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Abstract Melt-spun Al;s_,SirsNiy (X=2, 4, 7, and 10 mol%)
alloys were investigated as anode materials for lithium-ion
batteries. The AlggSipsNi; anode showed a maximum capacity
of 840 mA h g™' at the fifth cycle and maintained
661 mA h g after 40 cycles with a high coulumbic efficiency
of 93%. The specific capacity increased as the decrease in the
Ni content during the first 20 cycles, but the cycle performance
became poorer. For the AlgsSi>sNijo anode, the specific capac-
ity increased slowly as the cycles increased and reached
370 mA h gf1 after 40 cycles. When the AlggSi>sNi; ribbons
were annealed, their initial capacity became higher, but much
poorer cycle performance and low coulumbic efficiency oc-
curred. Except AlgsSipsNijg, the AlLi compound could be
detected in the anodes after lithiation. However, the capacity
faded rapidly due to the formation of excessive AlLi in the
Al;3Si,5Ni, and annealed AlggSi>sNi; anodes. The experi-
ments revealed that the as-quenched ribbons consisted of the
nanoscaled «-Al, metallic glass and «-Si, and their fractions
were dependent on the Ni content. The «-Al was a supersatu-
rated solid solution of Si and Ni in fcc-Al. For the as-quenched
AlggSipsNiy ribbons, the x-Al grains were embedded in the
amorphous matrix. It can be understood that metallic glass can
store Li, and the supersaturated solid solution can store Li even
more easily compared with other known Al-Si-based alloys. A
conclusion can be drawn that the microstructure that the nano-
scaled x-Al embedded in the metallic glass matrix is beneficial
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to improve the structure stability, restrain serious structural
evolution, and limit the volume variation and pulverization
during electrochemical cycles.
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Electrochemical properties - Lithium-ion batteries

Introduction

Currently, lithium-ion batteries have become one of the major
power sources for a variety of electronic devices. The anode
material for commercial lithium-ion batteries is mainly graph-
ite, whose low theoretical capacity (372 mA h g ") [1] has been
a limiting factor in the development of high capacity. Plentiful
efforts have now been taken to improve the properties of
lithium-ion batteries by developing new electrode materials
[2-5]. Thus, the alloy anodes, especially those that are made
up of group IV B elements of Si and Sn and have higher
theoretical lithium storage capacity (Lis4Sn, 994 mA h g ';
Lig 4Si, 4,200 mA h gﬁl) [6, 7] have been extensively investi-
gated as the potential anode alternatives for lithium-ion bat-
teries. However, these electrode materials of high theoretical
capacity exhibit poor cyclability. Therefore, nanoscaled anode
materials are investigated extensively due to their high specific
surface area and volume effect. Varieties of nanoscaled materi-
als are fabricated as lithium-ion battery electrodes. Recently,
Das et al. [8] reported that the nano-composites SnO(V,03)g 5
showed an initial capacity of 435(+5) mA h g ' and stabilized
to 380(£5) mA h g ! with no noticeable fading in the range of
10-60 cycles. Pan et al. [9] developed NiO films as the high-
energy-density lithium-ion battery anodes, which maintained a
capacity of 560 mA h g~ as well as capacity retention of 97%
after 100 cycles at a rate of 1.0 C. When the current density was
increased to 14 C, 42% of the capacity could still be retained.

@ Springer



2160

J Solid State Electrochem (2012) 16:2159-2167

Meanwhile, much attention has been paid to Al, which also
has very high theoretical lithium storage capacity (Li,»s5Al,
2,235 mA h g ") [2]. However, pure Al presents much poorer
cycle performance, too, and it is difficult to produce Al-based
materials into nanoscale due to their active chemical properties
in the air. Then, Al-based composite materials and thin film
anodes are designed to improve the structure stability and
electrochemical properties. For example, Lei [10] reported that
the initial reversible capacities of Al-1 wt% Co0304, Al-3 wt%
Co0304, and Al-5 wt% Co304 were 731, 697, and
656 mA h g ', and their capacity retentions were 66.8%,
69.9%, and 70.1% after ten cycles, respectively. Hu [11]
reported that thin film Al-Sn alloy anodes prepared by
electron-beam deposition with high Al content (Al-33 wt%
Sn) delivered a relatively high initial discharge capacity of
752 mAh g !, while the electrode with high Sn content (Al-
64 wt% Sn) could undergo 50 cycles life with a stable specific
capacity of about 300 mA h g .

Melt spinning is an effective method to prepare alloys with
fine microstructure under the non-equilibrium state [12—14]. In
our prior investigations [15-18], the melt-spun Al-Si—-Mn and
Al-Si—Cu ribbons were prepared as lithium-ion battery anode
materials. In the investigations, nanocrystalline Alg;SizoMng
showed a low capacity of 326 mA h g™! but a very stable cycle
performance during 40 cycles, and the AlLi intermetallic com-
pound did not appear in the lithiated Al-Si—-Mn anodes [16].
Although the Al;;Si,5Cu, anode exhibited a discharge specific
capacity of 1,324 mA h g ™' initially, its capacity was only
508 mA h g ! after 20 cycles, and a great deal of AlLi inter-
metallic compound was detected in the lithiated alloys [18].

The lithiated mechanisms of melt-spun Al-Si—-Mn and
Al-Si—Cu were different [15—18]. Thus, it can be predicted
that the third component has a key influence on the mech-
anism of the Al-Si-based anode materials. According to
binary alloy phase diagrams [19], neither Mn nor Cu can
form intermetallic compounds with Li, but the solubility of
Li in Mn is minimum, while the solubility of Li in Cu is
nearly to 20%. The phase diagram of Ni—Li is similar to that
of Mn-Li, but the solubility of Li in Ni is larger at high
temperature, indicating a different interaction between Li—
Mn and Li—Ni. Furthermore, the radius of Ni (0.162 nm) is
close to that of Cu (0.157 nm) but less than that of Mn
(0.179 nm), which influences the lattice parameter of «x-Al
and might result in different lithiation behaviors. Therefore,
adding Ni into the Al-Si alloys prepared by rapid solidifi-
cation may modulate the lithiation mechanism to further
improve the electrochemical properties. In this experiment,
non-equilibrium Alys_ySisNiy (X=2, 4, 7, and 10 mol%)
anode materials were prepared by melt-spinning for the
purpose of developing new anode materials and investigat-
ing the law that the lithiated mechanism depends on the
third component. The results showed that the melt-spun
AlggSi,sNi; anode composed of nanoscaled «-Al and
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metallic glass exhibited high specific capacity and favorable
cycle performance.

Experiment

Pure Al (99.95, wt%), pure Si (99.99, wt%), and pure Ni
(99.95, wt%) were used to synthesize the Al-Si—Ni alloys.
The starting materials were arc-melted employing a non-
consumable tungsten electrode. The ingots were inserted
into a quartz tube with a bottom hole and melted by high
frequency induction. After they were overheated to the
required temperature, the alloy ribbons were then prepared
by single roller melt spinning under a pressure of 0.5 atm Ar
gas. The ribbons obtained were 3 mm wide and 20-30 pm
thick. In order to investigate the influences of phase struc-
ture, thermodynamic state, and microstructure on the elec-
trochemical properties, some AlggSiosNi; ribbons were
annealed at 550 K for 2 h. The phase structures of the as-
quenched and annealed ribbons were measured by a Bruker
D8 advanced X-ray diffractometer (XRD) with the Cu K
radiation at an operating voltage of 40 kV and operating
current of 40 mA. The states of the as-quenched ribbons
were analyzed by a Netzsch STA-449C simultaneous ther-
mal analyzer in the temperature range from 323 to 723 K
and at a heating rate of 10 K min~'. The microstructures of
the as-quenched and annealed ribbons were observed by a
JEM-2100 transmission electron microscope (TEM) at a
high accelerating voltage of 200 kV, and the foil specimens
used for TEM were prepared by an ion polishing.

The as-quenched ribbons were prepared into powders by
ball milling for 2 h under Ar gas protection, and then carbon
black was added into the powders and mixed homogenously.
Subsequently, the mixture was blended with polyvinylidene
fluoride (PVDF) dissolved in N-methylpyrrolidinone (NMP).
The ratio of the powder, carbon black, and PVDF was 84:8:8.
The slurry was evenly filled in the porous Ni and dried at
373 K in a vacuum oven for 10 h to remove NMP. The
electrochemical measurements were carried out in the two-
electrode Swagelok cells, which were composed of alloy
anode as the working electrode, a pure lithium foil as the
counter electrode, Celegard 2400 as separator and 1 M LiPF6
in ethylene carbonate (EC)—diethyl carbonate (DEC) (1:1, v/v)
as electrolyte. The simulation cells were assembled in a dry
glove box filled with pure Ar (99.999%). The electrochemical
properties of electrodes were measured by an Arbin BT-2000
instrument under a constant current density of 0.1 A g '. The
low cut-off voltage of 0.03 V and the high cut-off voltage of
1 V were used in the cycles. The cyclic voltammetric measure-
ments were measured by a VersaSTAT MC instrument at a
scanning speed of 0.2 mV/s between 0 and 1 V.

The phase constitutions of the lithiated anodes were mea-
sured by the X-ray diffractometer. The morphology of the



J Solid State Electrochem (2012) 16:2159-2167

2161

anodes after cycling was observed by a JSM-7000F scanning
electron microscope (SEM) at an accelerating voltage of
20 kV. In order to analyze the microstructural evolution during
lithiation, some ribbons were directly served as the anodes,
and their discharge cut-off voltage was also 0.03 V. The
lithiated ribbons were prepared into TEM samples, and their
microstructure was observed by TEM.

Results

Figure 1 shows the X-ray diffraction patterns of the as-
quenched Alys_xSirsNiy (X=2, 4, 7, land 0) and the annealed
AlggSirsNi; ribbons. The diffraction peaks of «-Al and «-Si
appeared in the patterns of the as-quenched Alys_ySirsNiy
when X=2, 4, and 7, but the intensity of the «-Al peaks
reduced as the increase of the Ni content. It is worth to be
noticed that the diffraction peaks that appeared in other rib-
bons could not be detected clearly for AlgsSi,sNiy, indicating
that metallic glass had evolved into the dominating composi-
tion. When the AlggSi»sNi; ribbons were annealed, all the
diffraction peaks of «-Al and «-Si, as shown in Fig. 1, became
much stronger. The other strong peaks, as denoted by the
inverted triangle, appeared. It could be inferred that they
belonged to one or two Al/Si/Ni compounds [20], although
the types were not identified clearly. Meanwhile, the diffrac-
tion peaks that appeared in all the XRD patterns of the as-
quenched ribbons were very weak, suggesting that only a few
compounds were formed during rapid solidification. The
XRD results implied that the lattice parameter of x-Al in the
as-quenched Al;s_ySirsNiy (X=2, 4, and 7) ribbons was
0.4036, 0.4035, and 0.4034 nm, respectively, but it was
0.4048 nm in the annealed AlggSirsNiy ribbons. It could be
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Fig. 1 X-ray diffraction patterns of the as-quenched Al;s_xSi,sNiy
(X=2, 4, 7, and 10) and annealed AlggSi,sNi; ribbons

concluded that «-Al in the as-quenched ribbons was a super-
saturated solid solution of Si and Ni in fcc-Al and that the
lattice distortion became smaller as the increase of the Ni
content.

Figure 2 illustrates the microstructures of the as-quenched
A175,XSi25NiX (X=2, 4, and 7) and annecaled A16gsi25Ni7
ribbons. The size of «-Al grains in the as-quenched
Al73Si1,5Ni, ribbons was only <10 nm. It was noticed that
the metallic glass co-existed in the ribbons, shown in Fig. 2a.
The volume fraction of metallic glass, as shown in Fig. 2b,
became larger as the Ni content increased to 4%. Furthermore,
for the AlggSirsNiy alloy, metallic glass evolved into the
matrix due to an obvious increase of its volume fraction, in
which nanoscaled «-Al was embedded. In the annealed
AlggSirsNi; alloy, however, metallic glass disappeared, and
the grain size tended to coarsen.

The differential scanning calorimetry (DSC) curves of the
as-quenched Al;s_xSi,sNiyribbons are shown in Fig. 3. The
clear exothermal peaks between 400 and 450 K might
indicate the crystallization of metallic glass; the other exo-
thermal peaks should respond to the decomposing of the
supersaturated solid solution and the formation of interme-
tallic compounds. These results confirmed that the state of
the as-quenched alloys was non-equilibrium. The DSC
curves (Fig. 3) indicated that the decomposing temperatures
of the present non-equilibrium Al-Si—Ni alloys were lower
than those of Al-Si—Mn [17] and near to those of Al-Si—Cu
[18]. It could be deduced that the diffusion activation energy
of the components in the melt-spun Al-Si—Ni system was
lower than that in AI-Si—Mn alloys but close to that in Al-
Si—Cu alloys.

Figure 4 shows the cycle properties and the coulumbic
efficiency of the as-quenched Alys_xSiysNiy (X=2, 4, 7, and
10) and annealed AlsgSi>sNi; anodes. The Al;3Si,5sNi, anode
exhibited an initial discharge capacity of 1,379 mA h g ' but
continuously faded to 350 mA h g ' after 40 cycles. The
Al;;Si,5Niy anode showed a similar capacity variation ten-
dency but lower capacity. For the AlsgSi»sNi; anode, an initial
discharge specific capacity of 727 mA h g ' exhibited, and
then the capacity increased to a maximum of 840 mA h g ' at
the fifth cycle. Subsequently, it displayed a stable cycle per-
formance and maintained 661 mA h g~" after 40 cycles. Such
a result indicated that the electrochemical properties of the as-
quenched AI-Si—Ni alloys with an optimum composition
were improved compared with the melt-spun Al-Si—Mn ano-
des [15-17] and Alys_xSi,sCuy [18]. The initial discharge
capacity of the AlgsSirsNijo anode was only 361 mA h gﬁl.
After a little initial irreversible capacity appeared, the capacity
slowly increased to 374 mA h g ' after 40 cycles. The cou-
lumbic efficiency of more than 90% could be obtained in all
the anodes from the as-quenched ribbons. For the anode
prepared from the annealed AlggSi>sNiy ribbons, the capacity
reached 1,372 mA h g at the first cycle and then declined
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Fig. 2 Microstructures of the
as-quenched Al;3SiysNi, (a),
Aly;SiysNiy (b), AlggSizsNiy
(¢), and annealed AlggSi>sNi;
(d) ribbons. The black arrows
denote the metallic glass

rapidly to 150 mA h g™', only experiencing 20 cycles. Mean-
while, its coulumbic efficiency reduced to 80% due to grain
growth coarsening during annealing.

The X-ray diffraction patterns of the lithiated anodes are
shown in Fig. 5. For the anodes prepared from the as-
quenched ribbons, the strong diffraction peaks of the AlLi
intermetallic compound were clearly detected in Al;3Si,sNip,
while the intensity of the AlLi peaks was much weak for
AlggSirsNi; and could not be detected for AlgsSiosNijg. How-
ever, for the annealed AlggSi>sNi; anode, the intensity of AlLi

0.8
--=- AL Si,.Ni,

<o
'S

~ - a

-04F ~

e Y e~ .
.. - -

Heat Flow / W.g'1
(=}
[}

-0.8 1 1 N 1 N 1
400 500 600 700

Temperature / K

Fig. 3 Differential scanning calorimetry curves of the as-quenched
Al75_XSi25NiX (X:2, 47 7, and 10) ribbons
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diffraction peaks was the strongest. The Li-Si compounds
were not found in all the lithiated anodes, and the relative
peak intensities of «-Si and Al/Si/Ni compounds were not
changed significantly compared with those which appeared in
the patterns of the as-quenched and annealed ribbons (Fig. 1).

Figure 6 displays the cyclic voltammetric curves of the
as-quenched Al;s_xSiysNiy and annealed AlggSisNi; ano-
des. The cathodic current peak that appeared at about
0.55 V in the first cycle was due to a formation of the
solid electrolyte interphase [21], which may lead to the
initial irreversible capacity. Two current peaks were clear-
ly measured in the Al;;Si>sNi, and Aly;SipsNiy anodes,
seen in Fig. 6a and b. According to the XRD results
shown in Fig. 5 and [2, 11, 22], it could be concluded
that the cathodic current peaks appeared at near 0.12 V
due to the formation of AILi, while the anodic peaks
appeared at 0.62 V because of its decomposition. The
current peaks, as shown in Fig. 6a—d, became flatter as
the increase in the Ni content in the present work. For the
AlgsSipsNijg anode, the cathodic peak disappeared, and
the anodic peaks became broader and weaker. However,
for the annealed AlggSisNi; anode, the sharp current
peaks were displayed again, as can be seen in Fig. 6e. It
could be concluded that not only does the alloy composi-
tion influence the lithiation mechanism but also the effect
of the thermodynamic state on the mechanism is very
evident. Besides, the lithiation of «-Si and Al/Si/Ni com-
pounds did not clearly occur in the present investigation.

The images of the microstructure and electron diffraction
pattern of the lithiated Al,3Si»sNi, alloys are shown in
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Fig. 4 Cycle performance (a) and coulombic efficiency (b) of the as-
quenched Al;s_xSiysNiy and annealed AlggSi>sNi; anodes

Fig. 7. The indication of crystallization of metallic glass
could not be clearly observed. However, the electron dif-
fraction pattern and high resolution images confirmed the
appearance of an AlLi intermetallic compound. The AlLi
grains were nanoscaled, but some «-Al grains could still be
observed, which resulted in the co-existence of AlLi, x-Al,
and metallic glass.

Figure 8 shows the SEM images of the Al;s_ySiysNiy
anodes from the as-quenched alloy powders and the
annealed AlggSirsNi; anode after cycling. For the lithiated
Al;3Si,5Ni, anode, a lot of bulges appeared in the powder
surfaces, suggesting their relation to the volume explosion
caused by the formation of AILi. Some cracks and exfolia-
tion could be observed, as shown in Fig. 8a. For the
Al;;Si,5Niy anode, cracks could still be observed, but the
bulges disappeared. A slight exfoliation still existed, as can
be seen in Fig. 8b. When the Ni content was 7%, the cracks
became fewer, and the obvious indication of exfoliation
disappeared, as shown in Fig. 8c. There were no obvious
cracks in the AlgsSiysNijg anode, as can be seen in Fig. 8d.
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Fig. 5 X-ray diffraction patterns of the lithiated anodes prepared from
the as-quenched Al;s_xSisNiy (X=2, 7, and 10) and annealed
A16gsi25Ni7 ribbons

For the annealed AlggSi,sNi; anode, serious pulverization
was observed, as shown in Fig. 8e. These results indicated
that pulverization, exfoliation, and cracks responded to ca-
pacity fade in the present investigation.

Discussion

When the Ni content was 2% and 4%, the anodes performed
high initial capacities and fast capacity fade. For the as-
quenched AlggSiysNi; anode, a maximum capacity of
840 mA h g ! was exhibited, and a capacity of
661 mA h g ' was maintained after 40 cycles. These results
meant that the initial capacities decreased, and the cycle
performance became more stable as the Ni content in-
creased. When the Ni content increased to 10%, the anode
exhibited a continuous increasing tendency of capacity.
After lithiation, an intermetallic compound of AlLi could be
measured in the as-quenched Alys_xSiysNiy (X=2, 4, and 7)
anodes, and the quantity of the AlLi compound reduced as the
increase in the Ni content (Figs. 5, 6, and 7). For the annealed
AlggSinsNiy alloy, the initial specific capacity was large, but
the capacity fade was rapid in the following cycles. The
strongest AlLi diffraction peaks, sharp current peaks, and
serious pulverization appeared during the cycles (Figs. 5, 6,
and 8). The as-quenched Al;s xSiysNiy (X=2, 4, 7) ribbons
were non-equilibrium in thermodynamics and consisted of
nanoscaled supersaturated o-Al, metallic glass, and o-Si.
The fraction of metallic glass increased with the Ni content
(Figs. 1, 2, and 3). It can be inferred that the optimum com-
position, special microstructure, and non-equilibrium state in
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Fig. 6 Cyclic voltammetric curves for the as-quenched Al,3Si,5Ni; (a), Al;;SizsNig (b), AlggSinsNiy (€), AlgsSipsNipg (d), and annealed AlggSirsNiy (€)
anodes

thermodynamics are the key factors to achieve favorable For the as-quenched AlgsSi>sNiy( ribbons, the metallic
electrochemical properties and affect the lithiation mechanism  glass became the dominating composition (Fig. 1). The
of the AI-Si—Ni alloys. anode exhibited a capacity of more than 200 mA h g
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Fig. 7 Microstructure of the lithiated as-quenched Al;;3Si,sNi, alloy

(Fig. 4), and the formation of AlLi did not occur (Figs. 5 and
6d). It can be concluded that the metallic glass can store Li
atoms relying on solution. This reveals another fact that Li
atoms can diffuse in the metallic glass. During lithiation of

Fig. 8 Morphology of the
lithiated A173Si25Ni2 (a),

Al SipsNig (b), AlegSizsNiy
(C), Al6ssi25Ni10 (d), and
annealed AlggSipsNiy (e)
anodes after cycling. The
arrows denote the exfoliation of
the alloy powders

metallic glass, Li atoms have to substitute some atomic sites
of the parent alloys, and its density will decrease after Li
atoms are extracted. The sites employed for Li storage in the
alloys increase as the alloys experience several cycles,
which explains the continuous capacity increase for
A16SSi25Ni10 over 40 cycles and A168Si25Ni7 at the first
few cycles in the present work. Besides, the atom arrange-
ment of the metallic glass is usually loose, and the activation
energy is lower compared with that of crystals. As a result,
the diffusion coefficient is relatively high [23].

Only a small quantity of «-Si existed in the as-quenched
Al-Si—Ni alloys, and it was embedded in the metallic glass or
supersaturated solid solution. «-Si was not alloyed by Li
during the discharge/charge processes (Figs. 5 and 6), which
is consistent with the Al-Si—-Mn [15-17] and Al-Si-Cu sys-
tems[ 18]. Both metallic glass and the Al-based supersaturated
solid solution consisted of three components, so the thermo-
dynamic condition of the co-existence of «-Al and AlLi
during lithiation was met. The DSC curves of the AI-Si—Ni
system (Fig. 3) indicate that their separating temperatures

10 pm
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were lower than those of Al-Si—-Mn [16]. It means that the
diffusion activation energy of atoms in the present non-
equilibrium Al-Si—Ni alloys is lower than that in Al-Si-Mn
[16], resulting in the easier formation of AlLi in the present
alloys during lithiation. The difference of atomic radiuses may
be an important factor that influences the lithiation mecha-
nism. The radius of Al, Ni, Cu, Mn, and Li is 0.182, 0.162,
0.157,0.179, and 0.205 nm, respectively. For the Al-Si-based
supersaturated solid solution, the lattice parameter of x-Al
around Ni atoms decreases much more than that around Mn
which changes a little [15]. The decrease is beneficial to the
storage of Li with a larger atom radius, leading to higher
capacity. Generally, the formation of an intermetallic com-
pound must meet the conditions of composition and structure,
which are usually affected by the diffusion of several atoms.
When the Li atoms were inserted into the Al-Si—Ni anodes,
AlLi was relatively easy to form in the systems due to the
lower diffusion activation energy of atoms (Fig. 3). The result
is similar to that of the melt-spun Al-Si—Cu anodes [18], but
much different from that of AI-Si—Mn [17]. Although the
formation of AlLi causes structure evolution, pulverization
and rapid capacity fade do not occur in the anodes from the
as-quenched ribbons. The reason is that the metallic glass
matrix can improve the structure stability and limit the volume
variation. At the same time, the evolution that appeared in the
nonoscaled o-Al grains only resulted in a little absolute vol-
ume variation. The volume fraction of metallic glass in the
Al5Si,5Ni, and Aly;Si,sNiy ribbons was a little, so the vol-
ume variation caused by the formation of AlLi could not be
very effectively restricted, which led to poorer cycle perfor-
mance (Fig. 4). While for the AlggSi,sNi; alloy, a small
quantity of AlLi formed (Figs. 5 and 6c), and the volume
variation was effectively mitigated (Fig. 8c) by the metallic
glass matrix (Fig. 2c). In addition, the grain size in the as-
quenched alloys was nanoscaled (Fig. 2). As the fraction of
the interface between the grains and metallic glass increases
greatly, much more Li can be stored in the interface of the as-
quenched alloys. The increase in surface tension will also
increase the solubility of Li in «-Al and metallic glass. As a
result, a favorable property was achieved in the as-quenched
AlggSirsNi; alloy. However, Ni in the alloys is inert for
lithiation. Its content not only controls the microstructure but
also influences the Li storage ability of the supersaturated
solid solution and metallic glass. When the Ni content is
excess, the Li storage ability of the alloys will be weaken,
resulting in a lower capacity and a better cycle performance
(Alégsi25Ni7 and A1658i25Ni10).

After the AlggSi»sNi; alloy was annealed, the metallic glass
crystallized. o-Al evolved into the matrix while the grain size
tended to coarsen (Figs. 1 and 2). A great amount of AlLi
compound formed in after lithiation (Fig. 5), and the restric-
tive effect of metallic glass on volume variation was lost.
Although the Li storage ability of the Al/Si/Ni compounds
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has not been identified, it is very clear that the excess volume
variation, which is manifested by large initial capacity, togeth-
er with non-stable structure has caused the serious pulveriza-
tion. As a result, capacity faded rapidly (Fig. 4). It could be
concluded that the non-equilibrium state is very beneficial to
the improvement of electrochemical properties.

For the as-quenched Al-Si—-Mn [15, 16] anodes, the
structure evolution was not clearly detected, resulting in
lower capacity and stable cyclability. On the contrary, a lot
of AILi compound formed in the as-quenched Al-Si—Cu
[18]. The capacity was large initially, but then faded gradu-
ally. In the present system, the structure evolution caused by
the formation of AILi was restricted by the metallic glass
matrix, which led to higher capacity and more stable cycle
performance, especially for AlggSisNi;. All the results re-
veal that the effects of the third component on the lithiation
mechanism and electrochemical properties are obvious for
the Al-Si-based alloys. Anode materials owning favorable
properties could be obtained by skillful adoption of transi-
tion metal elements as the third component and by careful
control of their concentration.

Conclusions

Melt-spun Alys_xSi,sNiy (X=2, 4, 7, and 10 mol%) ribbons
were metastable and consisted of nanograins of the super-
saturated solid solution x-Al, metallic glass, and «-Si. The
fraction of metallic glass became larger as the increase in the
Ni content. The Al;3Si,5Ni, and Al;;Si,sNiy anodes
exhibited high initial capacity, but their capacity gradually
faded as the cycles increased. For the AlggSi,sNi; anode, a
more stable cycle performance was achieved, and a maxi-
mum capacity among the present Al;s_yxSi;sNiy anodes
appeared after 30 cycles. As the alloy anode was mainly
composed of metallic glass (AlgsSisNig), it performed a
continuous increase of capacity over 40 cycles. The high
coulumbic efficiency of more than 90% could be obtained in
all the anodes from the as-quenched ribbons. Except the
AlgsSizsNipg anode, the AlLi intermetallic compound could
be detected after lithiation. It can be confirmed that the
metallic glass can store Li atoms and provide rapid diffusion
medium. Numerous Li atoms were stored in the supersatu-
rated «-Al, and plenty of interfaces between metallic glass
and nanograins contributed a lot to capacity. It is concluded
that the microstructure of the nanoscaled x-Al embedded in
the metallic glass matrix could improve the structure stabil-
ity, restrain serious structural evolution, and limit the vol-
ume variation and pulverization. After the AlggSi,sNi; alloy
was annealed, the rapid capacity fade and coulumbic effi-
ciency decrease occurred, resulting from the crystallization
of metallic glass, supersaturated solid solution decomposi-
tion, and grain coarsening.
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Research highlights

*Melt-spinning was used to prepare Al-Si—Ni alloys composed of
nanocrystal and metallic glass.

*The AI-Si—Ni alloys exhibited high reversible specific capacity
and excellent cycle capability.

*AlLi compound formed in the lithiated AI-Si—Ni alloys.
sStructure evolution and volume variation could be restrained due
to the metallic glass matrix.
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