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Abstract
With the development of silicon smelting industry, increasing industrial waste (Microsilica) has become a
serious concern. From the point of view of environment, it is an important problem how to treat and
recycle these microsilica. Silicon (Si) is a promising material for the next generation of lithium-ion
batteries anode. Yet, the severe expansion, poor capacity retention or harsh processing technic impede its
commercialization path. Herein, a spherical porous silicon were �rstly prepared through a
magnesiothermic reduction of microsilica, waste powder from photovoltaic silicon production industry.
The porous silicon (PSi) was further coated with nitrogen-doped carbon (C(N)) to build a Jelly�sh-like
PSi@C(N) structure. The PSi@C(N) with uniform interconnected pore channels and nitrogen-doped
carbon layer, not only enhances the Li+ ions transport, but also accommodates extreme volumetric
changes of Si during the charge/discharge. The PSi@C(N) electrodes delivered a reversible capacity of
803.92 mAh g-1 after 300 cycles at 1000 mA g-1 and exhibited 18.6% expansion rate. This study not only
provides the rational design of a high-performance porous silicon anode, but also adds a new perspective
for the high-value usage of microsilica in semiconductor and photovoltaic industries.

Introduction
In recent years, mankind has made efforts to achieve global carbon neutrality. With the promotion of
ecological-environmental protection concept and the development of energy-storage-technology, clean
energy has become an important measure to solve global environmental problems, and environmental-
energy-materials have become a crucial component (M. Armand et al., 2008). During the high-temperature
smelting of industrial silicon and ferrosilicon, a huge volume of dust, which contains signi�cant amount
of microsilica ranging from 0.1 to 10 µm (Fig. S1), are collected by the dust collecting device when the
vapors are discharged through the �ue (Y. Qing et al., 2007, C.S. Poon et al., 2006). As known, the direct
discharge of dust to the atmosphere is blamed for polluting environment and causing health problems.
Since the dust is mainly consisted by SiO2 (with purity above 98%,), and negligible amount of metal
impurities (Table S1), which can be used as additive to the concretes (D. Prasanya et al., 2016, Wongkeo
H et al.,2019, Yazıcı et al., 2008, F Pelisser et al., 2011), or precursors for nanostructured silicon anode
materials for LIBs.

The requirements of extending range of electric vehicles and prolonging run-time of portable devices have
brought more and more attention to high-energy-density energy storage devices. Besides, longer service
life, higher speci�c energy density and lower production cost have always been the motivation for the
scienti�c development (R. Schmuch et al., 2018). Silicon (Si) is considered as anode materials for next
generation of high-energy-density lithium-ion batteries (LIBs) due to its high theoretical speci�c capacity
of 4200 mAh g− 1 (Y. Li et al., 2016, M. Ashuri et al., 2018). However, the huge volume change of silicon
during lithiation/delithiation (> 300%) would bring about a series of problems, such as mechanical stress,
loss of connection between particles and conductive matrix, continuous formation of solid-electrolyte
interface (SEI) layer, all of which would ultimately result in rapid capacity decay and poor cycling
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performance (Q. Xu et al., 2017 M.T. McDowell et al., 2013). Despite the successful implementation of
nanostructured silicon such as nanoparticles and nanowires as anode materials, has been proved to be
e�cacious for reducing the volume change, however, the inherent volume variation and low electrical
conductivity of silicon thwarted their commercial application (J. Wang et al., 2015, N. Liu et al., 2014).
Theoretically, porous silicon with engineered pore size, which would act as buffer against the expansion
of active material, and high conductivity, which is achieved by appropriate coating layer such as carbon,
could result in higher delivered capacity and longer cycling life (H. Zhou et al., 2014 Y.-C. Zhang et al.,
2016, B. Jiang et al., 2016). But the possibility of long-term cycling is limited, due to the weak interfacial
bonding between carbon and silicon and the low mechanical strength., (X. Bai et al., 2016). The
construction of a buffer layer at the interface of Si@C composites is considered to be an effective way to
address this issue (C. Hoeltgen et al., 2016), however, the side reactions between the buffer layer and
electrolyte during cycling is not conducive to the stability and e�ciency of the electrode. Therefore, it is
critical and imperative to design silicon anode with high energy density and controlled volume change,
through a cost-effective and scalable synthesis method.

This study reports the synthesis of a double-layer stable coral-like porous silicon as a high-performance
anode material for lithium-ion batteries. Low cost microsilica was used as raw material by low
temperature magnesium thermal reduction technology and oxidation control and polymer carbonization
treatment (W. Luo et al., 2011). The nano-porous silicon anode material with coral-like structure
(PSi@C(N)) has excellent electrochemical properties and is an ideal anode material for lithium-ion
batteries due to its simple and economical preparation method. In addition, the developed method
provides a high value-added utilization strategy for semiconductor and photovoltaic waste recovery, in
line with the global green energy movement.

Results And Discussion
The synthesis route of the PSi@C(N) anode material and the characterization of key intermediates are
summarized in Fig. 1a. The Mg2Si particles were prepared at 650°C by mixing Mg, microsilica and NaCl.
After the removal of Mg by HCl washing, the porous silicon particles were coated with a layer of RF resin
polymer by sol-gel method, and then carbonized under nitrogen atmosphere. The XRD patterns (Fig. 1b)
con�rmed the success of each synthesis step. The disappearance of SiO2 peaks and the appearance of
Mg2Si peak (JCPDS card No. 36–0773) ( M. Chen et al., 2018), indicated that the precursors of the
powders were completely converted into Mg2Si. The pattern of the �nal material PSi@C(N) suggested the
successful removal of MgO and NaCl, as well as the existence of silicon (JCPDS card No. 27-1402) (W.
Wu et al., 2016). Noted the peak narrowing of PSi@C(N) was attributed to lattice deformation due to
stress generated in the surrounding the Si atom network after nitrogen doping (M. Ashuri et al., 2020). To
further prove the existence of carbon-coating, Raman spectra were employed (Fig. 1c). The peak centered
at ~ 510 cm− 1 stood for the silicon Raman phonon vibration. In addition, the two peaks located at 1342
cm− 1 and 1589 cm− 1, corresponding to the D and G bands of carbon materials, respectively, which
indicated the formation of the carbon coating layer (Y. Cheng et al., 2016).
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The porous microstructure of microsilica and PSi@C(N) were studied by nitrogen adsorption-desorption
analysis. The speci�c surface area values were calculated from the Barrett-Emmett-Teller (BET) method,
while pore volume and pore size distribution were computed by the Barrett-Joyner-Halenda (BJH) method
(Fig. S2 and Table S2). Microsilica particles displayed relatively low speci�c surface area (22.225 m2 g− 1)
and low pore volume (0.080 cm3 g− 1). In contrast, PSi@C(N) particles exhibited higher surface area
(63.942 m2 g− 1) with larger pore volume (0.265 cm3 g− 1). The tight carbon-coating structure on the outer
layer of PSi@C(N) resulted in a decrease in the pore size from 4.256 nm to 3.385 nm. The developed
porous microstructure with high speci�c surface area is favorable for Li+ ions migration and can
effectively relieve structural stress roots from cycling (J.R. Matos et al., 2003).

XPS is employed to analyze the individual components of composites (Fig. 1d-1e). There are three main
peaks in the high-resolution XPS spectra of Si 2p, of which the peaks at 101.5 eV and 103.5 eV are
attributed to the Si 2p1/2 and Si 2p3/2 of Si, respectively, while the characteristic peaks of Si-O-Si bond of
SiOx at 100.8 eV correspond to Si-O-Si (Y. Xiao et al., 2014). This has demonstrated that, SiOx is present
on the surface of silicon particles. The C 1s spectrum has been deconvoluted into three distinct peaks, the
peaks at 284.5 eV, 286.2 eV and 282.5 eV, which corresponds to the sp2 carbon atom, C-O bond and C-Si
bond, respectively. This indicates the presence of graphitic carbon (M. Xia rt al., 2020), and there is a
small amount of SiC is formed at the interface between Si and C during the process of high temperature
carbonization (H. Tang et al., 2015) .that. The N 1s spectrum (Fig. 1f) contains two sets of peaks. The
peaks at 395.5.8 eV and 398.5 eV, which stands for the N2 and Si3N4 phases. In conclusion, the XPS
analysis results have further con�rmed the successful synthesis of PSi@C(N) nanocomposites. The TGA
measurement (Fig. S2) revealed a mass loss of 9.62 wt%, caused by the oxidation of the carbon layer.

The microstructure and morphology of the products were examined by SEM and TEM. The microsilica
particles exhibit spherical morphology with particle diameter ranging between 100 to 500 nm (Fig. 2a).
After magnesiothermic reduction, the forming Mg2Si particles does not show any particular morphology
(Fig. 2b). Oxidative acid etching results in a formation of a porous Si nanoparticles with �uffy
morphology, as shown in Fig. 2c. Silicon nanoparticles with diameter ranging from 100 to 200 nm are
bene�cial for fast diffusion of Li+ ions (Fig. 2d), while a thin SiOx layer (~ 5 nm), which is formed around
the porous Si nanoparticles, can effectively alleviate the stress caused by the volume change of silicon
particles during the cycling (Fig. 2e) (D. Chen et al., 2012, X F.-F Cao et al.,2011, S. Zhang et al., 2010).
After carbon coating, PSi@C(N) particles with primary nano building blocks and many void spaces are
formed (Fig. 2f). Elemental mapping con�rms the presence of N-doped carbon layer (Figs. 2g-2j). This
carbon layer improves the electronic conductivity of material and prolongs the cycle life of electrode (N.
Liu et al., 2012).

In order to evaluate the electrochemical performance of the as-prepared PSi@C(N) particles as active
material, half cells with Li chip as reference electrode were fabricated. The speci�c capacity was
normalized to the total weight of PSi@C(N) material. The PSi@C(N) electrode was pre-lithium after 10
initial cycles at 200 mAh g− 1, and its performance was tested in a long-term cycle at 1000 mA g− 1 (Fig.
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3a). The PSi@C(N) electrode delivers 803.92 mAh g− 1 after 300 cycles, which is ~ 60% of the initial
capacity. This is much higher than both microsilica and porous silicon (Fig. 3b). The capacity of
microsilica electrode is below 300 mAh g− 1 because silica is a poor conductor. Porous silicon has
delivered higher capacity, 1024.21 mAh g− 1 after 50 cycles. This is attributed to nanoscale size effect and
porous structure of PSi, which leaves plenty of room for the silicon to expand in volume during charging.
The cycling stability of the PSi anodes is further improved by carbon coating. The reversible capacity of
PSi@C(N) anodes is 1304.6 mAh g− 1 after 50 cycles. Figure 3c shows the voltage distribution of
PSi@C(N) electrode to Li+/Li between 0.01 and 2 V at a current density of 1000 mA g− 1. The initial
discharge and charge capacities are 1302.4 and 1075.6 mAh g− 1, respectively. The corresponding initial
Coulomb e�ciency (ICE) is 76.92%. After 5 cycles, the C.E. gradually increases to 98%, indicating the
formation of stable SEI layer and reversible Li+ storage (S. Weckend et al.,2016, J. Cui et al., 2017). Rate
capability testing results of PSi@C(N) electrode are presented in Fig. 3d. By step-wise increasing the
current density from 200 mA g− 1 to 4000 mA g− 1, the average capacity was increased from 1957.2 to
1209.3 mAh g− 1. When the current rate is switched back to 200 mA g− 1, the reversible capacity is restored
to 1892.9 mAh g− 1. Cyclic voltammetry (CV) measurements at the PSi@C(N) electrode were made in the
range of 0.01 to 2.0 V at a scanning rate of 0.1 mV s− 1, as shown in Fig. 4e. In the �rst cycle, a wide
cathode peak at ~ 0.6V appears, which is not detected in the following cycles. We attribute this peak to
SEI membrane formation, which is an irreversible reaction. The peak observed at ~ 0.2V is related to the
alloying reaction between lithium and silicon, which is consistent with the charge-discharge curve (L. Su
et al., 2015, M. Gu et al., 2015). The anodic peaks of LixSi at 0.35 V and 0.5 V belong to the dealloying
process respectively (J. Kong et al.,2013).

Figure 4 shows the electrode kinetics of the preparation of key materials for each component in the
synthesis process. Figure 4(a, b, c, S4) shows the EIS spectra of microsilicon, porous silicon and
PSi@C(N) electrodes as well as the �tting lithium-ion diffusion coe�cient, which proves that the
composite electrode has high lithium-ion diffusion ability and low resistance. Figure 4(d, e, f) shows the
CV curves of PSi@C(N) electrodes at different scanning rates and the calculation of battery properties.
The results indicate that capacitive behavior plays a dominant role in the storage and release of lithium
ions at high scanning rates. The introduction of N doping layer enhances the connection between
electrolyte and active material and improves the pseudocapacitive behavior (V. Augustyn et al., 2014).
Figure 4(g, h, i) illustrates the diffusion behavior of lithium ions by Galvanostatic Intermittent Titration
Technique (GITT). The three dynamics fully explain the effective contribution of each component of the
composite to the overall click. The electrode with PSi@C(N) as active material has better dynamic
behavior.

To further investigate the effect of the materials design on the performance of the electrode, coin cells
were disassembled after 100 cycles and PSi@C(N) electrodes were extracted and examined under SEM
(Figs. S5b-S5c). The measured thickness of the coated material on the fresh electrode is ~ 43 µm. After
100 charge/discharge cycles, the thickness is increased to ~ 51 µm (18.6% increase). Considering the
huge volume change of silicon in lithiation/delithiation process, as depicted in Fig. S5a, we can relate the
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small increase in the electrode thickness to the unique design of PSi@C(N) composites. The uniform
distribution of nanocrystalline silicon inside the matrix has inhibited the inhomogeneous expansion, and
thus the structural porosities reserve su�cient space for the silicon expansion and maintain the integrity
of the electrode for several cycles. The stringent SiOx layer formed around the core, acts like a cushion,
which could harness volume expansion of silicon and preserve the structural integrity of the electrode.
Furthermore, the N-doped carbon shell promotes the electronic conductivity of the electrode and shortens
the diffusion path of Li+ ions. In addition, the carbon layer prevents the vigorous side reactions between
electrode and electrolyte at the interface. Therefore, it is concluded that, a steady SEI layer is formed
around the active materials (F. Xi et al., 2021).

Conclusions
In summary, a Coral-like PSi@C(N) composite with superior properties have been successfully
synthesized through a magnesiothermic reaction between microsilica and magnesium powder followed
by carbon coating at elevated temperatures. As an anode candidate for Li-ion batteries, this material
delivers an initial capacity of 1388.44 mAh g− 1, and a reversible capacity of 803.92 mAh g− 1 after 300
deep charge/discharge cycles at 1000 mA g− 1. The change in the active material thickness on the
electrode is recorded as 18.6%. This electrochemical performance is attributed to the engineered design
of PSi@C(N). The silicon content is evenly distributed inside the core. The SiOx buffer layer, which is
formed around the silicon core, is able to assist in the minimization of the lithiation-induced volume
change, and prevent the formation of cracks in the electrodes. The nitrogen-doped carbon coating boosts
the electronic conductivity of the composites and facilitated Li+ ions transport to the electrode.
Bene�tting from the synergistic effects of the evenly distributed silicon matrix, SiOx buffer rigid layer, and
N-doped carbon shell, a stable SEI layer is formed around PSi@C(N) active material. This study
demonstrates a simple and cost-effective method for the preparation of anode materials for the new
generation of high-performance lithium-ion batteries. In addition, it provides a feasible scheme for the
high added-value use of microsilica, which is in line with the global sustainable development strategy.
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Figure 1

(a) Schematic illustration of the synthesis of PSi@C(N), (b) XRD patterns, (c) Raman spectra, and (d) XPS
spectra of PSi@C(N), (d) Si 2p, (e) C 1s, (f) N 1s.

Figure 2

(a) TEM image of microsilica particles, (b) SEM image of Mg2Si, (c-e) SEM and HRTEM images of porous
Si nanoparticles collected after magnesiothermic reduction, (f-j) SEM image of PSi@C(N) particles along
with elemental mapping (g-j).
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Figure 3

(a) Electrochemical cycling results of PSi@C(N) electrodes. (a) Delithiation capacity and Coulombic
e�ciency for 300 cycles at 1000 mA g-1, (b) comparison between galvanostatic cycling performance of
microsilica, porous Si (PSi) and PSi@C(N), (c) voltage pro�les of PSi@C(N) electrode plotted for selected
cycles (1000 mA g-1), (d) rate retention test of the PSi@C(N) electrode at various rates, and (e) cyclic
voltammograms for PSi@C(N) from 0.01 V to 2.0 V vs. Li+/Li at a scan rate of 0.1 mV s-1.

Figure 4

(a) Nyquist plots as well as (b) linear �tting of Z′ vs. ω-1/2 plots and (c) apparent diffusion coe�cients of
the microsilica, PSi, and as-prepared PSi@C(N) composites electrodes. (d) CV curves at different scan
rates as well as (e) �tted lines and log (i) vs. log (v) plots at oxidation and reduction peaks, and (f)
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capacity contribution at different scan rates calculation of the as-prepared PSi@C(N) composites
electrode. (g) GITT curves of the PSi@C(N) electrode (discharge/charge state), (h) E vs. t pro�le for one
GITT test, (i) I vs t pro�le for one GITT test.
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