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Abstract

We demonstrate the synthesis of the Si@C three-dimensional porous structures
derived from commercial magnesium silicide (Mg,Si) powders via simple annealing
and acid pickling processes. When used as anode materials of lithium-ion batteries,
the Si@C three-dimensional porous structures can give more lithiation sites and
accommodate large volume changes during the lithiation/delithiation process, which
leads to high capacity and good cycling stability. As a result, a high reversible
capacity of ~1700 mAhg™” was obtained at a current of 0.2 C (800 mAg™”, 1C =4 Ag™)
even after 70 cycles. The synthetic route described herein is a low-cost and large-scale
way to produce high-performance Si anodes, which may facilitate the commercial
application.

Introduction

Lithium-ion batteries (LIBs) have been motivated to high energy density and high
volumetric density due to the rapidly increasing demand in electronics consumer
especially in electronic vehicles [1]. Graphite-based materials are commonly used as
anode materials in most commercial LIBs due to their advantages such as low cost,

high yield and long cycle life. However, their limited gravimetric capacity (372 mAh
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g) has prompted intensive research for alternative anode materials with large capacity
at low potentials. Recently, some new anode materials with high specific capacity
such as tin (Sn) [2-3], transitional oxide materials [4-5], silicon (Si) [6-8] and
germanium (Ge) [9-10] have been pursued. Particularly, Si has attracted much
attention due to the advantages such as the highest theoretic capacity of 4200 mAhg™,
the low discharge potential (0.37 mV vs. Li/Li"), non-toxic, and abundant reserves
[11-12]. However, the large volume changes (>300%) during the
lithiation/de-lithiation process brings cracking and crumbling of the Si anodes, which
results in the capacity fades and poor cycling life [13].

Tremendous efforts have been devoted to improve the cycling performance of Si
anodes. Typically, there are two strategies. The first is the design of composite
materials in which Si dispersing in a matrix [14-15]. The matrix is used to buffer the
stress induced by the volume expansion and enhance the conductivity. The other
strategy is the design of the nano/miro-structure of Si materials such as nanoparticle
[16], thin film [17-18], nanotubes or nanowires [19-22] and porous structures [23-24],
which can sustain the physical stains during the lithiation/de-lithiation process.
Among them, the porous Si structure is the hot spot because of its pores and relative
large surface area, which can enhance the diffusion of lithium ions and accommodate
the volume change. Many methods, such as chemical etching [25-29],
template-assisted [30-31], and magnesium reduction process [32-36] have been
reported to synthesize the porous Si materials. For example, Bang et al. used a
displacement reaction and metal-assisted chemical etching method to synthesize
porous Si particles, which exhibited good cycling performance and high capacity [26].
However, the expensive Ag is used for etching and the productivity is relatively low,
which limits its further application. Yu et al. synthesized Si porous particle via a
magnesiothermic reduction between Mg powder and mesoporous SiO, particles [32].
In order to obtain the good cycling performance, Ag coating was further deposited
onto the Si porous particles. In this case, the pre-synthesized mesoporous SiO;
particles were used as source and expensive Ag was coating on the porous Si particles,

indicating that the commercial production is difficult. Therefore, the exploration of
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large-scale, low-cost and convenient way for industrial production of porous Si
materials is a great challenge.

Herein, we use the commercial Mg,Si as the source to prepare Si@C
three-dimensional porous structures (TPS) via simple annealing and acid washing
processes, which can act as the high-performance anode materials of LIBs. There are
three main progress compared to the above-mentioned methods for porous Si
materials: the first is the use of commercial Mg,Si as source with a low price of ~5
$/kg; the second is the simple annealing and acid washing process, which is suitable
for large-scale production; the last is that the carbon coating process has been
integrated in the simple annealing process which is more suitable for large production
compared to the previous reported acetylene decomposition [25-26, 30].
Experimental procedure
Synthesis of the Si@C TPS

Mg,Si (purity, >97%) was synthesized via a home-built continuous preparing
apparatus using Si (purity, >98%) and Mg (purity, >99%) powder as sources. The
Si@C TPS were successfully synthesized via the following procedures. At first,
Mg,Si, Polyvinyl alcohol (PVA), ethanol and grinding balls with a mass ratio of
1:1:2:6 was ground in a planetary ball mill (QM-3SP2, Nanjing University Instrument
Company of China) at 500 rpm for 4 h. The ball-milled mixture was dried in the
vacuum oven at 80 °C for 5 h. Then, the ball-milled mixture was heated to 350 °C for
5 h and raised to 700 °C at a heating rate of 5 °C min™' under a mix gas (N, : air = 20:1)
atmosphere, for another 12 h in a rotary furnace (XY-1700S, XINYOO, Nan Yang Xin
YU Electric Components CO., Ltd. of China). After cooling down to room
temperature, the powder was washed with HF (5%) and HCI (0.2 molL™) to remove
the MgO and SiO,. Final product was achieved by centrifuged in deionized water and
alcohol for three times, and then dried in the vacuum oven at 80 °C for 12 h. For
comparison, bare Si TPS without carbon layer were synthesized in the same
procedure in absence of polyvinyl alcohol (PVA).

Characterization of the products

The crystal structure of the products were identified by a high power X-ray
3
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diffraction (XRD) using a Rigaku D/max-ga X-ray diffractometer with graphite
monochromatized Cu Ka radiation (A = 1.54 A). The morphology and structure of the
products were evaluated by scanning electron microscopy (SEM HITACH S4800) and
Transmission electron microscopy (TEM, PHILIPS F200). Thermogravimetric
analysis (TGA) was tested on SDT Q600 V8.2 Bulid 100. Brunauer-Emmertt-Teller
(BET) surface area and pore volume were tested using a Beckman Coulter
Omnisorp100cx. The Raman experiments were performed with a HR800 Raman
spectrometer using the 514 nm line of an Ar ion laser operated at 10 mW.
The electrochemical performance of the Si@C TPS

The electrochemical properties of coin-type half cells (2016 R-type) composed of
the Si@C TPS as the working electrode and lithium metal as the counter electrode were
tested. The working electrode was made of the Si@C TPS, poly(vinylidenefluoride)
(PVDF) as the binder, acetylene black (AB) as the conductive additive in a weight rate
of 70:15:15. The uniform slurry was obtained after dissolving the three materials in
the N-methyl-2pyrrolidine (NMP). Then the slurry was pasted on the copper foils.
After dried in the vacuum at 120 °C for 12 h, the half cells were assembled in a
glovebox (Mbraun, Labstar, Germany) under argon atmosphere, where the electrolyte
solution was composed of 1M LiPFs in ethylene carbonate/dimethyl carbonate
(EC/DMC,1:1 in volume). Charge and discharge were conducted at the potentials
between 0.001 and 2 V at different current densities. Cyclic Voltammetry (CV) of the
same potential range was recorded on an Arbin BT2000 system at a scanning rate of 0.1
mvVs™.
Results and discussion

The Si@C TPS were derived from Mg,Si/PVA composites at 700 °C in a rotary
tubular furnace under nitrogen/air (20:1) atmosphere and subsequent acid pickling
(Figure 1a). A small amount of oxygen is necessary for the oxidation of Mg, while
too much oxygen will bring the excessive oxidation of Si and negative influence on
carbon layer. Therefore, an appropriate ratio of nitrogen/air (20:1) is necessary for the
synthesis of the Si@C TPS. Mg,Si is a commercial raw material for silane (SiHs) in

Komatsu method, which can decompose to Mg and Si at high temperature. Mg, whose
4
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melting point is 648 °C, is very active and can be oxidized fast even under a little
oxygen, resulting in the formation of MgO. At the same time, PVA can be converted
to the carbon layer under the similar conditions. Therefore, the Si@C TPS were
obtained after acid pickling and drying in vacuum (Figure 1b). It can be seen that the
surface of the initial Mg,Si particles is smooth (Figure 1c¢), which transforms into
porous structure (Figure 1d) due to the removal of MgO after the annealing and acid
pickling process.

The synthetic process can be further identified by the XRD patterns (Figure 2) .The
peaks of the raw material is consistent with the cubic Mg;Si (JCPDS no.
01-075-0445). After the annealing process, the peaks of Mg,Si disappear instead of
MgO and Si, indicating the transformation from Mg,Si to MgO and Si. It should be
mentioned that PVA has been converted into carbon, which can not reflect in the XRD
pattern due to the amorphous nature. After the acid pickling process, only the peaks of
Si can be observed, indicating the complete removal of MgO. The yield of this
process is nearly 30 %, which is much higher than the previous results for porous Si
materials (<10 %) [23, 37].

Figure 3 shows the morphological and compositional characterization of the
as-synthesized products. It can be seen from Figure 3a that the products show the
morphology of three-dimensional structures with the size range from several
micrometers to tens of micrometers. From the magnified SEM image (Figure 3b), it
can be seen that the pores with several tens to hundreds nanometers distribute
randomly in a whole Si microparticle, which is due to the elimination of MgO. Figure
3¢ shows the high-resolution TEM image of an individual Si microparticle. It is
observed that a carbon layer with a thickness of ~20 nm has deposited onto the Si
particle, which comes from PVA in the raw material. To further confirm the carbon
layer, Raman test was employed (Figure 3d). In addition to the peak of Si at 940 cm’,
two typical peaks at ~1340 cm™ (D band) and ~1580 c¢cm™(G band) represent the
amorphous carbon layer [24, 25]. To further confirm the content of the carbon in the
Si@C TPS, TGA analysis was employed (Figure 4). As can be seen, the Si@C TPS

show slow mass fading from 50 to 350 °C, which may be attributed to the loss of
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crystal water. Then, a fast mass fading is observed between 480 °C and 620 °C,
following with a stable zone in the higher temperature. It can be estimated that the
amount of the carbon is 14.8 %. BET analysis was employed to estimate the porosity
of the Si@C TPS (Figure 5). It can be seen that the Si@C TPS have a BET surface
area of 41.9 m’g”" with an average Barretl-Joyner-Halenda (BJH) pore diameter of ~40
nm, which further confirm the porous structure. The porous structure can facilitate the
fast lithium ion diffusion and accommodate the volume change during the
lithiation/delithiation process, leading to the enhanced performance.

For comparison, bare Si TPS without the carbon layer were synthesized via the
same process in absence of the carbon source (PVA). Figure 6 shows the
morphological and compositional characterization of as-synthesized products. It can
be seen that the products show the morphology of porous microparticles with pores
distributed randomly in the entire Si particles (Figures 6a-c). Compared to Si@C, Si
seems more porous, and the distribution and diameters of the pores is more uniform
because of the absence of the carbon layer. Figure 6d shows the EDX pattern of the
as-synthesized bare Si TPS. As can be seen, the EDX pattern shows the peaks of Si
and Cu, which come from the products and Cu substrate for SEM sample, respectively,
indicating the complete removal of MgO and absence of carbon layer. It should be
mentioned that the BET surface area of bare Si TPS is 94.16 ng'l, which is larger
than the Si@C TPS because the carbon layer may cover some pores during the
annealing process.

Motivated by the unique three-dimensional porous structures, the products were
tested as the anode materials of LIBs. Figure 7a shows the CV curves for the Si@C
TPS with a potential range of 0.001~2 V (vs. Li"/Li) at a scanning rate of 0.1 mVs™.
In the first cycle, a cathodic peak appears at ~0.2 V and becomes quite large in the
following cycles, which is ascribed to the insertion of the lithium ions to form a series
of LisSi. This is consistent with the previous report [39]. In the anodic process, two
broad peaks at ~0.4 and 0.5 V represent the delithiation process. After the first cycle,
all the peaks correspond to the phase transition between the amorphous LiSi and Si,

which are the typical Si anodic peaks. In addition, the shapes of the 2" and 3™ cycles
6
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are almost the same, suggesting the high reversibility of the following
lithiation/delithiation process. To illustrate the advantage of the three-dimensional
porous structures, the cycling performance of the bulk Si particles, the bulk Si@C
particles, bare Si TPS, and Si@C TPS has been compared (Figure 7b). It should be
mentioned that the size of the bulk Si particles similar to the porous Si particles is
chosen to guarantee the consistency of the comparison. It can be seen that the bulk Si
shows rapid capacity fade, resulting in a capacity of 200 mAhg™ just after 10 cycles.
After the coating of carbon layer, the cycling performance can be improved to a
limited extent because the large volume expansion may still destroy the carbon layer
and the core-shell structure can’t be retained after the lithiation process. Similarly, the
bare Si TPS also show the poor cycling performance, indicating that the carbon layer
is necessary for retaining the porous structure during the lithiation/delithiation process.
For comparison, the Si@C TPS show almost no capacity fading and a high capacity
of ~1900 mAhg is achieved after 15 cycles at 0.1 C, which is extremely better than
the other three samples. This result indicates that the porous structure and carbon
layer are both important for the stability of the structure during the
lithiation/delithiation process. The porous structure can allow the volume expansion
inward and outerward at the same time, while the carbon layer can prevent the
excessive expansion outerward. Figure 7c¢ shows the voltage profiles of the Si@C
TPS anode at 0.1 C between 0.001 and 2 V. The first discharge and charge capacities
are 2240 and 1860 mAhg™, indicating an initial Coulombic efficiency of 83 %. The
first Coulombic efficiency is much higher than bulk Si/C composites [34] and similar
to the previous porous Si materials [23, 25]. After the first cycle, the Coulombic
efficiency shows a value higher than 97% in the second cycle and nearly 99% in the
following cycles. Moreover, the discharge capacity maintains to over 1700 mAhg™
after 70 cycles at 0.2 C, indicating the good cycling performance (Figure 7d). It
should be mentioned that the purity of the Si@C TPS is limited due to the limited
purity of commercial Mg,Si (96%). Considering that the source materials are
chemically pure at least in the previous reports [25-36], the performance of the Si@C

TPS is outstanding. For further evaluate the effect of the carbon layer, we have also
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tested the Si@C TPS with low carbon content (~8%) for 100 cycles under the same
testing condition (Figure 8). It can be seen that the initial discharge capacity of the
Si@C TPS with low carbon content is much higher than that with higher carbon
content because the theoretic capacity of carbon is low. But the capacity of the sample
with low carbon content decrease gradually along with the cycles, indicating that the
thicker carbon layer can stabilize the structure better during the charge/discharge
process. We can conclude from the comparison of Figure 8 and 7d that the high carbon
content can facilitate the cycling performance. It should be mentioned that the variation
trend of the capacity versus cycle numbers is steady after 70 cycles.

In order to confirm the stability of the three-dimensional porous structure during
the lithiation/delithiation process, the morphological of the bulk Si, bare Si TPS, and
Si@C TPS before and after cycling was characterized (Figure 9). It can be seen that
the structure of the Si@C TPS can be retained after cycling, while the bulk Si and
bare Si TPS seems broken and pulverizing. It can be concluded that the structure of
the Si@C TPS is more stable than the bulk Si and bare Si TPS, which can also explain
the enhanced cycling performance of the Si@C TPS.

Conclusions

In summary, the Si@C TPS were derived from commercial Mg,Si powder via
simple annealing and acid pickling processes. When used as anode materials of LIBs,
the Si@C TPS show a high reversible discharge capacity of over 1700 mAhg™ after
70 cycles at 0.2 C. The as-synthesized Si@C TPS show higher capacity and better
cycling performance than the bulk Si@C and bare Si TPS. The porous structures
could allow the volume expansion inward and outerward at the same time, and give
more lithiation sites, while the carbon layer could stabilize the porous structure and
the SEI film during the lithiation/delithiation process, which should be responsible for
the enhanced performance. This result may facilitate the commercial application of
Si-based anode materials for LIBs.
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Figure 1. The schematic illustration (a), (b) and TEM images for the synthesis of Si

TPS (¢) derived from Mg,Si (d).
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Figure 3. (a), (b) SEM images of the Si@C TPS at different magnification; (c)
HRTEM image of the Si@C TPS;(d) Raman spectrum of the Si@C TPS
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Figure 6. The morphological and compositional characterizations of the bare Si TPS:

(a), (b), (c) SEM images; (d) EDX pattern
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Figure 7. (a) current-voltage (CV) curves for the first three cycles of the Si@C TPS;
(b) the capacity versus cycle numbers of the bulk Si, carbon-coated bulk Si, bare Si
TPS and Si@C TPS at 0.1 C between 0.001 and 2 V, respectively; (c) the voltage
profiles of the Si@C TPS anode at 0.2 C between 0.001 and 2 V; (d) the capacity
versus cycle numbers of the Si@C TPS at 0.2 C between 0.001 and 2 V
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Figure 9. SEM images of the bulk Si (a), (b), bare Si TPS (c), (d) and Si@C TPS (e),

(f) before and after cycling
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