝟐𝛉(𝐡 𝐤 𝐥)  =  𝟐𝛌𝐬𝐢𝐧−𝟏 √
(𝐡𝟐 +  𝐤𝟐 + 𝐥𝟐)

𝟒𝐚𝟐
  

Since all parameters are known from the above equation, theoretical 2θ(h k l) values can be 

evaluated for the materials of interest, as shown in Figure 3.6.   

     Two examples where θ-2θ spectra were collected are presented in Figure 3.7. The first 

example (Figure 3.7a) is a θ-2θ spectrum of thermally assembled gold nanoparticles 

epitaxially aligned on (0001)-sapphire. The epitaxial alignment arranges all gold 

nanoparticles such that a Au(111)-plane is parallel to the (0001)-sapphire surface. Since 

Element 

(lattice 

constant, Å)108 

2θ(111) 

(°) 

2θ(200) 

(°) 

2θ(220) 

(°) 

2θ(311) 

(°) 

Ni (a = 3.499) 44.81 52.23 76.99 93.75 

Cu (a = 3.597) 43.53 50.7 74.53 90.47 

Pd (a = 3.859) 40.44 47.04 68.72 82.87 

Ag (a = 4.079) 38.17 44.36 64.54 77.53 

Pt (a = 3.912) 39.87 46.37 67.66 81.51 

Au (a = 4.065) 38.31 44.53 64.79 77.84 

(220

) 
(311) 

 

(200) 

 

(111) 

 

Figure 3.6 A Table containing the theoretical 2θ(h k l) values for Ni, Cu, Pd, Ag, Pt and 

Au. The figure to the right shows a typical graph for a θ - 2θ measurement.  

 

Figure 3.6 A Table containing the theoretical 2θ values for Ni, Cu, Pd, Ag, Pt and Au. 

The figure to the right shows a typical output for a  θ - 2θ measurement.  

(17) 

(h 0 0) 

 

(0 k 0) 

 

(0 0 l) 

 

a 

 

Figure 3.5 The cubic cell 

with Miller indices (h k l), 

lattice constant ‘a’ and 

distance between planes ‘d’ 

identified.  

 

d 

(18) 
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the θ-2θ technique only measures atomic periodicities which are parallel to the surface, 

only two peaks are expected in the 2θ range 30 - 80°; one from the Au(111) at 2θ = 38.2° 

and another from the sapphire (0006) at 2θ = 42.8°. In the second example, Figure 3.7a, a 

θ-2θ spectrum of gold assembled on sapphire which does not have epitaxial alignment. 

Apparent now is the presence of multiple peaks corresponding to orientations other than 

Au(111). The relative peak intensities can be used to determine the relative distribution of 

orientations corresponding to Au(111), Au(100) and Au(110).   

3.6 Selected Area Electron Diffraction  

     Selected area electron diffraction (SAED) is a measurement technique built directly into 

the transmission electron microscope. It involves (1) an electron diffraction aperture, (2) a 

viewing screen (typically placed ~ 20 – 40 cm beneath the sample) and (3) accelerated 

electrons.  In principle, SAED is very similar to X-ray diffraction but where electrons are 

diffracted instead of X-rays. Physically, the only difference is that the incident wavelength 

is shorter (1.54 Å for X-rays and 3.35 pm for electrons at 120 kV) which gives rise to 

different Bragg angles according to eq. 18. The primary advantage of SAED over X-ray 

diffraction is the ability to obtain diffraction patterns of individual nanostructures. SAED 

Figure 3.7 a) An XRD spectrum from epitaxially aligned Au on (0001)-sapphire. b) 

An XRD spectrum from a sample grown on (0001)-sapphire with multiple crystal 

orientations.  

 

a

) 

b

) 
(111) 

(111) 

(111) 

(111) 

(111) (100) 

(211) (110) 
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analysis can reveal whether an 

individual nanostructure is 

polycrystalline, single-crystalline or 

amorphous.   

    Two examples are shown in Figure 

3.8, where a) demonstrates a single 

crystal pattern and b) shows a 

polycrystalline sample. In example a), 

shown is an electron diffraction pattern 

for a [110]-oriented single crystal AuAg nanoshell. This pattern consists of an array of 

discrete dots indicating the presence of {111} and {200}–planes. This pattern allows for 

determining a number of physical properties about the sample including (i) crystal 

structure, (ii) compressive or tensile strain, (iii) crystal orientation and (iv) identifying the 

presence of defects such as stacking faults or twinning.  

     In the second example, Figure 3.8b, a diffraction ring pattern is shown for that of a 

polycrystalline copper thin-film. Since the film consists of crystallites of multiple 

orientations relative to the electron-beam, a superposition of all orientations (or dot 

patterns) is observed. This pattern reveals information regarding (i) average crystal 

structure, (ii) average crystal orientation and (iii) information about tensile or compressive 

strain.  Figure 3.9 contains a table and example ring pattern for Ni, Cu, Pd, Ag, Pt and Au 

along with simulated diffraction rings for a polycrystalline FCC sample.   

 

Single Crystal Orientation      Multi-Crystal Orientations 

 
a) 

 

b) 

 

Figure 3.8 a) The TEM micrograph shows a 

AuAg hollow nanoshell. The inset shows the 

single crystal SAED pattern obtained for the 

nanoshell. B) The TEM micrograph shows 

the morphological features of a 3 nm Cu thin 

film. The inset shows the diffraction ring 

pattern generated from SAED. 
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Element (lattice 

constant, Å)108 

(111) (200) (220) (311) 

Ni (a = 3.499) 2.02 1.75 1.24 1.05 

Cu (a = 3.597) 2.08 1.80 1.27 1.08 

Pd (a = 3.859) 2.23 1.93 1.36 1.16 

Ag (a = 4.079) 2.36 2.04 1.44 1.23 

Pt (a = 3.912) 2.26 1.96 1.38 1.18 

Au (a = 4.065) 2.35 2.03 1.44 1.23 

(220) 

 
 

(311) 

 
 

(200) 

 
(111) 

Beam 

Block 

 
Beam 

Block 

Figure 3.9 A table with tabulated values for the theoretical d-spacings of Ni, Cu, Pd, 

Ag, Pt. The theoretical ring pattern to the right represents a typical output for a 

polycrystalline FCC metal.  

 

Figure 3.9 A table with tabulated values for the theoretical d-spacings of Ni, Cu, Pd, 

Ag, Pt. The theoretical ring pattern to the right represents a typical output for a 

polycrystalline FCC metal.  
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CHAPTER 4 

 

THE SYNTHESIS AND OPTICAL PROPERTIES OF AuAg NANOHUTS 

 

 

4.1 Introduction and Motivation 

     Progress directed toward the application of noble metal nanostructures109-112 has been 

reliant on the establishment of facile synthetic protocols113 able to tailor the plasmonic 

response to meet the demands of specific applications. Breakthroughs have increasingly 

relied on synthetic strategies yielding complex geometries with asymmetric, core shell or 

hollowed morphologies.114 In this regard, galvanic replacement reactions115 offer pathways 

toward the formation of intricate nanostructures using synthetically simple reactions where 

complex products are derived from preformed templates. These reactions are reliant on 

solution-based oxidation–reduction reactions which occur when atoms of a solid metal 

(i.e., the template) spontaneously react with ions of a second metal having a higher 

electrochemical potential. The ensuing reaction results in the simultaneous heteroepitaxial 

deposition of the second metal onto the template as the template material is steadily 

dissolved into the solution. With both deposition and dissolution being highly dependent 

upon the crystallographic orientation and faceting of the template, complex nanostructures 

can be engineered through the use of appropriate templates which are reacted to the desired 

endpoint. Such reactions typically lead to the formation of hollow nanoshells which exhibit 

highly tunable plasmonic properties due to coupling between plasmons formed on the inner 

and outer surfaces of the structure. Also of significance is the strong sensitivity of the 

position of the localized surface plasmon resonance (LSPR) to changes in the index of 

refraction of the adjacent medium.116 Together these properties make nanoshells candidate 

materials for use in biomedical117, sensor118 and catalytic applications119. Galvanic 
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replacement reactions have been extensively studied for the case of template structures 

dispersed in solution. Few investigations, however, have been carried out on substrate-

immobilized templates. Notable studies include the use of replacement reactions for: (i) the 

deposition of nanostructured gold on nickel electrodes for mercury vapor sensing120, (ii) 

the preparation of nanoporous copper surfaces on nickel foils for catalytic applications121, 

(iii) the formation of chemically stable surface enhanced Raman spectroscopy (SERS) 

active surfaces on glass substrates though the replacement of vertically aligned silver 

nanorods with gold122, (iv) the replacement of electrochemically synthesized iron 

nanocubes on carbon with gold and palladium123, and (v) the epitaxial growth of smooth 

copper films on (111)- oriented single crystals of gold and silver using sacrificial lead films 

as a template material124. While these studies have demonstrated the viability of substrate-

based galvanic replacement reactions, they have not fully taken advantage of unique 

capabilities accessible through the use of nanostructured templates. Specific advantages 

include the placement of templates at site-specific locations and having them 

heteroepitaxially aligned with the underlying substrate. Fully exploiting these capabilities 

could result in the synthesis of substrate-based periodic arrays of aligned crystalline 

nanostructures with a high degree of complexity, tunability and functionality. Here, we 

report on the galvanic replacement of heteroepitaxially aligned nanostructured silver 

templates formed on (0001)-oriented sapphire substrates. Reported is the synthesis and 

characterization of substrate immobilized Au–Ag nanohut structures formed as both 

periodic arrays and as structures with randomized size and placement. 
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4.2 Fabrication of Periodic Arrays of AuAg Nanoshells 

 

     Galvanic replacement reactions (Figure 4.1) on the silver template structures were 

carried out using a synthetic protocol similar to that devised by Xia and co‐workers.74 

Briefly, a three neck flask was filled with an aqueous HAuCl4 solution (10 mL) and 

refluxed for 10 min. The concentration for the larger templates (dia. < 250 nm) was varied 

from 10 to 100 μM for both the arrayed and non‐arrayed configurations (Figure 4.1 c, d). 

For smaller templates (dia. < 50 nm), lower concentrations were used (0.5 μM – 2 μM) 

since five times less silver was deposited on the substrate surface. The substrate was then 

immersed into the HAuCl4 solution for 10 min (Figure 4.1 e), after which it was slowly 

pulled out and dried in a flow of argon gas. It is noted that the exposure of the silver 

template structures to air was minimized either by reacting them immediately following 

assembly or storing them in a 1x10‐6 torr vacuum environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Schematics showing the synthetic routes used to assemble (a) non-arrayed and 

(b) arrayed silver nanostructures. The SEM images show structures with (c) a substantial 

size distribution situated at random locations and (d) arrayed structures with a narrow size 

distribution. Both structures were used as templates in (e) galvanic reactions yielding 

immobilized Au-Ag nanohuts. Figure taken from reference 125 and reproduced by 

permission of The Royal Society of Chemistry. 
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4.3 Morphological Characterization 

 

     Tilted SEM micrographs of the Ag templates exposed to two different concentrations 

of HAuCl4, 10 and 100 µM, on random and arrayed Ag templates (Figure 4.2 a, b). 

Throughout the reaction the structures become increasingly hollow and rough. Figure 4.2 

c shows the hollow structures upside down in a nanobowl configuration, using scotch tape 

to flip them upside down. Substrate alignment markers makes it possible to measure the 

height of an individual template structure using an atomic force microscope (AFM), react 

the template and then return to the identical location to measure the height of the nanohut 

formed (Figure 4.2 f). The composition of the reacted structure was then measured using 

energy dispersive spectroscopy (EDS). The AFM cross‐sections are provided for a 

structure which has undergone 75% replacement. The height of the structure increased by 

17%, a value somewhat larger than the 12.4% value derived for the expected growth mode 

which sees a hollowing of the template as gold is deposited uniformly on its outer surface 

in a 3:1 Ag:Au replacement ratio.73,74 
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Figure 4.2 SEM images showing the morphology of unreacted templates and nanohuts 

formed through galvanic replacement reactions using 10 and 100 μM solutions in the (a) 

non-arrayed and (b) arrayed configurations. (c) Images of non-arrayed and arrayed nanohut 

structures which have been removed from the sapphire substrate using Scotch tape. The 

scale bar for all insets is 200 nm and the tilt angle is 65°. (d) Top- and tilted-view TEM 

images of nanohuts assembled directly on Si3N4 support films. (e) Top- and titled-view 

TEM images of nanobowls removed from sapphire substrates. (f) AFM image and the 

associated cross-section for an individual template and the same structure after it has been 

75% reacted to form a nanohut. The white arrows on both the SEM and AFM images point 

toward the single side opening found on each nanohut. Figure taken from reference 125. 

 

 

4.4 Optical Properties of AuAg Nanohuts 

 

     Simulations using the discrete dipole approximation (DDA)126 were carried out to 

examine the influence of both the opening and substrate on the nanohut extinction spectra. 

Figure 4.3 shows the spectra for free-standing gold structures with and without side 

openings and those same structures supported by a sapphire substrate. Transverse E-fields 
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in the absence of a side opening give rise to a polarization independent response yielding 

a LSPR peak at 586 nm for the freestanding structure (Figure 4.3a). The break in symmetry 

resulting from the introduction of a side opening into this structure results in a strong 

polarization dependence with E-fields through and parallel to the opening yielding 

resonances at 573 and 655 nm, respectively (Figure 4.3c). It is noted that this behavior is 

qualitatively similar to the simulated and experimental results obtained for semishells with 

a perforation which intersects the edge of the shell.127 The inclusion of a supporting 

substrate into the simulation (Figure 4.3b,d) leads to a strong red-shift in the LSPR peaks 

and the establishment of a high energy quadrupolar mode. With red-shifts of 52 and 100 

nm for E-fields through and parallel to the side opening, the substrate acts to substantially 

increase the degree of optical anisotropy. Because the fabricated nanohuts used in the 

current study had side openings in numerous directions, direct comparisons between 

simulation and experiment remain challenging. However, upon recognizing that the 

experimental data is an average over all transverse polarizations, the simulations are 

consistent with the large red-shift and substantial broadening in the LSPR peak observed 

for the fully reacted structures. 
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     Figure 4.4 shows the extinction spectra for nonarrayed silver templates with an average 

diameter of 30 nm reacted to varying degrees. The measurements were taken using 

unpolarized light where the E-field and propagation direction (k) are parallel and 

perpendicular to the substrate surface, respectively. Observed is a substantial broadening 

of the LSPR peak as it red-shifts from 436 nm for the non-reacted templates to 745 nm for 

the fully reacted structures. The accompanying color change observed in reflectance is 

shown in the inset to Figure 4.4 This ability to tune the plasmonic response over such a 

large range starting from identical templates is one of the key advantages of galvanic 

replacement reactions. Of significance is the fact that the nanohut is a highly asymmetric 

Figure 4.3. Calculated extinction spectra of (a) a hollow gold shell and the same shell 

(b) resting on a sapphire substrate, (c) with a rectangular side opening and (d) resting 

on a substrate and having rectangular side opening. The shell is a truncated sphere 

(diameter = 40 nm, shell thickness = 5 nm) which forms a 130° contact angle with the 

substrate. The side opening is 10 nm in the vertical direction and 14 nm in the horizontal 

direction. The substrate has a diameter of 80 nm and thickness of 15 nm. The incident 

light is transversely polarized (i.e., the E-field is parallel to the substrate). For the 

nanohut geometry, spectra are calculated using transverse E-fields that are both through 

and parallel to the side opening. Figure taken from reference 125. 
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due to both its hemispherical-like geometry and the presence of the rectangular opening at 

its base. This places the nanohut in a class of symmetry breaking structures (e.g., 

semishells, nanobowls, and nanocrescents) which offer polarization dependent plasmon 

modes with large local field enhancements and a high degree of tunability. 

 

 

 

4.5 Conclusions 

 

     Substrate-based galvanic replacement reactions carried out on heteroepitaxially formed 

silver templates have yielded hollow Au–Ag nanoshells. The resulting nanohut geometry 

is characterized by a downward facing shell with a single rectangular opening at its base. 

The structures are immobilized, can be placed at site-specific locations and have a LSPR 

peak which can be tuned to a particular frequency by varying the degree of replacement. 

The work not only demonstrates the fabrication of these unique structures, but also points 

toward future opportunities in terms of engineering intricately shaped nanostructures using 

the combined capabilities of heteroepitaxial techniques and galvanic replacement 

reactions. 

 

 

Figure 4.4 The extinction spectra for 

non-arrayed silver templates with an 

average particle size of 30 nm exposed 

to various HAuCl4 concentrations. 

Concentrations of 0, 0.5, 1 and 2 μM 

yield LSPR peaks at 436, 465, 529 and 

745 nm, respectively. The inset shows 

optical images of the samples taken in 

reflectance. Figure taken from 

reference 125. 
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CHAPTER 5 

 

MECHANISTIC STUDIES OF GALVANIC REPLACEMENT 

 

5.1 Introduction and Motivation 

 

     In the studies carried out in Chapter 4, the roughness of the AuAg shell was attributed 

to the generation of vacancies and defects during the galvanic replacement reaction. 

Therefore, in order to verify this claim and to prevent roughening of the surface, an Au 

passivation layer is used to divert the dissolution of Ag+ away from the top. This is achieved 

simply by sputter coating the outer surface of the sacrificial Ag template with a 3 nm layer 

of Au prior to 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 exhibiting well-defined geometric openings. The drastic 

difference in morphology can be observed in Figure 5.1 a-d, where AuAg nanoshells are 

shown with and without the use of surface passivation layers. These differences are 

attributed to the passivation of the highly reactive surface of the Ag 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 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 
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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 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.128 

 

 

 

 

 

Figure 5.1 A 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. Figure taken from reference 128. 

 

 

Figure 5.1 A 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. Figure taken from reference 125. 
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5.2 Early and Late Stage GR 

     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 cuboctahedron (Figure 5.2). 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 (Figure 5.2 a - d).  As 

the lobes continue to become more 

pronounced, prominent openings 

emerge in the structure. 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 openings is further obscured by an increase in the 

overall porosity and the continued development of lobes. The progression for galvanic 

replacement reactions carried out on Au-coated silver templates is markedly different. 

Figures 5.2 e – h show this progression for nanoshells derived from [111]-oriented 

Figure 5.2 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 (e) reveals the existence of 

a hollow channel within the structure (denoted by 

yellow arrows). Figure taken from reference 

128. 
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templates. The early stage morphology of the nanoshell derived from the Au coated 

template is characterized by an exceedingly smooth shell with a small pinhole near the base 

of the structure (denoted by the white arrow) 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 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 (Figure 5.2 f). At this point the structure has also 

Figure 5.3 Top- and 65° tilted-

view SEM images showing the 

evolution of Au passivated 

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. Figure taken from 

reference 128. 
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developed a single large opening at its base. This is followed by a progression which 

transforms the structure into a nanocage, 129,130 a designation attributed to hollow structures 

with a geometric pattern of openings over their surface (Figure 5.2 g, 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 Au passivated templates of various orientations. Figure 5.3 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. Evident is the early stage edge deposition and 

late stage dealloying of the {111} facets.  

 

5.3 Crystallinity and the Hollowing Process 

A sampling of partially reacted structures with various crystallographic orientations 

and faceting reveals that the channel formation is characteristic of substrate-based galvanic 

replacement processes on Au-coated silver templates. Figure 5.4 shows TEM images and 

Selected Area Electron Diffraction (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 
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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 (Figure 5.4 h, l). Further insights 

regarding the galvanic replacement process are garnered from an examination of the 

underlying crystallography of the structures. 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 (Figure 5.4 

q).  
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Figure 5.4 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. Figure taken from reference 128. 
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5.4  Defect Transfer 

     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.131 Also noteworthy is that nanoscale fcc metals with stacking faults show 

enhanced mechanical properties due to the inhibition of dislocation motion.132,133 Figure 

5.5 shows TEM micrographs of AuAg nanoshells of various orientation, where streaking 

in the electron diffraction patterns along with the micrographs confirm the presence of 

stacking faults, which are attributed to defect transfer during the shell growth process.    

 

Figure 5.5 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. Figure taken from reference 128. 

 

 

5.5 Conclusions 

 

     Demonstrated is that the early stages of substrate-based galvanic replacement reactions 

lead to late stage instabilities which give rise to a morphological 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 
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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 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. 
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CHAPTER 6 

 

TEMPLATE DESIGN CRITERIA FOR PT NANOSHELLS 

 

6.1 Introduction and Motivation 

 

     Galvanic replacement reactions yielding platinum nanoshells are of intense interest due 

to the anticipated enhancements to the catalytic activity derived from high surface area 

nanostructures with morphologies tailored to optimize specific rates of reaction.67,134 

Sacrificial silver templates with numerous morphologies (nanosphere,135-137 nanocube,138-

144 nanoplate,145 nanorod146 and nanowire147-152) have been reacted with various platinum 

reagents (i.e. H2PtCl6 
142 K2PtCl4 

150 and Na2PtCl4 
140). The nanoshells produced 

consistently have a much rougher morphology compared to Au nanoshells derived from 

identical Ag templates. Possible explanations for the poor morphology include: (i) the 4.1% 

lattice mismatch between platinum and silver, (ii) the poor miscibility of the Ag-Pt binary 

system at reaction temperatures and (iii) the reaction by-product chlorine which initiates 

the growth of AgCl on the template surface.  

     The substrate-based platform allows each of these possibilities to be addressed 

individually. Passivating the template surface with a thin layer of gold will inhibit AgCl 

formation. If the product of this reaction is a smooth platinum nanoshell then lattice 

mismatch can be ruled out as the source of roughness since the Au-Pt and Ag-Pt 

combinations have an almost identical lattice mismatch. Miscibility issues will be 

examined using the numerous template materials accessible through thermal dewetting 

where the observed morphology and degree of nanoshell alloying will be analyzed in terms 

of the Hume-Rothery rules and the expected equilibrium behavior derived from binary 

phase diagrams.  



62 

 

     While Ag is the predominant template material, its inadequacies have motivated studies 

targeting the synthesis of superior nanoshells through the use of alternate template 

materials and/or chemical modifications to the surface of existing templates. The galvanic 

replacement of Co153,154 and Ni 155,156 templates both yield porous shells comprised of many 

small interconnected lobes. Hollow nanoboxes with a similar surface morphology were 

derived from Cu2O nanocube templates.157 Noteworthy, however, is that the synthesis gave 

rise to nanostructures comprised of pure Pt which, because they lack surface agents, present 

clean catalytic surfaces. Cu nanowire templates yield Pt nanotubes with significant Cu 

alloying,152,158 but where the surface morphology, while still exhibiting some roughness, is 

superior to all of the aforementioned template materials. Te nanowire templates, when 

reacted in ethylene glycol, yielded smooth nanotubes, but where unsatisfactory 

morphologies are obtained when carrying out the same reaction in water or ethanol.159 

Noteworthy, is that Pt nanoshells with smooth and continuous walls have been achieved 

through modifications to the template surface prior to the onset of the galvanic replacement 

reaction. Ag nanowire and nanocube templates with a thin AgCl surface layer give rise to 

smooth Pt nanotubes160 and nanoboxes,161 respectively. Morphological improvements are 

also observed for Ni nanowire templates when exposed to an H2SO4 pretreatment.162 Also 

of note is the morphological control asserted for the galvanic replacement of highly faceted 

Pd templates when exposed to Br- during the replacement reaction.143 

      Studies performed to date have definitively established the importance of template 

design in determining the product of galvanic replacement reactions directed toward the 

formation of Pt nanostructures with hollowed morphologies. The varied nature of the 

numerous synthetic protocols does, however, make it difficult to separate out the role of 
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the template’s elemental make-up from confounding factors which arise when comparing 

reactions with dissimilar reagents, concentrations, temperatures and durations carried out 

on templates with different sizes, shapes, faceting and surface agents. Here, we 

demonstrate the galvanic replacement of both bare and surface-modified Ag, Pb, Cu, Ni 

and Co templates with aqueous H2PtCl6, where all of the templates are of similar size and 

shape and exposed to comparable reaction conditions. The product of the reaction, for all 

bare templates is an alloyed nanoshell with a rough morphology, but where surface 

modifications to certain templates yield a near-pure product with a smooth and continuous 

surface. Based on these findings, presented are design criteria for template architectures 

able to promote the formation of smooth nanoshells with minimal alloying. 

 

6.2 Processing of Diverse Template Materials (Ag, Cu, Ni, Co, Pb) 

     The electrochemical potential, replacement ratio, crystal structure, lattice constant and 

anticipated elastic strain imposed on the depositing nanoshell due to lattice mismatch with 

the template for all of the aforementioned materials is summarized in Table 6.1.  The 

templates were then transformed into nanoshells through galvanic replacement in aqueous 

H2PtCl6. Noteworthy, is the fact that all of these reactions were carried out in the absence 

of capping agents. Such agents prevent the agglomeration of solution dispersed templates, 

but often complicate reaction pathways 137,161 and/or result in diminished catalytic 

activity.163,164 
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Table 6.1 Template Material Parameters 

Table 6.1. Template material parameters of relevance to Pt-based galvanic replacement 

reactions. a Co is based on comparisons of interatomic distances in the close-packed plane. 

Table Reprinted with permission from ref 165. Copyright 2014 American Chemical 

Society. 

 

6.3 The Role Crystal Structure and Strain Induction 

     Using sacrificial templates derived from the solid state dewetting of five different 

elements we have demonstrated substrate-based galvanic replacement reactions yielding 

Pt nanoshells. In all cases, we were only able to form smooth continuous nanoshells when 

a thin passivation layer was applied to the template prior to the initiation of the replacement 

reaction. The ability to form smooth nanoshells irrespective of the shell composition 

establishes template surface passivation as the primary mode by which smooth Pt 

nanoshells are obtained. Such shells exhibited minimal alloying with Cu, Ni and Co 

templates, but showed a high degree of alloying with Ag and Pb. We assert that nanoshell 

alloying is a kinetically driven process strongly dependent on heteroepitaxial strains 

originating from lattice mismatch between the depositing shell and underlying template 

material, whereby compressive strains inhibit alloying while tensile strains promote it. 

Figure 6.1 provides a schematic of the proposed mechanism along with SEM micrographs 

of the derived platinum nanoshells. 

 

Element (Ion) Redox E° 

(V vs. 

SHE) 

Replacement 

Ratio (X:Pt) 
Crystal 

Structure 

Lattice 

Constant (Å) 

Induced Force in 

Platinum Layer 

Pb (Pb2+) -0.13 2:1 FCC 4.951 Tension 

Ag (Ag+) 0.80 4:1 FCC 4.085 Tension 

Pt (Pt4+) 0.74 N/A FCC 3.942 N/A 

Ni (Ni2+) -0.24 2:1 FCC 3.524 Compression 

Cu (Cu2+,Cu+) 0.34, 0.52 2:1, 4:1 FCC 3.615 Compression 

Co (Co2+) -0.28 2:1 HCP 2.507, 4.070 Compressiona 
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 Figure 6.1 The schematic shows how the template nanostructure dictates the degree of 

alloying between the depositing shell and template. Three cases are shown, (a) zero 

strain between the shell and template, (b) induced compression in the depositing shell 

and (c) induced tension in the depositing shell. The SEM micrographs on the right show 

results nanoshells with and without the use of a passivation layer. Figure taken from ref 

165. Copyright 2014 American Chemical Society. 

 

Figure 6.1 The schematic shows how the template nanostructure dictates the degree of 

alloying between the depositing shell and template. Three cases are shown, (a) zero 

strain between the shell and template, (b) induced compression in the depositing shell 

and (c) induced tension in the depositing shell. The SEM micrographs on the right show 

results nanoshells with and without the use of a passivation layer. Figure taken from ref 
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6.4 Design Criteria for Platinum Nanoshells 

     In order to derive pure Platinum nanoshells, 

the core should be composed of an element 

which is readily oxidized and which promotes 

a heteroepitaxial relationship which places the 

depositing material under the compressive 

strains needed to impose a significant barrier to 

diffusion. The shell should (i) be inert to 

replacement, (ii) have a composition identical to the element being reduced onto the surface 

during galvanic replacement or, alternatively, be amenable to removal through selective 

etching following the reaction, (iii) be thin enough to promote a breach from which the 

core material can exit the structure as it is oxidized, and (iv) have conductivity sufficient 

to allow for the electron flow needed to sustain a galvanic replacement reaction between 

an inner anode and an outer shell cathode. A pure platinum nanoshell is shown in Figure 

6.2, where Cu, a metal which conforms to the required criteria, is used as the template.  

 

6.5 Conclusions 

     Using sacrificial templates derived from the solid-state dewetting of five different 

elements, we have demonstrated substrate-based galvanic replacement reactions yielding 

Pt nanoshells. In all cases, we were only able to form smooth continuous nanoshells when 

a thin passivation layer was applied to the template prior to the initiation of the replacement 

reaction. The ability to form smooth nanoshells irrespective of the shell composition 

establishes template surface passivation as the primary mode by which smooth Pt 

Figure 6.2 TEM image of a smooth Pt 

nanoshell and an inverted nanoshell 

resting on a TEM grid. The EDS spectrum 

shows that the Pt shell is free of Cu. 

Figure taken from ref 165. Copyright 

2014 American Chemical Society. 
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nanoshells are obtained. Such shells exhibited minimal alloying with Cu, Ni, and Co 

templates, but showed a high degree of alloying with Ag and Pb. We assert that nanoshell 

alloying is a kinetically driven process strongly dependent on heteroepitaxial strains 

originating from lattice mismatch between the depositing shell and underlying template 

material, whereby compressive strains inhibit alloying while tensile strains promote it. It 

is, thus, concluded that appropriately designed core−shell templates provide the clearest 

pathway to the synthesis of smooth continuous nanoshells with minimal alloying. 
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CHAPTER 7 

 

SOLUTION PHASE NUCLEATION OF Ag ON Au SEEDS 

 
7.1 Introduction and Motivation 

 

     The seed-mediated synthesis of metal nanostructures in liquid media has given rise to 

an extraordinary range of nanomaterials with functionalities resulting from the ability to 

tailor the size, shape, and composition of the structure.166 Extending synthetic protocols 

beyond single-component systems to the realm of bimetallic nanostructures offers the 

opportunity to create architectures with enhanced functionalities derived from the 

integration of materials with dissimilar physical and chemical properties into a single 

nanostructure.167 

     Such structures have already attracted considerable attention due to their potential for 

application in the areas of catalysis,168 plasmonics,169 chemical and biological detection,170 

and magnetism.171 The full potential of such structures will, however, only be realized if a 

new set of synthetic challenges associated with heterogeneous nucleation, maintaining 

heteroepitaxy, and controlling a facet-dependent overgrowth are overcome. With the 

potential for attaining important catalytic and plasmonic properties, seed-mediated 

strategies present a compelling route for the synthesis of bimetallic noble metal 

nanostructures with a core−shell morphology (denoted as core@shell). While a number of 

early synthetic achievements were reported for the Au@Ag system,172-174 the protocol of 

Sanedrin et al.175 is unique in their demonstration of L-ascorbic acid (AA) as an effective 

agent capable of uniformly reducing Au3+ ions onto Ag seeds. Using the same reducing 

agent, Habas et al. demonstrated the formation of Pt@Pd structures where Pd deposited 

conformally on well-faceted Pt seeds.176 Their attempts to form Pt@Au structures, 
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however, resulted in anisotropic growth modes, a result which led them to conclude that 

the poor morphology was associated with the sizable lattice-mismatch occurring at the 

Au−Pt interface (4.08% compared to 0.7% for Pd−Pt). In a comparative study, Fan et al. 

used AA to reduce Ag, Pd, and Pt onto Au seeds with an octahedron geometry.177 While 

conformal epitaxial overgrowth was observed for the Au@Ag and Au@Pd systems, the Pt 

overgrowth of the Au seed was both rough and polycrystalline. With the Au@Pd system 

showing conformal epitaxial growth and the largest lattice-mismatch (i.e., larger than 

Au@Pt), the work demonstrated that epitaxial heterogeneous nucleation was not simply 

dependent on having a small lattice-mismatch. On the basis of these results, they proposed 

three criteria for epitaxial heterogeneous nucleation: (i) the lattice constant of the shell 

metal should be less than that of the core where the degree of mismatch is less than 5%; 

(ii) the electronegativity of the shell metal should be less than that of the core metal; and 

(iii) the bond energies between the core and shell atoms should be larger than those between 

shell atoms. The motivation behind the criteria was to promote conditions analogous to 

those used to achieve smooth heteroepitaxial film growth in the vapor phase (i.e., a Frank-

van der Merwe growth mode) while preventing the galvanic replacement of the metal seed. 

It is, however, noted that Qin and co-workers showed that the galvanic replacement of Ag 

nanocubes could be augmented by an AA-induced co reduction of Au and Ag onto the 

corners and edges of the cube.178 Their synthesis yielded hollow Au−Ag nanocubes with 

sharpened geometrical features and an enhanced Ag content, properties which gave rise to 

a 33-fold improvement in the surface-enhanced Raman scattering. By increasing the 

deposition rate through the use of a strong reducing agent, they were also able to completely 

block the galvanic replacement of Ag and, thus, form Ag@Au nanocubes.179 An even more 
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thorough understanding began to emerge with the demonstration of the decisive role that 

kinetics play in determining the reaction product. Using the Pt@Pd system, Lee et al. 

demonstrated, through modulations to the reduction rate, that it was possible to transform 

the growth mode from one where Pd overgrew the {100} facets of a Pt nanocube to one 

where the Pd growth emanated from multiple corners of the cube.180 Using the same 

system, Lim et al. varied the rate of reduction through the use of strong and weak reducing 

agents (i.e., AA vs citric acid) and conclusively demonstrated that faster kinetics gave rise 

to conformal deposition while a slower rate of reaction resulted in dimer structures.16 Yang 

et al. observed similar behavior and used it to assert kinetic control over the reduction of 

Ag onto Au seeds in a manner yielding an impressive family of intricate bimetallic 

nanostructures.181 Recently, Zhu et al. performed a detailed study on the Pd@Ag system 

where they explored numerous aspects of the reaction including the concentration of both 

the shelling and seed material, the molecular weight of the capping layer, the strength of 

the reductant, the pH, and the reaction temperature.182 They showed that the conformal 

overgrowth of a Pd seed with Ag occurred when (i) the capping layer, 

polyvinylpyrrolidone, had a higher molecular weight and a lower concentration, (ii) the 

reductant was stronger (i.e., hydrazine vs formaldehyde), and (iii) the reaction was carried 

out at a higher temperature. While these important findings all point toward the seed-

mediated synthesis of bimetallic nanostructures being heavily reliant on reaction kinetics, 

the exact mechanisms responsible for such phenomena are still under consideration.183                  

     Taken together, the aforementioned studies demonstrate that the seed-mediated 

synthesis of bimetallic nanostructures is sensitive to a wide range of parameters including 

temperature, pH, the surfactant utilized, the strength of the reducing agent, the precursor 
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concentration, injection rates, the physical properties of the seed (i.e., size, shape, faceting, 

composition), and seed−shell interfacial interactions arising from differences in lattice 

constant, electronegativity, and bond energies. While such sensitivities lead to a high 

degree of synthetic flexibility, the highly intertwined nature of these parameters makes it 

difficult to decipher growth pathways and determine if particular parameters are acting 

synergistically or in discordance. The role of surfactants is particularly convoluted as they 

can (i) prevent nanoparticle aggregation, (ii) induce anisotropic growth modes through 

preferential binding to specific facets, (iii) act as effective reducing agents able to generate 

solution-based nanostructures (i.e., the polyol process), and/or (iv) induce plating of a 

secondary metal onto a preformed seed. Synthetic routes carried out in a surfactant-free 

environment are, therefore, compelling from the standpoint of establishing a mechanistic 

framework as they allow for chemical interactions at the seed−solution interface which are 

defined purely by the intrinsic surface energy of the expressed seed facets against the 

chemical potential of the solution. The synthesis of bimetallic core−shell structures using 

surfactant-free protocols is often impractical when using solution-dispersed seeds because 

there is a strong tendency for both the seeds and the forming structures to aggregate. This 

tendency to aggregate can, however, be nullified if the seeds are immobilized on the surface 

of a substrate. Previously, demonstrated was the utility of immobilized structures in the 

synthesis of substrate-based hollow metal nanoshells and nanocages using galvanic 

replacement reactions. In addition to eliminating the surfactant requirement, the substrate-

based platform offers a number of other advantages including the ability to (i) form 

nanostructures in periodic arrays, (ii) easily assemble a wide variety of seed materials using 

solid-state dewetting and associated techniques, (iii) control the crystallographic 
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orientation of the seed through its heteroepitaxial relationship with the underlying 

substrate, and (iv) form faceted seeds which take on a truncated octahedron geometry 

which exhibits distinct {100} and {111} facets.      

     Herein, we utilize this platform to investigate the heterogeneous nucleation of Ag on 

surfactant-free Au seeds. The nucleation event is investigated from start to finish for three 

kinetic regimes where for each case Au seeds are examined which have their [100], [110], 

or [111] axis perpendicular to the surface of the substrate. The study demonstrates both a 

facile synthesis route for the generation of a distinct family of substrate-based core−shell 

structures while providing insights into the underlying kinetic mechanisms which modulate 

the seed-mediated synthesis of bimetallic nanostructures in an aqueous medium.184 

 

7.2 Bimetallic Structures Synthesized in the Regime of Slow Kinetics 

      A highly anisotropic growth mode is observed when [111]-oriented Au seeds with a 

truncated octahedron geometry (Figure 7.1a) are exposed to the regime of slow kinetics. 

Figure 7.1b shows an SEM image of a periodic array of reacted seeds. Emerging from 

each of the truncated octahedrons is a structure which is either three- or six-fold symmetric 

(Figure 7.1c), geometries consistent with the largest facet being [111]-oriented. The 

overall faceting is consistent with either a hexagonal or truncated bipyramid geometry, 

structures which require the existence of a single planar twin boundary parallel to the 

largest [111] facet. The triangle edge length/thickness ratio consistently lies in the range of 

2:3. Noteworthy is that in no instance have we observed seeds which nucleate more than 

one of these structures. Images taken in electron backscattering mode (Figure 7.1d), 

elemental mapping (Figure 7.1e), and line scans (Figure 7.1f) all confirm the anisotropic 
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deposition of Ag. The elemental mapping does, however, suggest that some alloying may 

occur at the Au−Ag interface and that a small amount of Ag is deposited over the entire 

Au seed. The nucleation site for both the triangular and hexagonal Ag structures is always 

one of the six {100} Au facets (Figure 7.1e). Strong evidence for a heteroepitaxial 

relationship at the nucleation site is provided by the fact that the [111] Ag facet for both 

the triangular and hexagonal geometries is always parallel to one of the {111} Au facets 

on the truncated octahedron.This geometrical relationship is highlighted by the labeled 

facets in Figure 7.1e, which show the (111) Ag facet being parallel to the (111) Au facet. 
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7.3 Bimetallic Structures Synthesized in the Regime of Moderate Kinetics 

     In the regime of moderate kinetics, Ag deposition initially occurs on the {100} Au facets 

of the truncated octahedron. The deposition occurs in a manner which replaces the exposed 

{100} Au facets with Ag pyramidal structures bound by {111} facets. The overall 

Figure 7.1 Morphological and elemental characterization of Au−Ag heterodimer 

structures formed in the regime of slow kinetics. (a) Schematic depicting the expected 

topography for a [111]-oriented Au seed with facets defined by the geometry of a 

truncated octahedron. (b) SEM image of a periodic array of Au−Ag dimer structures. 

High magnification SEM images of individual structures taken in (c) secondary electron 

(SE) and (d) backscattered electron (BSE) mode. (e) Elemental maps and (f) line scans 

showing the distribution of Au and Ag within the dimer structure. Figure taken from 

184. Copyright 2014 American Chemical Society. 
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structure, therefore, trends toward an octahedral geometry. Figure 7.2 shows a schematic 

of the expected geometry and the corresponding SEM images, elemental maps, and line 

scans for bimetallic structures formed using [111]-, [110]-, and [100]-oriented Au seeds 

(note that the structures referred to as [100]-oriented are somewhat tilted off of the true 

[100] axes).  

 

 

 

 

 

 

 

 

 

While the structures in this regime show nearly identical Ag growth on all {100} Au facets 

(Figure 7.2b), it is noted that slightly slower reaction rates yield pyramidal structures with 

sharp corners, but where some of {100} facets are left unreacted. Slightly greater rates lead 

to structures with a mixture of sharp and blunt corners. The elemental maps and line scans 

Figure 7.2 Early stage morphological and elemental characterization of bimetallic 

Au−Ag structures formed in the regime of moderate kinetics. (a) Schematic depictions 

of the topography expected for bimetallic structures formed after the deposition of Ag 

on the {100} facets of [111]-, [110]-, and [100]-oriented Au seeds. (b) SEM images of 

the structures formed in the early stages of the reaction and their corresponding (c) Au, 

(d) Ag, and (e) Au+Ag elemental maps and (f) line scans. (g) SEM images showing the 

early to late stage progression in morphology which reveals a Au seed being overgrown 

with Ag to the point of encapsulation. Figure taken from 184. Copyright 2014 American 

Chemical Society. 
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for all three orientations (Figure 7.2c−f) show preferential Ag deposition on the {100} 

facets of the Au seed, with little deposition elsewhere. If, however, the reaction is allowed 

to proceed for longer times, the seed becomes completely overgrown with Ag. Figure 7.2g 

shows the progression observed as more and more Ag is deposited onto a [111]-oriented 

Au seed. After an initial stage, which sees the formation of Ag pyramids on the {100} Au 

facets (denoted by yellow arrows), Ag begins to deposit along the edges of the Au truncated 

octahedron where the {111} Au facets meet (denoted by green arrows), a process which 

eventually leaves the {111} Au facets partially exposed and encircled by Ag (denoted by 

red arrows). Continued deposition results in the complete overgrowth of the exposed facets, 

forming an octahedron with Au@Ag geometry. Such structures are formed for all seed 

orientations.  

     Figure 7.3a,b shows schematic representations of the [111]-, [110]-, and [100]-oriented 

Au seeds and the core−shell geometries expected after Ag overgrowth. SEM imagestaken 

in secondary electron mode show that these geometries are experimentally realized (Figure 

7.3c). Backscatter mode images show the Z-contrast expected for Au@Ag structures 

(Figure 7.3d), a geometry which is confirmed by the Au and Ag elemental maps (Figure 

7.3e,f).  
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7.4 Bimetallic Structures Synthesized in the Regime of Fast Kinetics 

     In the regime of fast kinetics, the Au seed becomes encapsulated with a far more 

uniform layer of Ag in a manner which, to a large extent, preserves the geometry of the 

initial seed. Figure 7.4a shows the progression in morphology which occurs as the Au seed 

is transformed into a Au@Ag structure. In contrast to the regime of moderate kinetics, 

early stage Ag deposition on the {100} facets does not lead to the formation of pyramid 

structures. Instead, the overgrowth is characterized by the simultaneous deposition of a 

relatively thin layer on the {100} facets (denoted by yellow arrows) and ridges of similar 

thickness along the edges of the truncated octahedron where the {111} Au facets meet 

(denoted by green arrows), a process which leaves the {111} Au facets partially exposed 

and encircled by Ag. Continued deposition results in a contraction of the exposed {111} 

facet area as a growth front advances to the point of complete seed encapsulation (denoted 

Figure 7.3 Late stage morphological and elemental characterization of bimetallic 

Au@Ag structures formed in the regime of moderate kinetics. Schematics of (a) [111]-

, [110]-, and [100]-oriented Au seeds followed by (b) depictions of the Au@Ag 

structures formed in the late stages of the reaction. SEM images of the observed 

structures taken in (c) secondary electron and (d) backscatter modes and their 

corresponding (e) Au and (f) Ag elemental maps. Figure taken from 184. Copyright 

2014 American Chemical Society. 
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by red arrows). The final Au@Ag structure shows a geometry similar to that of the 

truncated octahedron. Figure 7.4b−g shows schematic representations, secondary electron 

and backscatter SEM images, elemental mapping, and line scans for the so formed 

structures. The backscatter images confirm the core− shell morphology. Both the elemental 

mapping and line scans show that, while the overgrowth of Ag onto the Au seed is far more 

uniform than for the case of moderate kinetics, the lowest rate of deposition still occurs on 

the {111} Au facets. The Ag line scan for the [100] structure is particularly revealing in 

this regard as it passes through both the (1−11) and (010) facets but only shows a prominent 

peak for the (010) facet. Preferential deposition of Ag on the ridges where {111} Au facets 

meet is apparent from the line scan made over the [110]- oriented structure which shows a 

peak at each of the three positions corresponding to this feature.  

Figure 7.4 (a) SEM images showing the observed progression in morphology where a Au seed 

is overgrown on its {100} facets followed by the overgrowth of its {111} facets to the point of 

encapsulation. (b) Schematic depictions of the topography expected for a [111]-, [110]-, and 

[100]-oriented structure derived from a growth mode which is dominated by the near uniform 

overgrowth of the {100} Au facets with Ag. SEM images of the observed structures taken in 

(c) secondary electron and (d) backscatter modes and their corresponding (e) Au and (f) Ag 

elemental maps and (g) line scans. Figure from 184. Copyright 2014 American Chemical 

Society. 
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7.5 Mechanistic Framework 

     The current study demonstrates that the site-selective heterogeneous nucleation and 

growth of Ag on Au seeds occurs even if the synthesis is surfactant-free. The slow regime, 

characterized by a single nucleation event, is quite revealing in that a layer-by-layer growth 

mode is inhibited off of the (100) Au facet where the nucleation occurs. Instead, an 

anisotropic Ag growth front propagates away from the seed into the adjacent solution. Also 

apparent is that the initial nucleation event is not one of low probability as all of the seeds 

are able to nucleate a single structure of approximately the same size. The nucleation of a 

second structure onto the same seed is, however, an extremely low probability event, a 

result whose implication is that the first nucleation event somehow inhibits subsequent 

nucleation events on the same Au seed. Similar behavior observed in the slow kinetic 

regime for other systems has been attributed to diffusion of atoms to the single nucleation 

site or the collision patterns between the seed and atoms in the liquid. These explanations, 

however, seem implausible for the much larger Ag structures produced in our syntheses 

(Figure 7.1c). Such structures, on average, require the addition of approximately 200,000 

Ag atoms/s over the course of the 10 min synthesis. For surface diffusion to occur at these 

levels without other nucleation events occurring seems unlikely. Thermodynamic 

arguments also favor a surface diffusion which drives the system toward a geometry with 

a lower overall surface energy. This, however, is not the case because the final structure 

significantly increases the overall surface area, and Ag, because of its lower surface energy, 

should tend to wet Au rather than agglomerate on its surface. In an effort to further rule out 

surface diffusion as the predominant mass transport mechanism, Ag-topped Au pedestals 

(diameter 1.2 μm, 10 nm Ag, 50 nm Au) were deposited through a shadow mask and then 
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exposed to 100 °C aqueous AgNO3 for 10 min. If Ag diffusion on Au is significant and 

amenable to agglomeration under the reaction conditions, then significant Ag 

agglomeration should also occur on these pedestals. There is, however, no appreciable 

agglomeration observed. Collision patterns also seem an unlikely candidate since liquid 

flow patterns are likely to be similar for adjacent seeds when immobilized in periodic 

arrays, yet no correlation between the Ag growth front directions for adjacent seeds is 

observed. We also contend that substrate influences are minimal in establishing this growth 

mode because sapphire, being an excellent insulator, is unlikely to offer an alternative 

pathway for electrons involved in the reactions. The fact that the kinetic regimes are similar 

to those observed when using solution-dispersed templates is supportive of this argument. 

We cannot, however, completely rule out possible substrate influences derived from its 

surface-altering liquid flows or through presenting a dielectric medium to the attached 

seeds. With these explanations seemingly unable to account for the current results, an 

alternative mechanistic framework (Figure 7.5) is required. While the Au seeds used in 

this study initially exhibit bare metal surfaces, it should be recognized that their placement 

in a liquid media containing various reactants can dramatically alter this situation. In fact, 

numerous protocols exist where the synthesized single component metal nanostructures are 

stabilized against agglomeration, not by surfactants specifically added for this purpose, but 

by the reducing agents, solvents, or salts used in the synthesis. Such protocols, while 

referred to as surfactantfree, still result in the formation of a stabilizing layer around each 

nanoparticle, but where the negative impact of this layer on catalytic properties, 

photoluminescence, and surface enhanced Raman scattering sensitivities is often 

significantly less than those of surfactants. On the basis of these supportive studies, we 
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propose that such an interface layer is crucial in rationalizing the site-selective nature of 

our observed growth mode. With only two reactants, AA and AgNO3, relatively few 

possibilities exist when trying to deduce the makeup of such an interface. At the beginning 

of the synthesis, the Au seeds are inserted into a solution of solvated Ag+ and NO3
 − ions 

where both the positive and negative ion content is approximately 50 times greater than the 

number of Au atoms collectively contained within all the substrate-based seeds. Such a 

situation is very much analogous to the insertion of a metal electrode at zero potential into 

an electrolytic solution. The resulting interaction can be described in terms of a simple 

jellium model which depicts a metal as an electron plasma interacting with positive ions 

represented by a continuous background. At the metal surface, the positive background 

falls abruptly to zero while the electron distribution extends slightly past this positive 

boundary. The exposure of this layer to the electrolytic solution leads to a situation where 

positive metal ions are attracted to the surface and attach either as a layer deposited at 

underpotential185 or as a combination of solvated and specifically absorbed ions.186 With 

the overall structure becoming positively charged, negative ions will be attracted to it, 

resulting in the formation of a space charge region consisting of a double layer of positive 

and negative ions (Figure 7.5b). With various crystalline surfaces expressing different 

surface energies, the consistency of the space charge region is expected to fluctuate over 

the surface of the faceted metal seed, a property which can ultimately contribute to site 

selective deposition. Evidence that such a layer exists for the current synthesis is the Ag 

detected in EDS measurements for the case where Au seeds are exposed to aqueous AgNO3 

and then removed from the solution without exposure to a reducing agent. For reduced Ag 

atoms to nucleate on a Au seed surrounded by an interfacial double layer, they must first 
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displace the ions which make up this layer. For the slow regime (Figure 7.5c), nucleation 

occurs on a single {100} Au facet, but where layer by- layer growth on the facet is 

inhibited. Such behavior is consistent with a double layer which is firmly affixed to the Au 

seed. With nucleation inhibited on the surface of Au, the growth front instead propagates 

toward the solution on Ag surfaces which are more amenable to deposition. To account for 

the fact that a second nucleation event does not occur on equivalent facets of the same Au 

seed, it must be recognized that the initial nucleation event results in the formation of a 

junction between neutrally charged Ag and a Au structure which is positively charged due 

the ions which attached to its surface. Such a scenario is conducive to electron transfer 

from Ag to Au. The electrons added to Au will, in turn, increase the attractive force which 

binds the double layer to the Au structure and, hence, inhibit the nucleation of Ag on other 

{100} facets. Reaction rates in the moderate and fast regime (Figure 7.5d,e), facilitated by 

the fast injection of AA, not only give rise to faster kinetics but also result in a rapid 

decrease in the pH of the solution (compared to the slow decrease resulting from a dropwise 

injection). Faster kinetics can lead to the near simultaneous nucleation of Ag at multiple 

Figure 7.5 Schematic 

illustration of the mechanistic 

framework responsible for the 

heterogeneous nucleation of Ag 

on surfactant-free Au seeds. It 

shows (a) the initial seed, (b) 

the seed after double-layer 

formation and the progression 

of the reaction once the 

reducing agent is added in the 

(c) slow, (d) moderate, and (e) 

fast regimes. Figure taken from 

184. Copyright 2014 American 

Chemical Society. 

 

 



83 

 

sites on the structures while the increase in pH can fundamentally alter the nature of the 

double layer surrounding each of the Au structures. If, under these circumstances, the ions 

forming the double layer are more readily displaced by Ago, it would account for the layer-

by-layer growth observed on each of the {111} Au facets and the eventual overgrowth of 

the entire seed with Ag. 

 

7.6 Conclusions 

     In summary, we have demonstrated the heterogeneous nucleation of Ag on substrate-

based Au seeds in a surfactant free aqueous medium. Despite the fact that the synthesis is 

unperturbed by surfactants, the deposition remains anisotropic and strongly dependent on 

whether the reaction is carried out in a regime of slow, moderate, or fast kinetics. Slow 

kinetics give rise to a Au−Ag bimetallic heterodimer obtained through epitaxial deposition 

on just a small portion of a single {100} Au facet followed by the propagation of a rapid 

growth front away from the seed into the liquid medium. Moderate kinetics result in a 

Au@Ag structure with an octahedron geometry realized through layer-by-layer deposition 

of Ag on all {100} equivalent seed facets followed by the overgrowth of all remaining 

facets. Fast kinetics also result in a core−shell morphology, where the overgrowth more 

closely follows the topography of the underlying seed. Our understanding of various 

regimes requires the formation of a facet-dependent space charge region around the seed 

which is responsive to the injection of electrons from the deposited Ag layer as well as the 

concentration of ascorbic acid within the solution. Taken together, the work demonstrates 

that even the simplest of seed-mediated protocols involving heterogeneous nucleation 

gives rise to unexpectedly rich phenomenology. 
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CHAPTER 8 

 

VAPOR PHASE NUCLEATION OF AG ONTO AU 

 

8.1 Introduction and Motivation   

     Photonic surfaces comprised of 

substrate-immobilized noble metal 

nanostructures provide the means to 

advance numerous catalytic,187,188 

photovoltaic189 and sensing 

applications.190 Nanostructures with 

shape anisotropies, such as nanorods and 

triangular nanoprisms, are particularly 

attractive to such applications due to the 

high tunability of the plasmon resonance. 

Nanoprisms are further valued for the intense plasmonic near-fields formed at the triangle 

tips,191 a response which can be further amplified by placing two such structures in close 

proximity in a bow tie configuration.192 There is also growing interest in the use of these 

structures as templates capable of defining more intricate nanostructure geometries.193 

Mirkin and co-workers, using a solution-based photochemical synthesis, were the first to 

synthesize triangular nanoprisms in high yield.194 The discovery spurred on considerable 

interest and activity which has recently given rise to the emergence of seed mediated 

protocols offering higher yields, greater monodispersity, an increased size range and 

synthetic simplicity.195 Even though solution-based routes have proven extremely 

successful in the synthesis of noble metal nanoprisms, many of the aforementioned 

Figure 8.1 Schematic of the devised 

templated assembly process which 

transforms substrate-immobilized Au 

templates into triangular AuAg nanoprisms 

through the high temperature exposure of 

Au templates to a Ag flux derived from an 

adjacent foil. The image shows the 

experimental configuration utilized. Figure 

taken from 206.  
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applications require that such structures be placed on substrate surfaces. While the dispersal 

of these nanoprisms onto planar substrates is relatively straightforward, it results in 

structures which are positioned randomly on the surface196 or which form an uncontrolled 

self-assembled pattern.193 Lithographic techniques have been used to define nanoprisms at 

site-specific locations,197 but these approaches can have limitations associated with long 

processing times, high cost and the low quality factors associated with the LSPR of 

polycrystalline structures.198 Recognizing the benefits of placing single crystal nanoprisms 

onto a substrate surface in an organized manner, Zhou et al. lithographically defined 

triangular trenches into a substrate which were able to accept nanoprisms dispersed in an 

evaporating droplet.199 While impressive, the surfaces of these structures remain coated 

with capping agents which can negatively impact nanostructure properties.200,201 

Fabricating periodic arrays of noble metal nanoprisms which are surfactant-free, substrate-

immobilized, and single crystalline is, therefore, a synthetic challenge which has not 

previously been met. Physical vapor deposition (PVD) or assembly routes based on solid 

state dewetting, when carried out on substrates which support an epitaxial relationship, all 

allow for island growth modes yielding single crystalline nanostructures.202 While forming 

[111] oriented noble metal nanostructures is relatively straightforward using these 

techniques, the structures formed do not typically take on the nanoprism geometry. This is 

a consequence of the fact that island formation is reliant on high temperature solid state 

diffusion processes which support the formation of nanostructure geometries with low 

surface energies realized through a combination of minimizing the surface-to-volume ratio 

and forming low surface energy facets. Taking these factors into account for elements with 

face centered cubic (fcc) crystal structures (e.g. Au, Ag) leads to the equilibrium Wulff 
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shape which is a truncated octahedron with eight hexagonal {111} facets and six square 

{100} facets.203 While the exact nature of the epitaxial relationship between the forming 

nanostructure and the substrate can result in deviations from the Wulff geometry,202 a 

substrate capable of promoting Au or Ag nanoprism formation in high yield has not yet 

been discovered. Previously, we demonstrated the utility of using substrate immobilized 

Au nanostructures as templates capable of directing high temperature assembly.204 In these 

processes, Au nanostructures are confined between an oxide substrate and a second 

material from which adatoms can be sourced through sublimation. At the assembly 

temperature these adatoms are unable to spontaneously form stable clusters on the substrate 

surface. When they encounter a Au template, however, they are readily incorporated to 

form a new nanostructure with its own unique properties. This strategy has been 

demonstrated for scenarios where Au is transformed into an alloy,205 where it forms a 

eutectic liquid which upon cooling phase separates into a heterodimer structure and where 

the Au template is sacrificed and replaced with a Wulff shaped Pd nanostructure. Here, we 

demonstrate that an analogous strategy can be used to transform Wulff-shaped Au 

nanostructures into triangular AuAg nanoprisms.206 The transformation is explained in 

terms of anisotropic kinetic processes which continuously drive the structure towards a 

nonequilibrium geometry until the assembly process is terminated through cooling. The 

optical properties of the nanostructures and the hydrogen sensing capabilities of Pd covered 

nanoprisms are also reported. 

 

8.2 The Fabrication of AuAg Nanoprims 

 

     In Figure 8.1, a schematic of the procedure used to transform substrate-immobilized 

Au templates into AuAg nanoprisms is shown. The templates were prepared on (0001)-
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oriented sapphire substrates as both periodic arrays with a narrow size distribution and as 

randomly positioned structures with a broad size distribution. The template-decorated 

substrate and a rectangular Ag foil of approximately the same dimensions were then 

inserted into slots cut into an alumina crucible (Figure 8.1b). This configuration 

maintained a small well-defined distance (0.5 mm) between the two surfaces while 

preventing contact. The crucible was placed in a tube furnace with flowing Ar and heated 

to 775 °C, a temperature sufficient to drive a flux of Ag from the sublimating foil onto the 

adjacent substrate. Exposure of the Au templates to this flux resulted in the heterogeneous 

nucleation of Ag which leads to (i) a morphological transformation from the Wulff shape 

to a triangular nanoprism and (ii) a compositional transformation from pure Au to a AuAg 

alloy. 

 

Figure 8.2 Tilted-view SEM images of a periodic array of (a) Au templates and (b) the 

AuAg nanoprisms derived from them. The insets show top- and 65° tilt-view images of 

the individual structures. Top-view images of the AuAg nanoprisms assembled using 

Au templates formed through the (c) solid state dewetting of an ultrathin Au film and 

(d) dynamic templating. Figure taken from 206. 
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8.3 Random and Periodic Arrays 

     Above, Figure 8.2 shows an SEM image of a periodic array of Au templates as well as 

top- and tilted-view images of the individual structures. The templates appear rounded, but 

where weak faceting is observed. The faceting is consistent with the equilibrium Wulff 

shape. Upon exposure to the Ag flux at elevated temperatures the array undergoes the 

transformation shown in Figure 8.2b. 

     The individual structures now appear as triangular nanoprisms with the geometry 

expected for a structure enclosed by {111} facets. A close inspection of these structures, 

however, reveals that many of them exhibit a slight truncation of the prism corners by 

{100} facets. The nanoprisms form with two in-plane orientations differing by 180°, a 

common occurrence for [111]-oriented fcc metals207 which originates from the fact that 

neither the ABCABC… nor the reverse ACBACB…. stacking order is favored through 

epitaxy. In addition to the nanoprisms there are a small number of other structures which 

show geometries consistent with non-[111]-oriented structures. Noteworthy, is that these 

structures also show pronounced {111} faceting. When the same synthetic procedure is 

carried out on similarly shaped templates derived from the solid state dewetting of ultrathin 

Au films it yields a surface coated with triangular nanoprisms (Figure 8.2c) where the 

randomness in the size and spacing of the initial Au templates is transcribed to the 

nanoprisms. For this scenario, there is a higher occurrence of structures which differ from 

the nanoprism geometry in that they are rounded, show substantial truncations and/or 

deviate from the preferred [111]-orientation. Nevertheless, significance is derived from the 

fact that a high yield of substrate-immobilized nanoprisms is obtained from templates 

which are easily fabricated over large areas.  
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8.4 Time Monitored Morphological Evolution 

 

     Figure 8.3 maps out the time-dependent evolution of the nanostructure morphology and 

composition which occurs as the Au template is transformed into a AuAg nanoprism. All 

of the structures shown experienced the identical processing conditions except for the 

exposure time to the Ag vapor at 775 °C which was varied from 30 to 600 min. At the 

beginning of the process the template is quite rounded, but where {100} and {111} faceting 

is apparent. The initial exposure of the templates to the Ag flux leads to the preferential 

growth on the {100} template facets (red arrows) and a sharpening of all edges where facets 

meet. The favored growth on {100} facets ultimately leads to their annihilation. This occurs 

because each of these facets is bounded by four inward sloping {111} planes which reduce 

Figure 8.3 (a) Top- and tilted-view SEM images showing a Au template with labelled 

facets and identical templates as they undergo a shape transformation resulting from their 

exposure to Ag vapor for time intervals extending from 30 to 600 min. Plots showing the 

temporal evolution of the nanostructure (b) width, (c) height and (d) composition. Figure 

taken from 206. 
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the area of a (100) facet with the addition of each successive layer until finally the facet is 

extinguished by the pyramidal structure formed (green arrows). At this stage, which occurs 

after a 60 min exposure to the Ag flux, the emerging structure is bounded by eight {111} 

facets where seven of them are exposed and the eighth forms an interface with the substrate. 

Continued deposition on the remaining {111} facets leads to the annihilation of the three 

facets facing downwards towards the substrate as indicated by the yellow arrows. At this 

stage (90 min), nanoprism formation is complete. Longer deposition times lead to an 

increased height and edge length (600 min). Figure 8.3b-c shows the time dependence of 

the nanostructure width and height, where the width plotted is the diameter for rounded 

particles and the edge length for nanoprisms. The width steadily increases, trending toward 

a constant value for long time intervals. The height of the structure first declines and then 

rises steadily. With the areal extent of the top facet diminishing due to three inward sloping 

{111} facets and the edge length of the overall structure trending toward a constant value, 

the rise in height is unsustainable. Instead, a steady-state configuration is expected whereby 

the amount of Ag arriving to the structure is equal to that which is desorbing from its 

surface. Consistent with this expectation is the evolution in nanostructure composition 

(Figure 8.3d) obtained using EDS which initially shows rapid Ag alloying of the Au 

template followed by a more gradual increase in the Ag content which appears to be 

saturating at long time intervals. This data, combined with estimates of the nanoparticle 

volume, indicate that the Au content within each structure remains approximately constant 

throughout the nanoprism assembly process. 
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8.5 Optical Properties and Hydrogen Detection 

 

A single lithographically defined triangular nanoprism placed in close proximity to a 

nanoscale Pd disc has been demonstrated by Liu et al.208 as an optical hydrogen sensor. 

The sensing mode is dependent on disruptions to the nanoprism’s dielectric environment 

caused by the uptake of hydrogen by the palladium disc. Motivated by these findings we 

tested the hydrogen sensing capabilities of an ensemble of substrate-supported triangular 

nanoprisms coated with a 1 nm thick layer of Pd using a test apparatus and sensing strategy 

which we describe in detail in Section 4.4 of this proposal. Briefly, the Pd coated AuAg 

nanoprisms (denoted as AuAg@Pd) are exposed to a broadband incoherent excitation (550 

- 650 nm) resonant with the LSPR (i.e. the blue curve in Figure 8.4a). The amount of 

transmitted light is then monitored as the sample is exposed to alternating on/off flows of 

10% H2 90% N2
 gas. The transformation of the palladium to a metal hydride is expected to 

alter the dielectric environment of the plasmon in a manner which decreases the extinction 

and red-shifts the LSPR.209 Figure 8.4d-e shows the detection of hydrogen and a schematic 

illustrating the sensing mechanism. The observed cyclic behavior is characterized by a 

rapid ~0.13% rise in the integrated transmittance (476 - 731 nm) upon exposure to 

hydrogen followed by a gradual decline when the hydrogen flow is terminated. The rapid 

rise and gradual fall is a response characteristic of many metal hydride sensing modes 

where the hydrogen intake is more rapid than its loss.210 Important is that neither the AuAg 

nanoprisms nor a standalone 1 nm thick Pd film yielded a comparable result, a clear 

indication that detection results from the coupled response originating from a metal hydride 

in intimate contact with a plasmonic nanoprism. By themselves the AuAg templates 
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showed no well-defined response while the Pd film initially showed a small detectable 

response, but which, after several cycles, significantly degraded.  

 

8.6 Proposed Atomic Growth Mode 

 

     The experiments carried out demonstrate that the mere exposure of substrate-

immobilized Au nanostructures to Ag adatoms at elevated temperatures results in their 

transformation to alloyed structures with altered geometries, but where the original 

heteroepitaxial relationship of the Au structure is preserved. Crucial to the assembly 

process is that the temperature is maintained in a regime where Ag adatoms are unable to 

cluster in sufficient numbers to nucleate a stable Ag nanostructure before desorbing from 

the substrate surface. Consequently, Ag adatoms are only able to remain on the substrate 

Figure 8.4 (a) Optical extinction spectra for nanostructures which evolve from Au 

templates to triangular AuAg nanoprisms. DDA simulations of the extinction spectra 

where (b) the nanoprism corners are subjected to an increasing degree of truncation and 

(c) the height is systematically increased to the point where a tetrahedron is formed. (d) 

The integrated transmittance (476-731 nm) through an ensemble of Pd-coated AuAg 

nanoprisms exposed to on/off cycling of H2 gas and (e) a schematic of the sensing mode 

responsible for H2 detection. Figure taken from 206. 
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surface for extended periods of time if a suitable heterogeneous nucleation site is 

encountered. With a hierarchy of bond dissociation energies of Au-Au: 2.34 eV, Au-Ag: 

2.10 eV, Ag-Ag: 1.68 eV,211 the formation of Au-Ag bonds have the potential to 

significantly extend the adatom lifetime when compared to the Ag-Ag bonds needed to 

form pure Ag clusters on the substrate. The miscibility of the Au-Ag system then permits 

Ag vacancy diffusion into bulk Au where Ag atoms are completely stabilized against 

desorption until they randomly diffuse to the surface. Over time the structure increases in 

volume as more Ag adatoms are incorporated, but where this additive process is 

increasingly offset by the Ag desorption. Desorption rates are expected to increase due to 

the growing: (i) surface area of the alloyed structure, (ii) likelihood that bulk Ag will diffuse 

to the surface and (iii) reliance on the weaker Ag-Ag bonds within the structure. 

Eventually, the structure reaches a steady state configuration characterized by an equal 

number of Ag atoms arriving to and leaving the structure.  

     While the transformation of the Au nanostructures to a Au-Ag alloy is readily 

understood, the accompanying shape-transformation is far more subtle. Revealing is the 

fact that the dewetting process, when carried out using ultrathin AuAg films, gives rise to 

rounded structures with many showing faceting consistent with the Wulff shape. The result 

suggests that the Wulff shape remains the equilibrium configuration for the AuAg alloy. 

We, therefore, assert that nanoprism formation is driven, not by the energy minimization 

of the overall structure, but by kinetic processes which favor the establishment of {111} 

facets. Strongly supportive of our assertion are the molecular dynamic (MD) simulations 

of Baletto et al.212 which show that kinetic regimes exist where the arrival and attachment 
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of Au or Ag adatoms to their respective Wulff configurations drive the geometry towards 

a {111} faceted octahedron. While their simulations pertain to homogeneous nucleation, 

many of their theoretical arguments can be extended to the heterogeneous case.  

     For the Au nanostructure to maintain its equilibrium Wulff shape, it would require the 

isotropic attachment of Ag adatoms to the various facets. Anisotropies are, however, 

inherent to our assembly process. Ag atoms which sublimate from the foil can arrive to the 

Au nucleation site through direct impingement or by landing on the substrate and diffusing 

to its base. The latter process can lead to the preferential arrival of adatoms to those facets 

which intersect the substrate. Nanowire growth modes, for example, are often dominated 

Figure 8.5 Schematic representation of the key elements which drive each of the three 

stages of the kinetically driven transformation of Wulff-shaped Au into triangular AuAg 

nanoprisms resulting from (a) the arrival of Ag adatoms to the template through direct 

impingement and surface diffusion. (b) Stage 1 processes where adatoms preferentially 

collect and deposit on {100} facets due to the varying Ehrlich-Schwoebel (ES) barriers. 

(c) Stage 2 processes where layer-by-layer growth is nucleated at the sites provided by 

the substrate-nanostructure interface where downward facing facets form and where Ag 

is increasingly desorbed from the top facet. (d) Stage 3 processes where adatoms 

arriving to the structure via substrate surface diffusion diffuse up the sidewalls to the 

nucleate growth on the top facet. Figure taken from 206. 
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by the arrival of adatoms at the nanowire base from what is termed as the collection area.213 

Further anisotropies originate from the unique bonding environment which the (100) and 

(111) facets present to a Ag adatom. Adatoms on the (100) surfaces are bonded to four 

nearest neighbor Au atoms while those on the close-packed (111) surface are bonded to 

only three. As a result of the higher coordination and stronger bonding, adatom surface 

diffusion on the (100) facets is slower214 and desorption is less probable. Adatom diffusion 

between the various facets is also subject to kinetic disruptions. For such a transfer to occur, 

the adatom must first relinquish bonds on one facet and then reform them on another. Such 

a process inevitably leads to an energy barrier, the so-called Ehrlich-Schwoebel 

barrier,213,214 with a barrier height dependent on the particular facets involved. Because 

these barriers tend to reflect adatoms,215 they present obstacles of varying degrees to the 

surface diffusion of adatoms between various facets. Significant reductions to the barrier 

height can, however, occur through exchange processes whereby an adatom assumes the 

position of a surface atom located at the facet edge in a manner which causes this surface 

atom to be displaced and promoted to the adjacent facet. When such a process is repeated 

over and over it can result in a directional diffusion of adatoms from one facet type to 

another. Significant is the fact that MD simulations of these various processes by Baletto 

et al.212 for the case of homogeneous nucleation reveal that it is relatively easy for adatoms 

to cross from a (111) to a (100) facet, but not vice versa. The result, therefore, provides the 

mechanism by which adatoms become preferentially trapped on {100} facets. With this 

understanding of the kinetic anisotropies inherent to the assembly process, we propose a 

mechanistic framework by which the transformation from a Au Wulff shape to a AuAg 
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triangular nanoprism could occur. It is presented as a three stage process (Figure 8.5), but 

where it should be understood that there is a significant overlap between the stages. 

     In the first stage, Ag, which has arrived to the Au nucleation site, preferentially deposits 

on the high surface energy nucleation sites provided by the rounded regions and {100} 

facets (Figure 8.5). The rounded regions, which are characterized by step-terrace 

morphologies on atomic length-scales, sharpen because they present excellent nucleation 

sites for growth since adatoms can simultaneously form bonds to both the step and terrace. 

There is then preferential surface diffusion from the {111} to {100} facets which leads to 

the accumulation of Ag atoms in sufficient number to induce layer-by-layer growth on all 

{100} facets (Figure 8.5). Such processes proceed at relatively high rates until growth on 

{100} results in the formation of faceted pyramids enclosed by {111} facets (Figure 8.5 

c). Concurrent with these processes is the bulk intermixing of Au and Ag via vacancy 

diffusion. 

     The second stage is dominated by slow layer-by-layer growth on the downward facing 

{111} facets and an overall reduction in the height of the structure. With only {111} facets 

remaining, preferential growth on downward facing facets is facilitated by the higher flux 

of Ag adatoms arriving from the adjacent collection area. It is also possible that the high 

contact angle formed between these three facets and the substrate provides a nucleation site 

from which layer-by layer growth is initiated. For the overall structure to lose height the 

top facet must be losing layers through the desorption of Ag at a rate greater than it is being 

replaced. At the end of this stage, the downward facing facets are filled in to complete the 

nanoprism geometry (Figure 8.5 c). 
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     In the third stage, the nanoprism slowly gains height through layer-by-layer deposition 

on the top facet while the three side-facets grow, but at a much slower rate. This reversal 

from a gradual height loss to a gain is readily understood if the material required for this 

growth is being sourced from the collection area via the three remaining facets which are 

in contact with the substrate. At the beginning of the second stage the contact between 

these facets and the substrate is minimal (red line in Figure 8.5 c) and, as a result, they 

could not source enough material from the collection area to counterbalance the loss of Ag 

through desorption. It is noted that diffusion to the top facet via the downward facing facets 

is far less probable since these facets do not share an edge with the top facet and, as a result, 

surface diffusion from these facets to the top facet requires the adatom to cross a minimum 

of two Ehrlich-Schwoebel barriers.  

     By the end of second stage, however, the line of contact between the remaining facets 

and the substrate has more than tripled (red line in Figure 8.5 d), and in doing so, provides 

the ability to source many more adatoms from the substrate. With all three of these side 

facets now supplying adatoms to the top facets it is able to grow in a layer-by-layer manner 

(Figure 8.5 d). This growth, however, if offset by increasing Ag desorption as the structure 

increases in surface area and volume. The structure, therefore, trends toward a steady-state 

configuration where the number of Ag atoms arriving to the structure is balanced by 

number exiting. Thus far, the proposed mechanistic framework, as well as the MD 

simulations of Baletto et al.,212 does not preclude the possibility of transforming 

homogeneous nucleation sites of Ag into Ag nanoprisms. Attempts to achieve this outcome 

were only partially successful since Ag nanoprisms formed in low yield and many of the 

nucleation sites experienced a net volume loss. All of the nucleation sites able to support 
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growth did, however, show a substantial sharpening of their facets. These results, hence, 

emphasize the important role which the far less volatile Au atoms play in stabilizing the 

nanoprism geometry. 

 

8.7 Conclusions 

 

     We have demonstrated a method for transforming Au nanoparticles shaped as truncated 

octahedrons into AuAg triangular nanoprisms which are substrate-immobilized, single-

crystalline, epitaxially aligned and surfactant-free. In the devised route, Au nanoparticles 

serve as heterogeneous nucleation sites for Ag adatoms sourced from a sublimating foil. 

The observed transformation was unexpected because the nanoprism geometry does not 

represent the low surface energy configuration which typically transpires in high 

temperature assembly processes reliant on solid state diffusion. This deviation from the 

norm is attributed to the anisotropies in kinetic processes associated with (i) adatoms 

arriving preferentially to the base of nucleation site from an adjacent collection area, (ii) 

higher adatom diffusion rates on {111} facets than on {100} facets, and (iii) the various 

Ehrlich–Schwoebel barriers which inhibit adatom motion between facets. These 

anisotropies combined with the constant arrival, desorption and interdiffusion of Ag into 

Au at the nucleation site leads to the non-equilibrium steady state nanoprism geometry 

which, upon cooling, maintains this ‘frozen-in’ configuration. Obtained in high yield from 

a relatively simple procedure, the so formed nanoprisms present the opportunity to form 

photonic surfaces for catalytic, sensing and photovoltaic applications. The optical 

properties of the nanostructures and the hydrogen sensing capabilities of Pd covered 

nanoprisms were also reported. 
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CHAPTER 9 

 

HETEROGENEOUS CATALYSIS 

 

Preface: This chapter discusses a series of unpublished investigations pertaining to the 

development of novel catalysts for the reduction of 4 – nitrophenol to 4 – aminophenol with 

sodium borohydride. The goal of this chapter is to provide an introduction to 

heterogeneous catalysis and brief overview of various catalytic modalities.  

 

9.1 Introduction 

     There is an extensive literature pertaining to the 

reduction of 4-nitrophenol (4-NP) to 4-aminophenol 

(4-NP) with sodium borohydride (NaBH4) and metal 

nanoparticle catalysts. The widespread interest stems 

from the fact that this reaction stands with great 

technological relevance216-218 while also serving as a 

model reaction for accessing a given catalytic 

platform.219 A majority of the literature pertains to the 

development of colloidal nanoparticles (either 

supported or colloidal) whose morphology and/or 

composition are optimized220 for catalytic activity, 

recoverability, recyclable, efficiency and/or 

economy.221 

     Herein presented is a series of novel catalytic platforms based on (i) substrate-based 

nanoparticles, (ii) mechanically induced nanotexturing of bulk copper foils, (iii) ultra-small 

AuPd surfactant-free colloidal nanoparticles synthesized via pulse laser, (iv) substrate-

based AuCu nanoprisms and (v) the Wulff in a Cage Morphology. The catalytic activity is 

monitored through the reduction of 4 - NP to 4 - AP with NaBH4. 

Figure 9.1 a) The reduction of 4-

NP to 4-AP with NaBH4 and metal 

catalyst. b) The change in the 

absorbance spectrum over time 

after addition of metal catalyst.   
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9.2 The Model Catalytic Reaction 

     The reduction of 4 – NP to 4 – AP by NaBH4 with a metal catalyst is considered a 

model reaction. Below is a list, generated by the Herve´s et al., for what defines a model 

reaction219: 

(i)    Only upon addition of the metal catalyst should the reaction start and transform 

chemical species A to B without side reactions or by-products. 

(ii)    The reaction rate should be determined as a function of temperature for a detailed 

understanding of the reaction mechanism.  

(iii)    The reaction should proceed under mild conditions, preferably at around room 

temperature and in mild solvents like water. No degradation or transformation of the 

nanomaterials should occur during the reaction.  

 

9.3 The Reduction of 4 - Nitrophenol to 4 – Aminophenol  

     To reiterate, the reduction of 4 – NP to 4 – AP is shown in Figure 9.1a, where the 

nitrogroup is reduced to an amino group with NaBH4 and a metal catalyst. In all 

experiments carried out herein; the reactions are carried out inside a quartz cuvette mounted 

inside a UV/Vis spectrometer. A 2 mL aqueous solution of 70 µM 4-NP and 7 mM NaBH4 

contained within a standard 1 cm path-length quartz cuvette. The reaction is monitored 

prior to the addition of catalyst to reveal a constant absorbance spectrum over time. The 

reaction is then initiated by the insertion/injection of the catalyst (i.e. colloidal 

nanoparticles, dip-catalyst, foil, etc.), the strong absorbance at 400 nm (representing the 4 

– NP ions) begins to decrease and a peak emerges at 300 nm (representing the 4 – AP). 

Directly after adding the catalyst, an induction time may be observed, as shown in Figure 

9.2a,b (orange dashed circle). The origin of the induction time is still under investigation 

but evidence points to surface reconstructions.219 Directly after this induction time, the 

reaction ensues as a pseudo-first order reaction yielding 4-AP, a species which rapidly 

desorbs from the surface and is, hence, inconsequential to the reaction kinetics. The rate 
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limiting step is, therefore, the reaction occurring between the adsorbed hydrogen species 

and 4-NP on the metal catalyst. By tracking the absorbance at 400 nm (Figure 9.2a), the 

change in 4-NP may be monitored over time. Catalysts are typically described in terms of 

an apparent reaction rate, kapp, equal to the linear slope of the ln(A/A0) vs t (details 

discussed in 9.4 below). 

 

9.4 Determining the Apparent Reaction Rate  

     To determine the apparent rate of reaction, the 

absorbance at 400 nm is measured as a function of 

time (Figure 9.2a). The reaction behavior is 

governed by the pseudo first-order reaction where 

d[A]/dt = kapp [A], where the [A] is the concentration 

of 4 - NP at a given time t. Since the concentration of 

NaBH4 is 100-times greater than the 4-NP, this term 

is relatively constant and can be excluded from the 

rate equation. To obtain the constant kapp, the slope 

should be extracted from the plot of ln(A/Ao) vs. 

time, where to is after the induction period.219 

9.5 Catalytic Modalities  

     Introduced are five novel catalytic platforms which are still under investigation: 

     1. Nanotrenches Induced by Shear Deformation (Section 9.5.1) 

     2. The Volmer-Weber Dip-Catalyst (Section 9.5.2) 

     3. AuCu Nanoprism Dip-Catalyst (Section 9.5.3) 

     4. Femtosecond laser pulses for Synthesis of AuPd Nanoparticles (Section 9.5.4) 

     5. The Wulff in a Cage (Section 9.5.5) 

 

Figure 9.2  a) The absorbance of 4-

NP at 400 nm as a function of time. 

b) A plot of –ln(A/Ao) vs. t where 

the purple dash line is used to 

determine the slope which is equal 

to kapp.  The orange circle in a) and 

b) represents the induction time.  

a)  

b)  
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9.5.1 Nanotrenches Induced by Shear Deformation 

     Bulk foils are generally considered to be inert and non-catalytic. Despite this well 

accepted paradigm, shown is the unprecedented activation of bulk copper foil directly after 

shear deformation. To understand how and why shear deformation results in this 

remarkable increase in activity, the surface morphology was investigated with SEM and 

AFM (Figure 9.3a,b). The surface of the annealed film is smooth (Figure 9.3a) and 

catalytic rate low, but, upon shearing, the edge regions form nanotrenches (Figure 9.3b). 

A remarkable (102 - 103) improvement in the catalytic rate is measured after shearing. The 

rate is shown to increase linearly with the number of cuts (Figure 9.3c), yet, perhaps the 

most remarkable aspect of this platform is the recyclability (Figure 9.3d). This remarkable 

dip-catalyst not only has one of the highest reported reaction rates but also has a remarkable 

recyclability and continues to work after 5 weeks.  While extensive work is still required 

to pinpoint the mechanism, all clues point to enhancements attributed to the generation of 

nanotrenches or (nanoscaled concavity) which serve as an ideal environment for this 

reduction reaction.  

Figure 9.3 a) Shown is an SEM micrograph and a 3D – topographic AFM image of an annealed 

copper foil with a smooth surface. b) Upon shear deformation, micro- and nanoscaled trenches 

are observed with both SEM and AFM. c) Catalytic measurements were carried out as a function 

of the number of cuts made into the foil to reveal a linear dependence with the rate constant. d) 

The recyclability was also tested where the blue arrows show the rate of uncut foil (null) and the 

green bars are measurements from the shear deformed foil for week 1, and red bars for week 2. 
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9.5.2 The Volmer-Weber Dip-Catalyst 

     The Volmer-Weber Dip-Catalyst (VMDC) is a catalytic platform which has a metal (i.e. 

Au, Cu and Pd) sputter deposited onto SiO2 substrates with varying thicknesses. The 

catalytic rate of each of these materials is studied as a function of deposition thickness. As 

an example of the growth process, Cu deposition is shown in Figure 9.4 a – d, where 1, 3, 

5 and 10 nm are deposited and catalytically assessed at each stage of the growth. Adopted 

was a dip catalyst approach,222-225 whereby the reaction is initiated by inserting the 

supported metal catalyst into a quartz cuvette containing the reactants. Figure 9.4 e-g 

shows the reaction rates obtained for the three metal catalysts as a function of their nominal 

thickness. The thickness at which the thin film comes together is marked for each material 

by a colored vertical line. Au and Pd show a dependency which indicates substantial 

catalytic activity for discrete nanoscale islands which diminishes rapidly in this range 

where nanoscale islands give way to a continuous film. Contrary to intuition (which sees 

Figure 9.4 As a demonstration of the Volmer-Weber growth mode, shown are TEM 

micrographs of Cu with nominal thicknesses of 1, 3, 5 and 10 nm (a - d). The three plots 

below show the catalytic rates of e) Au, f) Cu and g) Pd as a function of thickness. The 

vertical blue, orange and red lines denote the thickness for where the film merges. 

 

a)                        b)                      c)                        d) 

Growth Time 

e)                                 f)                                    g)                          
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kapp decrease as the film goes toward bulk), Cu showed an oscillatory rate with film 

thickness. These observations, while exciting, need additional work and analysis.  

9.5.3 AuCu Nanoprisms Dip-Catalyst        

     Here, assessed is the catalytic and photocatalytic properties of highly faceted, substrate-

immobilized AuCu triangular nanoprisms (Figure 9.5a) synthesized using a vapor phase 

templated-assembly. The synthetic procedure is identical to what was discussed in 

Chapter 8 but where a Cu-foil was used instead of a Ag-foil. The so-formed structures 

have a bimetallic composition which is well-recognized for its catalytic capabilities226 as 

well as a strong localized surface plasmon resonance in the visible spectrum (Figure 9.5b). 

Using a dip catalyst modality (Figure 9.5c), the structures are demonstrated as 

heterogeneous photocatalysts with a 32-fold enhancement to the reaction rate when 

resonantly excited with 10 mW/cm2 632.8 nm laser light, and smaller 4-fold enhancement 

with off resonant excitation at 532 nm. The study demonstrates the potential of such 

structures as photocatalysts and validates the reduction of 4-nitrophenol as a reaction useful 

in assessing the photocatalytic capabilities of plasmonic nanostructures. This work has 

been submitted for publication.227 

 

 

 

 

 

 

 

 

 

Figure 9.5 SEM images of (a) AuCu 

nanoprisms along with insets showing high 

resolution images of top- and side-views. 

(b) The optical absorbance spectra for Au 

templates (pink), AuCu triangular 

nanoprisms (blue) and near-hemispherical 

AuCu nanostructures (green). (c) Schematic 

representation of the experimental 

configuration used for photocatalysis 

measurements which sees the probe beam 

and the laser excitation source pass through 

the cuvette at right angles to each other. d) 

The time dependence of -ln(A/A0) for AuCu 

nanoprisms where the dashed red and green 

lines denote the laser excitation 

wavelengths used for photocatalysis but 

where blue is measured in the dark. 
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9.5.4 Femtosecond Laser Pulses for Synthesis of AuPd Nanoparticles 

     It can be shown that the reduction rate of 4-nitrophenol (4NP) can be predicted purely 

based off of the binding energy between 4NP and the metal catalyst.228 This prediction 

suggests that the ideal catalyst is one which is neither too reactive nor too noble but rather, 

“just right”.229 One of hallmarks of bimetallic nanoparticles is that the resulting properties 

are nearly a linear combination of the two pure metals.229  Therefore, explored is the 

surfactant-free synthesis of Au-Pd bimetallic colloidal nanoparticles, with diameters of 2.4 

± 0.9 nm, through the use intense femtosecond laser pulses for the co-reduction of aqueous 

solutions of [AuCl4]
- and [PdCl4]

2- with varying ratios. A high resolution transmission 

electron microscope (TEM) image is shown in Figure 9.6a. Energy dispersive X-ray 

spectroscopy (EDX) mapping in Figure 9.6a indicates that the nanostructures consist of 

homogeneous mixture Au and Pd. The catalytic activity of the various precursor ratios were 

measured and plotted in 3D, Figure 9.6b. This work is currently being prepared for 

publication.    

 

 

 

 

 

 

Figure 9.6 a) Shown is a histogram of the diameter-distribution of AuPd nanoparticles 

synthesized from the ultrashort laser pulse for a given Au-Pd precursor ratio. The high 

resolution TEM micrograph shows the single crystal nature of the derived nanoparticle. 

Directly beneath shows a series of particles with associated EDS maps to show 

individually elemental Au and Pd. b) A 3D plot showing the reduction rate of 4NP to 

4AP with NaBH4 all as a function of the precursor ratio.  

a)                                                                b)                                                        
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9.5.5 The Wulff in a Cage 

     Having control over heterogeneous nucleation and galvanic replacement offers the 

opportunity to derive more intricate nanoparticle geometries such as the, “Wulff in a Cage”. 

This structure is best described as a noble metal nanoparticle (in the low energy Wulff 

configuration) surrounded by a noble metal nanoframe or nanocage, depicted in Figure 

9.7. Three cases are presented where (1) low amounts of Ag deposition onto the template 

results in edge deposition and subsequent galvanic replacement with Au3+ leads to the 

formation of the Wulff in a Frame morphology, (2) depositing a medium amount of Ag 

onto the template leads to edge and (100) deposition where the addition of Au3+ leads to a 

Wulff in a Cage morphology, and (3) high amounts of Ag deposition leads to complete and 

uniform coverage and  the addition of Au3+ leads to a Wulff in a Shell morphology.  The 

motivation for synthesizing such a structure comes from the fact that metal nanostructures, 

which exhibit ultra-small features (< 2 nm), show enhanced catalytic performance as 

evident from a recent publication.230 The feasibility of carrying out such a synthesis has 

been varied in Figure 9.7 which shows SEM micrographs of Au templates, oriented with 

Figure 9.7 A) A schematic showing the reduction of low, medium and high concentrations of 

Ag+ resulting deposition on the edge, edge plus (100)-facet, and complete coverage, respectively. 

The subsequent galvanic replacement of the deposited Ag with Au3+ results in the formation of a 

frame, cage or shell for the low, medium and high concentrations, respectively. B) SEM 

micrographs show Au templates, oriented with [111], [110] and [100]-axis up, enveloped by an 

Au frame; a result from using low Ag+.  

 

Au3+ 

Au3+ 

Au3+ 

Med. 

 

Frame 

Cage 

Shell 

B) A) 
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[111], [110] and [100]-axis up, enveloped by an Au frame; a result from reducing low 

amounts of Ag+ and then galvanically replacing the Ag with Au3+. 

 

CONCLUDING REMARKS 

     In essence, this dissertation serves as a foundation for researchers interested in 

synthesizing highly ordered shape-tunable substrate-based plasmonic nanomaterials. This 

was accomplished by coupling novel thin-film methods (i.e. thermal dewetting, dynamic 

templating) with emerging solution-phase chemistry aimed at shape engineering metal 

nanoparticles.  The experimental work discussed herein allows for the establishment of 

several important generalities regarding the governing mechanisms of shape engineering 

metallic nanoparticles. 

     The synthesis of nanoparticles which exhibit far-from-equilibrium morphologies (i.e. 

nanoshell, nanoprism, etc.), relies on chemical or physical processes which adds/removes 

atoms to/from a template structure in a manner which satisfies thermodynamic constraints 

outside from whole-structure free energy considerations. For example, the decrease in free 

energy occurring during galvanic replacement reactions, between the ions and template, 

occurs while the surface free energy, associated with the hollowing process, increases. It’s 

important to point out that maintaining this far-from-equilibrium morphology relies on the 

fact that atoms cannot diffuse over the large length scales necessary to minimize the surface 

free energy of the overall nanostructure.  

     A similar generality can be made about heterogeneous nucleation carried out in what is 

considered slow kinetics. In this case, neutral species arrive to the template in the solution-

phase but where solution-template barriers prevent uniform deposition. These barriers 
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create a situation which forces the nucleation and growth to occur at a single site on the 

template. The continual growth from this single site creates a situation which, as discussed 

previously, increases the surface free energy of the overall structure. Therefore, in both 

cases (galvanic replacement and heterogeneous nucleation), atoms deposit in a manner 

which produces an overall morphology which deviates significantly from the equilibrium 

shape. Also, in each case, the atoms do not possess the necessary energy to reorganize into 

the equilibrium shape.  

     Therefore, the morphology of kinetically controlled products can be tuned by 

establishing predefined energy barriers which can include (i) solution-template barriers 

(transition from solution-phase species to adatom) by the presence of electrical double 

layers or ligands, or (ii) an anisotropic surface-energy landscape (i.e. defects, edges, facets, 

surfactants/ligands). Therefore, both the initial shape of the template and preadsorbed 

chemical species can be used to drive growth toward a desired morphology. 

     On the other hand, the synthesis of a nanoparticles with an equilibrium morphology is 

generally straightforward. This can be established simply by providing the nanostructure 

the necessary time and energy for unstable atoms to overcome kinetic barriers (probe the 

potential field) and settle into positions which minimizes the particle’s overall surface 

energy. The intrinsic surface energy anisotropy of the FCC crystals causes the resultant 

shape to evolve toward the Wulff configuration. However, this surface energy anisotropy 

may be modulated through the addition of surface agents or ligands which can bind to 

specific facets to lower their surface energy, hence modulating the low energy 

configuration. 
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    The growing body of literature related to the synthesis of metal nanostructures has come 

a long way since the early work provided by Faraday and Turkevich. Despite the many 

advancements to synthetic protocols and characterization techniques, our understanding of 

the atomic scale mechanisms involved is far from complete. The ability to understand how 

these materials behave at the atomic level will ultimately allow us to exploit this knowledge 

in order to design and engineer idealized nanostructures for a given application.  

     In summary, the powerful combination of solution-phase chemistry and thermal self-

assembly along with the understanding of the roles played by kinetics and thermodynamics,  

has resulted in series of substrate-based nanomaterials including (i) Au - Ag – nanohuts, 

nanocages and nanoshells, (ii) Pt nanoshells derived from Ni, Co, Pb, Ag and Cu template 

materials, (iii) alloying/interdiffusion regulated by template induced strain, (iv) Au@Ag, 

Au – Ag heterostructures and Au – Ag dimer structures and (v) Au-Ag and Au-Cu 

nanoprisms. Devised routes have resulted in a number of mechanistic discoveries including 

(i) passivation-layer induced tunneling during galvanic replacement reactions, (ii) insights 

into how atoms exit during galvanic replacement carried out on passivated templates, (iii) 

crystal growth modes kinetically controlled via precursor concentration and injection rate, 

(iv) the formation of nanotrenches via shear deformation and (v) the remarkable catalytic 

rates for the reduction of 4-nitrophenol to 4-aminophenol with NaBH4 with Cu 

nanotrenches. 
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