Isolating Intermediate Mg;;CusAli> Phase in Ternary Mg-Cu-Al Alloy by Electrolytic Dealloying
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Abstract: While dealloying is widely used to create nanoporous materials, it has rarely been employed to
isolate difficult-to-synthesize intermediate phases. Here we show how air-free, electrolytic dealloying at
room temperature can be used to isolate the ternary intermetallic Mgi1CusAli> phase. We create a ternary
Mg-Cu-Al parent alloy containing the Mg;CusAl;> compound and other phases, then subsequently remove
these other phases via electrolytic dealloying to isolate the Mgi1CusAli> phase. Isolated Mg;:CusAli> phase
exhibits =1 pm diameter rod-shaped microstructure. Phase and chemical analysis conducted using various
techniques, including inductively coupled plasma and lab and synchrotron-based X-ray diffraction, show
minimal impurities. This new approach to isolate the Mg;1CusAl> phase can unlock its use in fundamental

research and can be applied to other difficult-to-synthesize intermetallic compounds.
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Dealloying, a selective alloy leaching process, has mostly been used as a nanostructuring method
to create nanoporous materials with tunable size and high surface areas by selectively removing a sacrificial
species from a parent alloy typically through free corrosion or electrolytic means.[1-5] Many of these
nanoporous materials have various applications such as for catalysts[6,7], sensors[7,8], batteries [9—11], or
hydrogen gas producers via hydrolysis.[12—-15]. Advances have shown how dealloying of ternary parent
alloys can create nanoporous binary intermetallics or alloys with electrocatalyst applications from
stabilizing effects of the second element[16—19]. Furthermore, combining dealloying with additive
manufacturing to create three-dimensional hierarchical nanoporous materials is another example of the
broad versatility and resourcefulness of dealloying. [20-23]

However, we posit that dealloying is more versatile as a synthesis method than for just creating
high-surface area structures. Here we show how the dealloying process can be extended beyond
nanostructuring by using this method to entirely etch away the matrix of multicomponent alloys to isolate
a desired intermediate phase present in this matrix. Intermediate phases formed in the matrix of
multicomponent alloys usually exhibit remarkable mechanical, (electro)chemical, electronic, optical, and
magnetic properties.[24—28] However, some intermediate phases only form at high temperatures and will
decompose into other phases when the multicomponent alloy is brought to room temperature. Therefore,
effective methods to isolate these intermediate phases are desirable. Specifically, we show that the ternary
intermetallic phase, Mgi1CusAli» (MCA), can be synthesized and isolated with minimal impurities via
dealloying. This phase was chosen for investigation because of its challenging thermal synthesis method
which has only been successfully demonstrated once in the literature by Berns et al.[29] Our strategy
involves trapping the intermediate MCA phase in a parent alloy with more reactive phases, and
subsequently removing these other reactive phases by room-temperature, air-free electrolytic dealloying.

This new approach of dealloying to isolate the MCA phase can unlock it for fundamental research of its



properties and applications and can potentially apply to other types of difficult-to-synthesize intermetallic
compounds.

To discuss the synthesis strategy for the MCA phase, some background clarification is needed. In
the literature, MCA has only been successfully synthesized and extensively characterized once by Berns et
al. in 2011 during their attempts to create the Al;CusMgs phase from published ternary AI-Mg-Cu phase
diagrams.[29-31] According to these ternary Al-Cu-Mg phase diagrams published from 2007, the
Al;CusMgs phase exists as a small, near-stochiometric point at 400°C, which decomposes into other Laves
phases at room temperature.[29—31] Ternary phase diagrams generated using FactSage also show this
decomposition occurring below 325°C as the phases present in the red region in Figure 1 are different when
comparing the Al-Cu-Mg ternary phase diagram at room temperature (Figure 1a) to 325°C (Figure 1b).
Specifically, the phases noted in the red highlighted region of Figure 1a are hexagonal close-packed

magnesium (HCP Mg), AlixMgis, and other AlyCuyMg Laves phases (P63/mmc) (x=1.08-1.20, y=0.92-
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Figure 1. Generated Al-Cu-Mg ternary phase diagrams at (a) 25°C and (b) 325°C from FactSage. Red
highlighted region corresponds to (a) HCP-Mg, Al;>Mg;, and other Laves phases, and (b) HCP-Mg,
Al;xMgy;, and Al,CusMgs phases. Thus, thermal synthesis of Al;CusMgs is difficult due to its
decomposition at low temperature. The parent alloy composition Mgz0CuzAl>; at. % in this work is
marked with black star.



0.80), while the phases noted in the red highlighted region of Figure 1b are HCP Mg, Ali-Mgi7, and
Al;CusMgs phases. This makes thermal synthesis of Al;CusMge phase difficult because of its
decomposition at low temperatures and because of its existence as a near-stochiometric point where local
variations in composition away from the target point will create other phases as impurities instead of pure
Al;CusMgs phase. Thus, we set out to synthesize the Al;CusMgg phase like Berns et al. but by a different
approach where we create a parent alloy in the red region in Figure 1b to contain the Al;CusMge phase
with a composition away from the stochiometric point (i.e., moving towards the Mg-rich corner).
Specifically, a parent alloy with composition Mg7CusAly; at. % is created (see supplemental information
for experimental methods) as marked by the black star in Figure 1a-b; this composition is chosen for its
distance from nearby phase boundaries to ensure a uniform parent alloy. We then remove the other phases
present to attempt to arrive at the pure ternary intermetallic phase, which is either Al;CusMgs phase by
conventional phase diagrams or Mg;;CusAli as obtained by Berns et al. For this discussion, we will refer
to our product as the Mg;CusAli> or MCA phase obtained by Bemns et al. given the similarities in X-ray
diffraction (XRD) patterns as will be shown and discussed later.

Electrolytic dealloying was performed using Mg7CusAly; at. % as the working electrode, Mg foil
as the counter and reference electrodes, and all-phenyl complex (APC) as the electrolyte with an applied
voltage of 1.0 V vs. Mg/Mg?". This voltage is chosen because it can remove both Mg and Al from the
working electrode. A schematic for the dealloying cell is shown in Figure 2a. During this process, both the
HCP Mg and Mg;7Ali; phases are removed to leave behind MCA as a black powder at the working
electrode. This powder is shown in Figure 2b. XRD analysis using Cu Ka radiation (A = 1.5406 A) before
and after dealloying is shown in Figure 2¢. Here the parent alloy with all three phases—Mg, Mg;7Ali2, and
MCA—is shown before dealloying begins (Figure 2¢, blue curve). After dealloying, only MCA is detected
by lab-source powder XRD (red curve). A typical current profile for the dealloying process is shown in

Figure S1; here the charge measured from the current during dealloying is associated with the amount of
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Figure 2. (a) Schematic of cell used for electrolytic dealloying with Mg foils as the reference/counter
(R/C) electrode and Mg7CuszAl>; at. % parent alloy as the working electrode (W). Mg and Mg;;Al;»
phases are removed from W via applied potential to produce (b) Mg,CusAl;> (MCA) as black powder.
(¢c) XRD characterization before and after dealloying process, showing phase-pure MCA can be

obtained afier dealloying. (.. = 1.5406 A) (References: Mgi,CusAl;; ICSD ID 422849, Mg PDF #00-
004-0770, Al;12Mg;; PDF #01-073-1148)

sacrificial materials dissolved and indicates ~92 % completion rate when compared to the total expected
charge capacity corresponding to removal of Al and Mg. This suggests a good yield or completion of the
overall process (2058 mAh measured out of 2238 mAh expected). In the synthesis by Berns et al., high-
temperature annealing at 500°C for =357 hours is required to collect phase-pure samples.[29] By using
electrolytic dealloying, heating is only used to melt and create the parent alloy followed by a relatively short
annealing and quenching process (3 hours) to lock the phases into the parent alloy. Here phase-pure samples
as detected by lab-source XRD from Figure 2¢ can be collected after <257 hours and at room temperature,
which unlocks scaling towards larger applications as well by lowering the energy requirement for synthesis.

We vary our dealloying approach to isolate MCA to provide more insight into this process and
determine if a more pure phase product detected by XRD can be achieved. Here electrolytic dealloying is

suitable because the desired phase can be made in a parent alloy with other more reactive components, and
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Figure 3. Dealloyed product of MgCusAly; at. % (a) at different voltages or (b) using HCI for free-
corrosion dealloying. Only dealloying at 1.0 V vs. Mg is shown to give the Mg;;CusAl;> phase. (A =
1.5406 A) (Reference: Al PDF #01-085-1327, Cu PDF #00-001-1241)

a suitable electrolyte can be used to remove the more reactive components. Note that our electrolytic
dealloying approach requires an applied voltage greater than 0.71 V vs. Mg/Mg?*—the difference between
the equilibrium potentials of AI/AI** (-1.662 V vs. SHE) and Mg/Mg?* (-2.372 V vs. SHE) metal[32]—to
account for the overpotential required for shuttling Al. Furthermore, the Cu atoms present in Mgi1CusAli»
make the ternary phase more noble and unable to be electrolytically removed at this potential. As shown in
Figure 3a, lower voltages such as 0.5 or 0.8 V vs. Mg/Mg?* (black and red curve) will result in partial
dealloying in which both Mg;7Al;, and pure face-centered cubic (FCC) Al phases are detected. The latter
Al phase comes from the removal of Mg from Mg;;7Al;; resulting in nanoporous Al as expected from
previous work.[12,15] However, there is a maximum higher voltage which is reached at 1.4 V vs. Mg/Mg**
(green curve), since the destruction of the MCA phase is observed by the detection of the pure Cu phase.
Similar destruction of the MCA phase using free corrosion dealloying with 1 M HCl also results in detection

of pure Cu and Mg;7Al; phases by XRD as shown in Figure 3b. This further supports the significance of
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Figure 4. Synchrotron XRD analysis of dealloyed MCA powder (black curve) with reference stick
patterns for Mg 1CusAl;> (red, square), Laves P63/mmc Al.Cu,Mg (x=1.08, y=0.92) (blue, circle),
Mg 74l (green, upside-down triangle), and carbon (purple, triangle). All peaks detected are assigned
with corresponding shape and color. The carbon peak is from a small amount of carbon additive. (A =
0.728 A) (Reference: AL.Cu,Mg (x=1.08, y=0.92) ICSD ID 199479, Carbon ICSD ID 51381). Under
this higher resolution XRD, the Laves phase is detected as impurity, which originates from MCA
decomposition at room temperature.

using the electrolytic dealloying strategy at 1.0 V vs. Mg/Mg?* as this was the most suitable method for

isolating the MCA phase.

Synchrotron XRD (SXRD) is used to examine the phase composition of MCA with higher

resolution to distinguish any impurity phases that may not have appeared from the lab-source XRD. Phase

analysis by SXRD on the dealloyed MCA powder is shown in Figure 4. All peaks that can be detected

were assigned to its corresponding phase. For the Mg;1CusAl;2 phase, many peaks exist and can be visibly

assigned, while some peaks with extremely low intensities (such as at =7.2° and =8.3°) are not detected. A

very small amount of starting material Mg;7Al;» phase remains as noted by the small peaks at =16.8° and

~20.3°. The main impurity phase detected is most likely the Laves (P63/mmc) AlCuyMg phase, which
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comes from decomposition of MCA at room temperature as mentioned earlier from Figure 1a. Note that
this Laves phase can represent a broad composition range where the amount of Al (x = 1.08-1.20) and Cu
(y=0.92-0.80) can vary; this variation in Al and Cu can cause changes in lattice parameters that results in
peak shifting when comparing to the reference pattern used where x=1.08 and y=0.92.[33] Such peak
shifting is more intense for higher degree peaks and is a known phenomenon that has been noted before in
the literature for Cu/Al solid solutions.[34] Thus, the peak assignment represented by blue dots varies from
the reference represented by blue sticks as shown in Figure 4 for the Laves phase. Note that this Laves
phase is not seen on lab-source XRD in Figure 2¢, and future optimizations to the parent alloy creation and
quenching process can further minimize its presence.

Microstructural characterization of the MCA product is shown in Figure 5a-b. Scanning electron
microscopy (SEM) shows that the final MCA product is not nanoporous at higher magnification as shown
in Figure 5b; instead, it is rod shaped with diameter ~1 micron. This rod-like structure differs from most
dealloyed products commonly exhibiting a nanoporous structure, but such a structure has been noted before
in the literature.[35] Energy-dispersive X-ray spectroscopy (EDX) mapping is shown in Figure Sc-f for
elemental composition characterization. Here the overall elemental composition map is relatively uniform
for all three elements, while the overlay shows Al as the element with the highest concentration. EDX and
inductively coupled plasma optical emission spectroscopy (ICP-OES) are also conducted before and after
dealloying in Figure 5g to show the change in composition. It is important to note that when Berns et al.
first reported on the MCA phase, they note that MgoCusAli4 is also a possible composition whereby
replacing two Mg atoms with Al gives the same crystal structure.[29] They conclude a mixture of both
compositions is possible based on several factors such as a bond length analysis. Based on EDX and ICP-

OES, the MCA product is within the appropriate at. % range of the two ideal compositions.
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(g) Ideal Compositions Before Dealloying After Dealloying
Elements Mg,CugAl,, Mg,,CugAl,, EDX ICP EDX ICP
Mg (at. %) 31 % 38 % 69 % 1% 34 % 38 %
Al (at. %) 48 % M % 28 % 26 % 46 % 45 %
Cu (at. %) 21% 21 % 3% 3% 20 % 17 %

Figure 5. (a-b) SEM imaging showing microstructure of MCA which consists of rod-shaped structure
with diameter around 1 micron. (c-f) EDX mapping showing bulk distribution of elements. All three
elements (Mg, Cu and Al) are uniformly distributed with Al as the element with the highest
concentration. (g) Compositional analysis showing ideal elemental compositions of MCA phase and
compositions before and after dealloying characterized through EDX and ICP-OES. The composition

of MCA product obtained after dealloying falls within the range of two ideal phases.

In conclusion, while dealloying is a versatile synthesis method when it comes to creating
nanostructures, here we show how electrolytic dealloying can be used to overcome the difficulty in thermal
synthesis and create intermediate phases using the ternary intermetallic MCA phase as an example.
Synchrotron phase characterization of MCA from electrolytic dealloying reveals only a small amount of an
impurity phase, which is likely the Laves (P63/mmc) Al,CuyMg phase. This phase is expected to come
from room-temperature decomposition of MCA. Meanwhile, microstructural characterization shows ~1

micron diameter rod shapes instead of the typical nanoporous structure. Furthermore, this phase can be

10




made using significantly less energy in room-temperature electrolytic dealloying compared to the
traditional thermal synthesis process requiring 500°C annealing for 357 hours, which unlocks this phase for

fundamental research and potential applications.
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