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Nanoporous copper (NPC) ribbons with hybrid-modal pore size distributions can be facilely fabricated 

by effectively controlling the surface diffusivity of Cu atoms during chemical dealloying of dual-phase 

Mg 13.5 at.% Cu alloy with quasieutectic structures in the HCl solution. These NPC ribbons can be 

featured by a combination of ligament-pore structures with unimodal pore size distributions at 

superficial layers and those with bimodal pore size distributions in the interior composed of 

interconnected large-sized pores with highly porous pore walls. All pores in the ligament-pore 

structures with unimodal and bimodal pore size distributions are 3D, open and bicontinuous. The 

formation of the novel NPC ribbons can be well explained as a consequence of the greater diffusivity 

of Cu atoms at the superficial layers induced by the higher absorbed Cl
-
 concentration. According to 

the ligament sizes, the surface diffusivity of Cu atoms at the superficial layers can be evaluated as 

1.68×10
-16

 m
2
 s

−1
, which is two orders of magnitude greater than that in the interior of the NPC ribbons 

(3.55×10
-19

 m
2
 s

−1
). 

 

 

Keywords: Nanoporous copper; Dealloying; One-pot route; Surface diffusivity; Hybrid-modal pore 

size distribution 

 

1. INTRODUCTION 

Nanoporous metals (NPMs), as novel functional materials, have recently attracted considerable 

interest in a wide variety of applications including catalysis, sensors, actuators, fuel cells, microfluidic 

flow controllers, and so forth [1-4]. Since it has been found that chemical/electrochemical dealloying 

can be used to yield a broad range of porous metals, during the latest decades, a great deal of effort has 
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been directed towards the investigation of NPMs prepared through dealloying [5-8]. Currently, 

investigations of NPMs have been mainly focused on synthesis. Typically, methods to fabricate porous 

metals with controlled pore sizes result in synthesis of materials with unimodal pore size distributions. 

Obviously, the properties of NPMs with multimodal pore size distributions can be optimized through 

adjusting the pore size and distribution. For instance, for microfluidic-based sensors, a bimodal pore 

size distribution is desirable in order to achieve fast response time and high sensitivity, in which large-

sized pores are useful in microfluidic flow control, while small-sized pores are useful for increasing 

device surface area as required for sensor applications [9]. 

It is well-known that the more complex the porous structure of NPMs, the more difficult the 

synthesis process. Typically, Ding et al. [9] have reported on a two-step dealloying strategy to make 

free-standing noble metal membranes with a bimodal pore size distribution by performing a 

annealing/redealloying cycle on Ag-plated nanoporous gold (NPG). However, the cycle prolongs the 

production time and increases the cost. Zhang and co-workers [10-11] developed a one-pot dealloying 

route to synthesize the NPMs with bimodal channel size distributions, in which large-sized channels 

resulting from entire dissolution of solid solutions while small-sized those deriving from part corrosion 

of intermetallics. However, it is obvious that those large-sized channels cannot be regarded as 3D, 

open, bicontinuous pores and, to some extent, more like cracks. Recently, our group developed a facile 

one-pot route to fabricate the NPC with bimodal pore size distributions through rapid solidification and 

chemical dealloying of dual-phase Al-Cu alloys with quasieutectic structures, which is characteristic of 

an ideal two-phase bicontinuous microstructure [12]. Obviously, compared to the previous two-step 

strategy, one-pot route possesses evident advantages of simple processing, economy, and is applicable 

for large-scale synthesis. Thus, further developing facile preparation methods of NPMs with complex 

porous structures are crucial for their wide applications, which urgently need to be investigated. 

 

 
 

Scheme 1. Schematic diagram showing a typical morphological evolution of a dual-phase alloy with 

quasieutectic structure through controlling the diffusion kinetics process of MN atoms during 

dealloying (ApB1-p is a typical dual-phase alloy with quasieutectic structure, where a relatively 

large difference exists in the metal/metal-ion equilibrium potentials between A and B, and 

element A is more electroactive. AxB1-x and AyB1-y (x＞y) denote as the two phases existing in 

the ApB1-p alloy. B is the MN element in this case.). 
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It is generally recognized that the evolution of porous structure during dealloying involves 

etching of less noble (LN) elements coupled with coarsening of more noble (MN) elements by surface 

diffusion. Surface diffusion of MN elements along alloy/solution interfaces will play a key role in the 

formation of NPMs and has a significant influence on length scales of ligaments/pores [5,13]. In our 

previous work, it has been found that the surface diffusivity of MN atoms along the thickness direction 

of NPMs during dealloying is markedly different, in which the greater diffusivity often occurs on the 

surfaces [14]. Inspired by it, it is easy to consider that for dual-phase alloys with quasieutectic 

structures, further tailoring of length scales and distribution patterns of ligaments/pores along the 

thickness direction of NPMs could be achieved through effectively controlling the diffusion kinetics 

process of MN atoms during dealloying, as illustrated in Scheme 1. From this perspective, Mg 13.5 

at.% Cu alloy (eutectic point composition: 14.5 at.% Cu) was taken as an example to synthesize the 

NPC ribbons with hybrid-modal pore size distributions through rapid solidification and one-pot 

chemical dealloying. The results show that the as-made NPC ribbons can be featured by a combination 

of ligament-pore structures with unimodal pore size distributions at superficial layers and those with 

bimodal pore size distributions in the interior composed of interconnected large-sized pores with 

highly porous pore walls. All pores in the ligament-pore structures with unimodal and bimodal pore 

size distributions are 3D, open and bicontinuous. In the meantime, the formation mechanism of the 

novel NPC ribbons is discussed in detail. 

 

 

 

2. EXPERIMENTAL SECTION 

Mg-Cu alloy with nominal composition of 13.5 at.% Cu was prepared from pure Mg (99.9 

wt.%) and pure Cu (99.999 wt.%). Voltaic arc heating was employed to melt the charges in a copper 

crucible under an argon atmosphere, and then the melt was cooled down into ingots in situ. By use of a 

single roller melt spinning apparatus, the Mg-Cu ingots were remelted in a quartz tube by high-

frequency induction heating and then melt-spun onto a copper roller at a circumferential speed of 

~3000 rpm in a controlled argon atmosphere. The obtained alloy ribbons were typically 10-30 µm in 

thickness, 4-6 mm in width, and several centimeters in length. The rapidly solidified (RS) Mg-Cu alloy 

ribbons were dealloyed in a 1 wt.% HCl aqueous solution at room temperature (RT) for different 

times. After dealloying, the samples were rinsed with distilled water and dehydrated alcohol. The as-

dealloyed samples were kept in a vacuum chamber to avoid oxidation. Microstructural characterization 

and analysis of the RS Mg-Cu ribbons and as-dealloyed samples were made using X-ray diffraction 

(XRD, Rigaku D/Max-2400) with Cu K radiation, scanning electron microscopy (FESEM, Hitachi S-

4800) with an energy dispersive X-ray (EDX) analyzer, transmission electron microscopy (TEM, 

JEOL JEM 2100F) with selected-area electron diffraction (SAED), and high-resolution transmission 

electron microscopy (HRTEM, JEOL JEM 2100F). To test the electrochemical activities of -Mg and 

Mg2Cu phases in the RS Mg-Cu alloy, potentiodynamic polarizations studies were conducted on 

single-phase -Mg solid solution and Mg2Cu intermetallic compound (corresponding to Mg-Cu alloy 

with a trace amount of Cu and Mg 33 at.% Cu alloy prepared by the same procedure described above) 

in the HCl solution at RT by using an electrochemical measurement unit (PARSTAT 2273). The 
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experiments were carried out in a standard three-electrode electrochemical cell (200mL) with a Pt plate 

electrode as a counter electrode, a saturated calomel electrode (SCE) as a reference electrode, and the 

alloy ribbon as the working electrode. Polarization scan was performed towards positive values at a 

scan rate of 1.0 mV s
-1

, after allowing a steady state potential to develop. In order to evaluate specific 

surface areas of these as-dealloyed samples, the N2 adsorption/desorption experiments were carried out 

at 77 K on a Nova Station A automatic surface area and pore radius distribution apparatus. 

 

 

 

3. RESULTS AND DISCUSSION 

 
Figure 1. XRD patterns of RS Mg 13.5 at.% Cu alloy ribbon (a) before and (b-d) upon dealloying in 

the 1 wt.% HCl solution at RT for 5 min, 10 min. 

 

Figure 1 shows the XRD patterns of the RS initial Mg 13.5 at.% Cu alloy ribbons and their as-

dealloyed samples upon dealloying in the 1 wt.% HCl solution at RT for different times. The filled 

circles, squares and triangles in Figure 1 stand for -Mg, Mg2Cu and Cu, respectively. As can be seen 

from part a of Figure 1, the Mg 13.5 at.% Cu alloy is composed of two phases: -Mg and Mg2Cu, and 

the amount of -Mg is slightly more than that of Mg2Cu in the alloy. Upon the dealloying over 5 min 

in the HCl solution, only a face-centered cubic (f.c.c.) Cu phase can be identified in the as-dealloyed 

samples (parts b and c of Figure 1). It should be noted that the peak width of (111)Cu, (200)Cu, (220)Cu 

reflections of the NPC by dealloying in the acidic solution for 5 min is slightly broad compared to that 

by dealloying for 10 min, suggesting that the length scales of porous structure in the NPC ribbons by 

dealloying for 5 min are relatively smaller. 

Figure 2 shows the typical plane-view and section-view SEM images of the NPC ribbons with 

bimodal pore size distributions by dealloying of RS Mg 13.5 at.% Cu alloy in the 1 wt.% HCl solution 

for 5 min. Clearly, the surface exhibits a porous structure with slightly larger pore sizes of ~100 nm as 
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compared with that of ligament dimensions (50-70 nm, part a of Figure 2). The SEM image at a higher 

magnification shows the pore walls exhibit an open, bicontinuous interpenetrating ligament-pore 

structure with length scales of 10-20 nm (part b of Figure 2). 

 

            

 

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2. SEM images showing the microstructure of the NPC with bimodal pore size distributions by 

dealloying in the 1 wt.% HCl solution for 5 min. Parts a and b are the plane views; parts c and d 

are the section views. Part b shows the plane-view SEM image at a higher magnification; part d 

shows the entire section-view SEM image at a lower magnification, in which broken line 

denotes the edge between surface and section. (e) A typical EDX spectrum shows the 

composition of NPC by dealloying for 5 min. a.u.: arbitrary units. 

 

Moreover, the section view of the NPC ribbons clearly shows, in the inner space of it, the 

large-sized pores continuously penetrate the whole ribbons, and the large-sized pore walls also possess 
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an open, bicontinuous interpenetrating ligament-pore structure, suggesting that the nanoporous 

structure of the pore walls is 3D (parts c and d of Figure 2).  

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. SEM images showing the microstructure of the NPC with hybrid-modal pore size 

distributions by dealloying in the 1 wt.% HCl solution for 10 min. Parts a and b are the plane 

views; parts c and d are the section views. Part b shows the plane-view SEM image at a higher 

magnification; part d shows the entire section-view SEM image at a lower magnification, in 

which broken line denotes the edge between surface and section. (e) A typical EDX spectrum 

shows the composition of NPC by dealloying for 10 min. a.u.: arbitrary units. 

 

Thus, the NPC ribbons have bimodal pore size distributions composed of interconnected large-

sized pores (~100 nm) with highly porous pore walls (10-20 nm). 
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Additionally, EDX analysis has been performed on the NPC ribbons and one typical spectrum 

is shown in part e of Figure 2. Obviously, only Cu can be identified and all of Mg was removed from 

the Mg 13.5 at.% Cu alloy during dealloying. In contrast, NPG (by dealloying of Ag-Au alloys) 

normally contains some residual at.% Ag. The residual Ag is expected to be trapped inside the Au 

ligaments based upon the dealloying mechanism [15,16]. Moreover, the residual Ag can not be 

removed but asymptotically reaches a limit at exhaustively long etching times (up to 100 h) [15]. 

Intriguingly, with the dealloying time up to 10 min, the NPC ribbons from the RS Mg 13.5 at.% 

Cu alloy show that an unique porous structure with hybrid-modal pore size distributions can be 

obtained and typical SEM images are shown in Figure 3. Comparable with that by dealloying for 5 

min, the surface exhibits a uniform network morphology with slightly smaller ligament sizes of 60-80 

nm as compared with that of pore dimensions (~100 nm), whereas no obvious porous structure can be 

observed on the pore walls at a higher magnification (parts a and b of Figure 3). In contrast, the section 

view of the NPC ribbons shows the large-sized pores continuously penetrate the whole ribbons and the 

pore walls clearly exhibit an open, bicontinuous interpenetrating ligament-pore structure, indicating 

that the porous structure in the interior of the NPC ribbons still is characteristic of typical bimodal pore 

size distributions (parts c and d of Figure 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (a) TEM image showing the porous structure with hybrid-modal pore size distributions of 

the NPC ribbons by dealloying of the Mg 13.5 at.% Cu alloy in the 1 wt.% HCl solution for 10 

min. (Inset) SAED pattern corresponding to one ligament in part a. (b) HRTEM image shows 

lattice fringes extending throughout the whole ligament in the pore walls. 

 

It is worth noting that, with the dealloying time from 5 min up to 10 min, there is little change 

to the ligament/pore sizes in the interior of NPC ribbons (10-20 nm). EDX analysis has been 

performed on the NPC ribbons and one typical spectrum shows only Cu can be identified in the as-

dealloyed samples upon the dealloying for 10 min (part e of Figure 3). Thus, we herein define the 

unique NPC featured by a combination of ligament-pore structures with unimodal pore size 

distributions at superficial layers and those with bimodal pore size distributions in the interior 
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composed of interconnected large-sized pores with highly porous pore walls as NPC with hybrid-

modal pore size distributions. All pores in the ligament-pore structures with unimodal and bimodal 

pore size distributions are 3D, open and bicontinuous. 

TEM observation further verifies the porous structure of NPC ribbons with hybrid-modal pore 

size distributions upon dealloying in the HCl solution for 10 min and one typical TEM bright-field 

image is shown in part a of Figure 4. The SAED pattern corresponding to one ligament shows a 

hexagonal pattern, which is from the f.c.c. Cu [110] zone axis, indicating a single crystalline 

characteristic of the selected area (inset of Figure 4a). Moreover, lattice fringes extending throughout 

the whole ligament from the HRTEM image (part b of Figure 4) further verify the single crystal nature 

of the ligament in the pore walls. It should be noted, however, the present results are essentially 

different from the established notion that the crystal lattice orientation is retained during dealloying of 

Ag-Au alloys with the conservation of the grain size of the master alloys [17-20]. For the lattice 

structure of the resulting NPC is considerably different from that of Mg2Cu intermetallics in the initial 

Mg-Cu alloy (Mg2Cu: face-centered orthorhombic; Cu: f.c.c.). 
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Figure 5. Tafel polarization curves of single-phase -Mg solid solution and Mg2Cu intermetallic 

compound in the HCl solution. 

 

Figure 5 shows Tafel polarization curves of single-phase -Mg solid solution and Mg2Cu 

intermetallic compound in the HCl solution, respectively. It can be found that the difference between 

free-corrosion potentials of the single-phase -Mg and Mg2Cu in the acidic solution is ~793 mV(SCE), 

which clearly indicates that the -Mg have a relatively high electrochemical activity compared to the 

Mg2Cu in the HCl solution. 

The specific surface areas of these porous samples can be evaluated based upon N2 

adsorption/desorption experiments. Figure 6 shows the N2 adsorption/desorption isotherm for NPC 

ribbons with hybrid-modal pore size distributions by dealloying of the RS Mg 13.5 at.% Cu alloy in 

the HCl solution for 10 min. The result shows that the Brunauer-Emmett-Teller (BET) surface area of 

the appointed sample is much high and has been determined to be 10.6 ± 0.1 m
2
 g

-1
. It is worthwhile 



Int. J. Electrochem. Sci., Vol. 7, 2012 

  

6373 

noting that this interesting structural feature endows the NPC ribbons with higher surface area, which 

is especially beneficial for catalysis and sensing applications. 
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Figure 6. N2 isotherm at 77 K for the NPC by dealloying of the RS Mg 13.5 at.% Cu alloy in the 1 

wt.% HCl solution for 10 min. 

 

It is generally recognized that ideal bicontinuous nanoporous structures are obtained from 

binary alloy families with a single-phase solid solubility across all compositions by 

chemical/electrochemical dealloying. The formation mechanism of nanoporous structures during 

dealloying has been described in the literature [5]. It has been shown that ligaments form as a result of 

an intrinsic pattern formation during which aggregation of chemically driven noble metal atoms 

occurs. The process started with selective dissolution of base metal atoms from the outermost alloy 

surface, leaving behind noble metal atoms that diffused along alloy/solution interfaces and 

agglomerated into the ligaments. Thus, porosity evolution forms dynamically during dissolution and is 

not due to one active component simply being excavated out of a binary solid solution alloy [13]. 

However, if multiple phases exist in an alloy, a more complicated dealloying process will 

occur. Typically, the present Mg 13.5 at.% Cu alloy is composed of -Mg and Mg2Cu phases, in 

which -Mg can be entirely dissolved and Mg2Cu just may be partly corroded. According to the non-

equilibrium solidification theory, during the rapid solidification of the Mg 13.5 at.% Cu alloy, eutectics 

of -Mg and Mg2Cu phases can directly nucleate and continually grow from the initial liquid, 

suppressing the precipitation of primary -Mg phase due to the fast cooling rate, characteristic of an 

ideal two-phase bicontinuous microstructure (namely, quasieutectic structure). As indicated in Figure 

5, the electrochemical activity of -Mg is much higher than that of Mg2Cu. Thus, -Mg and Mg2Cu 

phases existing in the alloys can form corrosion couple cells, with the -Mg (Mg-rich phase) acting as 

an anode and preferentially dissolving during dealloying compared to the Mg2Cu. The preferential 

dissolution of -Mg phase forms a large number of tiny paths like a 3D porous network for the 

penetration of the solution throughout the whole thickness of the ribbons, and the dealloying of -Mg 
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facilitates that of Mg2Cu in which Mg can be selectively preferentially etched. On the other hand, the 

continuous excavation of the interconnected -Mg phase from the microstructure during the etching 

contributes to the formation of the large-sized pores in the resultant NPC, like the case for porous 

glasses [21], while the dealloying of the Mg2Cu intermetallics results in the nanoporous structure of 

the pore walls. Obviously, it is in good agreement with the SEM observations, indicating the 

microstructure of the NPC strongly depends on the phase distribution of the initial alloy. This is why 

the NPC ribbons with bimodal pore size distributions composed of interconnected large-sized pores 

with highly porous pore walls can be obtained as the dealloying time for 5 min. 

With the dealloying time up to 10 min, porous structure of the NPC ribbons from the RS Mg 

13.5 at.% Cu alloy gradually coarsens through surface diffusion of Cu atoms based upon the Ostwald 

ripening effects [22]. However, the coarsening rate of the porous structure along the thickness 

direction of the NPC ribbons is distinctly different, as discussed in detail in the following part. 

It was reported that the surface diffusivity in solution of Cu atoms along alloy/solution 

interfaces is generally of order of 10
-10 

cm
2 
s

-1
, and the adsorption of chloride ion (Cl

-
) in HCl solution 

can greatly enhance the surface diffusion of Cu atoms during the dealloying [23,24]. As far as given 

dealloying solutions and alloy systems are concerned, surface diffusion of noble metal atoms along 

alloy/solution interfaces strongly depends upon dealloying solution concentration [5,11,13,25-26], and 

that is just the adsorbed Cl
-
 concentration in the present case. It might remarkably modify the enthalpy 

and entropy of formation of surface moving entities and adsorbed bonds between neighboring sites due 

to electron transfer reactions [27,28]. Obviously, adsorbed Cl
-
 concentration at the superficial layers of 

samples is much higher than that in the interior because nano-scaled channels near the outmost surface 

severely restrict the transport of ions into the inner space of the structure [29]. Thus, the surface 

diffusivity of Cu atoms at the superficial layers can be significantly enhanced. These will be further 

discussed based on the calculations on the surface diffusivity in the following section. 

 

Table 1. The ligament sizes at the superficial layers and in the interiors of the NPC ribbons by 

dealloying of RS Mg 13.5 at.% Cu alloy in the HCl solution for 10 min, the corresponding 

surface diffusivities estimated by Eq. (1) [30-31]. 

 

Sites in the samples Interiors Superficial layers 

Dealloying temperature (T, K) 298 298 

Dealloying time (t, s) 600 600 

Ligament size (d(t), nm) 15±5 70±10 

Surface diffusivity (DS, m
2
 s

−1
) 3.55×10

-19
 1.68×10

-16
 

 

It has been reported that a maximally unstable spatial period relationship has been predicted for 

the characteristic length scale ( d ) of nanoporous metals and surface diffusivity ( SD ): 0( / )Sd D V  , 

where 0V  is the velocity of a flat alloy surface with no MN atoms accumulated upon it and   is a 

constant, suggested to be 1/6 or 1/4 [5,30]. Based on the surface diffusion controlled coarsening 

mechanism, the SD  values of Cu atoms along alloy/solution interfaces can be estimated by the equation 

[30-31]: 
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4

4

[ ( )]

32
S

d t kT
D

t 
  (1), where k  is the Boltzmann constant (1.3806×10

−23
 J K

-1
),   is the surface 

energy (1.79 J m
−2

) [32], ( )d t  is the ligament size at the dealloying time 
t

,   is the lattice parameter 

of Cu (3.6153×10
−10

 m), and T  is the dealloying temperature. According to the ligament sizes at the 

superficial layers and in the interior of the NPC by dealloying of RS Mg 13.5 at.% Cu alloy in the HCl 

solution for 10 min, the SD  of Cu atoms at the superficial layers and in the interior was calculated, 

respectively, as listed in Table 1. It is astonishing that the SD  of Cu atoms at the superficial layers of 

samples, 1.68×10
-16

 m
2
 s

−1
, is two orders of magnitude greater than that in the interior (3.55×10

-19
 m

2
 

s
−1

), indicating the occurrence of substantial coarsening with greater diffusivity at the superficial layers 

of the NPC ribbons. 

Moreover, it should be noted that the coarsening rate of porous structure at the different sites of 

superficial layers of the NPC ribbons is also remarkably different. Obviously, the nanoporous structure 

in the pore walls of superficial layers coarsens faster driven by its higher surface energy, thus resulting 

in the formation of porous structure with unimodal pore size distributions at the superficial layers of 

the NPC ribbons upon the complete disappearance of nano-scaled pores in the pore walls of superficial 

layers. On the contrary, as a result of the severe restriction of transport of Cl
-
 ions, there is little 

noticeable coarsening occurrence in the interior of NPC ribbons when the dealloying time from 5 min 

up to 10 min. This is why as the dealloying time increasing to 10 min, the porous structure at the 

superficial layers of NPC ribbons has changed into that with unimodal pore size distributions, while 

the porous characteristics with bimodal pore size distributions still exist in the interior. 

Based on our present work, it can be proposed that one can employ this simple and effective 

one-pot strategy to obtain NPMs with hybrid-modal pore size distributions from dual-phase alloys with 

quasieutectic structures, such as the NPC with hybrid-modal pore size distributions. It will have 

important implications for further fabricating novel nanoporous materials with more complex 

structures from multi-phase alloy families. Meanwhile, compared to other methods in the literatures, 

this strategy possesses evident advantages of simple processing, economy, and is applicable for large-

scale synthesis. Additionally, the present work will lay a solid foundation for the promising 

applications of NPC in lithium ion batteries within the green, new energy industry. Some encouraging 

test findings have been obtained in our previous work [33-35], the extensive study is in progress. 

 

 

 

4. CONCLUSION 

We present a simple and effective one-pot approach to synthesize NPC ribbons with hybrid-

modal pore size distributions by controlling the surface diffusivity of Cu atoms during chemical 

dealloying of dual-phase Mg 13.5 at.% Cu alloy with quasieutectic structures in the HCl solution. The 

as-made NPC ribbons can be featured by a combination of ligament-pore structures with unimodal 

pore size distributions at superficial layers and those with bimodal pore size distributions in the interior 

composed of interconnected large-sized pores with highly porous pore walls. All pores in the ligament-

pore structures with unimodal and bimodal pore size distributions are 3D, open and bicontinuous. The 

formation of the unique NPC ribbons can be explained as a consequence of the greater diffusivity of 
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Cu atoms at the superficial layers induced by the higher absorbed Cl
-
 concentration. Compared to other 

methods in the literatures, this approach possesses evident advantages of simple processing, economy, 

and is applicable for large-scale synthesis. The present work will have important implications for 

further fabricating novel porous materials with more complex structures from multi-phase alloy 

families. 
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