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Effect of Dealloying Condition on the Formation of Nanoporous
Structure in Melt-Spun Al,,Ge;,Mn,, Alloy
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Effect of dealloying condition on the formation of nanoporous structure in melt-spun
Aly,Ge;,Mn,, alloy has been investigated in the present study. In as-melt-spun Al,,Ge;,Mn,,
alloy spinodal decomposition occurs in the undercooled liquid during cooling, leading to
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INTRODUCTION

Chemical or electrochemical dealloying method refers to a
selective dissolution of less noble elements of the alloy, and
is considered as one of the important corrosion process.
By using such dealloying method, it is possible to fabricate
nanoporous metals or oxides aiming to be used as catalysis,
actuators, energy storage and biosensors (Chen et al., 2012;
Qiu et al., 2015; Zhang et al., 2016). So far, it is known that
various nanoporous noble metals such as Au, Pt, Pd, and
Ag can be fabricated by using dealloying method (Zhang et
al., 2009), although high cost of them causes a problem in
commercial applications. Recently, nanoporous metal such as
Cu receives an attention due to their attractive properties and
cost effectiveness (Wang et al., 2015).

It has been pointed out that to form an uniform nanoporous
structure by using dealloying method, the precursor alloy
is required to be a single phase. Until now, only several
crystalline alloy systems have been found to be useful in
fabricating uniform nanoporous structures through one-
step dealloying process. In comparison with crystalline

amorphous phase separation. By immersing the as-melt-spun Al ,Ge,,Mn,, alloy in 5 wt%
HCI solution, Al-rich amorphous region is leached out, resulting in an interconnected
nano-porous GeO, with an amorphous structure. The dealloying temperature strongly
affects the whole dealloying process. At higher dealloying temperature, dissolution kinetics
and surface diffusion/agglomeration rate become higher, resulting in the accelerated
dealloying kinetics, i.e., larger dealloying depth and coarser pore-ligament structure.
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alloys, metallic glassy alloys consist of a single phase with a
homogeneous composition and structure. The freedom for
changing the constituent element and in changing the alloy
composition makes metallic glassy alloys to be interesting
systems for fabricating nanoporous structures which cannot
be obtained from crystalline alloys.

Recently, it has been shown that amorphous GeO, powder
has a potential to be utilized as a new anode material for Na-
ion batteries (Kajita & Itoh, 2016). When the amorphous
GeO, powders are used as the active material, they show high
reversible capacity, high current discharge, and good cyclic
charge-discharge performance. Such unique properties can
arise from the amorphous structure of GeO,, which allows
effective electrochemical Na insertion-extraction. Recently, it
has been shown that amorphous GeO, nanoporous structure
can be obtained by one-step dealloying of Al,,Ge;,Mn,,
amorphous alloy (Kim et al., 2015). Such nanoporous GeO, is
considered to be a good candidate for anode material for Na-
ion batteries, as mentioned above. Although the formation of
uniform nanoporous GeO, has been reported in the previous
study, the effect of dealloying condition has not been shown
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yet. Therefore, the aim of the present study is to show the
effect of dealloying condition when fabricating amorphous
GeO, nanoporous structure.

MATERIALS AND METHODS

An alloy ingot having a nominal composition of Al,,Ge;,Mn,,
was prepared by arc melting the high purity elements (above
99.9% purity) in a water-cooled copper crucible under an
argon atmosphere. The alloy ingot was re-melted by high-
frequency induction and then rapidly solidified into a ribbon-
type sample by ejecting the melt onto the surface of a Cu
wheel rotating with a speed of 30 m/s.

Microstructural characterization was conducted using a
transmission electron microscope (TEM, JEOL 2100F; JEOL,
Japan) linked with an energy dispersive spectrometer (EDS;
Oxford Instruments INCA, UK). The samples for TEM
analysis were prepared using an Ar ion milling machine (PIPS
691; Gatan, USA) at 2.5 keV/6 mA under liquid nitrogen
cooling.
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De-alloying of the melt-spun ribbon was carried out in 5
wt% hydrochloric acid (HCl) aqueous solution at 30°C, 40°C,
and 60°C for 100 hours. For TEM analysis, cross-sections of
de-alloyed samples were prepared using a focused ion beam/
scanning electron microscope (FIB/SEM, Helios Nano Lab
600; FEIL, USA).

RESULTS AND DISCUSSION

Fig. 1A and B show a typical bright field (BF) TEM micro-
graph and a high-resolution (HR) TEM image obtained
from the as-melt-spun Al,,Ge;,Mn,, ribbon sample. The BF
and HR TEM images show no appreciable contrast variation
which is typical for monolithic amorphous alloy. However,
the selected area diffraction pattern (SADP) shown in Fig.
1C clearly show double halo rings with high intensity instead
of single halo ring which is observed in the conventional
amorphous alloy. The observation of two halo rings indicate
that the amorphous alloy consists two different amorphous
phase with different compositions (Kim et al., 2015). Since it

Fig. 1. Transmission electron microscope
(TEM) images and diffraction pattern
of the as-melt-spun Aly,,Ge,,Mn,,
amorphous alloy. (A) Bright field TEM
image. (B) High-resolution TEM image.
(C) Selected area diffraction pattern.

Fig. 2. Secondary electron scanning
electron microscope images of dealloyed
Alg,Ge;Mn,, samples at 30°C (A) and
60°C (B) for 100 hours.
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has been shown that amorphous Ge exhibit some anomalous
scattering characteristics (Louzguine et al., 1999), double
halo rings observed in the present study may be due to
inhomogeneous distribution of Ge in the amorphous matrix.
The previous study has shown that ~3 nm scale contrast
fluctuation is observed in the amorphous matrix due to the
local composition variation from Al-rich and Ge-rich regions.
TEM results in Fig. 1 indicate that spinodal decomposition
in the under-cooled liquid melt above the glass transition
temperature during cooling results in nm scale compositional
fluctuation in the as-melt-spun Alg,Ge,,Mn,, ribbon. Since
the as-melt-spun alloy exhibit compositional fluctuation due
to the presence of Al-rich and Ge-rich regions, dealloying
process can be applied to fabricate a nano-porous structure.
In the present study, de-alloying of Al has been tried by
immersing the samples in 5 wt% HCI aqueous solution at
various temperatures for 100 hours.

The secondary electron (SE) SEM images shown in Fig. 2
compare the surface morphology of the samples dealloyed
at 30°C and 60°C, respectively. Both samples show a pore-
ligament structure which is a typical surface morphology for
dealloyed samples. However, the sample dealloyed at lower
temperature exhibit finer pore-ligament structure due to

”
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Fig. 3. Cross-sectional bright field transmission electron microscope
image (Selected area diffraction pattern of the oxide and matrix is
inserted.) obtained from the sample dealloyed at 30°C for 100 hours.
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lower surface diffusion rate as the dealloying temperature
decreases.

Fig. 3 shows a typical cross-sectional BF TEM image and
SADPs obtained from the sample dealloyed at 30°C for 100
hours. The darker-contrast and brighter-contrast regions
correspond to undealloyed region (amorphous matrix) and
dealloyed region, respectively. The SADP obtained from the
undealloyed region indicates that the amorphous matrix
after dealloying process exhibits diffuse halo pattern very
similar obtained from the as-melt-spun ribbon sample.
The SADP obtained from the dealloyed region also exhibits
diffuse halo pattern. However, the position of the halo ring is
different from those observed from the undealloyed region,
indicating that a different amorphous phase forms as a result
of dealloying process. The result of detailed analysis in the
previous study showed that nano-porous GeO, forms as a
dealloying product. The interesting point is that nano-porous
germanium oxide has an amorphous structure. As already
pointed out in the previous study, the critical thickness for
amorphous-crystalline transition in germanium oxide may be
rather large (Sun, 1947), resulting in the amorphous structure
in nano-porous GeO,.

Fig. 4 shows typical cross-sectional SE SEM images obtained
from the samples dealloyed at 40°C and 60°C for 100 hours.
From the SE SEM images, the effect of dealloying temperature
on the dealloyed depth from the ribbon surface can be
discussed. In the case of the sample dealloyed at 40°C, the
dealloyed depth from the surface was ~4 pm, indicating
that 100 hours is not enough for complete dealloying of the
ribbon sample. However, In the case of the sample dealloyed
at 60°C, the ribbon sample was completely dealloyed as can
be seen in Fig. 4B. A line with a slightly dark contrast can be
observed at the center region, same distance from wheel side
and air side. The result in Fig. 4 indicates that the dealloying
rate is strongly affected by the dealloying temperature, and is
almost same from the wheel and from the air side.

The present study shows that spinodal decomposition of
the undercooled liquid in the as-melt-spun Al,,Ge;,Mn,,
alloy leads to amorphous phase separation exhibiting double
halo diffraction pattern. The de-alloying process has been

Fig. 4. Cross-sectional secondary electron
scanning electron microscope images
obtained from the samples dealloyed at
40°C (A) and 60°C (B) for 100 hours.
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successfully adopted for Al,Ge;,Mn,, phase separating
amorphous alloy by leaching out Al-rich amorphous phase
in 5 wt% HCI solution. The remaining Ge-rich amorphous
phase transforms into an inter-connected porous structure
with a typical pore-ligament structure. It is known that the
dealloying process consists of three stages, i.e., dissolution,
surface diffusion and agglomeration. The present study shows
that the dealloying temperature strongly affects the whole
dealloying steps including dissolution, surface diffusion
and agglomeration. At higher temperature, dissolution
kinetics and surface diffusion/agglomeration rate become
higher, resulting in the accelerated dealloying kinetics. As
a result, coarser pore-ligament structure is obtained as the
temperature increases.

CONCLUSIONS

1. Spinodal decomposition of the undercooled liquid in as-
melt-spun Al,,Ge;,Mn,, alloy leads to amorphous phase
separation exhibiting double halo diffraction pattern.

2. By immersing the as-melt-spun Al,,Ge,,Mn,, alloy in 5
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wt% HCI solution, Al-rich amorphous region is leached
out, resulting in an interconnected nano-porous GeO,
with an amorphous structure.

3. The dealloying temperature strongly affects the whole
dealloying process. At higher dealloying temperature,
dissolution kinetics and surface diffusion/agglomeration
rate become higher, resulting in the accelerated dealloying
kinetics, i.e., larger dealloying depth and coarser pore-
ligament structure.
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