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In this paper, Ag-Zn alloy are dealloyed in 0.1M H2SO4 at a low temperature (2°C) to fabricate 

nanoporous silver and the dealloying kinetics has been systematically investigated. Comparison of the 

polarization curve of Ag-Zn alloy in 0.1M H2SO4 at room temperature and 2°C shows that lowering 

temperature can significantly reduce the diffusivity of silver atoms and result in forming more 

exiguous nanoporous silver. SEM observation demonstrates that pores have formed on initial of the 

dealloying process. The succeeding process just coarsenes pores by silver atoms diffusion and 

aggregation at the silver/electrolyte interface due to the structure is on a instability state in 

thermodynamics in the electrolyte. Pore size can grow from tens of nanometers to hundreds of 

nanometers with the extension of dealloying time in the electrolyte without else treatment. The 

coarsening exponent and surface diffusivity of silver atoms are estimated to be 4.19 and 1.210
-16 

m
2
/s. 

There also exists phase transition in the dealloying process. The forming mechanism of nanoporous 

silver at low temperature is discussed in the end. 
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1. INTRODUCTION 

 

Nanoporous materials are attracting more and more attentions due to potential technological 

applications including sensors, micro-actuators, fuel cells and catalysts[1-4]. Nanoporous metals can 

be fabricated by the template and dealloying approaches. Templating technique fabricates nanoporous 

materials through replication of porous alumina or liquid-crystal templates. The advantages are precise 

controlling over the pore size and microstructure periodicity, but normally result in materials with one-
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dimensional porosity, such as an array of tubes. It is virtually impossible to dynamic control of the 

length scale. Dealloying approach is defined as a selective dissolution process, during which the less 

noble atoms are dissolved from a precursor or alloy, leaving behind a nano-scale, interconnected 

network of ligaments and open pores. We can flexibly control pore size and its distribution through 

altering the composition of the precursor or the corrosion parameter, which makes it more popular than 

the template approach. It has been used in numerous alloy systems, contains Al-Cu[5]、Ag-Au[6-

12]、Mn-Cu[13]、Sn-Au[14]、Sn-Ag[15]、Cu-Pt [16]、Zn-Ag[17,18], Al-Ag[19] etc.  

The ultrafine structure is extraordinary importance in many engineering applications. For 

example, porous structure anodes can accelerate the anode reaction kinetics due to their high surface 

areas and nanoporous gold (NPG) with a pore/ligament size of less than 6 nm shows excellent catalytic 

activity towards CO oxidation at low temperature[20]. The characteristic property of dealloyed 

materials is the tendency of the nano-scale structure to coarsen with time, increasing the ligament size 

and spacing and the coarsening mechanism is accepted to be surface diffusion of the remaining noble 

element, which commences while the removal of the active element is still in progress. The rate of 

coarsening can be alternated by the addition of surfactants to the electrolyte[21] or dealloyed at a low 

temperature[22] or incorporation Pt/Pd (very stable, low diffusivity) into the precursor[23], which 

means dealloying technology can be used in ternary or multiple alloy system to fabricate porous 

materials with high specific surface area. 

Nanoporous silver could be served as the catalyst in the chemical industry such as production 

of formaldehyde, aldehyde and acetone. It also can be utilized in molecular adsorption, ion exchange, 

surface-enhanced Raman scattering (SERS), electrochemical sensors [24,25] etc. Owing to the fast 

surface diffusivity, it is hard to fabricate nanoporous silver by dealloying at room temperature (the 

pore size is about 100-200nm). The current paper describes a simple and effective way via reducing 

diffusivity to fabricate finer nanoporous silver at a low temperature. The forming process, i.e. the pore 

size and component vs time is addressed. The coarsening exponent and the surface diffusivity are also 

calculated.   

 

 

 

2. EXPERIMENTAL  

The Ag-Zn alloy with a nominal composition of 22 at.% Ag was prepared by induction melting 

pure Ag(99.99 wt.%) and Zn(99.99 wt.%) in the graphite crucible with argon shield, and then the melt 

was cooled down into ingot in situ. The obtained ingot was annealed at 550°C for a week and was cut 

into sheets with a thickness of 2 mm. Then sheets were masked by epoxy resin and the exposed end 

was ground and polished up to 1 μm diamond.  

The electrochemical experiment was performed at 2°C in 0.1M H2SO4 solution by LK98BII 

electrochemical analyzer. The working electrode、assistant electrode and reference electrode were the 

alloy、Pt electrode and saturated KCl calomel electrode, respectively. The applied potential is relative 
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to the saturated KCl calomel electrode potential (SCE). Microstructure characterization and analysis of 

the alloy and as-dealloyed sample were made using X-ray diffraction(XRD, Empyrean) with Cu Kα 

radiation, scanning electron microscopy (SEM, JSM 6360LV) with an energy dispersive X-ray (EDX) 

spectroscopy. The average pore size, defined by the equivalent diameter of pore in nanoporous silver, 

was determined manually by identifying a minimum of 50 pores, making measurements across the 

shortest distance of each pore and then averaging. All of the measurement operations were completed 

by software Smile view. 

 

 

 

3. RESULTS AND DISCUSSION 

The dealloying process is controlled by surface diffusion of the noble element along the 

alloy/electrolyte interface[26], a low dealloying temperature can effectively reduce the diffusivity of 

the noble element and delay the coarsening of the nanoporous structure[22], which means lowering the 

silver diffusivity through controlling temperature can result in a decreasing in size scale of porosity. 

Figure 1 shows the electrochemical behavior of Ag22Zn78 alloy 0.1M H2SO4 solution at room 

temperature(25°C) and 2°C, which was tested through linear sweep voltammetry (LSV). When the 

electrolyte solution falls from room temperature (25°C) down to 2°C, the corrosion current density 

minishes dramatically, only about half of the former. From table 1, both the critical potential and self-

corrosion potential increase obviously, indicating that lowing temperature can significantly lower the 

surface diffusivity of silver atoms. 

 

 

 

Figure 1. Polarization curve of Ag22Zn78 alloy in 0.1M H2SO4 at room temperature(25°C) and 2°C, 

Scan rate 2 mV/s. (a) Variation of current density with potential, which shows a high critical 

potential at low temperature (b) Tafel polarization curve shows a high self-corrosion potential 

at low temperature. 
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Table 1. The self-corrosion potential and critical potential (V, SCE)of Ag22Zn78 alloy in 0.1M H2SO4 

at room temperature(25°C) and 2°C, Scan rate 2 mV/s. 

 

T(°C) Vself(V, SCE) Vcrit(V, SCE) 

25 -0.46 0.13 

2 -0.26 0.25 

 

Figure 2 shows the morphology of nanoporous silver by dealloying Ag22Zn78 in 0.1 M H2SO4 

at temperature of 2°C, which exhibits a uniform, bi-continuous interpenetrating pore/ligament 

structure. The pore size and ligament width grows with increasing the dealloying time. The pores have 

formed after one minute’s dealloying and the size scale is about 38 nm. For most of the dealloying 

systems, it is difficult to measure the initial pore/ligament size created during the dealloying process 

since the nanoporous structure is unstable even at room temperature and undergoes rapid 

coarsening[27].  

It is generally recognized that the dealloying process involves the dissolution of the less noble 

element and the formation/coarsening of the nanoporous structure by surface diffusion of the more 

noble element. Theoretical estimates based on percolation length effects in alloy dissolution suggested 

the pore size should be smaller than 2 nm during the initial stages of the dealloying process[28]. This 

indicates that the pores/ligaments in the present nanoporous silver undergo significant coarsening 

during dealloying. In other words, it means that the pore size has formed in the initial moment. In the 

following dealloying process, the pore size grows up to 52 nm, 62 nm, 81 nm, 94 nm and 112 nm, 

respectively, which indicates the dealloying time effects on the morphology evidently. The pore 

coarsenes with time increasing after forming, however, size scale decreases by 30 percent compare to 

our previous works [28], which shows that low temperature can inhibit silver atoms diffusivity to 

fabricate finer porous structure. 

 

 

 

Figure 2. SEM morphology of the nanoporous silver obtained by dealloying Ag22Zn78 at 0.4V in 0.1M 

H2SO4 for different time at the temperature of 2°C. 
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The formation of nanoporous structure process is selective dissolution of zinc atoms and 

diffusion of silver atoms at alloy/electrolyte interfaces[29,30]. Relationship between the average pore 

size and dealloying time was plotted in fig.3 (a). Pore size increases with dealloying time which due to 

the pore structure is on an instability state in thermodynamics. The kinetic data suggests that the 

coarsening rate of nanopores can be represented by the following formula: 

 

0( ) exp( / )n

sd t k t E RT KtD    

 

where diffusivity
sD = D0exp(-E/RT) and d(t) is pore size at time t ; k0, K , and D0 are constants 

and k0 = KD0; n is coarsening exponent; R is gas constant; T is the temperature; and E is the activation 

energy for the nanopore formation and coarsening. The coarsening exponent n can be directly 

measured by plotting the ln [d(t)] vs lnt curves, as showed in Fig. 3(b). The calculated coarsening 

exponent n for nanoporous silver is 4.19, very close to the kinetic parameter 4. The value n for 

nanoporous gold is determined to be 3.4-3.7[22], which indirectly shows the rapid diffusion of silver 

atoms, and the formed pore is commonly larger than gold. 

Based on the surface diffusion controlled coarsening mechanism, the diffusivity（Ds）of 

silver atoms can be estimated by the equation[26] 

 
4 4

0

4

[ ( ) ( ) ]

32

d t d t kT
Ds

ta


  

 

where k is Boltzmann constant,  is surface energy, t is the etching time, and a  is the lattice 

parameter. Here,  =1.302 Jm
-2

, a =0.409 nm, k =1.380610
-23 

J/K, T=275 K，d(t0)=4.046 nm. The 

surface diffusivity of silver in electrolyte at 2°C is estimated to be 1.210
-16 

m
2
/s.  

 

         

 

Figure 3. Evolution of the nanopore formation with the dealloying time. (a) Correlation between pore 

size vs time and Zn composition as a function of dealloying time at temperature 2°C. (b) 

Measurment of the coarsening exponent by plotting ln[d(t)] vs ln t. 
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The composition of the sample that measured by EDX as a function of dealloying time was 

plotted in Fig.3(a). The majority of zinc atoms dissolved within the first 30 min, during which Zn 

content decreases to 5 at.pct. At the same time, the pore size increase rapidly. This trend in the 

evolution of the Zn content is consistent with the results of XRD pattern observation, as showed in 

Fig.4(a). According to the XRD patterns, Ag22Zn78 solid solution only contains  phases (AgZn3, hcp). 

One minute later of dealloying, the intensities of diffraction peaks of Ag has been emerged, which 

indicates the nanoporous silver has formed. With increasing the dealloying time, intensities of 

diffraction peaks of AgZn3 decreases and intensities of diffraction peaks of Ag increases. One hour 

later, only Ag diffraction peak exists. Additionally, the measured Zn content is in the location that zinc 

atoms has not been dissolved, so it also reflects thickness of porous silver changing with increasing 

dealloying time in the electrolyte, which can be described by a linear relation formula according to 

reference[28].  

In summary, the dealloying mechanism has two stages: the initial zinc atoms rapid dissolution 

(porosity formation stage) and leaching of more zinc from the porous structure as it undergoes ripening 

by surface diffusion (coarsening stage)[8]. In the first stage, the majority of zinc atoms dissolve and 

the remaining silver atoms diffuse on the surface to form the initial porosity. This diffusion 

additionally serves to expose fresh alloy to be attacked and develop bi-continous nanoporous structure. 

In the next stage, as zinc atoms dissolved, the pore radius increased with high local curvature due to 

the undercutting of its sidewalls. Interspersed regions exhibiting positive and negative curvatures 

develop. With positive curvature, the tendency will be for the bonds to stretch, and for negative 

curvature, the effect of neighboring atoms will be to push the surface atoms in the curved region 

together. This due to area of fresh alloy surface was diminishing at the same time of the mounds grew, 

which meant the bases of the mounds were becoming noble element-poor, thus susceptible to undercut. 

These coupled processes lead to a model in which a pit radius of curvature effectively increased as it 

penetrated into the bulk. Eventually, the pore radii became greater than λ/2 (λ expresses spacing of the 

adjacent ligaments, which is a characteristic parameter relating to the electrolyte, potential, component 

and so on), a new cluster nucleated, the pit bifurcated, and the process continues ad infinitum and 

formed the so-called bi-continuous porous structure[31]. Surface chemical instability results in the 

formation of porosity, which was implemented via competition between surface smoothening and 

selective dissolution roughening process [32]. It has been acknowledged that during the post-

dealloying(coarsening stage), surface diffusion of noble metal element along alloy/solution interfaces 

plays a key role in the coarsening of nanoporous metals and has a significant influence on the length 

scales of ligaments[29]. At low temperature, due to the silver atoms diffusivity are suppressed, there 

are still some un-aggregated silver atoms on the surface when the fresh alloy was attacked by the 

electrolyte. There will be more un-aggregated silver atoms at alloy/electrolyte interfaces along with the 

dissolution of zinc atoms, which means they will have more opportunities to nucleate and result in the 

reduction of λ, generate more pores/ligaments with smaller size. 
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Figure 4. (a) XRD patterns of the alloy before and after dealloying for different time, (b) EDX spectra 

showing the composition of the sample that dealloyed for one hour. 

 

4. CONCLUSION 

Lowering electrolyte temperature can significantly reduce silver atoms surface diffusivity to 

fabricate finer nanoporous silver with pore range of 38-112nm, far smaller than that fabricated in room 

temperature by dealloying Ag-Zn. The coarsening exponent of silver at 2°C in 0.1 M H2SO4 is about 

4.19 and surface diffusivity of silver atoms are estimated to be 1.210
-16 

m
2
/s which can explain the 

pore size of nanoporous silver is commonly bigger than nanoporous gold by dealloying Au-Ag. SEM 

and EDX observation shows that dealloying process comprises two stages: the initial dissolution and 

pore formation stage, the latter coarsening stage. XRD patterns show Ag22Zn78 solid solution only 

contains  phases, with increasing dealloying time, the intensities of diffraction peaks of AgZn3 

decreases and intensities of diffraction peaks of Ag increases. AgZn3 phase(hcp) transforms into Ag 

(fcc) after all the zinc atoms are dissolved. 
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