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Photovoltaic micron-silicon scrap (m-Si) has attracted attention as an anode material for lithium-ion bat-
teries due to its high purity and low cost. However, its large particle size hinders the practical application.
Herein, we propose an electrochemical etching process in molten KCI-LiCl to reduce its size. A novel elec-
trode pair was developed by combining m-Si (anode) and spent lithium iron phosphate (LFP, cathode)
material from spent lithium-ion batteries (LIBs). The m-Si was reduced from 10pum to <5pm at a cell
voltage of 3.0V by electrochemical etching without chlorine gas and was porous. The obtained e-Si-50
anode exhibits a high specific capacity of 1061.2 mAh/g at 2.0 A/g after 800 cycles in lithium-ion batter-
ies. The Li3POy, Fe, and carbon are derived by the electrochemical reduction of the LFP, and are efficiently
separated via magnetic separation in water without acid/base treatment. This process combines the re-
cycling of photovoltaic micro-silicon scrap and spent LIBs, providing both environmental and economic
benefits.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The development of solar silicon-based (SoG-Si) photovoltaic
cell technology has brought a huge amount of clean electrical en-
ergy to mankind [1]. However, >40% of a SoG-Si ingot becomes
powder and goes into slurry waste in the conventional wafer slic-
ing process, generating a significant amount of micron-sized sili-
con scrap (m-Si) [2]. Approximately 2.0 x 10° tons of micron-sized
SoG-Si scrap is generated in China, causing serious environmental
pollution [3]. Therefore, the utilization of the m-Si scrap as raw
material is currently a hot topic [4], such as silicon alloys [5], sili-
con nitrides [6], and anode material for lithium-ion batteries (LIBs)
[7-9]. Among them, its practice as an anode material of LIBs has
attracted widespread attention due to the high theoretical specific
capacity of silicon (3579 mAh/g at room temperature and 4200
mAh/g at elevated temperatures) [10-14]. However, m-Si cannot be
used directly as an anode material in LIBs because its large particle
size results in volumetric changes during the charge-discharge cy-
cles, and further pulverization and detachment from the electrode
[15,16]. To address this problem, researchers have made efforts in
many methods such as high-energy ball milling to reduce the size
of the particles [17], chemical etching to make them porous and
small size [18]. Ball milling not only requires an inert atmosphere
to prevent Si oxidation, but also struggles to achieve the smaller
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nanostructures [19]. Chemical etching methods are marked by their
low energy consumption, including both indirect and direct etch-
ing methods. The indirect method is a multi-step design technique
that typically involves forming an alloy of the m-Si with an active
metal element M to create M-Si (M =Mg [20,21], Al [22], Li [23], Ca
[24]) followed by removing the alloying element from the matrix,
thereby processing m-Si into a high performance porous silicon an-
ode material. Ma et al. first alloyed m-Si with Mg, and then elec-
trochemically removed Mg from the formed Mg,Si alloy to prepare
high performance porous silicon anode materials for LIBs [7]. Xu
et al. employed P, Sr composite modification and increased cool-
ing rates to refine the microstructure of cast Al-20Si alloy, followed
by etching with hydrochloric acid and hydrofluoric acid to prepare
porous silicon from Al-20Si [22]. However, expensive active metal
raw materials and multiple steps limit the widespread use of the
indirect etching method. The direct chemical etching method is a
relatively simple and one step preparation of the porous m-Si using
acids with noble metal catalysts or alkali solutions. Myungbeom et
al. obtained a porous Si-C composite by etching the m-Si/C com-
posite with NaOH [25]. Abdul et al. used AgNO5 assisted HF etch-
ing of monocrystalline silicon to prepare silicon nanowires [26].
However, these direct methods are either expensive, or use toxic
acid or corrosive base reagents, which are also disadvantageous for
widespread application. Therefore, the improvement of micronized
silicon for lithium-ion anodes with environmental friendliness is
still on the way.
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Y. Yang, H. Dong, K. Yu et al.

Herein, we develop a novel electrochemical etching of m-Si to
obtain high performance silicon anode materials for LIBs. The pro-
cess involves an electrode pair with m-Si as the anode, and recy-
cled lithium iron phosphate cathodes (LFP) from spent lithium-ion
batteries as the cathode, in molten KCI-LiCl. The electrochemical
etching of m-Si is carried out at the anode, which is a single step
and avoids the direct use of conventional hazardous reagents, such
as HF, Cl, gas [27,28]. In addition, recently, with the increasing dis-
posal of a large number of lithium iron phosphate batteries, the
environmental and resource issues associated with these used bat-
teries have become more focused, making the recycling and uti-
lization of LFP an urgent issue that needs to be addressed [29]. In
our design, the prepared e-Si-50 has superior specific capacity of
1061.2 mAh/g at 2.0 A/g, after 800 cycles. The electrochemical re-
duction of LFP from spent lithium-ion batteries at the cathode is
not only converted to Li3POy, Fe, and C, but also highly effectively
separates these products by magnetic separation without acid or
base. The new process not only enables the conversion from m-Si
to high performance Si anode material of LIBs, but also covers the
recycling of spent LIBs, which is simple, environmentally friendly
and has a good application prospect.

Anhydrous LiCl (purity > 97.0%) and KCI (purity > 99.5%) pow-
ders were obtained from Xilong Scientific Co., Ltd. The m-Si (parti-
cle size ~10um, purity > 99.6%) was provided by Jiangsu Haobo
New Materials Co., Ltd. The LFP was derived from the cathode
sheets of pouch cells manufactured by a certain company, which
were separated by calcination at 400 °C. Analytical-grade chemicals
were used without further purification, and all experiments used
ultrapure water.

First, pre-dried LiCI-KCl (300g, Li:K=0.6:0.4, mol%) was placed
into an alumina crucible (with an inner diameter of 83 mm and a
height of 82 mm), sealed in a stainless-steel container heated by a
vertical tube furnace, and heated in an argon atmosphere at a rate
of 5°C/min to 500°C, held for 2 h until the mixed salt were com-
pletely melted. Secondly, a graphite sheet anode (20 x 20 x 3 mm3,
> 99.9%) and a nickel foam cathode (15 x 15 x 1.5mm?3) were used
for pre-electrolysis at 2.0V for 6h to further eradicate H,O resid-
uals and Faradaic-interfering species from the molten salt. Then,
electrochemical tests and electrolysis experiments were carried
out. The cyclic voltammetry (CV) test used a three-electrode sys-
tem, employing a graphite cavity electrode filled with m-Si (W)
as the working electrode for the CV test (Fig. S1a in Supporting
information), with a silver pole (R) of diameter 1.0mm and pu-
rity >99.99% as the quasi-reference electrode, and a small open-
hole graphite crucible (Fig. S1b in Supporting information) carrying
LFP as the counter electrode (C). The CV data were collected us-
ing a computer-controlled electrochemical workstation (CHI1130C,
CH Instruments Ins., China), with a voltage range of —1~2.5V and
a scanning rate of 0.06V/s. The linear sweep voltammetry (LSV)
test used a two-electrode system, with the working electrode still
being the W electrode, and both the reference and counter elec-
trodes being the C electrode, with a voltage range of —1~3.5V and
a scanning rate of 0.06 V/s.

The molten salt electrolysis was performed in a custom two-
electrode configuration operated in galvanostatic mode. Identical
perforated graphite crucibles were employed as reaction vessels:
One loaded with LFP serving as the cathode, and the other con-
taining m-Si particles functioning as the anode (Fig. S1b). The
constant-voltage electrolysis voltage was determined through anal-
ysis of CV and LSV tests. Subsequently, constant-voltage electrol-
ysis was conducted, and the electrolysis was considered complete
when the electrolysis current fell below 20 mA, simultaneously, the
gases emanating from electrolysis were introduced to a blue wet
cloth strip to test for the presence of chlorine gas, leveraging its
oxidative bleaching property in this experiment. Furthermore, the
electrolysis equipment used in the experiment was provided by
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the cell tester of Neware Electronics Co., Ltd., located in Shenzhen,
China.

Following electrolysis, the electrochemical cell was preserved
under an Ar atmosphere. Electrode extraction was conducted fol-
lowing system cooling to ambient temperature (254 1°C). The an-
ode product was washed with ultrapure water and dried by vac-
uum at 80°C for 5h. At the same time, the cathode products were
separated by grinding magnetic separation.

This paper also refers to the thermomechanical strain model of
silicon powders, with the particle size of the silicon powders be-
ing 5mm, an elastic modulus of 160 GPa, a Poisson’s ratio of 0.25,
a thermal conductivity of 149W m~! K-1, and a thermal expan-
sion coefficient of 0.01 m/K. The temperature difference is 300K,
corresponding to the lithiation expansion variation.

Microstructural and morphological analyses were conducted via
field-emission scanning electron microscopy (FE-SEM; FEI Quanta
FEG 250, 5.0kV acceleration voltage). Crystallographic characteriza-
tion employed X-ray diffraction (XRD; Bruker D8 Advance, Cu Ko
radiation, A =1.5418A). Surface chemical states were probed us-
ing X-ray photoelectron spectroscopy (XPS; Thermo Fisher Scien-
tific ESCALAB 250Xi, monochromatic Al Ko source, hv =1486.6 eV).
Nitrogen physisorption measurements at 773K (Quantachrome
Nova 4000e) enabled specific surface area determination through
brunauer emmett teller (BET) analysis. Pore size distributions were
derived from desorption branches using both barrett joyner hal-
enda (BJH) formalism and non-local density functional theory
(NLDFT) models, with total pore volumes quantified at P/Py=0.99.

The electrochemical performance of m-Si, e-Si-10, and e-Si-50
was evaluated using coin cells of the CR2025 type. The electrode
slurry formulation consisted of 60 wt% active silicon, 20 wt% Su-
per P Li (conductive carbon additive), and 20 wt% polyacrylic acid
(PAA) binder. This homogeneous mixture was doctor-bladed onto
oxygen-free copper foil to fabricate working electrodes, achieving
precise mass loading control at 0.6 mg/cm? through gravimetric
calibration. The coated copper foils were then vacuum-dried at
85°C for 10h to dry the electrode and ensure adhesion. Subse-
quently, the dried coated copper foils were die-cut into round discs
with a diameter of 12 mm, which were used as the working elec-
trodes. Lithium foil served as both the counter electrode and the
reference electrode. A polyethylene separator (Celgard 2400) was
used to prevent direct contact among the electrodes, and 1 mol/L
LiPFg electrolyte, dissolved in a mixture of ethylene carbonate (EC),
diethyl carbonate (DEC), and fluoroethylene carbonate (FEC) with a
volumetric ratio of 3:6:1, was utilized for the electrolyte solution.
The coin cells were assembled in an argon-filled glove box to min-
imize exposure to ambient moisture and oxygen.

The electrochemical performance of the batteries was evaluated
with a LAND CT2001A battery testing system (Wuhan Land Elec-
tronics Co., Ltd., China). Galvanostatic charge-discharge (GCD) and
constant current intermittent titration technique (GITT) measure-
ments were performed within a voltage window of 0.01-1.5V (vs.
Li*/Li). Prior to testing, all cells underwent three GCD activation
cycles at 0.1 A/g to stabilize their initial states. Subsequently, GCD
tests were carried out at multiple current densities (0.2-2.0 A/g)
to evaluate rate capability. For GITT analysis, cells were first cy-
cled 10 times at 2.0 A/g, followed by applying a 1.0 A/g pulse cur-
rent for 15min with 1h rest intervals between pulses, covering
the 0.01-1.5V range. Cyclic voltammetry (CV) were conducted on a
CHI 760E electrochemical workstation (Shanghai, China). CV curves
were obtained at 0.1 mV/s (0.01-1.5V), with additional scans at
0.2-1.0mV/s to analyze kinetic behavior.

Fig. 1 illustrates the schematic diagram of the process. The m-
Si anode, and the lithium iron phosphate (LiFePO4, LFP) cathode
are filled into the graphite crucible current collector, respectively.
The LFP is reduced to form the Li3PO4 and Fe extracted by mag-
netic separation, respectively. The m-Si is electrochemically etched
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Fig. 1. (a) Process diagram of molten salt electrolytic chlorination. (b) Diagram of
m-Si Etching. (c) Abaqus finite element stress analysis of the lithium insertion pro-
cess in Si powder cross-section.

Fig. 2. (a) CV of graphite cavity electrode and graphite cavity electrode with added
m-Si powder. (b) LSV of graphite cavity electrode and graphite cavity electrode with
added m-Si powder.

to form the e-Si (Figs. 1a and b). The preliminary thermodynamic
calculations (Fig. S2 in Supporting information) show that the chlo-
rination potential of silicon is of 1.45V vs. Cl/Cl~ from ClI~ and Si
to form the SiCl, at the experimental temperature of 500 °C, and is
significantly more positive than that of the derived CCl; (—0.03V
vs. CI/CI7). The result means that silicon can be chloritized before
C. The reduction potentials of Li*/Li (—3.57V vs. Cl/CI7) and K*/K
(—=3.76V vs. Cl/CI™) are significantly more negative than that of the
LiFePO4/Fe (—1.45V vs. Cl/Cl™). Therefore, our electrode pair desig-
nation of the Si anode and the LFP cathode is theoretically feasible.
In addition, the Abaqus finite element analysis in Fig. 1c shows that
the internal stress of the derived e-Si with 456 GPa after etching is
significantly lower than that of m-Si with 1100 GPa, implying that
the etching can effectively decrease the internal stress of m-Si.
Fig. 2a shows the measured CV curves on the cavity electrode
with and without Si. The CV curve (black) on the graphite cav-
ity electrode without Si shows that there is almost no oxidation
current except for a faint oxidation current wave (B’) at approx-
imately —0.29V when the potential is positively scanned from
—-1.0V to 1.25V (A’ — C). Then oxidation current (C') of Cl~ to Cl,
occurs at about 1.25V and increases sharply as the potential rises
from 1.25V to 2.5V (C'— D’) [30]. Comparing the potential of peak
B’ with the that of peak C reveals a difference of about 1.54V,
which is similar to the difference value (about 1.57V) of poten-
tials between carbon monoxide and chlorine gas derivatives in Fig.
S3 (Supporting information, thermodynamic potential diagram). It
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indicated that oxidation peak B’ corresponds to the oxidation of
residual 02~ (Li,0) in the molten salt [31], forming COx (where
x=1 or 2). However, a negative current appeared on the CV curve
(red) of the graphite cavity electrode with silicon (Si) when the
potential was scanned from —1.0V to 2.5V. As shown in the in-
set of Fig. 2a, the reduction current onset changed sharply above
a potential of about —0.78V (A). Next, the potential was about
—0.29V when the reduction current reached zero. Then, the oxida-
tion current increased continuously and dropped sharply to about
zero. Next, the oxidation current began to rise again at a potential
of 0.75V (Cy). Finally, the oxidation current sharply increased at
a potential of 1.5V (C,). The potential of C; pose is positive 1.04V
than that of COx gas on the CV curve (black), and is negative 0.75V
than that of C, pose. As shown in Fig. S3, it can be found that the
derived potential of SiCl, is positive 0.67-0.81V than that of COx
gas, and is negative 0.76V than that of Cl, gas. The derived poten-
tial of COx gas is positive than that of SiO, derivation. Therefore,
it can be inferred that the potential of C1 is corresponding to the
derivation of SiClx (x=1, 2, 4) [32]. A little different of potential is
attributed to passivation phenomenon of SiCl4 gas. The potential of
Cy, — D is corresponding to the derivation of Cl, [33,34]. The reduc-
tion current may be attributed to the reduction of natural silica on
the surface of the silicon from potential of —0.78V (A) to —0.29V.
Then, the continuous increase in current was attributed to the ox-
idation of 0%~ on the silicon surface from potential of —0.29V to
0.75 V(Cy). The peak current (B) drops to zero from 0.3V to 0.75V
(B— C;), a phenomenon that may arise from two factors: (1) The
passivation of the electrode due to the formation of a SiO, layer
on the silicon surface [28]; (2) The complete consumption of 0%~
in the molten salt electrolyte. Referring to the graphite electrode,
which only exhibits a weak oxidation peak at point B’, we conclude
that the abrupt drop in current from B — C; is more predominantly
associated with the depletion of 02~ in the molten salt. The re-
sults prove that the electrochemical chlorination etching of silicon
is feasible within the electrolysis windows of molten LiCI-KCl. The
LSV curves of the anode with and without Si in the two-electrode
system (Fig. 2b) suggest that the 2.25V is the lowest cell voltage
for the continuous evolution of SiCly. Therefore, we set the cell
potential of 3.0V to electrochemically chlorination etch the Si for
continuously to prepare the high performance Si anode material of
LIBs. Of course, it may induce the Cl, because the oxidation current
in the LSV increases sharply above a potential of 2.25V. However,
the emissions gas analysis shows that the blue cloth strip did not
experience any discoloration (Fig. S4 in Supporting information).
The SEM images of m-Si, the etched e-Si-10, and e-Si-50 at a
cell voltage of 3.0V are shown in (Figs. 3a-h), respectively. As the
etch amount increases, the silicon particles become more uniform,
in which large-size decrease significantly and their size decrease
from 10pm to 5pum (Figs. 3a, ¢ and e). Moreover, the insets in
their local enlarged SEM image (Figs. 3b, d and f) show that the
surface of the etched Si particle also gradually becomes rough. The
adsorption-desorption isotherm curves in Fig. 3g show that m-Si,
e-Si-10, and e-Si-50 have a hysteresis loops in the relative pres-
sure (P/Py) range of 0.9-1.0, the 0.05-1.0 and lower P/P, ranges, re-
spectively. The results indicate that their pore characteristics con-
form to type IIl isotherms [34], are mesoporous structures, and
also gradually increase with the increase of etching amount. In
addition, the BJH and DFT pore size distribution in (Figs. 3h and
i) shows that the e-Si-10 has an increased mesopore range of 3-
70nm compared to that of m-Si, in which is particularly notice-
able within the 3-30nm interval and the small pore size range
of 2-3nm is observed. The e-Si-50 shows a marked increase in
the quantity of micropores within the 1.4-2nm range as the etch
amount increases. The calculated BET specific surface areas of m-
Si, e-Si-10, and e-Si-50 are 6.734, 11.414, and 20.323 m?2/g, respec-
tively, and gradually increase. These results indicate that electro-
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Fig. 3. SEM images of (a, b) m-Si, (c, d) e-Si-10, and (e, f) e-Si-50 at different mag-
nifications. m-Si, e-Si-10 and e-Si-50 show the N, adsorption desorption isotherms
and pore size distributions. (g) Isotherms, (h) BJH, (i) DFT.

chemical chlorination etching can make silicon particles become
small and porous structures, which would play an important role
in buffering volume expansion and potentially improving the sta-
bility and cycle life of silicon anode materials in lithium-ion bat-
tery applications [7]. Obviously, the e-Si-50 has above advantages.

The XRD pattern of m-Si, e-Si-10 and e-Si-50 in Fig. S5 (Sup-
porting information) shows that their intense and sharp diffrac-
tion peaks are clearly attributed to the crystal structure of sili-
con (JCPDS No. 27-1402) [33], indicating that the electrochemical
chloritizing etching process does not change the phase structure
of Si. However, the XPS spectra of m-Si, e-Si-10 and e-Si-50 show
that the chemical compositions on their surface are the primary
elements Si and O (Fig. S6a in Supporting information). In addi-
tion, the elements N and S were also detected on the m-Si sur-
face, which are attributed to the coolants used in the photovoltaic
silicon cutting process. The high-resolution Si 2p spectra in Figs.
S6b-d (Supporting information) reveal that there are three char-
acteristic peaks located at 99.9, 100.5, and 103.9 eV, corresponding
to the Si-Si and Si-O bonding states of silicon. The presence of the
Si-O peak is the result of unavoidable minor oxidation of silicon
when exposed to air [35,36]. Notably, removing residues from the
coolants is typically challenging for conventional processes [37,38].
They can be directly removed in our process due to decomposition
at the high temperatures.

The rate performance of m-Si, e-Si-10, and e-Si-50 is shown
in Fig. 4a. The e-Si-10 delivers an average reversible capacity of
3084.3, 2862.9, 2508.7, 2104.4, 1598.3, and 1151.4 mAh/g at cur-
rent densities of 0.1, 0.2, 0.5, 1.0, 2.0, and 3.0A/g, respectively. Its
capacity retention rates at 0.2 and 0.5 A/g are 92.8% and 81.3% of
its average discharge capacity at 0.1 A/g. The e-Si-50 delivers an
average reversible capacity of 3015.1, 2615.5, 2309.2, 1983.7, 1591.1,
and 1300.3 mAh/g at current densities of 0.1, 0.2, 0.5, 1.0, 2.0, and
3.0A/g, respectively. Its capacity retention rates at 0.2 and 0.5 A/g
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are 86.7% and 76.6% of its average discharge capacity at 0.1 A/g.
Both e-Si-10 and e-Si-50 exhibit good rate performance, which sig-
nificantly improved the cycling performance of m-Si (Table S1 in
Supporting information). Even at 3.0A/g, the capacity of the e-Si-
50 anode is 1300.3 mAh/g Additionally, when the current density
was returned to 0.1 A/g, the reversible capacities for m-Si, e-Si-
10, and e-Si-50 were 119.8, 2656.7, and 2637.8 mAh/g, respectively,
demonstrating that the etched silicon possesses good structural
stability.

Fig. 4b shows the e-Si-50 electrode demonstrated excellent cy-
cling stability after 800 cycles at 2.0 A/g, retaining a capacity of
1062.1 mAh/g, which corresponds to a capacity retention rate of
60.1% compared to the 10t cycle. Its initial discharge capacity is
of 3066.2 mAh/g, corresponding to an initial Coulombic efficiency
(ICE) of 84.7%. The initial discharge specific capacity of e-Si-10 is
3098.1 mAh/g, with ICE of 86.0%. The cycle stability of e-Si is sig-
nificantly better than that of m-Si.

Fig. 4c shows the cycling performance of the e-Si-50 electrode
at current densities of 0.5, 1.0, and 2.0 A/g. The e-Si-50 exhibited
good cycling performance. The initial discharge capacities were
2832.3, 3224.2, and 3066.2 mAh/g, respectively, with ICEs of 85.9 %,
85.8%, and 84.7 %. After 300 cycles, it was still possible to achieve
capacities of 1832.5, 1970.2, and 1690.9 mAh/g, with capacity re-
tention rates of 69.9%, 99.0%, and 91.0%. Compared with other
previously reported micron silicon anodes [39-43], the e-Si-50 ex-
hibits good properties in all electrochemical performance indices
(Fig. 4d and Table S2 in Supporting information).

To further study the lithium ion diffusion dynamics in the e-Si-
50 electrode, the GITT analysis was used to quantitatively calculate
the lithium ion diffusion coefficient Dj;+ of the e-Si-50 electrode
(Fig. 5a). The lithium ion diffusion coefficient D;;+ of the e-Si-10
electrode (Fig. S8a in Supporting information). The formula for cal-
culating the lithium ion diffusion coefficient is given by Eq. 1:

2 2
Do — 4 MamVum AEs (-1)
L = 4 MA]\/IA AE;

where mpy is the mass of the active material, My is the mo-
lar mass, Vy; is the molar volume, A is the electrode area, T is
the constant current pulse duration, AEs is the change in steady-
state voltage per GITT step, AE; is the total cell voltage change
during constant current (after iR-drop correction). These parame-
ters are derived from the data in Fig. S8b (Supporting informa-
tion). The Dy;+ of the e-Si-50 electrode ranges from 6.41 x 10~14
cm?/s to 7.59 x 10~ cm?/s during delithiation (charge), and from
7.64x 10" cm?/s to 4.01 x10~! cm?/s during lithiation (dis-
charge).

Scan rate-dependent cyclic voltammetry (CV) tests were per-
formed at 0.2-1.0mV/s to analyze the charge storage mechanism
and capacitive contributions of the e-Si-50 electrode in lithium
storage (Fig. 5b). The electrochemical kinetics were quantified us-
ing Eq. 2 [41]:

[=av? (2)

where a is a constant and b is the slope of the linear line b value
of 0.5 indicates diffusion control and 1 indicates capacitive con-
trol. From the slope of the linear curve (Fig. 5c), the b values for
the anodic peaks of the e-Si-50 electrode are calculated to be 0.96,
indicating the coexistence of both diffusion and capacitive con-
tributions [44]. In addition, it has also been demonstrated in Fig.
S7 (Supporting information) that e-Si-50 conforms to the charging
and discharging characteristics of silicon. Overall, the introduction
of an abundant nanoporous structure improves the diffusion kinet-
ics of Lit and the high-rate capability.
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Fig. 4. Lithium storage properties: (a) Rate performances at various current densities and (b) cycling performances of m-Si, e-Si-10, e-Si-50 at 2 A/g. (c¢) Cycling performance
of the np-Si-5 electrode at 0.5, 1.0 and 2.0 A/g. (d) Electrochemical performances comparison.

Fig. 5. (a) GITT-derived Dy;+ of the e-Si-50 electrode as a function of potential dur-
ing lithiation and delithiation. (b) CV curves of the e-Si-50 electrode at scan rates
of 0.2-1.0mV/s. (c) Logarithmic relationship between scan rate and peak current.
(d) CV profile at 1.0mV/s with shaded region indicating capacitive contribution. (e)
Ratios of diffusion-controlled and capacitive contributions to Li* storage at different
scan rates.

In a further step, the capacitive and diffusion contributions
were further quantified using Eq. 3 [45]:

i=k1U+k2U1/2 3)

where k; and k;, are constants, kv represents the capacitive con-
tribution, and k,v1/2 corresponds to the diffusion-controlled pro-
cess. Through integration of the CV curves, the capacitive contribu-
tion dominates 90.6 % of the total Lit storage capacity for the e-Si-
50 electrode at 1.0 mV/s (Fig. 5d). Fig. 5e further demonstrates that
the pseudocapacitive contribution increases with scan rate (0.2-
1.0mV/s), with the e-Si-50 electrode exhibiting the highest pseu-
docapacitive ratio, consistent with its superior capacity retention
in Fig. 4a. Comparative CV profiles of m-Si and e-Si-10 electrodes
are provided in Figs. S8c and d (Supporting information).

Fig. 6 illustrates the cross-sectional and surface morphologi-
cal evolution of the electrodes before and after 800 cycles of dis-

Fig. 6. Cross-sectional SEM images of (a, ¢) m-Si and (b, d) e-Si-50 electrodes be-
fore and after 800 cycles at 2.0 A/g. Surface morphology of (e, g) m-Si and (f, h)
e-Si-50 electrodes under the same cycling conditions.

charge. The thickness of the m-Si electrode increases from 12.7 mm
(Fig. 6a) to 24.0mm (Fig. 6¢), resulting in a volume expansion of
89.0%. Severe cracking and delamination of active material from
the Cu current collector are observed (Fig. 6¢). Additionally, the
surface morphology transitions from a dense structure (Fig. 6e) to
a cracked network (Fig. 6g). This is because m-Si has limited self-
buffering capacity during the charge-discharge process and the se-
vere volume change leads to the destruction of the electrode struc-
ture and agglomeration (Fig. S9 in Supporting information) [46].
In contrast, the e-Si-50 electrode exhibits minimal thickness vari-
ation, increasing from 12.1 mm (Fig. 6b) to 15.2 mm (Fig. 6d), cor-
responding to a volume change of only 25.6% (<0.3 of the m-Si
electrode). Notably, the e-Si-50 electrode (Figs. 6f and h) maintains
structural integrity without visible cracks post-cycling, demonstrat-
ing exceptional mechanical stability. These results confirm that the
electrochemical chlorination etching process effectively enhances
the electrochemical performance of m-Si.

The XRD patterns of raw LFP and after electrolysis are shown
in Figs. 7a and b, respectively. Raw LFP phases are composed of
LiFePO, (JCPDS No. 81-1173) and C (JCPDS No. 75-2078). The elec-
trolysis product has Li3PO4 (JCPDS No. 84-0003), Fe (JCPDS No. 87-
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Fig. 7. XRD patterns of LFP electrode powder (a) before electrolysis and (b) after
electrolysis. SEM of LFP electrode powder (c) before electrolysis and (d) after elec-
trolysis. (e, f) The elemental mapping of (c). (g, h) The elemental mapping images
for (d).

7194), and C (JCPDS No. 75-2078), demonstrating that the LFP has
been successfully electro-decomposited into Li3PO4 and Fe. Calcu-
lations show that P loses about 6.3% before and after electrolysis.
The SEM of raw LFP and electrolysis product (Figs. 7c and d) show
that the raw LFP with regular and small shaped particles convert
into the morphologies with the integrated shape particles, refined
particles and a few of big irregular agglomerates. Their EDSs map
(Figs. 7e-h) show that the even distribution of P and Fe elements
in LFP become significantly completely segregated. Grinding and
magnetic separation results indicated that the mixture of Li3PO4
and Fe could be easily separated (Fig. S10 in Supporting informa-
tion).

We developed a novel electrode pair by combining the m-Si an-
ode, and the LFP cathode from spent LIBs. The m-Si was success-
fully etched without chlorine gas using an electrode pair in molten
KCI-LiCl at a cell voltage of 3.0V, resulting in a reduction of particle
size from 10pm to <5pum and the formation of a porous structure.
The prepared e-Si-50 with an etched amount exhibits a particle
size below 5pm and a BET specific surface area of 20.323 m?/g.
It was porous with the mesopore range of mainly distributed in
the 3-30nm interval. It also exhibits superior specific capacity of
1061.2 mAh/g at 2.0 A/g, after 800 cycles as the anode of LIBs. In
addition, the Li3POy4, Fe, and C were derived by the electrochemical
reduction of LFP, and were easily separated by magnetic separation
in water without acid or base. The new process not only realizes
the transition from the m-Si to the high performance Si anode ma-
terial without the harmful chemical solvents, but also performs the
recycling of spent lithium-ion batteries, which has a very promis-
ing future.
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