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H I G H L I G H T S  

• Spherical jackfruit structure reduces anode surface area exposed to electrolyte. 
• Scalable method to recycle Silicon scrap to produce a high-performance anode. 
• Pre-lithiation strategy to improve first-cycle losses for practical applications. 
• Novel Titration Gas Chromatography (TGC) used to differentiate trapped Li and SEI. 
• EIS was used to study impedance growth and Cryo-FIB-SEM to study void formation.  
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A B S T R A C T   

The growth of the semiconductor and solar industry has been exponential in the last two decades due to the 
computing and energy demands of the world. Silicon (Si) is one of the main constituents for both sectors and, 
thus, is used in large quantities. As a result, a lot of Si waste is generated mainly by these two industries. For a 
sustainable world, the circular economy is the key; thus, the waste produced must be upcycled/recycled/reused 
to complete the circular chain. Herein, we show that an upcycled/recycled Si can be used with carbon as a 
composite anode material, with high Si content (~40 wt%) and loading of 3–4 mAh/cm2 for practical use in 
lithium-ion batteries. The unique spherical jackfruit-like structure of the Si–C composite can minimize the total 
lithium inventory loss compared to the conventional Si–C composite and pure Si, resulting in superior electro-
chemical performance. The superior electrochemical performance of Si–C composites enables the cell energy 
density of ~325 Wh kg− 1 (with NMC cathode) and ~260 Wh kg− 1(with LFP cathode), respectively. The results 
demonstrate that Si-based industrial waste can be upcycled for high-performance Li-ion battery anodes through a 
controllable, scalable, and energy-efficient route.   

1. Introduction 

The demand for higher energy density lithium-ion batteries (LIBs) 
has pushed the need to develop higher capacity materials for cathode 
and anode. On the anode side, alloy-based materials such as Silicon (Si), 
Germanium (Ge), Tin (Sn), and Aluminum (Al) have been explored 
[1–3]. The Si delivers a high specific capacity (3579 mAh/g) as the 
highest among different alloying type anode active material [4], which 

is quite promising in high energy density LIBs. However, the practical 
usage of Si anode has been impeded by severe capacity fade due to the 
large volume change (400%) upon cycling [5]. Several structural design 
strategies have been proposed to prevent volume expansion, such as Si 
nanowires via Mg Reduction-Electrospun method [6,7], core-shell 
models by coating C on Si surface through pyrolysis, carburization 
methods [8–10] and Si nanolayers with embedded carbon or graphite 
[11,12] . While these strategies are proven to own high Si content and 
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are effective at the small-scale, large-scale adaptation of these strategies 
with acceptable cycle stability is still far from reality. This is mainly due 
to the complex synthesis routes and economics involved in 
manufacturing, together with the high requirement on performance in 
practical batteries. 

To balance out the specific capacity and cycle stability, several 
groups have used Si–C-based composite anodes rather than pure Si an-
odes. Specifically, using amorphous carbon (C) as a component along 
with Si effectively solves the issues of complex synthesis routes and 
economics while reducing the capacity fade of Si-based anode. Kwon 
et al. [13] used a microemulsion method to make a hybrid dual carbon 
matrix Si–C composite structure using corn starch biomass as a carbon 
precursor. In this work, the reported volume expansion of the Si–C 
electrode was 180% after 500 cycles when compared to the pristine state 
in the half cell. Wang et al. [14] synthesized monodisperse Si and C 
spheres using magnesiothermic reduction and chemical vapor deposi-
tion (CVD), which allowed homogeneous stress-strain distribution dur-
ing electrochemical cycling. Chae et al. [15] used a process by which 
petroleum pitch was impregnated inside porous Si to form a porous Si–C 
nanocomposite. The reported volume expansion was 110% after 49 
cycles compared to the pristine state in the half cell. Liu et al. [16] 
synthesized a hierarchical pomegranate-inspired Si–C structure to tackle 
the problems of the Si anode. Though most of these works of Si–C in the 
literature reduce the high stress and strain induced by the volume 
expansion, they generally focused on the half-cell performance. Also, the 
structures were synthesized through tedious processes with expensive 
raw materials. 

To address the above-mentioned scalability and economy issues of Si 
based anode materials for LIBs, recycling/upcycling Si materials from 
other industries should be taken into consideration. In fact, photovoltaic 
and semiconductor sectors rely heavily on crystalline high-purity Si 
(~99.9999%); photovoltaic panels have a lifespan of 30 years. By 2050, 
80 million tons of solar panels would have reached the end of life [17]. 
The decommissioned panels, discarded electronic chips, and semi-
conductor devices contain many toxic and valuable materials, such as 

high-purity silicon, silver, and copper, which require careful processing 
before dumping in the landfill. Therefore, innovative recycling and 
upcycling solutions are necessary to fully harness the value of these 
materials, thereby enabling a ‘circular economy’ [17]. This also brings 
down the future cost of solar panels and semiconductor devices, 
enabling a transition into a truly renewable economy. In the literature, 
there have been several works to upcycle silicon scrap to produce value 
added anode materials. Jin et al. [18] used transferred arc thermal 
plasma method to upcycle silicon scrap collected from photovoltaic cell 
manufacturing process to produce nano silicon powder to be used as 
anode for LIBs. Kasukabe et al. [19] reported a method by which silicon 
saw dust waste from silicon ingot preparation is converted into silicon 
nanoflakes by means of beads milling. The flaky framework was porous 
in nature to accommodate charge-discharge stress and had excellent 
cycling stability. Fan et al. [20] prepared micro Si@C anodes by recy-
cling lamellar sub-micron silicon from kerf slurry waste using hydro-
thermal method. Lu et al. [21] introduced a method to convert 
photovoltaic monocrystalline silicon waste into hierarchical silicon/-
flake graphite/carbon composite. In most of these works in the litera-
ture, apart from having complex routes to upcycle the silicon scrap, 
additional processing steps were used to make complex structures to 
reduce the problems associated with pure silicon-based anode. There-
fore, even though there is a proof-of-concept to upcycle the silicon 
waste, economically feasible large scale production (≫1 kg/week) of 
upcycled silicon based anode is hardly realized. 

Herein, we study the spherical Si–C ‘jackfruit-like’ composite mate-
rials, developed through a scalable approach using repurposed Si from 
semiconductor/solar waste. The detailed process is demonstrated in 
Fig. 1. A liquid milling process is first conducted on the Si waste from 
solar/semiconductor industries to obtain pure Si powder with a 
designed particle size. The size-reduced Si is then transferred to mix with 
C precursor and pyrolyzed under inert atmosphere to form the Si–C 
composite with a spherical jackfruit-like structure. The unique structure 
of the Si–C composite is proven to benefit cycling performance for the 
following reasons: 1) the amorphous carbon matrix of the spherical 

Fig. 1. Schematic describing the recycling process chain of Si scrap and features of the spherical jackfruit-like structure.  
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jackfruit-like structure serves as a cushion to withstand volume expan-
sion and contraction cycles of nano Si particles embedded in it. 2) The 
carbon matrix also serves as a protective shell for the Si particles and 
exposes less surface area to the electrolyte. 3) The well-connected 
electronic pathway facilitates electron diffusion through the particles 
and prevents the formation of trapped Li upon extended cycling [5]. It is 
found that the as-achieved Si–C composite with 80 nm Si particle size 
showed a high lithiation capacity of 1400 mAh g− 1 at 0.14 A g− 1 with a 
loading of ~3–4 mAh cm− 2. By pairing with NMC 622 and LFP cathode, 
the cells delivered 80% capacity retention after 100 cycles. The Si–C 
composite from recycled Si shows great potential in commercial appli-
cations for next-generation LIBs and can be considered to have a similar 
cost per kWh as that of commercial graphite anode. 

2. Experimental methods 

2.1. Si 150@C and Si 80@C powder preparation 

The source of the silicon feedstock used in the production of the Si–C 
composite is a mixture of photovoltaic and semiconductor-grade silicon 
scrap. The silicon feedstock vendor (ADVANO Inc) converted this scrap 
to purified silicon up to 3 N purity using an acid treatment process, 
followed by conversion to micron-sized powder using a dry pulveriza-
tion process. The manufacturer of the Si–C composite (ADVANO Inc) 
used a three-step process to convert the feedstock into an Si–C com-
posite. Certain details of the different stages of the process are pro-
prietary to the manufacturer, but general details of the process are 
provided here. The micron-sized purified silicon feedstock powder is 
first reduced in size using a wet grinding process (in the presence of 
organic solvents) to generate a suspension of surface-functionalized 
silicon nanoparticles. A blend of polymeric carbon precursors and ad-
ditives is then mixed in the silicon nanoparticle suspension. This sus-
pension of silicon nanoparticles, carbon precursors, and additives is 
subjected to an atomization process by which an intermediate granu-
lated product of spherical Si–C composite particles are generated. This 
intermediate product is subjected to a high temperature heat treatment 
process to reduce the carbon precursor to an amorphous carbon. The 
final Si–C composite powder is obtained after the end of the heat 
treatment process. 

2.2. Electrode cast preparation 

Two types of anode laminates, namely Si 150@C and Si 80@C, were 
supplied by ADVANO Inc, which consisted of active material (70% by 
weight), conductive additive (15% by weight), and binder (15% by 
weight). The 150 and 80 labels represent the primary Si nanoparticle 
sizes in the composite particle. The active material for this study was 
made from Si waste supplied by a producer of metallurgical grade sili-
con. A proprietary ADVANO formulation and method were utilized to 
prepare the active material of the spherical Si–C jackfruit-like compos-
ite. For the control experiment, electrode cast consisting of primary nano 
Si and carbon mixture—obtained after milling the powder with spher-
ical jackfruit-like structure in the Thinky Mixer (particle size of primary 
nano Si is 150 nm (ADVANO Inc), active material—70% by weight), 
Super C-65 (MTI) as conductive additive (15% by weight) and Poly-
acrylic Acid (Mv 450,000, Sigma Aldrich) as binder (15% by weight) 
was prepared. The electrode cast mixture was dispersed in N-Methyl-2- 
Pyrrolidone (NMP) and mixed using a Thinky Mixer at 2000 rpm for 1 h. 
The obtained slurry was cast onto a copper foil using the Doctor blade 
and was dried for 10 h at 120 ◦C under vacuum to remove the NMP. 

2.3. Electrochemical testing 

For the half-cell testing, a working electrode (9.5 mm in diameter) 
was assembled into a 2032 type coin cell in an Ar-filled glove box. Li 
metal (1 mm thick) was employed as the counter electrode. The 

electrolyte was 1.2 M LiPF6 in Ethylene Carbonate (EC): Ethyl Methyl 
Carbonate (EMC) = 3:7 (wt.%) +10 wt% Fluoroethylene Carbonate 
(FEC)+1 wt% Lithium difluorophosphate (LiPO2F2). The anode half-cell 
was discharged at 0.1C to 10 mV, with constant voltage at 10 mV until 
C/20 and then charged at 0.1C to 1.5 V (for the first 2 formation cycles). 
For subsequent cycles, the anode half-cell was discharged at 0.3C to 10 
mV, with Constant Voltage at 10 mV until C/20 and then charged at 0.3C 
to 1.5 V. For the full cell testing, the negative electrode was paired with 
LiNi0.6Mn0.2Co0.2O2 (NMC622) cathode (areal loading ~3.7 mAh/cm2) 
and LiFePO4 (LFP) cathode (areal loading ~3 mAh/cm2) (NMC622 from 
Targray, LFP from NEI, 90 wt% active material, with 5 wt% C-65 carbon 
as conductive agent, and 5 wt% PVDF as binder) and assembled in a 
2032 type coin cell in Ar-filled glovebox. For NMC622 cathode testing, 
the half cell was charged to 4.3 V at C/10 and then discharged to 3 V at 
C/10 for 2 cycles. For the subsequent cycles, the cell was charged to 4.3 
V at 0.3C and then discharged to 3 V at 0.3C. For LFP cathode testing, 
LFP half-cell was charged to 3.6 V at C/10 and then discharged to 2 V at 
C/10 for 2 cycles. For the subsequent cycles, LFP half cell was charged to 
3.6 V at 0.3C and then discharged to 2 V at 0.3C. The NMC622 full-cell 
was charged at 0.1C to 4.2 V, with Constant Voltage at 4.2 V until C/40 
and then discharged at 0.1C to 2.7 V (for the first 2 formation cycles). 
For subsequent cycles, the full cell was charged at 0.3C to 4.2 V, with 
Constant Voltage at 4.2 V until C/40 and then discharged at 0.3C to 3 V. 
The LFP full cell was cycled between 2 V and 3.6 V at C/10 for the first 
two cycles and C/3 for subsequent cycles. The N/P ratio used in the 
NMC622 full cells was 1.1–1.2 whereas for LFP full cells was 1.3–1.4. 

2.4. Pre-lithiation 

For pre-lithiation, the mechanical shorting method was employed. In 
this method, a few drops of electrolyte were added on the surface of the 
punched anodes. Li metal chip was placed on top of the electrode and a 
200 g ‘weight’ was placed on top of the Li metal chip. This setup was 
kept idle for 10 min, after which the pre-lithiated electrode was obtained 
and washed with the Dimethyl Carbonate solvent to remove excess salt 
and solvent before assembling the pre-lithiated full cell. 

2.5. Characterization 

2.5.1. Titration Gas Chromatography (TGC) 
The TGC experiments were performed using a Shimadzu GC-2010 

Plus Tracera equipped with a barrier ionization discharge (BID) detec-
tor. The Split temperature was kept at 200 ◦C with a split ratio of 2.5 
(split vent flow: 20.58 ml min− 1, column gas flow: 8.22 ml min− 1, purge 
flow: 0.5 ml min− 1). Column temperature (RT-Msieve 5A, 0.53 mm) was 
kept at 40 ◦C, and the BID detector was held at 235 ◦C. Helium 
(99.9999%) was used as the carrier gas, and the BID detector gas flow 
rate was 50 ml min− 1. The electrode sample was put in a septum sealed 
glass vial, and after injecting the 0.5 mL acetic acid/ethanol (200 proof 
anhydrous), the sample gases (30 μL) were injected into the machine via 
a 50 μL Gastight Hamilton syringe. 

2.5.2. Scanning electron microscopy (SEM) 
The SEM was conducted on the FEI Apreo SEM; the coin cells were 

disassembled in the Ar-filled glovebox after cycling. The samples were 
transferred to the SEM chamber for cross-section analysis and surface 
analysis with minimal exposure to air. The electron beam operating 
voltage was 5 kV and the operating current was 0.1 nA. 

2.5.3. Cryogenic dual beam focused ion scanning electron microscopy 
(Cryo FIB-SEM) 

The FIB-SEM was conducted on the FEI Scios Dual-beam microscopy; 
the samples were disassembled in the Ar-filled glovebox after cycling. 
The samples were transferred to the FIB chamber without any exposure 
to air. The electron beam operating voltage was 5 kV, and the stage was 
cooled with liquid nitrogen to − 180 ◦C. Sample cross-sections were 
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exposed using a 1 nA ion beam current and cleaned at 0.1 nA. 

2.5.4. X-Ray Diffraction (XRD) 
To investigate the crystal structure of the composite particles, X-Ray 

Diffraction (XRD) was conducted with a Rigaku Smart Lab Diffractom-
eter. The scan speed was 2 s and the scan step was 0.02 deg with Braggs- 
Brentano Focusing Mode. The μSi and Nano Si powders (Alfa Aesar) 
were used to generate baseline XRD pattern. 

2.5.5. Electrochemical Impedance Spectroscopy (EIS) 
The EIS measurements were performed from 1 MHz to 10 mHz with 

an applied potential of 10 mV using Bio-Logic VSP 150 at 25 ◦C. The 
results were fitted using Z-View Software. 

2.5.6. Thermogravimetric analysis and differential scanning Calorimetry 
(TGA/DSC) 

The TGA/DSC Analysis was performed using SDT 650 machine. The 
temperature increased from 50◦C to 1000 ◦C at the rate of 10 ◦C/min in 
air. 

2.5.7. Raman Spectroscopy 
The Raman Spectroscopy measurements were performed using 

Renishaw inVia Raman Microscope. The measurements were run using a 
532 nm green laser source with 1800 L mm− 1 grating and with 20×
magnification. The μSi, Graphite and Hard Carbon powders were used to 

generate baseline Raman Spectra. 

3. Results and discussion 

3.1. Structure, morphology, and composition of Si 150@C and Si 80@C 
composite 

The structural morphology of the two types of Si–C composite sec-
ondary particles (Si 150@C and Si 80@C) were characterized using SEM 
(Figure S1 (a and b)) and FIB-SEM (Fig. 2 (d and e)). From the SEM 
images, the secondary particle distribution is similar for Si 150@C and 
Si 80@C powders, with larger secondary particles being 10–13 μm and a 
higher percentage of particles <2 μm. However, from FIB-SEM images, it 
can be confirmed that Si 150@C has a larger primary particle size 
(primary particle~150 nm) when compared to Si 80@C (primary par-
ticle size ~80 nm). To quantify the porosity of the uniquely designed 
structure, 3D reconstruction was done to obtain the 3D Tomography 
model (Supplementary Video 1). The green color in the 3D Tomography 
image indicates the ‘pores’ in the Si 150@C secondary particle whereas 
yellow color indicates the Silicon–Carbon composite material. The 
porosity of Si 150@C was determined to be 18.4%. Further, to determine 
the type of carbon in these composites, Raman measurement was per-
formed for Si 150@C powder and compared with the Raman Spectra 
obtained for hard carbon, graphite, and commercial micro-Si powder 
(Figure S1 (c)). From the Raman Spectra, Si 150@C showed the 

Fig. 2. TGA/DSC of (a) Si 150@C and (b) Si 80@C. XRD of (c) Si 150@C and Si 80@C with μSi and nano Si as reference. Cryo-FIB-SEM of cross-section of secondary 
particle of (d) Si 150@C and (e) Si 80@C 
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crystalline Si peak at 520 cm− 1 and Si–OH peak at 947 cm− 1, consistent 
with the Raman spectra of commercial μSi powder. Also, between 1300 
cm− 1 and 1600 cm− 1, the Raman spectra of Si 150@C were similar to 
that of hard carbon, indicating that the composite structure has hard 
carbon with an ID/IG ~0.994. The composition of the secondary particle 
was analyzed using TGA/DSC (Fig. 2 (a and b)). From the compositional 
analysis using TGA/DSC, there was a weight loss of 47.78% and 47.17% 
at 600 ◦C for Si 150@C and Si 80@C, respectively, which corresponded 
to the carbon content. This corresponds to the formation of CO2, which 
corresponds to the carbon content of the Si–C composite. Further, there 
was a formation of SiO2 beyond 1000 ◦C, and the increase in weight was 
46.75% and 33.70%, respectively, for Si 150@C and Si 80@C. This 
weight increase corresponds to the Si content of the Si 150@C and Si 
80@C. The Oxygen amount of the composite structure was also quan-
tified using TGA/DSC as explained in Note S1. These results show that Si 
150@C has a higher Si (46.75%) and lower Oxygen content (6%) 
whereas Si 80@C has a lower Si (33.7%) and higher Oxygen content 
(12%). The corresponding EDS mapping of the individual Si–C com-
posite secondary particle from two samples (Figure S2 (a and b)) shows 
homogeneous distribution of Si and Carbon in the composite structure. 

The XRD was performed on Si 150@C and Si 80@C to determine the 
crystal structure of the particles. Fig. 2 (c) shows that both the composite 
materials show crystalline Si signals as observed in μSi and nano Si. 
There were no carbon/graphitic signals observed in the XRD pattern 
indicating that carbon in the composite was amorphous in nature. 

3.2. Electrochemical performance of Si 150@C and Si 80@C composite 

A comparative study on electrochemical performance with pure 
nano Si (Nano Si (150)), nano Si/carbon mixture (Si/C), Si@150, and 
Si@80 were conducted to understand the morphology influence. From 
Fig. 3 (a), it can be seen that the initial Columbic Efficiencies (ICEs) of 
Nano Si (150) and Si/C were 73.34% and 75.52%, respectively. In 
contrast, the ICEs of Si 150@C and Si 80@C were 86.85% and 83.37%, 
respectively. The data indicate that the spherical jackfruit-like second-
ary particle structure can lower the initial capacity losses in the 

electrode level so that the ICE can be improved. Both samples gave an 
initial lithiation capacity more than 1400 mAh g− 1 with an areal loading 
of ~3–4 mAh cm− 2, while the Si 80@C had slightly lower capacity 
(1400 mAh g− 1) than Si 150 @C (1600 mAh g− 1). The reduction in ICE 
and lithiation capacity were possibly due to the slightly increase in ox-
ygen content and the overall surface area increase of the nano Si parti-
cles when the particle size was smaller. From the cycle performance 
shown in Fig. 3 (b), the capacity retention for Nano Si (150) and Si/C 
were 56% and 33.85%, with the corresponded average CEs 97.81% and 
96.34%, respectively. For Si 150@C, the capacity retention was 75.79% 
after 20 cycles, and the average CE was 98.47%. This data further 
confirms the integrity of the spherical jackfruit-like structure in reducing 
capacity loss. Si/C composite is a mixture of Si and C powder which does 
not have a spherical jackfruit-like structure. Therefore, the absence of 
carbon cushion leads to exposure of silicon particles to the electrolyte 
compared to the Si 150@C and Si 80@C, resulting in more active Li loss 
due to SEI formation. Additionally, severe volume expansion can cause 
delamination and loss of electronic pathways, leading to trapped Li. In 
contrast, a spherical jackfruit-like structure provides a carbon cushion 
that dissipates stress due to volume expansion and builds a 3D electronic 
pathway, ensuring good cyclability. When the primary particle size was 
reduced to 80 nm, in the case of Si 80@C, the capacity retention was 
90.42%, and the average CE was 99.11%. The improved capacity 
retention for Si 80@C, when compared to Si 150@C, was possibly due to 
the reduction in primary particle size and the increase in oxygen content 
in the Si–C composite structure, which plays a crucial role in stabilizing 
the interphase [22]. Our previous work also shown that a reduction in 
particle size could reduce the trapped Li [5]. It should also be noted that 
in the Fig. 3 (b), for Si–C composite without the spherical jackfruit like 
structure and also for Nano Si(150), there is a rapid capacity fade due to 
the fact that the silicon particles are not protected by the carbon cushion 
anymore and are exposed to electrolyte. 

The full cell was made using Si 150@C and Si 80@C as the negative 
electrode and NMC622 as the positive electrode. The first cycle voltage 
profile and subsequent electrochemical cycling performance of NMC622 
is shown in Figure S3 (a and b). The designed N/P ratio for the full cell 

Fig. 3. (a) Charge-Discharge profile of Nano Si (150), Si/C, Si 150@C, Si 80@C half-cell at first cycle and (b) following cycle performance (c) Charge-Discharge 
profile of Si 150@C-NMC622 and Si 80@C-NMC622 full cells at first cycle (d) following cycling performance. 
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was 1.1–1.2. From Fig. 3 (c), the ICE for Si 150@C and Si 80@C full cells 
with NMC622 cathode were 79.13% and 70.3% respectively. The lower 
ICE for Si 80@C full cell compared to Si 150@C full cell was consistent 
with the observation in half cell. From Fig. 3 (d), it can be observed that 
the capacity retention for Si 150@C and Si 80@C full cells were 58.95% 
and 71.22% and the average CE was 99.11% and 99.29%, respectively, 
after 100 cycles which were in good agreement with the half-cell data. 
The results presented in Fig. 3 (b and d) demonstrate that the Si 150@C 
and Si 80@C exhibit faster half-cell decay rates compared to full cells. In 
our previous research on micro silicon (μSi) anodes [5], it was noted that 
reducing the region of volume expansion by controlling the state of 
charge can mitigate total lithium inventory losses in silicon-based an-
odes. To achieve this in full cells, we increased the Negative to Positive 
(N/P) ratio which in this case is 1.1–1.2. However, in the half cells 
investigated in this study, we discharged them up to full capacity 

utilization of the anode (constant voltage of 10 mV), which caused 
maximum volume expansion in each cycle and led to poor cyclability, 
similar to running a full cell with a very low N/P ratio. It must be noted 
that pre-lithiation strategy is quite necessary for silicon-based anode to 
substitute for lost Li in the first cycle. [23–25] 

3.3. Quantification of Li inventory loss in half cell 

To study how the Li inventory losses evolve in the Si 80@C and Si 
150@C, the Titration Gas Chromatography (TGC) method was 
employed in half cell system. The Li in the cycled anode is present as 
trapped Li and SEI (Li+), in which only trapped Li can react with the 
protic solvent to generate the H2, and GC can quantify the amount. Our 
previous work established the TGC method for pure Si anode using 
ethanol as the titration solvent because Si is not stable in base solution 

Fig. 4. TGC Data of (a) Si 150@C half cells (b) Si 80@C half cells.  

Fig. 5. (a) EIS results of Si 150@C-NMC 622 full cell at 3rd, 30th and 50th cycle and (b) related impedance value from equivalent circuit, (c) Cryo-FIB-SEM of cross- 
section of Si 150@C secondary particle after 50th cycle. (d) EIS results of Si 80@C-NMC 622 full cell at 3rd, 30th and 50th cycle and (e) related impedance value from 
equivalent circuit, (f) Cryo-FIB-SEM of cross-section of Si 80@C secondary particle after 50th cycle. 
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and water [5]. Sulfuric acid is necessary for quantifying the trapped Li in 
the carbon-based anode [26]. However, sulfuric acid (Kα = 1× 103) 
has higher acidity than HF (Kα = 6.6× 10− 4), therefore, it can react 
with LiF - one of the SEI components to produce HF, which reacts with Si 
to generate additional H2. To accurately quantify the trapped Li in Si–C 
composite, the titration solvent should achieve the following re-
quirements: 1) No base solution or pure water 2) Would not generate HF 
with SEI components, which indicates that the acidity of the solvent 
should be lower than HF. Acetic acid with the acidity of (Kα = 1.8×

10− 5) meets all the requirements. To verify the chemical stability of the 
titration solvent with SEI components and Si–C composite, a compara-
tive study was done with sulfuric acid and acetic acid as the titration 
solvent. The solvents are added to the mixture of the pristine Si–C 
sample and LiF, the results are shown in Figure S4 (a). It was found that 
sulfuric acid produced hydrogen gas upon reacting with LiF and the Si–C 
composite. In contrast, no hydrogen gas was produced with acetic acid 
as the titration solvent, indicating that acetic acid is stable with LiF. 
Therefore, acetic acid was chosen as the titration solvent for the Si–C 
composite electrode. For developing the calibration curve, a control 
experiment was performed where four identical Si 150@C half cells 
were de-lithiated to four different points of de-lithiation (PD-X, where X 
= 1,2,3,4) corresponding to 0.5 mAh, 1 mAh, 1.4 mAh, 2 mAh respec-
tively, as shown in Figure S4 (b). The four cells were disassembled, and 
the Si 150@C electrodes were transferred to penicillin bottles, to which 
acetic acid was added to liberate H2 gas. The liberated H2 gas was 
quantified, and the calibration curve was plotted, as shown in Figure S4 
(c). After the development of the calibration curve, the TGC test was 
conducted on Si 150@C and Si 80@C half cells after 2 formation cycles, 
10 cycles, 30 cycles, and 55 cycles to understand the evolution of lithium 
inventory losses in the half-cell system (Fig. 4 (a) and (b)). For the case 
of Si 150@C half cells, the trapped Li increased from 0.14 mAh cm− 2 

after 2 cycles to 1.379 mAh cm− 2 after 55 cycles, and SEI increased from 
0.52 mAh cm− 2 after 2 cycles to 1.579 mAh cm− 2 after 55 cycles. 
However, for the case of Si 80@C half cells, the trapped Li increased 
from 0.133 mAh cm− 2 after 2 cycles to 0.573 mAh cm− 2 after 55 cycles, 
and SEI increased from 0.666 mAh cm− 2 after 2 cycles to 1.715 mAh 
cm− 2 after 55 cycles. From the data, it can be concluded that when the 
primary particle is reduced inside the secondary particle of Si–C com-
posite, the total Li inventory losses are reduced. Also, there was a sig-
nificant reduction in the trapped Li. 

3.4. Post mortem analysis of composite full cell 

To further understand the differences of the two types of Si–C com-
posite in a full cell with limited Li resource for practical applications, 
Electrochemical Impedance Spectroscopy (EIS) and Cryo-FIB-SEM were 
performed after several charge-discharge cycles. Fig. 5 (a) shows the EIS 
spectra of Si 150@C full cell after different cycle numbers, and Fig. 5 (b) 
shows the corresponding values of equivalent series resistance (Rs) and 
various Charge Transfer Resistances (Rct) obtained from the fitted cir-
cuit. The Rs is generally influenced by components in the cell setup and 
the value of Rs relatively remains constant as the full cell is cycled 
indicating the cells shows good consistency [27]. The various Rct in the 
EIS spectra are a combination of different resistances, i.e., SEI and CEI 
resistances, interphase resistance between carbon matrix and nano Si in 
the jackfruit-like structure. The various Constant Phase Elements (CPEs) 
are the non-ideal capacitive behaviour between different interphases 
such as nano Si and carbon matrix, nano Si and electrolyte, and carbon 
matrix and electrolyte. For Si C@150 full cell, the Rct increases with 
cycle number from 1.721 Ω in 3rd cycle to 12.446 Ω in the 50th cycle. 
Also, it can be seen that after the 3rd cycle, additional CPEs and re-
sistances are required to fit the EIS spectra, indicating the possible for-
mation of new interphases that affect the overall charge transfer process. 
On the contrary, for Si 80@C full cell (Fig. 5 (d) and (e)), a higher value 
of Rct was observed in the case of Si 80@C compared to the Si 150@C at 

the beginning which is possibly due to the higher surface area between 
Si and carbon due to the smaller particle size. However, a lower Rct 
increment from 7.305 Ω in 3rd cycle to 8.202 Ω in 50th cycle is observed 
in Si 80@C full cell, indicating the morphology of the anode preserved 
well upon cycling. 

To understand the morphological evolution of the Si–C composite 
particles upon cycling, the secondary particles of Si 150@C and Si 80@C 
were milled using Cryo-FIB. The milled sections were imaged using SEM 
with backscatter mode as shown in Fig. 5 (c and f) after 50 cycles. The 
‘black’ spots (outlined with yellow color) on the SEM images indicate 
voids possibly formed after cycling. It is clear that Si 80@C has less voids 
formed than the Si 150@C which indicates Si 150@C is more susceptible 
to pulverization than Si 80@C. It was also in good agreement with the 
TGC data that Si 150@C sample shows a higher chance of losing the 
electronic pathway, resulting in more trapped Li formation, compared to 
Si 80@C. At the electrode level, it can be seen that Si 150@C electrode 
undergoes volume expansion of about ~97% after 50 cycles compared 
to the pristine electrode (Figure S5 (a-c)). However, Si 80@C electrode 
undergoes volume expansion of about ~55% after 50 cycles (Figure S5 
(d-f)), which is consistent with the EIS results that the full cell with Si 
150@C electrode show higher interface impedance than Si 80@C 
electrode. 

To summarize the morphological properties, in the full cell system, 
cell impedance grows steadily for Si 150@C-NMC622 full cell after 3 
cycles indicating the formation of new interfaces, which is confirmed by 
the higher percentage of cracks seen in Fig. 5 (c). For the case of Si 
80@C-NMC622 full cell, the cell impedance grows sparingly after 3 
cycles due to the lesser number of interfaces formed, which is consistent 
with the less cracks seen in Fig. 5 (f). The appearance of a higher per-
centage of cracks in Si 150@C electrode in the full cell is further sup-
ported by the higher percentage of volume expansion at the electrode 
level when compared with the Si 80@C electrode. As far as SEI 
composition is concerned on the anode side, FEC as an additive 
decompose prior to the decomposition of EC and EMC owing to its high 
reduction potential due to the fluorination, forming polymeric SEI [28]. 
Thus, it can reduce the decomposition of EC and EMC and also lead to 
reduced consumption of the salt. The SEI primarily consists of the 
following functionalities: aliphatic carbons (C (sp3) based groups), 
carboxyl groups (ROCO), alkoxy groups (RCO), ionic carbonate salts 
(RCO3 

-), inorganic lithium compounds such as Li2CO3. LiF, Li2O, fluo-
rophosphoro oxides (PxOyFz)—which could come from the decomposi-
tion of LiPO2F2 salt additive as well [29]. Due to the presence of 
significant amount of oxygen in the composites for both Si 150@C and Si 
80@C, glassy SEI products such as LixSiyOz can also exist which is 
generally reported for SiOx anodes [30–32]. These glassy products are 
generally irreversible upon formation and have low electronic and high 
ionic conductivities [33]. The irreversibility of products such as LixSiyOz 
leads to low Coulombic Efficiency in the first formation cycle in these 
composites—consistent with our half-cell and full cell data. The surface 
oxide layer can also lead to the formation of surface etched products 
such as SiFx in the presence of fluorine containing additives such as FEC 
and LiPO2F2

29. As far as effect of LiPO2F2 is concerned, it is generally 
used as an additive to stabilize the cycled cathode especially the high 
Nickel layered oxide cathodes [34,35]. However, it has also been re-
ported that LiPO2F2 can have a positive effect on cycling of silicon anode 
by formation of -PO2F2 ions which can continuously protect the silicon 
surface upon cycling [36] 

3.5. Pre-lithiation strategy to reduce the first cycle loss in full cell for 
practical applications 

Considering the insufficient ICE when using Si based anode, the pre- 
lithiation strategy was applied on the Si 80@C electrode and paired with 
LFP cathode for demonstration. The LFP was chosen as the cathode 
because previous reports have suggested overcharging issues (highly de- 
lithiated states) in NMC based cathodes in practical applications [37], 
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thereby not giving a true picture of Si 80@C electrode’s performance in 
full cell for practical application. Also, LFP is the most widely used 
Co-free Li ion battery cathode in the market. The first cycle voltage 
profile and subsequent electrochemical cycling performance of LFP is 
shown in Figure S3 (c and d). The full cell was designed for N/P ratio =
1.4 before pre-lithiating the Si 80@C electrode. Also, a reference full cell 
with LFP cathode was assembled with N/P ratio = 1.4 without 
pre-lithiation. From Fig. 6 (a), the ICE of Si 80@C-LFP full cell was 
75.53%. However, the pre-lithiated Si 80@C electrode (Preli-Si 80@C) 
for 10 min, the ICE of the full cell increased to 85.71%. From Fig. 6 (b), it 
can be seen that the capacity retention of Si 80@C-LFP full cell was 
56.14% after 100 cycles. In contrast, pre-lithiated Si 80@C-LFP full cell 
had a capacity retention of 80.68% after 100 cycles. Also, the average CE 
was 99.86% for the pre-lithiated Si 80@C-LFP full cell and 99.29% for 
the Si 80@C-LFP full cell after 100 cycles. Upon carefully analyzing the 
Si–C published works in the literature, it can be concluded that most of 
the full cell data reported has the maximum areal capacity (charge/di-
scharge) < 2.5 mAh/cm2 and silicon content <50% in the anode 
(Figure S6 (a)). The Figure S6 (b) suggests that long cycling in the full 
cell (>200 cycles) comes at the cost of compromising on areal capacity 
or silicon content in the anode. Therefore, for evaluating the practicality 
of a new Si–C anode technology, the following are the critical metrics to 
consider: Si content in the anode (%), maximum areal capacity achiev-
able, capacity retention, and cycle number. To our knowledge, ~2.75 
mAh/cm2 Si–C based anode full cell with a silicon content of ~30–35 wt 
%, with cycle retention of ~80% after 100 cycles, is hardly reported. The 
superior electrochemical performance of Si–C composites enables 
practical pouch cell energy density of ~325 Wh kg− 1 with NMC cathode 
and Si 150@C anode (Table S1) and ~260 Wh kg− 1 with LFP cathode 
and Si 80@C anode (Table S2), respectively. 

4. Conclusions 

In summary, a scalable industrial process was utilized for recycling 
the Si from photovoltaic and semiconductor waste to develop a unique 
lithium-ion battery Si–C anode material with a spherical jackfruit-like 
structure. The optimized Si–C composite can deliver a capacity of 
1400–1600 mAh/g at a cost expected to be similar to that of Graphite. 
The unique spherical jackfruit-like structure embeds the crystalline nano 
Si particles inside the amorphous carbon matrix. The designed structure 
reduces the surface area of materials exposed to the electrolyte and 
maintains a good electronic pathway. In addition, the carbon matrix acts 
as a cushion to dissipate the stress due to the Si volume expansion and 
contraction upon cycling. The spherical jackfruit-like nature of the 
material allows the packing of high Si content in limited volume without 

compromising on structural integrity. The Si–C composite anode shows 
improved cycling performance compared to the nano Si anode. Besides, 
the Si–C composite anode with a smaller particle size (Si 80@C) had 
higher capacity retention and average coulombic efficiency upon 
cycling compared to the Si–C composite anode with a larger primary 
particle size (Si 150@C). The TGC and the EIS results show that the 
improved cycling stability in Si 80@C could be attributed to the reduced 
lithium inventory loss and lower impedance growth resulting from small 
Si particle size and improved stress dissipation. The designed Si 80@C 
composite anode is compatible with NMC 622 and LFP cathodes. With 
the prelithiation strategy, the Si 80@C- LFP full cell shows 80% capacity 
retention after 100 cycles with practical cathode loading of ~3 mAh/ 
cm2. The results demonstrate the promising upcycling avenue for pro-
ducing low-cost and high-performance Si-based anodes for next- 
generation lithium-ion battery systems. 
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