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Abstract: Silicon has a theoretical specific capacity of 4200 mAh g, which is considered to have
significant potential for anode materials in lithium-ion batteries (LIBs). However, the volume
change that occurs in silicon during charging and discharging affects the development of
commercial applications. In this work, a yolk-shell structured Si@void@C anode material has been
developed to address this problem. The silicon nanoparticle yolk material is obtained by recycling
kerf-loss (KL) Si waste from the photovoltaic industry, the carbon shell is prepared via a
hydrothermal process with glucose, and the sacrificial interlayer is Al2Os. The synthesized material
is used to fabricate anodes that show a high reversible capacity of 836 mAh g at the current density
of 0.1 A g after 100 cycles, with a Coulomb efficiency of 71.4%. This work demonstrates a relatively
low-cost approach to turn KL Si waste into value-added materials for LIBs.
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1. Introduction

Lithium-ion batteries (LIBs) have become the most widely used energy storage devices because
of their high energy density and rate performance [1-4]. However, commercialized LIBs are mostly
based on graphite anodes and cannot meet the increasing demand for greater energy density [5-8].
Therefore, the development of improved cathode materials for LIBs is required. The theoretical
specific capacity of Si is 4500 mAh g1, which is more than 10 times the theoretical specific capacity of
the carbon electrodes currently used in LIBs [9-12]. Moreover, it is estimated that more than 2.6x105
tons of kerf-loss (KL) Si waste are discarded every year [13-16]. Notably, using KL Si waste as an
anode material in LIBs not only reduces the production cost of Si-based anode but also reduces waste
and excessive hoarding. Such resources can generate significant commercial value if used properly.
However, in the process of charging and discharging, Si undergoes substantial volumetric expansion
(~300%), which leads to the fracture of Si particles, and eventually, the active material breaks off from
the collector, deteriorating the electrochemical performance [17-20].

Many researchers have made contributions attempting to solve this problem. Yang [21] used HF
and NaOH to etch KL Si waste. The Si etched by HF exhibited a porous structure, and sodium
hydroxide etching produced a sheet structure. At the current density of 0.42 A g, the discharge-
specific capacity of 600.7 mAh g was obtained after 200 cycles. Liu [22] proposed a simple
coprecipitation method of Si and lignin using electrostatic attraction, followed by a thermal annealing
process, to produce a high-capacity Si/C cathode material. This composite material showed a
charging capacity of 1016.8 mAh g at a current density of 0.2 A g, and its capacity retention rate
was 74.5% after 100 cycles. Zhang [23] used KL Si waste to synthesize silver nanoparticles under DC
thermal plasma conditions and then combined them with Si to obtain Si@SiOx@Ag nanocomposite
anode materials. The material exhibited a high initial Coulombic efficiency of 89.9% and a large initial

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202305.0901.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2023 doi:10.20944/preprints202305.0901.v1

discharge capacity of 2919 mAh g at 0.5 A g. Even after 200 charge-discharge cycles, the reversible
capacity exceeded 1000 mAh g-1. Overall, the basic treatment methods for KL Si waste include carbon
recombination, metal recombination, and structural improvement, which have been employed to
mitigate the large volumetric change of Si during charging and discharging.

In this paper, diamond-wire-cut multicrystalline Si waste is selected as Si source, glucose is used
as the carbon source, the intermediate sacrificial layer is prepared by metathesis reaction, the carbon
layer is formed by hydrothermal reaction, and the yolk-shell structure is formed by etching. The
structure consists of Si nanoparticles as the core and graphite carbon as the outer yolk-shell structure.
The hollow structure in the shell can effectively alleviate the volumetric expansion effect of Si
particles. This material design strategy for the production of LIBs anodes of high capacity and cycle
stability turns KL Si waste into value-added materials.

2. Materials and Methods

2.1. Pretreatment of KL Si waste

The KL multicrystalline Si waste was supplied by Jinko Power Technology Co., Ltd from
diamond-wire sawing (DWS) process. It was cleaned with anhydrous ethanol 3 times and
subsequently calcined for 1 h at 800 °C in an Ar atmosphere to remove the organic impurities. Then,
the powder was pickled with 10 wt% hydrochloric acid for 30 min and then cleaned with deionized
water 3 times to remove trace metal ions in the powder. After centrifugation, the powder was dried
in an Ar atmosphere at 50 ‘C to obtain microscale Si powder. Then, nanoscale Si powder (200-500
nm) was obtained after wet grinding at 600 rpm for 4 h, followed by centrifugal drying. Agate beads
with diameters of 3.5 mm and 1.0 mm were used as the abrasive grinding material, and the weight
ratio of beads to Si powder was 20:1.

2.2. Synthesis of Si@void@C

Figure 1 illustrates the formation process of yolk-shell Si@void@C composite. Firstly, a certain
amount of AlCls were weighted and dissolved into 10 mL of deionized water in a beaker. Then, 10
ml of ammonia and 0.4 g of pretreated Si powder were added into the solution. After magnetic
stirring with ultrasonication for 2 h, the mixture were collected by centrifugal drying. The dired
mixture were calcined at 700 C for 2 h with a horizontal tube furnace in an Ar atmosphere. Samples
with AICls/Si weight ratio of 2:1, 1:1, and 1:2 were named as SA-21, SA-11, and SA-12, respectively.

Secondly, 0.4 g of SA-21, SA-11, or SA-12 was weighted into a beaker containing 25 mL of
deionized water. Then, 1.2 g of glucose monohydrate was added to the above solution, followed by
magnetic stirring with ultrasonication for 30 min. The resulting precipitate was transferred into a
Teflflon-lined stainless autoclave, which was kept at 180 °C for 8 h. After that the resulting product
was washed with deionized water and dried at 80 °C, and calcined at 800 C for 2 h in an Ar
atmosphere. The obtained samples were named as SAC-21, SAC-11, and SAC-12, respectively.

Finally, SAC samples were pickled with 4 mol/L hydrochloric acid solution for 24 h and then
cleaned with deionized water 3 times. The obtained samples were named as SVC-21, SVC-11, and
SVC-12, respectively.


https://doi.org/10.20944/preprints202305.0901.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2023 d0i:10.20944/preprints202305.0901.v1

Si@void@C (SVC)
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Figure 1. Illustration of the Si@void@C composite preparation.

2.3. Materials characterization

The morphologies of the samples were characterized by scanning electron microscopy (SEM,
JEOL JSM-7800F, Tokyo, Japan) and transmission electron microscopy (TEM, FEI Talos F200x G2,
USA), energy dispersive X-ray spectroscopy (EDS) were used to characterize the elemental
distribution of samples. The crystalline structures of the products were examined using X-ray
diffraction (XRD, Bruker D8, USA) with Cu Ka radiation. The surface composition of the sample was
investigated using X-ray photoelectron spectroscopy (XPS, Thermo Fisher K-Alpha Nexsa, USA).
Raman system (DXR, Thermo Fisher, USA) with a 532 nm laser was used to prove the existence of Si
and C and examine the structure of carbon.

2.4. Electrochemical Measurements

The electrochemical performance of Si@void@C material was evaluated by using CR2032 coin-
type half cells with lithium foil as counter and reference electrodes. The active material, the carbon
black conductive agent, and the polyvinylidene fluoride binder were mixed and dissolved in N-
methylpyrrolidone at a ratio of 8:1:1. The slurry was coated on the carbon-coated copper foil, followed
by vacuum drying at 100 °C for 12 h. The mass loading of electrodes is about 1.0 mg cm=2
Subsequently, the tested half cells were assembled in an Ar-filled glove box. Celgard 2400 was used
as the separator, with the mixture of 1.2 M LiPFs++EC/DEC/EMC(1:1:1) +10% FEC as the electrolyte.

Cyclic voltammetry (CV) at various scanning rates, galvanostatic charge-discharge (GCD)
measurements at various current densities, and electrochemical impedance spectroscopy (EIS)
measurements in the frequency from 100 kHz to 0.01 Hz were performed on an Ivium-n-Start
Electrochemical Workstation. Charge/discharge tests were performed on a Neware BTS-5V10mA
battery test system under different current densities between 0.01-1.2 V.

3. Results

3.1. Material Morphology, Structure, and Chemical Composition

The SEM images of SVC-21, SVC-11, and SVC-12 are shown in Figure 2a, b and ¢, respectively.
All the three samples contain sheet-like structures mixed with uneven spheres. The spherical
structures are due to the decomposition of glucose into soluble molecules such as aromatic
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compounds, organic acids, and oligosaccharides in the hydrothermal reaction. After polymerization
and aromatization, these molecules will diffuse around with a particle as the core to grow carbon
spheres [24]. The addition of metal ions (Al*) in the hydrothermal process will accelerate the
polymerization process and promote the formation of spherical structures [25]. EDS mapping result
of SAC-21, SAC-11, and SAC-12, shown in Figure 3a, b and c respectively, indicates that the sheet-
like structure mainly contains C and Si, and the spherical mainly contains C. The uniformly
distributed Al and O indicate that a layer of Al2:Os was synthesized, which is also proved by the TEM
image of SAC-11 shown in Figure 4.

Figure 2d, e, and f presents the TEM image of SVC-21, SVC-11, and SVC-12, respectively. In all
samples, Si particls are wrapped with amorphous carbon shell with void space between the Si core
and carbon shell, leading to a good dispersion and aggregation resistant of Si particls.
: b Y Rt

Figure 2. SEM image of (a) SVC-21, (b) SVC-11, (c) SVC-12. TEM image of (d) SVC-21, (e) SVC-11, (f)
SVC-12.

Image

c
Figure 3. EDS mapping results of (a) SAC-21, (b) SAC-11, and (c) SAC-12.
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Figure 4. HRTEM image of SAC-11.

The XRD patterns of SAC and SVC samples are presented in Figure 5. SAC samples exhibit
mixture phase of Si and Al2Os, which consistent with EDS mapping results shown in Figure 3. Of
note is that Al2Os peaks increased significantly with the increase of the AICls/Si weight ratio during
the stnthesis of SAC. In the patterns of SVC samples, Al2Os phase disappears due to the acid pickling
process. And C peaks were not detected as the C in SVC samples presents amorphous phase [26].
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Figure 5. XRD of (a) SAC-12, (b) SAC-11, (c) SAC-21; (d) SVC-12, (e) SVC-11, and (f) SVC-21.

XPS was performed to examine the elemental composition of the SVC-11, as shown in Figure 6.
The prominent peaks are associated with C 1s, Si 2p, Si 2s, O 1s and Al 2p (Figure 6a), indicating the
presence of the Si, C, O and Al [27, 28], where Al is from the resistant Al:Os after acid pickling of


https://doi.org/10.20944/preprints202305.0901.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2023 doi:10.20944/preprints202305.0901.v1

SAC-11. The C 1s XPS spectra also reveals the binding confifigurations of oxygen and carbon in the
SVC-11 (Figure 6b). The Cls XPS spectra is deconvoluted to three different peaks: C-C bond (284.8
eV), C-O bond (286.2 eV) and C=0O bond (288.8 eV) [29]. The Si 2p XPS spectra of SVC-11 is shown in
Figure 6¢, which is deconvoluted to three different peaks: Si-Si bond (99.6eV), Si-C bond (100.2 eV)
and Si-O bond (103.5 eV) [30]. Figure 6d presents the Raman spectra of SVC-11. In addition to the
strong Si peak near 518 cm™, there are two characteristic peaks for carbon at 1350 and 1590 cm™". The
former is associated with the amorphous carbon materials, while the latter is attributed to the
vibration of sp>-bonded in typical graphite [31, 32]. The Ip/Ic ratio of the SVC-11 is estimated to be
0.88, indicating a relatively high degree of graphitization, which is favourable to improve the
electrical conductivity of the carbon shell [33].
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Figure 6. XPS survey of SVC-11 (a); high resolution of XPS pectra for (b) C 1s and (c) Si 2p; (d)Raman
spectra of SVC-11.

3.2. Electrochemical Performance of Si@void@C

The electrochemical performance of Si@void@C samples were evaluated based on half-cell
configurations. CV was performed with scanning speed of 0.1 mV s at voltage of 0.01-1.1 V, as
shown in Figure 7a, b, and c. The CV curves of all three samples are similar. In the first discharge, the
broad reduction peak at around 0.7 V corresponds to the irreversible reaction between Li* ions and
Si surface functional groups, as well as the solid electrolyte mesophase, which disappeared in
subsequent cycles [34]. The other reduction peak observed around 0.20 V is attributed to the
formation of LixSi, and the two oxidation peaks near 0.31 and 0.49 V are due to LixSi and Si dealloying
[35, 36]. In the later cycles, the current values of the two oxidation peaks increase significantly, which
is due to the activation of more Si atoms in the material. Importantly, the CV curves almost overlap
after the second cycle, indicating that the anode material exhibits high reversibility.

EIS was performed to understand electrical conductivity and ion diffusion variations of the fresh
electrode. The Nyquist plots of fresh SVC-21, SVC-11, and SVC-12 electrodes are presented in Figure
7d, e, and f, respectively. Only one semicircle in the high-frequency region is observed in all three
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Nyquist plots, which corresponds to the charge transfer resistance (Rct) between active materials and
electrolyte interface. A straight line in the low-frequency region is observed, which corresponds to
Warburg diffusion impedance [37]. The charge transfer resistance (R«t) of SVC-21, SVC-11, and SVC-
12 is 176, 65, and 87 Q), respectively. The Rct value of SVC-11 is obviously lower than that of SVC-21
and SVC-12, which indicates the enhanced charge transfer kinetics of SVC-11[38].
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Figure 7. CV curves of SVC-21 (a), SVC-11 (b), and SVC-12 (c), showing the initial four cycles with
scanning speed of 0.1 mV s™ at voltage of 0.01-1.1 V; Nyquist plots of the fresh electrodes of SVC-21
(d), SVC-11 (e), and SVC-12 (f).

GCD measurements of Si@void@C electrodes were performed at constant current density of 0.1
A g over the voltage range of 0.01-1.2 V for the first three cycles. For comparison, electrode using
nanoscale waste Si (WSi) after pretreatment was also prepared and evaluated under the same
conditions as described above. As shown in Figure 8a, b, and ¢, the initial charge/discharge capacities
of SVC-21, SVC-11, and SVC-12 are 4097/2718, 1962/1400, and 1609/712 mAh g, giving the initial
Coulomb efficiency of 66.3%, 71.4%, and 44.3%, respectively. Additionally, the overlapping
charge/discharge curves for the second and third cycle further imply the excellent electrochemical
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reversibility of Si@void@C, while obvious capacity loss and increasing voltage hysteresis could be
observed in charge/discharge curves of WSi (Figure 8d). These results suggest that the amount of
"dead lithium" can be effectively reduced, and the volumetric expansion of Si can be suppressed by
forming the appropriate proportion of hollow layers and carbon layers.

Figure 9 presents the results of long-term cycling performance of Si@void@C and WSi electrodes
at different current densities (0.1, 0.25, 0.5, and 1 A g). In the test, the SVC-11 electrode shows the
best cycle performance among all the samples, maintaining a discharge capacity of 836 mAh g after
100 cycles. SVC-21 and SVC-12 show relatively poor cycle performance with discharge capacity of
345 and 446 mAh g after 100 cycles, respectively, but still much higher than that of WSi (33.75 mAh
g7") These results suggest that the amount of "dead lithium" can be effectively reduced, the electronic
conductivity can be increased, and the volumetric expansion of silicon can be suppressed by forming
the appropriate proportion of hollow layers and carbon layers. The improved cycling performance
of Si@void@C should be attributed to its stable yolk-carbon shell structure, which can provide void
space to accommodate the huge volume change of Si in the continuous lithiation/delithation
processes, thus promoting the transfer of electrons and ensuring the stability of solid electrolyte
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Figure 8. GCD curves at 0.1 A g' of SVC-21 (a), SVC-11 (b), and SVC-12 (c) and WSi (d).
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Figure 9. Rate and cycling performance of WSi, SVC-21, SVC-11, and SVC-12.

4. Discussion

The yolk-shell Si@void@C with an intermediate hollow layer is fabricated using KL Si waste as
Si source. The intermediate sacrificial layer is generated by metathesis reaction from AICls and
ammonia, and the outer carbon shell is generated by hydrothermal process with glucose. Finally, the
hollow layer is obtained by etching the intermediate sacrificial layer. Such outer carbon shell could
not only decrease the electrical resistance between Si yolks and hollow carbon shells but also
effectively protect Si yolks from the formation of Li:SiFs nanolayers on the Si surface. As a result,
SVC-11 electrode exhibits remarkably enhanced reversible capacity and cycling stability (~836 mAh
g after 100 cycles at 0.1 A g). The fabrication process involves simple methods and low costs raw
materials, produces an anode suitable for practical applications, also contributes to recover Si waste
from photovoltaic industry and reduce potentially negative environmental impacts.
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