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a b s t r a c t

The advanced efficiency of metallic glasses in degrading organic water pollutants has attracted wide
interests. Yet the decolorization efficiency decreases in alkaline solutions which remains a challenge for
their application. In this work, the performance of Al91-xNi9Yx (x ¼ 0, 3, 6, 9 at.%) metallic ribbons in
degrading azo dye in aqueous solutions at wide pH conditions is studied. It is surprising to find that the
reaction activity of Al-based metallic glass in alkaline and acidic azo dye solution is about 1.5 and 189
times higher than that in neutral solutions, respectively. The low reaction activation energy and for-
mation of nano-porosity on the surface of metallic glass are responsible for the high reactivity in alkaline
and acidic solutions. The reaction activity can be further enhanced by modifying the alloy composition.
These findings suggest that the Al-based metallic glasses hold promising potential in degrading azo dyes
solutions, especially in alkaline and acidic environments.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Metallic glasses, unlike the crystalline alloys that are thermo-
dynamically equilibrated, are metastable materials in far-from-
equilibrium states [1,2]. The far-from-equilibrium nature bestows
metallic glasses many excellent properties that are unachievable in
crystalline alloys [3e5]. The advanced properties make metallic
glasses promising candidates as functional materials, such as cat-
alysts [6e9], biomaterials [10e15], soft magnetic materials [16,17],
and magnetocaloric effects [18,19]. It was found recently that Fe-Si-
B and Fe-Si-B-Mo amorphous alloys can degrade Acid Orange II azo
dye solutions [20,21]. The reactivity of amorphous alloys is higher
than their crystalline counterparts and commercial Fe powders.
This functional application of metallic glasses holds promising
application potentials because of its higher reactivity, lower cost,
and easier manipulations than many other methods, such as
Wang), g.wang@shu.edu.cn
physical adsorption [22], nanoscale bimetallic particles [23] and
bacterial degradation [24]. Extensive efforts have been devoted to
exploring new compositions with advanced properties and to
studying the reaction mechanisms. Fe-B binary amorphous alloy
can degrade Direct Blue 6 by about 1.8 and 89 times faster than its
crystalline counterpart and commercial Fe powders, respectively
[25]. The low reaction activation energy (25.4 kJ/mol) is thought to
be responsible for the high reaction activity. The boron contributes
to make the surface oxide layer loose to allow ions exchange be-
tween alloy and solution. Addition of Nb into Fe-Si-B metallic
glasses can further increase the reactivity in degrading Direct Blue 6
[7]. The reactivity of Fe-Si-B-Nbmetallic glass powders is about 200
times higher than commercial Fe powders. The reactivity of Fe-Si-
B-Y metallic glass powders is about 1000 times higher than com-
mercial Fe powders in degrading Methyl Orange and remain stable
after 13 cycles [26]. The weak atomic bonds as a result of cluster
competition may be responsible for the high reactivity of Fe-B-Y
metallic glass in degrading Orange G [27].

Besides Fe-basedmetallic glasses, efforts have also been devoted
to looking for new metallic glasses that can degrade organic water
contaminants. Mg-Zn-Ca metallic glasses exhibit about 1000 times
higher reactivity compared to commercial Fe powders in degrading
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Fig. 1. (a) XRD and (b) DSC curves of the Al-Ni-Y ribbons confirm the atomic structure.
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Direct Blue 6 [8]. Increasing the concentration of Zn decreases the
reactivity [28,29]. Partially amorphous Mg-Zn-Ca powders can also
exhibit superior reaction efficiency in degrading Congo red dye
[30]. Co-based and Al-based metallic glasses are also reported to be
Fig. 2. (a) The appearance of DB 2B solution before and after degradation by Y6 metallic glas
DB 2B solution after different reaction time with Y6 metallic glass ribbons at (b) pH ¼ 2, (c
different degradation time with Y6 metallic glass ribbons. (f) The comparison of degradation
first stage.
able to degrade azo dyes efficiently [31,32]. Surface decoration by
nanopores and oxides is demonstrated to be able to further in-
crease the reaction activity of metallic glasses in adsorbing and
degrading Direct Blue 6, Phenol, and Cr6þ [33e35]. Photocatalytic
s ribbons under different pH values at room temperature. The UV absorption spectra of
) 7, and (d) 12, respectively. (e) The normalized concentration of DB 2B solution after
time constant t0 for different pH. For pH ¼ 7, the t0 is derived by fitting the data of the
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method using metallic glasses and TiO2 composite powders also
exhibits higher degradation activity than pure TiO2 in degrading
Methylene Blue [36]. Using Fenton-like method, Fe-B-Si metallic
glass exhibits high reactivity in degrading organic Methyl benzene,
Methanol, RhB, Methyl blue, Methyl orange, and Cibacron brilliant
red 3B-A [37e40]. Photon irradiation can further accelerate the
Fenton-like process of Fe-B-Si metallic glass in degrading BR3B-A
dye [41]. Via activating persulfate, Fe-B-Si metallic glass exhibits
superior surface stability and reusability in degrading methylene
blue [42]. The newly developed AlCoCrTiZn high-entropy alloy with
Fig. 3. The normalized concentration of DB 2B solutions along with reaction time for
Al-Ni-Y ribbons of different Y content at room temperature. (a) pH ¼ 2, (b) 7, and (c) 12.
severe lattice distortion also exhibits a prominent efficiency in
degrading Direct Blue 6 [43]. Even though there has been big
progress in improving the reactivity of metallic glasses in degrading
organic pollutants. One common challenge is that the reactivity
decreases strikingly along with the pH increase. Since much of the
dye polluted water is alkaline, it is of high interests to explore new
metallic glasses that exhibit high reactivity in alkaline solutions.

In this work, we studied the reactivity of Al-Ni-Ymetallic glasses
in degrading Direct Blue (DB) 2B azo dye solutions. The influence of
solution acidity, alloy composition, and reaction temperature has
been studied. The reaction mechanism has been studied based on
the evolution of surface morphologies and the compositions
change for the metallic glass ribbons.
2. Experimental

2.1. Fabrication and characterization

The alloy ingots with nominal compositions of Al91-xNi9Yx
(x ¼ 0, 3, 6, 9 at.%) were prepared by induction melting the mix-
tures of pure Al, Ni, Y metals under high purity argon atmosphere.
The Al-Ni-Y metallic glass ribbons with a cross-section of about
1.5 mm � 0.03 mm were fabricated by single roller melt-spinning
method under the protection of argon atmosphere. The surface
speed of spinning roller is 35 m/s. The atomic structure of the
ribbons was verified by X-ray diffraction (XRD, Bruker D8 Advance)
with Cu Ka radiation. The amorphous structure of the ribbons was
also certified by differential scanning calorimetry (DSC, NETZSCH
404C) at a heating rate of 0.67 K/s.
2.2. Reactivity measurements

Commercially available azo dye (C32H20N6Na4O14S4) powders
were purchased from Shanghai East Lion Silk Screen Printing Ink
Co., Ltd. 200 mg/L dye solution was prepared by dissolving the azo
dye powders with deionized water. The acidity of the solutions was
tuned by adding 1 M HCl solution or 0.1 M NaOH solution. For each
time, 70 ml DB 2B solution was put into the 100 mL beaker for
reaction test. The temperaturewas controlled bywater-bath device.
The Al-Ni-Y metallic glass ribbons were cut into small parts with a
size of 10 mm� 1.5 mm� 0.03 mm. The specific surface area of the
ribbons is 0.022, 0.023, 0.022, 0.024 m2/g for Al91Ni9 (Y0), Al88Ni9Y3
(Y3), Al85Ni9Y6 (Y6), Al82Ni9Y9 (Y9), respectively. Then, they were
put into the solution with a ratio of 13.3 g/L. The solution was not
stirred during reaction. 2 mL solution was taken out each time for
test. To evaluate the degradation activity, the concentration decay
of solution was monitored by ultraviolet-visible absorption spec-
trophotometer (Perkin-Elmer Lambda 950). The solution was
extracted carefully to avoid the deposit being involved and no
centrifuge was used.
2.3. Mechanism analysis

The composition of the precipitation was confirmed by XRD,
confocal micro-Raman spectroscopy (Renishaw inVia Reflex) and
Fourier Transform Infrared Spectroscopy (NICOLET 6700). The
surface morphologies of ribbons were observed by scanning elec-
tron microscopy (SEM, Hitachi S4800). The surface compositions of
ribbons was also examined by energy dispersive spectroscopy
(EDS) equipped on the SEM machine. The surface elemental infor-
mation of ribbons was analyzed by X-ray photoelectron spectros-
copy (XPS, AXIS Ultra DLD) with a monochromatic Al Ka X-ray
source (hn ¼ 1486.6 eV).



Fig. 4. The normalized concentration of DB 2B solutions after different reaction time with Y6 metallic glass ribbons at different temperatures for (a) pH ¼ 2, (b) 7, and (c) 12,
respectively. The curves are fitting results by C ¼ C1exp(�t/t0) þ C2 (d) Plot of the reaction time (t0) versus temperature. The solid lines are fitting results by t0 ¼ t0 expðDE=RTÞ.

P. Wang et al. / Journal of Alloys and Compounds 701 (2017) 759e767762
3. Results

3.1. Atomic structure of the metallic ribbons

The atomic structure of Y0, Y3, Y6, Y9 ribbons was investigated
by XRD and DSC. As shown in Fig. 1(a), for the Y-free ribbons,
Bragg peaks corresponding to a-Al and Al3Ni crystalline phases are
found. For 3 at.% Y addition, however, the XRD curve exhibits a
broad diffusive diffraction peak with a weak peak around 45�

which denotes that the sample is mainly amorphous embedded
with a little nanocrystalline a-Al. Further alloying with 6 at.% and
9 at.% Y, the XRD curves of the ribbons exhibit broad diffusive
diffraction peak which confirms the amorphous nature of the
ribbons. As shown in Fig. 1(b), the DSC curves exhibit obvious
exothermic peaks which further verify the amorphous nature of
the ribbons. The onset temperature of the first exothermic crys-
tallization event, Tx, is marked by arrow. It is probably related to
the precipitation of a-Al [44]. Y addition drives Tx to higher tem-
perature indicating the enhancement of thermal stability and glass
forming ability.
3.2. The reactivity in solutions with different pH

The azo dyewastewater is usually alkaline and some of them are
acidic. Slightly change of solution pH can change the degradation
efficiency greatly [45,46]. To evaluate the effects of solution pH on
the decomposition process, the degradation experiments by Y6
metallic glass were carried out at pH ¼ 2, 7, and 12. It is confirmed
that the solutions are decoloured completely, as shown in Fig. 2(a).
The UV absorption spectra are shown in Fig. 2(b)e(d). The char-
acteristic absorption peak around 570 nm arises from eN]Ne of
DB 2B dye molecules. The intensity of the absorption peak is pro-
portional to the concentration of azo dyes solution. Along with the
degradation process, the intensity of the absorption peak decreases.
The change of normalized concentration of DB 2B solutions at
pH ¼ 2, 7, and 12 is shown in Fig. 2(e). The degradation process is
fitted using a pseudo first-order reaction equation, C¼C1exp(�t/
t0)þC2, where C is the normalized concentration of solution, C1 and
C2 are fitting constants, t is reaction time, t0 is degradation time
constant. The comparison of t0 at different pH solutions is shown in
Fig. 2(f). For pH ¼ 2, t0 ¼ 39 min. For pH ¼ 7, the reaction is carried
out in two stages. In the first stage, the reaction rate is rather slow,
t0 ¼ 5 days. In the second stage, t0 ¼ 2 h. For pH ¼ 12, t0 ¼ 3.3 days
which is much faster compared to the first stage at pH¼ 7. Different
from other alloys [8,25], the reactivity of Al-based metallic glasses
increases by about 50% in alkaline solutions than that in neutral
solutions. This is beneficial for application.
3.3. The influence of Y addition in the metallic glasses

Thanks to their nonequilibrium nature, the compositions of the
metallic glasses can be widely tuned. It has been proved that small
change of the components can change the physical and chemical
properties greatly [47e49]. To understand the role of each element
in the alloys during the degradation process, we tested the decol-
oration efficiency of Y0, Y3, Y6, Y9 metallic ribbons. For pH ¼ 2, all
the metallic ribbons can degrade azo dye in short time, as shown in
Fig. 3(a). The degradation time constants are about 40, 42, 39,
41min for Y0, Y3, Y6, Y9 ribbons, respectively. The degradation rate
of the azo dye is not sensitive to the composition change of the
ribbons. For pH ¼ 7 and 12, the degradation rate decreases greatly
with the replacement of Al with Y, as shown in Fig. 3(b) and (c). For
pH¼ 7, the degradation time constants in the first stage are 1.6, 2.2,
5.0, 9.1 days for Y0, Y3, Y6, Y9 ribbons, respectively. Though the
degradation time constants don't change much at the second stage,
the onset time for the second stage increases from 13 h to 2, 4, 15
days for Y0, Y3, Y6, Y9 ribbons, respectively. For pH ¼ 12, the
degradation time constant is 35min, 0.8 day, 3.3 day, 5.8 day for Y0,



Fig. 5. (a) XRD curves, (b) Raman spectra, and (c) FTIR spectra of azo dye powders and
precipitation after reaction in pH ¼ 7 solution. Inset of (c) shows the whole FTIR
spectrum from 4000 to 500 cm�1.
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Y3, Y6, Y9 ribbons, respectively. Thus, the degradation efficiency
can be greatly enhanced by decreasing Y, especially for pH ¼ 7 and
12. However, proper Y addition is necessary to get an amorphous
structure, which can decreases the corrosion of the ribbons by
water and maintain high decoloration efficiency for a long-life.
3.4. The reaction activation energy

The reaction activation energy is an important kinetic param-
eter to understand the mechanism of degradation process [50]. To
determine the degradation activation energy, the reaction effi-
ciency at different temperatures is evaluated, as shown in
Fig. 4(a)e(c). The reaction activation energy (DE) can be evaluated
with Arrhenius equation, t0 ¼ t0 expðDE=RTÞ, where t0 is a time
pre-factor, R is the gas constant. The activation energy for Y6
metallic glass ribbons is determined to be 40 kJ/mol at pH ¼ 2,
80 kJ/mol for the first stage at pH¼ 7, 46 kJ/mol for the second stage
at pH ¼ 7, and 29 kJ/mol at pH ¼ 12, respectively, as shown in
Fig. 4(d). The large DE for pH ¼ 7 is consistent with the low reac-
tivity as confirmed in Fig. 2(e). On the other hand, a large activation
energy also denotes that the reactivity increases rapidly when
temperature increases, which benefits their application at high
temperatures.

4. Discussion

4.1. Two stage reaction

For pH ¼ 7, accompanied with the production of blue precipi-
tation in the second stage, the azo dye solution gets decolorized
quickly and completely, as shown in Fig. 2(a). To understand the
mechanism of the two stage reaction at pH ¼ 7, we analyzed the
compositions of the blue precipitation by XRD, Raman spectroscopy
and Fourier Transform Infrared Spectroscopy (FTIR). The XRD
pattern of the precipitation shows sharp Bragg peaks which can be
indexed as the diffraction of Al(OH)3, as shown in Fig. 5(a). This
demonstrates that the precipitation is mainly Al(OH)3. The Raman
spectrum of the precipitation matches well with the DB 2B azo dye
powders, and the intensity is pretty weak, as shown in Fig. 5(b).
This indicates the existence of azo dye molecules. Furthermore, the
FTIR spectra of azo dye powders and the precipitation are shown in
Fig. 5(c). The band around 1496 cm�1 derives from the N]N bond
(stretching vibration mode); the band around 1608 cm�1 derives
from the C]C bond (aromatic, stretching vibration mode) [51]. For
the precipitation, the band at 1496 cm�1 (N]N) becomes weaker
compared to the band at 1625 cm�1 (aromatic C]C), which denotes
the degradation of N]N bond. And blue shift from 1608 to
1625 cm�1 is observed for the band of aromatic C]C, which de-
notes that electrons transfer to the aromatic C]C after the break of
N]N bond. In conclusion, the precipitation is mainly composed of
Al(OH)3 with adsorption of azo dye molecules and its byproducts.
Thus, in the first stage, due to the coverage of oxide and the low
concentration of Hþ, only a small number of metals react with azo
dye. The product of the first stage reaction, Al(OH)3, transport into
solution by convection effects. The Al(OH)3 colloid particles are
positively charged, [Alm(OH)n](3m-n)þ [52], which exhibit strong
adsorption ability to the negatively charged azo dyemolecules. This
is responsible for the quick decoloration in the second stage.
Because the generation of Al(OH)3 colloid particles need incubation
time, there is little precipitation in the first reaction stage. The
precipitation time can be shortened greatly by decreasing Y or
increasing the temperature. Over all, the decolorization of solutions
is mainly attributed to the degradation by zero-valent metals,
especially for pH ¼ 2, 12 and the first reaction stage in pH ¼ 7.
While, for the second reaction stage in pH¼ 7, the decolorization of
solutions is ascribed to both the degradation by zero-valent metals
and adsorption by Al(OH)3 colloid particles.

4.2. Surface morphology

To study the origin of the big kinetic difference in acidic, neutral



Fig. 6. Surface morphologies of Y6 ribbons before (a) and after reaction with DB 2B solutions at different pH values (b) pH ¼ 2, (c) pH ¼ 7, (d) pH ¼ 12. Insets of (b), (c), and (d) are
the side-view SEM images of the reacted ribbons. The thickness of reaction layers are about 50 nm, 80 nm, and 250 nm for pH ¼ 2, 7, and 12, respectively.
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and alkaline solutions, the surface morphologies for Y6 metallic
glass ribbons before and after reaction were studied. For initial
metallic glass ribbons, the surface is very smooth with a shining
metallic color, as shown in Fig. 6(a). After reaction in pH ¼ 2
Fig. 7. X-ray photoelectron spectra of Y6 ribbons before and after reaction with
solution, the surface is distributed with fine and uniform ligament-
pore structure with pore size about 20 nm, which indicates
compositional alteration during the reaction, as shown in Fig. 6(b).
After reaction in pH ¼ 7 solution, the surface roughness increases
DB 2B solutions. (a) The whole spectra, (b) Al 2p, (c) Ni 2p3/2, and (d) Y 3d.



Table 1
Elemental information of Y6 ribbons before and after reaction with DB 2B solution by XPS.

Conditions Decomposition of XPS lines Al 2p Ni 2p3/2 Y3d5/2

Al0 Alnþ Al3þ Ni0 Ninþ Y0 Y3þ

Initial BE (eV) 71.7 74.3 852.7 … 154.7 157.9
FWHM (eV) 0.80 1.47 1.15 … 0.69 1.45
Ratio (at.%) 32.5 60.2 2.1 … 2.2 3.0

pH ¼ 2 BE (eV) … 74.7 … 856.0 … 158.5
FWHM (eV) … 1.95 … 2.49 … 1.42
Ratio (at.%) … 61.8 … 37.1 … 1.2

pH ¼ 7 BE (eV) 72.7 74.6 … 855.9 … 158.4
FWHM (eV) 1.29 1.57 … 2.65 … 1.52
Ratio (at.%) 9.4 82.5 … 5.0 … 3.0

pH ¼ 12 BE (eV) … 73.8 … 856.6 … 158.0
FWHM (eV) … 1.61 … 2.85 … 1.64
Ratio (at.%) … 93.0 … 3.6 … 3.4

Fig. 8. The relative concentration of the component elements detected by (a) XPS and (b) EDS.

Fig. 9. A schematic illustration of the degradation of azo dyes on the surface of
metallic glasses in alkaline solution.
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which confirms the reaction between themetallic glass ribbons and
solution, as shown in Fig. 6(c). After reaction in pH ¼ 12 solution,
the surface becomes nanoporous due to the dealloying of Al by
NaOH. The pore sizes is inhomogeneous ranging from 10 to 30 nm,
which is different from the normal dealloying process [53], since
the concentration of NaOH is pretty low (0.01 M). This may be
because that the original pitting points can extend vertically and
horizontally along with dealloying. The vertical extension is
responsible for the formation of large pores, while the horizontal
extension contributes to the exfoliation of oxide layer and the
exposure of small pores, as shown in Fig. 6(d).

The cross section morphologies of ribbons were also studied to
check the thickness of the reaction layer. For pH ¼ 2, as shown in
inset of Fig. 6(b) (a magnified shear “slip steps”) [54], the thickness
of nanoporous layer is only about 50 nm indicating the reaction
product can easily exfoliate from the surface, and the zero valent
metals can be exposed to solutions continuously to maintain the
high reaction activity. For pH ¼ 7, as shown in inset of Fig. 6(c), the
thickness of reaction layer is about 80 nm indicating that the
convection and electrostatic repulsion effects can avoid the depo-
sition of Al(OH)3. Thus, the ribbons can continuously release
Al(OH)3 to decolorize the solution in the second stage. For pH ¼ 12,
as shown in inset of Fig. 6(d), the thickness of nano-porous layer is
about 250 nm, which much larger than that for pH ¼ 2 and 7. The
thick nano-porous structure can greatly increase the specific sur-
face area, which is beneficial to the adsorption and reaction process.
The nano-porous layer may storage [H] produced during the deal-
loying process to extend the reaction time of [H] and azo dyes.
Furthermore, the Ni/Y enriched nano-porous structure and the
amorphous matrix may form a micro-battery to accelerate the
degradation process [33]. Based on the good properties from the
nano-porous structure, the reaction activity at pH ¼ 12 is much
higher than the first stage at pH ¼ 7, which is different from other
metallic glasses. The reaction activity at pH ¼ 12 is lower than that
at pH ¼ 2, which is attributed to the repulsive interaction between
the negatively charged surface and azo dye molecules [9].
4.3. Analysis of surface compositions

The chemical states and contents of the elements on the surface
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of Y6 ribbons before and after reaction were investigated by XPS.
Though some of the ribbons after reaction (especially at pH¼ 2 and
7) still keep a shining metallic color, the binding energy of Al 2p, Ni
2p3/2, Y 3d increases after reaction which indicates the oxidation of
Al, Ni, Y, as can be seen from Fig. 7(b)e(d).

The elemental information from the outermost atomic layers is
summarized in Table 1. Only metal elements are considered in this
paper. Before reaction, the surface is a mixture of Al0 (71.7 eV),
Al2O3 (74.3 eV), Ni0 (852.7 eV), Y0 (154.7 eV), Y2O3 (157.9 eV). About
40% of the atoms are in zero valent states. The atomic ratio of Al: Ni:
Y is 92.7: 2.1: 5.2, which is different from the nominal compo-
nents (85: 9: 6). This is because Al and Y are easier to get oxidized
than Ni during melt spinning (exotherm when reaction with O
is�1678.2 kJ/mol for Al2O3,�1906.7 kJ/mol for Y2O3,�232.2 kJ/mol
for NiO) [55] and aggregate on the surface of ribbons. Moreover, the
reductive Al0, Ni0, and Y0 were supposed to serve as the electron
donors during the degradation process, while the aggregated
inactive oxides slow down the decoloration efficiency. This is why
the addition of Y decreases the reaction activity.

After reaction with azo dye solutions at pH ¼ 2, the surface is
probably a mixture of AlCl3, Al2O3 (74.7 eV), NiCl2, NiOH2, Ni2O3

(856.0 eV), YCl3, Y2O3 (158.5 eV). All of these products can be
exfoliated and dissolved into the solution at such acidic condition,
which is beneficial to expose the underlying reductive Al0, Ni0, and
Y0 atoms continuously to maintain high reaction efficiency. The
change of the component elements on the surface after reaction
was evaluated by the relative concentration, which is normalized
by the initial state, as shown in Fig. 8. Both XPS and EDS results
confirm that Ni increases while Al and Y decreases indicating that
there is compositional selection.

After reaction with azo dye solutions at pH ¼ 7, the surface is
probably a mixture of AlOx (72.7 eV), Al2O3, Al2NiO4, Al(OH)3,
AlOOH (74.6 eV), Ni(OH)2, Ni2O3, Al2NiO4, NiOOH (855.9 eV), Y2O3
(158.4 eV). These products can be transported into the solution by
convection effects. This promotes the continuous formation of
Al(OH)3 colloid particles, [Alm(OH)n](3m-n)þ, which are positively
charged and have strong adsorption ability to azo dye molecules.
Both XPS and EDS results show that the content of Ni increases
while Al and Y decrease indicating the selective reaction of Al and Y,
as shown in Fig. 8. This is in accordance with the suspended pre-
cipitation of Al(OH)3 and the rough surface morphology.

After reaction with azo dye solutions at pH ¼ 12, the surface is
covered by a mixture of Al(OH)3, Al2O3$3H2O, AlNiYOx (73.8 eV),
Ni(OH)2, Al2NiO4, NiOOH (856.6 eV), Y2O3 (158.0 eV). There is no
zero valent metal detected. The thick nano-porous structure ben-
efits the adsorption and reaction process. Both XPS and EDS results
confirm that the content of Ni increases, as shown in Fig. 8. This is
consistent with the SEM result that a nano-porous Ni/Y structure
forms after the dealloying of Al. Based on the morphology and
elemental analysis, the degradation progress of azo dyes can be
schematically illustrated in Fig. 9. Nano-porous Ni/Y forms on the
surface of metallic glass due to the dealloying of Al. The thick nano-
porous structure can enlarge surface area and may form a micro-
battery with the amorphous matrix, which is beneficial to the
adsorption and reaction of azo dyes and atomic hydrogen [H]. As
the reaction is carried out, the solution pH decreases and the
positively charged [Alm(OH)n](3m-n)þ may also form on the surface
of nano-porous structure, which contribute to the strong adsorp-
tion to azo dyes and promotes the decolorization of azo dyes
synergistically.

5. Conclusions

We find that Al-based metallic glass ribbons can decolorize DB
2B solutions at wide pH conditions via different mechanisms. For
pH ¼ 2, due to the refreshing effect of Hþ, the azo dye solution can
be continuously degraded bymetallic glass. For pH¼ 7, the reaction
is carried out in two stages. At the first stage, the degradation is
slower than pH¼ 2 and 12 due to the aggregation of Al2O3 and Y2O3
on surface. At the second stage, the decolorization efficiency be-
comes larger, because the produced colloid particles [Alm(OH)n](3m-

n)þ are positively charged and exhibit excellent adsorption ability to
azo dyemolecules. For pH¼ 12, the degradation efficiency is higher
than the first stage at pH ¼ 7, which is different from other metallic
glasses. The increased degradation efficiency is mainly attributed to
the enlarged surface area and micro-battery effect caused by nano-
porous structure after the dealloying of Al. And the activation en-
ergy of pH ¼ 2 and 12 is lower than that of pH ¼ 7 at the first stage.
Suitable modification of alloy composition can further increase
decoloring efficiency. These results suggest that the Al-based
metallic glasses hold promising potential in degrading azo dyes
solutions.
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