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Low-cost silicon cutting waste reused as a high-
power-density silicon-based anode
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and Qiang Jiang*®

With the rapid development of electric vehicle technology, commercial graphite anodes (theoretical
capacity of 372 mA h g% of lithium-ion batteries cannot meet the needs for high power density. Silicon
has high theoretical capacity (4200 mA h g=%), low working voltage (about 0.4 V vs. Li/Li*), rich resources
and environmental friendly nature; hence, it is regarded as a potential negative electrode material.
During repeated charging and discharging, silicon particles continuously pulverize, which leads to the
volume expansion of electrode materials (up to 400%) and a decrease in conductivity. In this study, high-
purity nano-silicon was prepared via a calcination-ball milling-pickling process with low-cost silicon
cutting waste (SiCW) as a raw material to meet the needs of lithium-ion batteries for high-purity and
nano-scale silicon-based anodes. At the same time, silicon@graphite nanocomposites with different
mass ratios were prepared via a low-cost industrialized ball-milling process. The easy intercalation and
softness of the graphite layer structure realized the coating and joining of nano-silicon, which improved
the conductivity of nano-silicon and restrained the rapid degradation of cycling performance caused by
the expansion and pulverization of the silicon-based anode. Adopting low-cost raw materials and
industrialization-based preparation processes can effectively control the production cost of silicon-
based anode materials and lay a solid foundation for their practicality.

1. Introduction

Lithium-ion batteries are widely used in portable consumer
electronics and exhibit huge potential in areas such as electric
vehicles and grid-based energy storage.' With the rapid devel-
opment of electric vehicle technology, the demand for high-
energy-density, high-power-density, long-life and high-safety
lithium-ion batteries has increased dramatically, making the
development of new lithium-ion battery materials with high
capacity, high stability and low cost a current research focus.>?
Commercial graphite has low specific capacity (theoretical
capacity of 372 mA h g™ '), which makes it difficult to use it as an
anode material for high-energy-density lithium-ion batteries.**
Among the known new anode materials, silicon has high
theoretical capacity (4200 mA h g~ "), low working voltage (about
0.4 V vs. Li/Li"), rich resources and environmentally friendly
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nature, and it is therefore regarded as a potential negative
electrode material.®

Li and Si can form alloy phases such as Li;,Si;, Li,Sis,
Li;3Si,, and Li,,Sis.” As the intercalation of lithium into silicon
increases, when the internal stress of silicon particles is larger
than the fracture strength of silicon particles, the cracking of
silicon particles occurs. Because the intercalation of lithium
begins on the surface of silicon particles and the Li-Si alloy
phase on the surface of silicon particles is more brittle, cracks
generally form on the surface, expand and increase in the
subsequent repeated charging and discharging processes. As
a result, silicon particles are continuously pulverized, which
leads to the volume expansion of the electrode material (up to
400%) and a decrease in its conductivity.® Researchers found
that the size of silicon particles depends on whether the
silicon materials were pulverized or not during the process of
lithium alloying. When the diameter of spherical silicon
nanoparticles is less than 150 nm, the pulverization of nano-
silicon materials can be alleviated.®'® Meanwhile, silicon is
a semiconductor material, and its low intrinsic conductivity is
also a problem that cannot be ignored compared with other
anode materials such as graphite and tin **>. Therefore, the
introduction or coating of conductive materials (such as metal
nanoparticles,"*** carbon-based materials,'® and MXenes") is
widely used to solve the problems of silicon-based negative
electrodes. However, the synthesis of these silicon-based
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composites often involves complex processes, harsh reaction
conditions, and high-cost raw materials,"** and the cost of
nanocrystalline silicon (about $16 000-a-tonne silicon-based
anode, $4000-a-tonne graphite anode) has also greatly
limited the practical application of silicon-based anode
materials. Therefore, the development of low-cost, high-
performance silicon-based anode materials for high-energy
density lithium-ion batteries for practical applications is of
great significance.

Global photovoltaic power generation with an annual growth
rate of more than 35% resulted in a steady increase in silicon
wafer production.”® More than 40% of crystalline silicon
becomes the cutting waste in the multi-wire cutting process of
monocrystalline silicon rods.”* At present, the cutting-waste
silicon material in China has reached more than 200 000 tons,
and is mainly used as metallurgical silicon after recycling;** the
recovery price is $690-a-tonne of dry powder. In this work, low-
cost cutting-waste silicon was used as a raw material to prepare
high-purity nano-silicon particles by pretreatment, and then
compounded with graphite to improve the electrochemical
performance of silicon anodes.

Graphite is a layered crystal structure of a hexagonal
carbon network.? It is formed by combining carbon atoms in
the form of a sp® hybrid. There is a van der Waals force
between the layers, and hence, the binding force between the
layers is much smaller than the binding force in the layers;
therefore, some atoms, ions and groups are easily intercalated
between the graphite layers to form intercalated compounds.
Graphite has a complete crystal structure, which is stable and
has a small volume expansion coefficient in the process of
lithium ion disintercalation, and it is a good conductor with
good ionic and electronic conductivity. Silicon materials can
play the following roles by combining with graphite: first, it
can buffer the volume expansion of silicon and help to
maintain the stability of the whole electrode; second, it is
advantageous to the even dispersion of silicon in carbon;
third, it reduces the voltage lag of the composite; and fourth,
the graphite itself can provide a stable reversible capacity of
about 300 mA h g~

2. Experimental
2.1 Preparation of Si@graphite composites

The silicon cutting waste (SICW) used was provided by QING-
DAO GAOCE Technology Co., Ltd (Leshan, China). The raw
SiCW agglomerations were pre-treated before use due to a large
amount of surfactants and metallic impurities. First, raw SiICW
was calcined at 600 °C for 2 h in a tube furnace to decompose
the organic surfactant with argon used as the protecting gas.
After that, the SICW was ground into a silicon cutting waste
powder (SiCWP) and then washed with dilute HCI (1 M) for 2 h
at room temperature to remove the metal impurities. Finally,
the high-purity SiCWP was mixed with the commercial micron
graphite by ball milling at mass ratios of 1/1, 4/6, 3/7, 2/8 and 1/
9, and the Si/graphite composites were labeled Si5oGso, Siz0Geo,
Siz0G0, Siz0Gsgo, and Si;pGoo, respectively.
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2.2 Material characterization

The structure of materials was characterized by X-ray diffraction
measurements (XRD, DX-2600X, Cu-Kal). Thermogravimetric
analysis (TG, NETZSCH 209F1) under air atmosphere was tested
at a rate of 20 °C min ' to determine the graphite content.
Raman characterization was carried out to check the state of
graphite by micro Raman spectroscopy (Renishaw inVia reflex)
at an excitation wavelength of 532 nm under ambient condi-
tions. The electronic conductivity of the Si/graphite composites
was tested to identify the change in the electronic conductivity
of silicon while administering graphite using an RTS-8 Four
Probe Tester. The surface morphologies and microstructures of
SiCW, SiCWP, Si/graphite composites, and electrodes before
and after cycling were observed using a field emission scanning
electron microscope (FE-SEM, thermo scientific Apreo 2C). The
internal microstructure of Si,(Ggo composites was measured
using a transmission electron microscope and a high-resolution
transmission electron microscope (HRTEM, JEM2100). The
concentration of impurities in SICWP was determined by
inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) method (PerkinElmer Avio 200).

2.3 Electrochemical test

The active substance, acetylene black and binder (carboxyl
methyl cellulose) were mixed in deionized water in a mass ratio
of 8:1:1 to form a homogeneous slurry, which was then
uniformly spread onto a copper foil. After that the pasted foil
was dried in a vacuum oven at 80 °C for 12 hours and then cut
into discs of 12 mm diameter. The active substance was pure Si,
graphite or Si/graphite composites, the average mass was about
1.6 mg and the capacity was calculated based on the mass of the
active substance. The CR2032 coin-type half-cells were assem-
bled in a glove box filled with argon. A lithium foil and a poly-
ethylene film were used as the counter electrode and separator
respectively. The electrolyte consists of 1 M LiPF4 dissolved in
ethylene carbonate (EC) and diethyl carbonate (DEC) (EC : DEC
= 1:1 vol%) with 5% FEC. Although the theoretical specific
capacity of silicon is very high, it decays sharply in the cycle
process and the actual cycling specific capacity is low; therefore,
the nominal specific capacity of silicon and Si/graphite
composites was set as 400 mA h g™, for the pure graphite,
and the value was 372 mA h g~ *. All cells were tested at a voltage
in the range of 2.0-0.01 V (vs. Li/Li") using an electrochemical
test system (LAND, CT3001A). The cyclic voltammetry curve (CV)
and electrochemical impedance spectra (EIS) were measured
using an electrochemical workstation (DongHua Analytical,
DH7000).

3. Results and discussions
3.1 Morphology and structure

In the photovoltaic industry, SiCW is produced in the process of
multi-wire diamond cutting of single-crystal silicon rods. More
than 40% of crystalline silicon was cut into SICW depending on
the ratio between the diameter of the diamond wire and the
thickness of the silicon wafer. Due to the shear force between

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the diamond wire and the silicon substrate, the obtained SiCW
had a lamellar structure** (Fig. 1a). After pre-treatment, the
morphology of the SiCWP was characterized as a nanoparticle
(Fig. 1b) by field emission scanning electron microscopy (FE-
SEM). The types and contents of impurities were tested by
ICP-OES analysis, and 21.1 ppmw B, 11.89 ppmw Ca, 11.3 ppmw
Fe, 1.51 ppmw Mn and 242 ppmw Ni were found in the SiCWP;
in other words, the purity of the SICWP is as high as 99.9997%
(Table 1).

Fig. 2a shows the XRD patterns of Si/graphite composites
with different mass ratios. It can be seen that the Si/graphite
composites have the characteristic diffraction peaks of Si and
graphite, and the characteristic peak strength of Si decreases
with the reduction in silicon content. The graphite contents of
Si50Gso, Siz0Geo, SizoGyo, SizeGgo, and Si;pGoe samples were
50.02%, 60.82%, 70.05%, 79.52% and 89.63% (Fig. 2b),
respectively, which is consistent with the experimental ratio.
The Raman spectra of graphite and Si/graphite composites
show two remarkable peaks at around 1338 and 1587 cm ™"
(Fig. 2¢) corresponding to the well-defined D band and G band,
respectively. It is well known that the G band related to the E,g
vibration mode of sp* carbon domains can be used to explain
the degree of graphitization, while the D band is associated with
the structural defects and partially disordered structures of the
sp> domains.? It clearly shows that the intensity of the G band
is much higher than that of the D band in graphite; on the
contrary, the intensity of the G band becomes weaker than that
of the D band in Si/graphite composites, indicating much more
defects in Si/graphite composites than that in graphite. The
electronic conductivity of the Si/graphite composites was tested,
and the results are presented in Table 2. Obviously, with the
increase in the amount of graphite, the conductivity increases
gradually.

Graphite exhibited a micron-scale flake structure (Fig. 3a).
The morphology of Si/graphite composited with different mass
ratios of SICWP (Fig. 3b) is displayed as secondary particles
formed by the aggregation of smaller nanoparticles (Fig. 3c-g),
and no flake graphite was seen. There are three possibilities for
the disappearance of flake graphite: first, it is coated onto the
surface of nano-silicon particles during ball milling; second, it

Fig. 1 Morphology of SICW (a) and SiCWP (b).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Impurity content and purity of SICWP
Impurity elements B Ca  Fe Mn Ni  Purity (%)
Concentration (mg kg™") 21.1 11.8 11.3 1.51 242 99.9997

is milled into nano-graphite particles; and third, nano-silicon
particles are tightly attached onto the surface of flake
graphite; thus, from the appearance, it looks like the secondary
particles were formed by the agglomeration of nano-silicon
particles. For this purpose, the Si,,Ggo composite was exam-
ined by TEM and HRTEM, as shown in Fig. 3g-i. The content of
graphite in the Si,;Ggo composite is as high as 80%, but there is
no large flake graphite; part acts as a bridge between the nano-
silicon particles, connecting all the silicon particles as a whole.
Spherical silicon nanoparticles (diameter less than 150 nm) can
reduce the particle pulverization caused by repeated
intercalation/delithiation during cycling, and the graphite
coating on the silicon surface can buffer the volume change of
silicon and restrain the volume expansion effectively. The
uniform dispersion of nano-silicon in graphite carbon will
effectively improve the electrical conductivity of silicon and
ultimately improve the electrochemical performance of the
silicon-based anode.

3.2 Electrochemical performance

The CV curves of six anode electrode materials after recycling
three times are presented in Fig. 4a. For the Si/graphite
composites, two reduction peaks (R, R,) appeared between
0.16 and 0.19 V and 0 and 0.13 V, corresponding to the forma-
tion of lithium silicide (Li,Si), and two oxidation peaks (O, and
0,) between 0.33 and 0.35 Vand 0.51 and 0.53 V represented the
release of Si from Li,Si.***” The peak current decreases with the
increase in graphite content, because the specific capacity of
graphite is lower than that of silicon. At the same time, with the
increase in graphite content, the peak potential of R; and R,
shifted to the right, and the peak potential of O; and O, shifted
to the left, which means better reversibility as graphite
increased. Obviously, the peak current of pure silicon is the

RSC Adv, 2024, 14, 34823-34832 | 34825
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lowest of all the curves, indicating that after only three cycles,
pure silicon caused a sharp decline in capacity due to problems
such as silicon particle volume expansion. Meanwhile, the most
positive peak potential of oxidation peak and the most negative
peak potential of reduction peak mean the worst cycle revers-
ibility. Therefore, it can be concluded that although the
composite of graphite materials reduces the specific capacity of
silicon materials, most of them can improve the reversibility of
materials, that is, cycling stability. Thus, the selection of
graphite content needs to balance between the two according to
the actual demand.

The electrochemical impedance spectroscopy (EIS) of
graphite, Si, Si5oGso, Si10Geo, Siz0G70, Siz0Gsgo and Si;Ggo semi-
cells was performed at 100 kHz to 0.1 Hz, as shown in Fig. 4b,
and the corresponding equivalent circuit is given in the inset
picture. The semicircle in the high-frequency region is related to
the charge transfer resistance (Rcr), and the straight line in the
low-frequency region is related to the diffusion of lithium
ions.?® The Rqy value of Si is 115 Q, and that of Si5Gsg, Siz0Geo,
Siz0G70, Siz0Gso, and Si;¢Geo decreases gradually as the graphite
mass ratio increased, which is 86, 82, 69, 62, 55 Q, respectively.

Table 2 Conductivity of different samples

(a) XRD spectra, (b) TG curves, and (c) Raman spectrum of Si/graphite composites with different mass ratios.

Of course, due to the excellent conductivity of graphite, it
showed the lowest resistance (47 Q). The trend is consistent
with the conductivity test results (Table 2). The excellent
conductivity of graphite can effectively enhance the electrical
contact between the particles of active materials and reduce
their charge transfer impedance.

The rate performance between 0.3 C and 2 C is shown in
Fig. 4c. Because of the low theoretical specific capacity, graphite
exhibits the lowest rate specific capacity. As to Si, due to the
higher theoretical specific capacity, its specific capacity at 0.3 C
is not low, but that decreases sharply when the rate increases to
0.5 C, which is much lower than that of Si/graphite composites.
It can be seen that the Si,(Ggo composite has no capacity
advantage at low rates (0.3 C), but it exhibits the highest
discharge specific capacity as the rate increased to 1 C or even 2
C. Meanwhile, when returned to 0.3 C, Si,oGg, still has the
highest specific capacity. All the results indicate that Si,,Ggo has
excellent fast charge-discharge performance, and good revers-
ibility, very suitable for electric vehicles for fast charge
requirements.

Sample Si Si50Gso

Si40GGO

Siz0Go Si,0Ggo Si;10Goo Graphite

Conductivity (mS ecm ™) 7.4 x107° 9.7 x 10>

34826 | RSC Adv, 2024, 14, 34823-34832

1.0 x 10°

2.3 x 10° 4.2 x 10° 5 x 10° 5 x 10°
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Fig.3 SEM morphology of (a) graphite, (b) Si, (c) SisoGso, (d) Siz0Geo, (€) SizoGyo, (f) SizoGgo, and (g) Si1oGgo. TEM (h and i) and HRTEM (j) images of

Sio0Ggo composites.

The cycling performance and stability were further investi-
gated, as shown in Fig. 4d. Graphite had good cycling stability
but low specific capacity, only 370 mA h g~ *, which is consistent
with the theoretical specific capacity; however, this gradually
decayed after 220 cycles, which may be ascribed to the large
sheet of graphite that causes severe fragmentation and forms
large cracks on the graphite electrode, thus leading to the
disconnection of the active material from the current collector,
which will be further studied later. The initial charge-discharge
capacity of the pure silicon anode is very high, but it declined
rapidly with cycling, and after 35 cycles, its specific capacity has
been lower than graphite. It is well known that the intercalation
of lithium into Si leads to severe volume expansion (up to 400%)
in the repeated charging and discharging process, sharply
weakens electrical contact between the active material and the
current collector, and thus, deteriorated its cycling performance
dramatically. As for Si,oGgo, although its initial charge-
discharge capacity is 933.1 mA h g~" only, it exhibits the most
stable cycling performance. After 250 long cycles, the specific
capacity is still as high as 316.7 mA h g~', and now that of
graphite is 79.9 mA h g~ ' only. In Si/graphite composites,
silicon mainly takes advantage of its high specific capacity to
increase the capacity of anode materials, while graphite mainly
inhibits the volume expansion of silicon and improves its
conductivity, thereby improving the cycling stability of the
material. Therefore, with the increase in the graphite content,
the initial capacity decreases, but the cycling performance is
gradually improved. Obviously, as the proportion of graphite

© 2024 The Author(s). Published by the Royal Society of Chemistry

continued to increase to 90%, the specific capacity of the
composite was close to that of graphite, and the silicon's decay
feature results in the capacity were lower than that of the
graphite after 78 cycles. The charge/discharge profiles of 10th,
35th, 110th and 250th cycles in Fig. 4d are presented in Fig. 4e—
h respectively.

To further elucidate the Li" electrochemical storage
behavior, the CV curves of the Si,(Gg, electrode were tested at
different scan rates and shown in Fig. 5a. It can be seen that the
peak redox currents increased as the scan rate increased, indi-
cating the rapid chemical kinetics of the Si,;Gg electrode. The
reduction-oxidation potential also shifted to negative and
positive directions respectively, indicating that the reversibility
decreased as the charge-discharge current density increased. In
CV curves, the relationship between the peak current (i) and
scan rate (v) can be described as i = av’,*** where b represents
the slope of fitted curve log(i)-log(v); when b is 0.5, it means
a diffusion controlled behavior, and when b is 1.0, it means
a surface reaction controlled process. As shown in Fig. 5b, the
fitted curve log(i)-log(v) presents a good linear relationship and
the calculated slope b is 0.87, indicating that the chemical
kinetics of the Si»oGso electrode is controlled by both diffusion
and surface reaction controlled. In addition, according to the
formula i = kv + kw'? the capacitive contribution can be
calculated.*'*> At a fixed voltage of 0.5 V, different scan rates (»)
correspond to different response currents (i). From the rear-
ranged expression i/v"* = kw'? + ky, k; and k, can be deter-
mined by the slope and intercept from the fitted curve i/v"/>-»'/2,

RSC Adv, 2024, 14, 34823-34832 | 34827
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at 1 C for all electrodes, with the charge/discharge profiles of (e) 10th, (f) 35th, (g) 110th and (h) 250th cycles in (d).

thus the values of k;» and k,»*'* can be obtained, which corre-

spond to the current contributions from the surface capacitive
effects and the diffusion-controlled intercalation process,
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(a) Cyclic voltammetry (CV), (b) electrochemical impedance spectroscopy (EIS), (c) rate performance, and (d) cycling performance curves

respectively. The result of the calculation is shown in Fig. 5c. It
can be seen that diffusion and capacitive effects affect the
intercalation/extraction process of lithium ions, but the main

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) Cyclic voltammetry curves (CV), (b) log(i)/log(v) plots, and (c) capacitance and diffusion-controlled contributions at different scan rates

of Si;oGgo electrodes. GITT curves of (d) Si and (e) Si,oGgg at the discharge state and (f) corresponding diffusion coefficients.

effect is contributed by diffusion behavior. With an increase in
scanning rate, the effect of capacitive storage increased.

The diffusion kinetics was analyzed by the constant-current
intermittent titration (GITT) technology. The cell was first dis-
charged at 0.15 C for 20 minutes and then rested for 3 hours to
reach the equilibrium state; the GITT curves of Si and Si,,Ggo
are presented in Fig. 5d and e. The formula for calculating the
diffusion coefficient (D) is as follows:*

o 40 b s o

where ny, Va, S, 7, AEs, AE; and L represent the mole number
(mol), mole volume (cm*® mol™") of active substances, the
contact area of the electrode/electrolyte (cm™?), discharge time
(20 min), the changes in the steady-state voltage, the overall
battery voltage after the current pulse applied in a single cycle
(excluding IR voltage drop), and the thickness of the electrode,
respectively. Obviously, the corresponding D value of Si,,Gg is
higher than that of Si (Fig. 5 f). The coating and connecting of
graphite to silicon nanoparticles promote the diffusion kinetic
performance of lithium ions.

The morphology evolution of graphite, Si and Si,(Gg, elec-
trodes before and after cycling was further studied, as shown in
Fig. 6. As can be seen, all the electrodes are quite flat before
cycling (Fig. 6a, ¢, and e). The surface of the graphite electrode is
rough because of the micron-scale flake structure of graphite,
and the silicon electrode is slightly rough compared with the
Si,oGgo composite electrode because of the larger size of SICWP.
After 250 cycles, the graphite electrode caused severe fragmen-
tation and formed large cracks (Fig. 6b), which caused the
current collector to disconnect from the active material. Simi-
larly, after a long cycling process, the silicon electrode surface
generated a large number of fluffy products due to the volume

© 2024 The Author(s). Published by the Royal Society of Chemistry

expansion of silicon particles (Fig. 6d), sharply weakened elec-
trical contact between the active material and the current
collector, and thus, deteriorated its cycle performance dramat-
ically. Damaging the electrode integrity and electric conductive
pathways, electrode mud-cracking is a notorious culprit for
polarization increase and capacity fading.** However, the
surface of the SiGgo composite electrode after cycling was
more evenly distributed than that of the graphite and silicon
electrodes (Fig. 6f). Although showing fragmentation, the
smaller cracks had a more uniform distribution, which allowed
the electrode to maintain a good contact with the current
collector, so that it has a good cycle performance. To sum up,
the combined graphite indeed promotes the uniform distribu-
tion of silicon in carbon, buffers the volume expansion of
silicon and helps to maintain the stability of the whole
electrode.

XPS C 1s and F 1s spectra of the post-cycled electrodes are
shown in Fig. 6g and h, respectively. The C 1s spectra were
distributed into five peaks (around 284.6 eV, 285.6 eV, 286.9 eV,
289.2 eV and 290.4 eV), corresponding to C-C, C-O, ROCO,Li,
Li,CO; and -CF, species, respectively. The relatively strong —CF,
peak indicated a high content of fluorocarbon in SEI, which is
mainly due to the reduction in FEC.?>>*¢ It is well known that FEC
has the lowest unoccupied molecular orbitals (LUMOs) in
carbonate solvent molecules and is preferentially reduced to
form an F-rich SEI layer with superior passivation.*” The
composition rich in F in the SEI layer promotes lithium ion
transport and ensures the stability of the Si/C particle electrode
interface.*®?** However, electrode cracking can expose a large
area of the inner surface of the fresh electrode, enabling the
penetration and reduction of a large amount of electrolytes.*
Given the limited dose of FEC in this study (5 wt%), electrode
cleavage accelerates FEC consumption. Therefore, the larger
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06203e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 31 October 2024. Downloaded on 3/6/2026 6:02:38 AM.

[{ec

RSC Advances

View Article Online

Paper

@

C-
CF_ Li,CO, ROCO,Li

2004 2892 286.9 Si. G

290.2 288.9 286.7 Graphite

Intensity (a.u.)

289.9 288.6 286.6

N

Si

202 290 288 286 284 282
Binding energy (eV)

(h) F1s
SiZGGsl)
= 685.4
&
687.1
z .
o Graphite
= ] L
2
= 686.8
-
684.8
Si

690 688 686 684 682
Binding energy (eV)

Fig.6 SEMimages of graphite, Siand Si>oGgo electrodes before (a, c and e) and after 250 cycles (b, d, and f) at 1 C; XPS C 1s (g) and F 1s (h) spectra

of the posted cycled electrodes.

and more the cracks, the easier the formation of SEI
membranes, as can be seen from the binding energy of C 1s and
F 1s. According to the binding energy of ROCO,Li, Li,COj3, —CF,,
LiF and Li,PO,F;, the trend is Si < graphite < Si,;Ggo. Because of
the crack caused by silicon volume expansion, it is easy to form

34830 | RSC Adv, 2024, 14, 34823-34832

an SEI film, followed by graphite, the good surface morphology
of the Si,;Ggo composite can protect the electrode well, and the
formation of SEI film becomes more difficult, thus the binding
energy increased. The comparison of the contents of fluorinated
compounds from the XPS F 1s spectra of the post-cycled

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of the contents of fluorinated compounds

Peak area of Conversion
Sample Peak area of LiF  Li,POyF, Total area  ratio
Graphite 158586.9 93 916.89 252503.79 1
Si 29825.8 177 821.4 207 647.2 0.82
Siz0Gso 35637.72 109 923.4 145561.12  0.57

electrodes (Fig. 6h) is shown in Table 3. Thanks to the small
cracks and uniform distribution, the Si,;Gg, composite elec-
trode exhibits the smallest content of fluorine compounds.

According to the previous description, the price of recovery
of SiCW and graphite is $690 and 4000-a-tonne, respectively. For
SiyoGgo the cost is $3338 per ton, plus pretreatment costs (about
$100 per ton), for a total price of around $3400 per ton, which is
still much lower than the current market price of silicon-based
anode materials ($16 000 per ton).

4. Conclusion

In this study, low-cost silicon cutting waste (SICW) was used as
the raw material to prepare high-purity nano-silicon particles by
pretreatment and then compounded with graphite to improve
the electrochemical performance of silicon anodes. Spherical
Si@graphite composite nanoparticles (diameter less than 150
nm) effectively reduced the particle pulverization caused by
repeated intercalation/delithiation during cycling, and the
graphite coating on the silicon surface buffered the volume
change of silicon and restrained the volume expansion effec-
tively. Meanwhile, the uniform dispersion of nano-silicon in
graphite carbons effectively improved the electrical conductivity
of silicon, and ultimately improved the electrochemical
performance of the silicon-based anode. All the results indicate
that SioGgo has excellent fast charge-discharge performance
and good reversibility, which is very suitable for electric vehicles
for fast charge requirements. Adopting low-cost raw materials
and industrialization-based preparation processes can effec-
tively control the production cost of silicon-based anode mate-
rials, and lay a solid foundation for their practicality.
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