
Plasma-enhanced vacancy engineering for sustainable high-performance 
recycled silicon in lithium-ion batteries

Dingyi Zhang a,1, Hong Gao a,1,*, Jiayi Li a, Yiwen Sun a, Zeshen Deng b, Xinyao Yuan a,  
Congcong Li a, Tianxiao Chen a, Xingwang Peng a, Chao Wang a, Yi Xu a, Lichun Yang b,*,  
Xin Guo c, Yufei Zhao d, Peng Huang e,*, Yong Wang a, Guoxiu Wang d, Hao Liu d,*

a Joint International Laboratory on Environmental and Energy Frontier Materials, School of Environmental and Chemical Engineering, Shanghai University, Shanghai 
200444, China
b School of Materials Science and Engineering, and Guangdong Provincial Key Laboratory of Advanced Energy Storage Materials, South China University of Technology, 
Guangzhou 510640, China
c Faculty of Materials Science and Energy Engineering, Shenzhen University of Advanced Technology, Shenzhen 518055, Guangdong, China
d Centre for Clean Energy Technology, University of Technology Sydney, Broadway, Sydney, NSW 2007, Australia
e School of Chemistry and Materials Science, Jiangsu Normal University, Xuzhou, Jiangsu 221116, China

A R T I C L E  I N F O

Keywords:
Lithium-ion batteries
Silicon microparticles
Vacancy engineering
Bismuth modification
Recycled photovoltaic silicon

A B S T R A C T

Silicon, renowned for its exceptional theoretical capacity, is a promising lithium-ion battery (LIB) anode ma
terial, yet its practical application is hindered by severe lithiation-induced volume expansion, structural insta
bility, and high production costs. This study introduces a sustainable strategy to address these challenges by 
repurposing recycled photovoltaic (PV) silicon through a plasma-assisted vacancy engineering approach. By 
combining dielectric barrier discharge plasma-assisted milling with bismuth (Bi) modification, controlled va
cancy defects are introduced into silicon microparticles, enhancing ion transport and mitigating internal stress. Bi 
further stabilizes the anode by absorbing mechanical stress and facilitating lithium-ion accommodation at va
cancy sites. The resulting plasma induced silicon/carbon/bismuth composite demonstrates outstanding cycling 
stability and high-rate performance, retaining 1442 mA h g⁻¹ after 300 cycles at 0.5 A g⁻¹ and 525 mA h g⁻¹ after 
1000 cycles at 7 A g⁻¹. This scalable and eco-friendly method not only overcomes the inherent limitations of 
silicon anodes but also transforms PV waste into high-performance LIB materials, advancing sustainable energy 
storage technologies.

1. Introduction

Although lithium-ion batteries (LIBs) occupy a predominant position 
in the domain of energy storage, their development is hindered by the 
limited capacity of conventional anode materials [1–3]. Silicon (Si), 
with an exceptional theoretical capacity of up to 4200 mA h g⁻¹ 
(depending on the lithiation phase) and a suitable lithiation voltage 
plateau ranging from 0.2 to 0.5 V vs. Li+/Li, emerges as a promising 
candidate material for the next-generation anodes [4–9]. However, 
producing battery-grade silicon through traditional refining and pro
cessing methods is both energy-intensive and costly, highlighting the 
urgent need for sustainable and efficient alternatives [10–16]. Mean
while, the rapid expansion of photovoltaic (PV) module deployment is 

projected to generate approximately 78 million tons of waste solar 
panels globally by 2050, posing significant environmental challenges 
[17,18]. Despite making up 20–25 % of a PV module’s weight, silicon is 
frequently excluded from standard recycling processes because of the 
high costs and stringent purity standards needed for reuse in solar ap
plications. However, recycled silicon, despite containing impurities, can 
be effectively modified to serve as a sustainable anode material for LIBs 
[19,20]. This approach aligns with circular economy principles, 
enabling efficient reuse while advancing sustainability and environ
mental responsibility.

Effectively utilizing silicon from PV waste in LIBs requires over
coming its intrinsic limitations, especially the significant volume change 
during lithiation and delithiation [21,22]. This challenge has driven 
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extensive research into structural and compositional modifications to 
enhance electrochemical performance of silicon anodes. Designing sili
con nanostructures, such as nanowires, thin films and yolk-shell porous 
structures, exhibit superior adaptability to volume changes due to their 
high surface area and nanoscale dimensions [23–27]. However, 
although effective for silicon nanoparticles (SiNPs), these strategies face 
scalability challenges that limit their industrial applicability [23]. 
Silicon-carbon (Si-C) composites offer a complementary solution, 
enhancing electronic conductivity, stabilizing interface, and mitigating 
silicon’s volume expansion during cycling [28–32]. However, when 
applied to silicon microparticles (SiMPs)-the preferred choice for in
dustrial LIBs due to their lower cost, higher packing density, and scal
ability [33–35] -conventional methods provide only limited 
performance improvements, underscoring the need for innovative so
lutions tailored to SiMPs [36–38]. Vacancy engineering has emerged as 
a transformative approach to overcome the inherent limitations of 
SiMPs, such as poor surface reactivity and severe volume expansion 
during lithiation [39–42]. By introducing controlled vacancy defects, 
this approach creates pathways for efficient ion and electron transport, 
facilitates rapid charge transfer, and redistributes mechanical stress, 
effectively mitigating internal stress and enhancing structural stability.

This work leverages dielectric barrier discharge plasma-assisted 
milling (DBDP), which combines mechanical milling with high-energy 
plasma interactions to induce controlled vacancies and optimize SiMP 
structures for lithiation-induced stress [43–45]. DBDP’s precise surface 
modification increases active sites on SiMPs, enhancing lithium-ion 
diffusion, reducing interfacial resistance, and significantly improving 
electrochemical activity and stability [46–48]. While vacancy engi
neering addresses the structural limitations of SiMPs, adding bismuth 
(Bi) metal further elevates their electrochemical performance. When 
compared with other metal additives like lithium, tin, and germanium, 
lithium, despite its theoretical potential to mitigate lithium loss in the 
electrolyte, exhibits extremely reactive chemical properties [49]. During 
experimental operations and the battery manufacturing process, it en
tails a high safety risk. For instance, it reacts violently upon contact with 
water or air, presenting formidable challenges to actual production. Tin 
and germanium metals, on the other hand, encounter the same volume 
expansion problem as silicon [50,51]. Bismuth, however, can react with 
lithium ions at a relatively low potential to form a Li-Bi alloy. This 
process consumes a certain number of lithium ions, reducing the 
quantity of lithium ions available for deintercalation during the first 
charging, thereby resulting in a decline in the initial coulombic effi
ciency. Although metals such as aluminum, titanium, and silver possess 
certain advantages, such as high conductivity or low reactivity with the 
electrolyte, they still face significant challenges that limit their practical 
application. For example, aluminum tends to form a passivation film at 
the electrode-electrolyte interface, which impedes ion transport. Tita
nium requires high temperatures and complex processing conditions to 
form stable compounds with silicon, making it less feasible for 
large-scale production. Silver, despite its excellent conductivity, is pro
hibitively expensive for widespread use in battery applications [52–54]. 
In contrast, bismuth’s soft and ductile characteristics enable it to absorb 
the mechanical stress of expansion and contraction during lith
iation/delithiation. This effectively prevents pulverization and enhances 
the overall integrity of the Si anode [55,56].. Additionally, we detect 
that bismuth can occupy vacancy sites created through vacancy engi
neering, enhancing the structural stability of the silicon matrix. 
Furthermore, the uniform distribution of bismuth within the silicon 
matrix reduces interfacial resistance, ensuring efficient charge/di
scharge cycles and promoting the long-term performance of the elec
trode material [57,58]. Together, vacancy engineering and Bi 
modification synergistically enable high-performance, durable 
silicon-based anodes. The resulting plasma induced sili
con/carbon/bismuth (P-Si/C/Bi) anode exhibits remarkable cycling 
stability.

2. Results and discussion

Harnessing the potential of recycled silicon (R-Si) from discarded 
solar panels, we employ a dielectric barrier discharge plasma-assisted 
milling (DBDP) technique to fabricate a P-Si/C/Bi composite, inte
grating graphite and bismuth to engineer a defect-rich, high-perfor
mance structure (Fig. 1a). In Fig. 1a, carbon atoms are omitted from 
lattice positions to enhance the schematic’s clarity and focus on core 
processes and key components. This omission does not imply the 
absence of carbon atoms in the lattice. Rather, the schematic is designed 
to concisely illustrate the main synthesis steps and the roles of critical 
elements for easier interpretation. The process starts with a multi-step 
pretreatment using solvothermal swelling and thermal decomposition 
(SSTD), effectively removing impurities and yielding silicon with a pu
rity of 96.42 % for further processing (Fig. S1). During DBDP milling, 
plasma treatment introduces vacancies and dislocations [59,60], opti
mizing the microstructure at the atomic level while simultaneously 
functionalizing the material’s surface. This non-thermal plasma process 
induces grain boundary shifts, increasing surface area and creating 
active sites that enhance electrochemical performance. Graphite boosts 
electrical conductivity and buffers silicon’s volume expansion during 
cycling, while bismuth absorbs mechanical stress, preventing pulveri
zation and ensuring anode stability.

As shown in Fig. 1b and Fig. S2, scanning electron microscope (SEM) 
and atomic force microscopy (AFM) images of the P-Si/C/Bi composite 
reveal a bulk morphology with an average particle size of approximately 
1 μm. DBDP treatment results in a more uniform particle size distribu
tion compared to conventional ball milling. For comparison, materials 
synthesized via standard ball milling (Si/C) and plasma-assisted milling 
(P-Si/C) are also analyzed. SEM and AFM images (Fig. S3 and Fig. S4) 
reveal larger average particle sizes of approximately 1.5 μm and 2.0 μm 
for P-Si/C and Si/C, respectively. Additionally, SEM images of R-Si, 
plasma-milled recycled silicon (P-R-Si), and commercial silicon micron 
particles (SiMPs) (Fig. S5) indicate average particle sizes of approxi
mately 0.8, 0.5, and 1.0 μm, respectively. The improved particle size 
uniformity observed in the P-Si/C/Bi composite enhances its reactivity 
and surface area, critical factors underpinning its superior electro
chemical performance in LIB applications. The contents of Si and Bi in 
the composite anode were accurately determined by Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS). As shown in Table S1, the 
Si content is 49.08 wt %, while the Bi content is 19.04 wt %. Based on 
these values, the carbon content is estimated to be around 30 wt %. The 
crystallinity and phase composition of the P-Si/C/Bi composite are 
assessed using X-ray diffraction (XRD). The characteristic peaks of sili
con and silicon carbide are shown in the XRD patterns of P-Si/C/Bi and 
P-Si/C, indicating the successful formation of Si-C bonds within these 
composites. Simultaneously, a minor amount of SiO2 is also detected, 
reflecting its inevitable formation during processing (Fig. 1c). In 
contrast, the Si/C composite shows only the typical silicon peaks, sug
gesting that plasma-assisted milling significantly enhances silicon- 
carbon interaction. Furthermore, the XRD patterns of R-Si, P-R-Si, and 
SiMPs match the standard crystalline silicon pattern (PDF#27–1402), 
indicating that the silicon crystal structure remains intact after both 
conventional and plasma-assisted ball milling (Fig. S6). This suggests 
that DBDP treatment preserves silicon’s structural integrity. Comple
mentary Fourier-transform infrared (FTIR) spectroscopy, shown in 
Fig. 1d, reveals a distinct Si-C vibration peak near 800 cm⁻¹ in P-Si/C/Bi 
and P-Si/C, which is absent in Si/C. This corroborates the formation of 
Si-C covalent bonds in the plasma-milled composites, further validating 
the XRD findings. X-ray photoelectron spectroscopy (XPS) analysis, as 
shown in Fig. 1e-f, provides additional evidence of the Si-C interaction. 
The full XPS spectrum of P-Si/C/Bi confirms the presence of Si, Bi, C and 
O elements (Fig. S8). In the Si 2p spectra (Fig. 1e), peaks at 99.77, 
101.50, and 103.56 eV correspond to various silicon valence states. 
Notably, the double peaks at 101.50 and 102.27 eV in P-Si/C/Bi and P- 
Si/C, absent in Si/C [61–64], indicate the formation of C-Si-C covalent 
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bonds, likely induced by the free radicals, ions, and electrons during 
DBDP. These robust bonds not only mitigate the volume change of sili
con during the cycle, but also enhance structural stability. The incor
poration of bismuth also influences the chemical structure, as evidenced 
by the XPS Bi 4f peaks (Fig. 1f). Peaks at 164.6 and 158.7 eV correspond 
to Bi 4f5/2 and Bi 4f7/2, while peaks at 162.4 and 157.1 eV are attributed 
to BiO [65], indicating the coexistence of Bi³⁺ in Bi₂O₃ and BiO. Raman 
spectroscopy (Fig. 1 g) further elucidates the carbon phase’s structural 
order. The ID/IG ratio, representing the carbon’s disorder degree, is 
significantly lower in P-Si/C/Bi (0.77) and P-Si/C (0.86) compared to 
Si/C (1.24), indicating enhanced graphitization and ordered carbon 
structures in the plasma-milled composites. This improved graphitiza
tion supports superior electrochemical performance of the anode ma
terial [61,66].

High-resolution transmission electron microscopy (HRTEM) image 
of the P-Si/C/Bi composite (Fig. 2a) reveals irregular lattice arrange
ments influenced by plasma treatment, which are indicative of defect 
introduction [67]. Defects such as dislocations and vacancies can disrupt 
the crystal’s periodicity, leading to alterations in the spots observed in 
the FFT pattern. Specifically, dislocations may cause the spots to shift or 
split, while vacancies can result in changes in spot intensity. As shown in 

Fig. S9 and Fig. 2b-e, some of the diffraction spots exhibit significant 
displacement, further confirming the presence of dislocation defects in 
the material. Unlike R-Si (Fig. S9), fast Fourier transform (FFT) images 
of selected regions (Fig. 2b-e) show isolated vacancies, rather than 
extensive clusters, suggesting that plasma milling generates localized 
defects that enhance reactivity without significantly disrupting crystal
linity. Conversely, HRTEM images of the P-Si/C reveal continuous 
multi-vacancy defects across the lattice (Fig. S10). As shown in the 
Electron Paramagnetic Resonance (EPR) spectrum of Fig. 2f vacancy 
defect signals of R-Si, P-Si/C/Bi, and P-Si/C are significantly stronger 
than that of Si/C, with P-Si/C showing the most pronounced vacancy 
signal. The weaker signal in Si/C indicates that conventional milling 
tends to disrupt the vacancy structure, whereas plasma milling facili
tates their formation and stabilization. Interestingly, the vacancy signal 
in P-Si/C/Bi is weaker than in P-Si/C, suggesting thatc bismuth occupies 
a portion of the vacancies. This observation is corroborated by scanning 
transmission electron microscopy (STEM) image (Fig. 2 g) and elemental 
mapping of the P-Si/C/Bi composite (Fig. 2h-k), which demonstrate a 
more uniform elements distribution compared to P-Si/C (Fig. S10a-e) 
and Si/C (Fig. S11). The overlay maps clearly demonstrate that bismuth 
is uniformly dispersed within the silicon-carbon matrix in the P-Si/C/Bi 

Fig. 1. (a) Fabrication process and conceptual design of P-Si/C/Bi composite. (b) Particle size distribution graph and SEM image of P-Si/C/Bi composite. (c) XRD 
patterns and (d) FTIR spectra for P-Si/C/Bi, P-Si/C and Si/C. (e) XPS spectra of Si 2p for P-Si/C/Bi, P-Si/C and Si/C. (f) XPS spectrum of Bi 4f for P-Si/C/Bi. (g) Raman 
spectra of P-Si/C/Bi, P-Si/C and Si/C.
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composite, whereas the element distribution in the P-Si/C and Si/C 
composites is relatively uneven. The incorporation of bismuth plays a 
dual role: it fills certain vacancies, reducing vacancy signals, while 
simultaneously enhancing the composite’s structural integrity through a 
uniform distribution. This synergy between defect engineering and 
uniform bismuth incorporation significantly stabilizes the silicon ma
trix, promoting improved integration and electrochemical performance. 
These findings underscore the potential of bismuth-modified silicon 
composites for advanced battery applications, particularly in enhancing 
cycling stability and capacity retention.

Fig. 2l-n show the electronic band structures of P-Si/C/Bi, P-Si/C, 
and Si/C, evaluating the effect of vacancy structures on the electronic 
properties of materials. The results indicate that P-Si/C, with its multi- 
vacancy structure, exhibits a band gap of 0.177 eV, slightly higher 
than the 0.175 eV observed in vacancy-free Si/C. This subtle difference 
suggests that the vacancy-induced structural changes in P-Si/C may 
stabilize specific electronic states, marginally altering the band gap. 
Wide band gaps in both materials hinder carrier transitions, leading to 

low carrier concentrations and reduced electrical conductivity. In 
contrast, the incorporation of bismuth in P-Si/C/Bi introduces addi
tional electronic states, narrowing the band gap to 0.127 eV. Moreover, 
as illustrated in Fig. S12, we evaluated the electrical conductivity of the 
materials under varying pressures using four-probe measurements. The 
results indicate that within a specific voltage range, the electrical con
ductivity of P-Si/C/Bi surpasses that of both P-Si/C and Si/C. Further
more, the electrical conductivity of P-Si/C is twice that of Si/C. This 
reduction in band gap facilitates easier electron transitions from the hole 
carrier concentration to the conduction band, significantly enhancing 
electrical conductivity and making the material more suitable for high- 
current and high-voltage environments [48]. The narrower band gap in 
P-Si/C/Bi also aligns with an increased hole carrier concentration, 
suggesting a synergistic effect of bismuth on vacancy structures. The 
interplay between vacancies and bismuth not only tailors the electronic 
properties but also improves electrochemical stability by promoting 
charge carrier mobility. These findings underscore the critical role of 
vacancy engineering and dopant incorporation in optimizing the 

Fig. 2. (a) HRTEM of P-Si/C/Bi, (b, c) corresponding fast Fourier transform (FFT) patterns, and (d, e) phase profile spectra of corresponding regions. (f) EPR spectra 
of P-Si/C/Bi, P-Si/C, Si/C and R-Si. (g) STEM and (h-k) elemental mapping images of P-Si/C/Bi composite. (l-n) DFT calculations of band structures: (l) P-Si/C/Bi, (m) 
P-Si/C, and (n) Si/C.
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electronic and electrochemical characteristics of silicon-based anode 
materials for advanced LIB applications.

Fig. 3a shows the cyclic voltammetry (CV) curves of the P-Si/C/Bi 
anode at 0.2 mV s− 1. The near perfect overlap of the three curves in
dicates minimal polarization effects in the P-Si/C/Bi composites. Peaks 
at 0.77 V and 0.88 V correspond to the alloying/dealloying reactions 
between Bi and Li, while peaks at 0.15 V and 0.53 V correspond to the 
alloying/dealloying reactions between Si and Li. In contrast, the CV 
curves of P-Si/C and Si/C show a typical profile for Si-Li reaction cor
responding to the alloying/dealloying reactions of Si and Li, however, 
the Si/C curves show lower overlap, indicating more pronounced po
larization effects. The differential capacity (dQ/dV) curves, shown in 
Fig. 3b, further corroborate these findings, with oxidation and reduction 
peaks aligning well with the CV results. The charge and discharge pro
files of P-Si/C/Bi for the first, tenth and hundredth cycles are shown in 
Fig. 3c. In comparison to P-Si/C and Si/C (Fig. S13), the alloying reac
tion platform of Bi and Li is prominently visible in the P-Si/C/Bi curve, 
confirming the active participation of Bi in the electrochemical re
actions. Regarding the supplementation of BET data for the P-Si/C/Bi 

electrode (Fig S14), we conducted BET tests on the P-Si/C/Bi, P-Si/C and 
Si/C electrodes. The results show that the specific surface area of the P- 
Si/C electrode is 18.6 m²/g, and that of the Si/C electrode is 60.9 m²/g. 
A larger specific surface area may increase the contact area between the 
electrode and the electrolyte, leading to more side reactions and thus 
affecting the initial coulombic efficiency. The relatively small specific 
surface area of the P-Si/C electrode may be one of the reasons why its 
initial coulombic efficiency is higher than that of the Si/C electrode.

As illustrated in Fig. S15, at a current density of 0.5 A g− 1, the specific 
capacities of both P-R-Si and R-Si decrease significantly over cycles, 
whereas SiMPs show a relatively smaller reduction. The initial 
coulombic efficiencies for P-R-Si, R-Si, and SiMPs are recorded as 91.18 
%, 89.47 %, and 90.17 %, respectively. These higher initial efficiencies 
are attributed to the micron-scale particle size of these materials, which 
enhances the reaction contact area, promoting efficient initial lithiation. 
However, the large volume expansion of silicon during cycling lead to a 
pronounced deterioration in their cyclic performance. The initial 
coulomb efficiencies of P-Si/C/Bi, P-Si/C, and Si/C are 74.32 %, 87.13 % 
and 84.23 %, respectively. The relatively lower efficiency of P-Si/C/Bi is 

Fig. 3. Electrochemical performance of the P-Si/C/Bi electrode. (a) CV curves at a scan rate of 0.2 mV s− 1 within the voltage range of 0.01–3.0 V. (b) Differential 
capacity (dQ/dV) curves of the first, tenth and hundredth cycles at a current density of 0.5 A g-1. (c) Galvanostatic charge/discharge curves at 0.5 A g-1. (d) Cycling 
performances of P-Si/C/Bi compared with P-Si/C and Si/C electrodes at 0.5 A g-1. (e) Rate performance of the P-Si/C/Bi electrode at different current densities. (f) 
Charge and discharge profiles at different magnification. (g) Long-term cycling performance of P-Si/C/Bi electrode at 7 A g− 1. (h) Comparative analysis of the P-Si/C/ 
Bi anode with other reported anodes in terms of cycle number, current density and final capacity.
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attributed to the introduction of bismuth, which participates in addi
tional reactions during the initial cycles. However, the composite 
demonstrates exceptional cycling stability, attributed to its unique va
cancy design and stress-relieving properties. The synergistic effects of 
bismuth and the engineered vacancies enhance structural integrity, 
improve long-cycle performance, and mitigate the effects of volume 
changes during cycling.

Fig. 3d highlights the exceptional cyclic stability of the P-Si/C/Bi 
electrode compared to P-Si/C and Si/C at a current density of 0.5 A g− 1. 
After 300 cycles, the P-Si/C/Bi electrode retains a capacity of 1442 mA h 
g− 1 with a capacity retention rate of nearly 100 %. In contrast, P-Si/C 
and Si/C show significant performance degradation, retaining only 
72.26 and 546.5 mA h g− 1, respectively. The corresponding rate per
formance of the three electrodes is shown in Fig. 3e and 3f, highlighting 
the rapid charge-discharge capability of P-Si/C/Bi. At a high current 
density of 7 A g− 1, P-Si/C/Bi delivers a specific capacity exceeding 600 
mA h g− 1 and recovers its initial capacity when the current density drops 

to 0.1 A g− 1. This demonstrates the material’s excellent electrochemical 
reversibility and structural integrity. In contrast, P-Si/C and Si/C exhibit 
lower specific capacities at higher current densities (5 A g− 1 and 7 A g− 1) 
and fail to fully recover their initial capacities upon reverting to 0.1 A 
g− 1, indicating poorer structural resilience. The long-cycle cycling per
formance of P-Si/C/Bi at high current density is shown in Fig. 3 g and 
Fig. S16. At 7 A g− 1 and 5 A g− 1, the P-Si/C/Bi composite retains a ca
pacity of 546.5 mA h g− 1 and 616.1 mA h g− 1 after 1000 cycles, with a 
highly average coulombic efficiency (99.3 %). This result places P-Si/C/ 
Bi among the most durable silicon anodes, as highlighted in Fig. 3h and 
Table S2 [7,23,68–82]. Additionally, at a current density of 1 A g− 1, 
P-Si/C/Bi achieves a specific capacity of 1019.5 mA h g− 1 after 500 
cycles, outperforming other recycled photovoltaic silicon materials in 
terms of cyclic stability (Fig. S17 and Table S3). The exceptional elec
trochemical performance of P-Si/C/Bi is attributed to the synergistic 
effects of its unique vacancy design and the incorporation of bismuth. 
The vacancy effectively mitigates the effects of silicon’s volume 

Fig. 4. Electrochemical kinetics and Li⁺ diffusion properties of P-Si/C/Bi. (a) CV curves at various scan rates. (b) Contribution ratio of capacitive and diffusion- 
controlled behaviors at different scan rates. (c) Linear relationships between 1000 T-1 (K-1) and ln100σT (S K cm-1) for P-Si/C/Bi, P-Si/C and Si/C. (d) Calculated 
activation energies, and (e) GITT profiles of P-Si/C/Bi, P-Si/C and Si/C. (f-g) Corresponding Li+ diffusion coefficients (DLi+) calculated from the GITT profiles. (h) In- 
situ XRD patterns of P-Si/C/Bi electrode at 100 mA g-1.
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expansion during cycling, maintaining the structural integrity of the 
composite. Meanwhile, bismuth not only actively participates in elec
trochemical reactions but also acts as a buffer to relieve the mechanical 
stress induced by silicon’s expansion and contraction. Together, these 
features ensure superior stability and capacity retention over extended 
cycles, making P-Si/C/Bi a highly promising anode material for LIBs.

Fig. 4a-g demonstrates kinetic study of P-Si/C/Bi by using cyclic 
voltammetry (CV) and the galvanostatic intermittent titration technique 
(GITT), illustrating the effect of microstructural modifications on the 
storage behavior of lithium iron. As illustrated in Fig. 4a, the capacity 
contribution mechanisms of P-Si/C/Bi, P-Si/C, and Si/C electrodes are 
further investigated through cyclic voltammetry (CV) at scan rates of 
0.2, 0.4, 0.6, 0.8, and 1.0 mV s− 1. The characteristic oxidation and 
reduction peaks are consistent across the scan rates, with increasing 
intensity as the scan rate rises. Notably, the minimal variation in redox 
peak potential indicates rapid electrode kinetics and high reversibility. 
The lithium storage mechanisms for these electrodes can be analyzed 
using the following formula [83]: 

i = avb (1) 

i (V) = k1ν + k2ν1/2 (2) 

The charge storage mechanism is identified by the Eq. (1). The value 
of b can be determined from the relationship between the peak currents 
(i) and the scan rates (v). A b-value approaching 1 indicates that the 
capacitive contribution is dominant, while it closer to 0.5 suggests that 
diffusion-controlled processes is dominant. For the P-Si/C/Bi electrode, 
the b-values of the redox peaks in the CV curve were fitted (Fig. S18a). 
The slopes of the fitting curves for the oxidation peak and the reduction 
peak are 0.859 and 0.856 respectively. Eq. (2) is utilized to quantita
tively analyze the contributions of capacitance and diffusion to the 
current at various scan rates. In this equation, k1v represents the 
capacitive-contribution term, and k2v1/2 represents the diffusion- 
contribution term. We acquire the corresponding values of k1v and 
k2v1/2 by fitting the cyclic voltammetry (CV) curves at different scan 
rates (Fig S18b). Fig. 4b reveals that lithium storage in P-Si/C/Bi is 
primarily influenced by capacitive contributions, which increase from 
61.31 % at 0.2 mV s− 1 to 78.64 % at 1.0 mV s− 1. Electrochemical 
impedance spectroscopy (EIS) is performed on the three electrodes at 
varying temperatures (25–65℃) to evaluate ion transport behavior and 
activation energy. The Nyquist diagram consists of a semicircular region 
and a slash line, where the semicircular region represents the charge 
transfer resistance Rct at high frequency, and the slash line represents the 
low frequency Warburg impedance, indicate that increasing tempera
ture reduces Rct, promoting faster Li⁺ diffusion (Fig. S19), Among them, 
as shown Table S4, at room temperature, the Rct value of P-Si/C/Bi is 79 
Ω, which is lower than that of P-Si/C (413.7 Ω) and Si/C (203.7 Ω). The 
Arrhenius equation is often used to describe the exponential relationship 
between temperature and chemical reaction rate [84]: 

k = A⋅e− Ea/(RT) (3) 

Where k represents the reaction rate constant, A is the pre- 
exponential factor indicating the frequency of reactions under ideal 
conditions, Ea is the activation energy required to overcome the energy 
barrier, R is the ideal gas constant, in the specific calculation, the 
Boltzmann constant kB should be used. T is the absolute temperature in 
Kelvins. As T increases, the term -Ea/(RT) decreases, causing k to rise. 
This explains why chemical reactions proceed more rapidly at higher 
temperatures. By fitting semi-logarithmic function relationship between 
ion conductivity ln100σT (SK cm− 1) and 1000T− 1 (K− 1) (Fig. 4c), P-Si/ 
C/Bi, P-Si/C and Si/C slopes are − 4.16, − 6.36 and − 6.75, respectively. 
P-Si/C/Bi exhibited the lowest activation energy (0.36 eV), compared to 
0.55 eV for P-Si/C and 0.58 eV for Si/C (Fig. 4d). underscoring the role 
of Bi incorporation and plasma ball milling in reducing the energy 
barrier and enhancing reaction kinetics. The Li+ diffusion coefficient 

(DLi+) is further studied by GITT, the corresponding formula is listed as 
follow [85] 

DLi+ =
4
πτ

(
mBVM

MBA

)2(ΔES

ΔEτ

)2

(4) 

Where mB is defined as the mass of the active material, MB is the 
molar mass of the active material, VM is the molar volume, A is the 
electrode area, and ΔES and ΔEτ are the voltage change amounts in 
different stages, respectively. Fig. 4e shows the voltage profiles of P-Si/ 
C/Bi, P-Si/C and Si/C during charging and discharging, and the corre
sponding DLi+ values calculated from the GITT results (Fig. 4f and g) 
confirming the improved Li⁺ diffusion in P-Si/C/Bi compared to P-Si/C 
and Si/C. Compared with the reported materials, the lithium-ion diffu
sion coefficient and activation energy of P-Si/C/Bi are superior to those 
of some reported materials. (Tables S5 and S6). This enhancement is 
attributed to the reduced activation energy and optimized vacancy 
structure. In-situ XRD measurements are conducted during the charge/ 
discharge process to elucidate the lithium storage mechanisms. Fig. 4h 
shows the XRD patterns and corresponding voltage profiles, where peaks 
at 23.7◦, 31◦, and 37.5◦ are associated with the formation of LixSi, LixC, 
and LiBi [6] respectively. These phase transitions align well with the 
charge-discharge platforms, demonstrating improved electrochemical 
reversibility and structural stability of the P-Si/C/Bi electrode during 
cycling.

Fig. 5a-c and Fig. S20 display the cross-sectional thickness of the 
electrodes after cycling, elucidating the effects of plasma ball milling 
and Bi metal incorporation on the volumetric expansion behavior of 
silicon during cycling. After 10 cycles, the cross-sectional thicknesses for 
P-Si/C/Bi, P-Si/C, and Si/C electrodes are measured at 32.5 μm, 33 μm, 
and 42.5 μm, corresponding to expansion ratios (ER) of 18.18 %, 37.5 %, 
and 41.67 %, respectively. After 100 cycles, the cross-sectional thick
nesses increase to 39 μm, 40.5 μm, and 71 μm, with expansion ratios of 
41.81 %, 68.75 %, and 136.7 %. The significantly lower ER of P-Si/C/Bi 
highlights its superior structural stability compared to P-Si/C and Si/C. 
Electrode surface analysis post-cycling, as depicted in Fig. S21, further 
underscores this stability. After 10 cycles, substantial cracks were 
observed on Si/C electrode surfaces, while minimal cracking is evident 
on P-Si/C and P-Si/C/Bi. Following 100 cycles, the cracks on the Si/C 
surface had widened significantly, and some cracks appeared on P-Si/C. 
However, the P-Si/C/Bi surface showed only a few fine cracks, which is 
crucial for maintaining stable contact between the current collector and 
the electrode material. The EIS results post-cycling also demonstrated 
markedly higher impedance levels in Si/C electrodes compared to P-Si/ 
C/Bi and P-Si/C (Fig. S22), further confirming the structural and elec
trochemical advantages of the P-Si/C/Bi electrode. To evaluate the 
thermal stability of the P-Si/C/Bi composite anode under high-rate 
cycling conditions, we conducted Differential Scanning Calorimetry 
(DSC) and Thermogravimetric Analysis (TGA) tests (Fig. S23). The DSC 
results indicate that the heat flow curve remains stable during high-rate 
cycling, with no significant endothermic or exothermic peaks. This 
suggests the absence of strong chemical reactions or phase transitions, 
highlighting the material’s improved thermal stability. Additionally, 
TGA analysis shows negligible mass loss within the tested temperature 
range, further confirming the composite’s stability under high- 
temperature conditions. To verify its practical feasibility, P-Si/C/Bi is 
paired with nickel-cobalt-manganese oxide (NCM811) to construct a full 
battery system. As shown in Fig. S24a, the battery retained a high 
reversible capacity of nearly 400 mA h g− 1 after 50 cycles at a current 
density of 100 mA g− 1. The voltage-specific capacity curves of the P-Si/ 
C/Bi//NCM811 reveal an average discharge plateau at≈3.6 V within a 
voltage window of 2.8–4.3 V, demonstrating the promising potential of 
the P-Si/C/Bi anode for practical application of LIBs (Fig. S24b).

COMSOL Multiphysics simulations (Fig. 5d-i and Fig. S25–26) reveal 
the mechanism underlying the enhanced mechanical stability of the 
anode affected by size changes, lithium concentration distribution, and 
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stress states of individual anode particles during lithiation [86,87]. 
Table S7 provides details on the simulation parameters, including the 
lithium diffusion coefficient, material composition (mass fraction), and 
Young’s modulus. The input parameter is the external lithium concen
tration, while the stress originates from strain induced by lithium 
insertion, with a lithium insertion strain coefficient of 8.85 cm³/mol. 
The Young’s modulus value corresponds to that of lithium metal. This 
single-particle simulation serves as a qualitative analysis, where the 
parameters do not affect the comparative results but only influence the 
absolute values. During discharge, lithium insertion begins at the par
ticle surface and progresses inward, forming a concentration gradient 
that induces varying degrees of volume expansion and stress. Fig. 5d-f 

show the Li concentration distribution in the P-Si/C/Bi anode at 
different depths of discharge (DODs: 0.2, 0.6, 1.0). The results show that 
the Li concentration in P-Si/C/Bi particles is more uniform and reaches 
higher overall levels compared to P-Si/C (Fig. S25) and Si/C (Fig. S26) 
anodes at the same DOD. The P-Si/C/Bi anode exhibits rapid lithium 
homogenization, while P-Si/C and Si/C anodes display slower lithium 
diffusion and pronounced phase boundaries between Li-rich and Li-poor 
regions. This uneven lithium distribution leads to greater volume strain 
variations in the Si/C anode, moderate strain in the P-Si/C anode, and 
highly uniform volume strain P-Si/C/Bi (Fig. 5i). The non-uniform 
lithiation-induced expansion observed in P-Si/C and Si/C anodes 
resulted in elevated Von Mises stress levels, increasing the likelihood of 

Fig. 5. Structural evolution and stress analysis of the P-Si/C/Bi electrode during cycling. (a-c) SEM cross-section profiles of the P-Si/C/Bi electrodes in its initial state, 
after 10 cycles, and after 100 cycles, respectively. (d-f) Finite element simulations showing the lithium concentration distribution within the P-Si/C/Bi anode at 
varying depths of lithiation. (g-i) Corresponding Von Mises stress distribution in the P-Si/C/Bi anode at different depths of lithiation. The diameter of each single 
particle is 5 μm.
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mechanical failure. In contrast, the P-Si/C/Bi anode maintains lower 
stress levels and uniform volume strain, underscoring its superior 
structural resilience during cycling. Beyond theoretical simulations, we 
carried out tensile stress-strain tests on the electrodes. As depicted in the 
Fig. S27, P-Si/C/Bi exhibits the highest tensile strain (5.43 %), 
compared to Si/C (5.01 %) and P-Si/C (5.26 %). This indicates that 
P-Si/C/Bi can undergo significant plastic deformation, dispersing and 
consuming stress to alleviate stress concentration. This property en
hances the mechanical stability and electrochemical performance of the 
electrode materials, with significant implications for developing 
high-performance lithium-ion batteries.

3. Conclusions

This study establishes a pioneering framework for advancing silicon- 
based anodes in lithium-ion batteries by leveraging plasma-assisted 
vacancy engineering and strategic bismuth integration. Through 
plasma-assisted ball milling, a defect-rich P-Si/C/Bi composite was 
synthesized, effectively addressing silicon’s intrinsic challenges of se
vere volume expansion and mechanical instability during cycling. The 
incorporation of bismuth not only stabilizes the silicon matrix but also 
mitigates mechanical strain, enabling enhanced capacity retention and 
prolonged cycle life. The P-Si/C/Bi anodes exhibit exceptional lithium- 
ion diffusion, superior conductivity, and uniform strain distribution, 
significantly reducing particle fracture risks. Finite element simulations 
reveal markedly lower Von Mises stress in P-Si/C/Bi compared to P-Si/C 
and Si/C, underscoring its outstanding mechanical stability. Achieving 
discharge capacities of 1442 mA h g⁻¹ after 300 cycles at 0.5 A g⁻¹ and 
546.5 mA h g⁻¹ after 1000 cycles at 7.0 A g⁻¹, the anodes demonstrate 
remarkable durability and electrochemical performance. Beyond tech
nical advancements, this work introduces a sustainable solution to 
repurpose photovoltaic silicon waste, promoting circular economy 
principles by transforming discarded materials into high-value anode 
components. This dual approach of bismuth enhancement and vacancy 
engineering not only redefines silicon’s potential in energy storage but 
also aligns with global sustainability objectives, setting a new bench
mark for green energy innovations.

4. Experimental section

Preparation of materials: The waste solar cells, supplied by SCI Ma
terials Hub without further purification, were cut into micro-modules 
and loaded in a reactor containing organic solvents. The modules were 
heated at 190 ℃ for 2 h to remove the surface toughened glass and 
Ethylene-Vinyl Acetate Copolymer (EVA) layer, then crushed with a 
mortar to obtain waste silicon powder. To eliminate surface impurities, 
the silicon powder was treated with phosphoric acid and hydrochloric 
acid to remove Ag, Al and anti-reflective coating (ARC) layers. The 
purified silicon powder was transferred into a ball mill tank with a ball- 
to-powder mass ratio of 80:1. For composite preparation, graphite and 
bismuth metal were purified powders. Plasma ball milling was 
employed for P-Si/C/Bi and P-Si/C composites, while Si/C was prepared 
by conventional planetary ball mill. The milling process was conducted 
for 12 h at a rotational speed of 600 rpm. Among them, the high-voltage 
input current of the plasma generator is 1.4 A, the high-voltage input 
voltage is a pulsed voltage of 23,000 V, and the material of the ball 
milling jar is stainless steel.

Material Characterization: The fine structural details and morphology 
of the samples were collected by a ZEISS Gemini-SEM 300 scanning 
electron microscope (accelerating voltage: 15 kV) and a JEOL-2100F 
high-resolution transmission electron microscope (HR-TEM, acceler
ating voltage: 200 kV). Atomic force microscopy (AFM) was used to 
analyze the topography, particles size, and particles size distribution. X- 
ray photoelectron spectroscopy (XPS) was conducted using an ESCALAB 
250Xi system. X-ray diffraction (XRD, Rigaku D/MAX 2200 V) patterns 
were achieved with a Rigaku D/MAX 2200 V diffractometer using Cu Ka 

radiation over a 2θ range of 5◦− 85◦ at a scanning rate of 8◦ min− 1. In-situ 
XRD test was carried out using a Swagelok cell equipped with a beryl
lium window.

Electrochemical Section: The electrochemical performance of the three 
samples was evaluated using prepared standard CR-2032-coin cells 
(H2O < 10− 2 ppm, O2 < 10− 2 ppm) assembled in a glovebox filled with 
argon gas. The electrodes in the half cell were prepared by mixing the 
active materials, carboxy-methyl-cellulose sodium and conductive car
bon with a mass ratio of 6:2:2. The electrode materials were coated on a 
copper foil and dried under vacuum at 80 ◦C for 12 h. The areal mass 
loadings of the electrode materials on the copper foil were about 1.0–1.3 
mg cm− 2. Celgard 2400 served as the separator, and pure Li metal was 
used as the counter electrode. Each coin cell was assembled with 50 μL 
of electrolyte, consisting of 1 M LiPF6 dissolved in a 1: 1 (v/v) mixture of 
ethylene carbonate (EC) and diethyl carbonate (DEC), with fluoro
ethylene carbonate (FEC) as an additive. Cyclic voltammetry (CV) was 
performed using a CHI 660D workstation at a scan rate of 0.2 mV s− 1 

within a scan range of 0.01–3.0 V vs Li+/Li. Constant current charge/ 
discharge measurements were conducted at room temperature over the 
same voltage range using a Neware battery testing system. Electro
chemical impedance spectroscopy (EIS) was also performed using the 
CHI 660D workstation, with a frequency range of 100 kHz to 0.01 Hz. 
NCM811 powder was mixed with conductive carbon and polyvinylidene 
fluoride (PVDF) in a 9:0.5:0.5 wt ratio, dispersed in N-methyl-2-pyrro
lidone (NMP), and coated onto aluminum foil. The electrodes were 
vacuum-dried at 120 ◦C overnight. Full cells were assembled with 
NCM811 as the cathode and the pre-cycled anode (charged/discharged 
for five cycles before assembly) in a weight ratio of 1:4. The electrolyte 
used was the same as in the half-cells (1 M LiPF₆ in EC: DEC with FEC).
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