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A porous silicon anode prepared by dealloying a Sr-
modified Al-Si eutectic alloy for lithium ion
batteries

Piaopiao Jiang and Jinfu Li{®*

Silicon has been considered to be one of the most promising anode materials for next generation lithium
ion batteries due to its high theoretical specific capacity. However, its huge volume expansion during the
lithiation/delithiation process that can result in rapid capacity fading and low conductivity present
significant challenges for application. In this study, the morphology of Si in an Al-Si eutectic alloy was
modified by Sr, and porous Si was then produced by dealloying the precursor. Profiting from the unique
structure, the Si anode exhibits an excellent reversible capacity of 405 mA h g™t at 0.5 A g after 100
cycles and a fantastic first cycle coulombic efficiency of 83.74%. Furthermore, the porous silicon
modified by Sr delivers a stable capacity of 594.8 mA h g~! even at a high current density of 2 A g~ after

rsc.li/rsc-advances

Introduction

Lithium ion batteries have been widely used in vehicles, mobile
phones and other portable electronic devices due to their high
power and energy densities, long cycling life and desirable
safety.'” In order to adapt the continuous development of
mechanical and electronic industries, higher energy density
and power density are required for the next generation of
lithium ion batteries.* The present commercial graphite anode
materials are becoming outdated due to their low capacity
(372 mA h g ").° Therefore, it is urgent to find new anode
materials with higher specific capacity as it is well known that
the electrochemical performance of lithium ion batteries is
highly dependent on the electrodes.® Silicon has been consid-
ered to be one of the most promising anode materials for the
next generation lithium ion batteries because of its high theo-
retical specific capacity (3579 mA h g™ %), relatively low working
potential (<0.5 V vs. Li/Li") and so on.” Nevertheless, the
conventional silicon materials suffer from poor cycle perfor-
mance due to their huge volume expansion (>300%) during the
charge/discharge process, which leads to the rupture and
pulverization of silicon, poor contact between silicon particles,
the destruction of shape and integrity of the electrode, separa-
tion of the electrode powders from the current collector, a rapid
increase in internal resistance and fast capacity fading.*** In
addition, the poor conductivity of silicon as a semiconductor
can result in a poor rate capability when it is used as the anode
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50 cycles, suggesting a good rate capability.

for lithium ion batteries.">** All these disadvantages severely
limit the practical application of silicon in lithium ion batteries.

To overcome these defects, numerous strategies have been
developed to alleviate the huge volume expansion of silicon
anode materials, mainly including carbon coating, nano-
crystallization, alloying and constructing porous struc-
tures.*° Si-based anodes that contain other components such
as carbon, conducting polymers and metals to act as a buffer to
accommodate the huge volume expansion have delivered good
conductivity and cycle capability.**** However, it is at the
expense of the overall capacity of the anode. Nano-sized Si
materials have exhibited good resistance to pulverization
during cycling since they can avoid fracture resulting from
volume expansion.”” However, the nano-sized Si anode would
form more solid electrolyte interphase (SEI) films due to its
huge surface area, which in turn increases the irreversible
capacity and reduces the first coulombic efficiency.?**

Porous silicon as the anode for lithium ion batteries has
been attracting increasing attention as it can deliver a good
cycle performance due to the sufficient buffer spaces for the
volume expansion.” An adequate porous structure can also
provide more Li-ion transport channels and lead to an excellent
rate capability.”*** Among the various synthetic methodologies,
the dealloying of Si-metal alloys has been considered to be
a promising practical approach toward the mass production of
porous Si microparticles because it is simple and low cost.*® The
addition of Sr to Al-Si eutectic alloys can change the
morphology of eutectic Si from coarse plate-like to fine fibrous
shape.®* The porous Si anode prepared through dealloying the
Sr-modified Al-Si alloys is expected to be more effective in
mitigating the volume expansion due to the introduction of
abundant nano-sized pores. In this study, we report a facile
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approach to prepare the nano-sized porous silicon with excel-
lent electrochemical performance that involves dealloying the
Sr-modified Al-Si eutectic alloy. The obtained nano-sized
porous silicon exhibits a reversible capacity of 405 mA h g~*
after 100 cycles and a rate capability of 594.8 mA h g~ " after 50
cycles even at a high current density of 2 A g™ .

Experimental

The Al-12.6 wt% Si eutectic alloy ingots modified by the addition
of 0.04 wt% Sr were fabricated by arc melting pure Al
(99.999 Wt%), Si (99.999 wt%) and Sr (99.99 wt%). The Al-Si-Sr
ingots were then melted and sprayed onto a copper roller at
a circumferential speed of about 27 m s~ " under the protection
of high-purity Ar. The obtained Al-Si-Sr ribbons were about 50
pm in thickness and 4 mm in width. The dealloying of the Al-
Si-Sr ribbons were performed in a 5 wt% HCI aqueous solution
in a water bath at 60 °C for 12 h and the magnetic stirring was
set at the rate of 600 rpm. After dealloying, the precipitates were
collected by centrifugation and severally rinsed with absolute
ethanol, followed by vacuum drying for 12 h at 100 °C. The
obtained nano-sized porous silicon (Sr-npSi) samples were kept
in a vacuum glove box to avoid oxidation. As a comparison,
nano-sized porous silicon without Sr modification (npSi) was
prepared from the Al-12.6 wt% Si eutectic alloy following the
same procedure.

The phase constitution of the samples was characterized on
an X-ray diffractometer (XRD, D8 ADVANCE Da Vinci) and X-ray
photoelectron spectroscope (XPS, AXIS UltraDLD). The micro-
structures were characterized on a scanning electron micro-
scope (SEM, MIRA3) and a transmission electron microscope
(TEM, TALOS F200X).

Electrochemical performance was measured in 2025 coin
cells. Active materials, carboxyl methyl cellulose (CMC) and
acetylene black with a mass ratio of 80 : 10 : 10 were stirred for
3.5 h to ensure thorough mixing. Then, the slurry was coated
onto a thin copper foil and dried in a vacuum oven at 100 °C for
12 h to form the electrode. The coin cells were assembled with
lithium foil as the counter electrode, 1.0 M LiPFg solution in
a mixture of ethylene carbonate/diethyl carbonate/ethyl methyl
carbonate (EC : DEC : EMC, 1 : 1 : 1 in volume with 1.0% VC) as
the electrolyte, and polypropylene film (Celgard-2400) as the
separator. Half cells were assembled in an argon-filled glove box
at room temperature. Galvanostatic discharge/charge cycles
were performed between 0.005 and 1 V on a lithium battery
cycler (LAND). The cyclic voltammetry (CV) of the initial 3 cycles
of the anode material at a scan rate of 0.1 mV s~ ' from 1.2 V to
0.005 V was measured on an electrochemical workstation (CHI-
760E Shanghai China).

Results and discussion

Fig. 1 shows the XRD patterns of the Sr-npSi and npSi materials.
The diffraction peaks at 26 values of 28.4°, 47.3°, 56.1°, 69.1°,
76.4° and 88.2° correspond to the (111), (220), (311), (420), (331)
and (422) of Si crystal (JCPDS no. 27-1402), which is consistent
with other Si products reported in literature.**** No diffraction
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Fig. 1 XRD patterns of the Sr-npSi and npSi along with the standard
JCPDS card of Si.

peaks of Al were detected in the XRD pattern, implying that all
Al has been removed during the dealloying treatment, and the
sharp and intense peaks indicate the crystalline nature of the
product.

When Sr is used to modify Al-Si alloys, Sr is enriched in front
of the growing Si and finally partially entrapped in the Si as Al-
Si-Sr clusters with different sizes and compositions.***” The
absence of Sr diffraction peaks from the XRD pattern may be
due to the very low content of Sr. In order to further determine
the composition of the Si products, the XPS survey scan from
0 eV to 1200 eV was performed and the results are shown in
Fig. 2. The scanning range covers all the core levels for the
elements except H and He. There is no difference between the
two types of Si. The Sr (3d) peak at the binding energy around
133.7 eV cannot be observed in the Sr-npSi sample because the
content of Sr is too little to be detected. Besides, the Al-Si-Sr
clusters may also be corroded away during the dealloying
process.

The Si phase in the as-quenched Al-Si eutectic alloy ribbons
is too thin to be clearly observed under the SEM. Here, we
illustrate the microstructure of the Al-Si eutectic alloy ingots in
Fig. 3. Clearly, the eutectic Si has changed from relatively coarse
plates into a fine fibrous framework after 0.04 wt% Sr was
added. The result indicates that the Sr was successfully added to
the Al-Si alloy and it did refine the eutectic Si.
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Fig. 2 XPS survey scans of the Sr-npSi and npSi in the binding energy
range of 0-1200 eV.

Fig. 3 Microstructure of the Al-Si alloy ingot (a) unmodified and (b)
modified by Sr.
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Fig. 4 SEM images of the (a and b) npSi and (c and d) Sr-npSi under
different magnifications.

Fig. 4 shows the SEM images of the npSi and Sr-npSi mate-
rials. It can be seen that the npSi particles are agglomerated
severely (Fig. 4a) and their average size is tens of nanometers
(Fig. 4b). In contrast, the average size of Sr-npSi is at the micron
scale, as shown in Fig. 4c. The magnified image is displayed in
Fig. 4d. The Sr-npSi has a micro-sized porous coralloid structure
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with an average pore diameter of several nanometers. Further
information of the porous structure of both materials has been
discussed in the BET section.

The structures of the npSi and Sr-npSi were further investi-
gated by TEM, and the results are shown in Fig. 5. From the
TEM image of npSi (Fig. 5a), it can be seen that the particles are
not uniform and severely agglomerated. From Fig. 5b, it can be
clearly observed that the Sr-npSi is full of pores with an average
pore diameter of several nano-meters. The well-ordered lattice
fringes with a distance of 0.321 nm (Fig. 5d) agree well with the
spacing between the (111) planes of silicon crystals, indicating
that only Si exists in the sample.

In order to further characterize the porous structure of Sr-
npSi, Brunauer-Emmett-Teller (BET) measurements were
carried out. Fig. 6a and b show the nitrogen adsorption and
desorption isotherms of npSi and Sr-npSi, respectively. They
present a hysteresis between adsorption and desorption
reflecting the IV adsorption isotherm, indicating that the
samples contain pores. The pore size distribution of the npSi is
shown in Fig. 6¢. The pores range from meso-pores (2-50 nm) to
macro-pores and the latter may come from the aggregates of
particles. The pore size distribution of Sr-npSi is shown in
Fig. 6d. The pore diameters range from a few to a dozen
nanometers. Perhaps, the embedment of Al-Si-Sr clusters in
the eutectic Si is favorable for the formation of nano-sized pores
in Sr-npSi. With numerous nano-sized pores, the specific
surface area of Sr-npSi reaches 22.709 m® g~ ', much larger than
that of npSi (12.066 m* g~ '). The abundant nano-sized pores
can provide numerous sites for lithium ions to react with the
material and shorten the lithium ion transport channels so that
the rate capability of lithium ion batteries could be improved.

Fig. 7a shows the cyclic voltammetry (CV) of the initial 3
cycles of Sr-npSi with 1.0% VC material at a scan rate of 0.1 mV
s~" from 1.2 V to 0.005 V. In the first cathodic scan of the CV

10 nm

Fig. 5 TEM (a and b) and HRTEM (c and d) images of the (a) npSi and
(b—d) Sr-npSi.
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Fig. 7 Electrochemical performance of the Sr-npSi anode in

comparison with the npSi anode. (a) Cyclic voltammetry of initial 3
cycles of the Sr-npSi anode with 1.0% VC additive at a scan rate of
0.1 mV s7L. (b) Cycling stability of Sr-npSi with and without 1.0% VC
additive and npSi at a current density of 50 mA g~ for the initial two
cyclesandat0.5A g*1 in the following cycles. (c) Cycling performance
and coulombic efficiency of the Sr-npSi anode with/without 1.0% VC
additive at a current density of 50 mA g~ for the initial two cycles and
at 2 A g7Y/1 A gt in the following cycles. (d) Rate capacity between
0.01V and 1V at various rates from 0.5 A g tto 2 Ag™™.

curve, a broad cathodic peak at around 0.6 V can be ascribed to
the formation of the solid electrolyte interphase (SEI).*® The
subsequent sharp redox peak at around 0.01 V corresponds to
the formation of the Li,Si phase. In the second and third scans,
the cathodic peaks at about 0.17 V and 0.01 V and anodic peaks
at about 0.37 V and 0.50 V reflect the reversible lithiation and
delithiation reactions with the Sr-npSi material. The increasing

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intensity of cathodic and anodic peaks indicates the activation
of the Sr-npSi anode.

The electrochemical cycling performances of Sr-npSi with/
without 1.0% VC materials in comparison with npSi were eval-
uated using charge/discharge galvanostatic cycling between
0.005 V and 1 V (Fig. 7b). The anode samples were galvanically
charged/discharged at a current density of 50 mA g~ for the
first 2 cycles and then at a current density of 0.5 A g~ for all the
subsequent cycles. The Sr-npSi anode with the 1.0% VC additive
shows a first discharge capacity of 3358 mA h g~ with a first-
cycle coulombic efficiency of 83.74%. After 100 cycles, it still
shows an excellent discharge capacity of 405 mA h g .
Furthermore, the coulombic efficiency remains over 98.93%
after 100 cycles. Under the same measurement condition, the
npSi anode shows poor discharge capacities and after 27 cycles
the capacity quickly decreased to <200 mA h g~ . The Sr-npSi
anode without the VC additive shows a worse cycle perfor-
mance than the Sr-npSi anode with the 1.0% VC additive, but its
performance is better than the npSi anode. This is because VC
decomposes on the Si surface to form an electrolyte imperme-
able SEI layer, which can physically separate electrolyte mole-
cules from Si and effectively prevent the electrolyte from further
decomposing on the Si surface.***® Therefore, the anode can
keep the structural integrity and avoid more side effects. The
unique three-dimensional porous coralloid structure of Sr-npSi
resulting from Sr modification can provide sufficient buffer
space for volume expansion during the charge/discharge
process. Therefore, the Sr-npSi anode shows a better cycling
performance than the npSi anode. Moreover, the abundant
nano-sized pores can provide more Li" transport channels,
which lead to a good rate capability. Fig. 7c shows the cycling
capability and coulombic efficiency of the Sr-npSi anode with/
without 1.0% VC additive at a current density of 50 mA g
for the initial two cycles and at a high current density of 2 A g™/
1 A g " in the following cycles. The Sr-npSi anode with 1.0% VC
additive exhibits a better reversible capacity of 592.2 mA h g~*
after 50 cycles than the Sr-npSi anode without the VC additive.
As shown in Fig. 7d, the Sr-npSi anode with 1.0% VC additive
provides a discharge capacity of 3317.5 mA h g" ' at a current
density of 50 mA g ', 1743 mA h g ' at 0.5 A g |,
10563 mAhg 'at1Ag 'and 5281 mAhg 'at2Ag " A
capacity of 1229.4 mA h g~ ' can be retained when the current
density is reduced back to 0.5 A g '. In contrast, npSi only
provides a discharge capacity of 1455.8 mAh g ' at 50 mA g™,
6148 mAhg 'at05A¢g ", 1737 mAhg 'at1Ag ' and
1.8mAhg 'at2Ag " Only379.6 mA h g* can be retained
when the current density is reduced back to 0.5 A g~". The
results indicate that the Sr-npSi anode with 1.0% VC additive
has a better rate capability than npSi and the Sr-npSi anode
without the VC additive, suggesting that the modification of the
Al-Si precursor by Sr can improve the electrochemical perfor-
mance of lithium ion batteries to a certain degree.

Fig. 8 shows the morphology of the Sr-npSi anode after 100
cycles. It is clear that Sr-npSi did not get crushed into fragments
during the charge/discharge cycles. With abundant nano-sized
pores to provide sufficient buffer space for the volume

RSC Adv, 2022, 12, 7892-7897 | 7895
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Fig. 8 SEM images of the Sr-npSi anode (a) before and (b) after 100
charge/discharge cycles at a current density of 50 mA g™ for the initial
two cycles and at 0.5 A g™t in the following cycles.

expansion of Si, the Sr-npSi anode can retain good structural
integrity during working.

Conclusions

In conclusion, we prepared a Sr-npSi anode material via a facile
process of dealloying the Sr-modified Al-Si eutectic alloy.
Compared with the npSi anode, the electrochemical perfor-
mance of the Sr-npSi has been improved a lot. The Sr-npSi
anode exhibited a fantastic cycling performance of
405 mAhg 'at0.5 Ag " after 100 cycles with an excellent first-
cycle coulombic efficiency of 83.74%. An excellent rate capa-
bility was also demonstrated due to the unique porous coralloid
structure. Even at a high current density of 2 A g ', the
discharge capacity was 592.2 mA h g ' after 50 cycles. It is
demonstrated that the morphology and structure of silicon can
be well controlled by Sr modification. The unique porous
coralloid structure could alleviate the volume expansion of
silicon during the charge/discharge process. Dealloying in
combination with the modification of Al-Si eutectic alloys is
promising for regulating the micro-morphology of the eutectic
silicon. This scalable strategy allows for the mass production of
electrodes for lithium ion batteries, providing new guidelines
for the optimization of the synthesis of porous silicon.
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