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Three AI-Cu alloys with Cu contents ranging from 17 to 33 at% were prepared by a melt-spun
approach, and their dealloying behavior was investigated. After being dealloyed in NaOH solution, the
as-produced nanoporous copper (NPC) samples reveal an inherited structure from their precursor
alloys in a comparatively large scale, and share similar three-dimensional bicontinuous nanoporous
structure in the nano-scale. Some NPCs demonstrate a bimodal size distribution, i.e., macroporous
channels (~100 nm) and mesopores (~25 nm). Electrochemical tests reveal the dissolution sequences
of different phases in the solution. At elevated temperature, the developed NPC would coarsen into a
larger scale.

Keywords: Nanoporous; copper; dealloying; Al-Cu alloy; bimodal pore size distribution

1. INTRODUCTION

Nanoporous metals, featured with high specific surface area, low density and novel chemical
properties, have showed great potential in various applications including catalysts [1-3], sensors [4],
hydrogen storage [5] and lithium ion batteries [6, 7]. Traditional strategies for preparing nanoporous
metals are mainly based on template methods like self-assembled polymer [8], liquid-crystal template
[9] and colloidal crystal template [10]. These methods usually involve many steps, such as preparing
the template, forming the template-metal composite and removing the template, and therefore are
complicated and time-consuming. In contrast, a facile method called dealloying is developed in recent
years to prepare unsupported, monolithic, nanoporous bulk metal in one step [11]. Dealloying is a
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corrosion process when less noble element is selectively dissolved from an alloy, generating a three
dimensional (3D) bi-continuous nanoporous structure [12].

Many alloy systems have been investigated to prepare nanoporous metals through dealloying in
the last decade, such as Au-Ag [12-14], Ni-Cu [15], Mn-Cu [16] and Au-Ag-Pt [17]. However, most
research focus on uniform nanoporous structures dealloyed from binary/ternary alloy systems with a
single solid solution phase. Their research on dealloying mechanism reveal that the activity difference
of elements in the solution will lead to the dissolution of less noble element and the rearrangement of
more noble element into nanoporous structure. But there have been very few studies on the dissolution
competition amongst different phases in an alloy. Al-Cu alloy is a good research object because it
could form intermetallics or eutectic structure with different compositions. Zhen Qi et al [18] reported
that the Al-Cu alloys with 33 to 50 at% Cu contents in the forms of ribbons, rods, and slices could
develop monolithic nanoporous copper (NPC) after being dealloyed. Our group [19] has reported the
influence of the phase constituent and the proportion on the formation of NPC from the Al-Cu alloys
with a Cu content of 33 to 50 at%.

In this paper, we would discuss the dealloying behavior of Al-Cu alloys with 17 to 33 at% Cu.
In this content range, Al and Al,Cu phases co-exist in the alloys. The structure and morphology
relationship between the precursor alloys and the derived NPCs would be discussed. Electrochemical
polarization tests were performed to study the activities of the different phases and analyze their
dealloying procedures. The coarsening phenomena of NPCs at room temperature (RT) and elevated
temperature would be compared to analyze the structure evolution.

2. EXPERIMENTAL SECTION

2.1. Preparation of the Al-Cu alloys and the NPCs

The precursor Al-Cu alloys were prepared by melting pure copper (99.99 wt%) and pure
aluminum (99.9%) in a quartz crucibles by voltaic arc heating with the protection of argon atmosphere
in designed Cu content (i.e., 17.2, 24.9 and 33.3 at%). These alloys are denoted as Al-17Cu, Al-25Cu
and Al-33Cu, respectively for short. The Al-Cu ingots were then processed into slices by melt-spun.
The slices are around 50 pum in thickness, 2-5 mm in width and 5 mm -2 cm in length depending on the
ductility of the alloy. Dealloying of the Al-Cu alloys was performed in 1M NaOH aqueous solution at
RT or elevated temperature for dealloying. Typically, for a dealloyed sample, it would take 5 h till no
bubbles could be observed. The samples were then rinsed with distilled water and dehydrated alcohol.
After being dried in a vacuum oven, NPCs were obtained.

2.2. Characterization of the Al-Cu alloys and the NPCs

The phase compositions of the Al-Cu alloys and the as-dealloyed NPCs were determined by
using X-ray diffraction (XRD, Rigaku D/Max-2400) with Cu Ko radiation. Surface morphology and
structural analysis were examined by a scanning electron microscopy (FESEM, Hitachi S-4800) with
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an energy dispersive X-ray analyzer (EDS), and transmission electron microscopy (TEM, JEOL JEM
2100F).

N, adsorption and desorption isotherms were measured at 77 K on a Nova Station A automatic
surface area and pore radius distribution apparatus after a sample was degassed at 423 K to 20 mTorr
for 12 h. The specific surface areas were determined from the nitrogen adsorption branch using the
Brunauer—Emmett-Teller (BET) method. Total pore volumes (Vrowm) Were determined from the
amount of gas adsorbed at a relative pressure of 0.99. Pore size distribution (PSD) was calculated from
the analysis of the adsorption branch using the Barrett-Joyner-Halenda (BJH) method.

2.3. Electrochemical tests of the different phases

To verify the electrochemical corrosion tendency of different phases in the Al-Cu alloy,
potentiodynamic polarization studies were conducted on a single-phase Al metal, Cu metal, Al,Cu
intermetallic compound (i.e. Al-33Cu alloy) and Al-17Cu alloy in 1 M NaOH solution at RT by
using an electrochemical measurement unit (PARSTAT 2273). The metal samples were first cut into
cubes (Iemxlemxlem) and embedded in epoxy resin. An exposed smooth surface was then abraded
by sand paper to be tested as working electrode. The experiments were carried out in a standard three-
electrode electrochemical cell (200 mL) with a Pt plate electrode as a counter electrode, an Ag/AgCl
(sat'd KCI) electrode as a reference electrode. Polarization scan was performed towards positive values
at a scan rate of 1.0 mV s™. The dependence of open circuit potential of Al-17Cu alloy on dealloying
time in 1 M NaOH solution at RT was also measured to evaluate the dealloying progress.

3. RESULTS AND DISCUSSION

According to phase-diagram [20], the phase composition of the as-prepared alloys could be
predicted. The composition of Al-17Cu lies in the eutectic line. During the solidification, o-Al and
intermetallic compound Al,Cu would precipitate simultaneously from the solution. Al-33Cu has a
composition of intermetallic phase, i.e., 8-Al,Cu. It should be made of pure Al,Cu. As to Al-25Cu, it
falls in the middle of eutectic and intermetallic composition. With the temperature decreasing of the
melt, 8-Al,Cu would first nucleate and grow, and then a-Al and Al,Cu begin to crystallize together at
the eutectic point. The SEM image and EDS spectra of the melt-spun Al-25Cu are shown in Fig.1.
There are bright islands with a diameter of 3-10um (denoted as zone A) and dark areas (denoted as
zone B) between the islands in the SEM image. The EDS analysis of zone A and B reveal that the atom
ratio of Al to Cu in zone A is close to 2:1, which indicates that zone A is a first-solidified 8-Al,Cu
phase. The atom ratio of Al to Cu in zone B is much higher than zone A, implying this area
corresponds to an eutectic structure of Al and Al,Cu that precipitate later in the system. A rapid
solidified sample sometimes shows a different structure with equilibrium solidification [21, 22].
Interestingly, in our case, the phase structure is still in agreement with equilibrium conditions except
that the grains have smaller sizes.
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Figure 1. SEM image of alloy Al-25Cu with two feature zones: islands structure (denoted as A) and
dark area between islands (denoted as B), and the corresponding EDS analysis results of zone
A and B.

Fig. 2 shows the XRD patterns of the precursor Al-Cu alloys. Phase compositions of the alloys
vary with the Cu contents. Both Al and Al,Cu phases were observed in Al-17Cu (Fig. 2a) and Al-25Cu
(Fig.2b), while only Al,Cu phase exists in the Al-33Cu (Fig.2c). This result is in accordance with the
above metallurgical discussion of alloy structure. Fig. 2d is a typical XRD pattern of dealloyed sample.
Though the precursor alloys have different compositions, the obtained NPCs are mainly composed of
copper since most Al was dissolved during the dealloying process. But a small peak at ~22 degree
indicates that a small amount of residual Al,Cu exists.
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Figure 2. XRD patterns of the precursor Al-Cu alloys (a) Al-17Cu, (b) Al-25Cu, (c) Al-33Cu and (d) a
typical pattern of the NPCs derived from the dealloyed Al-Cu alloys.
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The nanoporous microstructures of the as-dealloyed NPCs are exhibited in Fig. 3. For the NPC
obtained from Al-17Cu alloy, a regular layered structure with smooth channels and walls in a scale of
ca. 100 nm was demonstrated. This structure originates from the lamellar structures of the precursor
alloys as typical eutectic phases of binary alloys. This lamellar structure is composed of alternating
pure Al and Al,Cu layers. But the Al layers were dissolved while the Al,Cu layers remained after the
dealloying because Al is more active than Cu in the alkaline solution, resulting in the alternating
channels/walls structure. The magnified image in Fig. 3(b) displays that the channel walls consist of
open, 3D nanoporous structure with pores and ligaments of ca. 20 ~ 30 nanometers in width. This
indicates that a typical nanopourous structure is developed on the Al,Cu layers, implying the Al
component in the Al,Cu layer was also dissolved, leaving voids in the walls. Therefore, the pore
distribution of the dealloyed NPCs contains two different scales: the large-sized channels are about
100 nm, while the small-sized pores are about 25 nm. Nanoporous gold (NPG) with similar bimodal
pore size distributions has been reported by Zhang et al [23], but the as-prepared NPCs show more
ordered large channels with uniform channel size.

Figure 3. SEM images of the NPCs obtained from (a, b) Al-17Cu_ (c,d) Al-25Cu and (e, f) Al-33Cu
after the dealloying at RT.

For the Al-25Cu alloy, the as-dealloyed NPC reveals two characteristic regions, as shown in
Fig. 3(c), the island-like region and lamellar region. Compared with Fig.1, the obtained NPC has a
similar structure to that of the precursor alloy, indicating that the macroscopic structure is retained
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during the dealloying. The island areas are primary Al,Cu grains while the lamellar structure is
simultaneously precipitated Al and Al,Cu eutectic structure. The magnified image in Fig. 3(d) reveals
that both the channel walls in the lamellar structure and the island grains possess 3D nanoporous
structure. Similar to Al-17Cu, the Al layer in the lamellar structure and Al element in both Al,Cu
lamellar channel walls and Al,Cu islands are all dissolved, and nanopourous islands and channel walls
are evolved. As for the NPC prepared by the Al-33Cu alloy, it seems more like a plain surface with no
lamellar structure, as shown in Fig. 3(e). The high-magnified SEM image in Fig. 3(f) demonstrates that
the plane is a uniform structure composed of bicontinuous interpenetrating ligaments and nanopores,
which is quite similar to the NPGs reported by Erlebacher [11] and Ding et al [12].

In summary, the structures of the NPCs show an inheritance relationship with their precursor
alloys in a comparatively large scale and vary slightly with alloy compositions. Therefore, the large
scale structure of the resultant NPCs could be adjusted by controlling the composition and phase
structure of the precursor alloys. However, they have similar nanoporous structure in the
comparatively small scale no matter in island or lamella, even no matter it is NPC or NPG. During the
dealloying of the as-prepared Al-Cu alloy, not only the Al layer in lamellar structure, but also the Al
component in the Al,Cu lamellar channel walls or Al,Cu islands are dissolved.

For a solid solution alloy system, the dissolution of an element mainly depends on the different
electrochemical activity of elements. For a complex alloy system, the dissolution should not only relate
with element activity, but also phase activity. To evaluate the corrosion tendency of an element or
phase, electrochemical tests were performed. Tafel plots were recorded for the bulk metal samples of
single phase Cu, Al, Al,Cu as well as Al-17Cu alloy, seperately. The plots are shown in Fig.4(a)
corrosion parameters are listed in table 1. It could be found Al has the most negative corrosion
potential (Ecorr), Which is ca. -1.70 V (v.s. Ag/AgCI electrode). Al,Cu has an E.,r 0Of ca. -1.31 V, while
Cu is ca. -0.53 V. The phase with more negative corrosion potential has stronger tendency to be
dissolved in the solution. Therefore, taking Al-17Cu alloy as an example, when its fresh surface gets
contact with alkaline solution, pure Al phase would act as a micro-anode and dissolve in priority.
When the corrosion continues, the surface of the alloy changes, and the Eq Of the alloy itself would
increase. After almost all the Al phase is depleted, the Al,Cu phase is the most negative one and begins
to dissolve. As a result, the Al element in the Al,Cu is dissolved, while copper goes through the
rearrangement to develop NPC structure [11].

Fig.4(b) shows the variation in the open circuit potential (OCP) of Al-17Cu and Al-33Cu alloys
as a function of time in 1 M NaOH solution. The curve of Al-17Cu during long-term test could be
divided into five stages. At the first stage, the OCP drops rapidly to -1.44V before reaching steady
state. During the second stage ( 12-90 min), the OCP keeps steady and increase smoothly from -1.4V
to - 1.3V, corresponding to the dissolution of Al phase since it is corroded as a sacrificial anodic
domain. At the end of this stage, the OCP plot gives a fast rise, indicating Al phase is almost depleted
and the OCP moves up as anodic current decreasing. From the third stage ( 90- 170min), it reaches the
Ecorr OF AlLCu phase, i.e., -1.3V, therefore Al in Al,Cu start to be corroded. The anodic current is
gradually recovered, so the rise of OCP slowed down and show a plateau at around -1.2V. For the
forth dealloying stage, the OCP rises steadily toward more anodic value. As Al element in the alloy
continuously reduces, the anodic current decreases, and yields higher OCP. However, the OCP shows
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some fluctuation in this stage. We assume it is caused by the in-situ rearrangement of Cu elements,
which sometimes expose more Al elements underlying. After 280min, the OCP reaches -0.55V and
rises very slowly with extended time, indicating the residue is mainly Cu as Al element is depleted.

By comparison, the evolution of the OCP of Al-33Cu alloy (i.e. Al,Cu) shows some differences.
Firstly, the initial steady OCP is around -1.3V, in agreement with its E¢or. Furthermore, there is no

clear plateau during the rise of the OCP, indicating no new anodic reaction happened during the
process.
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Figure 4. (a)Tafel plots of single phase Cu, Al, Al,Cu and alloy Al-17Cu and (b) time-dependent
evolution of open circuit potential of Al-17Cu and Al-33Cu alloys v.s. Ag/AgCl (sat’d KCI)
electrode in 1M NaOH solution.

Table 1. Corrosion parameters of different phases

Phase Ecorr leorr/ 10° Acm™
Al -1.70 8.1
Al,Cu -1.3 18.1
Cu -0.53 0.7
Alloy Al-17Cu -1.44 23.3

The N, adsorption/desorption measurements were carried out to study the surface area and
porosity of the as-prepared NPC. The isotherms of the NPC obtained from Al-17Cushown in Fig. 5(a)
belongs to a type 1V with a H1 hysteresis loop, corresponding to mesoporous solid [24, 25]. The PSD
plot in Fig. 5(b) shows a mean mesopore size of ca. 25 nm, which is consistent with the SEM
observation. The measurement also reveals that the NPC prepared from Al-17Cu has a BET surface
area of ca. 15.5 m? g™, while the NPC prepared from Al-33Cu shows a little higher surface area (ca.
18.1 m? g1). Compared with that (ie., 8.2 m?*g™) of the NPC prepared from Al-15Cu reported by Liu et
al [26], the alloy with lower Al content generates NPC with higher surface area. This is because that
for an Al-Cu alloy composed of Al and Al,Cu phases, the phase Al will be depleted to form large
channels or voids and contribute little to the surface area of the derived nanoporous material. Al-33Cu,
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only consists of Al,Cu phase, shows the highest surface area among the Al-Cu alloys with Cu content
of 0 to 33 at%.
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Figure 5. (a) N, adsorption and desorption isotherms and (b) Pore size distribution plot based on
Barrett-Joiner- Halenda method of NPC prepared from Al-17Cu.

Figure 6. TEM images of the NPC prepared from Al-17Cu, (a) nanoporous structure and its
corresponding SAED pattern; HRTEM of a NPC ligament with (b) stacking faults and (c) twins
marked by a white dashed line.

Fig. 6(a) reveals the TEM image of the NPC prepared from AI-33Cu. The ligaments could be
clearly identified with a width around 20-30 nm. The corresponding selected-area electron diffraction
(SAED) pattern inserted in Fig. 6(a) corresponds to face-centered cubic (f.c.c.) Cu along [100] axis.
However, the distortion of the diffraction pattern shows a tendency to form diffraction rings, which
implies the ligaments are not highly oriented as reported for the NPG prepared from the solid solution
Au-Ag alloy [27, 28]. This is probably caused by the different lattice structure between the precursor
alloy (Al: f.c.c; Al,Cu: body centered tetragonal) and the resultant NPC (f.c.c.). Copper atoms evolve
into f.c.c. copper ligament from the body centered tetragonal Al,Cu, and this shift in the lattice
structure results in a slight disparity of the final NPC grains. In contrast, both the Au-Ag alloy and the
resulted NPG is f.c.c. structure. Its crystal lattice orientation is regarded to be retained after dealloying
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as reported. Actually, the NPG prepared from the Al-Au alloy (with an intermetallic of Al,Au) [23]
and the NPC prepared from Al-40Cu [18] showed similar diffraction pattern to that observed in this
study. Besides, lattice defects are frequently seen in the resultant NPC. The HRTEM in Fig. 6(b)
clearly shows some stacking faults on the ligament. Fig. 6(c) shows the twins as marked by white
dashed line. These should be caused by the internal stress originated from the huge mass loss and the
volume contraction of alloy and the lattice structure changes.

Figure 7. SEM images of the NPC prepared from Al-17Cu alloy at RT (a, ¢) and 60°C (b, d) for 5 h,
respectively.

Structure coarsening is a widely accepted process accompanying the dealloying reaction,
especially at extended time and temperature. The length scale of ligament/nanopores of nanoporous
structure formed by more noble metal would coarsen to a larger scale. Fig. 7 displays the NPC images
obtained by dealloying Al-17Cu at RT and 60 °C for 5 h, respectively. Comparing the nanoporous
structures of Fig.7 (c) and (d), with the increase in the dealloying temperature, the feature length of the
ligaments increases from ca. 25 nm to ca. 50 nm. The NPC prepared from Al-33Cu shows the same
length dependence on the dealloying temperature (not shown). Similar phenomena about coarsening
have been reported [12, 29], for example, the feature length of the NPG prepared from Au-Ag alloy
could be adjusted from ca. 7 nm to ca. 28 nm by tuning the dealloying temperature from -20 to 25 °C.
The driving force for such structure evolution is surface-energy reduction, quite similar to Ostwald
ripening effect [30]. Dissolution of less noble element will generate ligaments with high curvature
composed of more noble metal. The system will try to smoothen regions of high curvature in order to
reduce surface-energy, i.e., the atoms will transport from positively curved regions to negatively
curved ones [31, 32]. There have been arguments about the evolution mechanism of nanoporous
structure between dissolution-redeposition model, volume diffusion model and surface diffusion model
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[33]. The prevalent one is the surface diffusion mechanism [11, 34], for which the surface diffusion of
more noble metal along alloy/electrolyte interface will be the controlling step. The increase of
temperature will enhance the diffusion coefficient, and thus give rise to enlarged length scale of the
NPC even dealloyed for the same time as at RT. However, most reports of coarsening are restricted to
nano-scale, and it is believed that such coarsening would not lead to long-range mass transport. In our
case, the NPC with bimodal pore size distributions shows macroscopic morphology changes at higher
temperature. By the comparison of Fig. 7(a) and (b), it could be found the channel/walls eutectic
structure in the scale of 100 nm becomes vague for the NPC obtained at 60 °C. The channels are
bridged to some extent as shown in Fig. 7(d), which indicates the diffusion of copper has proceeded to
the scale of 100 nm. For such alloy system, the coarsening process could be utilized to modify both the
microscopic and macroscopic structures.

4. CONCLUSIONS

Three samples of Al-Cu alloy with 17-33 at% Cu were prepared by melt-spun to study their
dealloying behavior. Both Al-17Cu and Al-25Cu are composed of a-Al and Al,Cu, while Al-33Cu is
pure Al,Cu. Their metallographic structure is in accordance with equilibrium solidification analysis
except with smaller grain sizes. The resultant NPC after being dealloyed in 1 M NaOH solution at RT
shows an inherited structure from the precursor alloy in comparatively large scale and varies slightly
with the alloy composition.

Electrochemical tests indicate the different electrochemical activity of Al and Al,Cu phases and
Al is prone to be dealloyed preferentially. The evolution of OCP of Al-17Cu alloy shows a plateau
around -1.2V, further reveal that the dealloying of Al,Cu mainly comes after the Al phase depleted.
For the dealloying at elevated temperature, not only the nanoporous structure coarsens into larger scale
(ca. 50 nm), but channels/lamellar structure are bridged to some extent.

The prepared NPC by dealloying of Al-Cu alloy possesses bimodal pore size distribution. Its
large scaled structure could be altered by controlling the starting alloy composition and phase structure.
Its nanoporous structure could be tuned by changing dealloying conditions like temperature or
corrosion potential. Such porous metal with large channels facilitating solution percolation and mass
transport, nanopores generating more active sites and high surface area favoring interface property, has
great potential in various applications, including sensors, catalysts supports and actuators.
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