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Abstract:

Multiscale porous metals with multiscale porosity from nanometer to micrometer have high specific
surface area and high effective diffusivity for ion transport, thereby enhancing functionalities and
extending the applications of porous metals. In this study, Cu-Fe-Al ternary system was selected as
the precursor alloy to construct multiscale, bimodal porous copper by chemical dealloying method.
The effect of phase composition and initial microstructure of precursor alloys (AlxFe7sxCuzs, x=10-
60) on the three dimensional (3D) morphology of multiscale porous metals were systematically
investigated, with a goal to precisely control the multiscale porous structure. The four crystal structure
phases (BCC, FCC, B2 and monoclinic) in precursor alloys were analyzed by synchrotron X-ray
diffraction refinement. The 3D morphology, feature size distribution and tortuosity of four
representative porous Cu after dealloying AlxFe7sxCuzs (x= 10, 30, 50 and 60) precursor alloys were
directly visualized and quantified via advanced synchrotron X-ray nano-tomography. The relationship
between the phases / crystal structures of precursor alloys and their corresponding porous morphology
was established: the micron-sized pores in bimodal porous Cu are formed by dissolving of CuFeAl
phase with BCC and monoclinic crystal structures, and the nano-sized pores are formed by dealloying
of CuFeAl phase with FCC and B2 crystal structures. The size of nanoporous structure depends on
the ratio between the more noble vs. more active components in the precursor alloy, while the size of

microporous structure depends on the corresponding phase size in precursor alloy. The tortuosity
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results showed that the multiscale porous structure with both nanoporosity and microporosity exhibits

lower tortuosity, which will enhance transport properties for functional applications.
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1. Introduction

Multiscale porous metals, with their porous size spanning from nanometers to micrometers,
possess unique properties: the high specific surface area enabled by nanoporous structure provides
chemical and physical functionalities ' 2*; simultaneously, the larger microporous structure provides
excellent transport properties for long range ions diffusion *. Therefore, multiscale porous metals
have a wide range of functional applications including electrochemical sensors >, heat exchangers ©,
catalysts ’, and energy storage ®° !°. Multiscale porous metals can be fabricated via sintering, additive
manufacturing (AM), templating and dealloying methods !'! 2 13 14 Specifically, dealloying is a

versatile method to fabricate multiscale bicontinuous multiscale porous metals.

Dealloying method, involving selective dissolution of more active alloy component(s) and the
self-rearrangement of the remaining elements, has attracted great attention and been utilized to

fabricate a sponge-like, highly interconnected porous structure for functional applications. Dealloying
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method can be categorized according to different dealloying agents and conditions used to dealloy

16 17

the precursor alloys: chemical dealloying ! !°, electrochemical dealloying , solid-state interfacial

19 20 21 22.

dealloying 3 '8, liquid metal dealloying , and vapor phase dealloying ; each method possesses
unique characteristics and applications. In particular, chemical dealloying method is an effective
dealloying method to create multiscale porous metals. Currently, there are three types of chemical
dealloying fabrication methods for multiscale porous metals: 1) two-step dealloying method 2, 2)
dealloying of intermetallic and metallic elemental phases method 2*, which uses various binary alloy

systems as the precursors, and 3) ternary alloy dealloying method 2, which uses ternary precursor

alloys.

Using the two-step dealloying method, Ding et al. ** fabricated bimodal porous Au by dealloying
of Ag-Au alloy. The first dealloying step forms nanoporous Au (NPG) with pore size of 10-100 nm,
which was then electrolessly plated with silver and annealed to simultaneously form Ag-Au alloy and
coarsen the initial NPG; after the second dealloying step, a bimodal porous Au was formed with pore
sizes of 1-2 um and 8 nm. Dealloying of intermetallic and metallic elemental phases method was
demonstrated by Song et al. **: They fabricated porous Cu containing micron-sized (tens of
micrometers) and nano-sized pores (50-200 nm) by dealloying of annealed Cu-75 at. % Al alloy
composed of intermetallic CuAl, phase and a-Al (Cu) phases. However, dealloying of binary
precursor alloys to fabricate multiscale porous metals remains as a relatively complicated technique

and has limitations in the range of porosity it can produce.

Dealloying of ternary precursor alloys is an effective method to fabricate multiscale porous
metals. Zhang et al. fabricated bimodal nanoporous bimetallic Pt—-Au alloy through one-step
dealloying of Al-Pt-Au ternary precursor alloys %°. Subsequently, they fabricated bimodal porous Pd-
Au with finer AuPd nanoporous structure and coarser Pd(Au) nanoporous structure by dealloying
Al-Pd—Au ternary alloy *’. Multiscale porous Cu-Ti bimetallic electrocatalyst fabricated by Qi Lu,

et al. ?® shows high hydrogen evolution activity due to the bimodal structure: the micro-scale pores
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improve the mass transport and the nanopores provide large-surface area for electrocatalytic hydrogen
evolution. Qiu, et al. designed a bimodal porous Au to enhance the electrocatalytic activity and
support the fabrication of an oxidase-based biosensor 2°. Currently, most of the multiscale porous
metallic materials prepared by ternary alloy dealloying method are porous alloys instead of pure
porous metals. There are limited studies on pure multiscale porous metals fabricated by dealloying
ternary alloy due to the difficulty in selecting adequate ternary precursor alloy systems and

compositions.

Porous Cu has excellent properties: high electrical and thermal conductivities, ductility,
nontoxicity and low cost, which makes porous copper and its derived materials become excellent
candidates in a range of applications, such as energy storage and conversion materials, filters,
electrochemically or chemically driven actuators and catalysts *°. Multiscale porous Cu exhibits high

3132

cycling performance as a current collector " °<, excellent surface-enhanced Raman scattering (SERS)

as a sensor >> and high thermal management performance as a heat pipe *.

Currently, except for dealloying of intermetallic and metallic elemental phases methods
demonstrated by Song et al. mentioned above, other methods have also been used to fabricated
multiscale bimodal porous Cu. Shin et al. *° fabricated a variety of bimodal porous Cu using gas
deconvolution in an electrochemical deposition process. CuSO4 and H2SOj4 are the salts used for
porous Cu formation. The bimodal pore size can be adjusted in the range of 20-100 pm and 50-300
nm. Some pore size gradient has been observed in this method. Liu et al. *® fabricated bimodal porous
Cu through vacuum dealloying combining with chemical dealloying method using Zn70Cuso
precursor alloy. The bimodal pore sizes are in the range of 0.5-3.5 um and 200 nm. Luo et al. *!
obtained bimodal porous Cu with irregular micro-porosity (pore size: 0.5-1 um) and nano-porosity
(pore size: 200-300 nm) by chemical dealloying of Cu-34Zn-6Al (wt. %) ternary precursor alloy.
However, the bimodal porous Cu prepared by the latter two methods result in a structure with nano-

sized pores distributing on the surface of micron-sized ligaments.
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In this study, we studied bimodal porous Cu with high porosity, nano-sized pores and micron-
sized pores fabricated via a simple one step chemical dealloying method using Cu-Fe-Al ternary
alloys as the precursor. The selection of Cu-Fe-Al ternary alloy system is based on the different
mixing enthalpies principle: when AH<0, the compatibility between elements is good, and when
AH>0, the elements are immiscible, which has been discussed in detail in our previous work 7. In
order to precisely control the structure of the bimodal porous Cu, the effect of phase composition and
microstructure of precursor alloys on the bimodal porous structure was systematically studied. The
phase composition was determined via synchrotron X-ray diffraction refinement. Moreover, the 3D
morphology of precursor Cu-Fe-Al ternary alloy and corresponding bimodal porous Cu were
characterized by advanced synchrotron X-ray nano-tomography. The 3D morphological parameters
of bimodal porous Cu were quantified to establish the processing-structure correlation for the ternary
alloy dealloying method. The specific surface area and transport properties of porous metals are
particularly important when they are used as functional materials. Tortuosity (the effective diffusion
path length divided by the straight distance) is an important parameter determining the transport
properties of porous materials. Therefore, tortuosity of bimodal porous Cu was quantified in this study.
This work provides a guide for porous structure design through controlling phase composition in
precursor alloys, so that various multiscale porous structure can be precisely constructed, tailored to

specific potential applications.

2. Methods
2.1 Fabrication of Precursor Alloys and Bimodal Porous Cu and microstructure analysis

Metal powders of Cu (99 wt% purity, 1 um average particle size, Alfa Aesar), Fe (99.5 wt%
purity, 8 um, Alfa Aesar) and Al (99.5 wt% purity, 2 um, Aladdin Industrial Corporation) with

spherical geometry were mixed through a two-dimensional low energy ball milling apparatus (QM-
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A light ball milling machine, Xianyang, China). The mixed powders were then used to prepare a
series of ternary precursor alloys with constant Cu content: 25 at. %, and adjustable Al content: from
10 at. % to 60 at. % and Fe content: from 65 at. % to 15 at. %: AlFe75Cuzs, x=10, 20, 30, 40, 50
and 60. Different Cu, Fe and Al particle sizes were chosen in order to form homogenous and dense
precursor alloys during powder metallurgy sintering process. The precursor alloys were sintered at
800 °C for 5 min in vacuum by Plasma Activated Sintering (PAS) facility (ED-PAS 111, Japan) with
a sintering pressure of 50 MPa. The precursor alloys (cylindrical shape) with 25 mm diameter and 11
mm thickness after sintering were then machined into cylinders with 5 mm diameter and 10 mm
thickness. Subsequently, chemical dealloying method was applied to fabricate multiscale porous Cu.
The Cu-Fe-Al precursor alloys were immersed into 5 wt. % sulfuric acid (H2SO4) aqueous solution
at 90 °C; when the dealloying completed, no gas bubbles from hydrogen gas evolution emerged in
the solution. It takes about 20 h to finish the dealloying process for the alloy (cylindrical shape) with
5 mm diameter and 10 mm thickness. Deionized (DI) water was used to prepare the H2SOj4 solution.
The fully dealloyed samples were immersed in DI water and then ethanol consecutively for about 20
min in each step. The chemistry-fabrication scheme of bimodal porous Cu material with nano-sized
and micron-sized pores is shown in Figure 1.

Mixed Cu, Fe and Al powder Precursor Cu-Fe-Al alloy

e . D Powder metallurgy

sintering
V T at 800 °C

Cu Fe Al
Dealloying
H,S0,, 90 °C
Dealloying 20h
- 0 * « Dissolved Al
H,S0, o < Dissolved Fe
Cu-Fe-Al alloy
Bimodal porous Cu Chemical dealloying

Figure 1 - The chemistry-fabrication scheme of bimodal porous Cu material with nano-sized and

micron-sized pores.
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The surface microstructure of Cu-Fe-Al precursor alloys and cross-section microstructure of
porous Cu were investigated through scanning electron microscopy (SEM) at the Center for

Functional Nanomaterials (CFN) at Brookhaven National Laboratory (BNL).
2.2 Synchrotron X-ray Powder Diffraction (XPD) Characterization

The phase composition of six different Cu-Fe-Al precursor alloys were analyzed at 28-ID-2 X-
ray Powder Diffraction (XPD) beamline, National Synchrotron Light Source II (NSLS-II), BNL. The
detector is PerkinElmer amorphous silicon flat-panel with 2048 (H) x 2048 (V) pixels and 200 pm x
200 pm pixel size. In order to minimize the effect of gasket to the diffraction pattern, the beam (52.38
keV) was collimated to about 0.3 mm x 0.2 mm. Pure nickel powder was used as a standard to
determine the geometric parameters including the detector-to-sample distance, and the FIT2D
program was used for radial integration of the two-dimensional data %, Rietveld refinements of the

obtained synchrotron diffraction data were performed using the TOPAS V3.0 software *.

2.3 Sample preparation for X-ray Nano-tomography Characterization

Based on the phase composition and microstructure analysis results, four representative
precursor alloys (AlxFe7sxCuzs, x=10, 30, 50, 60) and their corresponding porous Cu were selected
to conduct X-ray nano-tomography characterization. All samples measured in X-ray nano-
tomography characterization were prepared by focused ion beam (FIB) milling and lift-out at the
CFN of BNL. The precursor alloy samples and porous Cu samples were milled into micro-pillars by
21 nA ion beam current in selected regions, and the surface of micro-pillars were cleaned by 2.8 nA
ion beam current. Then the micro-pillars were cut off by 9.3 nA ion beam, lifted out, and attached
onto a sharp W pin by Pt deposition following an established procedure published previously *. The

final cylinders were in the dimension of 25-30 um in diameter and ~50 pm in length.

2.4 Synchrotron Transmission X-ray microscopy characterization
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Synchrotron X-ray nano-tomography characterization was conducted at the Full-field X-ray
Imaging (FXI) Beamline 18-ID, NSLS-II, BNL. FXI beamline has the full field transmission X-ray
microscopy (TXM) at FXI beamline with the capability to conduct a full 3D nano-tomography dataset
within one-minute acquisition time *!. The TXM utilizes a capillary condenser, and a 30 nm outermost
Fresnel zone plate as an objective lens. The X-ray projection images of the samples were collected
on an Andor Neo 5.5 detector with 2560 (H) x 2160 (V) pixels and 6.5 pm x 6.5 pm pixel size. A fly-
scan mode was used with a rotation range from 0 to 180°, rotation speed of 2 deg/s and an exposure
time of 0.045 s. Finally, 1080 projections images (2 x 2 binned) were recorded with a pixel size of 34
nm. The incident X-ray energy used to conduct this work was at 9.1 keV (above Cu K-edge), 8.95

keV (below Cu K-edge), 7.2 keV (above Fe K-edge) and 7.1 (below Fe K-edge) keV, respectively.

2.5 Data Processing and Analyzation

The X-ray nano-tomography data was reconstructed using the “Gridrec” implementation in
Tomopy via a filtered-back projection (FBP) algorithm **. The different phases in precursor alloys
and pores and ligament in porous Cu in the reconstructed images were segmented using Trainable
Weka Segmentation, a machine learning algorithm, in freeware Image J ***. 3D median filter with a
kernel size of 2x2x2 was performed in the segmented images. A commercial software, Avizo (v.9.3
FEI), was used to visualize of 3D morphology. A customized Matlab code developed in-house by
implementing well-established methods was applied to the segmented 3D images to quantify
tortuosity*> and the size distribution * of pores, ligaments and phases in precursor alloys in three

> was applied to

dimensions. The “quasi-Euclidean” voxel neighboring definitions algorithm *
calculate tortuosity. The volume fraction of pores and ligaments was determined according voxel
counting in the image histogram in freeware Image J. Furthermore, Mercury Porosimetry (AutoPore

IV-9500 V1.05) were also used to characterize the pore size distribution of bulk bimodal porous Cu

to complement the analysis from X-ray nano-tomography, where the sample dimension was limited
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by the X-ray attenuation and the field of view of the microscope.

3. Results and Discussion
3.1 Effect of Phase Composition of Precursor Alloys on morphology of multiscale porous Cu

The phase composition and morphology of precursor alloys directly affect the microstructure of
corresponding porous metals fabricated by dealloying method. In this study, Cu, Fe and Al metal
powders with a range of different ratios were used to fabricate precursor Cu-Fe-Al alloys (AlxFes.
xCups, x=10, 20, 30, 40, 50 and 60) with different phase compositions, which creates various porous
structures after dealloying. Synchrotron x-ray powder diffraction (XPD) was conducted to identify
the phase composition and crystal structure of Cu-Fe-Al precursor alloys via refinement, as shown in
Figure 2 (a-1)-(f-1). Fm-3m face-centered cubic (FCC) crystal structure Cu-rich phases and Im-3m
body-centered cubic (BCC) crystal structure Fe-rich phases are observed in both of AljgFessCuzs and
AlxoFessCups precursor alloys. Therefore, from the back-scattering mode of SEM images in Figure 2
(a-2) and (b-2), it can be clearly distinguished that the bright area is Cu-rich phase with relatively
higher atomic number (Z), and the dark area is Fe-rich phase with relatively lower Z. With the Al
content increasing to 30 at. %, the Pm-3m CsCl type (B2) crystal structure Cuo4sFeo7Alogs phase
appears, and there is also a very small amount of unknown phase which cannot be identified because
of the low intensity in its X-ray signal, so that there are four phases in AlzoFessCuzs precursor alloy,
as shown in Figure 2 (c-1); note that here the intensity of Cu-rich phase becomes quite low. With
continuing increasing of Al content to 40-50 at. %, there is only B2 crystal structure Cug.4sFeo.72Alos
phase in AlsoFe3sCuzs alloy and B2 crystal structure Cuo.soFeo.s6Alo.o4 phase in AlsoFe2sCuas precursor
alloy. Because the less amount of densification of Cuo.4sFeo.72Alo.s and CuosFeo.s6Alo.94 phases, some
continuous cracks and voids can be observed in AlsoFes3sCuzs and AlsoFeasCuzs precursor alloys, seen

as the dark area in Figure 2 (d-2) and (e-2). In the precursor with 60 at. % of Al, B2 crystal structure
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CuooFeo2Aloo phase (the phase with relative higher Z) and C/2m monoclinic crystal structure
CuFesAl> intermetallic phase (the phase with relatively lower Z) are formed in AlsoFe15Cuzs
precursor alloys. The synchrotron X-ray powder diffraction (XPD) refinement results of six different

precursor alloys are shown in supporting information Figure S1 and Table S1.

After chemical dealloying using 5 wt% sulfuric acid (H2SO4) aqueous solution at 90 °C, all the
six precursor alloys are fully dealloyed (as shown in Figure S 2) and form multiscale porous structure,
regardless of the composition and number of phases are contained in precursor alloy. However, the
pore size of microporous structure formed by dealloying of AlsoFessCuzs and AlsoFe2sCuzs precursor
alloys is smaller than the other compositions, as shown in Figure 2 (a-3)-(f-3). For the precursor alloy
with low content of Al, only little amount of nanoporous structure formed on the surface of micron-
sized pore’s ligaments. When the Al content increases to 30 at. % or even higher than 30 at. %, the

whole ligaments of micron-sized pores become nanoporous structure.
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Figure 2 - Phase composition and microstructure of precursor alloys and their corresponding porous

Cu after dealloying in Swt. % H2SO4 aqueous solution at 90 °C. The compositions of precursor

alloys: (a) AlioFessCuzs, (b) AlaoFessCuas, (¢) AlzoFessCuas, (d) AlsoFessCuos, (e) AlsoFeasCuzs, (f)

AlgsoFe15Cuzs. Synchrotron X-ray powder diffraction (XPD) patterns showing phase composition of

precursor alloys (a-1) - (f-1); back-scattering mode of scanning electron microscope (SEM) images

showing the microstructure of precursor alloys (a-2) - (f-2) and corresponding porous Cu (a-3) - (f-

3) and zoom-in view of porous structure (a-4) - (f-4).

Synchrotron X-ray nano-tomography characterizes the 3D morphology of four representative
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Cu-Fe-Al precursor alloys (AlxFe7sxCuzs, x=10, 30, 50, 60) and their corresponding fully dealloyed
multiscale porous Cu, as shown in Figure 3. In Figure 3 (a), Cu-rich phase (light blue color) formed
in AlioFessCuas alloy-exhibits a 3D continuous structure. The volume of Fe-rich phase (yellow color)
in this alloy is larger than the Cu-rich phase. For AlzoFessCuzs alloy, the unknown phase will not be
considered in the following discussion due to the low content. Because the volume percent of Cu-rich
phase in AlzoFes4sCuzs alloy is quite low (as shown in Table S1) and beyond the limitation of accurate
segmentation. We labeled the Cu-rich and Cuo.45Feo.7Alo 85 phases as a mixed phase, marked with pink
color (Figure 3 (b)). When the Al content increases to 50 at. %, only CuosFeossAloos phase (light
green color) and cracks and voids (black color) can be observed in the precursor alloy. Moreover, we
can observe cracks and voids in the structure likely caused by incomplete densification during the
sintering process. In AlgoFe15Cuss alloy, in addition to Cuo.oFeo2Alo9 phase (red blue color), there is

also CuFesAl > phase (dark blue color), whose shape and size are not homogeneous.

The difference of 3D morphology between Cu-Fe-Al precursor alloys leads to the variety of
multiscale porous structure after dealloying. Through comparing the chemical activity and 3D
morphology of different phases in precursor alloys and 3D morphology of porous structure, it can be
identified that the micron-sized pores in multiscale porous Cu are formed due to the dissolution of
Fe-rich phase in both AljoFessCuas alloy and AlsoFessCuss alloy, and CuFesAl 2 phase in AlgoFe15Cuzs
alloy. With the dissolution of Al and Fe active components, the active (less noble) components (Fe
and Al) rich phase forms a nanoporous structure firstly; then, the undissolved Fe and Al components
in the nano-ligaments were gradually dissolved until the dissolution was complete. Because these
active components rich phases contain no or little amount of Cu, the Cu content is not sufficient to

form a continuous network structure after the dissolution of Fe and Al, and thus a microporous
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structure forms. The specific formation mechanism of micron-sized pores has been discussed in our
prior work *7. The nanoporous structure was formed by dealloying of other phases in the four
representative precursor alloys: Cu-rich, Cuo.4sFeo.7Alo.85, Cuo.sFeo s6Alo.o4 and CuooFeo2Aloo phases.
Note that while micron-sized pores can also be observed in porous Cu after dealloying of AlsoFe2sCuos
alloy, which has just one phase, due to the contribution of the initial voids in precursor alloy; the
morphology of microporous structure in Figure 3 (g) is similar with the voids in Figure 3 (c). The
porous Cu fabricated by dealloying of AlioFessCuzs alloy exhibits the most homogenous microporous
structure, but there is only little amount of nanoporous structure formed due to the low content of Al.
With the Al content increasing to 30 at. % or higher in precursor alloys, all of the micron-sized
ligaments in their corresponding porous Cu are composed of nanoporous structure, which can be seen
in Figure 3 (f)-(h) and the zoom-in view Figure 3 (j)-(I). The multiscale porous Cu formed by
dealloying AlsoFe2sCuzs alloy possesses the largest volume of nanoporous structure; this is because
there is only Cuo.sFeo.s6Alo.94 phases which forms nanopores in AlsoFexsCuss alloy, and the volume of
initial cracks and voids caused by incomplete sintering densification is relatively low. Moreover,
comparing Figure 3 (k) and (1) with Figure 3 (j) from tomography analysis, the nano-ligament size of
porous Cu dealloyed from AlsoFe2sCuas and AlgoFe1sCuzs alloys is smaller than that dealloyed from

AlzoFessCuys alloy.
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Figure 3 - 3D morphology of Cu-Fe-Al precursor alloys and their corresponding fully dealloyed,
multiscale porous Cu. X-ray nano-tomography reconstruction showing the 3D morphology: (a) — (d)
AloFessCuas, AlzoFessCuas, AlsoFexsCuas and AlgoFe1sCuas precursor alloys, (e) — (h) corresponding
multiscale porous Cu with micron- and nano-sized pores; a zoom-in view of shown in (i) — (I): a
‘zoom-in’ view of 3D morphology of the nanoporous structure cropped from a volume marked by

green dash rectangle in (e)-(h).

3.2 Quantification of morphological parameters of multiscale porous structure

In order to further explore the relationship between precursor alloys and multiscale porous structure,

Page 14 of 30



the 3D morphology of four representative precursor alloys: AligFessCuzs, AlzoFessCuas, AlsoFeasCuas
and AlgoFe1sCuxs and their corresponding multiscale porous Cu are compared here through
quantitative calculation of different morphology parameters, as shown in Figure 4. From Figure 4 (a):
it can be found that with the increase of Al content in precursor alloys, the ligament size of their
corresponding porous Cu decreases gradually. The ligament size of porous Cu after dealloying of
AlsoFe1sCups alloy is just ~100 nm. In contrast, the ligament size of porous Cu after dealloying of
AlioFessCups alloy shows a wider distribution: from nanometer to micrometer. The pore size
distribution of porous Cu in Figure 4 (b) shows that the pore size of dealloyed AlioFessCuas is
primarily in micrometer size range, with only little amount of nano-sized pores. The other three types
of porous Cu show distinct multiscale bimodal porous structure. The nano-sized pores of the
multiscale porous Cu after dealloying of AlsoFe2sCuzs and AlsoFeisCups alloys is quite similar and
smallest. With Al content of precursor alloy decreasing to 30 at. %, nano-sized pores become larger.
According to the prior discussions, we know that the nanoporous structure from dealloying of
AlsoFexsCups and AleoFeisCuas alloys is formed by dealloying B2 crystal structure phase, and
nanoporous structure from dealloying of AlioFessCuzs and AlzoFes4sCuas alloys 1s formed by dealloying
FCC crystal structure phase. Therefore, it indicates that the pore size through dealloying B2 crystal
structure phase is smaller than dealloying FCC crystal structure phase. Meanwhile, the size
distribution of micron-sized pores in different porous Cu does not follow a specific trend, and it
mainly depends on the size of the corresponding dissolving phases in precursor alloys, because they
have the same size distribution trend. This can be further understood through results in Figure 4 (c)
and (d).

Figure 4 (c) shows the size distribution of the phases in precursor alloys that form nanoporous
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structure after dealloying: the Cu-rich phase (light blue color in Figure 3a) in AlioFessCuzs alloy, the
Cu-rich and Cuo4sFeos2Alo.72 mixed phase (pink color in Figure 3b) in AlzoFessCus alloy, the
Cuo.sFeossAloos phase (light green color in Figure 3c) in AlsoFe2sCuas alloy and the Cug.oFeo2Aloo
(red color in Figure 3d) phase in AlsoFeisCuys alloy, which is denoted as higher-Z-phase (it is named
on the basis of the relative atomic number Z and contrast in SEM images in Figure 2 ). The size

distribution of the phases that form microporous structure is shown in

Figure 4 (d): Fe-rich phase (yellow color in Figure 3a-b) in AlioFessCuzs and AlsoFessCuszs alloys, the
cracks and voids (black uneven area in Figure 3c) in AlsoFe2sCus alloy and CuFesAl 2 phase (dark
blue color in Figure 3d) in AlgoFei15Cuas alloy, which is denoted as lower-Z-phase. The average size
of the higher-Z-phase in AlioFessCuzs and AlzoFessCuas alloys is about 1um and smaller than the other
two precursor alloys. The higher-Z-phase in AlsoFe2sCuos alloy is the largest, which is consistent with
the morphology in Figure 3. In contrast, lower-Z-phase in AlsoFe2sCuas alloy shows the smallest size,
including voids from nanometer to micrometer, because it is formed from incompletely sintering
densification. The size of the lower-Z-phase that forms micron-sized pores after dealloying of
AlsoFexsCuas, AlsoFe15sCuas, AlzoFessCuzs and AligFessCuns alloys increase gradually, which has the
same trend as the micron-sized pore shown in Figure 4 (b). Because of the sample volume size
limitation here in X-ray nano-tomography, it cannot evaluate the distribution of micron-sized pores
accurately. Therefore, the pore size distribution of bulk porous Cu was characterized using Mercury
Porosimetry, as shown in Figure 4 (e). The volume fraction of pores should be similar in this series
of Cu-Fe-Al precursor alloys due to the same content of Cu. However, in Figure 4 (f), the volume
fraction of pores after dealloying of AlsoFe2sCuns alloy is lower than the other samples. This may be

due to the region-to-region variation when selecting sample volume for quantitative calculation,
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because the size of initial cracks and voids in AlsoFesCuos alloy is quite inhomogeneous, as shown

in Figure 4 (d).
(a) (b)
— 1.6
E. .l Dealloy of Al,Fesg  Cusg O Dealloy of Al,Fez5.,Cuys
21 ix=10 = o W x =10
s> X=30 gL X =30
S F 1.0 [x=50 £ 2004 L x=50
il X =60 g2 X =60
g (=T t 8 0.03
3 5 2 0.02
> S5
> 2o0.01
g
y Q0.
0 200 400 600 800 1000 1200 0 1000 2000 3000 4000 5000 6000 7000 8000
Ligament size distribution (nm) Pore size distribution (nm)
(c) (d)
=010, £ Al Fess Cuog all
e u allo
E AlyFes5_Cuog alloy £ x"€75.xUz5 alloy
< 20.08 [x=10 c 320.08- [x=10
o= N o X=30
&2 X=30 g & g
& @ 0.06- T x=50 g 50-05- X =50
S a X =60 o 0 e
E 20041 E 2004,
S5 S35
> §o.uz- = §0-02-
£ 0.00 B
"0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000
Higher-z-phase size distribution (nm) Lower-z-phase size distribution (nm)
(e) ().
—u— Pore
5 AlygFessCups —AlggFeggCusg 90} o Ligament
% > A|30FE450U25I "—-ﬁAIGOFeﬁcuzs é 80+ S ——
= ,,,)/I‘ e 70 r
2 g of ]
2 S 50-
- 3
> o 40
A I WU e E 30f /\
8 Pl 5. LSl T
o - e > L
> e - = 10}
o / k; 0 [ n I L " f
2 ] 10 20 30 40 50 60
Bl A, Different Al content in precursor alloy (at. %)

0.1 1 10 100
Pore diameter (um)

Figure 4 - (a) Ligament size distribution and (b) pore size distribution, quantified according to the
segmented 3D images of fully dealloyed of AlxFe7sxCuas, x=10, 30, 50 and 60 precursor alloys at 90
°C. (c) higher-Z-phase (which represents the phase with relatively higher atomic number Z and

relatively higher contrast as shown in SEM images in Figure 2) size distribution and (d) lower-Z-
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phase (which represents the phase with relatively lower Z and relative lower contrast as shown in
SEM images in Figure 2) size distribution of AlioFessCuzs, AlzoFessCuzs, AlsoFexsCuos and
AlsoFe1sCups precursor alloys. (e) Pore size distribution of fully dealloyed precursor alloys bulk
sample characterized using Mercury Porosimetry. (f) Volume fraction of 3D morphological

parameters: pores and ligaments.

The effective diffusivity and conductivity for porous media can be quantitatively reflected
through an important geometric parameter — tortuosity which is the ratio between a tortuous path
distance and a straight distance *” **. 3D distance maps are shown in Figure 5 to directly quantify and
visualize the tortuosity based on geometric propagation. Although all three orthogonal directions,
each with both positive and negative propagating directions, were calculated, only the 3D path
distance maps along positive direction of x axis is displayed here as a representation, because the
multiscale porous Cu is a three-dimensionally homogenous structure*®. In Figure 5 (a)-(d), the color
bar shows the actual propagating path distance. The white lines marked in 3D path distance maps are
three different x locations along y direction, which represents the straight distance of 3.52 um, 7.04

um and 10.56 pm, respectively.

Combining 3D path distance maps in Figure 5 (a)-(d) and distance profiles in Figure 5 (1)-(1), it
can be found that the more homogeneous of the ligament size distribution, the more homogeneous of
the actual path distance along y direction in the three selected specific x locations in porous Cu.
Therefore, the porous Cu from dealloying AlioFeesCuos alloy shows the most inhomogeneous
propagation front., which is due to the existence of small amount of nanoporous structure on the
surface of some micro-ligaments. However, the ligaments of Cu porous structure from dealloying

AlzoFes4sCups and AlsoFe15Cuas precursor alloys are quite homogeneous and all in nano size, so that
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the actual propagation front in these alloys is more uniform, compared with the micro-porous

structure from dealloying AlioFessCuzs alloy. From the spatial distribution maps of tortuosity in x

direction in Figure 5 (e)-(h), the tortuosity of all these four porous Cu is relatively low, with the

highest tortuosity ~1.07, which is beneficial for ionic transport through the porous structure. Bae et

al. has demonstrated this via artificially engineered battery electrodes *°. The porous Cu after

dealloying of AlsoFe>sCups alloy exhibits the highest tortuosity because it owns the lowest volume

fraction of micron-sized pore; the tortuosity of the other three porous structure is lower, which shows

that the micron-sized pores can compensate the increase of the diffusion path length due to

nanoporosity, facilitating diffusion within a porous structure.
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Figure 5 — Tortuosity, 3D distance map and distance profiles at three specific position based on
geometric propagation within the pore phase of multiscale porous Cu after dealloying of AlxFes.
xCuzs, x=10, 30, 50 and 60 precursor alloys. (a)-(d) 3D distance map propagating along the positive
x direction, (e)-(h) spatial distribution maps of tortuosity in x direction, (i)-(1) distance profiles
showing the actual diffusion path length of multiscale porous Cu at three different x locations as

indicated in (a)-(d).

Finally, the relationship between individual typical phases and their corresponding porous
morphology after dealloying is summarized in Figure 6. The FCC and B2 structure phases with higher
noble metallic atom content (Cu in this study) will form nanoporous structure after dealloying; among
them, the B2 structure phase has relative lower noble atom content, so that the nanopores and nano-
ligaments size will be smaller. However, when the content of the noble metallic atom in a precursor
phase is too low to form a continuous network structure after dealloying, the whole phase will be
fully dissolved and form porous structure with the same size as the corresponding precursor phase,
for example BCC and monoclinic structure phase. Therefore, if the FCC, BCC, B2 and monoclinic
crystal structure phases and their corresponding morphology after dealloying are considered as the
'building blocks', various multiscale porous Cu with specific morphology can be designed through
mixing different individual 'building' blocks. Therefore, AligFeesCuns, Al2oFessCuas, AlsoFessCuas and
AlsoFe15Cuys alloys will form bimodal porous structure after dealloying, and their pore size and
ligament size will decrease gradually. Because AlsoFes3sCuzs and AlsoFexsCuzs alloys only have one
CusFesAlr2 phase, they will theoretically form single-modal nanoporous structure. However, by
introducing voids from incomplete densification during sintering, AlsFes3sCuns and AlsoFexsCuos

alloys can also formed bimodal porous structure after dealloying.
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Figure 6 - The design concept of various multiscale porous Cu constructions with specific
morphology through selecting different 'building blocks'. The Fm-3m, Im-3m, Pm-3m and C2/m
crystal structure phases and their corresponding morphology after dealloying are considered as the

'building blocks'.

4. Conclusions

In this study, different types of multiscale porous Cu with both micron-sized pores and nano-
sized pores were successfully fabricated through chemical dealloying of a series of Cu-Fe-Al
precursor alloys: AlxFers.xCups, x= 10, 20, 30, 40, 50 and 60. According to the phase composition and
3D morphology of four representative precursor alloys and corresponding porous Cu, it can be
identified that FCC and B2 crystal structure phases will form nanoporous structure after dealloying,
meanwhile BCC and monoclinic crystal structure phases will be dissolved to form microporosity. By
combining the analysis of 3D morphology and quantifying 3D morphological parameters, we showed
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that the size of nano-sized pore is determined by the component of phase in precursor alloys: the pore
size formed by dealloying of B2 crystal structure phase is smaller than that dealloying of FCC crystal
structure phase; while the size of micron-sized pore only depends on the initial size of BCC and
monoclinic crystal structure phases in precursor alloys. In the case of incomplete sintering, the initial
cracks and voids in precursor alloys will also have an impact on the size of microporosity. The
multiscale porous Cu exhibits a uniform diffusion propagation front, with relatively low tortuosity of
up to ~1.07. The low tortuosity of bimodal porous Cu is beneficial to enhance the transport properties
for functional applications. This work provides a guideline to precisely control the multiscale Cu
porous structure formed by dealloying of multi-phase ternary Cu-Fe-Al alloys via adjusting the phase
compositions. Various porous structure can be designed according to specific applications for optimal
performance. Exploring and further testing the design principle to other ternary alloy systems

including Cu ternary alloys in the future would be beneficial.
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