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Abstract 

 

The thesis focuses on low-cost bottom-up approach to design nanostructured electrode 

materials for novel applications in electrocatalysis and stretchable electronics. In 

particular, the work presented in this thesis were about (1) the fabrication of functional 

nanostructured electrodes with synthetic meta-atoms from the “artificial periodic tables” 

(Figure 1.3) using cost-effective “bottom-up” approach; (2) the size- and shape-

dependent electrocatalytic properties of the as-fabricated electrodes; and (3) the 

applications of the as-fabricated electrodes in lightweight and stretchable electronics. 

The key novel features are summarized as follows: 

 

A robust chemical-tethering approach was developed to immobilize AuNPs onto 

transparent indium tin oxide (ITO) glass electrode surface, and their size- and shape-

dependent electrocatalysis towards methanol oxidation reaction (MOR) and oxygen 

reduction reaction (ORR) was systematically investigated. In particular, mono-

dispersed 20 nm nanospheres (AuNS20s), 45 nm nanospheres (AuNS45s) and 20 × 20 

× 63 nm
3
 nanorods (AuNRs) were synthesized and chemically tethered to ITO surface 

forming submonolayers without any aggregation. These nanoparticle-modified ITO 

electrodes exhibited strong electrocatalytic activities towards MOR and ORR but their 

mass activities were highly dependent on particle sizes and shapes. For particle with 

similar shapes, size determined the mass activities: smaller particle size led to greater 

catalytic current density per unit mass due its greater surface-to-volume ratio 

(AuNS20s > AuNS45s). For particles with comparable sizes, shapes or crystalline 

structures governed selectivity of electrocatalytic reactions: AuNS45 exhibited a higher 

mass current density in MOR than that for AuNRs due to its dominant (111) facets 

exposed; whereas AuNRs exhibited a higher mass current density in ORR due to its 

dominant (100) facets exposed. 

 

A low-cost and simple yet efficient drop-casting method was developed to fabricate 

lightweight and mechanically flexible electrocatalytic electrodes from AuNRs and 

AuNS45s. Low cost, flexible, and highly porous tissue paper sheets were chosen as the 

substrates; AuNPs were packed closely on the surface, therefore the electrodes were 

highly conductive without any requirement of conductive substrates. Moreover, owing 
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to the hierarchical porous structure of paper fibers and the high volume-to-surface ratio 

of AuNPs, the modified electrode exhibited extremely large electrochemical active 

surface area (EASA). In comparison with conventional gold disk electrodes, the 

electrocatalytic activities of AuNP electrodes towards ORR and MOR were greatly 

improved. Furthermore, AuNP electrode are highly stable; AuNPs kept their well-

defined shapes after 1000 cycles scanning in 0.1 M PBS (pH=7.2) or 500 cycles 

scanning in 0.1 M KOH with 3 M methanol. In addition, the universality of this 

approach was proved by extending the substrate to commercial available sponges. 

 

The ultra-lightweight copper aerogel monoliths were synthesized from copper 

nanowires (CuNWs) for the first time through an environmentally friendly freeze-

drying approach. Their mechanical and electrical properties were finely tunable simply 

by varying the densities of the aerogels. However, the poor mechanical strength of the 

aerogels limited their applications in flexible electronics. A  trace amount of additive – 

polyvinyl alcohol (PVA) was found to substantially improve the mechanical strength of 

CuNWs aerogel monoliths while maintaining high conductivity (~ 0.83 S•cm
-1

) and 

ultra-low density (~10 mg•cm
-3

). The CuNW-PVA composite aerogels exhibited high 

durability at cyclic loads, enabling their applications as the elastic piezo-resistivity 

switch. More importantly, the CuNW-PVA aerogels could be embedded into PDMS 

matrix, leading to electrically conductive rubber ambers without the need of pre-wiring. 

The rubber ambers could be further manufactured into various one-dimensional (1D), 

2D and 3D objects that were all conductive after shaping. We believe that our 

fabrication strategy represents a new low-cost route to manufacture under mild 

conditions flexible conductors with versatile shapes for versatile applications in flexible 

electronics. 
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Chapter One 

 

Introduction 

Chapter 1 Introduction 

 

 

Nanostructured materials with well-defined sizes and shapes play a critical role in 

recent development of nanotechnologies, especially in energy-related applications.
37

 

Owing to their high surface to volume ratio and tunable physical properties, metallic 

nanomaterials have been regarded as promising building blocks for functional 

electrodes. Over the past decades, research on the design of nano-metallic electrodes 

has been dramatically intensified mainly owing to two factors. On one hand, 

continuous progresses have been achieved on the synthesis of nano-sized metals with 

various morphologies;
38

 on the other hand, development of nanotechnology has offered 

ample methods for the fabrication of nanomaterial-based electrodes.
39

  

 

Currently, most efforts focus on constructing functional electrodes with minimum cost 

and optimum performance.
40

 The investigations on shape/size dependent 

electrocatalytic performance of metallic nanomaterials allow researchers to achieve the 

highest efficiency via tailoring the structures of nanometals.
41

 Moreover, motivated by 

natural materials, porous metallic aerogels have been produced with reduced metal 

utilization and been developed as conductive electrodes.
42

 In addition, more 

economical and practical techniques, such as bottom-up assembly, are employed to 

fabricate nano-metallic electrodes.  

 

The introduction includes the following contexts; (1) summary of conventional 

techniques for metallic electrode fabrication, (2) history of synthesizing metallic 

nanostructures, especially nano-sized gold and nanowire-like copper, (3) development 

on design and shape/size dependent electrocatalysis of nano-metallic electrodes, (4) 
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review of fabrication methods for metallic aerogels and their applications, and (5) the 

aim of this thesis.  

 

 

1.1 Conventional Techniques for Metallic Electrode Fabrication 

 

The word “electrode”, coined by the scientist Michael Faraday in the year of 1894, was 

originally used to describe a current conductor connecting non-conductive parts in a 

circuit. However, during the past century, the utilizations of electrodes have been 

significantly expanded into various fields, including energy transfer and storage,
37

 

sensors,
43

 and therapeutic applications,
44

 owing to the development of fabrication 

approaches. By far, customized metallic electrodes are generally produced via four 

main methodologies: polishing, annealing, coating, and printing. 

 

1.1.1 Polishing 

 

For every electrochemical application, clean and highly active electrode surface is a 

prerequisite. Therefore, precise and specific surface pretreatment procedures are 

indispensable before carrying out electrochemical reactions.
45

 The most commonly 

applied technique is polishing, which are further divided into three major catalogs; 

manual, chemical, and electrochemical polishing. The manual polishing procedure 

consists of mechanically polishing the metallic electrode to get a mirror-like surface 

with alumina slurry and nylon/diamond pads. After polishing, the electrode is rinsed 

copiously to remove residual alumina particles.
45

 In comparison with manual 

procedures, chemical polishing requires less labor efforts; to reduce the oxidative 

organic contaminants, electrodes are normally immersed in ethanol or acidic aqueous 

solutions.
46

 To obtain a low current background as well as rapid electron transfer rates, 

electrochemical polishing is always carried out following the manual or chemical 

steps.
47

 Generally, electrodes are cleaned by potential cycling in specific electrolyte 

solutions, resulting in a smoother surface.  
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1.1.2 Annealing 

 

Metallic electrodes with single crystal surface have received extensive attentions, since 

they can provide accurate information of the correlation between interfacial structures 

and electrochemical activity. Preparation of metallic single crystal electrodes was 

stimulated by Clavilier et al.; in the year of 1980, they introduced flame annealing 

technique for preparing high-quality single crystal platinum electrodes.
48

 Briefly, 

platinum wire is heated in the flame of a torch (hydrogen-oxygen) to melt (~1000 ºC) 

and then cooled with ultrapure water. Until 1987, flame annealing technique had been 

successfully applied to various metals, such as gold, silver, and rhodium.
49, 50

 Vacuum 

annealing is also a commonly used technique for preparing single crystal electrodes.
51

 

Moreover, electrochemical characterizations are directly performed in an ultra-high 

vacuum chamber after electrode fabrication, which protected them from contaminations 

caused by transfer, contributing a better perception of structure-dependent 

electrochemical process. However, the applications of flaming and vacuum annealing 

techniques are mainly limited to novel metals. In the year of 2005, Voigtländer et al. 

extended the fabrication of single crystal electrodes into various metals, including 

copper, molybdenum, silver, palladium, and etc., by using a novel technique named 

electron beam annealing.
52

 Usually, an electron beam generated by the heating of 

tungsten fuse is employed to accelerate the end of a metal wire, until the formation of a 

liquid bead. The solidification of the electrode surface is realized by reducing the 

power of the electron beam.
53

 Nowadays, owing to the high local heating speed and 

convenient computer controlling, electron beam technique becomes an excellent tool in 

various applications, including welding, surface treatment, vapor deposition, and 

lithography.  

 

1.1.3 Coating  

 

The desire for energy utilizations as well as potable electronic devices spurs the 

research on the fabrication of two-dimensional (2D) electrodes. For instance, owing to 

the low processing budget and simple procedures, polymer solar cells are regarded as 
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unrivalled technique to resolve energy crisis.
4
 However, the increasing demand for raw 

materials, especially indium, is the main challenging on the development of solar cells. 

Currently, scientists start to use carbon or metallic materials as the alternatives for film 

electrodes.
54

 Accordingly, film-forming techniques, such as coating and printing, are 

developed or improved for the generation of highly efficient electrodes.  

 

 

 

1.1.3.1. Spin Coating 

 

Spin coating has been regarded as the most important technique for film-forming, since 

the operation processing is highly reproducible and the film formation is very 

homogenous. Typical spin coating operation involves three steps (Figure 1.1 (a)); 

firstly, a droplet of liquid is casted on the substrate, secondly, the substrate is 

accelerated under a chosen rotational speed, and finally, most of the liquid droplet is 

ejected under the rotation, leaving a thin film on the substrate. The thickness, 

morphology, and surface topography of the film are dependent on the rotational speed, 

viscosity of the liquid droplet, and diffusivity of the solutes. With the help of spin 

coating technique, gold film electrodes for analysis of mercury (II) is fabrication in the 

year of 1995.
55

 Moreover, by associating thermal decomposition process with spin 

coating, patterned gold electrode was obtained in 2006.
56

 Furthermore, based on layer-

Figure 1.1 Coating processing for the fabrication of 2D electrodes. (a) 

Schematic illustration and (b) a photograph of typical spin coating operation in a 

glove box. (c) Schematic illustration and (d) a photograph of typical doctor 

blading operation. (© 2008 Elsevier B. V.)
4
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by-layer spin coating, Schlicke et al. produced freestanding films of crosslinked gold 

particles in the year of 2011.
57

 However, the applicability for the high volume 

production of spin coating is challenging, which still expects technical solutions. 

 

1.1.3.2. Doctor Blading 

 

Doctor blading is another promising technique for fabricating 2D electrodes with well-

defined thickness. In comparison with spin coating, doctor blading technique allows 

researchers to produce larger film electrodes with less solution loss (down to ~5%). 

Generally, the technique works by placing a sharp blade at a fixed distance (typically 

10 to 500 μm) from the substrate. (Figure 1.1 (d)) The operation is illustrated in Figure 

1.1 (c). In the first step, the coating solution is placed in front of the blade. In the 

second step, the blade is moved linearly, producing a thin wet film after it. In the third 

step, the wet film is dried by evaporation under room temperature or proper heating. 

Similar to the processing of spin coating, the thickness of the wet film is decided by the 

concentration and viscosity of the solution; meanwhile, the final dry thickness also 

depends on surface tension of the coating liquid. By far, doctor blading technique has 

been successfully applied in the fabrication of electronics
58

 and the assembly of 

metallic nanocrystal superlattices.
59

 However, the slow speed of solvent evaporation 

brings in more influential factors on the thickness and surface topography of the film, 

which greatly reduces the repeatability of doctor blading technique. 

 

1.1.4 Printing 

 

Different from coating techniques, which transfers ink solution mainly by pouring, 

casting, and spraying; printing refers to a process by which a layer of ink solution is 

transferred from a stamp to a substrate by a reversing action.
4
 Compared with coating 

techniques, recently developed printing methods, such as screen printing and ink jet 

printing, is more suitable for high-volume production. 
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1.1.4.1. Screen Printing 

 

 

 

At the beginning of 20
th

 century, screen printing became a versatile technique for the 

fabrication of 2D patterned films.
4
 In comparison with the coating processing, there is 

almost no loss of ink solution during printing. The process of screen printing is 

illustrated in Figure 1.2 (a). According to the final pattern, a screen is designed, on 

which the open area will be filled with ink solution and the rest is impervious to the ink 

solution. After immersed in the ink, the screen is then brought into proximity of the 

substrate. By drawing a squeegee linearly across the screen, ink solution is pushed onto 

the substrate through the open aera. Currently, owing to the disposability, simplicity, 

and sensitivity, screen-printed electrodes (SPEs) act as the most appreciate 

electrochemical sensors for in situ analysis.
60

 For instance, although with a higher cost, 

SPEs with gold paste have still received extensive attentions, since the strong Au-S 

bonds can generate interesting self-assembled monolayers.
61

 By immobilizing a 

thiolated 25 base single stranded probe onto disposable screen-printed gold electrodes, 

Loaiza et al. fabricated DNA sensors.
62

 Moreover, enzyme biosensors were also 

Figure 1.2 Printing processing for the fabrication of 2D electrodes. (a) 

Schematic illustration of screen printing process and (b) a photograph of a 

laboratory screen printer. (c) Schematic illustration of ink jet process and (d) a 

photograph of a laboratory ink jet printer. (© 2008 Elsevier B. V.)
4
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produced by electrodepositing poly(3,4-ethylenedioxythiophene) onto a screen-printed 

gold electrode.  

 

1.1.4.2. Ink jet Printing 

 

In comparison with other fabrication techniques, ink jet printing is a relatively novel 

process, which is inspired by the typical low-cost ink jet printer for office.
4
 The 

technique has the following advantages; first, the ceramic printing head, which is 

resistant to most organic solvent, allows ink formula with a wide range; second, ink jet 

print can produce patterns with high resolution, from 300 dpi to 1,200 dpi; and third, 

pattern design can be simply completed through computer, without the requirement of 

complex master. Figure 1.2 (c) shows the process of ink jet printing; a droplet of ink 

formula is mechanically compressed through a nozzle, and then it is accelerated 

towards the substrate by an electric field. By far, the manufactory of low-cost and 

large-area electronics via ink jet printing has been achieved from various metals, 

including gold, copper, and silver.
63, 64

 Gamerith et al. fabricated silver and copper 

based electrode for organic field-effect transistor application; with thermal curing 

procedures between 125 ºC to 400 ºC, the conductivity of the ink jet printed metallic 

electrodes were increased to the value of bulk metals.
65

 However, ink jet printing 

always prefers electrostatically charged liquids with low viscosity, which slightly 

restricts the applications of this technique for high volume fabrication of electronics. 

 

 

1.2 Synthesis of Metallic Nanoparticles 

 

“Bottom-up” design is regarded as a promising approach to overcome the limitations of 

conventional electrode fabrication approaches, and high-yield production of metallic 

nanoparticles (NPs) with tailored shape and size is a critical prerequisite for bottom-up 

design. Generally, high-quality nano-sized metals with controllable morphology and 

tunable size are achieved through wet chemical synthesis techniques, in which the 

reaction conditions are deliberately designed to optimize the rational control of particle 
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growth. Due to continued progress in the synthesis of NPs with controlled 

morphologies over the last decades, structures such as nanorods, nanowires, 

nanoprisms, nanostars, etc. from a wide variety of materials have become common in 

scientific reviews.
38, 66

 Representative progress in the synthesis of metallic NPs in terms 

of shape and dimensionality is highlighted in Figure 1.3.
12

  

 

1.2.1 Gold Nanoparticles (AuNPs) 

 

 

 

Figure 1.3 Wet-chemically synthesized metal nanostructures: a) spherical shapes 

(1-solid and 2-hollow nanospheres); b) rod-like shapes (3-nanobar, 4-nanorod, 5-

nanobone, 6-nanobeam, 7-nanobelt, 8-nanowires and 9-hollow nanorod); c) 2D 

polygons (10-triangle, 11-square, 12-pentagon, 13-hexagon, 14-truncated triangle, 

15-disc and 16-nanoring); d) 3D polyhedrons (17-tetrahedron, 18-cube, 19-

decahedron, 20-octahedron, 21-icosahedron, 22-rhombicuboctahedron and 23-

hollow nanocage); e) branched shapes (24-monopod, 25-bipod, 26-tripod, 27-

tetrapod, 28-star-shaped and 29-octapod); f) NPs of various complexities (30-

nanopyramid, 31-nanoclover, 32-nanosnowflake, 33-nanothorn, 34-nanotree, 35- 

dendrite and 36-nanocrescent); g) hollow polygonal and polyhedral NPs (37-

spherical nanoshell, 38-porous triangles, 39-cubic nanoshell, 40-truncated 

octahedron, 41-nanocage, 42-nanoskeleton and 43-nanobox). (© 2011Nature 

Publishing Group)
12

 See the original papers for scale bars and other information. 
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Although empirical methods for the synthesis of spherical gold colloids date back to the 

Roman empire and early Chinese dynasties,
67, 68

 it is only in the past decades that 

significant progress has been achieved towards non-spherical nanostructures.
69

 Indeed 

it is important to recognize that the synthesis of most shape controlled AuNPs relies on 

seed-mediated growth, which is normally a two-step process. In the first step, small 

seed particles of gold with the diameter between 1 and 5 nm are generated under 

conditions of high chemical supersaturating, which benefit rapid growth of all 

crystalline surface but contradict shape control. In the second step, with an altered 

reaction condition where a different reductant and more gold precursors are added, the 

seeds are grown into larger particles with specified morphologies. In this subsection, 

developments on the preparation of gold nanospheres, nanorods, nanoprisms, 

nanocubes, nanospikes, and nanocages via seed-mediated growth are briefly 

summarized (Figure 1.4). 

 

 

 

 

 

Figure 1.4 AuNPs synthesized seed-mediated growth. (a) AuNSs (© 2001 

American Chemical Society),
1
 (b) AuNRs (© 2011 American Chemical 

Society),
15

 (c) gold nanoprisms (© 2006 WILEY-VCH Verlag GmbH & Co. 

KGaA),
25

 (d) gold nanocubes (© 2009 American Chemical Society),
31

 (e) gold 

nanospikes (© 2008 IOP Publishing Ltd),
34

 and (f) gold nanocages (© 2004 

American Chemical Society).
36
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1.2.1.1. Gold Nanospheres (AuNSs) with Adjustable Sizes 

 

Gold spheres with the diameter between 1 nm and 20 nm have been reported in 

extensive scientific literatures; however, seldom method could produce nanostructures 

with a uniform size.
1
 Generally, strong capping action of thiols, such as disulfides,

70
 

polymers with mercapto and cyano functional groups,
71

 and dendrimers,
72

 is recognized 

to be effective in producing small gold clusters (1-5 nm) with good monodispersity. 

However, any attempt to generate gold particles larger than 5 nm within one step leads 

to a wider size distribution (standard deviation (SD), ∼25-100%).
73

 Therefore, seed-

mediated growth is regarded as a wise strategy to produce larger AuNPs (>5 nm) 

within uniform size, since it can precisely control the process of nucleation and growth. 

In the year of 2001, Jana et al. reported the synthesis of AuNSs within the size range 

from 5 nm to 40 nm with a narrow size distribution (SD, ∼10-15%) by using 3.5 nm 

gold particles as seeds (Figure 1.4 (a)).
1
 The authors claimed that step by step particle 

growth was more effective to avoid secondary nucleation than one-step growth 

approaches. 

 

1.2.1.2. Gold Nanorods (AuNRs) 

 

AuNRs have perhaps attracted the most attentions among all of the AuNPs with 

anisotropic morphologies, owing to their optical properties and applications.
67, 74, 75

 

Initially, AuNRs were synthesized via electrochemical methods; by using porous 

alumina or polycarbonate membrane as templates and cetyltrimethylammonium 

bromide (CTAB) as surfactants, shape and size control over the rod-like gold 

nanostructures was achieved.
76-78

 The widespread recognition of the excellent 

properties of AuNRs was spurred by the development of the convenient three-step 

seed-mediated growth from 1999 to 2001 (Figure 1.4 (b)).
75

 AuNRs with aspect ratios 

(length/diameter) between 8 and 20, and approximate dimensions of 150-1800 nm × 25 

nm were generated through the simple wet chemistry method;
68

 furthermore, the facile 

yet efficient seed-mediated growth also kick-started a surge of interest in the 
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fabrication of anisotropic metallic shapes.
79

 Over the past decade, explosion of the 

researches on seed-mediated growth approaches now realizes the synthesis of a wide 

variety of AuNRs and allows the researchers to fully explore the application of their 

outstanding properties in biomedicine, sensing, electronics, and optics.
67-69, 80, 81

 

 

1.2.1.3. Gold Nanoprisms 

 

In the year of 2004, Sau et al. reported the synthesis of triangular shaped AuNPs 

through seed-mediated growth.
82

 By deliberately adjusting the concentration of gold 

seeds, gold salts, CTAB, and ascorbic acid (AA), a number of structural architectures, 

from rod-, rectangle-, hexagon-, cube-, triangle-, and star-like AuNPs in high yield 

were produced under room temperature. However, the edge length of triangular AuNPs 

was not tunable, which limited their further optical, electrical, and catalytic applications. 

In the year of 2005, Millstone et al. reported the preparation of gold nanoprisms with an 

edge length of 144  30 nm, and they first observed the in-plane quadrupole resonance 

mode of such structures.
83

 One year later, the authors also realized the size control on 

gold nanoprisms; by using smaller nanoprisms as seeds, triangular shaped AuNPs 

within a size range from 100 nm to 300 nm could be produced (Figure 1.4 (c)).
25

 

However, it was pointed out the replicability of gold nanostructures was highly 

dependent on the surfactant (CTAB), including surfactant concentration, counterion, 

alkane chain length, and even chemical manufacturer.
65, 84, 85

 In addition, synthetic 

additives such as halide ions were also major factors in directing crystal growth.
66, 86, 87

 

In the year of 2008, by starting with pure CTAB and deliberately adjusted iodide 

concentration, the authors finally achieved a reproducibly approach to synthesize gold 

nanoprisms.
65

 

 

1.2.1.4. Gold Nanocubes  

 

The synthesis of gold nanocubes via seed-mediated growth was realized in 2004, Sau et 

al. produced cubic AuNPs with the edge length of 66 nm at a yield of 80%.
82

 Based on 

their work, in the year of 2007, Sheng et al. produced gold nanocubes with the average 

edge sizes ranging from 53 nm to 105 nm, by gradually varying the addition amounts 
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of gold seeds.
88

 However, over the past decade, most efforts have been focused on the 

synthesis of octahedral and cubic AuNPs bounded by mixed crystalline surfaces, such 

as {111} and {100} facets,
89, 90

 which weakened the conclusions on crystalline 

structure-dependent optical, electrical, or catalytic properties of AuNPs.
91

 To obtain a 

more reliable consequential conclusion, Wang et al. developed a versatile seed-

mediated growth method for selectively synthesizing single-crystalline cubic AuNPs 

(Figure 1.4 (d)) in 2009.
31

 The authors attributed the single-crystalline structure to the 

cetylpyridinium chloride (CPC) capped gold seeds. Moreover, the shape formation of 

the AuNPs was also found to be dependent on some important parameters, such as 

surfactants, growth kinetics, and adsorbents.  

 

1.2.1.5. Gold Nanospikes 

 

In comparison with other morphologies, AuNPs with highly asymmetric branched 

structures are more difficult to synthesize and reproduce.
92

 However, owing to their 

extremely high surface-to-volume ratio, which might allow researchers to optimize the 

surface properties at a minimum overall cost, a number of synthetic procedures were 

developed during the past decade.
93

 In the year of 2003, Chen and co-workers reported 

the synthesis of branched AuNPs via seed-mediated growth method.
94

 However, the 

yield was not high enough for practical applications. One year later, Hao et al. 

enhanced the yield of tripod AuNPs to 90%.
92

 In 2006, branched AuNPs with more 

than four pods were first generated by Nehl et al., with a yield at only 14%.
95

 From the 

year of 2008, synthesis protocols of gold nanospikes have been greatly improved;
23, 96, 

97
 gold nanostars with high tip coverage, yield close to 100%, narrow size distribution, 

and tunable sizes can be prepared via a simple two-step seed-mediated growth 

approach (Figure 1.4 (e)).
34

 

 

1.2.1.6. Gold Nanocages 

 

Hollow NPs cannot be prepared via seed-mediated growth, which only produces solid 

structures.
98

 By far, three alternative techniques have been developed to produce 

metallic nanostructures with cavities and pores in their walls. The first one is template-
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mediated method introduced by Caruso et al., however, complicated post-treatments 

limit the usefulness of this technique.
99

 The second one is based on the common 

metallurgical Kirkendall effect which involves nonequilibrium mutual diffusion of 

counter atoms through a reaction interface.
100

 The third and the most versatile 

technique is galvanic replacement approach, where atoms in a template nanostructure, 

normally produced by seed-mediated growth, are galvanic oxidized by ions of other 

metal in solution.
98, 101

 Gold nanocages were the first hollow metallic NP prepared by 

this technique.
101

 By mixing gold ions with a hot solution of silver nanocubes, gold 

nanocages with empty inside and porous surface were produced (Figure 1.4 (f)).
36

 

Furthermore, Xia’s group modified the procedures of galvanic replacement technique 

and extended it to metallic nanocages of platinum, palladium, and bimetallic NPs.
102, 103

  

 

1.2.2 Copper Nanowires (CuNWs) 

 

 

 

One-dimensional (1D) nanomaterials, especially metallic nanowires with high aspect 

ratios, have attracted great attentions owing to their potential applications, such as 

Figure 1.5 CuNWs fabricated through different approaches. (a) vapor 

deposition (© 2008 WILEY-VCH Verlag GmbH & Co. KGaA),
3
 (b) 

electrochemical deposition (© 2002 IOP Publishing Ltd),
17

 (c) template 

processing (© 2003 WILEY-VCH Verlag GmbH & Co. KGaA),
24

 (d) 

hydrothermal method (© 2010 American Chemical Society),
29

 (e) chemical 

reduction approach (© 2005 American Chemical Society),
32

 and (f) chemical 

reduction approach with hexadecylamine (HDA) as a capping ligand (©2011 

WILEY-VCH Verlag GmbH & Co. KGaA).
35
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interconnects in nanofabrication,
104

 optoelectronics,
105

 nanosensors,
21

 nano-

biotechnology,
67

 and electron emitters.
106

 Copper is perhaps the most frequently used 

metals due to its high electrical conductivity and low cost.
107

 For future bottom-up 

assembly, fabrication of CuNWs in large quantity and good uniformity is raising 

significant demands. However, in comparison with silver and gold, synthesis of 

CuNWs is still in a rudimentary state.
108-110

 In recent years, a number of synthetic 

strategies, including vapor deposition,
3
 electrochemical deposition,

111
 template 

processing,
24

 hydrothermal methods,
29

 and chemical reduction approach
35

 have been 

developed (Figure 1.5). In this subsection, the evolution of these methods is briefly 

introduced. 

 

1.2.2.1. Vapor Deposition 

 

In the year of 2003, Liu et al. introduced a one-step procedure to generate CuNWs free 

of defects and uniform in diameter.
107

 Under vacuum condition, copper vapor was 

generated and re-deposited at around 800 ºC, resulting in nanowires with up to 20 μm 

in length. One year later, Park and co-workers produced CuNWs under a relatively low 

temperature (250 ºC) via chemical vapor deposition.
112

 The crystalline structures was 

greatly improved by Kim et al., in the year of 2008, CuNWs with well-defined five-

twinned nanostructures were deposited at a temperature around 200-300 ºC under 0.1-

1.0 Torr by using argon as a carrier gas (Figure 1.5 (a)).
3
 However, high cost and strict 

conditions of vapor deposition are still limiting the large-scale production of CuNWs 

for industrial applications. 

 

1.2.2.2. Electrochemical Deposition 

 

Electrochemical deposition, generally with the assistance of templates, is probably the 

most widely used technique for the fabrication of copper nanostructures.
29

 This is 

possibly because the procedures are inexpensive, moreover, the morphology and 

crystalline structures of CuNWs are easily controllable.
17

 Usually, in an 

electrochemical reaction, CuNWs are deposited in the pores of a template, such as 

etched ion-track membranes, aluminum oxide structures, and surface step-edges. For 
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instance, Gao et al. produced CuNWs with the a uniform size (~60 nm in diameter and 

~30 μm in length) by depositing copper sulphate within the nanochannels of porous 

anodic alumina templates (Figure 1.5 (b)).
17

 By using polycarbonate etched ion-tracked 

membranes as templates, Molares et al. fabricated single- and poly-crystalline CuNWs 

with a diameter down to 30 nm via electrochemical deposition.
113

 However, such a 

multi-step technique is only applicable for producing very small amounts of nanowires, 

thus it cannot satisfy the large quantity requirement of bottom-up assembly. 

 

1.2.2.3. Template Processing 

 

Template processing, pioneered by Martin, has been proven very successful in 

synthesizing metallic nanowires.
114

 Briefly, with the utilizing of templates, including 

polymer channels, alumina membranes, and zeolites, nanowires of copper, nickel, 

silver, gold, and palladium are grown in a chemical reaction.
24

 For instance, in the year 

of 2003, Yen et al. produced high aspect ratio CuNWs encapsulated in 

poly(dimethylsiloxane) (PDMS) under mild conditions. The diameter was in the range 

of 20-80 nm and the length could reach 10 μm (Figure 1.5 (c)).
24

 In addition to normal 

templates, deoxyribonucleic acid (DNA) is also utilized to direct the formation of 

nanowires. In 2003, Monson et al. reported the growth of copper nanowire-like 

structures on DNA attached surface.
115

 However, template processing is not feasible for 

large-scale production, mainly owing to its low yield and complicated procedures.
107

 

 

1.2.2.4. Hydrothermal Methods 

 

Hydrothermal method is recognized as one of the simplest ways to produce metallic 

nanowires in a large scale.
29

 In the year of 2003, for the first time, Liu et al. synthesized 

CuNWs via hydrothermal method.
116

 By applying Cu(II)-glycerol complex with the 

presence of phosphite, nanowires with average diameters of 85 nm and lengths of 

several tens of micrometers were produced at 120 ºC.
116

 In 2006, Zhang et al. 

developed a one-step hydrothermal method to prepare CuNWs by using ascorbic acid 

as reducing agent and polyvinylpyrrolidone (PVP) as capping agent.
117

 With the same 

reducing agent, ultra-long CuNWs were produced in 2007.
118

 In the year of 2010, 
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large-scale synthesis of single-crystalline ultra-long CuNWs was achieved by Mohl et 

al. (Figure 1.5 (d)).
29

 In this work, Glucose and hexadecylamine (HDA) were firstly 

utilized as shape-directing agents in hydrothermal methods.  

 

1.2.2.5. Chemical Reduction Approach 

 

In the year of 2005, high-quality ultra-long CuNWs (90-120 nm in diameter, 40-50 μm 

in length) were synthesized by chemical reduction approach in aqueous solution for the 

first time (Figure 1.5 (e)).
32

 In this work, copper precursors (Cu(NO3)2) are reduced by 

hydrazine with the existence of ethylenediamine (EDA) and highly concentrated 

sodium hydroxide (NaOH). The method is simple and versatile, however, CuNWs are 

difficult to separate, which limits the further investigation of their 

optical/electrical/thermal properties. In the year of 2011, this method was modified by 

Rathmell et al.; with the help of an ice bath and PVP coverage, long and thin CuNWs 

(with the diameter less than 60 nm and the length more than 20 μm) with an improved 

dispersion was fabricated. Moreover, flexible, transparent, and electrical conductive 

film was realized by uniformly coating these nanowires on an plastic substrate.
19

 In the 

same year, HDA was utilized as the capping agents for CuNWs in chemical reduction 

approach.
35

 Thanks to the good selectivity towards {100} facets of HDA, CuNWs with 

high purity and good uniformity were produced in a large scale (Figure 1.5 (f)).  

 

 

1.3 Metallic Nanoparticle-Based Electrocatalytic Electrodes 

 

Substantial research progress has been made in the past 20 years in the controlled 

synthesis of metallic NPs.
79

 To date, a variety of high-quality particles with diverse 

shapes and sizes can be obtained via wet chemistry approach. The unique structural and 

functional features of these metallic NPs are being utilized for the development of 

advanced electrochemical catalysts for energy and environmental applications. In the 

first section of this part, various strategies of immobilizing NPs onto substrate surfaces 
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are described; in the second section, the current research activities in electrocatalysis of 

metallic nanoparticle-modified electrodes are summarized.  

 

1.3.1 Design of Metallic Nanoparticle-Based Electrocatalytic Electrodes 

 

Immobilization of the metallic NPs onto substrate surface is a critical step for the 

electrochemical applications. A successful modification might allow researchers to not 

only enhance the power of the resulted devices but also characterize the 

electrochemical properties of NPs accurately. The viable assembling approaches 

include drop casting (physical binding), chemical linking, and electrodeposition.  

 

1.3.1.1. Drop Casting 

 

Drop casting is probably the most straightforward particle-immobilization strategy 

available; therefore, it is commonly employed to characterize the electrocatalytic 

properties of newly synthesized metallic NPs.
14, 16, 22

 Typically, the procedure is to 

simply apply a droplet of NP solutions onto a solid substrate surface and then followed 

by drying in air or inert gas. However, NPs are attached on the surface by physical 

interaction, which is too weak to keep them fixed on the substrate in an electrochemical 

reaction. Therefore, a layer of polymeric ionomers, such as Nafion, is generally applied 

to improve the stability of the modified electrodes.
22

 Meanwhile, drop casting approach 

is also suffering from the lack of control on the dispersion of NPs, which might 

influences the accuracy of the conclusion on their electrocatalytic activity. 

 

1.3.1.2. Chemical Linking 

The bounding strength between substrate and metallic NPs can be enhanced by virtue 

of chemical linking, including covalent binding and electrostatic interaction. 

 

For glass substrate surface, the first example of modifying metallic NPs via chemical 

binding showed up in 1996.
119

 By immersing a clean indium tin oxide (ITO) glass slide 

in the ethanolic solution of (3-aminopropyl)trimethoxysilane (APTMS) for 
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approximately 20 min, APTMS/ITO electrode was obtained. Then, the electrode was 

further dipped in the solution of AuNPs for AuNPs/APTMS/ITO electrode. Moreover, 

additional particle binding was realized by immersing the electrode into AuNP solution 

repeatedly. Finally, highly conductive AuNP films with controllable thickness were 

comprised through layer by layer (LBL) assembly in aqueous solution without any 

redox chemistry, photochemistry, or heating. 

 

 

 

For metal electrodes such as gold or platinum, organosulfur compounds are ideal 

linkers between the NPs and electrode surface. For instance, in the year of 2000, Ikeda 

and co-workers reported a facile approach to immobilize AuNPs on the surface of bulk 

gold electrodes (BGEs) via covalent binding. The detailed procedures are presented in 

Scheme 1.1.
2
 In the first step, a freshly polished BGE was immersed the prehydrolyzed 

methanolic solution of mercaptopropyltrimethoxysilane (MS) for a desired period. 

Since MS is a thiol-terminated molecule, it was assembled on the surface of BGEs via 

the Au-S interaction. In the second step, AuNPs were then self-assembled on the MS-

modified electrodes by dipping the electrodes into AuNP solutions. The authors 

claimed that the BGE/MS/AuNP electrode was highly reproducible and stable, and the 

immobilization approach was universal for both metallic and semiconductor 

nanostructures. However, covalent binds between metallic NPs and substrate were 

restricted to certain classes of organics, owing to the high steric demand of covalent 

chemistry. 

 

Scheme 1.1 Idealistic representation of self-assembly of thiol-terminated silica 

gel network and AuNPs on a BGE substrate via covalent binding. (© 2001 

American Chemical Society)
2
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Electrostatic interaction is another alternative, since little steric requirement is required. 

The application of electrostatic binding for nanocomposite films can be dated back to 

1997, when multilayers of polyelectrolytes (PEs) were fabricated by absorbing 

polyanions and polycations consecutively.
120

 In the same year, Calvert and co-workers 

realized the layered nanocomposites of metallic NPs and PEs via electrostatic 

interaction.
11

 The fabrication procedures are illustrated in Scheme 1.2. The first layer 

was positively charged poly(ethylenecimine) (PEI) film. After rinsing the PEI-modified 

electrode, convective depositions of poly(styrene sulfonate sodium salt) (PSS) and 

poly(allylaminehydrochloride) (PAH) were conducted. Since the uppermost layer of 

PAH was positive, negative charged citrate capped AuNPs were finally assembled. 

This methodology leads to a new strategy of constructing nanocomposites with 

controllable electrochemical properties. Currently, it has been regarded one of the most 

prevalent approaches for modifying metallic NPs on various electrode surfaces.
121

  

 

 

 

1.3.1.3. Electrochemical Deposition 

Besides drop casting and chemical linking, electrochemical deposition is another useful 

method. By far, Au nanostructures in various morphologies have been obtained via this 

one-step process, such as rods
10 

and spikes.
23

 In the year of 2006, Tian et al. produced 

pyramidal, rod-like, and spherical Au nanostructures through electrochemical 

deposition (Figure 1.6 (a-c)).
10

 In the first step, gold film with the thickness of 50 nm 

Scheme 1.2 Process for fabricating AuNP/PE multilayers on a substrate (silicon 

wafers or glass slides). The blue, red, and green colors represented PEI, PSS, 

and PAH, respectively. Note that this drawing is an oversimplification of the 

actual layer structure. (© 1997 WILEY-VCH Verlag GmbH & Co. KGaA)
11
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was coated on a clean ITO glass slide. In the second step, by deliberately controlling 

the potential versus the reference electrode and the concentration of Au precursors, Au 

nanostructures with various morphologies were electrodeposited on the sputtered Au 

films in the aqueous solution of 0.1 M HClO4. 

 

 

 

AuNPs with dendrite morphology were difficult to achieve. Initially, organic 

surfactants
122

 and templates with functionalization patterns
123

 were employ to help. 

However, organic additives may influence the surface chemistry of the resultant 

material. Moreover, the preparation and post-treatment of templates are time-

consuming. Thus an electrochemical route to construct branched gold nanostructures on 

“clean” surface without introducing any organic surfactant or template was urgently 

required. In the year of 2009, Bhargava and O’Mullane reported the electrochemical 

deposition of Au micro-spikes without the prior modification of the electrode surface 

(Figure 1.6 (d)).
23

 Inorganic Pb(CH3COO)2 was employed as the directional growth 

agent. 

 

1.3.2 Electrocatalytic Performance of Metallic Nanoparticle-Based 

Electrodes 

 

Size- and shape-dependent metallic NPs may change the landscape of electrocatalysis 

for energy applications. In this part, representative examples in electrochemical 

applications of the metallic nanoparticle-based electrodes are highlighted. 

 

Figure 1.6 Au structures generated via electrochemical deposition. Atomic 

force microscopy (AFM) images of (a) pyramid-like, (b) rod-like, and (c) 

spherical AuNPs. (© 2006 American Chemical Society)
10

 (d) A SEM image of 

Au micro-spikes. (© 2009 The Royal Society of Chemistry)
23
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1.3.2.1. Oxygen Reduction Reaction (ORR) 

 

Extensive studies have been carried out to enhance the electrocatalytic efficiency 

towards ORR, since it is a critical step in the practical applications of energy-related 

fields, such as fuel-cells and batteries.
124

 The electrocatalytic activities are greatly 

influenced by the surface structure of NPs, because most electrochemical reactions 

occur on the interface between NPs and solutions. 

 

 

Crystalline structure-dependent electrochemical responses towards ORR of BGEs were 

extensively discussed in previous publications.
125, 126

 From the beginning of the 21
th

 

century, attentions have been switched to nano-sized Au particles. In 2003, Ohsaka and 

co-workers investigated the electrocatalytic behaviors of AuNP-electrodeposited glassy 

carbon electrodes (GCEs) towards ORR. They claimed the electrocatalytic activity of 

10 nm AuNP film was the same to that of a BGE (Figure 1.7 (a)), which was attributed 

to the large active surface area of AuNPs. In 2006, Tian et al. studied the shape-

dependent electrocatalytic performance of pyramidal, rod-like, and spherical gold 

nanostructures produced by overpotential deposition (Figure 1.6 (a-c), respectively).
10

 

 
 

Figure 1.7 Electrocatalytic properties of AuNP-based electrodes towards ORR. (a) 

Cyclic voltammetry (CV) curves obtained towards ORR at (a-solid line) bare GCE 

and (b-dashed line) AuNP-deposited GCE in O2-saturated 0.1 M PBS (pH=7.2). 

Potential scan rate: 100 mV/s. (© 2003 The Electrochemical Society)
13

 (b) CV 

curves obtained at the electrodeposited (a-black line) pyramidal, (b-blue line) rod-

like, and (c-red line) spherical gold nanostructures in O2-saturated 0.5 M aqueous 

KOH. Potential scan rate: 50 mV/s. (© 2006 American Chemical Society)
10

 (c) CV 

curves of (dashed) unmodified gold electrodes and (solid) Au nanospikes recorded 

at 50 mV/s in 1 M NaOH aqueous solution. (© 2009 The Royal Society of 

Chemistry)
23
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They found out that pyramidal AuNPs with the highest coverage of (111) facets 

possessed the lowest oxygen reduction activity in comparison with other nanostructures 

(Figure 1.7 (b)). Thus they claimed that AuNPs terminated by (100) and (110) surfaces 

were more electrocatalytically active than those with (111) facets. In 2009, O’Mullane 

and Bhargava compared the electrocatalytic efficiency towards ORR of Au nanospikes 

(Figure 1.6 (d)) to the one of BGEs. Notably, a significant enhancement in current 

density and a negative shift in onset potential were observed, which was caused by the 

existence of high electrocatalytic activity of gold (311) and (111) facets in gold 

nanospikes. (Figure 1.7 (c)) 

 

 

 

Platinum is currently considered as the most efficient metallic electrocatalyst towards 

oxygen reactions in polymer electrolyte membrane fuel cells, however, monometallic 

platinum nanoparticle (PtNP)-based electrodes often suffer from poisoning.
40

 To 

overcome this barrier, Xia’s group synthesized bimetallic Pd@Pt nanodendrites in the 

year of 2009.
14

 The bimetallic NPs possessed the highest electrocatalytic activity 

towards ORR, when compared with the efficiency of two commercial Pt based catalysts; 

fine particles of Pt supported on porous carbon materials (Pt/C) and Pt black (Figure 

1.8 (a)). Moreover, the results from electrochemically active surface area (ECSA) 

calculation indicated that the highly branched nanostructures offered a reasonably high 

surface area despite their relatively large overall particle size (Figure 1.8 (b)).   

 

Figure 1.8 (a and b) A Comparison of electrocatalytic properties among Pd-Pt 

nanodendrites, Pt/C catalyst, and Pt black. (a) CV curves recorded at room 

temperature in an Ar-purged 0.1 M HClO4 solution with a sweep rate of 50 

mV/s. (b) Specific ECSAs for the Pd-Pt nanodendrites, Pt/C catalyst, and Pt 

black. (© 2009 American Association for the Advancement of Science)
14

 (c) CV 

curves of the Auoctahedron@Pt, Aurod@Pt, Aucube@Pt, and Ptden in 0.1 M HClO4 at 

a scan rate of 50 mV/s. (© 2010 WILEY-VCH Verlag GmbH & Co. KGaA)
16
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Han and co-workers brought the synthesis of Pt-based bimetallic NPs into a new stage. 

In the year of 2010, branched Au@Pt nanodendrites with various core morphologies 

including rods, cubes, and octahedron were produced.
16

 The core shape-dependent 

electrocatalytic activities towards ORR are presented in Figure 1.8; Auoctahedron@Pt NPs 

exhibited the highest catalytic efficiency, possibly owing to its (111)-orientation-rich Pt 

surface. Notably, the electrocatalytic behaviors towards ORR of branched Au@Pt 

nanodendrites were very stable; the current density remained at the same level even 

after 3,000 cycles of electrochemical scanning. 

 

1.3.2.2. Methanol Oxidation Reaction (MOR) 

 

 

 

Methanol oxidation reaction (MOR) is a crucial anodic reaction in direct methanol fuel 

cells.
127

 Currently, metallic NPs are regarded as promising candidates for commercial 

MOR catalysts, since they can provide high ECSA with a low cost. As shown in Figure 

1.9 (a), branched Au@Pt nanostructures with the Pt/Au molar ratios at 0.5 and 1.0 

exhibited superior catalytic activity; in comparison of monometallic Pt nanodendrites, a 

much higher current density was observed, which was decided by the ECSA. To 

enhance the electrocatalytically-effective areas, in 2010, Liang Wang and Yusuke 

Figure 1.9 Electrocatalytic properties towards MOR of metallic NPs. (a) Pt-

mass-normalized CV curves displaying the catalyzed oxidation of methanol, 

using (a-black) AuNPs, (b-d) Au@Pt NPs, and (e-purple) dendritic PtNPs. The 

Au@Pt NPs were prepared with different Pt/Au molar ratios at (b-orange) 0.33 

(c-red) 1.0, and (d-blue) 2.0. (© 2010 American Chemical Society)
7
 (b) CV 

curves towards MOR catalyzed by (red) Au@Pd@Pt NPs and (blue) Au@Pt 

NPs, respectively, in 0.5 M H2SO4 with 1 M methanol. Scan rate: 10 mV/s. (© 

2010 American Chemical Society)
22

 (c) CV curves for the oxidation of 

methanol (0.25 mM) at (a) APTMS and (b) APTMS/flower-like AuNPs 

modified electrodes in 0.1 M KOH. Scan rate: 10 mV/s. (© 2007 American 

Chemical Society)
27
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Yamauchi synthesized branched Au@Pd@Pt NPs via one-pot synthesis.
22

 As shown in 

Fig. 8 B, the three layered branched nanostructures showed higher electrocatalytic 

activity towards methanol oxidation as compared to the bimetallic Au@Pt NPs owing 

to its higher level of electrocatalytic active areas. In 2007, flower-like Au NPs were 

also employed as electrocatalyst for oxidization of methanol (Fig. 8 C). 

 

 

1.4 Metallic Aerogels as Electrical Conductors 

 

Besides the electrocatalytic performances, excellent electrical properties of metallic 

nanostructures have also attracted great concerns. Metallic aerogels are recently 

developed materials with ultimate properties of metals.
42

 They combine the merits from 

both bulk metals (such as excellent electrical conductivity and catalytic activity) and 

nanomaterials (such as ultralow density and high surface area). Therefore, the 

introduction of metallic aerogels might realize extensive technological possibilities, 

such as battery-like supercapacitors,
128

 high power-density batteries,
129

 as well as 

lightweight structures. In this part, fabrication approaches and potential applications of 

metallic aerogels or metallic NPs based composite aerogels are briefly summarized. 

 

1.4.1 Fabrication Approaches for Metallic Aerogels 

 

Unlike highly porous structures from other substances, including silica,
130

 metal 

oxides,
131

 carbon materials,
132

 and organic polymers,
133

 metallic aerogel is difficult to 

achieve, since most conventional techniques, such as chemical vapor deposition and 

atomic layer deposition, could not generate 3D large-scale continuous metals. To face 

this challenge, several approaches were developed, including templating, dealloying, 

sol-gel, nanosmelting, and combustion.  
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1.4.1.1. Templating Approach 

 

 

 

 

Templating approach is a seemingly straightforward technique for metallic monolith 

aerogels.
42

 The overall process involves depositing continuous metals on the surface of 

porous templates, normally colloidal silica particles
134

 or polystyrene (PS) spheres.
5
 For 

instance, in the year of 1999, Jiang et al. demonstrated the fabrication of metallic 

nanofoams from Ni, Cu, Au, Pt, and Au by utilizing thiol-functionalized colloidal silica 

spheres as a template.
134

 In this approach, AuNPs were first deposited on the template 

through electroless deposition technique, which followed by the deposition for a wide 

range of metals. Free-standing metallic thin films with uniform pore size and high 

surface area were produced. In the same year, Yan et al. reported a similar technique 

for producing porous Ni films by using ordered PS spheres as a template.
5
 The pore 

size of Ni aerogels was in the range of 200 to 500 nm, and the surface area was from 

590 to 1,760 m
2
mol

-1
 (Figure 1.10 (a) and (b)). Templating approach can produce 

metallic structures with regular and ordered porosity, which exhibit promising 

potentials in optical applications. However, the approach is only limited to the 

Figure 1.10 Metallic monoliths aerogels fabricated via various approaches. (a) 

SEM and (b) TEM images of Ni foams produced by templating approach. (© 1999 

WILEY-VCH Verlag GmbH & Co. KGaA)
5
 (c) SEM images of gold NPs deposited 

on PS and (d) gold shell after dealloying. (© 2007 American Chemical Society)
18

 

(e) SEM and (f) TEM images of Pt aerogel from sol-gel approach. (© 1999 

WILEY-VCH Verlag GmbH & Co. KGaA)
26

 (g and h) SEM images of Fe aerogels 

generated via nanosmelting. (© 2009 The Royal Society of Chemistry)
30

 (i and j) 

SEM images of Fe nanofoams from combustion synthesis. (© 2006 American 

Chemical Society)
33
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generation of 2D thin films and the post-treatment is undesirable in large-scale 

production. 

 

1.4.1.2. Dealloying Approach 

 

Dealloying is a variant of templating approach, which is used to produce metallic 

aerogels with disordered porosity.
135-137

 In this approach, an alloy of target metal and 

one or more kinds of relatively more reactive metals is prepared. (Generally, the alloy 

consists of silver and gold or copper and gold.) Then, the less-noble metals are 

selectively removed via electrochemical or acid etching, leaving behind a porous 

framework of the target metal. For instance, Nyce et al. fabricated nanoporous Au 

monolith shells with the diameter of 9.6 mm and the thickness of 200 nm via 

dealloying approach.
18

 In the first step, an alloy of gold (15 atom%) and silver (85 

atom%) was deposited on micro-sized PS spheres. In the second step, PS spheres were 

pyrolyzed away at 400 ºC under the protection of inert atmosphere. In the final step, the 

alloy was etched by concentrated nitric acid aqueous solution, leaving a hierarchically 

nanoporous gold foam (Figure 1.10 (c) and (d)). In comparison with templating 

technique, dealloying approach solves the precursor diffusion problem; however, the 

thickness of the monolith is generally less than 1 mm, which restricts the nanofoams to 

thin films. In addition, dealloying approach is only effective for a handful of metals. 

 

1.4.1.3. Sol-Gel Approach 

 

Sol-gel technique has been proven as a powerful pathway to produce metallic NPs, 

however, it is surprisingly difficult to fabricate metallic gels for supercritical or freeze 

drying directly through sol-gel approach. A synthetic pathway for aerogels from 

surfactant-stabilized metal chalcogenides was first demonstrated by Brock et al. by 

oxidative removal of the surfactant groups.
138

 By using the same method, Tappan et al. 

evaluated the potential of sol-gel approach for the production of metallic aerogels.
42

 

AuNPs with solubility in water up to 30 % were chosen as the model system. After 48 

hours following the addition of H2O2 (30 wt%), gold aerogels in terms of orange 

precipitation was obtained. In the year of 2009, Bigall et al. synthesized hydrogels and 
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aerogels from noble metal NPs (Pt, Au/Ag alloy, and Pt/Ag alloy) via sol-gel 

approach.
26

 The gel formation was realized by adding ethanol or H2O2 into highly 

concentrated metallic NP solution. Pt aerogels with different morphologies were 

obtained after ligand removal (Figure 1.10 (e) and (f)), however, gels from only 

secondary or tertiary particles were obtained for monometallic Au or Ag. All of the 

above examples suggest the possibility of controlled ligand removal for the producing 

metallic gel network; however, the stability of the metallic aerogels as well as the shape 

control in the process of sol-gel approach still require deliberate investigations. 

 

1.4.1.4. Nanosmelting 

 

Nanosmelting is one of the most effective techniques for producing metallic aerogels, 

which was introduced by Leventis et al. in the year of 2009.
30

 The authors synthesized 

iron mesoporous aerogels with high specific surface areas (~ 5,300 to 16,800 m
2
mol

-1
) 

and low density (0.046 g·cm
-3

) via “nanosmelting” hybrid polymer/metal oxide 

aerogels (Figure 1.10 (g) and (h)). Briefly, hybrid network gels consisting of 

interpenetrating resorcinol-formaldehyde (RF) polymer and iron oxide were prepared 

via sol-gel process. Then, the hybrid gels were supercritically dried for hybrid aerogels. 

Finally, the aerogels were pyrolyzed at temperatures from 800 to 1,000 ºC under the 

protection of Ar gas. At this stage, CO2 was generated during the dehydration of RF 

network, which reduced the iron oxide frame into magnetic and electrically conductive 

metallic iron aerogels. In the same year, nanosmelting approach was extended to other 

metals, including Co, Ni, Cu, and Sn.
139

 In comparison with other techniques listed 

above, the process of nanosmelting approach is the most direct; moreover, the resulted 

monolith aerogels can be scaled to dimensions in the centimeter range with any shape. 

However, for metals without a stable oxides network (such as Au, for example) and 

cannot be reduced by CO2 (such as Ti or Zr), it is still unclear whether nanosmelting 

technique is feasible.  
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1.4.1.5. Combustion Synthesis 

 

Up till now, combustion synthesis is recognized as one of the most direct and universal 

approaches for nanoporous metallic aerogels.
42

 Generally, the process involves the 

decomposition of energetic substances into porous materials. Combustion synthesis 

techniques have been commonly utilized in fabricating foam structures from a wide 

range of materials, such as metal oxides, ceramics, and intermetallics.
140

 In the year of 

2008, Erri et al. reported the production of nickel and nickel/nickel oxide via 

combustion of nickel nitrates with glycine in air.
141

 The pore size was between 100 μm 

to 1 mm, which exceeded the nanometer range, thus the nickel aerogels possessed a 

relatively low specific surface area (50 to 200 m
2
mol

-1
). Hunt et al. introduced a 

different combustion synthesis route for NiAl alloy foams.
142

 In this process, 

fluorinated organic ligands covered Al particles were prepared and employed as 

gasifying agents. Then, they were combined with micron-sized Al particles and 

nanometer-sized Ni particles and the mixture was pressed into pellets. Finally, the 

pellets were laser ignited, leaving porous NiAl foam with a porosity from 10 % to 80 %. 

In the year of 2006, combustion synthesis was first proved to be feasible for the 

fabrication of nanoporous metallic aerogels by Tappan et al.
33

 In this approach, metal 

bistetrazolamine complexes were chosen as the raw materials for the pellets. After 

ignition in inert gas, nanoporous iron aerogels with remarkably high specific surface 

area (2,000 to 11,400 m
2
mol

-1
) was achieved (Figure 1.10 (i) and (j)). Combustion 

synthesis is extendable to most metals, including Co, Ni, Cu, Ag, Au, Pd, Pt, and Ti.
42

 

Moreover, the fabrication of composite nanomaterials from metallic NPs and other 

inorganic/organic have also been demonstrated.
42

 In addition, the shape, dimension, 

density, and porosity of the final products can be simply controlled through 

experimental conditions.  
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1.4.2 Electrical Applications of Metallic Nanoparticle-Based Composites 

 

Research in metallic nanostructure-based electrodes is fuelled by diverse technological 

demands, since nanosized-matels possess high surface-to-volume ratios and excellent 

electrical properties. However, unlike conventional materials, such as conductive 

polymers
143

 or carbon materials,
144

 metallic NPs are neither mechanically flexible nor 

environmentally stable enough for practical applications including flexible displays and 

smart skins.
145

 A promising solution is to fabricate metallic NP-polymer composites, 

which combines the flexibility of polymers and the electrical conductivity of metals. By 

far, several successful strategies have been developed for metallic NP-polymer 

composite conductors with potential applications in flexible transparent electrodes,
6, 19

 

stretchable conductors,
9, 21, 28

 and 3D electrical conductive elastomers.  

 

1.4.2.1. Flexible Transparent Electrodes 

 

The emergence of potable electronics dramatically stimulates the researches on flexible 

transparent electrodes. Currently, the most critical challenge is the scarcity of indium 

resource, which is commonly regarded as an ideal choice for most transparent 

electrodes. Several alternatives were reported as the substitutes for ITO, such as carbon 

nanotubes (CNTs),
146

 graphene,
147

 and metal grids;
148

 however, the light transmittance 

and electrical conductivity is still relatively low. 

 

Random sliver nanowire (AgNW) networks were reported to show a similar 

optoelectronic behavior to ITO, which makes them promising candidates to replace 

ITO.
149, 150

 However, the deposited AgNWs were always coarse and brittle, keeping the 

network from large-scale applications. In the year of 2010, Zeng et al. fabricated a 

flexible transparent electrode with low surface roughness and high mechanical strength 

by burying AgNWs in poly(vinyl alcohol) (PVA) matrix (Figure 1.11 (a-d)).
6
 For a 

composite film with the AgNW deposition density at 32 mg·m
-2

, the optical 

transmission at 550 nm was 88.0% with the sheet resistance around 182 Ω. In addition, 
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for a AgNW-PVA film with the thickness of 130 nm, the sheet resistance only 

enhanced for 2-3 times after 250 cycles of bending.  

 

 

 

 

 

In comparison with silver, copper shows a similar conductivity; however, it only costs 

1% of the price of silver.
19

 Motivated by these advantages of copper, Rathmell et al. 

reported the production of CuNW film in 2011 (Figure 1.11 (e-h)).
19

 In this work, long 

(length > 20 μm) and thin (diameter < 60 nm) CuNWs were synthesized and deposited 

on the surface of poly(ethylene terephthalate) (PET) substrate. With the help of plasma 

cleansing and thermal treatment, the sheet resistance of CuNW films was reduced to 25 

Ω with a transmittance at 83%. Moreover, no obvious enhancement of resistance was 

observed even after 1,000 cycles of bending. However, owing to the poor dispersions 

of CuNWs, it was difficult to utilize conventional film forming technique, such as 

spray-coating, to fabrication large-scale CuNW films.  

 

 

Figure 1.11 Transparent electrodes constructed from (a-d) AgNWs and (e-h) 

CuNWs. (a) A photograph, (b) an SEM image, and (c) UV-Vis-NIR transmission 

spectra of AgNW-PVA electrodes. (d) The increase in resistance after cycles of 

folding up. (© 2010 WILEY-VCH Verlag GmbH & Co. KGaA)
6
 (a) A photograph, 

(b) an SEM image, and (c) UV-Vis-NIR transmission spectra of CuNW films. (d) 

Plot of sheet resistance versus number of bends for CuNW films (85% transparent) 

and ITO on PET. Inset shows the radius of curvature before (10 mm) and after 

bending (2.5 mm). (© 2011 WILEY-VCH Verlag GmbH & Co. KGaA)
19
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1.4.2.2. Stretchable Conductors 

 

Rigid conductors can hardly meet the requirements of advanced technologies, such as 

flexible electronics, soft robotics, and cadiostimulating implants.
151-153

 Therefore, a 

variety of materials have been explored as promising candidates for stretchable 

conductors, such as wavy thin metals,
154, 155

 metal-coated net-shaped plastic films,
156

 

graphene films,
147

 and CNT-based composites.
157-159

 However, the above materials 

often exhibited limited performances, including low electrical conductivity, poor 

mechanical stretchability, and obvious resistance increase with applied strain. To solve 

this problem, an alternative which involved encapsulating metallic structures into 

neutral mechanical plane layouts was developed; meanwhile, this strategy requires 

expensive photolithography and vacuum deposition of metals.
151

  

 

In the year of 2012, Xu et al. developed a simple yet economical route to fabricate 

stretchable conductors by embedding AgNWs in the surface layer of PDMS (Figure 

1.12 (a-d)).
9
 The electrical conductivity was around 8,130 S·cm

-1
, and it was reduced to 

5,285 S·cm
-1

 after several circles of stretching within the range of 0-50%. To further 

enhance the mechanical strength of AgNW-based stretchable conductors, polyurethane 

(PU) sponge was employed by Ge et al.
21

 In this work, a binary network from AgNWs 

and PU sponge was designed and encapsulated in PDMS (Figure 1.12 (e-h)). The PUS-

AgNW-PDMS conductors showed excellent electrical conductivity (exceeding 19.2 

S·cm
-1

). Meanwhile, only slight variation in resistance (from 10.1 S·cm
-1

 to 9.7 S·cm
-1

) 

was observed under bending and stretching. 

 

In comparison with 1D metallic nanostructures, spherical NPs appeared as an 

unfavorable candidate for the fillings of composite stretchable conductors; however, 

they could provide greater matrix mobility. In the year of 2013, Kim et al. fabricated 

free-standing film conductors from AuNPs and PU by either LBL technique or 

vacuum-assisted flocculation (VAF) approach (Figure 1.12 (i-l)).
28

 AuNP-PU films 

from LBL and VAF exhibited extremely high electrical conductivity (6,800 S·cm
-1

 and 

510 S·cm
-1

, respectively). Moreover, the maximum tensile strains were 16% and 75%, 
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respectively. This work also analyzed the dynamic self-organization of AuNPs under 

stress, and the authors further developed a modified percolation theory which 

excellently incorporated the self-assembly behavior of AuNPs with the experimental 

data. 

 

 

 

1.4.2.3. 3D Conductive Elastomers 

 

Self-supported 3D elastic conductors also receive great attention in the development of 

future technology, owing to its high porosity, large specific area, low density, and 

excellent electrical and mechanical properties. By far, carbon materials, such as 

Figure 1.12 Stretchable conductors constructed from (a-d) AgNW/PDMS, (e-h) PU 

sponge-AgNW-PDMS, and (i-l) PU-AuNPs. (a) A photograph and (b) an SEM 

image of AgNW/PDNS conductors. (c) Resistance of a AgNW/PDMS conductor as 

a function of tensile strain. (d) Resistance as a function of tensile strains (0-50%) 

for the AgNW/PDMS stretchable conductos in the 5
th

 and the 40
th

 stretching cycles. 

(© 2012 WILEY-VCH Verlag GmbH & Co. KGaA)
9
 (e) A photograph and (f) an 

SEM image of PU sponge-AgNW-PDMS conductor. (g) Variation of normalized 

resistance (ΔR/R0) as a function of tensile strain (up to 100 % in the first stretch) 

and (h) resistance responses on PU sponge-AgNW-PDMS and other materials. (See 

the original paper for more detailed information.) (© 2013 WILEY-VCH Verlag 

GmbH & Co. KGaA)
21

 (i) A photograph and (j) an SEM image of a PU-AuNP film. 

(k) Dependent of strain and conductivity and (l) changes in conductivity of a PU-

AuNP film. (See the original paper for more detailed information.) (© 2013 

Macmillan Publishers Limited.)
28
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CNTs
160

 and graphene,
132

 have been demonstrated as promising candidates for 

electrical conductive elastomers. Meanwhile, metallic nanostructures are also regarded 

as potential alternatives; besides the excellent conductivity, incorporation of metals 

might bring in more attractive characristics, including optical and catalytic 

performances. 

 

 

 

 

Self-supported 3D elastic conductors also receive great attention in the development of 

future technology, owing to its high porosity, large specific area, low density, and 

excellent electrical and mechanical properties. By far, carbon materials, such as 

CNTs
160

 and graphene,
132

 have been demonstrated as promising candidates for 

electrical conductive elastomers. Meanwhile, metallic nanostructures are also regarded 

as potential alternatives; besides the excellent conductivity, incorporation of metals 

might bring in more attractive characristics, including optical and catalytic 

performances. 

Figure 1.13 3D conductive elastomers constructed from (a-c) AgNPs and (d-f) 

AgNWs. (a) A photograph and (b) an SEM image of carbonaceous nanofibers-Ag 

aerogels. (c) Cyclic stress–strain curves of carbonaceous nanofibers-Ag aerogel at a 

set strain of 60%. (© 2012 WILEY-VCH Verlag GmbH & Co. KGaA)
8
 (d) A 

photograph and (e) an SEM image of silver-carbon nanocable sponge-PDMS 

nanocomposite. (f) Compressive curves of original silver-csPVA nanocable sponge 

and sliver-carbon nanocable/CNT sponges prepared at different annealing 

temperatures. (© 2011 WILEY-VCH Verlag GmbH & Co. KGaA)
20
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In the year of 2012, Liang et al. fabricated mechanically robust macroscopic scale (up 

to 12 L) carbonaceous nanofiber hydrogels and aerogels through template-directed 

hydrothermal carbonization process.
8
 They further employed the aerogels as 3D 

scaffolds to produce carbonaceous nanofibers-AgNP aerogels via in situ reduction of 

AgNO3 (Figure 1.13 (a-c)). The growth of AgNPs did not destroy the highly porous 

structures or reduce the mechanical strength; meanwhile, the electrical conductivity 

was greatly enhanced. AgNWs were also employed as templates to generate 3D 

sponge-like elastic conductors.
20

 In 2011, Yao et al. constructed silver-crosslinked PVA 

hybrid networks via hydrothermal synthesis (Figure 1.13 (d-f)). After deliberately 

designed carbonization treatment, elastomeric conductors with high electrical 

conductivity, excellent durability at cyclic load, and great repeatability of resistance 

variation during deformation were obtained. Moreover, the electrical and mechanical 

behaviors were tunable according to the carbonization temperature and time.  

 

However, to improve the mechanical strength without any negative influence on the 

electrical conductivity, most strategies for metallic NP-based elastic conductors 

involved high temperature treatment (> 600 ºC) under the protection of inert gas. The 

process undoubtedly adds the cost and complicates the operation. Therefore, low-cost, 

energy-saving, and environmentally friendly method is still under urgent demands. 

 

 

1.5 Thesis Objectives 

 

The objective of this thesis is to design novel functional nano-metallic electrodes using 

meta-atoms from the “artificial periodic table” (Figure 1.3) by low-cost “bottom-up” 

approach and further explore their applications in electrocatalysis and flexible 

electronics. AuNPs with different sizes and shapes are to be assembled into 

electrocatalytic electrodes, and CuNWs are to be developed into flexible electrodes. To 

reach the milestones, a number of challenges had to be overcome:  
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Synthesis of building blocks 

All the building blocks are to be synthesized via wet chemical approaches, since it can 

generate well-defined metallic NPs under mild conditions. To obtain an accurate 

conclusion on the size/shape-dependent electrocatalytic analysis, highly stable AuNPs 

with spherical and rod-like morphologies are to be synthesized via seed-mediated 

method. Long and thin CuNWs in a large-scale are to be prepared via chemical 

reduction approaches as the building blocks for self-supported 3D aerogels.  

 

Assembly of the building blocks into functional electrodes 

To investigate the size-and shape-dependent electrocatalytic performance of AuNPs, a 

robust and stable fabrication strategy is to be developed, where the NPs have to be 

uniformly deposited on the substrate via chemical linking interactions. To improve the 

mechanical flexibility of the electrocatalytic electrodes, commercially available tissue 

papers are to be utilized as the substrates. AuNPs are to be packed closely on the 

surface via drop-casting methods, which will guarantee the conductivity of the 

electrodes. For CuNW-based flexible electronics, self-supported CuNW monoliths are 

to be fabricated via low-cost and eco-friendly freeze-casting approach, which will serve 

as the conductive network. The mechanical strength of the CuNW aerogels is to be 

improved by a trace amount of polymer additive, and further polymer embedding will 

also enhance the strength as well as prevent the CuNWs from oxidation. 

 

Translation of the electrodes into devices 

To develop CuNWs based electrodes into piezo-resistivity switches, the relation 

between compressive strains and electrical resistance is to be investigated 

systematically. Then, the aerogels are to be sandwiched between two conductive glass 

slides which are connected with a liquid emitting diode (LED) lamp. The variation of 

brightness of the lamp will tell the compressive forces on the CuNWs based electrodes. 
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Chapter Two 

 

Synthesis of Building Blocks 

Chapter 1 Introduction 

 

 

In this chapter, the synthetic protocols of building blocks are presented, along with the 

morphology (and optical) characterization. 

 

 

2.1 Chemicals and Materials 

 

All chemicals listed in Table 2.1 are used as received. Ultrapure water (18.2 MΩ·cm), 

purified using a Barnstead NANOpure Water Purification System (received from K. I. 

Scientific Pty. Ltd., North Ryde, NSW, Australia), was used for all experiments. 

Silicon and silica-coated silicon wafers with <100> orientation were purchased from 

University Wafer (Boston, MA, USA). TEM grids were ordered from Ted Pella Inc. 

(Redding, CA, USA) Disposal cuvettes (1939) were obtained from Kartell Labware 

division (Australia). 
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Table 2.1 The Chemicals Used for Building Block Synthesis 

 

Chemical Names and/or molecular formula Purity Supplier 

Copper (II) nitrate pentahemihydrate 

(Cu(NO3)2·2.5H2O) 
≥ 98% 

Sigma-

Aldrich 

Ethylenediamine (EDA) BioXtra 
Sigma-

Aldrich 

Gold (III) chloride trihydrate (HAuCl4) ≥ 99.9% 
Sigma-

Aldrich 

Hexadecyltrimethylammonium bromide (CTAB) ≥ 98% 
Sigma-

Aldrich 

Hydrazine solution (N2H4) 
35 wt.% in 

H2O 

Sigma-

Aldrich 

L-ascorbic acid (L-AA) 99% 
Sigma-

Aldrich 

Polyvinylpyrrolidone (Mw=10,000) (PVP) N/A 
Sigma-

Aldrich 

Potassium iodide 99.5% Merck 

Silver nitrate (AgNO3) 99.8-100.5% Merck 

Sodium borohydride (NaBH4) ≥ 98% 
Sigma-

Aldrich 

Sodium citrate ≥ 98% 
Sigma-

Aldrich 

Sodium hydroxide (NaOH) ≥ 99.5% Merck 
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2.2 Instrumentals 

 

2.2.1 General 

 

An Eppendorf 5430 centrifuge (received from Eppendorf South Pacific Pty. Ltd., North 

Ryde, NSW, Australia) was used for centrifugation. Sonication cleaning was performed 

using a Branson B5500T-DTH sonic bath at frequency of 42 ± 2.5 kHz. A Julabo water 

bath (TW8) (obtained from John Morris Scientific Pty Ltd, Melbourne, Australia) was 

employed for gold nanorod (AuNR) growth. An IKA
®
 RCT basic (from) was used for 

growing copper nanowires (CuNWs).  

 

2.2.2. Ultraviolet-visible (UV-vis) Spectroscopy 

 

Absorption spectra of gold nanoparticles (AuNPs) were recorded using an Agilent 8453 

UV-Vis spectrophotometer in the range of 300-1100 nm. For liquid samples, the 

measurements were conducted in a 3 ml volume quartz cuvette with a 10 mm light path.  

 

2.2.3. Transmission Electron Microscopy (TEM) 

 

TEM images were taken by using a Philips CM20 electron microscope with a LaB6 

gun working at 200 kV, located at Monash University Centre for Electronic 

Microscopy (MCEM). For TEM sample preparation, one drop of AuNP solution was 

placed on a carboncoated copper grid (Holey support films, 400 mesh copper grids) and 

left to dry at room temperature. The samples were then stored in a vacuum chamber. 
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2.2.4. Scanning Electron Microscopy (SEM) 

 

Scanning electron microscope micrographs were taken using a field emission JEOL 

7001F SEM, located at MCEM. The JEOL700F operates with a Schottky-type field 

emission gun (FEG) with a maximum electron probe of > 200 nA. Samples without 

metal sputter coating were directly adhered onto the sample holder using conductive 

carbon tape from ProSciTech. All SEM images were taken with 5 kV acceleration 

voltage in a vacuum less than 2 × 10
-4

 Pa, a working distance of 5 mm and the probe 

current set to the arbitrary number 8 (medium sized probe). 

 

 

2.3 Building Block Synthesis 

 

In this part, experimental protocols and purification procedures of metallic nanoparticle 

(NP) building blocks, including gold nanospheres with the diameter of 20 nm 

(AuNS20s), gold gold nanospheres with the diameter of 45 nm (AuNS45s), AuNRs, 

and CuNWs, were described. 

 

2.3.1 Gold nanospheres  

 

2.3.1.1. Gold Nanospheres with the Diameter of 20 nm (AuNS20s) 

 

AuNS20s were synthesized via a multi-stepped seed-mediated growth approach.
1
 In the 

first step, 0.6 mL ice-cold, freshly prepared 0.1 M NaBH4 was quickly added into a 20 

mL aqueous solution containing 2.5 × 10
-4

 M HAuCl4 and 2.5 × 10
-4

 M sodium citrate. 

Right after the addition of NaBH4, the solution color turned from light yellow to 

orange-red, indicating the generation of small-sized gold seeds. The gold seeds were 

further aged for 2-5 hours before use. At the same time, growth solution containing 2.5 

× 10
-4

 M HAuCl4 and 0.08 M CTAB was prepared. In the second step, 0.05 mL freshly 

prepared 0.1 M L-AA solution were gently dropped into 7.5 mL growth solution, which 
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changed the color from yellow to colorless, a signal showing the reduction of Au
3+

 to 

Au
0
. Then, 2.5 mL gold seed solution was added into the colorless solution. Within 10 

min of stirring at 800 rpm, AuNSs with a diameter of 5.5 ± 0.6 nm were produced. In 

the third step, 1.0 ml of the 5.5 nm AuNS solution was injected into the mixture of 9 

mL growth solution and 0.05 mL 0.1 M L-AA solution; after 10 min of stirring at 800 

rpm, AuNSs with the diameter of 8.0 ± 0.8 nm were produced. In the last step, 1.0 ml 

8.0 nm AuNS solution was added into the combination of 9 mL growth solution and 

0.05 mL 0.1 M L-AA solution, and AuNS20s were finally produced.  

 

The purification of AuNS20s was completed by centrifugation for two rounds. In the 

first round, AuNS20 aqueous solution was centrifuged at 14,000 rpm for 10 min, and 

the precipitation was re-dispersed in ultrapure water. In the second round, the 

centrifugation speed was reduced to 12,000 rpm to keep AuNPs from aggregation. 

AuNS20s were ready for further electrode modification after re-dispersion. 

 

2.3.1.2. Gold Nanospheres with the Diameter of 45 nm (AuNS45s) 

 

AuNS45s were prepared from another multi-stepped seed-mediated growth approach.
2
 

The synthetical procedures were illustrated in Scheme 2.1. 

 

In the first step, gold seeds which were identical to those used for preparing AuNS20s 

were synthesized (For details, please refer to Part 1 of Section 2.3.1). Meanwhile, 

growth solution containing 3 mL 10 mM HAuCl4, 108 mL 0.05 M CTAB solution with 

50 μM KI, 0.6 mL 0.1 M L-AA, and 0.6 mL 0.1 M NaOH was prepared and then 

divided into three parts: 9.35 mL for growth solution 1 (GS1), 9.35 mL for growth 

solution 2 (GS2), and the left for growth solution 3 (GS3). In the second step, 1 mL 

seed solution was added into GS1 and followed by a gentle shaking for approximate 1.5 

s, turning the color from colorless (growth solution) to violet (solution A). In the third 

step, 1 mL solution A was quickly injected into GS2, along with 1.5 seconds of strong 

shaking. A color change from colorless to pink indicated the generation of solution B. 

In the third step, all of the solution B was poured into GS3. The growth of AuNS45s 
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completed in 30 min under the stirring at 1,000 rpm, and the color of the final product 

was dark purple. 

 

 

 

Scheme 2.1 Synthetical process of AuNS45s. 

 

Since the final product consisted of both AuNS45s and gold nanoprisms with the edge 

around 100 nm, an overnight staying in 30 ºC water bath was employed to precipitate 

larger particles. Then, the supernatant was purified by three times of centrifugation at 

the speed of 10,000 rpm for 10 min. 
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2.3.2 Gold nanorods (AuNRs) 

 

AuNRs were synthesized by following previously reported seed-mediated growth 

method.
3
 Firstly, gold seeds were synthesized by injecting 0.60 mL ice-cold 0.010 M 

NaBH4 into the mixture of 5.0 mL 0.20 M CTAB and 5.0 mL of 0.50 mM HAuCl4 

solutions. After vigorous stirring for 2 min, seed solution with brown color was 

generated. The gold seeds needed to be aged at 25 ºC for about 1 hour before use. 

Secondly, growth solution containing 200 μL 4.0 mM AgNO3, 5.0 mL 0.20 M CTAB, 

5.0 mL 1.0 mM HAuCl4, and 70 μL 0.0788 M L-AA were prepared and stored in a 30 

ºC water bath to keep CTAB from re-crystallization. Finally, 12 μL of seed solution 

was quichly injected into the growth solution, after one slight inversion and 2 hours of 

growing in 30 °C water bath, AuNRs were obtained.  

 

For electrode modification, AuNRs needed to be purified and concentrated by three 

rounds of centrifugation. In the first round, AuNRs were centrifuged at 12,000 for 12 

mins. In the second round, to avoid the aggregation of AuNRs, the speed was reduced 

to 10,000. In the last round, a further reduction down to 9,000 was performed. After re-

dispersed in ultrapure water, AuNRs were ready for electrode modification. 

 

2.3.3. Copper nanowires (CuNWs) 

 

NaOH (20 mL, 15 M), Cu(NO3)2 (1 mL, 0.1 M), EDA (0.15 mL), and N2H4 (0.025 mL, 

35 wt% in water) were mixed in sequence in a 50 mL round bottom flask. Then, the 

flask was put in a paraffin oil bath and heated to 80 ˚C along with stirring at 200 rpm. 

After the color of the mixture turned from translucent light blue in transparent colorless, 

the solution was transferred into a 50 ml centrifuge tube immersed in an ice bath, and 

then 5 ml PVP (0.4 wt%) aqueous solution was dropped to the top of the reaction 

solution gently. After 1 hour of growing in the ice bath, CuNWs floated on the top of 

the reaction solution, forming a cake-like porous shape.  

 

Before the purification by centrifugation, the CuNW-cake was scooped from the top of 

the reaction solution and re-dispersed in the aqueous washing solution (WS1) 



 

70 

 

containing N2H4 (3 wt%) and PVP (1 wt%). PVP was employed to improve the 

dispersion of CuNWs, and N2H4 (3 wt%) was utilized to keep CuNWs from oxidation. 

The mixture was centrifuged at 2,000 rpm for 5 minutes, and the precipitated CuNWs 

were then re-dispersed in new WS1 by strong shaking on a vortex at 3,000 rpm for 30 

seconds. The purification process was repeated by three times to eliminate redundant 

reaction agents, such as NaOH and EDA. To remove the excess PVP, CuNW 

precipitations were further re-dispersed in the washing solution containing only N2H4 

(3 wt%) (WS2) and centrifuged at 2,000 rpm for 5 minutes for three times. Finally, 

after three times of purification by ultrapure water via centrifugation at 2,000 rpm for 5 

minutes, CuNW aqueous solution was ready to be used as building blocks. 

 

 

2.4 Characterizations of Building Blocks 

 

2.4.1 Gold Nanospheres  

 

 

 

The color of AuNS20s right after preparation is transparent purple, which indicates the 

good dispersion of the gold colloids (Figure 2.1 (a)). The SEM image shown in Figure 

Figure 2.1 Morphology and optical characterizations of (a-d) AuNS20s and (e-

h) AuNS45s. (a) A photo, (b) an SEM image, (c) an TEM image, and (d) UV 

spectrum of AuNS20s. (e) A photo, (f) an SEM image, (g) an TEM image, and 

(h) UV spectrum of AuNS45s. 
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2.1 (b) proves the high yield and narrow size distribution of AuNS20s; most of the 

AuNPs exhibit a sphere-like shape with similar diameters, and few rod-like 

nanostructures exist. The mono-dispersion of AuNS20s benefits from the multi-stepped 

seed-mediated growth method, which effectively inhibits the secondary nucleation 

during the growth stage.
1
 The TEM image (Figure 2.1 (c)) further confirms the uniform 

size distribution of AuNS20s; the diameter of these AuNPs are in a range of 20  2.5 

nm, with a standard deviation around 10%. The absorption peak position locates at 

around 528 nm, and a shoulder (~585 nm) is observed mainly caused by the existence 

of rod-like AuNPs (Figure 2.1 (d)). 

 

In comparison with the color of AuNS20s, the one of AuNS45s is darker (Figure 2.1 

(e)), which indicates a larger diameter. Moreover, both of the SEM image and TEM 

image (Figure 2.1 (f and g)) show that the size distribution of AuNS45s is narrow; only 

less than 10% of the AuNPs exhibit a plate-like shape. An obvious UV-absorption peak 

at 537 nm also confirms the mono-dispersion of AuNS45s (Figure 2.1 (f)). The small 

shoulder around 900 nm is in accordance with presence of the gold nanoplates. 

 

2.4.2 Gold nanorods 

 

 

 

AuNRs with high yield and narrow size distribution are synthesized via seed-mediated 

growth method (Figure 2.2 (a)).
3
 Notice the aspect ratio of AuNRs is highly dependent 

on the additional amount of AgNO3, based on the TEM image (Figure 2.2 (b)), the 

AuNRs we synthesized possessed an average length at ~ 60 nm and an average 

diameter at ~ 23 nm, with an aspect ratio less than 3.0. The two absorption peaks in the 

UV spectrum indicates the transverse and longitudinal plasmon, respectively (Figure 

Figure 2.2 Morphology and optical characterizations of AuNRs. (a) An SEM 

image, (b) an TEM image, and (c) UV spectrum of AuNRs. 
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2.2 (c)). No obvious shoulder is observed in the range from 500 to 550 nm, confirming 

that the presence of spherical AuNPs are neglectable. 

 

2.4.3 Copper Nanowires (CuNWs) 

 

 

 

As shown in Figure 2.3 (a), CuNWs right after preparation exhibit reddish-brown color, 

which indicates that no obvious oxidation occurred during the growth.
4
 The SEM 

image under a low magnification (Figure 2.3 (b)) show that the aspect ratio of CuNWs 

are very high; with the length more than 20 μm and the diameter less than 60 nm. From 

a high resolution SEM image (Figure 2.3 (c)), we observe that CuNWs are terminated 

by sphere-like structures, which implies that the wire-like structures are developed 

from spherical copper seeds.
5
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Chapter Three 

 

Electrode Design 

Chapter 3 Electrode Design 

 

 

In this chapter, the “bottom-up” fabrication procedures of electrocatalytic electrodes 

and electrical conductor were described. 

 

 

3.1 Chemicals and Materials 

 

Table 3.1 The Chemicals Used for Electrode Fabrication 

 

Chemical Names and/or molecular formula Purity Supplier 

(3-Aminopropyl)trimethoxysilane (APTMS) 97% 
Sigma-

Aldrich 

Poly(sodium 4-styrenesulfonate) (Mw~70,000) 

(PSS) 
N/A 

Sigma-

Aldrich 

Methanol (CH4O) GR Merck 

Ethanol (C2H5OH) GR Merck 

Acetone ((CH3)2CO) GR Merck 

Sodium chloride (NaCl) ≥ 99% 
Sigma-

Aldrich 

Polyvinyl alcohol (Mw = 85,000~124,000) (PVA) N/A 
Sigma-

Aldrich 

SYLGARD
®
 184 Silicon Elastomer Curing Agent N/A Dow Corning 

SYLGARD
®
 184 Silicon Elastomer Base N/A Dow Corning 
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All chemicals listed in Table 3.1 are used as received. Ultrapure water (18.2 MΩ·cm), 

purified using a Barnstead NANOpure Water Purification System (received from K. I. 

Scientific Pty. Ltd., North Ryde, NSW, Australia), was used for all experiments. 

Indium tin oxide (ITO) coated glass slides with the resistance of 15-20 Ω/□ were 

purchased from Sigma-Aldrich. Clean tissue papers were obtained from Kimberly-

Clark Worldwide, Inc. Dishwashing liquid (Palmolive
®
) was purchased from a Coles 

supermarket.  

 

 

3.2 Instrumentals 

 

3.2.1 Ultraviolet-Ozone (UV-O3) Cleansing 

 

A UV-O3 cleanser (Model: UV-1) purchased from SAMCO Inc. was used to eliminate 

the superfluous ligands attached on the surface of electrodes. The oxygen flow speed 

was limited to 0.5 L·min
-1

.  

 

3.2.2. Freeze-Drying 

 

CuNW-PVA aqueous solutions were frozen by a SANYO ultra-low temperature freezer 

at -80 ºC, and the freeze drying process was performed on a HETO PowerDry PL6000 

Freeze Dryer under a pressure of 0.002 mbar. 

 

 

3.3 Electrode Design 

 

In comparison with conventional fabrication techniques for electrodes, such as 

polishing, coating, and printing (for details, please refer to Chapter One); “bottom-up” 
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design has the following benefits. (1) The structures of building blocks are finely 

controllable, providing a more precise way to regulate the properties of the assemblies. 

(2) The operation process can be completed with few requirements of complicated, 

high-cost, and delicate instruments. (3) The properties of the electrodes can also be 

designed by the choice of substrates, such as the weight, transparency, and flexibility.  

 

3.3.1 Electrocatalytic Electrodes 

 

In this section, electrocatalytic electrodes are fabricated via “bottom-up” assembly. The 

aim is to: (1) synthesize mechanically robust electrodes to investigate the size- and 

shape-dependent electrocatalytic activities of gold nanoparticles (AuNPs) and (2) 

develop a simple yet effective approach for lightweight and flexible AuNP electrode 

with high electrocatalytic activity. 

 

3.3.1.1. Nanoparticle-Modified Electrode with Size- and Shape-Dependent 

Electrocatalytic Activities 

 

Development of high-performance nanoparticle electrocatalysts plays a critical role in 

methanol and hydrogel fuel cells.
1
 Particle size,

2
 shape,

3, 4
 composition and structures 

(including crystalline features, atomic steps, kinks, and ledges)
5-8

 are key factors 

influencing the electrocatalytic performances. To further understand fundamental 

nature of catalysis by novel nanomaterials, such as Au, Pt, Pd, and Pt-based alloy nano-

sized metals, research efforts have been directed to investigate the effects of their 

morphological
9-11

 and structural
12

 parameters on the catalytic performances.  

 

Wet chemical synthesis is a cost-effective route to metal nanoparticles with adjustable 

size, shape, and crystalline structures,
13

 therefore, emerging as a viable strategy to tailor 

electrocatalysis with high accuracy.
6, 14-17

 A prerequisite step to integrate wet 

chemically-synthesized nanoparticles into an electrocatalytic system is to immobilize 

them onto a bulk conductive electrode surface.
14, 18-20

 Physical deposition such as drop-

casting
14

 has proven to be a simple immobilization strategy for such purposes, which 

unfortunately often leads to inhomogeneous deposition with severe particle aggregation. 



 

78 

 

Consequently, nanoparticle surfaces are in principle only partially accessible to fuels in 

electrocatalytic reactions, therefore, lower efficacy in material usage.  

 

Indeed, a sparser and uniform deposition can be achieved by a chemical modification 

strategy in which nanoparticles could be chemically tethered to electrode surface with 

reliable control over particle number densities.
21-25

 In this part, we extend such a 

chemical modification method to immobilize pre-synthesized AuNPs onto transparent 

ITO electrode surfaces to form an aggregation-free submonolayer for the investigation 

of size- and shape-dependent electrocatalytic performances. The building blocks are 

mono-dispersed 20 nm gold nanospheres (AuNS20s), 45 nm nanospheres (AuNS45s), 

and 20 × 20 × 63 nm
3
 nanorods (Au NRs). To exclude the possible effects of surface-

capping ligands on electrocatalytic activity, AuNPs are all protected by the same 

cationic surfactant-hexadecyltrimethylammonium bromide (CTAB).  

 

 

Scheme 3.1 The modification procedures of ITO/APTMS/PSS/AuNPs electrodes. In 

the first step, clean ITO slides are immersed in 1% APTMS ethanolic solution for 2 

hours. In the second step, ITO/APTMS slides are left in the mixture of 3 mM PSS and 

2 M NaCl aqueous solution for 20 min. In the last step, AuNS20s, AuNS45s, and 

AuNRs are modified on ITO/APTMS/PSS slides through overnight immersion. 
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The fabrication procedures are shown in Scheme 3.1. Before electrode modification, 

ITO slides are cleaned by sonication for 20 min in the following solvents in sequence: 

soapy water, deionized water, acetone, and methanol. Then, the ITO glass slides are 

dried by N2 and left in a clean petri dish before use. In the first step of electrode 

fabrication, ITO electrodes are left in 1% APTMS ethanolic solution (V:V) for more 

than 12 hours, and positively charged amino groups are attached on the surface of the 

electrodes via hydrolysis. In the second step, ITO/APTMS slides are immersed in 3 

mM PSS aqueous solution in the presence of 2 M NaCl. Through electrostatic 

interaction between the amino groups and negatively charged PSS, ITO/APTMS/PSS 

electrodes with negative charges exposed on the surface are obtained. In the third step, 

CTAB capped, positively charged AuNPs are modified on the surface of 

ITO/APTMS/PSS electrodes again with the help of electrostatic interaction. The 

ITO/APTMS/PSS electrodes are normally immersed in concentrated AuNP solutions 

overnight for a maximum attachment of the NPs. For reliable and stable 

electrochemical measuring results, the AuNPs modified electrodes are treated by UV-

O3 cleansing for 5 min to eliminate superfluous organic ligands and polymers. 

 

3.3.1.2. Lightweight, Flexible, Nanoparticle Electrode with High Electrocatalytic 

Activity 

 

To integrate gold nanoparticles into an electrocatalytical system, it is usually a 

prerequisite step to immobilize them onto a bulk conductive electrode surface. 

Typically, drop-casting
5
 and chemical self-assembly

18, 19
 were the viable 

immobilization strategies for such purposes. Both strategies are based on the 

“nanoparticles-on-conductor” design. The conductors are usually the rigid materials, 

such as glass carbon electrode, gold electrode or transparent ITO-coated glasses. In this 

part, we develop a simple yet efficient drop-casting strategy to fabricate high-

performance electrocatalytical electrodes from gold nanorods without requirement of a 

bulk current conductor.  

 

Briefly, clean tissue papers produced by Kimberly-Clark Worldwide, Inc. are cut into 

sheets with the dimensions of 0.40 × 2.5 cm
2
. Then, 40 μL highly concentrated AuNP 
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aqueous solution is drop-casted on the tissue paper sheets. The concentrations for 

AuNR and AuNS45 solutions are 50 nM and 30 nM, respectively. After drop-casting 

process, the wet paper sheets are dried in 50 ºC oven for 20 to 30 min to eliminate the 

water. Then, another 40 μL the highly concentrated AuNP aqueous solution is 

deposited on the paper sheets, following by the same drying process. The drop-casting 

and dry process is expected to be repeated for about 10 cycles, until the sheet resistance 

of the modified electrodes reaches approximately 20 Ω/☐. 

 

3.3.2 Electrical Conductors 

 

In this section, copper nanowires (CuNWs) based metallic/composite aerogels are 

developed as electrical conductors step by step. Firstly, ultra-light and highly electrical 

conductive CuNW monolith aerogels are fabricated via an economical and 

environmental friendly freeze-casting approach. Secondly, poly(vinyl alcohol) (PVA) 

is employed as fillers to construct CuNW-PVA composite aerogels with a better 

mechanical strength. Thirdly, the composite aerogels are further infiltrated with 

poly(dimethylsiloxane) (PDMS) to achieve manufacturable electrical conductive 

rubbers. 

 

3.3.2.1. Copper Nanowire Monolith Aerogels 

 

Metal aerogels are highly-porous metals with porosity of no less than 50%, which can 

integrate unique properties (such as high electrical and thermal conductivity) of metals 

and unique properties (such as low density, high surface area) of aerogel into a single 

material system.
26

 As such, metal aerogels are a new class of advanced materials with a 

wide range of potential applications in sensors,
27

 fuel cells,
28

 catalysis,
29

 membranes,
30

 

supercapacitors,
31

 and actuators.
32

 However, unlike aerogels from non-metallic silica,
33

 

metal oxides,
34

 polymers,
35

 and carbon nanotubes,
36

 it is nontrivial to produce metal 

aerogels due to the difficulty in generating wet gels of metals. Hence, fabrication 

methodologies of metal aerogels do not exist until very recently.
26
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Notably, the existing metal aerogel-fabricating approaches often require 

unconventional experimental conditions. For example, combustion method required 

high temperature and pressure, oxygen-/water-free environments;
37

 microfabrication 

approach required expensive equipment;
38

 dealloying required expensive sacrificial 

noble metals.
39

 In addition, there were few reports on mechanical and electrical 

properties of ultralow-density metal aerogels due to the difficulties in scaling up with 

these approaches.
26

 

 

In this part, we use a freeze-casting method, under mild conditions, to produce 

ultralow-density copper aerogel monoliths with well-defined shapes from one-

dimensional (1D) building blocks-CuNWs. Although freeze-casting (or supercritical 

drying with similar procedures) has been utilized to generate porous materials from 

ceramics,
40

 silica,
33

 polymer-metal nanostructure composites,
41

 carbon nanotubes,
42

 and 

graphene,
43

 it has not yet been used to produce large-scale metal aerogel monoliths  

 

 

 

The fabrication procedures are illustrated in Scheme 3.2. In the first step, highly 

concentrated CuNW aqueous solution is poured into a glass vial with a cylindrical 

shape (50 × 12 mm). In the second step, the CuNW solution is strongly shaken by a 

vortex device at a speed of 3,000 rpm and then left in a freezer with the temperature of 

-80 ºC for at least 2 hours. This process leads to the formation of ice crystals, which 

acts as the templates for the production of highly porous structures. In the third step, the 

Scheme 3.2 Schematic illustration of fabricating CuNW monolith aerogels via 

freeze-casting approach. 
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frozen sample is freeze-dried at a sublimation temperature of -47.4 ºC and a pressure of 

0.002 mbar. 

 

3.3.2.2. Copper Nanowire-PVA(-PDMS) Composites 

 

Metallic aerogels, which combine the special characteristics of nano-sized metals and 

excellent properties of bulk materials, have exhibited distinctive properties, such as low 

relative density, high specific surface area, improved optical response, and size-effect-

enhanced catalytic and magnetic activities.
26

 Therefore, these porous metals are 

accepted as promising substitutes as the functional parts in an array of technological 

applications, including sensors,
27

 fuel cells,
28

 catalysis,
29

 membranes,
30

 

supercapacitors,
31

 and actuators.
32

  

 

However, metallic aerogels were seldom reported to be applied as conductive 

elastomers,
38

 a new class of materials which can maintain their excellent electrical 

stability and performance under different deformations, including bending,
44

 

stretching,
45

 compressing,
41

 and twisting.
46

 Since the present synthetical approaches 

can only generate metallic aerogels either too brittle or too stiff.
26

 To utilize the 

outstanding electrical conductivity of metallic aerogels in the functional part of an 

elastic conductor, the improvement of the mechanical flexibility is one of the most 

critical challenges.  

 

 

 

Scheme 3.3 Schematic illustration of fabricating CuNW-PVA composite 

aerogels via freeze-casting approach. 
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One of the existent strategies for metallic aerogels with elasticity was brought out by 

Schaedler et al.; nickel aerogels were fabricated via template-assisted approach, and 

they could recover to its original height after 50% compressive strain.
38

 However, this 

approach involves complicated operation procedures, and the aerogels cannot be further 

manufactured into diverse morphologies for various applications.  

 

In this part, we develop a simple yet efficient approach to produce CuNW based 

composite aerogels which successfully integrate the excellent electrical properties from 

metals and mechanical behaviors from polymers (PVA). Moreover, after PDMS 

encapsulation, the composite aerogels are developed as electrical conductive rubbers, 

which are manufacturable to satisfied various technological requirements. 

 

The fabrication procedures of CuNW-PVA composite aerogels are described in 

Scheme 3.3. The process is similar to that for the preparation of CuNW monolith 

aerogels. In the first step, aqueous solutions containing the mixture of CuNWs and 

PVA are poured into a sample vial (50 × 12 mm) with cylindrical shapes. In the second 

step, the mixture is strongly shaken by a vortex device at a speed of 3,000 rpm and left 

in a freezer at -80 ºC for 2 hours. In the third step, the frozen samples are freeze-dried 

at a sublimation temperature of -47.4 ºC and a pressure of 0.002 mbar.  

 

 

Scheme 3.4 Schematic illustration of fabricating manufacturable CuNW-PVA-PDMS 

composites as electrical conductive rubbers. 
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The fabrication process for manufacturable CuNW-PVA-PDMS composites is 

illustrated in Scheme 3.4. In the first step, PDMS is infiltrated into the CuNW-PVA 

composite aerogels. Briefly, pre-cured PDMS, the mixture of the “base” and the 

“curing agent” with a ratio of 10:1, is gently poured onto the as-prepared CuNW-PVA 

composite aerogels. Then, the composite aerogels in pre-cured PDMS is degassed in a 

desiccator for approximately 4 hours, until no gas bubbles are observed on the surface 

of the mixture. PDMS encapsulation is completed by leaving the mixture in an oven at 

80 ºC for 2 hours. In the second step, the CuNW-PVA-PDMS composites are cut into 

various 1D, 2D, and 3D morphologies with a blade.   

 

 

3.4 Summary 

 

In this chapter, various modification approaches via “bottom-up” assembly are 

described for the fabrication of electrocatalytic or electrical conductive electrodes. 

 

For electrocatalytic applications, we aim to achieve low-cost and stable electrodes with 

high electrocatalytic activities. Moreover, we also focus on the investigations of the 

size- and shape-dependent electrocatalysis of AuNPs towards both methanol oxidation 

reaction and oxygen reduction reaction, two important reactions in fuel cells. In the first 

part, we fabricated AuNP modified ITO electrodes via electrocatalytic interactions. 

After the modification, AuNPs dispersed uniformly on the surface of the electrodes 

without any obvious aggregations or deformations. In the second part, we used light-

weight, non-conductive, low-cost, and flexible tissue paper as the substrates, which 

greatly reduced the cost of the electrodes. AuNPs were drop-casted on the tissue paper, 

and the SEM images confirmed that AuNPs kept their well-defined shapes and no 

aggregation occurred. 

 

For electrical conductive applications, we aim to develop advanced electrodes with 

low-cost and high performance. CuNWs are regarded as the ideal materials. In the first 

step, we developed an environmental friendly method to fabrication ultra-light weight 

CuNW monolith aerogel. In the second step, to improve the mechanical properties of 
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the monolith aerogels, a tiny amount of PVA was added during the preparation. In the 

third step, we further infiltrated PDMS into the CuNW-PVA composite aerogels for the 

achievement of manufacturable electrical conductive rubbers.  
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Chapter Four 

 

Applications of Electrocatalytic Electrode 

Chapter Four Applications of Electrocatalytic Electrode 

 

 

In this chapter, the electrocatalytic applications of gold nanoparticle-based electrodes 

from “bottom-up” design were demonstrated and analyzed. 

 

 

4.1 Chemicals and Materials 

 

Table 4.1 The Chemicals Used for Electrocatalytic Characterizations 

 

Chemical Names and/or molecular formula Purity Supplier 

Sodium phosphate monobasic dehydrate 

(NaH2PO4⋅2H2O) 
≥ 99% 

Sigma-

Aldrich 

Sodium phosphate dibasic dodecahydrate 

(Na2HPO4⋅12H2O) 
≥ 99% 

Sigma-

Aldrich 

Potassium hydroxide (KOH) ≥ 85% Merck 

Methanol (CH4O) GR Merck 

Sulfuric acid GR Merck 

Potassium chloride (KCl) ≥ 85% Merck 

 

All chemicals listed in Table 4.1 are used as received. Ultrapure water (18.2 MΩ·cm), 

purified using a Barnstead NANOpure Water Purification System (received from K. I. 

Scientific Pty. Ltd., North Ryde, NSW, Australia), was used for all experiments. The 

electrodes used in the electrochemical measurement, including a gold disk working 
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electrode, a Ag/AgCl reference electrode (in 3.5 M KCl), and a Pt wire counter 

electrode were purchased from CH Instruments, Inc. (Austin, USA) 

 

 

4.2 Instrumentals 

 

4.2.1. Ultraviolet-visible (UV-vis) Spectroscopy 

 

Absorption spectra of gold nanoparticles (AuNPs) modified indium tin oxide (ITO) 

electrodes were recorded using an Agilent 8453 UV-Vis spectrophotometer in the range 

of 300-1100 nm. The measurements were conducted by directly placing the modified 

electrodes in the front of the sample holder for liquid cells. 

 

4.2.2. Scanning Electron Microscopy (SEM) 

 

SEM images were taken using a field emission JEOL 7001F scanning electron 

microscope, located at MCEM. The JEOL700F operates with a Schottky-type field 

emission gun (FEG) with a maximum electron probe of > 200 nA. Samples without 

metal sputter coating were directly adhered onto the sample holder using conductive 

carbon tape from ProSciTech. All SEM images were taken with 5 kV acceleration 

voltage in a vacuum less than 2 × 10
-4

 Pa, a working distance of 5 mm and the probe 

current set to the arbitrary number 8 (medium sized probe). 

 

4.2.3. Wide Angle X-Ray Diffraction (WXRD) 

 

WXRD patterns were obtained at room temperature on a Philips PW1140/90 

diffractometer with a CuKα radiation source (40 kV, 25 mA, λ = 1.54 Å). For liquid 

samples, the measurement was completed by dropping highly concentrated AuNP 

solution on a cell of a sample holder normally made by silicon or quartz and followed 

by drying. For solid samples, the electrodes were directly left on the sample holders. 
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Generally, the scan rate is 2Theta = 1º·min
-1

 and the scan region was between 2Theta = 

30º and 110º. 

 

4.2.4. Electrochemical Scanning 

 

Electrochemical measurements were performed in a conventional three-electrode cell 

by using a PARSTAT 2273 advanced electrochemical system (Princeton Applied 

Research). An Ag/AgCl electrode (in 3.5 M KCl) and a Pt wire were employed as 

reference electrode and counter electrode, respectively. AuNP modified electrodes and 

a gold disk electrode were used as working electrodes. 

 

 

4.3 Nanoparticle-Modified Electrode with Size- and Shape-

Dependent Electrocatalytic Activities 

 

Size,
1
 shape,

2
 composition,

3
 and crystalline structures

4
 of noble metal nanoparticles are 

the key parameters in determining their electrocatalytic performances. Here in this 

section, we introduce a robust chemical-tethering approach to immobilize gold 

nanoparticles onto transparent indium tin oxide (ITO) modified glass electrode surface 

to systematically investigate their size- and shape-dependent electrocatalysis towards 

methanol oxidation reaction (MOR) and oxygen reduction reaction (ORR). Mono-

dispersed 20 nm gold nanospheres (AuNS20s), 45 nm gold nanospheres (AuNS45s) 

and 20 × 20 × 63 nm
3
 gold nanorods (AuNRs) are synthesized, which are then 

chemically tethered to ITO surface forming submonolayers without any aggregation. 

These AuNP-modified ITO electrodes exhibit strong electrocatalytic activities towards 

MOR and ORR, but their mass activities are highly dependent on particle sizes and 

shapes. For particles with similar shapes, size determines the mass activities: smaller 

particle size leads to greater catalytic current density per unit mass due its greater 

surface-to-volume ratio (AuNS20s > AuNS45s). For particles with comparable sizes, 

shapes or crystalline structures govern selectivity of electrocatalytic reactions: 

AuNS45s exhibit a higher mass current density in MOR than that for AuNRs due to its 
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dominant (111) facets exposed; whereas AuNRs exhibit a higher mass current density 

in ORR due to its dominant (100) facets exposed. 

 

4.3.1 Electrode Characterizations 

 

To avoid possible effects of the surface-capping ligands on catalytic activities, we 

synthesize AuNPs protected by the same surface-capping ligands, namely 

cetyltrimethylammonium bromide (CTAB). Using the seed-mediated approaches, 

CTAB-capped AuNS20s, AuNS45s and AuNRs were synthesized in large quantities 

(For details, please refer to Chapter Two.).  

 

4.3.1.1. Crystalline Structure Characterizations 

 

 

Figure 4.1 XRD patterns of (A) AuNS20s, (B) AuNS45s, and (C) AuNRs. 

 

XRD was used to characterize the crystalline structures of the AuNPs. As shown in 

Figure 4.1, all the three types of NPs showed the pronounced Bragg peaks 

corresponding to the reflections from (111), (200), (220), (311), and (222) facets, 

clearly demonstrating a face-centered cubic (FCC) structure.
5
 Nevertheless, relative 

peak intensities for these characteristic FCC planes exhibite a strong dependence on 

particle morphologies. The intensity ratios of (111) versus (200) planes for bulk gold, 

AuNS20, AuNS45 and AuNR are 3 (JCPDS), 5.89, 6.75, 1.20, respectively. This 

indicates that AuNS45 and AuNS20 have more dominant (111) planes than that for 

bulk gold; whereas, AuNRs have smallest fraction of (111) planes but with 

predominant (200) planes, in agreement with the previous report on the rod-shaped 

nanostructure.
6
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4.3.1.2. Morphology Characterizations 

 

 

 

The high conductivity of ITO electrodes enables direct morphological characterizations 

of AuNPs modified ITO electrodes without any additional sample processing steps by 

SEM. Figure 4.2 shows that AuNS20s, AuNS45s, and AuNRs are all distributed on 

ITO surface uniformly forming submonolayers; no evident particle aggregation or 

morphological transformation are observed during nanoparticle modifications or 

plasma treatment. 

 

4.3.1.3. Optical Characterizations 

 

The plasmonic properties of NP assemblies on ITO electrodes are presented in Figure 

4.3. Notably, the main characteristic plasmonic peaks for AuNS20s (~527 nm), 

AuNS45s (~531 nm), and AuNRs (~511 nm and ~698 nm) remain before (Figure 4.3, 

solid lines) and after (Figure 4.3, dash lines and dot lines) their immobilization on ITO 

surface. Slight shifts in the characteristic peaks are observed, which might be caused by 

the changes of surrounding dielectric environments from water to ITO.
7, 8

 There is no 

evident plasmonic coupling peaks observed, indicating the absence of particle 

aggregation in agreement with the above SEM results (Figure 4.2). Nevertheless, there 

are two additional shoulder peaks shown for AuNS45s. We speculate that a possible 

Figure 4.2 SEM images of (A) AuNS20s, (B) AuNS45s, and (C) AuNRs 

modified ITO electrodes. The scale bar is 200 nm. 
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reason is that impurities such as triangular and platelet-like particles have a stronger 

tendency to adsorb onto ITO than AuNS45s. Therefore, the two shoulder peaks might 

be due to the presence of larger fraction of impurity particles (Figure 4.3 (B)). In 

addition, the transverse plasmonic peak for AuNRs at ~511 nm appeared to be weaker 

than that in aqueous solution. This may be due to the fact that all AuNRs lied down on 

ITO surfaces perpendicular to incident light beam, lowering the possibility of excitation 

of transverse plasmonic modes. Further plasma treatment didn’t lead to evident changes 

in plasmonic spectra (dash lines versus dot lines). 

 

 

 

4.3.1.4. Electrochemical Characterizations 

 

The crystalline features of immobilized nanoparticle surfaces could be probed by 

electrochemical methods, such as cyclic voltammogram (CV). It has been known that 

CV curves for electrochemical oxidation of gold in concentrated acid solutions are 

characteristic of specific lattice structures, which can serve as the “finger print” of 

specific lattice planes.
9
 In particular, formal potentials for (100) and (111) in 0.01 M 

aqueous H2SO4 were reported to be 1.3 V and 1.1 V (versus Ag/AgCl, saturated KCl), 

respectively.
5
 For our NP-modified electrodes, the line shapes of CV curves in 0.5 M 

H2SO4 are different from AuNSs to AuNRs (Figure 4.4). For AuNS45s, a pronounced 

peak shows at around +1.4 V (versus Ag/AgCl, 3 M KCl), confirming the dominant 

Figure 4.3 UV spectra of (A) AuNS20s, (B) AuNS45s, and (C) AuNRs 

dispersed in aqueous solution (solid line), after modified on ITO electrode (dash 

line), and after cleaned by UV-O3 plasma (dot line). 
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(111) facets exposed to acid solution in agreement with the XRD results (Figure 4.1 

(b)). In the case of AuNRs, a clear oxidation peak shows at around 1.2 V (versus 

Ag/AgCl, 3 M KCl), suggesting the presence of dominant (100) facets on NR surfaces 

in consistence with the XRD results (Figure 4.1 (c)). As for AuNS20s, there are no 

characteristic CV peaks from either (111) or (100) planes. Apparently, this is against 

the XRD characterization (Figure 4.1 (a)) which indicates the dominance of (111) 

planes. However, it has to be noted that X-ray could penetrate through planes, whereas, 

electrochemical oxidation reactions only occurred on surfaces. It appears that CV 

results demonstrated that AuNS20s contain balanced (100) and (111) facets on surfaces.  

 

 

Figure 4.4 Normalized CV curves of AuNS20s, AuNS45s, and AuNRs modified ITO 

electrodes electrochemically scanned in 0.5 M H2SO4. 
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Figure 4.5 CV curves of AuNS20s (solid line), AuNS45s (dash line), and AuNRs (dot 

line) modified ITO electrodes electrochemically scanned in (a) 0.1 M KOH with 10 M 

methanol and (b) 0.1 M PBS (pH=7.2). The scan rate is 50 mV·s
-1

. 

 

4.3.2 Electrocatalytic Behaviors 

 

All nanoparticle-modified ITO electrodes exhibited high electrocatalytic activities 

towards MOR in alkaline media as well as ORR in phosphate buffered saline (PBS) 

buffer (Figure 4.5). Nevertheless, the catalytic mass activities were dependent on 

particle sizes and shapes (Tables 4.2 and 4.3). 

 

 

Table 4.2 Current density of AuNP modified ITO electrodes towards MOR 

 
Au nanospheres 

(d = 20 nm) 

Au nanospheres 

(d = 45 nm) 

Au nanorods 

(20 × 20× 60 nm
3
) 

Number Density of 

Au Nanoparticles 

(cm
-2

) 

(1.54 ± 0.01) × 10
10

 (1.09 ± 0.06) ×10
9
 (1.30 ± 0.06) ×10

10
 

Surface-to-Volume 

Ratio (nm
-1

) 
0.300 0.133 0.279 

Mass Coverage 

(mg·cm
-2

) 
1.25 × 10

-3
 1.00 × 10

-3
 4.50 × 10

-3
 

Peak Current 

Density (mA·mg
-1

) 
11.00 5.59 0.91 
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Table 4.3 Current density of AuNP modified ITO electrodes towards ORR 

 

 
Au nanospheres 

(d = 20 nm) 

Au nanospheres 

(d = 45 nm) 

Au nanorods 

(20 × 20× 60 nm
3
) 

Number Density of 

Au Nanoparticles 

(cm
-2

) 

(2.55 ± 0.02) × 10
10

 (8.86 ± 0.12) × 10
9
 

(1.62 ± 0.10) × 

10
10

 

Surface-to-Volume 

Ratio (nm
-1

) 
0.300 0.133 0.279 

Mass Coverage 

(mg·cm
-2

) 
2.06 × 10

-3
 8.16 × 10

-3
 5.60 × 10

-3
 

Peak Current 

Density (mA·mg
-1

) 
-1.63 -0.87 -1.00 

 

Moreover, as shown in Table 4.4, the peak current densities normalized by EASA of 

AuNP-modified electrodes were higher than the ones of BGE, indicating better 

electrocatalytic performances towards both ORR and MOR. 

Table 4.4 Current density of AuNP modified ITO electrodes and BGE towards 

MOR and ORR 

 
Peak Current Density 

(mA·cm
-2

) towards MOR 

Peak Current Density 

(mA·cm
-2

) towards ORR 

Au nanospheres 

(d = 20 nm) 
5.63 -0.60 

Au nanospheres 

(d = 45 nm) 
3.52 -0.53 

Au nanorods 

(20 × 20× 60 nm
3
) 

1.28 -0.41 

BGE 0.04 -0.01 

 

4.3.2.1. Size-Dependent Electrocatalytic Activities 

 

We first examine size effects by comparing the mass activities of AuNS20s and 

AuNS45s as they are both sphere-like shapes with similar crystalline structures. As for 

MOR, AuNS20s give a mass activity 11 mA·mg
-1

; whereas AuNS45s give a mass 

activity of 5.59 mA·mg
-1

. As for ORR, AuNS20s give a mass activity of -1.63 mA·mg
-

1
; whereas NS45s give a mass activity of -0.87 mA·mg

-1
. Clearly, these results 

demonstrate that AuNS20s exhibit better electrocatalytic activities than AuNS45s for 
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both MOR and ORR. Therefore, we conclude that nanoparticles with smaller size 

provide higher mass activity.   

 

4.3.2.2. Shape-Dependent Electrocatalytic Activities 

 

Next we examine shape effects by comparing mass activities of AuNS45s and AuNRs 

as they have comparable dimensions. For MOR (Table 4.2), AuNS45s give a mass 

current density of 5.59 mA·mg
-1

, which is about 6 times of that for AuNRs (only 0.91 

mA·mg
-1

). However, for ORR (Table 4.3), AuNS45s exhibit a mass current density of -

0.87 mA·mg
-1

, smaller than that for AuNRs (-1.00 mA·mg
-1

). Electrocatalytic 

selectivity of AuNS45s and AuNRs towards MOR and ORR could origin from their 

crystalline structures. It is known that MOR and ORR discriminate crystalline planes:
10

 

MOR is generally favored on (111) facets and ORR is favored on (100) facets.
5
 Hence, 

(111) facet-dominant AuNS45s exhibit higher MOR yet lower ORR activity than (100) 

facet-dominant AuNRs. 

 

4.3.2.3. Size- and Shape-Dependent Electrocatalytic Activities 

 

Among different NPs the overall catalytic mass current densities are a combined effect 

of size and shapes. For MOR, both AuNS20s and AuNS45s are dominated by (111) 

facets, therefore their mass current densities are greater than AuNRs; whereas 

AuNS20s have greater surface area than AuNS45s, therefore exhibit greater 

electrocatalytic activities. This is proved by our experimental results that the order of 

mass activities is: AuNS20s > AuNS45s > AuNRs (Table 4.2). In contrast, the order of 

mass catalytic current densities in ORR is AuNS20s > AuNRs > AuNS45s (Table 4.3). 

The second part of this inequality could be well explained by the shape argument as 

described above. The first part of the inequality reflects the combined size and shape 

effects. Although AuNS20s have a smaller fraction of (100) facets exposed than that 

for AuNRs, they have greater surface areas. Overall, size effect overweighs shape 

effect, resulting in greater mass activity of AuNS20s than AuNRs. 
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4.3.2.4. Stability during Electrocatalytic Reactions 

We also investigated the stability of the AuNPs modified electrodes during 

electrocatalytic reactions. After 50 cycles of MOR reactions in 0.1 M KOH, both 

AuNS20s and AuNS45s aggregate on ITO surfaces (Figure 4.6 (a and b)). The 

aggregation might be caused by the presence of (111) facets which were active in MOR. 

This argument is supported by the control experiments with (100)-dominant AuNRs. 

There are no observable NR aggregates forming after MOR reactions (Figure 4.6 (c)). 

In contrast, all three types of NP-modified electrodes are virtually indefinitely stable 

during ORR reactions. No aggregation was observed for AuNS20s, AuNS45s or 

AuNRs (Figure 4.6 (d-f)). 

 

 

Figure 4.6 SEM images of (a and d) AuNS20s, (b and e) AuNS45s, and (c and f) 

AuNRs modified ITO electrodes after electrochemical scanning in (a-c) 0.1 M KOH 

with methanol at various concentrations for 50 cycles and in (d-f) 0.1 M PBS (pH=7.2) 

for 10 cycles. The scale bar is 200 nm. 

 

 

4.4 Lightweight, Flexible, Nanoparticle Electrode with High 
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Electrocatalytic Activity 

 

In this section, we introduce a simple yet effective drop-casting method to fabricate 

lightweight and mechanically flexible electrodes from AuNPs, including AuNRs and 

AuNS45s. The AuNP electrodes possess extremely high electroactive areas, which lead 

to greatly enhanced electrocatalysis towards ORR and MOR when compared to 

conventional gold disk electrodes. Moreover, the electrocatalytic stability of Au NRs 

modified electrodes towards ORR and MOR was outstanding; AuNRs keep their well-

defined shapes after 1000 cycles scanning in 0.1 M PBS (pH=7.2) buffer solution or 

500 cycles scanning in 0.1 M KOH with 3 M methanol. 

 

4.4.1 Electrode Characterizations 

 

4.4.1.1. Crystalline Structure and Morphology Characterizations 

 

The flexible AuNP electrodes are fabricated via drying-mediated self-assembly of 

nanorods on tissue papers. Firstly, AuNPs are synthesized through the typical seed-

mediated methods
11

 and characterized by TEM and, UV-vis spectrophotometer, (For 

details of AuNP synthesis, please refer to Chapter Two.) and XRD analysis (Figure 4.7 

(a and d)). Then, the AuNP stock solutions are drop-casted onto a 0.40 × 2.5 cm
2
 tissue 

paper, which uniformly wetted the entire tissue paper by strong capillary forces.
12

 This 

is followed by drying at 50 ºC for 20 min. A repeated drop-casting and drying step 

leads to a dark-yellow paper (Figure 4.7 (b and d)) with a sheet resistance of ~20 Ω/☐. 

 

AuNPs are closely-packed but maintaining their well-defined shapes without any 

observable fusion (Figure 4.7 (e and f)). In some domains, AuNRs are vertically 

aligned. Unlike our previous free-standing monolayered nanorod superlattices,
13

 in this 

study NRs are three-dimensionally (3D) distributed throughout the paper matrix. Such 

a 3D close packed assembly is uniform throughout the entire paper sheet, contributing 

to the high conductivity observed. 
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4.4.1.2. Electrical Characterizations 

 

Despite the high conductivity, the usage of gold in a typical 0.40 × 2.5 cm
2
 tissue paper 

was only about 0.3 mg, contributing to only 7.5% of the overall electrode weight in 

order to achieve a resistance of around 20 Ω/☐. According to current gold market price 

(52.21 USD·g
-1

, from http://goldprice.org/), the cost of 0.40 × 2.5 cm
2
 nanorod 

electrode was only 0.16 US dollars. 

 

Figure 4.7 (a and d) XRD patterns, (b and e) photographic images, and (c and f) 

SEM micrographs of typical (a-c) AuNR electrodes and typical (d-f) AuNS45 

electrodes. 
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AuNRs do not affect the mechanical robustness and flexibility of tissue papers. The 

repeated bending from -180º to 180º does not break the nanorods electrodes. 

Remarkably, their conductivity is almost unaffected by repeated bending tests. In a 

typical experiment, we monitor the linear resistance changes by a multi-meter during 

the bending of the nanorod electrode (Figure 4.8 (a and b)). It is observed that the 

electrical resistance in bending state is 44.9 Ω, corresponding to 3.6% reduction of the 

resistance in stretching state (46.6 Ω). The slight reduction in resistance may be due to 

stress-induced closer packing of NRs in the bending sites. We repeat the bending 

process for over 100 times and observe that the overall reduction in electrical resistance 

was less than 5%. These experimental results show that AuNRs are strongly adhered to 

fibrils in tissue papers during the bending tests. Moreover, our fabrication method is 

general, and AuNS45 electrode was realized and shown in Figure 4.7 (e and f). 

 

4.4.2 Electrocatalytic Behaviors 

 

 

 

 

Figure 4.8 Slight conductivity changes of the AuNR electrode before (a) and 

after (b) bending for 180º. 
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4.4.2.1. Electrochemically Active Surface Area (EASA) 

 

 

 

The AuNP electrodes possess extremely high surface-to-volume ratios, exhibiting 

much greater electrochemically active surface area (EASA) than conventional gold disk 

electrodes. The EASA of gold electrodes could be estimated by carrying out CV 

scanning in a potential window of 0 - 1.70 V versus Ag/AgCl (in 3.5 M KCl) in 0.5 M 

H2SO4 aqueous solution. The charges associated with reduction of the oxide monolayer 

on the gold surfaces could be used to estimate the EASA by the following equation 

(Equation 4.1):
4
  

 

EASA = 
 

  
      (Equation 4.1) 

 

Where Q is the charge required during the formation of gold oxide monolayer on gold 

surfaces, and Q
*
 is the calibration factor. A value of 390 μC·cm

-2
 is usually taken for 

Q
*
. The typical CV curves for nanorods electrodes and conventional gold disk 

electrodes are shown in Figure 4.9. By integrating the reduction peak in red line, we 

obtained a Faraday charge of 0.017 C. This corresponds to an EASA of 43.7 cm
2
, 

Figure 4.9 Significantly high electroactive area of AuNR electrode. Red line: 

CV of a typical AuNR electrode; black line: CV of a typical gold disk electrode. 

Inset: magnified view of the CV for the gold disk electrode. The 

electrochemical experiments are carried out in 0.5 M H2SO4 at a scan rate of 20 

mV·s
-1

. 
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which is 60 times of the geometric scanning area (0.72 cm
2
). In contrast, the EASA of 

the gold disk electrode was only about 2 times of its geometric scanning area. 

 

4.4.2.2. Electrocatalytic Activity towards Oxygen Reduction Reaction 

 

Furthermore, we investigated electrocatalytic activities of AuNP electrodes towards 

ORR. As for ORR in PBS buffer, there are generally two consecutive steps in electron 

transfer reactions as follows:
14

 

 

     
                (Equation 4.2) 

       
                (Equation 4.3) 

 

Corresponding to the above two reactions, a peak at -0.05 V and a shoulder around -

0.27 V are observed (Figure 4.10 (a), black curve), respectively. We further confirm the 

two-step four-electron transfer electrocatalytic reactions by adding H2O2 into the 

electrolyte solutions. After adding H2O2 into the PBS solution (Figure 4.10 (a), red 

line), the peak current at -0.27 V increases significantly; while the catalytic current at -

0.05 V only increases slightly. This confirms that the catalytic reaction at -0.27 V is 

due to the reduction of H2O2 into H2O. In contrast, only a single peak is observed at -

0.27 V in N2-purged PBS solution containing 0.45 mM H2O2 (Figure 4.10 (a), blue 

line). The absence of shoulder peak at -0.05 V proves diminishing of reduction from O2 

into H2O2. In addition, we compare the electrocatalytic activity of the AuNR electrode 

with that of the conventional gold disk electrode (Figure 4.10 (b)). Under the identical 

conditions, the electrocatalytic current density for ORR reactions on the AuNR 

electrodes is about 30 times of that for gold disk electrodes. 
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Figure 4.10 (a) CVs of the AuNR electrode in air-saturated 0.1 M PBS (black curve), 

in air-saturated 0.1 M PBS and in the presence of H2O2 (red curve), in N2-purged 0.1 M 

PBS (pH=7.2) and in presence of H2O2 (blue curve). The scan rate was 50 mV·s
-1

. (b) 

CVs of AuNR electrode (red curve), AuNS45 electrode (blue curve), and gold disk 

electrode (black curve) in air-saturated 0.1 M PBS solution (pH=7.2) at a scan rate of 

50 mV·s
-1

. The inset is a magnified view of the CV curve for gold disk electrode. 

 

4.4.2.3. Electrocatalytic Activity towards Methanol Oxidation Reaction 

 

 

Figure 4.11 (a) Electrocatalysis of a typical AuNR electrode in 0.1 M KOH with 

methanol at difference concentrations. The scan rate was 50 mV·s
-1

. The inset is a plot 

of current density versus methanol concentration in 0.1 M KOH. The methanol 

concentrations are 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 M. (b) CVs of AuNR 

electrode (red curve), AuNS45 electrode (blue curve), and gold disk electrode (Black 

black Curvecurve) in 3 M methanol in 0.1 M KOH at a scan rate of 50 mV·s
-1

. The 

inset is a magnified view of the CV curve for gold disk electrode. 

 

We also investigated electrocatalytic activities of AuNP electrodes towards MOR. 

Figure 4.11 (a) shows the representative CV curves for MOR in 0.1 M KOH. The 

characteristic anodic peak at around 0.42 V is mainly due to the oxidation of methanol, 

whereas the cathodic peak at around 0.05 V is mainly due to the reduction of AuO/OH
δ-

ads formed during positive voltage scanning.
10, 15, 16

 With the increase in methanol 

concentration, the anodic peak current density enhances significantly, whereas the 

cathodic peak current density decreases. The electrocatalytic current density is linearly 
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proportional to the methanol concentration (Figure 4.11 (a), inset). This phenomenon 

was also observed previously on other types of gold nanostructures.
16

 Note that both 

OH
-
 chemically-absorbed on AuNRs, and OH

-
 in electrolyte solution could be involved 

in methanol oxidation reaction. With the increase of methanol concentration, the 

reaction with OH
-
 from solution becomes dominant but with less Au-OH

δ-
ads involved, 

therefore, leading to the decrease of cathodic peak current.
10, 15

 In addition, the anodic 

peak shifts as methanol concentrations increased. We speculate that methanol may 

swollen paper matrix, leading to the increase of gaps between AuNRs. Consequently, 

methanol oxidation occurs at higher potential under higher methanol concentrations. 

We further compare the electrocatalytic activity of the AuNR electrodes with that of 

conventional gold disk electrodes (Figure 4.11 (b)). Under the identical conditions, the 

electrocatalytic current density for MOR reactions on the AuNR electrodes is about 30 

times of that for gold disk electrodes 

 

4.4.2.4. Mechanism of the High Electrocatalytic Activities 

 

We investigate the mechanism of high-performance electrocatalysis towards ORR and 

MOR. It is known that electrocatalytic activities depend on crystalline structures of 

catalyst. X-ray diffraction results (Figure 4.7 (a)) show that fractions of facets of AuNR 

electrodes are similar to that for bulk polycrystalline gold electrodes. This indicates that 

AuNR electrodes have similar electrocatalytic selectivity towards ORR and MOR; 

therefore, the observed electrocatalytic enhancements are mainly an area effect. This is 

also reflected in the large capacitive currents shown in Figure 4.10, which is a 

consequence of the linear diffusion conditions prevailing. 

 

4.4.2.5. Crystalline Structure Dependent Electrocatalysis 

 

Unlike bulk gold or AuNR electrodes, AuNS45 electrodes are with dominant (111) 

facets (Figure 4.7 (d)), and they exhibit different electrocatalytic selectivity towards 

MOR and ORR. Typically, our experimental results show that EASA of AuNS45 

electrodes were about 25 times of that for bulk gold; the current density of MOR on 

AuNS45 electrodes was about 29 times of that for bulk gold (Figure 4.11 (b)); whereas, 
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the current density of ORR on AuNS45 electrodes is only about 11 times of that for 

bulk gold (Figure 4.11 (b)). Despite the discriminative enhancement for ORR and 

MOR on the AuNS45 electrode, AuNR electrodes exhibit greater current densities for 

both reactions due to the greater EASA. 

 

4.4.2.6. Stability during Electrocatalytic Reactions 

 

 

Figure 4.12 SEM images of AuNR electrode (a) before and (b) after electrochemical 

scanning towards ORR in 0.1 M PBS (pH=7.2) for 1,000 cycles as well as (c) before 

and (d) after electrochemical scanning towards MOR in 0.1 M KOH with 3 M 

methanol for 500 cycles. 

 

AuNR electrodes are highly stable. There is no observable change in conductivity after 

storing the electrodes under the ambient conditions for six months. In addition, 

electrocatalytic reactions do not lead to evident changes in structures of AuNR 

electrodes. There are no AuNRs coming off from tissue papers during electrochemical 

scanning under various acid and basic conditions. We examine the morphology of 

AuNR electrodes before and after ORR in 0.1 M PBS (pH=7.2). As shown in Figure 

4.12 (a and b), after 1,000 cycles of potential scanning, most of the AuNRs keep their 

well-defined shapes. As for MOR, after 500 cycles of potential scanning in the mixture 

solution of 0.1 M KOH and 3 M methanol, there are no evident changes in surface 
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structures Figure 4.12 (d). This demonstrates the excellent stability of the AuNPs 

modified paper electrodes in electrocatalytic reactions. 

 

4.4.3 Universality of the Approach 

 

 

Figure 4.13 (a) A photograph of AuNRs modified sponge. (b and c) SEM images of 

AuNRs modified sponge under (b) low magnification and (c) high magnification. 

 

The modification procedures are also suitable for other substrates, such as 

commercially available sponges. The hierarchical macroporous nature makes the 

sponges a strong absorbing media. Moreover, in comparison with tissue paper substrate, 

the pore sizes are more uniform and the junctions between single fibers are less, which 

provides AuNRs with a better environment for their continuous coating. After only 5 

cycles of modification, the sheet resistance of AuNRs modified sponge reaches to 5 Ω/

☐; a result caused by the close connection among the conductive AuNRs. SEM images 

further confirm the uniform modification of well-defined AuNRs on sponge (Figure 

4.13). Interestingly, after the modification, the skeleton of the sponge still maintains a 

hierarchical macroporous nature to allow the access of electrolyte solution. Therefore 

we predict that AuNRs modified sponge would show a much better electrocatalytic 

performance as compared with the paper electrodes, and relative experiments are 

currently under investigation. 
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4.5 Summary 

 

In this chapter, the electrocatalytic applications of AuNPs modified electrodes from 

“bottom-up” assembly method are demonstrated and analyzed.  

 

In the first section, we focus on the size- and shape-dependent electrocatalytic 

behaviors of AuNPs. To avoid the side-effects from the ligands, all of the AuNPs 

(AuNS20s, AuNS45s, and AuNRs) are covered by the same surfactant-positively 

charged CTAB. Moreover, for an accurate electrochemically measured resulted, we 

also develop a strategy to immobilize AuNPs robustly on the surface of ITO electrodes 

via electrostatic interactions. The results show that the electrocatalytic performances of 

AuNPs are influenced by both particle sizes and shapes. For AuNPs with similar size, 

the shapes or crystalline structures govern the selectivity of the electrocatalytic activity: 

AuNS45s show a higher mass current density in MOR than AuNRs do, since the 

AuNSs are dominantly covered by (111) facets; whereas AuNRs exhibit a higher mass 

current density in the electrocatalysis towards ORR owing to its dominant (100) facet 

coverage. For AuNPs with similar shapes, the mass current densities are highly 

dependent on the particle sizes; smaller particle sizes leads to higher electrocatalytic 

activities, owing to the greater surface-to-volume ratio. 

 

In the second section, we fabricate light-weight and flexible AuNP electrodes via a 

simple drop-casting method. The substrate used is non-conductive, light-weight, low-

cost and flexible tissue papers. Instead of chemical linking, in this work, only physical 

attachment is employed to tether AuNPs onto tissue paper fibers. The resulted 

electrodes are highly conductive and stable; therefore, we can demonstrate their 

electrocatalytic applications towards both ORR and MOR. Owing to the highly porous 

structures of tissue papers, AuNP electrodes possess an extremely high EASA, 60 times 

of their geometric areas. Moreover, the AuNP electrodes also present higher 

electrocatalytic activity in comparison with the conventional gold disk electrodes. In 

addition, we also proved the universality of this approach by using sponges as the 

substrates. 
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Chapter Five 

 

Applications of Flexible Electronics 

Chapter Five Applications of Electrical Conductors 

 

 
In this chapter, the electrical applications of copper nanowire-based aerogels from 

“bottom-up” assembly were demonstrated. 

 

 

5.1 Chemicals and Materials 

 

Table 5.1 The Chemicals Used for Electrical Characterizations 

 

Chemical Names and/or molecular formula Purity Supplier 

(Heptadecafluoro-1,1,2,2-tetradecyl)trimethoxysilane 

(FAS) 
≥ 98% Sigma-Aldrich 

Oil Blue 96% Sigma-Aldrich 

Ethanol (C2H5OH) 96% Merck 

Chloroform (CHCl3) 99.0-99.1% Merck 

Toluene ≥ 99% Merck 

Hexane ≥ 98% Merck 

 

All chemicals listed in Table 5.1 are used as received. Ultrapure water (18.2 MΩ·cm), 

purified using a Barnstead NANOpure Water Purification System (received from K. I. 

Scientific Pty. Ltd., North Ryde, NSW, Australia), was used for all experiments. 

Unleaded #91 gasoline was obtained from Shell fuel station in Australia. PELCO
®
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colloidal silver was purchased from Ted Pella, Inc (Redding, USA). 

 

 

5.2 Instrumentals 

 

5.2.1. Scanning Electron Microscopy (SEM) 

 

SEM images were taken using an FEI Nova NanoSEM 430 field emission gun scanning 

electron microscope, located at MCN. The Nova NanoSEM 430 operates with a 

Schottky-type field emission gun (FEG) with a maximum electron probe of > 200 nA. 

Samples without metal sputter coating were directly adhered onto the sample holder 

using conductive carbon tape from ProSciTech. All SEM images were taken with 5 kV 

acceleration voltage in a vacuum less than 2 × 10
-4
 Pa, a working distance of 5 mm and 

the probe current set to the arbitrary number 8 (medium sized probe). 

 

5.2.2. Wide Angle X-Ray Diffraction (WXRD) 

 

WXRD patterns were obtained at room temperature on a Philips PW1140/90 

diffractometer with a CuKα radiation source (40 kV, 25 mA, λ = 1.54 Å). For liquid 

samples, the measurement was completed by dropping highly concentrated copper 

nanowire (CuNW) solution on a cell of a sample holder normally made by silicon or 

quartz and followed by drying. For solid samples, the CuNW monolith aerogels were 

directly left on the sample holders. Generally, the scan rate is 2Theta = 1º·min
-1
 and the 

scan region was between 2Theta = 30º and 110º. 
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5.2.3. Electrochemical System 

 

Current variations were measured and recorded by using a PARSTAT 2273 advanced 

electrochemical system (Princeton Applied Research). A thin layer of liquid silver 

colloid was employed to optimize the electrical contact between CuNW monoliths or 

CuNW based composites and the conducting wires (aluminum foils). 

 

5.2.4. Electrical Conductivity Measurements 

 

Conductivity of CuNW monoliths was checked through a two-probe technique. A thin 

layer of liquid silver colloid was employed to optimize the electrical contact between 

CuNW monoliths and aluminum foils, and the resistance was measured by a multi-

meter or a PARSTAT 2273 advanced electrochemical system (Princeton Applied 

Research). 

 

5.2.5. Mechanical Property Measurement 

 

Mechanical properties of cylindrical shaped CuNW aerogel monoliths and CuNW 

based composites were measured by a Micro Tester Instron (5848) using a 10 N load 

cell and strain control mode with a strain rate of 100% min
-1
. Normally, the diameters 

of the aerogels were around 1 cm and the heights of them were 1 to 2 cm. 
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5.3 Ultralow-Density Copper Nanowire Aerogel Monoliths 

with Tunable Mechanical and Electrical Properties 

 

In this section, we introduce a freeze-casting method, under mild conditions, to produce 

ultralow-density copper aerogel monoliths with well-defined shapes from one-

dimensional (1D) building blocks – copper nanowires (CuNWs). By using freeze-

casting method, a centimeter-scale CuNW aerogel monolith with well-defined shapes 

are produced  the aerogel density could be adjusted over a wide range and a density of 

as low as 4.6 mg·cm
-3
 was achieved. As a result, both conductivity and mechanical 

strengths could be systematically measured and tuned from 0.90 to 1.76 S·cm
-1
 and 

from 1.74 to 12.96 Pa, respectively.  

 

 

5.3.1 Morphology Characterizations 

 

A photographic image of a typical CuNW aerogel monolith with a density of ~ 9.2 

mg·cm
-3
 is shown in Figure 5.1 (a). Although the density accounts for only about 1‰ 

of that of bulk copper, a well-defined cylinder shape with the length of 2.25 cm and the 

diameter of 0.95 cm is clearly maintained during the entire freeze-casting process. 

Figure 5.1 Characterizations of typical CuNW aerogel monoliths. (a) Photographic 

image; (b and c) SEM images at different magnifications. Note that CuNWs 

formed tube-like porous structures. 
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Further characterizations by SEM (Figure 5.1 (b)) show that this CuNW aerogel 

monolith possesses a tube-like microstructure, reflecting the shapes of ice crystal rods. 

Note that the “tube” walls are composed of primary CuNWs, and there are no 

observable damages to the NWs during the freeze-drying process (Figure 5.1 (c)). The 

densities of CuNW aerogel monoliths could be simply controlled by adjusting the 

concentration of CuNW aqueous solutions. The lowest density achieved in this study is 

about 4.6 mg·cm
-3
. The internal structures for CuNW aerogel monoliths with densities 

of 4.6, 8.3 and 13.5 mg·cm
-3
 are characterized by SEM (Figure 5.2), showing that 

CuNWs are uniformly distributed throughout the aerogel matrix. Meanwhile, we also 

calculated the porosity of the CuNW aerogel monoliths from their densities, the results 

indicated that the aerogels are highly porous, within the porosity ranging from 98.25% 

to 99.91%. 

 

Figure 5.2 SEM images of CuNW aerogel monoliths with different densities: (a-c) 

4.6 mg·cm
-3

, (d-f) 8.3 mg·cm
-3

, and (g-i) 13.5 mg·cm
-3

 under various 

magnifications. 
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5.3.2 Electrical Properties 

 

We systematically investigate the effects of aerogel density on the electrical 

conductivity. To measure conductivity, cylindrical CuNW aerogel monoliths are 

sandwiched between aluminum foils and a thin layer of silver paste is applied to 

establish conformal contact between aerogels and aluminum foils. A set of NW aerogel 

monoliths with different densities are fabricated and their conductivities are measured. 

Figure 5.3 shows a normalized plot by plotting the relative electrical conductivity 

(defined as the measured electrical conductivity of aerogel, σ, divided by the electrical 

conductivity of the corresponding bulk solid, σs) against relative density (defined as the 

measured density of aerogel, ρ, divided by the density of the corresponding bulk solid, 

ρs). As predicted by percolation theory,
1
 a power-law scaling described well the 

relationship between relative conductivity and density (or porosity). A characteristic 

exponent of 0.81 is obtained for our CuNW aerogel monoliths. This value is smaller 

than that of copper foams fabricated by the lost carbonate sintering method,
2
 The 

reason for this may be due to the higher porosity. Our CuNW aerogels have a porosity 

of 98.25% to 99.91%  whereas, the copper foams by the sintering approach have a 

porosity of 75% to 85%. According to the percolation theory, defect is one of primary 

factors influencing the characteristic exponents.
3
 As for our ultralow-density CuNW 

aerogel monoliths, there may be high possibility of defects. In addition, CuNWs are 

one-dimensional building blocks and their contacts within aerogels appeared to be 

loose in some domains (Figures. 5.1 (c) and 5.2). This could be another preventing 

factor in electron flows within the aerogel matrix. 
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5.3.3 Mechanical Properties 

 

 

In addition, we investigate mechanical properties of our CuNW aerogel monoliths. 

Figure 5.3 The plot of relative electrical conductivity (σ/σs) as a function of 

relative density (ρ/ρs) of CuNW aerogel monoliths (green triangle). The data of Cu 

Foam and bulk cooper are added for comparison. Note that our CuNWs-based 

approach leads to lower-density copper monoliths. 

Figure 5.4 Mechanical properties of CuNW aerogel monoliths. (a) Compressive 

stress-strain curves of CuNW aerogel monoliths with various densities (The inset 

curves show the compressive stress under up to 60% compressive strain.). (b) The 

plot of relative Young’s modulus (E/Es) as a function of relative density (ρ/ρs) of 

CuNW aerogel monoliths. The data of nickel microlattices (red dots) was added 

into the same graph for comparison. Note that CuNW aerogel monoliths exhibited 

a steeper scaling property than nickel microlattices. 
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Typical compressive stress-strain plots of CuNW aerogel monoliths with various 

densities are shown in Figures. 5.4 (a), which exhibit the typical behaviors of porous 

aerogel materials, namely elastic deformation followed by densification.
4
 Notice the 

elastic region is controllable through the densities of CuNW monoliths (Figures. 5.4 (a) 

inset)  CuNW aerogels are even elastic with the strain up to 50% with the density of 

7.69 mg·cm
-3
. The slope of stress-strain curves in elastic regions was used to derive 

Young’s modulus.
5
 By adjusting aerogel density from ~ 7.69 mg·cm

-3
 to 15.55 mg·cm

-

3
, the Young’s modulus could be tuned between 1.74 Pa and 12.96 Pa. Under larger 

stains, the stress increased dramatically indicating the collapsing of the materials, 

indicating considerable stiffening as a result of densification. 

 

Furthermore, we investigate the relationship between relative Young’s modulus 

(defined as the measured Young’s modulus, E, divided by the Young’s modulus of the 

constituent solid, Es) and relative density of CuNW aerogel monoliths and compare the 

results with other low-density, self-supported, and porous materials as shown in 

Figures. 5.4 (b). The relative Young’s modulus is found to scale with (ρ/ρs)
3
, consistent 

with that observed in other low-density materials constructed by 1D nanostructures, 

such as carbon nanotube (CNT) foams.
6
 In contrast, the Young’s modulus for nickel 

microlattices scaled with (ρ/ρs)
2
.
7
 The steeper scaling in our CuNW aerogel monoliths 

indicates the load transfer among CuNWs is not as efficient as that throughout the 

nickel microlattices. This may be due to the fact that CuNWs were loosely connected in 

some domains (Figures 5.1 (c) and 5.2), which may cause low efficiency in load 

transfer. 

 

5.3.4 Wetting Properties 

 

The surface wetting properties of CuNW aerogel monoliths can be easily engineered. In 



 

123 

 

a typical example, a uniform layer of (Heptadecafluoro-1,1,2,2-

tetradecyl)trimethoxysilane (FAS) could cover CuNW surfaces throughout the aerogels 

by vapor deposition.
8
 This turns the monoliths from superhydrophilic to 

superhydrophobic: the contact angle of pristine monoliths is 0º  whereas the contact 

angel of FAS-modified monoliths is 158.7  2.3º (Figure 5.5 (a)). Consequently, the 

pristine CuNW monoliths submerge into water  whereas FAS-modified monoliths float 

on top of water surface (Figure 5.5 (b)). 

 

 

 

FAS-modified CuNW aerogel monoliths could be potentially used as selective 

adsorbents for oil-spill cleanup by a combined superhydrophobicity and capillary 

Figure 5.5 Engineering wetting properties of CuNW aerogel monoliths and their 

use as selective absorbents for a range of organic solvents. (a) Water contact angle 

the as-prepared CuNW aerogel monolith changed from superhydrophilic to 

superhydrophobic after FAS coating; (b) Photographic image showing that original 

CuNW aerogel monolith submerged into water but FAS-coated CuNW aerogel 

floated on water surface; (c) Autonomous absorbing process of a droplet of oil blue 

N-labeled toluene by FAS-coated CuNW aerogel monolith. The whole process 

took only 3 seconds; (d) Absorption capacities of CuNW aerogel monoliths 

towards a range of organic solvents and oils in terms of weight gain. 
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action (Figure 5.5 (c and d)). As shown in Figure 5.5 (c), when a piece of CuNW 

aerogel monolith is brought to contact with a droplet of oil blue N labeled toluene, it 

automatically absorbs all the organic solvent without human intervention. The entire 

process takes less than 3 seconds. In addition, FAS-coated monoliths could absorb a 

collection of other organic solvents including gasoline. The maximum weight gain 

could be as high as ~34 times of the original aerogel weight (Figure 5.5 (d)). The value 

is higher than that for manganese oxide nanowire membranes,
9
 perhaps due to the 

higher porosity of our CuNW aerogel monoliths. 

 

 

5.4 Manufacturable Conducting Rubber Ambers and Flexible 

Conductors from Copper Nanowire Aerogel Monoliths 

 

Foldable and stretchable conductors are a new class of advanced materials which can 

maintain high conductivity under various deformations, including bending,
10

 

stretching,
11

 compressing,
12

 and twisting.
13

 Such type of conductors have implications 

in a wide spectrum of technological fields,
14

 including electronic paper,
15

 flexible 

displays,
16

 touch screens,
17

 artificial skins,
18-20

 and implantable medical devices.
21

 Over 

the past several years, substantial progress has been made in designing flexible 

conductors with diverse materials, such as carbon nanotubes,
22

 graphene,
23

 conductive 

polymers,
24

 semiconducting nanostructures,
25, 26

 metal oxides,
27

 metallic 

nanoparticles,
28-30

 and metal nanowires.
10, 31, 32

 

 

Despite the exiting progress, some of the afore-mentioned materials will unavoidably 

face cost or low-abundance issues in terms of downstream practical real-world 

applications. For example, the success in metal nanomaterials-based flexible 

conductors was predominantly limited to precious gold or silver. 
10, 28, 29

 Note that 
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copper is approximately 100 times cheaper and 1000 times more abundant than silver, 

yet possesses comparable bulk conductivity to silver. Hence, copper is potentially of 

great value for commercial applications of flexible conductors.
33

 However, copper 

nanomaterials are largely under-explored in fabrication of flexible conductors due to 

their high-tendency to oxidation and low solvent dispersion.
34

  

 

In the previous section, we have successfully fabricated ultra-lightweight aerogel 

monoliths from CuNWs, which could exhibit high conductivities even when their 

densities were about 1/1,000 of bulk copper.
35

 However, the poor mechanical stability 

prevented CuNWs aerogel monoliths from being used as the foldable and stretchable 

conductors. Herein, we show a trace amount of additive – polyvinyl alcohol (PVA) 

could substantially improve the mechanical strength of CuNWs aerogels while 

maintaining high conductivity (~ 0.83 S·cm
-1

) and ultra-low density (~10 mg·cm
-3

). 

The CuNW-PVA composite aerogels exhibited high durability at cyclic loads, enabling 

their applications as the elastic piezo-resistivity switch. More importantly, the CuNW-

PVA aerogels could be embedded into PDMS matrix, leading to electrically conductive 

rubber ambers without the need of pre-wiring which was required in the previous 

aerogel-based conductors.
10, 22, 36

 The rubber ambers could be further manufactured into 

various 1D, 2D and 3D objects that were all conductive after shaping. We believe that 

our fabrication strategy represents a new low-cost route to manufacture under mild 

conditions flexible conductors with versatile shapes for versatile applications in flexible 

electronics.  

 

5.4.1 Morphology Characterizations 

 

Figure 5.6 (a) shows the photographic image of a typical cylindrical CuNW-PVA (10) 

composite aerogel monolith which has a density of only 9.6 mg·cm
-3

. Further 
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characterizations by scanning electron microscopy demonstrated highly-porous, 

interconnected tubular structures (Figures 5.6 (b and c)). In contrast, broken tube-like 

structures were observed in the CuNW aerogel monoliths (Figure 5.2). Unlike 

previously reported polymer-silver composite aerogels where individual metallic 

nanowires are wrapped by polymers,
37

 it appears that the PVA polymers existed 

throughout the entire 3D scaffolds of CuNWs (Figures 5.6 (c)). Despite this, the entire 

aerogel remained highly conductive with a conductivity of 0.83 S·cm
-1

, only about 26% 

lower than the conductivity for the corresponding CuNW aerogel monoliths without 

PVA. The conductivity for our composite aerogel can compete with the values for 

highly conductive aerogels composed of metallic nanostructures or carbon materials.
23, 

38
 

 

 

 

5.4.2 Mechanical Properties 

 

PVA substantially improved the mechanical robustness and flexibility of CuNW 

aerogels, allowing for large deformations without fracturing. The CuNW-PVA (10) 

composite aerogel could almost return to its original height (Figure 5.7 (a)). The force 

curves for CuNW-PVA (10) and CuNW-PVA (20) (Figures 5.7 (c and d)) composite 

Figure 5.6 (a) Photographic image. (b and c) SEM images at different 

magnifications. Note that CuNW-PVA mixtures formed tube-like porous 

structures. 
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aerogels under various compressive strains further confirmed the elasticity. All the 

stress-strain curves featured plateau regions followed by steep regions. In the plateau 

regions, compressive stress gradually increased with the strain, indicating elastic 

deformation; in the steep regions, the stress increased rapidly with the strain owing to 

the densification of porous structures.
12

 In addition, Young’s modulus for CuNW-PVA 

(10) composite aerogels was increased to 27 times of that of CuNW aerogel monoliths 

(Figure 5.7 (d)). 

 

 

 

Figure 5.7 Mechanical properties of CuNW-PVA composite aerogels. (a) Photos of 

CuNW-PVA (10) composite aerogels during compressing process. (b) Compressive 

stress–strain curves of CuNW aerogel monoliths and CuNW-PVA composite aerogels 

with various contents of PVA. (c and d) Compressive stress–strain curves of (c) 

CuNW-PVA (10) and CuNW-PVA (20) composite aerogels at different set strains Ɛ of 

20, 40, and 60%. 
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5.4.3 Effects of PVA Concentrations 

 

We systematically investigated the effect of PVA concentration, x on density, Young’s 

modulus, electrical conductivity of CuNW-PVA composite aerogels as summarized in 

Table 5.2. By varying concentration, x from 0 to 20 mg·l
-1

, the density of the aerogel 

only increased slightly up to a maximum of ~ 7% from ~ 9.4 mg·cm
-3

 to ~ 10.1 mg·cm
-

3
; the electrical conductivity decreased by about 4 times from ~1.13 S.cm

-1
 to 0.29 

S.cm
-1

; however, the Young’s modulus of the composite aerogel increased up to 93 

times from 5.88 Pa to 545.69 Pa. 

 

 

Table 5.2 Summary of density, electrical conductivity, Young’s modulus, and elasticity 

of CuNW aerogel monolith and CuNW-PVA composite aerogels with different contents 

of PVA 

 

 

Samples 

CuNW 

Monolith 

Aerogels 

CuNW-PVA (10) 

Composite 

Aerogels 

CuNW-PVA (15) 

Composite 

Aerogels 

CuNW-PVA (20) 

Composite 

Aerogels 

Density 

(mg·cm
-3

) 
9.4  0.9 9.6  0.2 9.9  0.3 10.1  0.5 

Young’s Modulus 

(Pa) 
5.88 159.87 286.90 545.69 

Electrical 

Conductivity 

(S·cm
-1

) 

1.13 0.83 0.39 0.29 

Elasticity × √ √ √ 
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The outstanding mechanical and electrical properties of the CuNW-PVA aerogel 

monoliths originate from their unique internal structures. Loosely-bound CuNWs 

couldn’t sufficiently maintain the porous frameworks during freeze-drying process, 

especially in the case of aerogels from low concentrations of CuNWs, leading to 

broken tubular structures observed (Figure 5.2). This led to low elasticity due to the 

low efficiency in load transfer among broken tubular structures. In contrast, in the 

presence of PVA, highly-porous CuNWs frameworks were largely maintained (Figures 

5.6 (b and c)). PVA served as “nanoglue”, effectively fixing the CuNWs structures and 

promoting the load transfer throughout the networks. This explains the dramatic 

enhancement in mechanical properties observed in this work (Table 5.2). Interestingly, 

it appears that PVA didn’t break the ohm contacts between CuNWs but wrapped their 

junction points. Therefore, the conductivity of the aerogel didn’t decrease much after 

introducing PVA (Table 5.2). Note that the role of PVA (i.e. nano-gluing effects) in our 

aerogel were fundamentally different from that in the previous composite aerogels,
4, 37

 

in which PVA conformably coated individual nanowires to exhibit nano-cabling effects 

in electrical properties. 

 

5.4.4 Electrical Applications as Piezo-Resistivity Switches 

 

The excellent conductivity in conjunction with high mechanical compliance exhibited 

by our CuNW-PVA composite aerogels indicated their potential applications in flexible 

electronics. Figure 5.8 (a) shows the changes of electrical resistance under compressive 

stress for CuNW-PVA (20). Note that the electronic resistance decreased rapidly in the 

initial stage of compression, and then reached a plateau after a strain of about 30%. 

This may be originated from pressure-driven percolation conductivity.
39

 The overall 

conductivity of the composite aerogel,  depends on the effective volume fraction of 

CuNWs (the ratio of total volume of CuNWs to the total volume of the deformed 

aerogel). Consider an initially non-conductive homogeneous insulator matrix uniformly 
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doped with conductive materials. 

 

 

Figure 5.8 Electrical properties of CuNW-PVA composite aerogels under compressive 

strains. (a) Plots of electrical resistance and compressive stress as a functional 

compressive strains for the CuNW-PVA (20) composite aerogel monolith. (b) Plots of 

∣(-c)/(1-))∣versus 1/R in logarithmic scale. The black curve represents the linear 

fitting of data points (black) in the Domain one, and the red curve is the fitting of the 

data points (red) in the Domain two. Note that (1/R) is proportional to  and (1/Rc) is 

proportional to c. (c) Variation of electrical resistance and compressive stress with 

compression deformation of a CuNW-PVA (20) composite aerogel. 

 

The pressure-controlled percolation conductivity in terms of strain can be written as a 

power law function:
39

 














1
∝)( C

CC
 

where, is the conductivity at the stress ; c is the conductivity percolation 

threshold at the stress c;  is the conductivity exponent. Now we assume our CuNW-

PVA aerogel monolith obeys this theory and assume c = 0 since all our CuNW-PVA 

aerogels were conductive without any compressive stress. The results presented in 

Figure 5.8 (b) manifest two evident domains with different exponents of the power law 

– 0.57 and 0.12. The excellent linear relationships validate the percolation theory. 

However, the values of the exponents are much less than the predicted μ = 2.0 for 3D 

systems. The apparent discrepancy in conductivity exponents could be understood since 

our systems were far beyond the conductivity percolation threshold. Interestingly, clear 

sharp transitions in Figure 5.8 demonstrated the presence of another “conductivity 

threshold”. This may be attributed to the percolation of porous structures under 

compressive stress: the conductivity in the domain one may be due to the deformation 
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of pores accompanying squeezing air out the matrix; the conductivity in the domain 

two may be due to the densification of CuNWs like the normal homogenous insulator 

matrix far beyond the conductivity percolation threshold. 

 

The unique piezo-resistivity properties enabled our CuNW-PVA composite aerogels to 

directly serve as elastomeric resistor switches. To illustrate the capability, a CuNW-

PVA (20) composite aerogel was sandwiched between two conducting silver paste-

coated glass slides to form a resistor. The resistor was then connected to light emitting 

diodes (LED) and batteries in series. As shown in Figure 5.8 (c), upon pressing the 

aerogel LED lamps became brighter and upon de-pressing the lamps returned to dim. 

This is due to the piezo-resistive effects described above. Under compressive stress, the 

resistance of the aerogel decrease, leaving more partial voltage to LED lamps to make 

them brighter; upon de-pressing, the elastic aerogel returned to the original shape and 

recovered to large resistance, leaving less partial voltage to LED lamps to make them 

dim again.  

 

5.4.5 Electrical Applications as Manufacturable Conductive Rubber 

Ambers 

 

Another unique attribute is that our CuNW-PVA aerogels could be embedded into 

PDMS matrix to form conducting rubber ambers without the need of pre-wiring (Figure 

5.9 (a)). The aerogels were mechanically robust and no deformation was observed 

during the PDMS embedding (Figures 5.9 (b and c)). More importantly, the aerogel 

rubber ambers could be easily cut into arbitrary 1D, 2D, and 3D shapes (Figures 5.9 (d-

f)), and all the shaped rubbers were directly conductive without the need of pre-wiring. 

Similar conducting aerogel rubber was reported earlier but the pre-wiring was 

required.
10, 22, 36

 Moreover, the shaped rubber ambers could be further manufactured 
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into various complex structures such as plaited and twisted structures. PDMS 

embedding substantially enhanced the compressive strength by 200-fold, up to a 

Young’s modulus of 37.5 kPa (Figure 5.9 (g)). Despite this, the conducting rubber 

ambers remained electrically responsive to compressive stress. A prototype of elastic 

piezo-resistivity device could be obtained (Figure 5.9 (i)). 

 

Figure 5.9 Manufacturability of the conducting rubber ambers by simple cutting. (a) 

Schematic of the amber-fabrication process and the follow-up cut-shaping process. (b 

and c) Photographic images of CuNW-PVA aerogel monoliths before (b) and after (c) 

after PDMS embedding. (d-f) cut-shaped 1D, 2D, and 3D structures. All the structures 

were condutive. (g) Compressive stress–strain curves of CuNW aerogel monoliths, 

CuNW-PVA composite aerogel monoliths, and CuNW-PVA-PDMS rubber ambers. (h) 

a prototype of rubber amber-based piezo-resistivity switch. 
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5.5 Summary 

 

In this chapter, mechanical and electrical properties of CuNW based composites were 

investigated. Moreover, the electrical applications of the composites were 

demonstrated. 

 

In this first part, ultra-light and highly porous CuNW monolith aerogels were fabricated 

and their mechanical and electrical properties were systematically investigated. The 

density of the monolith aerogels are below 10 mg·ml
-1
, which is less than 1‰ of the 

density of bulk copper. Moreover, since the shape, size, and density are controllable 

according to the amount of CuNWs in the aqueous solution before freeze-drying, we 

studied the relation between Young’s modulus and density. The normalized Young’s 

modulus obeys a scaling function, E/Es ~ (ρ/ρs)
3
. Furthermore, we also obtained a 

scaling function from normalized electrical conductivity, which follows σ/σs ~ (ρ/ρs)
 

0.81
. Interestingly, the wetting properties of the CuNW monolith aerogels could be easily 

engineered through FAS modification, which demonstrated the application as selective 

adsorbents. 

 

In the second part, a tiny amount of PVA was utilized to improve the mechanical 

properties of CuNW monolith aerogels. The CuNW-PVA composite aerogels exhibited 

elasticity, which could almost recover to its original height even after 60% compressive 

strain. Meanwhile, in comparison with the electrical conductivity of monolith aerogels, 

that of composite aerogels was hardly influenced by the addition of PVA. Therefore, 

benefited from the combined mechanical and electrical properties, we demonstrated 

their applications as pressure sensors. Moreover, we also developed CuNW-PVA 

composite aerogels as manufacturable electrical conductive rubbers by enbedding them 

into PDMS.  
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Chapter Six 

 

Conclusions and Outlook 

Chapter 6 Conclusions and Future Work 

 

 

1. Nanoparticle-Modified Electrode with Size- and Shape-Dependent 

Electrocatalytic Activities 

 

We presented a robust chemical approach to tether CTAB-capped nanoparticles onto 

ITO electrode surfaces in order to systematically investigate particle size and shape 

effects on electrocatalytic performances in MOR and ORR under aggregation-free and 

desorption-free conditions. In particular, gold nanospheres with the diameters of 20 nm 

(AuNS20s) and 45 nm (AuNS45s), and gold nanorods (AuNRs) with narrow size 

distribution were successfully synthesized and immobilized onto ITO substrates. The 

order of the mass electrocatalytic activity towards MOR is AuNS20s > AuNS45s > 

AuNRs; whereas the order for ORR is AuNS20s > AuNRs > AuNS45s. These results 

clearly show that smaller sizes led to greater mass catalytic current densities if shapes 

or crystalline structures are the same; whereas shapes or crystalline structures 

determine catalytic selectivities towards specific electrocatalytic reactions; overall mass 

current density is a combined effects of size and shapes. Since a rich family of recipes 

were available for precisely controlling over fractions of crystalline facets on particle 

surfaces, our chemical modification strategy may serve as a general route to fabricate 

highly-stable, customizable electrocatalytic electrodes for a wide spectrum of 

applications in sensors and fuel cells. 
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2. Lightweight, Flexible, Nanoparticle Electrode with High 

Electrocatalytic Activity 

 

We immobilized AuNP assembly on tissue paper via a simple drop-cast and dry 

method. With only a small loading amount of AuNPs, the paper slides were conductive 

enough as a light-weight and flexible electrode. Owing to the hierarchical porous fiber 

structures of paper substrate as well as the high surface-to-volume ratio of AuNPs, the 

flexible electrode exhibited an EASA which was 60 times larger than the geometric 

scanning area. Moreover, the electrodes showed excellent stability towards ORR and 

MOR; no obvious morphology variation was observed after hundreds cycles of 

potential scanning. We also confirmed the universality of the modification procedures 

by exploring commercially available sponge as substrate and AuNS45s as the 

conductive assemblies. Since substantial progress in wet chemistry synthesis have 

provided a rich family of recipes to precisely control over fractions of crystalline facets 

on particle surfaces, our chemical modification strategy potentially provides a rational 

route to fabricate highly-stable, economical, and customizable electrocatalytic 

electrodes for a wide spectrum of applications in sensors and fuel cells. 

 

 

3. Ultralow-Density Copper Nanowire Aerogel Monoliths with 

Tunable Mechanical and Electrical Properties 

 

Ultralow-density copper nanowire (CuNW) aerogel monoliths with well-defined shapes 

were successfully produced by the freeze-casting method. Unlike other metal aerogels 

which were usually made under harsh or special experimental conditions, the entire 

process for fabricating CuNW aerogel monoliths was under mild conditions without 

requirement of expensive equipment. In addition, the density of our CuNW aerogel 
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monolith could be adjusted over a fairly wide range and a density of as low as 4.6 

mg·cm
-3

 was achieved. Consequently, both conductivity and mechanical strengths 

could be systematically tuned: the normalized conductivity followed a scaling function, 

σ/σs ~ (ρ/ρs)
0.81

  the normalized Young’s modulus obeyed a scaling function, E/Es ~ 

(ρ/ρs)
3
. Furthermore, we showed the wetting properties of our CuNW aerogel monoliths 

could be easily engineered. FAS-modified aerogel monoliths were superhydrophobic, 

allowing for their uses as selective adsorbents in oil-spill cleanup. We believe that 

CuNW-based freeze-casting described here may be extended to other metal materials as 

well, which may serve be a general approach to fabricate low-density metal aerogel 

monoliths with tunable properties for a wide range of practical applications including 

sensors and supercapacitors. 

 

4. Manufacturable Conducting Rubber Ambers and Stretchable 

Conductors from Copper Nanowire Aerogel Monoliths 

 

We developed a cost-effective approach to fabricate CuNW-aerogel-based flexible 

conductor under mild conditions. The critical role of PVA was two-fold: stabilizing 

CuNW scaffolds and substantially enhancing the mechanical robustness and flexibility 

of the aerogels. The CuNW-PVA aerogels could be further embedded into PDMS 

without noticeable deformation. Importantly, resulting rubber ambers were conductive 

without the need of pre-wiring, and they could be manufactured into arbitrary complex 

1D, 2D, 3D shapes simply by cutting. All the shaped rubber ambers remained 

conductive. The outstanding electrical properties and mechanical compliance of both 

CuNW-PVA aerogel and rubber ambers enabled the prototypes of piezo-resistive 

switches. We believe that our methodology represent a new low-cost approach to 

flexible conductors and switches with a broad spectrum of applications such as in 

flexible touch-on displays, human-machine interfacing devices and prosthetic skins. 
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5. Outlook 

 

The thesis work indicates exciting future directions along the path. A vast majority of 

other building blocks in the “artificial periodic table” (Figure 1.3) and other new 

building blocks reported in the past two years or so may be used to design 

multifunctional metal electrodes for a wide spectrum of technical applications. 

 

It is expected that nanoparticle-based ITO electrodes or paper electrodes will have 

potential uses in fuel cells. The thesis work demonstrated the possibility of tuning 

selectivity and activity simply by adjusting the sizes and shapes of gold nanoparticles. 

A vast majority of other building blocks from the “artificial periodic table” (Figure 1.3) 

and other new building blocks developed in the past two years may be used for 

designing such types of electrodes with any desired electrocatalytic properties for other 

important reactions. Further down the road, the porous paper electrodes from gold 

nanoparticles may be used in real fuel cell reactions due to their high permeability.  

 

It is expected that CuNW-based electrodes will have more exciting applications such as 

(1) elastic switches, (2) wearable electronics, and (3) touch screens for portable devices. 

The embedding or encapsulation of CuNW aerogel by PVA and PDMS substantially 

improved their mechanical strength and prevented them from oxidation – a notorious 

problem in copper nanostructured electrodes. Despite these encouraging positive 

attributes, the downstream real-world applications remain requiring to address the long-

term durability, sensitivity in various real-world environments, such in aqueous 

solutions or under high temperatures, etc. Once these challenges were overcome, real-

world products from CuNWs may be seen in the near future. 
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