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Abstract: Melt-spun Al;s_Si,sCr, (x=2, 4, 7, 10, mole fraction, %) alloys were investigated as anode materials for lithium-ion
batteries. The as-quenched ribbons consist of nano-grains and metallic glass. The electrochemical measurements reveal that an
activation behavior is exhibited in the anodes. The specific capacity of the Al;3Si,5Cr, anodes can reach a maximum of 1119 mA-h/g
and maintain at 586 mA-h/g after 30 cycles. A more stable cycle performance is shown and a capacity loss is only 24% over 30 cycles
for Al;;SisCry. The intermetallic compounds with Li cannot be detected in the lithiated anodes. After the ribbons were annealed, the
specific capacities become much lower due to the formation of inert Al;3SiyCry, and an AlLi phase can be tested in the lithiated
anodes. The Cr dissolved in the non-equilibrium alloys causes low lithiation activity and strong structure stability, which could be the

main reason of the activation and a restriction of structure evolution.
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1 Introduction

Lithium-ion batteries have huge market potential in
portable electronic devices and electric vehicles due to
their small volume, light weight, high capacity,
environmental friendliness, etc. In recent years, research
on lithium-ion batteries has been conducted in many
fields, such as energy, chemistry and material science.
Properties of lithium-ion batteries are significantly
affected by anode materials. Currently, graphite is
commercially used as an anode material for lithium-ion
batteries due to its excellent cycle performance. However,
its theoretical specific capacity is low (372 mA-h/g),
which could not meet the demand for high-energy
lithium-ion batteries.

A series of studies have shown that some
semimetals and metals can react with Li to form
intermetallic compounds at room temperature, which
exhibits high theoretical specific capacities. For example,
the specific capacities of Lis4Si, Liy»sAl and Liy4Sn can
reach 4212, 2235 and 990 mA-h/g, respectively [1-3].
However, an obvious structure evolution and a large
volume effect can take place in the anodes during
lithiation—delithiation processes. This leads to an

inevitable pulverization of the materials and a rapid
decrease of the capacities. Thus, in order to improve the
durability of pure metal anodes, alloy anode materials,
especially A—M intermetallic compounds, are widely
attempted, where A is the active elements that can react
with Li at room temperature, such as Al, Sn, Sb and Si,
and M is the inert elements [4—7]. The cyclability would
be improved obviously by the addition of the inert
component which could alleviate the volume variation
during charge—discharge processes. Meanwhile, various
synthesis methods, such as ball milling, electrodeposition,
magnetron sputtering and melt spinning [8—11], have
been adopted to prepare the materials with special
structure in order to further improve the cycle behaviors.
For example, thin films of Si—Al-M (M=Cr, Fe, Mn, Ni)
negative electrode materials were characterized by
combinatorial and high-throughput techniques. The
results demonstrated that transition metal element and its
content had a significant impact on capacity [12]. Ti—Si
alloy anode materials prepared by melt spinning, which
can prepare non-equilibrium alloys with fine
microstructures  [13—15], exhibited good cycle
performances [16].

In our prior work [17,18], Al;_,Si3pMn, and
Algo—SigoMn, (x=0, 1, 3, 5, 7, 10, mole fraction, %)
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ribbons were prepared by melt spinning and then studied
as anode materials for lithium-ion batteries. Compared
with the binary Al—Si anodes, the cycle behaviors of the
ternary Al-Si—Mn anodes were improved obviously.
Latterly, the effects of alloy state on the electrochemical
properties of the Al-Si—Mn alloy anodes were
investigated. The results revealed that the cycle
behaviors of the melt-spun alloy anodes were better than
those of the equilibrium alloys [19]. So, the
non-equilibrium state of the Al-Si-based alloys was
essential for favorable cycle behaviors. It is worth noting
that the high initial specific capacities and the large first
irreversible capacities (the capacity differences between
the first and the second discharge cycles) were shown in
some Al SizopMn, and  Alg-SigoMn, anodes.
Consequently, these anodes presented poor cycle
performances. For example, the first discharge specific
capacity of the AlsySigoMn; anodes could achieve 1803
mA-h/g, but declined to 636 mA-h/g in the next cycle. As
a result, a low specific capacity of 125 mA-h/g was
shown after 10 cycles. But certain alloy anodes with
lower initial specific capacities and less first irreversible
capacities exhibited better cycle behaviors compared
with  AlyoSizpMn, and Algy,SisoMn, anodes. For
instance, a stable specific capacity of 500 mA-h/g could
be obtained over 10 cycles for the Als;SiyxgMn; anodes.
These results manifested that the favorable cycle
properties could be obtained by the modulation of the
first irreversible capacities. A substitution for the third
inert component Mn might be an effective method to
obtain better cycle performances.

According to the binary alloy phase diagrams [20],
the solubility of Li in Cr is less than that in Mn. In this
work, the melt-spun Al-Si—Cr alloys were investigated
as anode materials for lithium-ion batteries. As the prior
experiments indicated that the a-Si influenced a little on
the electrochemical properties of the Al;y_,Si;pMn, and
Algo-SigoMn, anodes, lower Si content was adopted for
the melt-spun AI-Si—Cr anodes.

2 Experimental

Pure aluminum (99.95%), pure silicon (99.99%) and
pure chromium (99.95%) were used to prepare the
Al-=Si—Cr alloys. The raw materials were arc melted with
a non-consumable tungsten electrode under the
protection of Ar. The alloy ingots were put into quartz
tubes with d 1 mm bottom holes and then heated by
high-frequency induction. After being fully melted, they
were blown from the bottom holes to a cooling roller to
quench into ribbons. The obtained ribbons were about 3
mm in width and 30 pm in thickness. The phase
constitutions of the ribbons were analyzed on a Bruker
D8 Advance X-ray diffractometer. The thermodynamical

state of the as-quenched ribbons was tested on a
NETZSCH STA—449C simultaneous thermal analyzer.
The microstructures of the ribbons were observed on a
JEM-2100 transmission electron microscope (TEM).

The ribbons were grinded into powders, and mixed
with carbon black homogenously. Then, the mixture was
blended with polyvinylidene fluoride (PVDF) dissolved
in N-methylpyrrolidone (NMP) into slurry. The mass
ratio of the powders to carbon black to PVDF was 84:8:8.
The slurry was evenly coated on a rough copper foil and
dried at 373 K in a vacuum oven for 10 h to remove the
NMP. Then, the copper foil with the slurry was cut into
wafers of d10 mm. The mass of the alloy powders on an
anode was about 0.001 g, and the weighing error was
+0.00001 g. Simulation cell was assembled in a dry
glove box filled with pure Ar, and the counter electrode
was pure lithium. The electrolyte was 1 mol/L LiPFg in
ethylene carbonate (EC)—diethyl carbonate (DEC) (1:1,
volume fraction). The electrochemical performance of
the electrodes was tested on an Arbin BT—2000
instrument under a constant current density of 65 mA/g.
To activate the electrode materials gradually, the lowest
cut-off voltages were set to be 0.13 and 0.10 V in the
first 2 cycles, respectively, and 0.03 V in the following
cycles. The cyclic voltammogram (CV) measurements
were conducted on a VersaSTAT MC instrument in the
potential region between 0 and 1.0 V (vs Li"/Li) at a scan
rate of 0.2 mV/s. The structures of the anodes after
lithiation were analyzed by the X-ray diffraction (XRD)
method. The surface morphologies of the anodes
experienced 30 cycles were observed on a JSM—7000F
scanning electron microscope (SEM). In order to analyze
the lithiation mechanism, the melt-spun alloys were
annealed at 673 K for 5 h, and the phase constitution,
microstructure, electrochemical performance, CV curves
of the annealed ribbons and the structure of the lithiated
alloys were analyzed.

3 Results

Figure 1 shows the XRD patterns of the
as-quenched and annealed Al;s-,SipsCr, (x=2, 4, 7, 10,
mole fraction, %) ribbons. The diffraction peaks of a(Al)
and o-Si appear in the pattern of the as-quenched
Al#;SipsCr, ribbons. It is noticeable that only the
diffraction peaks of a(Al) can be detected in the
as-quenched Al;s_,SiysCr, ribbons when the Cr contents
are in a range of 4%—10%, and the intensity of the a(Al)
peaks declines gradually as the Cr contents increase. The
lattice parameter of a(Al) is 0.4042 nm for the
as-quenched Al7;Si,5Cr, and Aly;SiysCr, ribbons and
0.4044 nm for the AlggSirsCr; and AlgsSinsCryp. As the
as-quenched Al;;Si,sCr, ribbons are annealed, the
diffraction peaks of a-Si become much stronger and the
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diffraction peaks of Al;;SiyCry appear. The lattice
parameter of a(Al) is 0.4050 nm, close to pure Al
(0.4049 nm). Typical differential scanning calorimetry
(DSC) curves of the as-quenched and annealed
Alys-,SipsCr, ribbons are exhibited in Fig. 2. Two large
exothermal peaks between 400 and 650 K are shown in
the curve of the as-quenched ribbons, while they
disappear as the ribbons are annealed. This indicates that
the as-quenched ribbons are non-equilibrium in
thermodynamics and a(Al) is a supersaturated solid
solution.

"— g (Al
e — -Si
v — AL;;Si,Cr} i

w Al?ssizscrz

AIT|Si25Cr4
- N

I AlggSiysCry

il AlgsSipsCryg
b ¥ 1 v ] L ] v e

Annealed Al 7 8125 Cr4

20 30 40 50 60 70 80
20/(°)

Fig. 1 XRD patterns of as-quenched Al;s-,Si,sCr, and annealed
Al7;SiysCry ribbons
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Fig. 2 DSC curves of as-quenched and annealed Al;;SiysCry
ribbons

The TEM images of the as-quenched and annealed
Alys5-,SipsCr, ribbons are shown in Fig. 3. The
as-quenched Al;;SipsCr, ribbons consist of nano-scale
o(Al) grains and a little metallic glass (denoted by the
arrows), as seen in Fig. 3(a). For the as-quenched
Al;SipsCry ribbons, the sizes of the a(Al) grains
(denoted by the ovals), as shown in Fig. 3(b), decrease
obviously and the content of the metallic glass increases.
After being annealed, the Al;;Si,sCry ribbons crystallize

fully. The grains of a-Si and Al;SiyCry distribute
alternately in the a(Al) matrix and their sizes are about
200 nm, as seen in Fig. 3(c).

Fig. 3 TEM images of as-quenched Al:;SisCr, (a),
as-quenched Al;;Si,5sCry (b) and annealed Al;;SiysCry (¢)

The cycle performance curves of the as-quenched
and annealed Al;s_,SiysCr, alloy anodes are shown in
Fig. 4. It is noticed that a low discharge specific capacity
of 227 mA-h/g is exhibited in the first cycle for the
Al#;SipsCr, anodes, and 56 mA-h/g in the next cycle.
Subsequently, the specific capacity increases to a
maximum of 1119 mA-h/g within 6 cycles. In addition, it
maintains at 586 mA-h/g after 30 cycles due to the slow
fading rate. Before the specific capacity reaches the
maximum, the capacity variation of the Al;SiysCry
anodes is similar to that of the Al;;Si,sCr,. The highest
specific capacity of 716 mA-h/g is shown at the 7th cycle,
but a capacity loss is only 24% over 30 cycles, exhibiting
a more stable cycle performance. As for the AlggSiysCry,
the specific capacity increases slowly to the largest value
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of 240 mA-h/g at the 30th cycle. A low specific capacity
of 98 mA-h/g remains stable over 30 cycles for the
AlgsSipsCryg. After the as-quenched Aly;SipsCry alloys are
annealed, the specific capacity is 90 mA-h/g at the first
cycle and can reach the maximum of 310 mA-h/g at the
7th cycle. It then declines gradually in the following
cycles.
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Fig. 4 Cycle performance of as-quenched Al;s5-,SiysCr, and

annealed Al;;Si,5Cry anodes

The XRD patterns of the lithiated Al;s-,SipsCr, (x=2,
4, %) anodes are indicated in Fig. 5. Compared with the
ribbons (Fig. 1), new diffraction peaks cannot be
detected in the as-quenched alloys after lithiation,
indicating that the formation of intermetallic compounds
with Li do not occur evidently. However, an AlLi
compound can be tested in the lithiated anodes prepared
by annealed Al;;SiysCry ribbons. These results manifest
that the alloy states and phase constitutions have an
important influence on the lithiation mechanism.
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Fig. 5 XRD patterns of as-quenched and annealed Al;s-,Si,sCr,
alloys after lithiation

Figure 6 shows the CVs of the as-quenched and
annealed Al;s_,SipsCr, alloy anodes during the first five
cycles. The small cathodic current peaks located at about

0.81V and 0.50V at the first cycle, which disappear in
the following cycles, are attributed to the reduction of the
surface oxides and the formation of SEI film [21]. As for
the as-quenched Al;3Si,sCr, and Aly;SipsCry anodes, the
current value increases gradually with the decline of
potential and a cathodic peak cannot be observed
evidently, as shown in Figs. 6(a)—(b). The anodic peaks
of them exhibit a broad trend. However, an obvious
cathodic peak located at about 0.16V appears in the
annealed Al;;Si,sCr, anodes, as seen in Fig. 6(c).
According to the results of Ref. [22], it can be deduced
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Fig. 6 CVs of as-quenched Al;3SiysCr, (a), as-quenched
Al SipsCry (b) and annealed Al;;SisCry (¢)
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that the peak corresponds to the formation of AlLi
intermetallic compounds. Accordingly, a sharp anodic
peak located at about 0.58 V represents the
decomposition of AlLi. These results are consistent with
the XRD results of the lithiated Alys-_,SisCr, anodes
(Fig. 5).

The morphologies of the as-quenched Al;s-,SiysCr,
alloy anodes over 30 charge—discharge cycles are
presented in Fig. 7. Cracks and shedding of powders, as
indicated in Figs. 7(a)—(b), can be observed in the
Al;S1,5Cr, and Al;;SipsCry anodes. However, they cannot
be seen obviously on the surfaces of the AlgSiysCr; and
AlgsSirsCryg anodes, seen in Figs. 7(c)—(d), which is
attributed to the low capacities.

4 Discussion

The experimental results indicate that the
as-quenched Al;s-SiysCr, ribbons are non-equilibrium in
thermodynamics (Fig. 2). The a(Al) is a supersaturated
solid solution and the fraction of the metallic glass
increases with the Cr content (Fig. 1). The specific
capacities can increase gradually as the cycle continues,
and reach the maximum after several cycles, indicating
that an activation process is involved during cycle. In
particular, the specific capacities of 586 and 544 s
mA-h/g can be maintained respectively after 30 cycles
for the as-quenched Al;;SiysCr, and Al;;SiysCr, anodes,
respectively, manifesting that the cycle performance of
the as-quenched Al;s_,SiysCr, anodes has been improved
significantly on the basis of high specific capacity

compared with as-quenched  Alyy_,Siz;pMn, and
Algo—SizoMn, [17,18]. The intermetallic compounds with
Li cannot be detected in the as-quenched Al;s_,SiysCr,
anodes after lithiation (Fig. 5), which is consistent with
the as-quenched Aly-,SizoMn, and Alg-,SigoMn, [17,18].
It can be presumed that the lithium atoms contributing a
lot to the high specific capacities are stored in the
Al-Si-based supersaturated solid solution and the
metallic glass. However, after the Al;;Si,sCry alloys are
annealed, the specific capacities reduce obviously and
AlLi compounds appear in the lithiated anodes.

The research of Li storage behavior in metallic glass
is less. When the Cr content is increased to 4%, the
metallic glass becomes the matrix in the as-quenched
alloys (Fig. 3). It can be concluded that the metallic glass
can be served as the Li storage phase due to the high
capacities of the as-quenched Al;;Si,sCry alloys (Fig. 4),
which also means that the Li atoms can diffuse in the
metallic glass. The grain size in the as-quenched alloys is
nano-scaled. The area of the interface between a(Al) and
the metallic glass increases greatly, and much more Li
can store at the interface of the as-quenched alloys.
Additionally, the increase of surface tension would
increase the solubility of Li in a(Al) and the metallic
glass. Thus, high specific capacities can be obtained in
the as-quenched Al;SiysCr, and Aly;SirsCry anodes.
However, the Cr dissolved in the alloys will cause an
activity decrease for Li storage. When the Cr content is
excess (7% and 10%), the Li storage ability would
decrease and the specific capacities would reduce.

When the Li atoms are inserted into the alloys, two

Fig. 7 SEM images showing morphologies of as-quenched Al;s5-,SipsCr, alloy anodes after 30 cycles: (a) Al;3SipsCry; (b) Aly;SipsCry;

(©) AlgsSiasCry; (d) AlgsSizsCrip
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patterns exist possibly. One possibility is that the Li
atoms dissolve in the solid solution and metallic glass,
the other is that the Li atoms form intermetallic
compounds with Al or Si. Figure 5 shows that the
formation of Al-Si—Cr compounds or the compounds
with Li does not occur during lithiation for the
as-quenched alloys. This manifests that the lithiation
process would not lead to the crystallization of the
metallic glass and the separation of the supersaturated
solid solution, indicating that the as-quenched alloys are
relatively stable for lithiation. The formation of an
intermetallic compound has to meet a strict composition
requirement. It could be concluded that the composition
requirement cannot be met due to the strong stability of
the alloys consisted of the supersaturated solid solution
and metallic glass during lithiation. Consequently, a lot
of compounds with Li do not appear in the lithiated
anodes for the as-quenched alloys. After being annealed,
the metallic glass crystallizes, the size of the grains
increases, the Al;3Si4Cry; compounds form and the
volume fraction of a(Al) reduces evidently (Fig. 1). It
can be confirmed that the Al;;Si4,Cry compounds are inert
for Li storage because the specific capacities of the
annealed Al;;SiysCry alloys are much lower than those of
the as-quenched alloys (Fig. 4). The Si and Cr contents
in the Al-based solid solution decrease obviously for the
annealed alloys. Thus, the composition requirement and
the lattice re-arrangement ability of the AlLi compounds
can be met and AlLi can be detected in the annealed
anodes after lithiation (Fig. 5). However, the formation
of AlLi causes a larger volume expansion and it would
be limited because the a(Al), a-Si and Al;3Si4Cr, co-exist
in the annealed alloys. As a result, the fraction of AlLi in
the lithiated anodes prepared by the annealed alloy is
little. The separation of AlLi is more difficult during Li
extraction because of the lower Gibbs free energy of the
compound compared with the solution, which could
cause more dead Li during cycles. As a result, the cycle
properties would be poor when AlLi compounds form

during lithiation. Therefore, the favorable
electrochemical properties obtained in  the
non-equilibrium alloys with optimal composition

contribute that two Li storage phases of nano-scale a(Al)
and the metallic glass co-exist in the as-quenched
Alys-,SipsCr, alloys. But the volume fraction of the Li
storage  phases  decreases obviously as the
non-equilibrium alloys transform to equilibrium state,
and the specific capacities decrease clearly in the
annealed alloy anodes consequently. So, the alloys in
non-equilibrium state are necessary to obtain favorable
electrochemical properties.

In the present experiment, the lower initial specific
capacities of the Alss-,SiysCr, anodes manifest less initial
lithiation activity compared with the Al Si;pMn, and

Algy-SigopMn, [17,18]. The difference of atomic radii
between Mn and Cr may be an important factor that
influences the initial lithiation activity. The radii of Al,
Mn, Cr and Li are 0.182, 0.179, 0.185 and 0.205 nm,
respectively. For the Al-Si-based supersaturated solid
solution, the lattice parameter around Cr atoms would
increase, but Mn acts contrarily. When Li atoms with
large atomic radius insert into the alloys, the lattice
parameter around Cr atoms becomes even larger. For the
metallic glass, this effect is similar although the atoms
are in short-range order. So, the solubility of Li in the
as-quenched Al;s_,SiysCr, alloys might be less than that
in the as-quenched Al Si;oMn, or Alg—SisoMn, during
the first several cycles. Because the Li atoms have to
substitute some atomic sites of the parent alloys during
lithiation and the sites would become vacancies after the
Li atoms are extracted, the sites employed for the Li
storage in the alloys increase as the alloys experience
several cycles, resulting in the gradual activation of the
materials. After being fully activated, the powders can be
employed effectively and the highest specific capacities
can be reached. The lower lithiation activity of the alloys
with high Cr contents (7% and 10%), the more cycles of
activation are needed. Thus, the specific capacities of the
as-quenched AlggSiysCr; and AlgsSiysCryo anodes increase
with increasing cycles in the present experiment (Fig. 4).
Generally, a system with multi-component can enlarge
the inter-solubility among the components. The
activation process still exists after the as-quenched alloys
are annealed, but it will finish experiencing less cycles
because the contents of Si and Cr dissolved in the a(Al)
decrease.

Some cracks can be observed in the anodes
experiencing 30 cycles because the volume effect is
inevitable during the charge—discharge processes (Fig. 7).
Since the specific capacities of the Al;3Si,5Cr, anodes are
the highest among the Al;s_,SiysCr, anodes, the volume
expansion is the most severe. As the capacity retention
rate after 30 cycles is 53% of the highest specific
capacity, it is a good reason to believe that the fading of
the specific capacity is partly ascribed to the powders
shedding caused by the large volume expansion. The
appropriate activity can limit the overlarge volume
expansion, which is beneficial for the cycle behaviors.
This effect is consistent with the Al;y_Si;oMn, and
Algo—SigoMn, anodes [17,18]. For instance, the
Als;SiggMn; anodes exhibit better cycle performance
compared with Al Si;oMn, or Algy-SizoMn, anodes due
to their low initial specific capacity and small first
irreversible capacity.

The improvement on the electrochemical properties
can be attributed to the lower initial specific capacities
and special microstructures. The electrochemical
properties of the melt-spun Al-Si-based alloy anode
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materials can be modulated by the lithiation activity. The
skillful adoption of transition metal element and careful
control of its concentration could be an effective method
to obtain better electrochemical properties.

5 Conclusions

1) Melt-spun Aly5_,SirsCr, (x=2, 4, 7, 10, mole
fraction, %) alloys were studied as anode materials for
lithium-ion batteries. Low initial specific capacities are
shown and the activation process is involved in the first
several cycles. Subsequently, low capacity fading rate is
exhibited in the following cycles. The specific capacities
of 586 and 544 mA-h/g can be exhibited over 30 cycles
for the as-quenched Al;;SiysCr, and Aly;Si»sCry anodes,
respectively. But the specific capacities decline greatly
when the Cr contents are 7% and 10%, respectively.

2) The compounds with Li have not been detected
in the lithiated anodes prepared by the as-quenched
alloys. Both the supersaturated solid solution of Si and
Cr in a(Al) and the metallic glass can store Li, and they
are stable during lithiation, resulting in the activation and
preventing the compounds with Li from formation.

3) Excessive specific
expansion can be limited in the alloys with an
appropriate Cr content. The present results predict that
the lithiation activity could be modulated by the Cr
contents and alloy states, and favorable electrochemical
performance can be achieved in some non-equilibrium
Alys-,SipsCr, alloys.

capacity and volume
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Cr S8 IBKRIRZE Als_,SiysCr, BB F B ith
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[l iy N7 V6 | S i T g T A= N E e = R M i
S B AR DR B R T SLIG %, PEE 710049

W E: WITURARIGE Al SinCr(x=2, 4, 7, 10, EEIRGE %)H 8T it & 4 GUA LA itk g . P
R KSR R . AR B R B AR AT R s AlysSiosCry U BHI IR K L &0 1119
mA-h/g, &5 30 YUG Al PREE N 586 mA-h/g; Al SipsCry B4 IR IR TEREE INfese, Zo0d 30 ARG, A
W 24%; HE Li B PR IE] S Li & Bak &9 1BKE, mTEEAM AliSiyCry MITERG, A8 A B
N, Ak L A T L ALLG A FVE TARTARAS G A0 Cr AR Tk Li 60, M98 T 45 Mtese ik, X3 kA
OV & R AR T A R AL

EHEIE: AT MG ALSI-Cr &4 WARPUA; mAGEEERE: ik Li itk
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