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High-performance SiGe anode materials obtained
by dealloying a Sr-modified Al-Si—Ge eutectic
precursort

Huajie Zhang and Jinfu Li®*

In exploring the anode materials for high efficiency Li-ion batteries, it has been found that the
electrochemical performance of Si can be enhanced via alloying with Ge. In the present work, we
modified the Al-Si—Ge eutectic ribbons as the precursor by adding a trace of Sr to the alloy. The SiGe
particles obtained by dealloying the Al-Si—-Ge eutectic precursor have a porous coral-like nano-
architecture with numerous fibrous branches towards various directions. Because of the large surface
area and porosity, the as-prepared Sr-modified SiGe anode delivers an excellent capacity of
1166.6 mA h g7t at 0.1 A g~* after 100 cycles with a fantastic initial coulombic efficiency of 83.62%.
Besides, it has a superior rate performance with a reversible capacity of 675.3 mA h g*1 at the current
density of 8 A g~%. It is demonstrated that the modification treatment that is widely used in metallurgy is
also a promising strategy to synthesize high-performance battery electrodes and other energy storage

rsc.li/rsc-advances materials.

Introduction

At present Li-ion batteries (LIBs) have been extensively used in
the fields of vehicles, portable electronic equipment, energy
storage and so on,"? and are facing growing demands for longer
cycling life and higher rate capacity. As a promising anode
material for next generation LIBs, silicon (Si) has a theoretical
capacity up to 3579 mA h ¢, and abundant availability as well
as low discharge potential of about 0.2 V.*>* However, it is also
confronted with a low initial coulombic efficiency and poor
reversibility due to the large volume change during the charge/
discharge process,*>® intrinsic low electron conductivity® and
slow kinetics of lithium transportation.” Owing to the iso-
valence and iso-morphism, Ge demonstrates the potential to
optimize the performance of Si anodes, as one of the most
promising alloying strategies. The addition of Ge can contribute
to the transport of lithium and boost the rate capability since Ge
dopant atoms expand the lattice and reduce the energy barrier
of Li-ion diffusion, therefore minimizing Li-ion trapping.®°
Also, the lithiation/de-lithiation of Si and Ge occurs at different
onset potentials, meaning the non-simultaneous volume
expansion, which benefits the gradual release of strain-
stress. >t
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In addition to alloying strategy, different methods have also
been explored to synthesize nanoscale Si(Ge)-based anodes with
diverse structures, in order to overcome the aforementioned
disadvantages,">™* such as chemical reduction for 0D parti-
cles,” metal-assisted solution etching or electro-deposition for
nanoarrays,'®" sputter deposition for films,'®* etc. Most of
them are multistep synthesis with poor productivity and usually
cost expensive templates, hindering the large-scale application
in the manufacture. In recent years, dealloying has been proven
to be an effective and facile method to fabricate self-supported
3D nanoporous materials including Si anodes.*** Yang et al.®
dealloyed as-prepared ternary Al-Si-Ge ribbons, and success-
fully prepared the 3D-NP coral-like Si (Ge) particles with a high
reversible capacity of 1158 mA h g™ " after 150 cycles at a current
density of 100 mA g~ besides the excellent rate capacity. Sohn
and his co-workers* etched the melt-spun Si/Al-Cu-Fe
composite using acidic and alkaline solutions sequentially, and
obtained a high-performance 3D porous Si anode material,
while still maintaining capacities as high as 1222 mAh g " even
after 200 cycles. Therefore, dealloying is promising to be
a scalable, cost-effective way to fabricate porous Si anode
materials suitable for high energy density commercial LIBs.

Modification is a common approach in industry to introduce
structural transformation by adding minor elements, and is
expected to be applied in the nanoarchitecture design of Si
anodes. The chemical elements used to modify Al-Si(Ge) alloys
include Na, P, Sr, Ce as well as some rare earth metals.>*¢
Generally, eutectic Si(Ge) is presented in the form of elongated
plates in unmodified Al-Si(Ge) alloys, but will be transformed
into a fine fibrous structure in the modified alloys.””** If Al-
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Si(Ge) alloys are solidified at high cooling rates, for example by
melt spinning, the solid solubility of Si(Ge) in «-Al will be
extended while the Si(Ge) phase is refined.?*® During the
subsequent dealloying, the Si and Ge dissolved in a-Al phase
tend to re-assemble onto the exposed eutectic Si(Ge) phase,
changing the morphology of Si(Ge). Jiang and Li*® prepared the
Sr-modified porous silicon by dealloying the melt-spun Al-Si
ribbons, which delivers a stable capacity of 594.8 mA h g~ " at
a high current density of 2 A g~ after 50 cycles. However, it is
unclear how the modification elements influence the final
structures during the dealloying process, and the performance
is limited by the intrinsic feature of used system. Therefore, it is
attractive to explore the element modification in more potential
systems and study the dealloying process in depth.

Herein, we prepared 3D nanoporous SiGe particles by deal-
loying the eutectic Al-Si-Ge ribbons modified by a trace of Sr.
Then half-coin cells were assembled to measure the electro-
chemical performance, applying the as-prepared SiGe particles
as active materials for anodes. It was verified that the addition
of Sr contributes to good cycling performance and rate capa-
bility by refining the eutectic SiGe phases. This strategy to apply
the chemical modification in metallurgy into the synthesis of
SiGe anodes makes it possible to improve the performance of
LIB electrodes and other energy storage materials.

Experimental

It has been reported that the SiGe anode with a ratio of Si/(Si +
Ge) at 0.5-0.7 showed better electrochemical performance in
both cycle stability and rate capability.®*'”** Concerning the
intrinsic finer structure of the eutectic alloy, we prepared the
precursor of Alg,,3Sis46Ges31 (atomic percentage) eutectic
composition with the median Si/(Si + Ge) value at 0.6, according
to the experimental phase diagrams.*** The nominal doping
content of Sr in this work is 0.04 wt%, which has been proved to
be enough to modify the eutectic Si phase in Al-Si alloys.****

The Alg, 23510 46G€6 31 alloy ingots were prepared by melting
the mixture of pure Al (99.999%), pure Si (99.999%), pure Ge
(99.999%) and Al-10Sr (wt%) master alloy in an arc melting
furnace filled with high-purity argon. The alloy ingots were then
heated to 1100 °C rapidly, and the melt was ejected onto
a rotating copper wheel at a circumferential speed of ~35 ms™"
in a single roller melt-spinning apparatus. Ribbons of ~5 mm
wide, 40-60 pm thick and several meters long were obtained.
The dealloying process was conducted in a 5 wt% HCI aqueous
solution water-bathed at 60 °C with vigorous magnetic stirring
at the rate of 600 rpm for more than 24 h, until there were no
more bubbles to escape from the solution. The as-dealloyed
samples were washed and dried, and then kept in a vacuum
glove box to avoid oxidation.

The phase constitution was characterized by an X-ray
diffractometer (XRD, D8 ADVANCE Da Vinci), with Cu Ka
radiation at 40 kV and scanning angle (26) ranging from 20° to
90° at a scan rate of 4° min~". The XRD results were also used to
judge whether the Al sacrificed completely. The microstructure
and composition were characterized by an optical microscope
(OM), and a scanning electron microscope (SEM, RISE-MAGNA,
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TESCAN) equipped with energy dispersive X-ray spectroscopy
(EDS) detector. Particle size was measured in a laser particle
sizer (S3500). The nitrogen adsorption-desorption measure-
ment was conducted in a specific surface area and porosity
analyzer (Autosorb-IQ3) at 25 °C. Barrett-Joyner-Halenda (BJH)
and Brunauer-Emmett-Teller (BET) methods were adopted to
calculate the pore volume, pore distribution as well as surface
area.

2025 half-coin cells were assembled to measure the electro-
chemical performance. Slurries for working electrode were
prepared by mixing the active materials, acetylene black and
carboxyl methyl cellulose (CMC) at a mass ratio of 7:2: 1. Then
the slurries were coated with a thickness of 50 um on a Cu foil
current collector and dried in a vacuum at 80 °C for 12 h. The
mass loading of active materials (SiGe) is in the range of 0.5-
0.6 mg cm 2 Then the half-coin cells were assembled in an
argon-filled glove box at room temperature with a Li foil as the
counter electrode, a polypropylene film (Celgard-2400) as the
separator, and the used electrolyte is 1 M LiPFg solution in
a mixture of ethylene carbonate/dimethyl carbonate/methyl
ethyl carbonate (EC/DEC/EMC, 1:1:1 vol%) with 1.0% vinyl-
ene carbonate (VC). Galvanostatic discharge/charge cycles were
carried out in a battery cycler (LAND, Wuhan, China) at
a current density of 1000 mA g~ ' with a voltage between 0.01
and 1 V. Before the measurement of the rate capacity, the anode
materials were activated at a current density of 100 mA g~ ". The
cyclic voltammetry (CV) measurements were performed at
a sweep rate of 0.1 mV s~ from 0.01 to 1.5 V (vs. Li/Li*) on the
electrochemical workstation (CHI 760E, Shanghai, China).
Electrochemical impedance spectroscopy (EIS) measurements
were performed with a frequency range of 0.01 Hz to 100 kHz.

Results and discussion
Structure of Al-Si-Ge precursor and dealloying process

As shown in Fig. 1, the fully solidified Al-Si-Ge precursors are
composed of primary a-Al phase and the eutectic o-Al/SiGe
phase. According to the EDS mapping results provided in the
ESIt (Fig. S1f), the primary «-Al phase grew into dendrites
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Fig.1 SEM images of the microstructure of Algs »3Sis 46Geg 31 €Utectic

alloy: unmodified (a) alloy ingot and (b and c) ribbon; Sr-modified (d)
alloy ingot and (e and f) ribbon.
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around which is the o-Al/SiGe eutectic. Because the rapidly
solidified a-Al phase dissolves more Si and Ge atoms than the
equilibrium solidification under the ultra-high cooling rate, the
obtained sample is off the complete eutectic structure.
Compared with the phase distribution in the unmodified ingot
shown in Fig. 1(a), the addition of Sr realizes the “flake to
fibrous” morphological transformation, resulting in more
uniform phase distribution (Fig. 1(d)). Similarly, the micro-
structures of the spinning-melt ribbons verify the refinement
effect of Sr in additional to the fast-cooling method. In
unmodified ribbons of Fig. 1(b) and (c), SiGe crystals present
thick plate structures with irregular distribution, typically
looking like coarse needles or strips. Fig. 1(e) and (f) shows that
the Sr-modified SiGe eutectic phase appears as finer and denser
dots on the cross section. This transformation can be explained
by the twin-plane reentrant edge mechanism (TPRE) and
impurity-induced twinning mechanism (IIT).>**3® Previous
studies have revealed that Sr atoms are mainly distributed
relatively uniformly in the eutectic SiGe phase while the disso-
lution in primary and eutectic Al phase is negligible.>*?® During
solidification, Sr atoms prefer to locate on the growth steps of
the SiGe solid-liquid interface and create new twin plane re-
entrant edges. As a result, Sr transforms the thick and large-
scale growth model of coarse branches into a small fibrous
growth model with a large number of frequent branches.

Immersed in a 5 wt% aqueous HCI for enough time, the o-Al
phase reacted with the acid and the previous ribbons were
converted into particles. The XRD patterns of the products after
different reaction time are shown in Fig. 2(a). The initial
ribbons consists of a-Al phase and SiGe phase. With the deal-
loying proceeding, Al was sacrificed but SiGe remained. There is
little difference in the XRD patterns of the unmodified and Sr-
modified particles as shown in Fig. 2(b). The amount of Sr is
so minor that its influence on the phase structure is difficult to
be detected by the X-ray response.

Morphology and porosity of 3D nanoporous SiGe particles

Fig. 3(a) and (b) shows the typical morphology of unmodified
and Sr-modified particles. Both particles have 3D porous
structures composed of numerous branches that can provide
enough active surface area for the electrochemical process. The
particles basically maintain the microstructure in the ribbon to
a certain degree, i.e., the unmodified particle consists of plate
branches while the modified one of fibrous branches which
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Fig. 3 Detailed information of SiGe particles obtained by dealloying
the unmodified and Sr-modified Algs »3Sig 46Gee 31 ribbons: (a and b)
SEM images, (c and d) size distributions, (e) N, adsorption—desorption
isotherms and (f) corresponding pore size distributions calculated by
the BHJ method.

provides the particle with more three-dimensional nano-
architecture. Therefore, the modified particles have increasing
surface and more sufficient space for Li-ion to insert/desert
during the charging/discharging process. As shown in Fig. 3(c)
and (d), the two types of particles are close to the normal
distribution, ranging from 100 nm to 1 pum. The detailed
information is listed in Table 1. The D5, of unmodified and Sr-
modified particles is 246 nm and 276 nm, respectively. The
particle size is closely related with the eutectic colonies in the
ribbon. Thus, it is clear that the modification did not change the
size of the eutectic colonies significantly.

The specific surface area and pore size distribution of as-
prepared SiGe particles were measured in the N, adsorption
and desorption method, and the isotherms are presented in
Fig. 3(e). They can be identified as the type IV adsorption
isotherms with an H3-type hysteresis loop according to the
International Union of Pure and Applied Chemistry (IUPAC)
classification. It suggests that capillary condensation takes
place at higher pressures of adsorbate in addition to multilayer
adsorption at lower pressures, indicating the existence of mes-
opores and micropores in the as-prepared powders.?***°
Besides, Fig. 3(f) verifies the coexistence of micropores and

Table 1 Detailed information for particle analysis

Surface area Pore volume Pore diameter

Sample Dso (nm)  (m*g™h) (ccg™ (nm)
Unmodified 246 12.570 0.120 3.826
Sr-modified 276 19.662 0.243 30.018

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mesopores in the samples with a similar distribution. However,
the addition of Sr results in the increasing adsorption amounts,
which illustrates that modified SiGe particles have the larger
porosity. Based on the N, adsorption profile, Table 1 also lists
the pore volume and diameter, as well as the surface area
calculated by the Brunauer-Emmett-Teller (BET) method.
Obviously, the modified SiGe particles have a specific surface
area of 19.662 m”> g~ while that of unmodified sample is 12.570
m?> g '. The larger surface area provides more electrode/
electrolyte contacts and can facilitate the electrochemical
reaction during the charge/discharge process. The pore volume
doubled from 0.120 cc g ' to 0.243 cc ¢~ ' when adding trace of
Sr to modify the SiGe particles. Also, the average diameter of
pores shows a significant difference. The unmodified particles
have a mean diameter of 3.826 nm while that for the modified
ones is 31.018 nm. The shift from micropores to mesopores
offers more free space to partially accommodate the lithiation-
induced strain. Therefore, the Sr-modified SiGe particles have
larger surface areas and porosity.

Electrochemical performance for assembled batteries

The lithium storage performance of as-prepared samples is
characterized by electrochemical impedance spectroscopy (EIS),
cyclic voltammetry (CV) as well as galvanostatic charge-
discharge tests. Fig. 4(a) and (b) shows the similar initial three
cycle CV curves for the anodes of unmodified and modified SiGe
particles as active substances in the potential window of 0.01-
1.5 V (vs. Li/Li*) with a scan rate of 0.1 mV s ". In the cathodic
scans, the peaks beginning at about 0.4 V can be ascribed to the
lithiation reactions of Ge and Si," while in the anodic scans, the
shoulders at 0.2 V and the sharp peaks at ~0.6 V can be related
to the de-lithiation reactions of Li,Si and Li,Ge, which is
reversible during the charge/discharge process.'®"* Note that in
the first cathodic scan, there is a more obvious broad shoulder
located between 0.8 and 0.4 V for the unmodified SiGe anode,
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Fig. 4 Electrochemical characterization of the assembled half-
batteries: cyclic voltammetry curves at 0.1 mV s~ within 0.01-1.5 V vs.
Li/Li* for (a) unmodified and (b) Sr-modified anodes, and Nyquist plots
for (c) the uncycled anode and (d) anode after 5 cycles. The data are
marked by points for experiment and by line for fitting results
according to the equivalent circuit diagram inserted.
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compared to the modified one. It disappears in the following
cycles, corresponding to the decomposition of electrolyte and
the irreversible formation of the solid/electrolyte interphase
(SEI) on the surface of the electrode.

The EIS measurements were conducted on as-prepared
uncycled electrodes, and the results are displayed in Fig. 4(c)
and (d). Both spectra exhibit a depressed semicircle in the high-
to-medium-frequency range and a straight line in the low-
frequency range. This type of spectra can usually be fitted by
the inserted equivalent circuit diagram, in which Ry represents
the ohmic resistance in the battery determined by the distance
between two electrodes. More importantly, the high-frequency
semicircle corresponds to the charge-transfer resistance (R.),
and the double-layer capacitance at the electrode/electrolyte
interface (CPE), controlled by the kinetics. The inclined
straight line is dominated by the mass transfer resistance of
lithium-ion diffusion (W,,).>** As for the uncycled ones, the R of
the modified electrode is about 79.8 Q while that of the
unmodified electrode is about 97.0 Q, verifying that the addi-
tion of Sr influences the formation of SEI and the Li alloying
reaction, as listed in Table 2. For the electrodes after 5 cycles,
the R, value of the unmodified one increases to about 100.0 Q,
while that for Sr-modified one drops to 68.4 Q. That is to say, the
Sr-modified SiGe anode has a relatively small ion exchange
resistance during the lithium/de-lithium cycling, contributing
to the reversible electrode reaction. Comparing the results
before and after cycling, the slope of the inclined line segment
is obviously smaller after the cycling, meaning a decreasing
Warburg impedance. This is because the SiGe material is acti-
vated by several cycles under low current density, and the SEI
film on the surface is stable, which reduces the interfacial layer
impedance.

Fig. 5(a) compares the discharge capacities versus cycle
numbers for as-prepared electrodes at a constant current
density of 0.1 A g~ between 0.01 and 1 V. After 100 cycles, the
unmodified anode delivers a capacity of 780.8 mA h g~ ' while
the modified one still remains 1166.6 mA h g~ . Obviously, the
addition of Sr can delay the electrode degradation and prolongs
the service life, because of the resultant larger surface area and
porosity in the electrode. Fig. 5(b) exhibits the 1st, 2nd, 10th,
50th, and 100th cycle charge-discharge voltage profiles of the
as-prepared samples. In the first cycle of the unmodified
sample, the discharge and charge capacities are 2147.7 and
1634.0 mA h g !, respectively, with an initial coulombic effi-
ciency (ICE) of 76.08%, but those of the Sr-modified sample are
2842.5and 2377.0mA h ¢, and the ICE = 83.62%. Not only the
initial coulombic efficiency but also the first cycle capacity
performance are improved significantly by adding Sr, because

Table 2 R values obtained by fitting Nyquist diagrams via the given
equivalent circuit

R, for R, for
Sample uncycled anode (Q) anode after 5 cycles (Q)
Unmodified 97.0 100.0
Sr-modified 79.8 68.4

RSC Adv, 2023, 13, 2672-2679 | 2675
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Fig. 5 Performance of the as-assembled half-batteries: (a) cycle
performance at 0.1A g~ from 0.1to 1V, (b) voltage profiles for the 1st,
2nd, 10th, 20th, 50th, and 100th cycle, (c) cycle performance at 1A g2,
and (d) capability at the current densities of 0.1, 1, 2, 4and 8 Ag™™.

the special architecture is favoured for the lithium insertion and
removal. Fig. 5(c) gives the cycle performance at 1 A g~ . After
100 cycles, the unmodified anode delivers a capacity of
548.9 mA h ¢ ' and that decreases to 237.4 mA h g™ after 500
cycles. However, the modified one remains 1058.7 mAh g~ and
445 mA h g, respectively. In addition, as presented in Fig. 5(d),
the unmodified electrode delivers average capacities of 1945.2,
1163.7, 850.7, 537.9, 224.4 and 1171.4 mA h g%, at current
densities of 0.1, 1, 2, 4, 8 and 1 A g™, respectively. However,
with the same set, the Sr-modified electrode has much higher
capabilities of 2156.2, 1461.7 1160.3, 863.8, 523.3 and
1579.5 mA h g~ '. The excellent rate performance of the Sr-
modified electrode is dominated by the stability of SiGe struc-
ture, owing to the rich fibrous branches as well as the favourable
porosity.

Fig. 6 presents the morphologies of the unmodified and Sr-
modified SiGe anodes before and after 100 charge/discharge
cycles. Compared to the unmodified anode, the Sr-modified

Fig. 6 SEM morphological images of the (a and b) unmodified and (c
and d) Sr-modified SiGe anodes (a and c) before and (b and d) after 100
charge/discharge cycles, respectively.
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anode shows a more uniform and consistent structure before
cycling, which enhances the structure stability during the
following charge and discharge process. After 100 cycles, the
unmodified anode appears some sharp cracks while the Sr-
modified one remains the structure integrity basically. There-
fore, the Sr-modified SiGe anode exhibits dramatically
enhanced electrochemical performance with outstanding
stability and superior rate capability. The modification strategy
makes it possible for SiGe anodes to serve in more demanding
conditions, especially those fields urgently requiring longer life
and faster charge/discharge.

Comparation and evaluation

To evaluate the excellent electrochemical performance of as-
prepared SiGe particles, we compared our experimental
results with the work of Yang et al.® in the literature. The data
used for comparation were extracted from the original figures in
the literature via the software GETDATA. As presented in Fig. 7,
Yang et al.® adjusted the Al content in the precursor to control
the morphology and porosity, and found that when the
precursor contains 80% Al, the Si;,Geg anode presents the best
reversible capacity with an average value of 503.2 mA h g™ ' at
the current density of 8 A g~'. Under the same condition for
measurement, our SiGe electrodes dealloyed from the Sr-
modified precursor perform a superior capacity of
675.3 mA h g~*, which is much higher than the aforementioned
anodes. Besides, as listed in Table 3, within the whole current
range for the measurement of rate capability, our dealloyed
SiGe electrodes deliver higher capacities than the electro-
chemical deposited ones, no matter the axial Si(Ge) homoge-
neous and heterostructure nanowires.'”*** Also, compared the
Sr-modified pure Si anodes,”® the alloying strategy of Ge
improves not only the cycle performance but also the rate
capability. Overall, SiGe particles dealloyed from Sr-modified
Al-Si-Ge eutectic precursor are comparable to previous work
about facile synthesis of Si and SiGe anodes without post-
treatment, no matter the synthesis methods. Our strategy is
based on the idea that Sr is a kind of modification elements for
eutectic Al-Si(Ge) alloys and it can indeed modify the electro-
chemical performance. In fact, there are also other modification
elements for hypereutectic Al-Si alloys such as P, which are also

—=— Si;,Geg, Yang et. al, 2018, ACSNano

—e— Sr-modified Si(Ge) in our work

2500 g Ag | 2Ag" | 4Ag! | 8AgQ' | 1AgT
R

D2000F e

< \ e

= 1500 |- ~a-mr- \:'*w— et

\--::'-:.'Z. \

e

!

0 5 10 15 20 25
Cycle number

Fig.7 Capability of batteries in this work at the current densities of 0.1,
1,2, 4 and 8 A g1, compared with the work of Yang et al.?
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Table 3 Electrochemical performance of some representative Si-based anodes in literature

Electrodes Cycle performance

Rate capability

Sr-modified SiGe in this work

SiGe dealloyed from Alg,Si;,Geg ®
SiGe dealloyed from AlgsSigGeg 8
Sio.6,Geo.33 7

: 17
Sip.50G€0.50

Si dealloyed from Al,, ¢Sij; 5 *?
SiGe*

Si*
SiGe**

Ge44

promising to improve the performance of SiGe-based anodes
and are worth exploring. What's more, the posttreatments that
have been explored by researchers can also be applied to further
improve the performance, such as the pre-lithiation, surface
coating, advanced binders, and so on.

Conclusions

In summary, by adding minor Sr to the Algy»3Si946G€6.31
eutectic alloy, the eutectic SiGe in the arc-melted castings as
well as melt-spun ribbons transits from flake to fibrous
morphology. The SiGe particles dealloyed from the ribbon
precursors have porous coral-like nano-architectures. However,
the Sr-modified SiGe particles have more fibrous branches
towards various directions, contributing the anode with a larger
surface area and porosity, correspondingly more active reaction
positions and larger space to accommodate the volume change
during the lithiation/de-lithiation process. Therefore, the elec-
trochemical performance of the as-synthesized SiGe particles is
improved significantly.

Sr-modified SiGe anode performs a great ICE of 83.62% and
remains 1166.6 mA h g ' at 0.1 A g~ " after 100 cycles. Also, The
Sr-modified SiGe anodes perform a superior reversible rate
capacity of 675.3 mA h g~ at the current density of 8 A g™,
which is much higher than that reported in previous studies.
What's more, this work introduces the modification in metal-
lurgy into the synthesis of battery electrodes and other energy
storage materials, and gives an effective strategy to improve the
performance and accelerate their industrial applications.
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1318.1 mA h g ' at 0.1 A g~ " after 80 cycles
847 1mAh g "at1A g ! after 80 cycles
1364 mA h g " at 0.1 A g~ " after 80 cycles
1072 mAh g " at 0.1 A g " after 80 cycles
1395 mA h g~ " at 0.2C after 100 cycles
1265 mA h g~ at 0.2C after 100 cycles

595 mA h g " at 2 A g " after 50 cycles
1389 mA h g~ ' at 0.2C after 100 cycles

1772 mA h g " at 0.2C after 30 cycles
1259 mA h g™ at 0.2C after 30 cycles

776 mA h g ' at 0.2C after 30 cycles

1102.52 mAhg 'at4Ag™"
6753 mAhg tatgAg!
938mAhg tat4Ag"
503.2mAhg 'at8Ag "
607 mAhg ' at5C

3177 mAh g " at 10C

657 mAhg " at5C

357 mAhg 'at10C
2354mAhgtat2Ag™"
959.6 mA h g ' at 5C
620.6 mA h g " at 10C
312.6 mAh g ' at 5C

69 mAh g ' at10C

425.6 mAh g ' at 5C

66 mA h g~ at 10C

289 mAh g ' at5C

156 mA h g7" at 10C
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