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Abstract:

Millions of residential and industrial solar panels installed in the late 1980s and early 1990s are approaching
the end of their life, resulting in the drastic accumulation of a potential source of environmental pollution—
given the presence of hazardous materials, such as lead. The foreseen crisis, however, can be turned into a
great opportunity by value-added recovery of precious solar-grade silicon (Si) to the highly desired
nanostructured silicon for lithium-ion batteries (LIBs). Herein, we demonstrate a potential end-of-life
management option for photovoltaic (PV) panels, representing a step toward producing greener and more
energy-efficient Si for batteries. We show that leaching the recovered silicon wafers in critically tuned alkali-
acid leaching baths effectively removes the major impurities: lead (Pb), silver (Ag), and aluminum (Al). The
ultrapure Siis then nanosized via industrially scalable milling routes to meet the requirements of expansion-
tolerant Si anodes for LIBs delivering capacities as high as 1400 mAh g™,
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Introduction

The domestic and industrial uptake of solar power has significantly contributed to producing renewable
and clean energy for approximately 25 years now. To close the loop in the energy cycle, the next mission of
the solar panel industry is the recycling of end-of-life photovoltaic panels (PV). The substantial PV
installations occurred in the late 1980s and early 1990s, followed by dramatic growth in early 2000s. With
an average lifespan of up to 25-30 years for the solar panels, the world is set to face another recycling crisis,
urging governments to develop end-of-life schemes for PV panel waste.?

As of mid-2012, the recast WEEE (Waste Electrical and Electronic Equipment) Directive 2012/19/EU
mandates European countries to adopt PV waste management programs in which producers are
responsible for the take-back and recycling of the panels they sell. The goal of these policies is to develop
greener products and make recycling more affordable and economically sustainable by leading producers
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to factor in the cost of the collection and end-of-life treatment of their products into the cost paid by the
consumers.?

Silicon-based photovoltaic modules are predominantly made of glass, aluminum (Al), polymers, and silicon
(Si), as well as metallic contacts such as silver (Ag) or potentially hazardous materials such as lead (Pb).* The
presence of precious materials such as copper (Cu), Ag, and particularly solar grade Si, however, could turn
this potential recycling crisis into an opportunity.> ! If done right, there could be significant energy savings
by recovering silicon from the modules, as solargrade silicon is extremely energy-intensive due to its
ultrahigh purity. It is noteworthy that the most energy-intensive step in the production of silicon modules
is the Siemens process, which converts SiHCl; to ultrapure silicon. If the silicon recovered from the modules
meets the specifications of solar-grade silicon, it will advantageously bypass the Siemens process.
Considering the high quality, the recovered Si could find applications in avenues where high purity is key;
for example, it can be used as new feedstock for the PV industry or as the active material in the negative
electrode of the 3b generation of lithium-ion batteries (LIBs).

High capacity electrode materials could bring major performance breakthroughs to today’s LIBs. One such
an example is the use of Si as a replacement for low capacity graphite, in the so-called Generation 3b of
LIBs. Silicon, with its ultrahigh capacity of 4200 mAh g%, offers tremendous potential, however, the capacity
is so large that the cycling stress makes the electrode fall apart after less than 10 cycles. To this end,
tremendous effort has been made to enhance the performance of silicon anodes in LIBs and particularly to
overcome and accommodate the volume expansion issue during the charge/discharge processes. The
research approaches could be classified into three classes: (i) the formation of silicon composites; (ii) the
structuration of silicon composite, hollow, yolk-shell, pomegranate, etc. structures;** and (iii) the
nanostructuration of silicon particles, in order to form materials with tailored one-, two-, or three-

dimensional structures.?*22

Herein, we introduce an all-around platform for the value-added recovery of high purity Si and its simple
nanostructuration for direct application as a high-performance anode material in LIB. We demonstrate that
a critically controlled yet industrially adaptable leaching process enables the effective removal of Pb, Al,
and Ag, leaving behind ultrapure nanometric to micrometric silicon particles. Nanosizing of the Si particles
was done by a carefully optimized milling process—certainly an inexpensive route compared to chemical
vapor deposition (CVD) and or structuration from nanopowder precursors.?3° We show that the high purity
of Si recovered from PV panels along with its nanostructuration as a result of milling results in delivery of
capacities as high as 1400 mAh g ! when used as an anode material in LIBs, promising for a greener quality,
inexpensive electrode material.

Experimental section

Leaching of the Solar Cells.

The leaching treatment is performed on polycrystalline silicon wafer scraps from photovoltaic cells. The
wafer scraps used here were either broken wafer scraps from fabrication or were obtained from
photovoltaic modules (provided by RECMA as part of the SOLARCYCLE project) after a hydrothermal
treatment under a subcritical atmosphere previously reported by Schrijnemakers et al. to separate the
component.? In a typical experiment, a sample composed of a few centimeter-sized wafer fragments is
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inserted successively into two distinct alkali-acid leaching baths under vigorous stirring. A combination of
potential leaching solutions was studied by varying the concentration and temperature of the leaching
solution and the total leaching time as shown in Tables S1 and S2. In the optimized leaching process, the
alkali leaching bath consists of 8 mol/L potassium hydroxide (KOH) solution heated at 60 °C for 5 min. This
first step aims to remove the Al layer on the bottom side of the silicon wafer, which is a principal source of
impurities. The second bath targets the leaching of the screen-printed layer on the top side, composed of
Ag and Pb. This reaction is performed using an 8 mol/L nitric acid (HNOs) solution heated at 80 °C for 15
min. Upon successful leaching treatments, the wafer fragments are washed with deionized water to remove
traces of bath solutions as well as dissolved Al, Pb, and Ag and followed by drying in an oven at 120 °C.

Ball Milling of Extracted Silicon from Photovoltaic Cells.

Nanosizing of the Si particles is key in achieving good cycle life when used as an electrode material in LIBs.
To study the electrochemical performance of extracted silicon from PV cells, first the centimeter sized wafer
scraps were converted into fine powders (<125 um) in the pregrinding step. Next, 800 mL (435g) of silicon
wafer fragments along with alumina balls (5.8 kg of @25 mm and 2 kg of @10 mm) are introduced into the
grinding chamber (5 L capacity) of a stainless-steel tumbling ball mill device operated at 75% of the critical
speed (cataract mode). With low rotational speed, a gentle tumbling action is observed in the balls, but as
the speed increases the tumbling action converts to a cascading state. Further increasing the rotational
speeds (70-80% of critical speed) forms a cataract of balls, which will improve the size reduction efficiency.

In the next step for nanosizing of the Si particles, an inert atmosphere is needed to prevent the oxidation
of Si particles during the milling as the surface area increases. The sample composed of 6 g of the pregrinded
powder and tungsten carbide balls (8 mm diameter) was charged into a 50 mL tungsten carbide grinding
jar within an argon-filled glovebox. The powders were mechanically milled with a planetary ball mill. First,
the milling was carried out at various milling speeds (100 to 400 rpm) during 20 h to investigate the
optimum energy needs (varied by modifying the milling speed) to break down Si particles. Upon identifying
the optimum milling speed (250 rpm), the silicon powder was milled for various periods (1 to 40 h) to
identify the minimum time needed to obtain a high-performance Si anode.

Characterizations.

X-ray diffraction (XRD) was carried out to identify the obtained phases over the 26 range from 25° to 90°
with a Bruker D8 Twin-Twin powder diffractometer using Cu Ka radiation. The morphology of Si wafers and
ball-milled silicon were studied using a scanning electron microscope (XL 30 FEG-ESEM, FEl). The
composition of Si wafers was checked using Energy-Dispersive X-ray Spectroscopy (EDS) analysis and
inductively coupled plasma mass spectrometry (ICP-MS) to monitor the efficiency of the leaching process.
Particle-size distribution was determined using a Mastersizer 2000 particle size analyzer. BET surface area
measurements were carried out to analyze any changes in specific surface area with milling speed and
duration. This was done using BET nitrogen gas adsorption with the Micromeritics ASAP 2020 Plus. Samples
were degassed at 150 °C for a total of 12 h prior to analysis.

Electrochemical measurements were conducted in two-electrode coin cells, using high purity lithium metal
foil (Chemetall, Foote Corp USA) as counter electrode material which also operated as the reference
electrode and 1 M LiPFgin ethylene carbonate/dimethyl carbonate (EC:DMC 1/1, v/v) with 10 wt % FEC and
2 wt % VC as the electrolyte. Silicon active material was mixed with carbon black (CB) and carboxymethyl
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cellulose (CMC) in 1:1:1 ratio and then mixed in water for 2 h and spread on a Cu foil substrate. The
electrodes were dried for 12 h at 110 °C under a vacuum to remove the water. The electrodes were then
cut into disks 12.6 mm in diameter (active mass of approximately 1-2 mg). The current collectors were
stainless steel, and the separator between electrodes was a 25 um monolayer polypropylene membrane
(Celgard 2500). All the assembly processes for the coin cells were conducted in an argon-filled glovebox. All
cells were tested within a fixed voltage window, between 0.01 and 1.0 V vs Li*/Li%in galvanostatic mode (1C
corresponds to the current for x =1 in Li,Si in 1 h), using the BTS4000 Neware Electrochemical Test System.
All electrochemical tests were carried out at room temperature.

Results and discussion
Leaching of Si Wafers.

The silicon wafer (photovoltaic cell) fragments were analyzed before and after the alkali-acid leaching
treatment as described in the Experimental Section to draw a comparison between unleached, KOH-
leached, and KOH/HNOs-leached wafers. To bring the innovative processing into context, we note that a
large number of approaches to recycle Si from PV wastes have used variants of Wright etch and Buffered
Oxide Etch (BOE), which contained hydrofluoric acid (HF), to remove the antireflection coating, p-n
junction, and the metal-containing connections present in PV panels (Table 53).31-3¢ A major limitation for
industrial application of HF is that it is of a hazardous nature (highly corrosive and toxic for users and
environment) and has added costs in the process, thus we avoid using it in our work.3” HF-free approaches
use either sulfuric acid or phosphoric acid leaching or an additional mechanical removal step to remove the
antireflective coating as presented in Table S3.
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Figure 1. Schematic illustration of the sustainable recovery of Si from PV panels for application in LIBs: After dismantling the PV panel, (a)
controlled leaching process using KOH will enable the effective removal of Al from the bottom side of the wafer followed by washing the
fragments to remove traces of KOH. (b) The Ag-Pb channels and the thin SisN4 layer on the top side of the wafer are removed using HNO3
solution. HNOs is highly oxidizing so in case this step is done prior to the KOH treatment, a passivation layer of aluminum oxide will be
formed on the back layer. (c) The intact or centimeter sized Si wafer scraps were transformed into a coarse powder using a rolling ball mill
in the pregrinding step. (d) Further downsizing the powder using a planetary ball mill to obtain fine silicon powder that will be used as
anode material for Li-ion batteries. (e) Si based anode preparation was done by adding a dry mixture of silicon powder, carbon black, and
CMCin a 1:1:1 ratio to a pH 3 buffer solution and coated on copper foil. The dried electrode is then assembled in coin cell configuration for

further tests.
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The advantage of our dual-bath leaching is the highly efficient and selective removal of Al, Ag, and Pb
without oxidizing the Si layer. Our approach allows for high removal efficiency by leaching as high as
400-500 g of wafers scraps using 1 L of 8 M KOH at 60 °C and up to 800 g of wafer scraps using 1 L of 8 M
HNOsat 80 °C.

SEM micrographs presented in Figure 1 show the morphology of unleached and leached silicon wafer
fragments. The back/bottom side of the silicon wafer is uniformly covered with spherical Al/Al oxide
particles, and on the front/top side, a series of Ag/Pb channels are present to ensure the electrical
conduction in the silicon wafer surface.

After the leaching process, silicon wafer fragments show very different morphological features.
Polycrystalline silicon is clearly visible on the back/bottom side in the SEM images indicating that the Al
layer was removed from the surface (Figure S1). Al reacts with KOH to produce hydrogen because the excess
hydroxide ion (OH") first attacks the tough Al,Os layer so the metal can react more efficiently.3 Aluminum
converts to the tetrahydroxoaluminate ion Al(OH)s~, and the reaction is considered a dissolution (eq 1). On
the front side, the Ag/Pb has been leached by HNOj solution treatment, and the silicon is visible at the
bottom of the trenches. Leaching of the two electrodes is explained by the following reactions (eqs 1-4):

Al leaching: 2Al + 2KOH + 6H,0 - 2K*+ 2Al(OH) 4+ 3H, (1)
Ag leaching: Ag + 2HNOs; - AgNOsz + H,0 + NO, (2)
Pb leaching: Pb + 2HNO3; > PbO + H,0 + 2NO,; ™ (3)
PbO + 2HNO; - Pb(NOs), + H20 (4)

It is imperative that due to the highly oxidizing nature of nitric acid, the removal of Al by the KOH solution
treatment must be done first to avoid the formation of a passivation layer of aluminum oxide.

To examine the efficiency of the leaching process and determine the purity of the resulting silicon, both
unleached and leached cell fragments were analyzed by ICP-MS. The concentrations (in wt %) of elements
in the feedstock (unleached silicon wafer) and after each leaching step are collected in Table 1, and the
recycling rates are presented in Table S4. As expected, the main source of impurities in the feedstock is
from the Al layer in back/bottom with 6.82 wt % followed by Ag with 1.54 wt %. We report that Al is almost
completely removed (99.6% vyield) from the feedstock through alkali (KOH) leaching. Upon successful
removal of Al by the KOH solution, a highly pure Si is obtained (98.403 wt %). Despite the high purity of the
Si after the first leaching process, the remaining Ag and Pb would potentially interfere with the cycling
performance of Si when used as an electrode material in LIBs.

Table 1. ICP-MS Quantification of Silicon, Al, Pb, and Ag

Si Al Pb Ag
sample condition (wt %) (wt %) (wt %) (wt %)
unleached 91.586 6.819 0.044 1.551
partially leached (only KOH 98.403 0.027 0.026 1.544

solution)

fully leached (KOH solution 99.990 0.007 0.001 0.002
then HNO3 solution)
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Figure 2. Effect of the ball milling speed on structure and morphology of silicon powders: (a) Evolution of the particle size with
milling time in the pregrinding step demonstrates that 60 min of milling is the optimum time to obtain a majority of particles below
125 um size. (b) XRD patterns of unleached Si after ball milling at different speeds illustrate silicon reflections identified by their
(hkl) indices and reflections corresponding to Al and Ag metals marked with black circles. (c) Al and Ag reflections have disappeared
in leached powders after ball milling at different speeds, demonstrating the effectiveness of the controlled leaching process. (d)
SEM images of unleached Si powder (UL) and leached Si powders (L) after 20 h of milling at different speeds from 100 to 400 rpm
illustrates the fact that downsizing in the case of unleached samples is not achieved. (e) Particle-size distribution of unleached Si
powder (UL) and (f) leached Si powder (L) after 20 h of milling at different speeds from 100 to 400 rpm demonstrates different
distribution behaviors. Size distribution in unleached Si illustrates a well-defined population of large particles in the case of leached
powders Si; however, three particle size populations centered at around 0.2-0.3 um, 1-2 um, and 8-10 um are present. (g) The
BET specific surface area data further illustrates the difference in efficiency of the milling in unleached and leached Si powders after
20 h of milling at 150, 250, and 350 rpm.

To achieve ultrahigh purity silicon (99.99 wt %), we conducted a second leaching process in a HNOs solution.
Likewise, Ag is removed via acid leaching (99.87% yield) from the screen-printed layer on top/front. After
the completion of the dual bath leaching process, we had a 99.99% recycling rate and purity for the silicon
present in PV cells. The resultant silicon is suitable as the starting raw material for fabrication of silicon
anodes for Li-ion batteries.

SEM-EDS measurements were done on wafer fragments before and after the leaching process to confirm
the results obtained by ICP-MS analysis and demonstrate the successful removal of Al by alkali leaching
(Figure S2). The surface layer constituted of an antireflective layer (SiNy) is removed significantly after
leaching, and we have the appearance of pyramid morphology at the surface with well reduced SiN,content
(Figure S3).
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Nanosizing of Si for Battery Application.

A two-step process with pregrinding followed by nanosizing was considered. We proceeded with a
preliminary grinding step to reduce the Si wafer scraps with large and irregular shapes and to improve the
efficiency of the nanosizing step.3° The pregrinding step is conducted using a tumbling ball mill to transform
Si wafer scraps into a coarse powder. The particle size of silicon decreases with an increase in grinding time.
Indeed after 60 min, more than 85 wt % of the silicon particles have a particle size lower than 125 um. The
particle size distribution develops a narrow monomodal distribution over time (as shown in Figure 2a).

A secondary grinding step by planetary ball milling was conducted to further reduce the particle size of Si
(below 125 um) due to its simplicity, reproducibility, low cost, and capacity to produce a large amount of
material.3® The milling speed is an important parameter to be considered, and its optimization controls the
structural and morphological properties of the particle.®° The powders were ground at different milling
speeds (from 100 to 400 rpm) to determine the optimal milling speed. The procedure was carried out for
powders from both leached and unleached Si wafer fragments, to investigate the impact of Al, Ag, and Pb
impurities. This grinding step was carried out under an argon atmosphere to avoid the presence of oxygen
and oxidation of silicon upon contact with air.** SEM-EDS results presented in Figure S4 demonstrate 2.15
atom % of oxygen in the pregrinded powder and 2.18 atom % for the milled powder at 300 rpm (20 h). This
oxygen content corresponds to the native oxide layer on silicon after the leaching step. Therefore, we can
confirm that no further oxidation is occurring during the ball milling process.

Figure 2b and c present the XRD patterns of unleached (UL-100 to UL-400) and leached (L-100 to L-400) cell
fragments ground at different milling speeds (100 to 400 rpm) over 20 h, respectively. All peaks are sharp
and well-defined, indicating a high degree of crystallinity of the prepared powders even after the ball milling
at high speed (400 rpm). In unleached powder, the main peaks correspond to silicon while Al and Ag metals
are detected as minor phases, whereas in leached powders all observed reflections are indexed as silicon
and no impurity or secondary phase is detected. In both cases, the peak width increases with increasing the
milling speed, which can be interpreted as a decrease in the crystallite size.

We study the influence of Al and Ag on the morphology and specific surface area of unleached Si powders
ground at different milling speeds, prior to investigating the impact of these electronically conductive
elements (Al and Ag) on the electrochemical performance of the anode in LIB. The particle shape and size
does not change much by increasing the milling speed due to the presence of ductile Al and Ag (Figure 2d).
The particle-size distribution as shown in Figure 2e exhibits a well-defined population around 8 um for
100-250 rpm and a polydispersed distribution with a slight increase in the submicrometric fraction for the
samples milled at 300, 350, and 400 rpm. These powders have an average size of 3.6-4 um, showing that
nanosizing is not efficient in unleached samples (cumulative volume size distribution and characteristic sizes
are shown in Figure S5).

The increase in the milling speed for leached Si powders, however, has a significant impact on the particle
shape and size. The SEM images of L-100, L-150, and L-200 samples show large fragments of Si wafers
(Figure 2d) that are not ground or slightly ground, but a further increase of the milling speed for leached Si
wafers leads to the transformation of Si wafer fragments to submicrometric particles showing a
polydispersed size distribution extended from 0.02 to 30 um with three particle size populations centered
at around 0.2-0.3 um, 1-2 um, and 8-10 um. SEM images with higher magnification and TEM images in
Figure S6 illustrate that the observed aggregates are constituted of Si nanoparticles. This is in good
agreement with the observations made by Gauthier et al.*° stating that milled silicon powders are
nanostructured with micrometric agglomerates.
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Figure 3. Cycling performance for unleached and leached Si powder with regard to the ball milling speed (potential range explored
was 0.01-1 V vs Li*/Li%: (a) voltage profile data for first, second, third, 10th, and 50th cycles of UL-250 demonstrate clearly the
irreversible capacity loss of the first cycle and the position of charge and discharge plateaus. (b) Evolution of discharge capacity vs
cycle number at 0.05C of unleached Si based electrode materials ball milled at different speeds illustrates similar capacity values
and capacity losses over time. (c) Cumulated relative irreversible capacities related to disconnection (black) and to the SEI (blue),
for unleached Si based electrode materials at different ball milling speeds illustrating a major contribution for the irreversible
capacity loss due to disconnection. (d) Voltage profile data for first, second, third, 10th, and 50th cycles of L-250 illustrate a clear
plateau at around 0.27 V for charge resulting in higher capacity retention of the material. (e) Evolution of discharge capacity vs cycle
number at 0.05C of leached Si based electrode materials ball milled at different speeds illustrates more stable capacity values due
to more effective downsizing and also (f) lower contributions in the irreversible capacity loss due to disconnection. Differential
capacity discharge/charge curves of (g) UL-150, (h) UL-250, (i) UL-350, (j) L-150, (k) L-250, and (I) L-350 for first, second, third, fifth,
10th, and 50th cycles illustrate the increase/decrease in peak intensity and displacements of the peaks corresponding to the
plateaus presented in (a, d) the type of reaction taking place in the electrode.
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Figure 2g illustrates the results for BET surface area measurements carried out for unleached and leached
Si powders. We observe a slow increase in the surface area (2.2 to 4.6 m?g™) for unleached samples and a
significant increase in values for leached samples (3.8 to 10.5 m2g™) as the milling speed is increased, which
is in accordance with the evolution of downsizing in unleached and leached samples.

Effect of The Ball Milling Speed on Electrochemical Properties of Silicon Powders.

In this section, electrochemical performances of the ground powders were assessed by galvanostatic
charge-discharge cycling in half-cell configuration in the voltage range 0.01-1 V vs Li*/Li®. Charge-discharge
cycling of unleached (UL-150 to UL-350) and leached (L-150 to L-350) Si wafer fragments ground at different
speeds (from 150 to 350 rpm) for 20 h are presented and compared.

Figure 3a,b presents the voltage profiles (delithiation/lithiation) and cycling performances of the electrodes
based on unleached ball-milled wafers. First, a decrease of the voltage to 0.3 V with a capacity of 250 mAh
g for U-250 without a well-defined plateau is observed, which is due to the SEI (solid electrolyte
interphase) layer formation at around 0.7-0.9 V at the surface of the carbon particles used as the conductive
additive. It is well-known that at potentials below 1 V, the SEI layer will be formed on the surface of the
electrode.*

As shown further in Figure 3a, lithiation of silicon occurs in the 0-0.3 V range. During the first lithiation
process (discharge), Li will form a Li,Si alloy, and a sloping voltage profile is observed with a plateau around
0.1 V vs Li*/Li% indicating a two-phase reaction (crystalline Si + amorphous LiSi).**** This is followed by a
slope change at the end of the discharge profile at about 0.06 V, which is reported to be due to the rapid
crystallization of the amorphous Li,Si phase to Lis 75Si.3° The voltage plateau for discharge increases toward
0.2-0.3 Vin the next lithiation steps. The SEIl layer formed during the first lithiation will be affected by the
volume changes generated upon subsequent lithiation/delithiation processes, and if it is not controlled the
SEl layer will break down and create fresh silicon exposed to electrolyte.*? The combination of the initially
formed SEI layer and the SEI formed on freshly exposed silicon will result in the formation of a thick SEI
layer. During the delithiation step, the potential increases to about 0.425 V where a single plateau is
observed in the voltage profile representing a two-phase region (crystalline Liz7sSi and amorphous Li,Si)
followed by an upwardly sloping region, suggestive of a single-phase solid solution region (amorphous Li,Si

to amorphous Si).304344

In general, micrometer-sized silicon particles demonstrate large volume expansion in subsequent cycles and
lose capacity due to electrode pulverization.® Liu et al. suggested that a critical silicon particle diameter of
150 nm is needed to prevent surface crack initiation due to high expansion of particles upon first lithiation,
which eventually can cause fractures and failure in electrodes.*>* Indeed, as shown in Figure 3b, there is
considerable capacity loss in unleached Si samples in which the downsizing of particle size was less efficient
(Figure 2e) and low specific surface area was reported (Figure 2g). Similar influence of size and specific
surface area in case of Si nanowires is reported by Hansen et al.*’ The discharge capacity values for UL-150,
UL-250, and UL-350 over the first 50 cycles are shown in Figure 3b as an example. For UL-150, where we
observe dense particles (Figure 2d), the capacity loss is larger after 10 cycles as compared to the results of
UL-250 and UL-350. This is also observed in the voltage profiles in Figure S7. The voltage plateaus for
lithiation and delithiation at different cycles (Figure S7, Figure S8a) are similar for all samples. The discharge
capacity retention values for UL-150, UL-250, and UL-350 are 25.5%, 40.08%, and 39.75% after 50 cycles,
respectively.
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To understand the contribution of disconnection (loss of electrical contact between particles) and formation
of the SEI layer on capacity loss in Si electrodes, cumulated relative irreversible capacities of the samples
are considered. RICp, representing the relative irreversible capacity associated with the disconnection of
particles, and RICsg, representing the irreversible capacity related to the SEl formation, are calculated using
the following formulas (egs 5 and 6):*

RICD — CCn;:Cn+1 (5)
RICsz = —CDnZ;CC” (6)

As presented in Figure 3c, the cumulative RICpis similar for UL-150, UL-250, and UL-350 negative electrodes
in the first 10 cycles, but after subsequent cycling, the UL-150 anode exhibits an increase in RICp and the
cumulated value shows an increased slope as compared to UL-250 and UL-350 samples, which have similar
values. This is in agreement with the results shown in Figure 3b that display the evolution of the discharge
capacity with cycle number. The evolution of the irreversible capacity related to the SEI formation (RICsg)
shows no difference between unleached samples at different milling speeds in the first 15 cycles (Figure
3c). The capacity corresponding to the formation of the SEl is obtained from the difference in Cpp+1and Cen
and after the first 15 cycles remains relatively stable in UL-350. For UL-150 and UL-250, the cumulative RICsg
exhibits negative values, thus showing no contribution of Li consumption to the formation of SEIl. The
combined effect of pulverization (increase in RICp) and the formation of unstable SEl results in capacity loss
in unleached samples where the best capacity retention after 50 cycles was 40% for the UL-250 electrode.
The differential capacity profiles of unleached samples show a decrease of anodic and cathodic peaks with
cycling (Figure 3g-I1). Peaks are shifted to lower voltages during the lithiation process (discharge) and to a
higher voltage for the peak ca. 4.25 V during the delithiation process in all samples. We also observe a slight
peak at around 0.27 V appearing after the first cycle in the delithiation step for UL-250 and UL-350, which
will be further discussed in the case of leached samples.

The voltage profile of L-150, L-250, and L-350 for the first discharge (lithiation) and the subsequent charge
and discharge are shown in Figure S8. We observe a difference in the shape of the voltage profile for the
first lithiation in which distinct plateaus are observed at 0.07 V for L-150 and start to have a sloping curve
starting from 0.3 V in L-250 and 0.25 V in L-350. Such a behavior is often reported when Si particle size is
less than 20 nm.*® Gauthier et al. reported that since the proportion of amorphous interfacial regions in
milled powders is relatively high, the electrochemical behavior of nanostructured micrometric Si powders
is similar to nanometric Si powders.>° The differential capacity profile in Figure 3g-I also presents two peaks
below 0.3 V for the first lithiation in L250 and L-350, while the main peak is similar to L-150 at around 0.07
V. The voltage profile of the most promising electrode (L-250) is presented in Figure 3d, with two
subsequent discharge—charge curves after the first lithiation, the 10th and 50th cycles. We observe a high
irreversible capacity loss for the first cycle, but after formation of the SEI layer the subsequent cycles show
Coulombic efficiency (CE) values near 100%. The cycling performances of leached samples at different
speeds are also compared in Figure 3e. The first lithiation for L-250 at 0.05C shows a capacity of 2500 mAh
g tas compared to 2000 mAh g1 for the L-150 and L-350 samples. After the first lithiation and capacity loss
due to SEI formation, the L-150, L-250, and L-350 samples show capacity retentions of 47.34%, 71.0%, and
55.36% after 50 cycles, respectively.
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The evolution of cumulated RICp and RICsg is quite different in leached Si samples compared to unleached
ones. As presented in Figure 3f, the evolution of cumulative RICp for L150, L-250, and L-350 is similar in the
first 15 cycles, and after that the irreversibility associated with the disconnection of particles in L-250 is half
of the value compared to L-150 and L-350. This could be due to the smaller particle size of L-250 compared
to L-150 and lower aggregation of Si particles with a lower proportion of amorphous interfacial regions in
L-250 compared to L-350. The L-250 electrode consists of nanoparticles and agglomerates of
submicrometric particles mixed with carbon and CMC (as presented in Figure S9a). The electrode mixture
enables the expansion of Si particles upon lithiation (Figure S9b) while keeping the connection between the
particles. After delithiation (Figure S9c), the contact between the mixture components was preserved, in
agreement with lower RICp values. The cumulated RICsg of L-250 is quite stable and does not increase
gradually for the 50 cycles, which can be the result of the formation of a stable SEIl layer which gives very
good capacity retention after 50 cycles with a high capacity of 1285 mAh g™* (Figure 3e,f). The evolution of
RICsgin L-150 and L-350 shows that they are not contributing to Li consumption to form SEl, but mainly the
disconnection of particles results in capacity loss.

The major difference in differential capacity profiles of leached and unleached samples is the presence and
increase in the height of the peak at 0.27 V for delithiation in all samples shown in Figure 3g-I. The
delithiation at 0.27 V corresponds to the conversion of crystalline Lis 7sSi to amorphous LikSi (x ~ 2) and the
delithiation around 0.425 V corresponds to a single-phase solid solution region (amorphous Li,Si to
amorphous Si).***48 The evolution of the differential capacity profiles upon cycling in L-150, L-250, and L-
350 clearly shows that a higher peak ratio for delithiation at 0.27 V compared to delithiation at 0.425 V will
result in higher capacity retention over time, because the decrease in the peak at 0.425 V must be
compensated by an increase of the peak at 0.27 V in order to satisfy the capacity requirement.*® However,
for unleached powders, the increase in intensity of the peak at 0.27 V with cycling is not significant, which
demonstrates the presence of lower or no crystalline Lis7sSi content related to the reactions of Li with
unleached materials, leading to low capacity retention compared to the leached samples.

Effect of the Ball Milling Duration and BPR Ratio on the Structural And Morphological
Properties Of Silicon Powders.

Different parameters such as vial volume, ball size, total ball mass, milling (rotational) speed, powder
quantity, atmosphere, and milling time can strongly affect the results in planetary ball mills.*>*° In this
section, the influence of milling time with a ball to powder (BPR) ratio of 5:1 on particle size and the
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Figure 4. Effect of the ball milling duration on the structure and morphology of silicon powders: (a) Similar XRD patterns were
obtained for all the milled powders with BPR = 5 showing similar diffraction patterns with sharp peaks. (b) SEM images of the
recovered silicon milled during different durations which ranged from 1 to 40 h for BPR = 5 show a decrease of size with the
appearance of agglomerated submicrometric particles over time. (c) BET specific surface area of Si powder milled at 250 rpm for
different milling durations from 1 h to 40 h illustrates a linear increase of the specific surface area with milling time.
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morphology of leached silicon wafers is investigated. The results demonstrating the influence of milling
time with a BPR of 10:1 is presented in the Supporting Information (Figures S10-12). Powder XRD patterns
of the silicon milled at 250 rpm during different durations which ranged from 1 to 40 h are shown in Figure
4a. All ground samples show similar diffraction patterns and sharp peaks due to their highly crystalline
structure of silicon powders. Changes in the relative peak position and peak widths were observed for the
milled samples compared with the baseline sample. Indeed, the low increment of broadening effect at the
peak base is observed with an increase in the duration of milling, which corresponds to the reduction of the
particle size of silicon mainly at long duration.

Figure 4b shows the SEM images of the silicon milled during different durations (1 to 40 h) at 250 rpm with
a BPR of 5:1. In the beginning of the milling (0-10 h), dense particles and, after longer milling times (10-40
h), agglomerates are observed. Indeed, the particle-size distribution of these samples (Figure S11) exhibits
a rather defined population around 10 um which grows to form a polydispersed distribution upon increasing
of the grinding duration to 10 h. The particles after 10 h milling and onward are composed of
submicrometric fractured platelets that are forming agglomerates. The characteristic sizes (d1o, dso, and dso)
of Si powders milled during different durations (1 to 40 h) with a BPR of 5:1 are shown in Figure S12, where
we observe that the particle size is decreasing efficiently during the first 10 h of milling and reaches more
or less a plateau at around 3 um. This plateau gives the size of the agglomerates from submicrometric Si
particles. The more or less linear increase in specific surface area from 1 to 40 h as represented in Figure 4c
is a result of efficient nanosizing with an increase in milling time.

Effect of the Ball Milling Duration on Electrochemical Properties of Silicon Powders.

This section highlights the electrochemical performance of leached Si wafer fragments ball milled at 250
rpm with different milling durations.

Evolution of discharge capacity vs cycle number for Si-based electrode materials ball milled at different
milling durations is presented in Figure 5a. All materials show a high initial capacity of about 2500 mAh g2,
and apart from the Si-5h, all other tested electrodes (10, 20, 30, and 40 h) show a relatively stable capacity
of over 1250 mAh gt after 50 cycles. Cumulated relative irreversible capacities relative to disconnection
and to the SEl are also presented in Figure 5b, where after 15 cycles the contribution of RICpis lower for Si-
10h to Si-40h electrodes as compared to Si-5h in which larger particles and aggregations are present, thus
the electrochemical performances of Si-10 to Si-40 samples are superior to those of Si-5h. This is in
agreement with the characteristic sizes (d1o, dso, and dso) of Si milled for different durations (1 to 40 h) at
250 rpm, illustrating the presence of smaller particles in these samples (Figure S12) and also with the BET
surface area presented in Figure 4c. Voltage profiles corresponding to the lithiation and delithiation of
silicon with different milling durations are presented in Figure 5c—e. Similar to samples with different milling
speeds, the first lithiation in Si-5h to Si-40h samples exhibits a distinct flat plateau around 0.1 V and voltage
profiles are affected by Si particle size resulting in round-shaped curves with lithiation taking place in the
0-0.3 Vrange. We observe more defined plateaus for delithiation in the second cycle (Figure 5c) that remain
around the same voltage range after 50 cycles (Figure 5d). This is also supported by the evolution of
differential capacity profiles for charge/discharge shown in Figure 5f-j. The presence of these two plateaus
corresponding to the reactions leading to transformation of Si to Lis 7sSi is favorable (as mentioned before)
since higher capacity value and improved capacity retention are observed for Si anodes upon formation of
amorphous LixSi and later on formation of crystalline Lisz;sSi. The presence of submicrometric and
nanoparticles contributes to the formation of a stable SEI layer and better contacts which inhibit the
irreversible capacity due to disconnection.®® The voltage profile of Si-10h upon subsequent cycling is
presented as an example to illustrate the difference in the form of the delithiation curve (Figure 5e).
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Figure 5. Cycling performance of Si powder with different ball milling durations (BPR = 5 and potential range explored was 0.01-1
V vs Li*/Li%: (a) Evolution of discharge capacity vs cycle number at 0.05C illustrating the capacity retention over time for Si powders
ball milled during different milling times. (b) Cumulated relative irreversible capacities relative to disconnection (black) and to the
SEI (blue), of Si based electrode materials ball milled for different milling durations, demonstrating the saturation of the
disconnection component as milling duration increases. (c) Voltage profiles of the first lithiation and delithiation cycles for Si
powders with different milling durations demonstrating similar voltage plateaus with small difference for the delithiation plateau
near 0.3 V. (d) Voltage profile data of the 50th cycle of the recovered Si ball milled with different milling durations demonstrating
that increasing the milling duration to 10 h and onward can ensure a high capacity value of above 1250 mAh g-tand (e) voltage
profile data of the first, second, third, 10th, and 50th cycles of the Si-10h sample (ball milled at 250 rpm for 10 h) at 0.05C illustrating
the first voltage plateau upon lithiation and the slope changes in the voltage plateaus upon subsequent cycling. Differential capacity
discharge/charge curves of (f) Si-5h, (g) Si-10h, (h) Si-20h, (i) Si-30h, and (j) Si-40h for the first, second, third, 10th, and 50th cycles
demonstrate that after the first cycles, the intensity of the peak around 0.27 V is increased, and at the same time the intensity of
the peak at 0.425 V decreases. This behavior improves the reversible capacity of the cell.
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The delithiation starts with a round curve followed by a rather defined plateau at around 0.425 V. As shown
in Figure 5f-j after the first cycles, the intensity of the peak around 0.27 V is increased, and at the same
time the intensity of the peak at 0.425 V decreases, meaning that conversion of crystalline Liz7sSi to
amorphous Li,Si is contributing the most to the reversible capacity of the cell.

A milling duration of 10 h is necessary to reach a plateau in the particle size values as shown in Figure S12.
The average particle size in this case is around 3 pum after 10 h of milling. We also detected nanometric and
sub-micrometric particles in the size distribution profile (Figure S11), which can create bridging points
between the larger particles or aggregates to ensure the electronic conductivity and inhibit the
pulverization in the electrodes during cycling. We demonstrated that even though the particle sizes of
silicon which was recovered from solar cells are quite large, capacity retentions of 61.15%, 81.6%, 71.0%,
81.95%, and 71.47% were obtained for Si-5h, Si-10h, Si20h, Si-30h, and Si-40h, respectively. In order to
improve these results, one approach could be to use a milling setup providing higher energy to decrease
the particles size further or to prepare Si/C composite powders where the carbon will act as a buffer layer
and improve the electrical conductivity further.

Sustainability of the System.

Fabrication of solar-grade silicon is extremely energy-intensive due to its ultrahigh purity. It is noteworthy
that the most energy-intensive step in the production of silicon modules is the Siemens process, which
converts SiHCls to ultrapure silicon. Annual end-of-life PV panel waste is projected to increase to more than
60-78 million metric tons cumulatively by 2050.°* As such, recovering silicon from the modules could lead
to significant energy savings and result in the introduction of value-added applications for silicon.

This work relates to the high-added-value product of recovered silicon, meaning the silicon anode in lithium
ion batteries. Table S5 illustrates the superior electrochemical performance of the recovered Si investigated
in this work as compared to commercial/synthesized silicon anode material for LIBs. The leaching and
nanosizing process discussed in this work along with the development of silicon anodes using recycled Si
could be considered a sustainable technology.

Conclusions

To date, chemical routes used for recycling the end-of-life photovoltaic (PV) panels predominantly use
harmful HF for leaching and have been evaluated simply on the basis of their ability to separate valuable
components in PVs. It is shown in this paper that a HF-free recovery process can be deployed to obtain
silicon with value-added applications in Li-ion batteries. Our silicon recovery route consisted of removing
connections and conductive layers present in photovoltaic cells followed by ball milling to obtain ultrahigh
purity nanosized Si powder as a green and energy-efficient Si source. Comparison of the electrochemical
performance of leached and unleached samples confirmed that the leaching step is essential, since Al and
Ag residues prevent the efficient down-sizing of the Si particles during ball milling. Structural and
morphological properties of Si powders as well as their electrochemical performances as a function of
milling speed and duration have been explored. Si wafer fragments after ball milling exhibit a broad size
distribution profile with nanometric to micrometric particles while preserving the crystalline structure. A
milling speed of 250 rpm and at least 10 h milling duration were found necessary to improve the
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performance of batteries. High capacity retentions over time are supported by the decreased relative
irreversible capacity when ball milling with sufficient energy (milling speed) and time was conducted,
resulting in a capacity of around 1400 mAh g™*. High capacity values obtained for Si powders are associated
with the presence of connected nanometric and micrometric particles which create a network
accommodating conductive carbon particles and a binder in the electrode preparation step. A stable SEl
layer is formed upon subsequent cycling, and the main phase transition process after a few cycles during
charge (delithiation) is associated with the conversion of crystalline Lis 75Si to amorphous Li,Si, which results
in reversible lithiation of Si particles to form crystalline Lis7sSi (<0.1 V), thus promoting higher capacity
values with cycling. We expect that our proposed platform for value-added recovery of Si from PV wastes
to be repurposed and used in lithium-ion batteries will cover general interest and find application in other
technologies where high-quality inexpensive Si is required.
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