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Abstract: 

Designing materials with multiscale, hierarchical structure is critical to drive the advancement of new 

technology. Specifically, porous metals with multiscale porosity from nanometer to micrometer sizes 

would lead to enhanced physical and chemical properties –– the micron-sized pores can increase the 

effective diffusivity of ion transport within the porous media, and the nano-sized pores provide high 

specific surface area, enabling functionalities that are unique to nanoporous metals. A new ternary 

precursor alloy selection concept utilizing the different mixing enthalpies is demonstrated in this work 

for the design of multiscale, bimodal porous copper from a simple, one-step dealloying of Cu-Fe-Al 

ternary alloy. The nanoporosity in the bimodal porous structure is formed from dealloying of Cu-rich 

phase, whereas the microporosity is controlled by dissolving the Fe-rich phase, determined by both 

the initial Fe particle size and sintering profile. In addition to advancing the materials design method, 

the multiscale pore formation during dealloying was directly visualized and quantified via an 

interrupted in-situ synchrotron X-ray nano-tomography. The 3D morphological analysis on tortuosity 

showed that the presence of the microporosity can compensate the increase of the diffusion path 

length due to nanoporosity, which facilitates diffusion within the porous structure. Overall the focus 

of the work is to introduce a new strategy to design multiscale porous metals with enhanced transport 

properties, and sheds light on the fundamental mechanisms on the 3D morphological evolution of the 

system using advanced synchrotron X-ray nano-tomography for future materials development and 
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applications. 

Key words: bimodal porous Cu, materials design, 3D morphology, nano-CT, TXM 

 

Graphical Abstract 

 

1. Introduction 

Porous metals as a unique class of materials possess notable characteristics including low 

relative density, high specific surface area, high specific strength, high permeability, which leads to a 

wide range of applications, including batteries 1 2 3 4, electrochemical sensors 5, catalysts 6 7, fuel cells 

8, filters 9, heat exchangers 10, sound absorbers 11, and mechanical actuators 12. Porous metals with 

pore size ranging from nanometer scale to micrometer scale can be fabricated by various methods, 

such as electrochemical deposition, templating and dealloying. 13 7 14 15 Specifically, dealloying has 

attracted great attention for fabricating three-dimensional (3D) bicontinuous nanoporous metals via a 
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selective dissolution and self-rearrangement mechanism. While presenting excellent functional 

properties on the surface, nanoporous structure may exhibit limitation in its transport properties owing 

to its tortuous diffusion path. To enhance the transport properties of porous material, multiscale 

porous structure which has both the nano-sized and micron-sized pores would offer unique properties. 

Recent review highlights the advances of new research areas in using nanoporous metals as a base 

structure while incorporating structural hierarchy for novel properties or applications such as catalysis 

and electrochemistry
 16. Such bimodal property is particularly beneficial for functional materials 

which involve mass transport applications 17 18 19 20. Nanopores can increase the specific surface area 

(surface area per unit volume) for enhanced chemical or electrochemical reactions and micropores 

can facilitate the transport of ions over the long range diffusion into the materials 21 by reducing the 

tortuosity of the materials, thereby increasing its effective diffusivity 21-23. 

To-date, four five main techniques involved dealloying method have been demonstrated to 

fabricate multiscale porous metals: two-step dealloying method 24, templating combined with 

dealloying method 25, dealloying of intermetallic and metallic elemental phases method 26 and, ternary 

alloy dealloying method 27 and direct printing combined with dealloying method
 28 29. As novel 

methods, these methods used to fabricate multiscale porous metal mentioned possess different 

challenges. The technology of two-step dealloying method, direct printing combined with dealloying 

method and template combined with dealloying method involve multi-step processing procedures. 

The dealloying of intermetallic and metallic elemental phases method applies to a rather narrow 

composition range of precursor alloys, which will limit the achievable range of micro- and nano-

porosity. Ternary alloy dealloying has been demonstrated in prior studies to enable additional 

structural, morphological and chemical tuning of nanoporous metal design, such as stabilizing 

nanoporous gold coarsening by introducing Pt 27. However, it is challenging to obtain pure bimodal 

porous metals. 

In this study As the focus of this work, we demonstrated a new approach to fabricate bimodal 
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porous metal with controllable microporosity via a simple, one-step dealloying method of a ternary 

alloy. The concept involves choosing an alloy system A-B-C formed by powder metallurgy with 

micron-sized powders, where both B and C are active components, mixing enthalpy between A and 

B is positive, while the mixing enthalpy values of the other two binary subsystems A-C and B-C are 

negative 30 31, so that A- C (-B) and B-C (-A) phases are formed; in a simple dealloying treatment 

step, the B-rich phase can be dissolved to form micron-sized pores where the size is controlled by 

both the initial particle size of B and sintering profile, whereas the alloy A-C (-B) can be dealloyed 

to form a percolated nanoporous A. This concept is illustrated below in Figure. 1 (a). 

 

Figure. 1 – (a) design concept of bimodal porous metal fabricated by a simple one-step dealloying 

of ternary alloys; the B-rich phase can be dissolved to form micron-sized pores where the size is 

controlled by both the initial particle size of B and sintering profile, whereas the alloy A-C (-B) can 

be dealloyed to form a percolated nanoporous A. (b) experimental setup and interrupted in-situ 

dealloying treatment for synchrotron transmission X-ray microscopy characterization. The 

dealloying process was conducted in a 5 wt. % sulfuric acid solution at both 90 oC and 60 oC 

separately to study the temperature dependence of porous structure. 
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We demonstrated this new method by fabricating multiscale, bimodal porous Cu materials, a 

versatile materials with excellent properties and a range of applications 32 33 34 35 36 (further 

information in Supporting Information), from dealloying Cu-Fe-Al ternary alloy; following the 

design concept as outlined above, in which element A is Cu, B is Fe, and C is Al. The mixing enthalpy 

of Cu-Fe is 13 kJ/mol, for which they are immiscible, whereas the mixing enthalpy for Cu-Al is -1 

kJ/mol and Fe-Al -11 kJ/mol, both are miscible 30. Here, the role of Al is to combine with Cu and 

form Cu-Al (-Fe) phase, so that after the dissolution of active components in the Cu-Al (-Fe) phase, 

Cu will rearrange and form a nanoporous structure. With the immiscibility with Cu, the role of Fe is 

to remain its phase separation from the Cu-Al phase and this Fe-rich phase will form a microporous 

structure upon the dealloying-dissolution process. In addition to innovating a new processing method, 

we conducted studies on the 3D morphological evolution and phase transformation during the 

dealloying, by applying advanced synchrotron X-ray nano-tomography (Further details in Supporting 

Information). An interrupted in-situ approach was taken here, in which the same sample was 

measured and treated repetitively to study the morphological evolution from the same location as the 

result of dealloying process 37 38 39 40. Therefore, overall the novelty of this work is two-fold: one on 

the demonstration of this new strategy to fabricate bimodal porous metal, and one on the use of novel 

synchrotron X-ray nano-tomography to understand the morphological evolution during the dealloying 

process. By revealing the underlying dealloying mechanism of process through studying the temporal 

evolution of the materials’ morphology in this new material processing strategy, the ultimate goal is 

to be able to precisely control the 3D morphology of the bimodal porous metal to enable novel 

multiscale materials design for tailored properties and applications. 
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2. Methods  

2.1 1 Fabrication of Bimodal Porous Cu 

Metal powers of pure Cu (particle size: 1 μm), Fe (particle size: 8 μm) and Al (particle size: 2 

μm) purchased from Alfa Aesar (Company, USA) were used to prepare Al30Fe45Cu25 precursor alloys 

by Plasma Activated Sintering (PAS) facility (ED-PAS 111, Japan) sintered at 800 °C for 5 min with 

a heating rate of 50 °C/min. The sintering pressure was 50 MPa, and the vacuum pressure was lower 

than 10 Pa during the sintering experiments. The sintering process, conducted at a temperature lower 

than the melting point of pure Cu (1085 oC) and pure Fe (1538 oC), allowed the prepared Al30Fe45Cu25 

precursor alloy to remain similar length-scale of the initial metal powders upon alloying. In the 

process, the micron-sized Fe powders formed an Fe-rich phase to allow the following dissolution 

process to create micron-sized pores; a Cu-rich phase was also formed to then allow a dealloying 

process to create a percolated Cu nanoporous structure. The characterization of the pristine precursor 

alloy is presented in the results and discussion section. The bimodal porous structure was fabricated 

by chemical dealloying of the Al30Fe45Cu25 precursor alloys using 5 wt% sulfuric acid (H2SO4) 

aqueous solution at 90 °C and 60 oC. Deionized water was used to prepare the H2SO4 solution. The 

dealloying process finished when no gas bubbles from hydrogen gas evolution emerged in the solution; 

the dealloying samples were immersed in deionized water and then ethanol for about 20 min 

consecutively. 

The phase composition and surface microstructure of the ternary precursor alloys and porous Cu 

were investigated through X-ray diffraction (XRD) and scanning electron microscopy (SEM) 

respectively. In order to observe the morphological evolution of Al30Fe45Cu25 alloy, four bulk alloy 

samples after being dealloyed for different amount of time were prepared, for the cross-section FIB-

SEM analysis. In addition, one Al30Fe45Cu25 bulk alloy sample was repeatedly analyzed by alternating 

dealloying and surface energy dispersive spectroscopy (EDS) measurement, to investigate the 

chemical composition evolution during interrupted in-situ dealloying process. The XRD, SEM and 
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EDS analysis were conducted at the Center for Functional Nanomaterials (CFN) at Brookhaven 

National Laboratory (BNL).  

2.2 2 Sample preparation for X-ray Nano-tomography Characterization 

All samples measured in X-ray nano-tomography characterization were prepared by focused ion 

beam (FIB) milling at the CFN of BNL. Two samples were imaged as prepared: Precursor 

Al30Fe45Cu25 bulk alloy and fully dealloyed porous Cu samples (dealloyed for 24 h at 90 oC) micro-

pillars were milled from selected regions, lifted out, and attached onto a sharp W pin by Pt deposition; 

the final cylinders with 20-30 µm in diameter and ~50 µm in length following an established 

procedure published previously 41 The procedure is shown in supporting information Fig. S4 Figure. 

S 3. The interrupted in-situ X-ray nano-tomography process involves alternating X-ray nano-imaging 

at the TXM and dealloying of the same sample repeatedly. Therefore, the standard FIB-lift-out 

process as described previously is not suited for ex-situ tomography, as the Pt deposited to attach the 

sample onto the pin might be mechanically unstable during the repeated treatment process; using a 

FIB-lift-out sample might lead to sample loss during the experiment. To mitigate this issue, the 

samples for interrupted in-situ X-ray tomography characterization were prepared using a different 

method demonstrated previously in solid oxide fuel cells studies 42: Fe75Cu25 and Al30Fe45Cu25 

precursor bulk alloys were firstly cut by diamond saw into thin strips with the dimension of 10 mm 

in length, 1mm in thickness (the thickness is uniform for the whole strips), and width of the top 

portion of the thin strips (~0.5 mm) is narrower than the bottom portion. Then the top portion of the 

thin strips were further polished down to ~0.5 mm, which is the same with the width of top portion. 

The sharpened tip of the wedge-shape strips is required to conduct the FIB milling within a reasonable 

time. The top portion of wedge-shape strips was then milled into micro-pillars with about 20 µm in 

diameter and 50 µm in length using a 21 nA ion beam current. The surface of the micro-pillar was 

cleaned by 2.8 nA ion beam current to 18 µm in diameter. With this method, the long strips with 

milled tip can be directly mounted into the as X-ray nano-tomography samples thus avoiding any 
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binders, glues or other mechanically unstable methods. 

2.3 Synchrotron Transmission X-ray microscopy characterization 

Synchrotron X-ray nano-tomography characterization was conducted at Full-field X-ray 

Imaging (FXI) Beamline 18-ID, National Synchrotron Light Source II (NSLS-II), Brookhaven 

National Laboratory. The outstanding capability of the full field transmission X-ray microscopy 

(TXM) at FXI beamline is the one-minute acquisition time for a full 3D nano-tomography dataset 

with sub-50nm spatial resolution 45. Therefore, FXI beamline focuses on high speed imaging for 

tracking sample dynamics. The TXM utilizes a capillary condenser, and a 30 nm outermost Fresnel 

zone plate as an objective lens. The detector is the Andor Neo 5.5 camera with 2560 (H) x 2160 (V) 

pixels and 6.5 µm x 6.5 µm pixel size. A total of 1080 projections images (2 x 2 binned) were recorded 

from 0 to 180o in a fly-scan mode with a rotation speed of 2 deg/s and an exposure time of 0.015 s. 

For the parameters used to conduct this work, the field view of the TXM was set to 43 µm x 36 µm, 

with a pixel size of 34 nm; incident X-ray energy used to collect the tomography was at the above 

and below Cu K-edge as well as Fe K-edge: at 9.1 (above Cu K-edge), 8.95 (below Cu K-edge), 7.2 

(above Fe K-edge) and 7.1 (below Fe K-edge) keV, respectively. 

In order to study the effect of dealloying temperature on bimodal porous structure, we also 

conducted ex-situ measurement of Al30Fe45Cu25 alloys dealloyed at both 60 °C and 90 °C. 

Al30Fe45Cu25 alloy dealloyed at 60 °C with was studied at 6 dealloying time points: 0 min (pristine), 

10 min, 30 min, 40 min, 50 min and 65 min, and Al30Fe45Cu25 alloys dealloyed at 90 °C was studied 

at 3 dealloying time points:0 min (pristine), 2.5 min and 7 min. While, using an ‘interrupted in-situ’ 

has a significant advantage over the conventional method of measuring different samples, which 

would likely introduce sample/statistical variations as well as the challenges to identify the evolution 

of specific features continuously. The interrupted in-situ X-ray tomography characterization 43 44was 

conducted by collecting tomography data of alloys at different dealloying durations; the same samples 

were measured from the pristine state and different dealloyed states repeatedly via alternating the 
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dealloying and X-ray imaging. The measurement was initially tested at both 60 oC and 90 oC; the 

dealloying rate at 60 oC is slower so that the dealloying process can be better controlled and analyzed 

quantitatively during the interrupted in-situ experiment with X-ray nano-tomography. Therefore, the 

morphological evolution of bimodal porous Cu dealloyed at 60 oC is the focus of the X-ray nano-

tomography analysis. Moreover, Fe75Cu25 binary alloy was also studied by interrupted in-situ 

measurement and dealloyed at 90 °C with 3 dealloying time points:0 min (pristine), 2.5 min and 7 

min, in order to compare the different dealloying mechanism between Fe75Cu25 binary alloy and 

Al30Fe45Cu25 ternary alloy. 

2.4 4 Data Processing and Analyzation 

A filtered-backprojection (FBP) algorithm was applied to reconstruct the 3D structure from the 

X-ray nano-tomography characterization data set using the “Gridrec” implementation in Tomopy 46. 

Median filter smoothing with kernel size 3×3×3 was performed in the reconstructed image by 

replacing each pixel with the median of the neighboring pixel values to reduce the level of noise. 

Segmentation was applied on the reconstructed images using Trainable Weka Segmentation in 

freeware Image J 47 48 to segment four different phases: pores, ligament, Cu-rich phase and Fe-rich 

phase. The 3D segmented image stacks were cropped along height direction of cylindrical sample for 

further analysis. Visualization of 2D pseudo cross-section and 3D morphological evolution was 

conducted using commercial software Avizo (v.9.3 FEI). Feature size distribution and tortuosity in 

three dimensions was quantified according to the segmented 3D images and customized Matlab code 

developed in-house by implementing well-established methods 49; the feature size for different phases 

were quantified including the size distribution of pores, ligaments and Cu-rich phase; the algorithm 

for tortuosity calculation used the “quasi-Euclidean” voxel neighboring definitions 22. The volume 

fraction of the 3D structure feature was determined by voxel counting in the image histogram, where 

the voxel count of one feature was divided by the overall sample volume in voxel numbers. Note that 

the 3D morphological parameters from the sample with 40 and 50 min of dealloying were not 
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measured, because the tomographic images of these two time points appear to be not in-focus; 

visualization could still be conducted on these two datasets but not quantitative calculation. 

 

3. Results and Discussion 

3.1 Morphology of Precursor Alloys and Bimodal Porous Cu 

The microstructure and phase composition of Cu-Fe-Al ternary alloy and its corresponding 

multiscale porous Cu are firstly discussed below. The morphology and phase composition of the 

precursor alloys, which can influence the final microstructure and homogeneity of porous Cu, as well 

as the dealloyed bimodal porous Cu, are shown in Figure. 2. In this system, because Cu and Fe are 

highly immiscible – two separate Fe-rich and Cu-rich phases will form after sintering as also 

demonstrated in our prior work 50, the particle size of Fe impacts the size of micropores of bimodal 

porous structure Fe-rich phase directly, as a result, it also determines the size of micropores in bimodal 

porous structure. The introduction of Al changes the phase composition of precursor alloy; the 

corresponding porous Cu dealloyed from Cu-Fe-Al alloy thus will have a significantly different 

morphology from the micron-sized porous Cu formed by dealloying Cu-Fe. Two major phases present 

in Al30Fe45Cu25 precursor alloy with different density can be visualized from the backscatter-electron 

SEM image (Figure. 2 (a)). However, the XRD result in Figure. 2 (c) shows only one set of peaks in 

Al30Fe45Cu25 alloy. The diffraction pattern of the Al30Fe45Cu25 alloy is similar to the diffraction pattern 

of the BCC Fe but shifts to smaller diffraction angles, indicating larger lattice spacing. The phase 

diagram suggests a wide range of compositions, β-Cu-Fe-Al phase, which was divided into β1+β2 

(Cu-rich + Fe-rich) two-phase regions 51. After chemical dealloying of the Al30Fe45Cu25 precursor 

alloys using 5 wt% sulfuric acid (H2SO4) aqueous solution at 90 °C, a bimodal structural porous Cu 

with both micron-sized pores and nano-sized pores was formed, as shown in Figure. 2 (b). The 

dealloying process removed Fe and Al from the Cu-Fe-Al ternary alloys while the pure Cu remained, 
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forming porous structure, as shown in XRD pattern in Figure. 2 (c). It was believed that the dissolution 

of micron-sized Fe-rich phase forms the micropores, while dealloying of Al-(Fe) from the Cu-rich 

phase forms the nanopores; however, the detailed mechanisms are temporal evolution of the materials’ 

morphology during dealloying is to be studied, as presented below via the X-ray nano-tomography. 

 

 

Figure. 2 - Microstructure, phase composition and 3D morphology of Al30Fe45Cu25 precursor alloy 

and its corresponding fully dealloyed, bimodal porous Cu from dealloying the precursor alloy in 5 

wt. % H2SO4 aqueous solution at 90 oC . SEM images showing surface microstructure of (a) 

Al30Fe45Cu25 alloy precursor and (b) corresponding bimodal porous. (c) XRD diffraction pattern. X-

ray nano-tomography reconstruction showing the 3D morphology: (d) Al30Fe45Cu25 alloy, (e) 
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bimodal porous Cu with micron- and nano-sized porous; a zoom-in view of the nanoporous 

structure is shown in (f). Pseudo cross-section images from X-ray nano-tomography for both (g-h) 

the pristine and (i-j) bimodal porous Cu, imagined at above Cu K-edge, where the X-ray attenuation 

of the Cu-rich phase is significantly increased, so that the contrast between the Fe-rich and Cu-rich 

phases can be enhanced. 

 

X-ray nano-tomography was conducted in order to investigate the morphological evolution of 

Cu-Fe-Al precursor alloy and bimodal porous Cu. The 3D morphology is directly visualized as shown 

in the 3D volume rendering (Figure. 2(d)-(f)) and 2D pseudo cross-section images (Figure. 2 (g)-(j)) 

of Al30Fe45Cu25 precursor alloy and fully dealloyed bimodal porous Cu (dealloyed for 24 h at 90 oC).  

After sintering, each of the Cu-rich phase and Fe-rich phase formed a three-dimensional 

interconnected structure each with micron-sized features, as shown in the 3D tomographic 

reconstruction, Figure. 2 (d). The 2D pseudo cross-sections of porous Cu are shown in Figure. 2 (i) 

and (j). From the 2D pseudo cross-sections and XRD analysis of porous Cu after fully dealloying of 

Al30Fe45Cu25 alloy, Cu was shown to be the only remaining phase, and forms bicontinuous micron-

sized pore and nano-sized pores, as shown in Figure. 2 (e) and (f). Comparing Figure 2(a) with Figure 

2(b) from the SEM analysis, and Figure 2(d, g, h) with Figure 2(e, i j) from tomography analysis, the 

pores size of the micron-sized pore is similar to the size of initial Fe-rich phase in the pristine alloy. 

The nanoporous structure in this bimodal porous Cu shows similar bi-continuous 3D morphology to 

other nanoporous metals which were also fabricated by chemical or electrochemical dealloying 

methods 6 53 54. 

 

3.2  Morphological Evolution and Chemical Dealloying mechanism Evolution of Cu-Fe-Al Alloy 

during Dealloying Process 
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In order to understand the dealloying mechanism process of Cu-Fe-Al ternary alloy, 

Al30Fe45Cu25 precursor alloy was dealloyed for different duration of time to investigate the 

morphological evolution and the progress of the reaction during dealloying by both 2D cross-sectional 

FIB-SEM and 3D X-ray nano-tomography. The dealloying process was conducted in 5 wt. % sulfuric 

acid solution at both 90 oC and 60 oC separately to study the temperature dependence of porous 

structure. The porous structure, dealloying regions and dealloying distance can be qualitatively 

observed in FIB-SEM cross-section images, as shown in Figure. 3. Eight Al30Fe45Cu25 precursor 

alloys were dealloyed for different duration at 90 oC and 60 oC separately. At the initial stage of 

dealloying at 90 oC in Figure. 3 (a), a thin layer of rough porous structure formed on the surface of 

precursor alloy. With increasing dealloying time, the dealloying front progresses gradually and the 

dealloying distance increases, as shown in Figure. 3 (b) and (c); note that during the dealloying, there 

were still un-dealloyed zones in the porous region. Moreover, only nanoporous structure and some 

relative larger band-shaped pores formed during the dealloying process. Micron-sized pores appeared 

among the nanoporous zones until the dealloying distance propagates throughout the whole alloy. 

From these results, it can be found that the mechanism of bimodal porous Cu formation is a complex 

process. It is not as simple as nanoporous metals and our preconception that the dealloying front 

propagates homogeneously from surface to center of the sample the nanoporous structure and micro-

porous structure are formed simultaneously, is not correct. Although the dealloying temperature will 

impact the dealloying speed, ligament surface morphology and interface structure of porous metals55 

56, the overall morphological evolution of Al30Fe45Cu25 alloy dealloyed at 90 oC and 60 oC were 

consistent. However, the dealloying rate at 60 oC is slower than at 90 oC so that the dealloying process 

can be better controlled and quantified during the interrupted in-situ experiment. Therefore, in the 

following section we focus on the morphology evolution of bimodal porous Cu dealloyed at 60 oC. 

 



Page 14 of 35 

 

 

Figure. 3- FIB-SEM cross-section of eight Al30Fe45Cu25 precursor alloys dealloyed for different 

duration at different temperature. The dealloying time at 90 oC are: (a) 5 min, (b) 10 min, (c) 15 min 

and (d) 60 min. The dealloying time at 60 oC are: (e) 10 min, (f) 30 min, (g) 40 min and (h) 80 min. 

 

Because FIB-SEM is destructive so that it is not possible to investigate the morphological 

evolution of dealloying using the same location, the continuous 3D morphology evolution of Cu-Fe-

Al alloy was further studied by interrupted in-situ X-ray nano-tomography to image a sample 

undergone repeated dealloying treatment. The experimental setup and interrupted in-situ dealloying 

treatment for the synchrotron transmission X-ray microscopy characterization is shown in Figure. 1 

(b). 

The 3D morphological evolution of Al30Fe45Cu25 alloy during dealloying at 60 oC from the 

interrupted in-situ x-ray nano-tomography is shown in Figure. 4. The 3D morphological evolution of 

the first period (first three dealloying time points): 0 min (pristine), 10 min and 30 min, showed that 

the dealloying firstly occurs in the Fe-rich phase area, where the nanoporous structure emerges. After 

30 min dealloying, Fe-rich phase has completed converted into nanoporous structure, while the Cu-

rich phase changed relatively little in comparison with the Fe-rich phase at this time point. The zoom-

in view provides a more detailed visualization on the 3D morphology of the samples. The area marked 
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by red circles in Figure. 4 (a-2) developed nanopores more rapidly than other regions, indicating that 

some un-sintered gaps in precursor alloy would facilitate the process of dealloying by allowing the 

dealloying agent to diffuse within the structure 57. This process also illustrates the possibility of 

forming a nanoporous Fe structure with likely iron oxides on the surface, interconnected with a 

conductive, micron-sized Cu support, potentially for different types of applications. 

Increase in dealloying time leads to further dissolution of the initial nanoporous structure formed 

from the original Fe-rich phase, and the appearance of micron-sized pore, as observed in the second 

period (the last three dealloying time points): 40 min, 50 min and 65 min. The micron-sized pores are 

marked with orange dash line in Figure. 4 (d-2) - (f-2). It indicates that the continuous dissolution of 

the initial nanoporous structure has led to a gradual increase in size for the micron-sized pores with 

the increased dealloying time. The morphology of the Cu-rich phase starts to evolve obviously in the 

late stage of the second dealloying period, which can be observed by comparing the region of interest 

in Cu-rich phase as marked with red rectangles in Figure. 4 (e-2) and (f-2). From 50 to 65 min 

dealloying, the overall size of the marked Cu-rich phase decreases, and nanopores started to emerge 

from dealloying the Cu-rich phase. Beyond 65 min, the sample became mechanically brittle, likely 

due to the nanoporous structure 58 59; continuing dealloying treatment and imaging operation 

processes have led to fracture and sample loss. However, through combining the 3D morphological 

evolution as shown here in Fig. 4 and the analysis of a fully dealloyed bimodal porous Cu shown in 

Figure. 2, it indicates that the final nanoporous structure in bimodal porous Cu is formed through 

further dealloying of the Cu-rich phase. 

 



Page 16 of 35 

 

 

Figure. 4 - 3D volume rendering of X-ray nano-tomography reconstruction showing the 

morphological evolution of a Al30Fe45Cu25 alloy sample during dealloying process from pristine to 

65 min dealloying in H2SO4 at 60 oC. (a-1) - (f-1): the 3D morphology of the imaged cylindrical 

sample; (a-2) – (f-2): a ‘zoom-in’ view of 3D morphology of a region of interest cropped from a 

volume marked by red dash rectangle in (a-1). The red circles in (a-2) and (b-2) indicate an 

evolving Fe-rich region, where nanoporous were developed initially, followed by a dissolution. The 
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red rectangle in (e-2) and (f-2) indicated a Cu-rich region, where nanoporous structure were 

developed later. Interrupted in-situ SEM-EDX of Al30Fe45Cu25 alloy dealloyed at 60 oC for (g) 0 

min, (h) 10 min, (i) 30 min, (j) 40 min, (k) 50 min, (l) 65 min. The evolution of the relative content 

ratio of Cu, Fe and Al elements, (m): Cu-rich phase marked as region 1 in (g), (n): Fe-rich phase 

marked as region 2 in (g). 

 

Analyzing the chemical composition evolution further clarify the dealloying mechanism details 

of the dealloying process. The elemental distribution evolution of Al30Fe45Cu25 alloy during the 

dealloying process, measured by EDS mapping and spectra analysis, are shown in Figure. 4 (g)-(n). 

The initial compositions of two major phases were ~53 at. % Cu, ~9 at. % Fe and ~38 at. % Al in Cu-

rich phase, and ~~51 at. % Fe, ~12 at. % Cu and ~37 at. % Al in Fe-rich phase. After 10 min of 

dealloying, Fe and Al contents decrease noticeably in the Cu-rich phase; interestingly these changes 

did not correspond to visible morphological evolution in the X-ray nano-tomography; this is likely 

due to a combination of two factors: Firstly, due to the spatial resolution of the EDS analysis in SEM, 

it is challenging to only detect the Cu-rich phase locally; secondly, if there was morphological 

evolution of the Cu-rich phase at this dealloying stage, the changes might be at a length scale that 

were beyond the spatial resolution of the TXM. As the dealloying progresses, the relative contents of 

Fe, Al and Cu remain relatively unchanged, showing 4 at. %, 23 at. % and 73 at. % respectively. The 

chemical composition evolution in Fe-rich phase shows a different phenomenon: The Al content 

decreases significantly from 0 min to 30 min, and it shows no substantial changes after that; 

meanwhile, the relative content of Fe continues to decrease from 51 at. % to 5 at. % until 65 min 

dealloying. This is consistent with the significant morphological evolution in Fe-phase as also show 

in the X-ray nano-tomography analysis. 
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3.3 Mechanisms of dealloying ternary alloy composites 

The dealloying mechanism of Cu-Fe-Al alloy is mainly connected with contents of active 

components and noble component in both Cu-rich phase and Fe-rich phase. Because both Fe and Al 

are active components, The Fe and Al components are together considered as ‘active components’ - 

the SEM-EDX result showed that the contents of Fe and Al were decreasing at similar rates. 

Dealloying of the Cu-rich phase and the Fe-rich phase in the Cu-Fe-Al system can thus be expressed 

as dealloying of a X50Cu50 phase and a X90Cu10 phase (X=Fe+Al, active components), respectively. 

Therefore, the dealloying of Cu-Fe-Al system can be thought as a process in which a two- alloy 

component composite with different contents of Cu is dealloyed to form nanoporous structure in 

X50Cu50 phase and to form microporous structure in X90Cu10 phase. 

The elemental content in each of the alloy phase in this composite will directly impact the 

electrochemical activities of the phase, also known as critical potential. The higher content of noble 

element, the weaker electrochemical activity of phase 26 60 61. Therefore, the X90Cu10 phase was etched 

more rapidly than the X50Cu50 phase. With the dissolution of active component in X90Cu10 phase, 

nanoporous structure with residual active component formed, starting from the surface firstly. The X 

content of nanoporous structure on the surface is lower than the undissolved X90Cu10 phase inside, 

which leads to the decrease of electrochemical activities of nanoporous structure. The undissolved 

X90Cu10 phase inside will be preferentially dealloyed. This propagation of dealloying front thus leads 

to a formation of nanoporous structure in the Fe-rich phase. With the increase of dealloying time, 

active component X in ligaments of nanoporous structure will continue be dissolved and the initial 

nanopores grow in size until all X component is dissolved, forming micro-porous structure. Note that 

the total content of Cu in X90Cu10 phase is below the percolation threshold to support a continuous 

network structure. 

At the time of the full dissolution and dealloying of the X90Cu10 phase, the dealloying of X50Cu50 

phase forms nanoporous structure relative slowly. Therefore, after dealloying of these two phases 
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with different Cu content, it forms a homogeneous bimodal porous structure with both nanoporosity 

and microporosity. Figure. 5 summarizes the schematic mechanism of the morphological evolution 

in this design-concept to form bimodal porous Cu.  

 

Figure. 5 - Schematic summarizing the mechanism of morphological evolution in the bimodal 

porous Cu fabricated by chemical dealloying of Cu-Fe-Al ternary alloy. The same concept can be 

applied to other ternary alloy systems following the design concept illustrated in Figure. 1. 

 

3.4 Morphological Parameters Evolution during Dealloying Process 

By measuring critical 3D morphological parameters, the 3D morphological evolution of bimodal 

porous structure during dealloying can be quantified to relate to the dealloying mechanism how the 

dealloying process progresses. The results of quantifying the size distribution and volume fraction of 

the three types of features - pores, nano-ligaments and initial Cu-rich phase – are shown in Figure. 6.  

The pore size distribution result shown Figure. 6Figure. 5 (a) indicates that the pore size of the 

sample after dealloying 10 min is smaller than the pore size of pristine alloy. This is because the pores 

in pristine alloy was from alloy preparation, while the nanopores were then formed after 10 min of 

dealloying. After 30 min of dealloying, although new nanoporous structures are formed due to further 

dealloying of Fe-rich phase, the initial nano-ligaments formed in the Fe-rich region were also being 

dissolved. As a result, the ligament size after 30 min of dealloying is smaller than at 10 min, but the 

pore size is larger. After 65 min of dealloying, because most of the nanoporous structure formed from 
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Fe-rich phase has been dissolved and small amount of nanoporous structure starts to emerge in the 

Cu-rich phase, the ligament size at 65 min dealloying is between that at 30 min and the fully dealloyed 

structure. The size of Cu-rich phase does decrease significantly after 65 min of dealloying, where the 

morphological evolution became noticeable in the Cu-rich phase. For the fully dealloyed sample, 

bimodal porous structure is formed with both nano-sized pores and micron-sized pores as can be seen 

in Figure. 6 (b) and (c). 

Two important parameters, which directly impact the formation of nanoporous structure during 

dealloying process, are the dissolution rate of the active component(s) and the surface diffusion rate 

of the retained noble component(s) 62. The ligament/pore scale λ evolves depending on the balance 

of dissolution rate kdiss, which is associated with pores formation, and surface diffusion rate kSD, which 

is associated with the aggregation of noble components into clusters, based on the following equation 

63: 

 λ ∝ (
𝑘𝑆𝐷

𝑘𝑑𝑖𝑠𝑠
)

1

6                                                               (1) 

The choice of noble metal component directly affects the surface diffusion rate and then affects the 

ligament size; in general, the smaller of the diffusion rate, the smaller of the ligament size. The surface 

diffusion rate of Cu is faster than most of noble metals in corresponding precursor alloys alloying 

with the same active metal, Al 63, leading to larger ligament size of porous Cu than other common 

porous noble metal, such as Pt, Pd, Au and Ag. The size of micropores in the multiscale, bimodal 

porous structure mainly depends on the phase composition of Cu-Fe-Al alloy and the size of active-

component-rich phase, which is Fe-rich phase in this case. 
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Figure. 6 - (a-b) Pore size distribution, quantified according to the segmented 3D images of 

Al30Fe45Cu25 alloy dealloyed at 60 oC for 0 min (pristine), 10 min, 30 min and 65 min and fully 

dealloyed tomography sample, (c) pore size distribution of fully dealloyed Al30Fe45Cu25 alloy bulk 

sample characterized using Mercury Porosimetry, (d) ligament size distribution and (e) Cu-rich 

phase size distribution of Al30Fe45Cu25 alloy dealloyed at 60 oC for 0 min (pristine), 10 min, 30 min 

and 65 min. (f) volume fraction of 3D morphological parameters: pores, ligaments, Cu-rich phase 

and Fe-rich phase. Note that the 3D morphological parameters of the sample after 40 and 50 min 

dealloying were not measured, because the tomographic images of these two time points appear to 

be out of focus during the data collection process; visualization could still be conducted on these 

two datasets but not quantitative calculation. 

 

The volume fraction of Cu-rich and Fe-rich phases decrease over the course of the dealloying 

but occur at different stages of dealloying. The Fe-rich phase dissolves and its volume fraction reaches 

0.0 % after 30 min dealloying. The volume fraction of the pore phase is increasing during dealloying 
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and the volume fraction of nano-ligament increases firstly and then decreases gradually because the 

nanoporous structure initially formed in the Fe-rich phase were dissolved gradually in the later period 

of the dealloying. However, the volume fraction of nano-ligament at 65 min is lower than in the fully 

dealloyed sample because most of Cu-rich phase has yet to be dissolved into nanoporous structure. 

After fully dealloyed, the Cu-rich phase will evolve into a bicontinuous nanoporous structure 

consisting of nano-ligaments and nanopores, and their corresponding volume fractions change 

accordingly. 

The 3D distance maps directly quantify and visualize the tortuosity based on geometric 

propagation of the fully dealloyed bimodal porous Cu as shown in Figure. 7. Tortuosity, defined as 

the ratio between a tortuous path distance and a straight distance, is an important geometric parameter 

quantitatively associate the intrinsic diffusion with effective diffusivity and conductivity for porous 

media 22 23 64 65 66. Here, the distance map is calculated within the pore phase of the structure, with 

the color-scale showing the actual path distance, from one side of the structure to the other side. All 

three orthogonal directions, each with both positive and negative propagating directions, were 

calculated; only the path distance maps along positive direction of z and x axes are displayed for 

brevity, as shown in Figure. 7 (a) and (b), respectively. 

The results quantitatively show that nanoporosity with small and tortuous porous structure 

increases the actual path length, as shown in Figure. 7 (c) and (d); this can be compensated by having 

the microporosity which helps to maintains a more uniform propagation front to facilitate diffusion 

within the porous structure. The tortuosity value τ of bimodal porous Cu along x, y and z direction 

are 1.024, 1.021 and 1.073, respectively, as shown in Figure. 7 (e). The tortuosity of nanoporous Au 

fabricated by electrochemical dealloying reported by Xue et al. is 3.2 67. In comparison, the tortuosity 

in the liquid metal dealloyed (LMD) samples is significantly lower than that in electrochemical 

dealloyed samples; Zhao et al. reported a tortuosity between 1.1 and 1.9 for porous Fe-Cr formed by 

LMD 68, and the nanoporous Ti through liquid metal dealloying reported by Chen-Weigart shows a 
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tortuosity between 1.2 and 1.8 69. The average tortuosity value 1.040 of our bimodal porous Cu is 

relatively low even compared with the LMD samples. The results show that the actual path length is 

close to the straight distance, due to the existence of microporosity; the lower tortuosity and therefore 

larger effectivity diffusivity may be beneficial for applications concerning transport properties. In 

Figure. 7 (e)-(i) (f)-(j), the distance profiles at five different x locations, which are marked by black 

dash lines in Figure. 7 (b), visually show the actual path length of bimodal porous Cu. This provides 

a direct visualization on how the bimodal porous structure could be advantageous when considering 

both the overall transport phenomena facilitated by the microporosity, as well as the high surface area 

and functionaries enabled by nanoporosity.  

 

 

Figure. 7 - Tortuosity, 3D distance map and distance profiles at a specific x position based on 

geometric propagation of bimodal porous Cu within the pore phase; white color in the structure 

represents the nano-ligaments. (a) Propagating along the positive z direction, as shown by the 

yellow arrow, (b) propagating along the positive x direction, as shown by the yellow arrow, (c) and 
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(d): Two levels of zoom-in view of the x-direction distance map, highlighting the effects of bimodal 

pores on transport properties, (e) Tortuosity along x, y and z directions and their average value, (e)-

(i) (f)-(j) distance profiles showing the actual diffusion path length of bimodal porous Cu at five 

different x locations as indicated in (b). 

 

 

4. Conclusion 

In this study, bimodal porous Cu with both micron-sized pores and nano-sized pores was 

successfully fabricated through chemical dealloying of Al30Fe45Cu25 alloy. The dealloying 

mechanism process of Cu-Fe-Al alloy was systematically studied via investigating the morphological 

evolution during dealloying process. There are two main phases in precursor alloy: Cu-rich phase 

(~50 at. % Cu, 40 at. % Al and 10 at. % Fe) and Fe-rich phase (~50 at. % Fe, 40 at. % Al and 10 at. % 

Cu). During dealloying process, both active components Al and Fe will be dissolved at the same time 

until the relative content of Al reaches the critical value. At that point, the Al content remains 

relatively stable while Fe continues to be dissolved. By combining the analysis of 3D morphological 

evolution, chemical composition evolution and quantified 3D morphological parameters evolution 

during dealloying process, the formation mechanism of the bimodal porous structure elucidated. The 

micron-sized pores are formed from dealloying of Fe-rich phase: the first period (by 30 min): Fe-rich 

phase are dealloyed and form nano-sized pores with Cu-rich nano ligaments (because the dissolution 

of Al and Fe). During this time, there is relatively little change in the Cu-rich phase. During the second 

period (by 65 min): The Cu-rich nano ligaments at the area of initial Fe-rich phase (only ~ 10 at. % 

of the initial Cu content in Fe-rich phase from EDX) cannot support a continuous network, and thus, 

break apart and/or diffuse to merge with the Cu-rich phase, leading to the formation of micron-sized 

pores. The formation of nano-sized pores in the final bimodal porous structure comes from simple 
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dealloying of Cu-rich phase: the dealloying in the Cu-rich phase after about 65 min and form 

nanoporous structure. The overall tortuosity of the bimodal porous Cu is low because the micron-

sized pores compensate the actual path length’s increase caused by nanoporosity. The 3D 

morphological data analysis suggests that this method allows for the precisely controlling the type of 

porous structure by adjusting the dealloying times. We believe that this method can also be employed 

in other ternary alloy systems, thereby opening the door to new technological capabilities. 
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