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Nanoporous metallic structure, which are composed by a three-dimensional open-

cell network of interconnected ligaments on the order of 10 to 100 nm, are very 

promising materials in various applications such as catalysis and sensing owing to 

their high surface-to-volume ratio and excellent surface reactivity. Especially, 

nanoporous gold (Au) structures have been attracted much attention for practical 

applications due to the good chemical/biological stability, unique mechanical 

rigidity, electrical conductivity, and high corrosion resistance. Previously, the 

porous materials have been made by casting into the interstices of microphase-

separated block copolymers, colloidal crystal, self-assembled surfactants, and 

biologically formed porous skeletal structures. Recently, with the advent of 
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nanotechnology, a dealloying which is defined as selective dissolving of the less 

stable metal elements from alloy system has been used as a processing tool to 

fabricate the well-controllable nanoporous metallic structures. By many efforts in 

theoretical and experimental studies, the nanoporous metallic structures have been 

well-defined and precisely controlled, and their structure-dependent properties 

have also been investigated a lot. 

For recent decades, various studies and techniques have been reported and 

developed for fabricating well-controlled nanoporous metallic structures, however, 

most of nanoporous metallic structures are mainly focused on the three- or two- 

dimensional structures which have limitations for specific applications such as 

nanomedicine, drug delivery, and labeling in biosensing. In contrast, the 

nanoporous metallic nanoparticles are most promising materials for biomedical and 

sensing applications due to their large surface which is capable for loading of drug 

and targeting molecule, and their tunable and unique SPR properties for enlarging 

the sensing signal. Furthermore, those nanoparticles are relatively easy and fast to 

synthesize and is also highly capable for mass production, resulting in in practical 

applications. However, the precise and reproducible synthesis of nanoporous 

metallic nanoparticle (especially in Au) is quite difficult and have rarely been 

reported because the fabrication of uniform alloy nanoparticles with suitable 

composition and size is still quite challenging due to the different chemical 

properties of each metal elements. Although some recent studies cover the 

fabrication of nanoporous metallic nanoparticle, those synthesis methods need 

complex route such as annealing process, and resulting products are usually not 

uniform in size, which cannot provide reproducibility and reliability in sensing 

application. Therefore, it is still highly challenging to precisely and reproducibly 

synthesize the uniform and pore/ligament size-controllable nanoporous metallic 

nanoparticles for utilizing them to a wide range of applications.  
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 In this thesis, dealloying-based synthetic strategies to fabricate highly 

porous nanoparticles and plasmonic interior-nanogap nanoparticles are presented. 

These facile and straightforward synthetic strategies allow us to manipulate the 

nanoporosity and interior nanogap which highly affect to catalytic performance and 

optical signal enhancement. By introducing co-reduction chemistry and by 

adjusting the Ag to Au ratio, the atomic distribution of Au can be highly controlled 

in Au-Ag alloy shells, resulting in nanoporous Au nanoparticles with different 

porosity via dealloying process. Using the Au core/porous shell nanoparticles 

which contain networked thin ligaments, surface defects with well-controlled 

nanoporosity, the porosity-dependent catalytic activity is investigated. When Ag to 

Au ratio is further adjusted during co-reduction chemistry, Au-Ag dealloyed 

nanogap nanoparticles with interior nanogap can be formed despite of the absence 

of an interlayer, such as DNA, silica ore polymer layer via dealloying process. 

With dealloyed nanogap nanoparticles of which size of well-defined interior 

nanogap is as smaller as ~2 nm, quantitative studies for surface-enhanced Raman 

scattering (SERS) are investigated. In addition, estimation of enhancement factor 

and polarization-dependent SERS property are also carried out in single-particle-

level. Finally, highly quantitative DNA detection and highly sensitive/selective 

target cell imaging is presented using the bio-functionalized interior-nanogap 

nanoparticles. Understanding and utilizing the relationships between dealloying-

based structural changes and catalytic/optical properties in highly controlled 

nanostructures can give advanced insight in designing and synthesizing the desired 

nanostructures for the targeted applications.   

 The chapter 1 provides an overview and perspective of recent advances in 

the use of dealloying-based nanoporous Au nanostructures for various applications. 

Next, the mechanism of  evolution of nanoporosity from Au-Ag alloy system 

during dealloying is introduced. Because the morphologies (e.g., size or 

distribution of pore/ligament) of nanoporous metals obtained from dealloying 
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process are highly influenced by the dealloying condition, such as alloy 

composition, dealloying time, temperature, kinds of solutions, and intrinsic 

property of noble metals, the effects of dealloying conditions in adjusting structure 

of dealloyed nanoporous metals are also discussed. Finally, various examples of 

nanoporous Au structures produced by well-controlled dealloying process and their 

representative applications are introduced and discussed. 

 In chapter 2, a facile and straightforward synthetic strategy for controlling and 

forming Au core/porous shell nanoparticles (CPS NPs) by a selective dealloying (Ag-

etching process) process of Au/AuïAg core/alloy shell NPs (CAS NPs) is presented. 

The shell of CPS NPs contained networked thin ligaments, catalytically-active surface 

defects and ultra-high porosity throughout the shell. Using the robust CPS NPs, the 

porosity-dependent catalytic activity with a well-known chemistry [the reduction of 4-

nitrophenol (4-NP) by sodium borohydride (NaBH4) in this case] was investigated. The 

CPS NPs exhibited a very short induction time, high conversion rate constant, low 

activation energy and high turnover frequency due to their catalytically active porous 

shells containing networked thin ligaments, surface defects, ultra-high porosity. The 

CPS NPs could further enhance the catalytic reactivity due to their photothermal 

activation. In addition, the highly porous CPS NPs showed much better catalytic 

performance in comparison with galvanic replacement-based Au core/hollow shell 

nanoparticles (CHS NPs).  

In chapter 3, a highly controllable dealloying chemistry for synthesizing 

Au-Ag dealloyed nanogap nanoparticles (DAG NPs) with a dealloyed interior 

nanogap is presented. The interior nanogap was formed as small as ~2 nm and 

controlled without the need for an interlayer, such as DNA, silica or polymer layer, 

in the gap in a high yield (~95 %). Owing to the strong electromagnetic field 

enhancement in the nanogap, DAG NPs facilitate generation of strong, tunable, and 

reproducible SERS signals with narrowly distributed enhancement factors. In 

addition, the SERS signal intensity from DAG NPs linearly increased as particle 
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concentration increased, allowing for highly reliable, quantitative SERS. 

Importantly, single-particle laser polarization study suggests that the SERS signals 

from a DAG NP are polarization-independent, which is critical in getting 

reproducible signals from individual particles. Finally, the bio-functionalized DAG 

NPs showed that they can be used as ultrasensitive, highly quantitative DNA 

detection probes and targeted cell imaging probes with high sensitivity and 

selectivity. 

 

Key words: Dealloying, Nanoporous Gold Structure, Catalytic Reaction, 

Plasmonic Interior-Nanogap structure, Surface-Enhanced Raman Scattering 

(SERS), DNA Detection, Cell Imaging. 
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1.1. Introduction 

In human history, an ñalloyingò played a very important role in opening the 

óBronze Ageô, and a continuous progress of alloying technology is still leading the 

development of mankind to this day. Also, the concept of ñdealloyingò, which is 

defined as selective dissolving of the less stable metal elements from alloys, has 

also been well known for more than a century in the context of corrosion. In the 

Civil War era, however, it has been considered as a materials phenomenon to be 

avoided because the dezincification of brass was identified as a major failure 

mode.1 Thus, dealloying remained a major corrosion problem. With the advent of 

ñnanoò, however, the dealloying has much attention as a processing tool in the 

recent, which forms porous materials, such as nanoporous Cu, Pt, Pd, Ag, Au, etc.2-

6 Furthermore, the dealloyed nanoporous metallic structures, which are composed 

by a three-dimensional (3D) open-cell network of interconnected ligaments on the 

order of 10 to 100 nm (Figure 1.1), have been widely applied in the field of 

catalysis, sensing, optics, etc. due to their high surface-to-volume ratio, surface 

reactivity, chemical/biological stability, mechanical rigidity, electrical conductivity, 

and high corrosion resistance.7-10 

Previously, the porous materials were made by casting into the interstices 

of microphase-separated block copolymers, colloidal crystal, self-assembled 

surfactants, and biologically formed porous skeletal structures.11-14 All of these 

techniques can control the pore size and microstructure of the desired porous 

materials; however, the dynamic control of the length scale is virtually impossible. 

Moreover, the methods for the fabrication of metallic nanostructure are very few 

and are also challenge. In this respect, dealloying, which can produce a 3D porous 

material with bicontinuous ligament-pore structure, has attracted enormous 

interests and still being intensively studied. 
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Since 1926, the porous metallic materials obtained from the dealloying of 

Al -based alloys, named as RANEY®  metals, have been started to use as 

catalysts.15 These catalysts are widely applied in industrial processes (e.g., 

hydrogenation reactions); however, the exact mechanism of evolution of porosity 

during dealloying, and the structure-related properties of the formed 

microstructures were less studied and understood.16 To understand the fundamental 

aspects of alloy corrosion, in the 1960s, the rigorous mechanistic studies of the 

electrochemical dealloying (corrosion) behaviors of gold-based alloys were 

investigated by Pickering and Swann.17 For the first time, they used transmission 

electron microscopy (TEM) to observe the resulting nanoporous structures with a 

feature size of ~10 nm.17,18 By using electron microscopy, in the late of 1970s, 

Forty observed the detailed look of the freestanding nanoporous Au structure, 

which had a pore size of approximately 20 nm and was obtained from the 

dealloyed Au-Ag alloy in HNO3.2 Following this, the specific studies of the 

dealloying process of Au-Ag alloys were continuously investigated in the 1980s 

and 1990s.19,20 With the help of modern technology and advanced techniques (e.g., 

electrochemical scanning tunneling microscopy), two key parameters associated 

with dealloying were suggested: (1) ñparting limitò and (2) ñcritical potentialò. The 

parting limit is defined as the proportion of the noble metal in an alloy above which 

dealloying cannot occur, which means that only alloys within a certain range of 

compositions can be dealloyed.21 In case of Au-Ag alloy system, the dealloying 

does not occur when the composition of Ag is lower than 55 at%. When the 

composition of Ag within the Au-Ag alloys is lower than the parting limit, Ag 

atoms will not be dissolved but be passivated by Au atoms due to the higher 

coordination by Au atoms.21 The critical potential is defined as a voltage threshold 

above which the dissolution current rises dramatically, resulting in dealloying 

reaction.22-24 The critical potential is dependent on the electrolyte, additives (e.g., 

halides), and initial composition of the alloy precursor.22,24,25 In addition, the 
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advanced study of the pore formation process during dealloying was performed by 

using in situ neutron scattering.26 In 2001, Erlebacher and co-workers successfully 

suggested an atomistic model which illustrated the evolution of nanoporosity 

during dealloying of the Au-Ag alloy by using a kinetic Monte Carlo model.27 This 

pioneer work is believed as a breakthrough in the field of dealloying reaction 

because it could act as a bridge between the traditional electrochemistry efforts 

(e.g., surface gilding and protection) and the most advanced nanotechnology (e.g., 

fuel cell and catalysis). Subsequently, a series of important studies, which focused 

on fabricating various nanoporous metallic structures and their potential 

applications in sensing, catalysis, plasmonic, etc., have been steadily conducted 

until these days.28-31     

In this chapter, mechanism of formation of nanoporosity during dealloying 

reaction, effects of dealloying conditions in adjusting size of pore/ligament 

structures, fabrications and applications of nanoporous Au nanostructures are 

introduced and discussed.  
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1.2. Evolution of Nanoporosity during Dealloying 

Although much effort have been tried to understand the dealloying process, the 

precise mechanisms which can explain the evolution of nanoporosity during 

dealloying is unclear. In 2001, Erlebacher and co-workers proposed a kinetic 

Monte Carlo model to simulate the dealloying process of Au-Ag alloys, which was 

able to reproduce all relevant experimental trends characteristic of dealloying, both 

morphological and kinetic.27 This model is composed with three competing 

processes: (1) the dissolution of the less noble element (Ag), (2) the surface 

diffusion of the noble element (Au), and (3) the capillary-driven surface relaxation 

(coarsening).27,32 By considering a (111) facet of an Au-Ag alloy as an initial 

condition, the evolution of nanoporosity during dealloying can be described in the 

following way. 

 When the Au-Ag alloys are immersed in the dealloying solution (e.g., 

nitric acid), a less noble element (Ag atom) on the topmost surface is start to be 

dissolved (Figure 1.2a). Once Ag atoms are dissolved, other Ag atoms that were 

laterally coordinated to the dissolved one have fewer bonds (i.e., low-coordination 

site such as step edges), thus they are more susceptible to be dissolved in 

comparison with high-coordinated Ag atoms in the bulk state.27,33 Consequently, 

the etching reaction spreads laterally on the top most layer. In here, the rate-

limiting step of nanoporosity evolution is the dissolution of the Ag atom from a 

high-coordination site such as terrace.34 Meanwhile, the noble element (Au atom) 

in the topmost terrace rapidly passivates the Ag-etched surface sites by surface 

diffusion, forming clusters (islands) by agglomeration (Figure 1.2b). When the next 

layer is etched, clusters are further agglomerated to reduce a surface energy. 

Eventually, a characteristic spacing, k, between Au clusters is established.27,33 In 

addition, because the clusters are always presence within distance k away, Au 

atoms which are released onto the terrace of second layer would diffuse to the base 



6 

 

of the clusters formed in the first layer. As dissolution occurs layer by layer the 

surface-diffused Au atoms steadily passivate the low-coordination sites, which lead 

to the surface roughening (Figure 1.2c). As dealloying further continues, there are 

insufficient Au atoms to totally passivate the increasing surface area of the noble 

metal-passivated mounds. Eventually, the insufficient Au atoms on the surface of 

mounds make the mounds to be undercut and bifurcate, resulting in ligaments 

(Figure 1.2d). The cycle of undercutting/bifurcation leads to the generation of 

nanoporosity within the Au-Ag alloys, and the surface area increases as 3D 

nanopores/ligaments are formed (Figure 1.2e). Actually, the resulting structure is 

not a porous material which contains only noble gold, but rather a porous alloy 

whose surface at the atomic scale is comprised of steps passivated with noble 

element and terraces of the alloy composition (i.e., the ligaments have Au-rich 

surfaces and Ag-rich interiors).32 Due to the capillary-driven surface relaxation 

process (coarsening), the Ag-residues within the ligaments interiors are 

continuously exposed and dissolved via further dealloying, resulting in the 

bicontinuous nanoporous Au structure (Figure 1.2f).35 Naturally, the dealloying 

reaction are stopped if the sample is transferred from the etching solution to 

water.29  
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1.3. Effects of Dealloying Conditions 

Nanoporous metal structures obtained from dealloying process are highly 

dependent on the dealloying condition, such as alloy composition, dealloying time, 

temperature, kinds of solutions, and intrinsic property of noble metals. In addition, 

these dealloying conditions result in the different morphologies (e.g., size or 

distribution of pore/ligament) of dealloyed nanoporous metal structures. To obtain 

the desired structure for the specific performances, it is necessary to know the 

effects of dealloying conditions for the formation of nanoporous metal structure. In 

this respect, it will be introduced how the dealloying conditions affect to the 

formation of nanoporous structure in this section.  

 

Alloy composition 

As mentioned in previous section, the proper composition of the noble metal 

element (i.e., parting limit) is required to form nanoporous metal structure. When 

the composition of the noble metal element (e.g., Au atoms in Au-Ag alloy system) 

is too low in the alloy system, the resulting structure would not maintain its 

structure due to the lack of noble metal element, resulting in collapsed by 

dealloying. On the other hand, if the composition of the noble metal element is too 

high in the alloy system, the less stable metal element (e.g., Ag atoms in Au-Ag 

alloy system) would not be dissolved but be passivated by the higher coordination 

by noble metal element. For example, the composition of Au in Au-Ag alloy 

system should be between 20 and 45 at% to provide the uniform formation of 

continuous nanoporous structure.36,37 In addition, the alloy composition highly 

influence to not only the initiation of dealloying but also the pore/ligament size of 

the dealloyed nanoporous metal structure.38,39 It was observed that the nanoporous 

Au structure obtained from electrochemical dealloying of Au20Ag80 exhibited a 

mean pore size about twice as large as the ligament size. This result is markedly 
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different from the pore/ligament size of nanoporous Au structure obtained from 

chemical dealloying of Au35Ag65 alloy precursor.38 Because the origin of the 

nanoporosity is based on the dissolving of less stable metal element within the 

alloy system, it can be concluded that the more Ag content within the alloy 

precursor would produce more vacancy in the fabricated nanoporous Au structure.   

Beside the parting limit, in dealloying reaction, two important key should 

be satisfied to prepare uniform nanoporous metal structure: (1) The metal 

components within alloy system should be single phase solid solution, (2) The 

electrochemical potential should be far difference between metal components. If a 

binary alloy is not a single phase solid solution across all compositions as like Au-

Ag alloy system, a two-phase or multiphase alloy system cannot generate the 

entirely uniform nanoporous metal structure because the corrosion rate is 

difference according to the alloy phase. When Pd30Al 70 alloy is rapidly solidified, it 

is composed of Al3Pd and Al3Pd2 intermetallic compounds.40 By the chemical 

dealloying of this alloy in HCl or NaOH dealloying solution, the Al3Pd2 phase is 

not dealloyed while the Al3Pd phase can be dealloyed to form nanoporous Pd 

structure.40 This different tendency for the corrosion results in a composite material 

composed with different kinds of nanoporous structures or different pore/ligament 

size distributions. If the electrochemical potential between two metal elements is 

not far different, dealloying reaction hardly occurs even though the alloy precursor 

is single phase. For example, the preparation of nanoporous Pd structure from 

single-phase Pd-Cu alloy precursor is difficult in the aqueous electrolyte because 

the difference of electrochemical potential between Pd and Cu is small.  

 

Dealloying time 

To obtain complete 3D nanoporosity from dealloying reaction, it should be needed 

enough time for dealloying solution, which selectively dissolves less stable metal 
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elements, to penetrate the entire alloy precursor. Naturally, the dealloying time 

increases as the thickness of alloy precursor increases. For example, in case of 

dealloying of 100 nm-thick Au-Ag alloys, only very short dealloying time (around 

3 min) is required for the complete dealloying by free corrosion in concentrated 

HNO3.41 However, the dealloying time became longer up to 10 h when the 

thickness of alloy precursor increased to 25 µm.29 Because the dealloying time for 

the complete dissolving less stable metal elements is highly dependent on the 

dealloying rate, the dealloying time required is also adjusted according to the alloy 

systems. Interestingly, the dealloying time also affects to the size of pore/ligament 

of resulting nanoporous structures; in general, the longer dealloying time provides 

the larger pore/ligament size. Ding et al. reported that the pore/ligament size of 

nanoporous Au nanostructures obtained from dealloying of Au-Ag alloys (50 wt% 

of Au) in concentrated HNO3 increased from ~8 nm to ~40 nm when dealloying 

time was extended from 5 min to 24 h.29 In case of the formation of nanoporous Cu 

nanostructures by dealloying of Cu30Mn70 in 25 mM HCl, the pore size increased 

from ~15 nm to ~120 nm as the dealloying time was extended from 30 min to 32 

h.42 Even though the less noble metals were almost dissolved from alloy precursors 

due to the enough dealloying time, the pore and ligament size still coarsens if the 

resulting nanoporous structures are steadily contact with the dealloying solution. 

This is because the surface noble metals, which are not dissolved by the dealloying 

solution and are diffused on the solid/solution interface, have a tendency to reduce 

their surface energy by forming large-sized ligaments.29    

 

Dealloying temperature 

Because the mechanism of the formation of nanopore and ligaments during 

dealloying is highly correlated with the surface diffusivities of the noble metal 

element, the pore/ligament size of the dealloyed porous structure are usually 



10 

 

influenced by the dealloying temperature. Generally, the pore/ligament size 

increases as dealloying temperature increases because the high temperature would 

accelerate the diffusion rate of the less stable (dealloying-active) metal component 

dissolved and the surface diffusivity of the noble (dealloying-inactive) metal 

element. According to the reported literature,43 the nanoporous Au structure with 

ultrafine pore/ligament structure (~7 nm) was obtained by dealloying of Au35Ag65 

alloy at a low temperature (-20 °C) for 4 h in concentrated HNO3. However, the 

size of pore/ligament increased to ~15 nm and ~28 nm when the dealloying 

temperature was changed to 0 °C and 25 °C, respectively. Based on the 

experimental results and the known parameters, the calculated diffusivities of Au 

atoms in HNO3 at -20 °C, 0 °C, and 25°C were 9.0 × 10-22, 1.5 × 10-20, and 2.0 × 

10-19 m2·s-1, respectively.22,43 These results indicates that the diffusivity of Au 

atoms at alloy/electrolyte interfaces was increased up to two orders of magnitude 

when the dealloying temperature was slightly changed from -20 °C to 25 °C, 

resulting in a coarsened nanoporous structure.  

 

Nature of noble metal 

As mentioned above, the surface diffusivity of the noble metal element at 

alloy/electrolyte interface can influence to the pore/ligament size of the resulting 

dealloyed nanoporous structures. The surface diffusivity during dealloying process 

is not only altered by dealloying temperature but also the intrinsic diffusivity of 

noble metals. From the reported literature, the surface mass transfer diffusion 

coefficients in vacuum at room temperature (298 K) are highly dependent on the 

nature of noble metal; 3.6 × 10-22 for Pt, 1.1 × 10-20 for Pd, 2.2 × 10-19 for Au, and 

1.1 × 10-14 cm2·s-1 for Cu.44,45 In case of Ag, the surface diffusion is two orders of 

magnitude faster than that of Au in vacuum.46 Therefore, the noble metals of which 

surface diffusion coefficient is high (Pt < Pd < Au < Ag < Cu) can generate the 
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large-sized pore/ligament structure in the same dealloying condition. For this 

reason, under the same dealloying conditions, nanoporous Pt structure obtained 

from dealloying of PtAl alloy exhibited the small-sized pore/ligament (less than 10 

nm); however the pore/ligament size of nanoporous Au and nanoporous Ag 

structures obtained from dealloying of AuAl and AgAl alloys were increased to 

60ï80 nm and 100ï120 nm, respectively.47   

 

Dealloying solutions 

Besides temperature of dealloying solutions and nature of noble metal, the kinds of 

dealloying solutions also strongly affect to the surface diffusivity of the noble 

metal element during dealloying. According to the reported literature,48 the 

diffusivities of noble metals increase when the halogen ions (Cl-, Br-, and I-) are 

adsorbed on the surface of alloy precursors. For this reason, the nanoporous 

structure obtained from the dealloying of Al-based alloys was coarsened in the 

presence of the halogen ions during dealloying.48 In addition, Zhang et al. found 

that the diffusivities of Au increase in the order of I- > Br- > Cl- when the halogen 

ions are adsorbed during dealloying reaction.49 Thus, the nanoporous metal 

structures obtained in HCl solutions usually exhibit a larger ligament size than 

those obtained in NaOH solutions due to the halogen ions-induced increase of 

diffusivities of noble metal.47  

 The conventional dealloying reaction usually occurred in the aqueous 

solutions; however, other solutions (e.g., ionic liquid, supercritical CO2, organic 

solvents, and molten metals) have also been used for the advanced dealloying 

reaction.50-52 In general, the fabrication of nanoporous Pd structure from Pd-Cu 

alloys is difficult in the conventional aqueous electrolyte because of the small 

difference in the electrochemical potential between Pd and Cu. However, Li et al. 

successfully fabricated the nanoporous Pd structure from Pd-Cu alloys by 
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introducing ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate as a 

dealloying solution.50 In the presence of ionic liquid the less stable metal element 

(Cu) was selectively dissolved by forming complex ions into the electrolyte, which 

increased the surface diffusion of noble metal element (Pd), resulting in formation 

of a nanoporous Pd structure with a large ligament size (~63 nm). 
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1.4. Fabrications of Nanoporous Gold Nanostructures 

Up to date, various alloy systems have been employed to prepare nanoporous metal 

structure, such as Ag-Au, Ni-Au, Al-Au, Zn-Cu, Al-Cu, Mn-Cu, Ni-Cu, Al-Pt, Cu-

Pt, Cu-Pd, etc.53,54 Besides the binary alloy system, recently, ternary alloy systems 

(e.g., Ni-Cu-Mn, Cu-Fe-Al,  Cu-Ag-Au, Pt-Ru-Al, etc) have also been developed.55-

58 All these starting alloy materials result in nanoporous metal structures; however, 

some materials suffer from the non-uniform and non-stable structures due to the 

differences in their phase diagrams, differences in lattice constants of the alloy 

constituents, and the different tendencies to passivate during dealloying.21 Among 

the alloy candidates as starting materials, Au-Ag alloy system, which is so-called 

ñsolid solutionò, have been received much attention in a various field (e.g., 

catalysis, electrochemical/optical sensing, actuation, etc.) because its dealloyed 

structure (i.e., nanoporous Au structure) exhibits many advantages, such as 

chemical/biological inertness, ease in fabrication, and unique 

catalytic/optical/mechanical properties.7-10 In addition, nanoporous Au structures 

are homogenous throughout the entire materials because starting material (Au-Ag 

alloy) is single fcc (face-centered cubic) crystal phase regardless of the 

composition of the alloy, that can be dealloyed to >99%.8 From this section, hence, 

the synthesis and applications of the nanoporous Au nanostructures obtained from 

Au-Ag alloy system will be mainly introduced.  

 

Nanoporous Au thin films 

To fabricate 2D metallic thin film structures, several techniques (e.g., thermal 

evaporation, sputtering deposition, electrochemical plating, etc) have been widely 

applied.59-61 In particular, 2D structure of single-phase Au-Ag alloy system should 

be needed to fabricate the nanoporous Au thin films. For example, Kim et al. 

fabricated nanoporous Au thin films on Si substrate by chemical/electrochemical 
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dealloying process (Figure 1.3).62 To prepare single-phase Au-Ag alloy thin film, 

Au and Ag were consecutively deposited as multilayers of up to 500 nm thickness 

on a Si substrate by using vapor deposition technique, then the multilayer Au-Ag 

films were annealed at 310 to 400 °C for various times up to 96 h under air or Ar. 

During annealing process, multilayer Au-Ag films converted to Au-Ag alloy films 

as forming single-phase solid solution. Dealloying was then performed using either 

a chemical or a controlled electrochemical dealloying method with HNO3 and 

HClO4, respectively. Moreover, nanoporous Au thin films showing significantly 

less cracking in tens of millimeters and ligament size under 10 nm were 

successfully fabricated by careful control of dealloying conditions, such as 

chemical compositions, heat treatment, dealloying methods, and electrochemical 

dissolution rate. 

 When 2D alloy this films are dealloyed on the hard substrate (e.g., Si 

wafer), it generally shows large densities of grain-boundary cracks and lattice 

defects within the nanoporous structures due to the surface tension and stress 

during volume shrinks. This phenomenon leads serious problems for the 

applications required a reproducibility and reliability. Also, the conventional 

vapor-deposition-based fabrication technique for the preparation of alloy precursor 

is incompatible with some of the polymeric substrates, thus it limits the dealloyed 

nanoporous thin films not to be used for wide applications. To overcome these 

drawbacks, Ding et al. discovered that a commercially available 12 carat white-

gold decorative leaf (Au-Ag, 1:1 ratio by weight) can be dealloyed at room 

temperature by a simple chemical process (floating white-gold decorative leaf onto 

the concentrated HNO3) (Figure 1.4).29 The chemically dealloyed free-standing 

nanoporous Au leaf showed no surface cracks and lattice defects through large-area, 

thus 3D interconnected ligaments were highly conductive. In addition, a very thin 

free-standing porous material (~100 nm thick) is beneficial for the application in 

electrode because they may be attached to a variety of substrates. Moreover, as-



15 

 

fabricated nanoporous Au leaf is suitable for various applications such as catalysis, 

sensing, and filtration owing to its excellent mechanical rigidity, chemical stability, 

and biocompatibility. 

 

Nanoporous Au nanowires and nanorods 

Until now, a template-based synthetic strategy has been widely used for the 

synthesis of nanoscale nanowires and nanorods with inherent nanoporous 

structures.63-68 First of all, to fabricate nanowire or nanotube-shaped nanoporous 

Au structure, the starting materials (Au-Ag alloys) should be formed in the shape 

of nanowire and nanorod. The anodic aluminum oxide (AAO) is the most 

commonly used template for the preparation of Au-Ag alloy nanowire/nanorod.66 

For example, Ji et al. fabricated nanoporous Au nanowire by a two-step process: (1) 

electrochemical deposition of a single-phase binary Au-Ag alloy nanowire into a 

nanoporous template (AAO), (2) etching of the less noble component (Ag within 

Au-Ag alloy) to form nanoporous structure (Figure 1.5a). In typical, Au and Ag 

ions were electrochemically reduced and deposited into the Cu electrode which is 

attached AAO. By help of an AAO template, the nanowire-shaped Au-Ag alloy 

structure can be formed. The Au-Ag alloy nanowires were then stripped from the 

template by dissolving Cu film and AAO template in the CuCl2/HCl and KOH 

solution, respectively. Finally, nanoporous Au nanowires were prepared by etching 

of the Ag atoms in concentrated nitric acid. The resulting nanoporous Au nanowire 

showed large surface area as high as 6.9 m2·g -1, and the surface morphology of the 

porous nanowires were controlled by the composition of Au and Ag within 

nanowire alloy and subsequent thermal annealing.        

In addition, nanoporous Au nanotubes have also been fabricated by using 

Ag nanowire as templates.69 Gu et al. fabricated novel metallic nanoporous 

nanotubes based on an effective combination of nanocrystal growth and surface 
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modification (Figure 1.5b-f). To synthesize the Au-Ag alloy as a starting material, 

firstly, Au atoms were deposited on the Ag nanowire surface with the presence of a 

cetyltrimethylammonium boromide and ascorbic acid as a surfactant and reducing 

agent, respectively. Next, as-prepared starting material underwent dealloying 

process to completely dissolve the Ag atoms located inner (pure Ag nanowire) and 

the surface (Au-Ag alloy), finally, the nanoporous Au nanotube with porous 

surfaces and hollow interiors was obtained. Also, the 1D nanoporous structure was 

modulated by controlling the dealloying steps, such as nanowire growth, surface 

modification, and thermal diffusion. These tubular nanoporous structures showed 

not only very high surface area but also distinct optical properties, which can be 

attractive for sensing and biomedical applications. 

 

Nanoporous Au nanoparticles 

Besides the AAO and Ag nanowires as a template for the preparation of 1D 

nanoporous Au nanostructures, polystyrene (PS) beads have also been used as 

template to form nanoporous Au nanoparticles.70,71 For example, Nyce et al. 

reported the PS template-based synthesis of hierarchical porous Au particles 

(Figure 1.6a and b).70 At first, Au atoms were deposited on PS beads (10 or 1 µm  

in diameter) via electroless deposition in the presence of stabilizer (polyvinyl 

(pyrrolidone), PVP), then Ag atoms were also deposited on Au-coated PS beads via 

same process. Next, Au-Ag/PS core/shell particles were heated in an inert 

atmosphere at 400 °C to remove the PS template and to form Au-Ag alloy shell. To 

begin the dealloying process, alloyed Au-Ag hollow particle was placed in a nitric 

acid solution, which resulted in hollow nanoporous Au shells of which dimensions 

are roughly 9.6 µm in diameter and 200 nm thick, and surface area are 1.48 m2·g -1. 

Recently, Zhao et al. synthesized monolithic nanoporous Au in the form of disks of 

sub-wavelength diameter and sub-100 nm thickness by following PS template-
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based synthesis route: (1) formation of a monolayer of PS beads on an alloy-coated 

Si substrate, (2) O2 plasma shrinkage of the PS beads and Ar sputter etching to 

form isolated alloy disk, (3) selective dissolution of PS beads by chloroform, and 

(4) formation of nanoporous Au disks by dealloying (Figure 1.6c-j).71 In addition, 

same group also fabricated nanoporous Au disks with a nanoscale internal porous 

network produced by the combination of lithographic pattering and dealloying 

process. By controlling thermal annealing steps and adding halides (e.g., KBr and 

KI) during dealloying step, the morphology and plasmonic resonance of the 

nanoporous Au disks were precisely controlled.72,73 Also, Wang et al. fabricated an 

perfectly ordered 2D array of nanoporous Au nanoparticles by using a combination 

of a ñtop-downò approach (substrate-conformal imprint lithography) and tow 

ñbottom-upò approaches (dewetting and dealloying).74 This technique allowed for 

the control of particle size, particle spacing, and pore/ligament size by controlling 

the period of the structure, total metal layer thickness, and the thickness ratio of the 

as-deposited bilayers.  

 Recently, the template-free fabrication of nanoporous Au nanoparticles has 

also been realized.75,76 Li et al. reported the dealloying of noble-metal (Au-Ag) 

alloy nanoparticles by a wet-chemistry (Figure 1.7a-e).75 Firstly, the citrate-coated 

~40 nm diameter Au-Ag alloy nanoparticles of nominal composition Ag0.75Ag0.25 

were synthesized by a co-reduction of Au/Ag precursor, and then as-synthesized 

alloy particles were annealed at 400 °C for forming homogeneous alloy 

composition. Finally, single-phase Au-Ag alloy nanoparticles underwent 

dealloying process to yield nanoporous Au nanoparticles. Unlike the dealloying 

from co-reduced Au-Ag alloy nanoparticles, Au/Ag core/shell nanoparticles can be 

also starting materials to yield nanoporous Au nanoparticles.76 Liu and co-workers 

reported a dealloying process for the fabrication of nanoporous Au-Ag alloy 

nanoparticles from core/shell-typed nanoparticles, which were encased in ultrathin 

hollow silica (Figure 1.7f-l). At first, Ag atoms were deposited on the Au core 



18 

 

nanoparticles, and then SiO2 layers were formed on the Au@Ag core/shell 

nanoparticles. Next, these nanoparticles were then subjected to high-temperature 

annealing (950 °C), which converted Au@Ag core/shell into the fully alloyed ones, 

which is referred as AuAg alloy@SiO2. By following the selective etching of Si 

layer and Ag atoms, porous Au-Ag nanoparticles encapsulated in the ultrathin 

hollow silica shell were formed in high yield. By help of an ultrathin hollow silica 

shell, these porous metal nanoparticles do not need any conventional organic 

capping ligands for stabilization, thus resulting materials with clean surface are 

beneficial to the high accessibility of the target molecules desired to attach.   
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1.5. Applications of Nanoporous Gold Nanostructures 

Catalysis  

In 2006, both groups77,78 independently investigated the catalytic oxidation of 

carbon monoxide (CO) with molecular oxygen (O2) and detected high catalytic 

activity of nanoporous Au structure at temperatures even below 0 °C. Previously, 

almost Au-based catalysts are often supported on reducible oxides (e.g., TiO2 or 

CeO2)79,80; however, this unsupported Au nanostructure (i.e., nanoporous Au) can 

be catalytically active by itself. In addition, the ligaments size in nanoporous Au is 

relatively large (30 to 40 nm), which is about ten times larger than the upper size 

limit of 5 nm commonly considered as being essential for catalytic activity.79,80 It is 

believed that the low coordinated Au atoms are supposed to bind molecular oxygen 

more strongly81 and the activation of molecular oxygen at low coordination site is 

the origin of the excellent catalytic activity of nanoporous Au.1 Besides, other 

group suggests that while the catalytic behavior of nanoporous Au can be explained 

by the surface chemistry of pure Au, the small quantities of Ag can also play a 

crucial role in the activation of molecular oxygen.21 Recently, Fujita et al. reported 

an atomic origins of the high catalytic activity of nanoporous Au.7 In this study, a 

high density of atomic steps and kinks is observed on the curved surface of 

nanoporous Au structure by using spherical-aberration-corrected TEM and 

environmental TEM. These defects are usually observed in the small nanoparticles 

of which size is 3ï5 nm; however, they were also clearly observed in larger-sized 

nanoporous Au even when its feature lengths were larger than 30 nm. This 

observation also provided compelling evidence that such surface defects are active 

sites for the catalytic oxidation of CO and residual Ag stabilizes the atomic steps 

by suppressing { 111}  faceting kinetics.  

The oxidation of harmful CO to the nonhazardous CO2 is very important in 

exhaust gas cleaning. To evaluate the catalytic reaction of nanoporous Au, 



20 

 

Bäumerôs group used the CO oxidation as a test reaction (Figure 1.8a and b).21,77,82 

The catalytic reaction (CO oxidation) by using nanoporous Au structure was 

initially catalytically inactive; however, the reaction was activated when the 

nanoporous Au structure was exposed to a gas stream containing CO and O2 at 

elevated temperatures (>60 °C). During the first 2 to 3 hours, the catalytic activity 

was gradually increased and reached a steady state (Figure 1.8a). In addition, they 

found that the adsorption of CO is rate limiting step, because of (1) a large number 

of available sites for adsorption or (2) a weak interaction caused by the low 

adsorption enthalpy. Similar to the reported results,83,84 interestingly, CO oxidation 

was highly influenced by the Ag content within nanoporous Au: The reaction could 

be increased when the Ag content was increased (up to 11 at%) (Figure 1.8b). 

However, the Ag content was not able to affect to the kinetics even though the 

overall catalytic activity was modulated as Ag content increased. These findings 

suggest that Ag content act as a positive role for the CO oxidation but that cannot 

change the reaction mechanism. 

Together with catalytic properties at very low temperature, nanoporous Au 

can also be a highly selective catalyst. Because the high selectivity of chemical 

reaction ensures the effective use of resources and lowers the energy consumption, 

the selective catalyst is very important in an industrial field. Especially, the 

selective oxidation of methanol is a typical reaction with great industrial relevance 

because it is the starting compound or a variety of bulk chemicals (e.g., higher 

alcohols and hydrocarbons, acids and esters). It is worth noting that the nanoporous 

Au structures which have high surface-to-volume ratio and large fraction of low 

coordinated surface atoms can be a promising material for the selective oxidation 

of methanol, because the Au surface particularly shows weak interaction with 

methanol or its oxidation products via low adsorption enthalpies. In 2010, 

Bäumerôs group investigated the gas-phase oxidation of methanol on the 

nanoporous Au structure (Figure 1.8c and d).8 The methanol was oxidized to 
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methyl formate with nearly 100% selectivity, and the undesired side product CO2 

was hardly detectable (Figure 1.8c). They also suggested that the highly selective 

reaction is based on the combination of three elements; (1) the activation of the Au 

surface by atomic oxygen, (2) the high reactivity of the surface bonded aldehyde, 

and (3) the low desorption barrier for methyl formate. Similar to the Ag-residue 

effect on the CO oxidation, the amount of Ag atoms within the nanoporous Au also 

influenced to the activity and selectivity of the oxidation of methanol: The 

selectivity decreased as Ag content increased (Figure 1.8d). From this result, they 

conclude that Ag-residue can modulate the supply of activated oxygen on the 

surface, thus eventually reducing the selectivity in favor of total oxidation (i.e., the 

nanoporous Au structure containing about 10 at% of Ag-residues showed no 

activity for the formation of methyl formate, resulting in only total oxidation).     

Besides CO oxidation and gas phase oxidative coupling of methanol, 

additional catalytic applications have steadily evolved, such as for example, 

oxidative coupling of methanol, the liquid phase oxidation of glucose, the electro-

oxidation of methanol, oxygen reduction reaction like in fuel cell applications, 

electrocatalytic hydrogen evolution, carbon dioxide reduction, hydrogenation, and 

hydrocarbon oxidation, due to the superior catalytic activity and selectivity of 

nanoporous Au structure.8,28,85-90  

 

Electrochemical sensor   

Due to the 3D nanoscale pore/ligament structure, nanoporous metallic structure 

usually exhibits a large specific surface area. According to the reported literature, 

the specific surface area of nanoporous Au structure is adjusted by a pore/ligament 

size: The estimated surface area of nanoporous Au structure is ~20 m2·g -1 for the 

~10ï20 nm pore size, which decrease down to ~8 and ~4 m2·g -1 when 

pore/ligament size increase to ~90 and ~150 nm, respectively.91,92 With large 
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specific surface area, high electronic conductivity, excellent electrochemical 

activity and good biocompatibility ensure that nanoporous Au nanostructures are 

promising in electrochemical sensor. These outstanding features directly make 

nanoporous Au structures very sensitive for electrochemical determination of small 

molecules, such as glucose, hydrazine, NADH, H2O2, dopamine, etc.93-98 In 

addition, nanoporous Au-based electrochemical sensor shows good selectivity for 

the detection of small molecules.94-96  

 Due to the good biocompatibility and the strong interaction between 

enzymes and nanoscale gold surfaces, the nanoporous Au structures can be used in 

enzyme-based sensor by immobilizing enzymes on the solid supports. Especially, 

nanoporous Au can be used for the preparation of various dehydrogenase- and 

oxidase-based electrochemical biosensors. By combining the biocatalytic activity 

of enzymes and the electrocatalytic activity of nanoporous Au structure, the 

enzyme-modified nanoporous Au electrodes can detect the ethanol and glucose, 

respectively, from the ethanol dehydrogenase coupled with glucose oxidase 

(GOx).93,99 Typically, nanoporous Au-based electrochemical sensor detects the 

enzymatic product (H2O2) obtained from the GOx-induced oxidation of glucose. 

Besides, another kind of enzyme-based biosensor, based on the direct electron 

transfer (DET) between enzymes and nanoporous Au electrode, has also been 

developed.100 By the unique physicochemical properties (e.g., electron conductivity 

and nanoscale metal ligaments) of nanoporous Au structure, the DET of enzymes 

can be facilitated to the electrochemical sensor.  

 Recently, nanoporous Au structures with a high surface area, excellent 

catalytic activity and electron conductivity, and biocompatibility have been widely 

used as the substrate electrode for antibody anchoring, thus they can be also 

applied to the sandwich-type immunosensors.101 Figure 1.9a shows the nanoporous 

Au structure-based sensitive detection of cancer antigen 15-3 (CA 15-3). First, the 

nanoporous Au was covered on the graphene/GCE (glassy carbon electrode) as the 
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substrate electrode for antibody immobilization. When liposome (~100 nm) which 

incorporates HRP (horseradish peroxidease) forms sandwich architecture with the 

antibody-immobilized nanoporous Au structure in the presence of antigen (CA 15-

3), the specific signal are detected. The linear range of the immunosensor was 2 × 

10-5 to 40 U·mL-1 under optimized conditions, and a detection limit was estimated 

as 5 × 10-5 U·mL -1 (Figure 1.9b). Besides the sandwich-type innunosensor, a 

nanoporous Au based label-free immunosensor has also been reported.102,103  

 Similar to the sandwich-type immunosensors, the nanoporous Au structure 

has also been used as a substrate electrode for the detection of DNA. In this system, 

a specific DNA of which sequence can capture target DNA strand is immobilized 

on the nanoporous Au electrode. The other part of target DNA strand is also 

captured by signal-giving materials of which surface are modified with a specific 

DNA. Figure 1.9c shows the nanoporous Au structure-based sensitive detection of 

target DNA strands.104 When the DNA-immobilized nanoporous Au substrate 

electrode are hybridized with the DNA-functionalized Au nanoparticles in the 

presence of target DNA, the sandwich-type complex are formed. In here, the signal 

can be quantitatively detected as Ru(NH3)6
3+ are electrostatically adsorbed on the 

negatively charged single strand DNA which attached on the Au nanoparticles.  

 

Optical sensor  

When the size of the metal is much smaller than the wavelength of light, the 

collective oscillation of the free conductive electrons excited by visible light, called 

as surface plasmon resonance (SPR). Due to the SPR, generally, the metallic 

nanostructures show significantly different and unique optical properties in 

comparison with their bulk counterparts.105 In particular, the nanoporous Au 

structures which have the integrated ligaments and pores exhibits unique plasmonic 

properties compared with other metal nanostructures, such as nanoparticles, 
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nanorods, etc. For instance, the 2D nanoporous thin film of which thickness is 

about 100 nm showed excitation of propagating SPR in planar metal films and 

localized SPR, simultaneously.106-108 In addition, the plasmonic properties of the 

nanoporous Au structure can be tuned by the pore/ligament size and dielectric 

surroundings.71,109-111  

 Due to the unique plasmonic properties and huge surface area (i.e., 

metal/dielectric interfaces), the nanoporous Au structures have received great 

attention for sensing applications. Because the SPR of nanoporous Au can enhance 

the surface fluorescence of small molecules such as Cy3 or the photoluminescence 

of silicon nanocrystals and quantum dots (QDs),112-114 the uniform nanoporous 

structure and metal-enhanced fluorescence make nanoporous Au structure 

appropriate for fluorescence-based assays. For example, Lang et al. found that the 

nanoporous Au with a small pore size and large ligament size could remarkably 

improve the fluorescence intensity of Cy3 on nanoporous Au.112  In this study, the 

maximum enhancement of fluorescence intensity was obtained by a factor of 191. 

This ultrahigh enhancement is caused by the strengthening of localized SPR by the 

small nanopore size and simultaneous weakening of plasmonic damping by the 

large ligament size. Similarly, the nanoporous Au yielded a four-fold and 100-fold 

enhancement in photoluminescence of Si nanocrystals and QDs, respectively.113,114 

Recently, Ahmed et al. reported a nanoporous Au-based optical sensor which 

detects influenza A virus by using antibody-modified QDs and nanoporous Au 

structure.115 By help of the fluorescence enhancing effect of nanoporous Au, the 

detection limit (1 ng·mL-1) could be improved in two-order of magnitude compared 

with a commercially available rapid influenza diagnostic test.    

 For both fundamental science and sensing applications, the fabrication of 

highly surface-enhanced Raman scattering (SERS)-active metallic substrates is one 

of the main goal in the field of plasmonic.116 The nanoporous Au structure is a 

promising material for the SERS-based optical sensing applications due to (1) the 
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high density of nanopore which can cause the electromagnetic field enhancement 

by plasmon excitation and (2) electromagnetic coupling between neighboring 

ligaments. For the first time, Chen et al. investigated the effect of pore size on the 

SERS property of nanoporous Au structure.117 In this study, the SERS 

enhancement of nanoporous Au is highly related to its pore size: The smaller pore 

size exhibited the higher SERS enhancement because a smaller pore causes the 

stronger electromagnetic field enhancement by plasmon excitation of nanoporous 

Au. In addition, other study demonstrated that the surface morphology of 

nanoporous Au structure can also influence to the SERS enhancement, that is, the 

roughed ligament surface produced by the annealing contributed to the strong 

SERS enhancement.118 Based on the knowledge for enhancing SERS property (e.g., 

smaller pore size and roughen ligament structure), Chen and co-workers improved 

the SERS enhancement of nanoporous Au structure by fabricating a wrinkled 

nanoporous Au films.119 To fabricate the wrinkled nanoporous Au films, the 

conventional free-standing nanoporous Au film was placed on a polymer substrate, 

and then was accomplished by a thermal treatment. As a result, thermal treatment 

induced shrinkage of the polymer substrate, and 2D flat nanoporous Au film were 

changed to 3D wrinkled nanoporous Au structure which contains abundant SERS-

active nanogaps and fractures. The wrinkled nanoporous Au structure exhibited the 

average enhancement factor as high as 0.7 × 108, which is much higher than the 

original nanoporous Au film (~106).  

 Because the nanoporous Au structure provides biocompatibility, excellent 

chemical stability, and strong optical properties, it is an ideal candidate for the 

SERS-based ultrasensitive/reproducible detection of small molecules. For example, 

Zhang et al. developed a nanoporous Au-based optical sensor to detect Hg2+ 

ions.120 When Hg2+ is added to the Cy5-labeled aptamer on the nanoporous Au film, 

the SERS signals of Cy5 decreases as the distance is far from the nanoporous Au 

substrate by the interaction between Hg2+ and aptamer (Figure 1.10a-d). This 
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nanoporous Au substrate-based optical sensor showed an excellent detection 

sensitivity of 1 pM (0.2 ppt) and selectivity. Similarly, Shin et al. developed a 

label-free method to detect single stranded DNA (ssDNA) by in situ monitoring of 

DNA hybridization (Figure 1.10e-g).9 The strong SERS signals can be obtained 

because of the short distance between Cy3 molecules and the nanoporous Au 

surface; however, the SERS signals of Cy3 molecules would decrease and even 

disappear due to the long distance from nanoporous Au surface as the straight and 

rigid DNA complex were formed in the presence of target ssDNA. Moreover, this 

simple and fast detection method can detect the hybridization events within 10 min 

after introducing only 20 pM target ssDNA molecules. 

  

Chemical actuation  

As already described, the catalytic properties of nanoporous Au is excellent due to 

its high surface energy caused by a low coordination number. Also, the lower 

coordination number of surface atoms causes a charge redistribution into in-plane 

surface bonds that gives rise to surface stress.21 Owing to the surface stress is 

highly sensitive to changes in the surface state,121 an adsorption of molecules on the 

metal surface can also influence to the surface stress. In particular, changes in the 

surface stress, in the case of nanoporous Au structures which have high-surface-

area, can lead to macroscopically detectable strain effects.122,123 For example, 

Biener et al. observed the macroscopic strain effect caused by the surface stress in 

nanoporous Au while exposing nanoporous Au alternatively to ozone and CO 

(Figure 1.11).10 When ozone (O3) is adsorbed on the Au surface, the Au surface is 

covered by the oxygen (O2) via O3 + Au Ą O2 + AuïO,124 This oxygen then leads 

the change in the surface electronic structure due to its high electronegativity, 

which modifies the surface stress. In addition, the adsorbed oxygen can be removed 

by CO exposure to restore the clean Au surface, via CO + AuïO Ą CO2 + Au. 
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During the sequential surface reaction, the surface states is switched back and forth 

between the oxygen-covered surface (after exposing to O3) and the clean surface 

(after exposing to CO), consequently the surface stress is changed by surface 

chemistry at the solid-gas interface. As a result, the difference of surface stress 

between two surface states induced the reversible changes in the sample length. 

Depending on the gases exposure time, the amplitude of strain was altered between 

0.05 and 0.5%. From this work, it is worth noting that the nanoporous Au structure 

acts as a chemical actuation which could convert the chemical energy into 

mechanical work.  

 Moreover, this concept, which transforms chemical energy directly into 

mechanical work, can be applied to the gas-sensor. Because the contraction and 

expansion of sample is dependent on the amount of O3, it is possible to detect the 

amount of O3 by measuring the displacement of the sample surface. Based on this 

concept, chemical actuation-based gas sensor of which size is 10 ɛm detected the 

O3 gas in the order of 10-12 mol.10  
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1.6. Conclusions and Perspectives 

Although corrosion of metals is a well-know and an old fabrication technique, it 

provides a new class of nanomaterials with an extraordinary structural property by 

connecting with an advanced recent nanotechnology. Despite of the relatively short 

history, the dealloying-based nanoporous metallic materials, which exhibit 

excellent surface reactivity, chemical/biological stability, electrical conductivity, 

and mechanical rigidity, have produced very important and promising achievement 

in the wide field of applications (e.g., catalysis, sensing, optics, actuator, etc.) In 

addition, many intensive efforts to understand and control the dealloying process 

have led to new and unexpected effects that open up new opportunities for both 

fundamental research and practical applications. However, surface-stabilization of 

microstructure of nanoporous metallic structure (especially, for metals showing fast 

surface diffusivities such as Cu and Ag) should be solved. For the cost-effective 

and practical applications, a rational design to fabricate nanoporous non-noble 

metal structures (e.g., Ni, Fe, etc.) is also required. However, the dealloying-based 

fabrication of uniform nanoporous non-noble metal structure is still challenging 

because the non-noble metals are highly active to control the microstructure and 

single-phase alloying is relatively limited.  

Until now, most of nanoporous metals are 3D or 2D structures which are 

not suitable for some specific applications such as drug delivery, nanomedicine, 

and labeling in immunosensing. Of course, some recent studies cover the 

fabrication of nanoporous metallic nanoparticle, however, those synthesis methods 

need complex route such as annealing process, and resulting products are usually 

not uniform in size, which cannot provide reproducibility and reliability in sensing 

application. As expected, nanoporous metallic nanoparticles are most promising 

materials for biomedical applications due to (1) their high surface are for loading of 

drug and targeting molecule, and (2) tunable and unique SPR properties for 
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enlarging the sensing signal. Nevertheless, only much less reports about the facile 

fabrication of uniform nanoporous metallic nanoparticles have been reported 

because the fabrication of uniform alloy nanoparticles with suitable composition 

and size is still quite challenging due to the different chemical properties of each 

metal elements. For these reason, the advanced synthesis technique for preparation 

of uniform and pore/ligament size-controllable porous metallic nanoparticles is 

urgent and also deserves more studies.   
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Figure 1.1. Scanning electron microcopy (SEM) images of nanoporous Au 

produced by removal of Ag from Au-Ag alloys. (a) Cross-sectional SEM image of 

nanoporous Au thin film obtained from dealloying of Au0.32Ag0.68 (at%) alloys. (b) 

SEM images of nanoporous Au thin film of which ligament spacing is the order of 

10 nm. Images were reproduced with permission from ref 27, Copyright 2001 

Nature Publishing Group. 
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Figure 1.2. Mechanism of evolution of nanoporosity from Au-Ag alloy system 

during dealloying. Gray and orange color indicate Ag and Au atom, respectively. (a) 

Selective dissolution of less stable elements (Ag atoms) by dealloying solution. (b) 

Surface diffusion of noble metals (Au atoms) and passivation of Ag-etched surface 

sites. (c) Formation of clusters by agglomeration of surface-diffused Au atoms. (d) 

Undercutting and bifurcation of ligaments. (e) Generation of nanoporosity 

composed by ligaments which have Au-rich surfaces and Ag-rich interiors. (f) 

Capillary-driven surface relaxation process (coarsening) to form bicontinuous 

nanoporous Au structure. Images were reproduced with permission from ref 35, 

Copyright 2016 Annual Reviews. 
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Figure 1.3. SEM images of nanoporous Au structure obtained by electrochemical 

dealloying process of 2D Au-Ag alloy thin films. (a) Surface morphology of a 

nanoporous Au thin film (Au 30 at%) annealed at 400 °C for 2 h in Ar. The 

electrochemical dealloying was performed in 0.8 M HClO4 at 1 V with stepwise 

increase of applied voltage (50 mV·s-1). (b) An enlarged SEM image of white box 

part in (a). The resulting nanoporous Au structure showed extremely reduced 

ligament sizes. (c) Surface morphology of a nanoporous Au thin film (Au 21.5 

at%). The electrochemical dealloying was performed in 0.8 M HClO4 at 1 V with 

stepwise increase of applied voltage (12.5 mV·s-1). (d) Plot of the current and 

voltage applied during electrochemical dealloying as a function of time. Images 

were reproduced with permission from ref 62, Copyright 2009 Elsevier.  
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Figure 1.4. Free-standing nanoporous Au structure obtained from a chemical 

dealloying process using a commercially available 12 carat white-gold decorative 

leaf (Au-Ag alloys of which composition is 1:1 by weight). (a, b) Optical images of 

white-Au leaf before (a) and after (b) dealloying in HNO3 for 15 min. (c-e) SEM 

images of the chemically dealloyed free-standing nanoporous Au leaf. The inset 

image in (c) indicates a solid grain boundary. Black arrows in (e) indicate very thin 

Au ligaments of which diameters are smaller than 2 nm. Images were reproduced 

with permission from ref 29, Copyright 2004 WILEY-VCH.  
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Figure 1.5. Template-based synthesis of nanoporous Au nanowires/nanotubes 

prepared by chemical dealloying process. (a) SEM images of nanoporous Au 

nanowire obtained from the etching of Au0.32Ag0.68 alloy nanowires. The starting 

material, Au-Ag alloy nanowire, is prepared by using an anodic aluminum oxide 

(AAO) template. (b) Schematic illustration of the synthesis process of Au-Ag alloy 

nanoporous nanotube (NPNT). The Ag nanowire plays a role as a template for 

preparation of hollow-type nanoporous structure. (c-f) SEM and TEM images of 

Ag nanowire template (c) and Au-Ag NPNTs (d-f). The insets of each images 

indicates a higher magnification images, selected-area electron diffraction pattern, 

and high-resolution TEM image. Images were reproduced with permission from (a) 

ref 66, Copyright 2003 American Chemical Society; (b-f) ref 69, Copyright 2009 

Tsinghua University Press and Springer.  
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Figure 1.6. Polystyrene (PS) template-based synthesis of hierarchical porous Au 

shells and disks. (a) Schematic illustration of the synthesis process of hollow 

nanoporous Au shells. (b) SEM image of hollow Au0.15Ag0.85 alloy shells. Inset 

shows SEM image of dealloyed nanoporous Au shell. (c-j) Schematic illustration 

of the fabrication process of nanoporous Au disks (c-f) and SEM images at each 

process step (g-j). The fabrication of nanoporous Au disks is performed by 

following process: (c) formation of a monolayer of PS beads on an alloy-coated Si 

substrate; (d) O2 plasma shrinkage of the PS beads and Ar sputter etching to form 

isolated alloy disk; (e) selective dissolution of PS beads by chloroform; and (f) 

formation of nanoporous Au disks by dealloying. Images were reproduced with 

permission from (a, b) ref 70, Copyright 2007 American Chemical Society; (c-j) ref 

71, Copyright 2014 Royal Society of Chemistry.  
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Figure 1.7. Template-free fabrication of nanoporous Au nanoparticles using wet-

chemistry. (a-e) Representative high-angle annular dark-field images of 

Au0.73Au0.27 nanoparticles dealloyed at the indicated potential, time: (a) 

undealloyed particle; (b) 0.54 V, 6 h; (c) 0.74 V, 6 V; (d) 0.94 V, 2 min; and (e) 

0.94 V, 6 h. (f-l) Synthesis of nanoporous SiO2/Au-Ag alloy yolk/shell 

nanoparticles by a dealloying method. (f) Schematic illustration of the synthesis 

route for formation of nanoporous nanoparticles. (g-l) TEM images of the products 

during whole synthesis route: (g) Au@Ag@SiO2 nanoparticles; (h-j) AuAg 


















































































































































































































