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Conversion of photovoltaic waste silicon
into amorphous silicon hanowire anodesf
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Yanfeng Wang,? Zhonggiu Tong,® Jijun Lu,** Wenhui Ma,**® Martin A. Green® and
Xiaojing Hao*“

The rapid growth of the crystalline silicon (Si) photovoltaic industry has led to a steady increase in the
production of waste silicon (wSi) generated during the cutting of Si ingots. Nevertheless, intrinsic
oxidation and trace impurities in wSi make it difficult to retain or enhance its value for further use.
Herein, we proposed a value-added recycling strategy to flash convert wSi into high performance
amorphous Si nanowires (a-SiNWs). This method fully leverages the intrinsic oxidation properties of wSi
and utilizes a high temperature gradient thermal field generated by carbon thermal shock to drive the
directional diffusion of Si atoms within an oxide-limited domain environment. Copper nanoparticles are
introduced to modulate the surface energy of Si atoms, inducing the formation of a-SiNWs. The
a-SiNWs grow in situ on a carbon substrate, forming a self-supporting electrode material (identified as
a-SiNWs@CC). The prepared a-SiNWs@CC is directly used as the anode of lithium-ion batteries,
demonstrating excellent initial coulombic efficiency (ICE, 91.35%) and lithium storage capacity (up to
2150 mA h gt at 2 A g* for more than 250 cycles). The results hold great promise for the high-value
utilization of wSi and the development of Si anodes.

The sustainable development of crystalline silicon (c-Si) photovoltaic solar power generation and silicon-based energy storage is expected to promote the
integration of the “photovoltaic-storage” industry chain. However, in the photovoltaic industry, nearly 40% of c-Si is converted into waste silicon (wSi) during

the cutting process. Currently, most wSi is managed through landfill disposal or remelting and refining, yielding limited results in the photovoltaic and energy
storage fields and making upcycling difficult to achieve. In this work, we utilize the intrinsic oxidation properties of wSi and the high-temperature gradient
thermal field provided by carbothermal shock to drive the directional diffusion of Si atoms within confined oxide spaces, enabling the rapid conversion of wSi

into amorphous silicon nanowires (a-SiNWs). It is further clarified that the induction by Cu is critical for the formation of the a-SiNWs, as it reduces the surface

energy on the Si and accelerates the precipitation of Si atoms. And the amorphous structure facilitates electron/ion transport, enhancing the cycling and rate
performance of lithium-ion batteries. This work provides valuable guidance for the high-value utilization of secondary resources and the structural design of

silicon-based materials.

Introduction

In recent decades, renewable energy has shown a continuous
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has driven the growth rate of crystalline silicon (c-Si) to exceed
30%, capturing 95% of the market share in the industry."* The
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of low-purity and low-value cutting waste silicon (wSi). This
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nomic loss of approximately $300 million.>” Such a significant
volume of wSi poses serious environmental and economic
challenges to society. Unfortunately, regarding the utilization
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resources such as silicon-aluminum alloys® or silicon-carbon
ceramics’ or re-melted and refined to return as high-purity Si
raw materials for photovoltaics.® Complex recycling technol-
ogies result in significant energy consumption and environ-
mental re-pollution, leaving wSi in a state of idleness or
low value utilization. Therefore, finding high value utilization
pathways for wSi is of great importance.

In fact, lithium storage technology imposes relatively lenient
restrictions on the purity and defects of Si, as it primarily relies
on the reversible migration of lithium ions between the cathode
and the anode.” Moreover, Si possesses an extremely ultra-high
theoretical capacity (4200 mA h g ') and a safe lithiation
potential (<0.4 V vs. Li/Li*).">"" Therefore, using wSi to manu-
facture silicon-based anodes has garnered considerable atten-
tion in both academic and industrial research studies.'>"?
However, making Si anodes from wSi faces critical challenges.
In addition to the significant volume expansion effect (>300%)
during (de)lithiation and its poor conductivity, wSi also suffers
from severe surface oxidation and an inconsistent particle
size distribution." To address these issues, various strategies
have been developed, such as mechanical grinding,"’ doping,"®
graphite/carbon composites,"” chemical etching,'® and metal
oxide coatings." Nevertheless, these strategies generally involve
complex and lengthy preparation processes without altering the
intrinsic properties of wSi. As a result, the electrochemical perfor-
mance has not shown significant improvement.

Nowadays, the structural design of one-dimensional nano-
wires is considered a promising solution to the issues of
silicon-based anodes, as they can accommodate large strains
and offer rapid electron/ion transport rates.>>! Additionally,
compared to c-Si, amorphous Si (a-Si) is favored for its isotropic
structure, which can better accommodate volume changes
during the charge/discharge processes.>>">* Therefore, convert-
ing wSi into a-Si nanowire (a-SiNWs) structures is an effective
strategy to mitigate the collapse during the repeated (de)lithia-
tion process, thereby enhancing its lithium storage. However,
in traditional fabrication processes, such as metal-assisted
chemical etching,*® vapor deposition,”® and molten salt electro-
lysis,” the resulting nanowires are mostly crystalline and rely
on noble metal catalysts (e.g., Au and In) to induce growth.
Additionally, the slow heating and cooling rates (<100 K s )
lead to atomic or molecular rearrangement processes that are
constrained by thermodynamic and kinetic factors, making it
difficult to directly convert wSi into a nanowire.”® Thus, over-
coming the limitations of traditional processes and accelerat-
ing the precipitation of Si atoms to synthesize a-SiNWs is both
urgent and challenging.

In this work, we report a strategy for the instantaneous
structural conversion of photovoltaic wSi into a-SiNWs. Utiliz-
ing the high-gradient thermal field generated by carbon ther-
mal shock (CTS, ca. 4.2 x 10° K s, temperature 2100 K,
duration 0.5 s), the limitations of traditional heating and cool-
ing rates can be overcome, allowing the wSi powder to rapidly
liquefy and fission. With the decomposition of copper (Cu)
salts, a Si-Cu melt can be formed. The introduction of Cu
reduces the surface energy of Si particles and accelerates the
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directional diffusion of Si atoms under oxygen-limited domain
conditions, promoting the in situ growth of a-SINWs on the
carbon cloth. Ultimately, a high-performance self-supporting
anode (denoted as a-SiNWs@CC) is achieved for lithium-ion
batteries, with an initial coulombic efficiency (ICE) of 91.35% at
0.2 A g~ ', After 250 cycles at 2.0 A g™, the capacity remains
2150 mA h g~ ', maintaining a retention rate of 90% at the same
current.

Results and discussion
Synthesis and structural characterization

The intrinsic properties of wSi and the transient high-temperature
decomposition of metal Cu salts were studied in detail through
characterization and experiments. Inductively coupled plasma
(ICP) tests indicate that the impurity content in wSi is relatively
low, mainly consisting of iron, aluminum, nickel, and copper
(Table S1, ESIT). A laser particle size analyzer and a SEM revealed
that the wSi has a particle size distribution with a D50 of
approximately 380 nm (Fig. S1, ESIt), presenting irregular clastic
particles. Further characterization using transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) in
Fig. S2 (ESI}) showed that the wSi mainly consists of c-Si with an
amorphous oxide layer on the surface. The presence of such an
oxide layer is also suggested by the Si 2p spectrum. Fig. S3 (ESIt)
shows the CTS technique device and its structural diagram, which
is capable of providing ultrafast heating and quenching. Table S2
and Fig. S4 (ESIt) present the physical properties and Raman
spectra of carbon cloth. Its excellent electrical conductivity is
crucial for heat generation under high current, and the presence
of defects offers favorable sites for the growth of nanowires.

To verify the feasibility of introducing Cu particles, the
carbon cloth loaded with Cu salts underwent CTS treatment.
The results showed the presence of distinct fine metallic
particles on the carbon cloth (Fig. S5 and S6 ESIt). As illustrated
in Fig. S7 (ESIT), under a slightly reductive atmosphere (an Ar
atmosphere containing 5 wt% H,) and a carbon substrate, the
metal salts rapidly decompose, liquefy, and split into nano-
particles at instantaneous high temperatures. This high-
temperature decomposition behavior provides strong evidence
for the formation of metallic particles.

Fig. 1a illustrates the process flow of mixing Cu salts with
wSi followed by CTS treatment. The carbon cloth substrate with
a loaded mixture is connected to the power supply at both ends,
where a pulsed current is applied to achieve transient heating
and quenching. Temperature is determined using an infrared
high temperature sensor (as shown in Fig. 1b, temperature
~2100 K, heating rate 4.2 x 10° K s™'). Under the influence of a
large temperature gradient in the thermal field, the wSi is
ultimately converted into a-SiNWs.

The morphological and structural analyses of the material
were conducted using both scanning electron microscope
(SEM) and TEM. Fig. 2a illustrates the growth process of
the a-SiNWs. Specifically, Fig. 2b shows the SEM image of the
carbon cloth, whose appropriate surface area provides excellent
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Fig.1 The CTS process for synthesizing a-SiNWs@CC. (a) Schematic diagram and (b) temperature profile and optical images of the carbon cloth

substrate at different stages.

attachment points for the mixture. The carbon cloth loaded
with the wSi and Cu salt mixture (Fig. 2c and d and Fig. S8,
ESIT) underwent CTS treatment under different conditions. The
results show that, as illustrated in Fig. S9 (ESIt), at around
1655 K, the nanowires are short and dense, while at 2368 K,
they become longer and more sparsely distributed. Notably, at
approximately 2100 K, the prepared a-SiNWs@CC exhibited a
relatively uniform linear morphology (Fig. 2e-g) and had an
optimized loading mass (2.0 mg cm™ 2, Table $3, ESIt). These
results can provide valuable guidance for the morphology and
growth regulation of Si nanowires.

As shown in Fig. 2g and Fig. S10 (ESIt), the Si nanowires
generated a-SiINWs@CC have a diameter of approximately
15 nm and exhibit a high length-diameter ratio, and the
spherical cap at the top of the nanowires is slightly thicker
than the wires. Furthermore, as shown in Fig. 2h and i, the TEM
and high-resolution TEM (HRTEM) images reveal that the
a-SiINWs@CC has an amorphous structure. The spherical cap
at the tip of the nanowire shows varying contrast, and a lattice
spacing of 0.20 nm in HRTEM corresponds to the (111) plane of
Cu (Fig. 2i).*° The selected area electron diffraction (SAED)

4350 | Energy Environ. Sci., 2025, 18, 4348-4361

pattern in Fig. 2j further confirms the amorphous structure of
the nanowires. High-angle annular dark field (HAADF) imaging
and energy dispersive spectroscopy (EDS) elemental mapping
(Fig. 2k) reveal that the nanowires are primarily composed of
Si and O, with Cu clearly visible at their tips. The mass ratio
of Si and O elements (Table S4, ESIf) further suggests that
a-SiNWs@CC is predominantly Si, with a small amount of
oxidation due to the inherent oxidation layer of the wSi.

However, for the sample c-SiNWs@CC without the Cu salt,
although its morphology is similar to that of a-SiNWs@CC
(Fig. S11, ESIt), TEM imaging (Fig. S12, ESIY) reveals distinct
lattice fringes within the linear portions of c-SINWs@CC, with
lattice spacings corresponding to the (111) planes of crystalline
Si, indicating the growth of crystalline Si nanowires (c-SiNWs).*
Combined with EDS elemental mapping and the silicon-to-oxygen
mass ratio (Fig. S12 and Table S4, ESIf), an oxidation layer of
approximately 5 nm thick is observed at the edges, which limits
the growth of nanowires in non-one-dimensional directions.

To accurately understand the growth mechanism of a-
SiNWs@CC, the standard Gibbs free energy changes (A.Go,)
for Si-related chemical reactions during the CTS process were

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The morphological and structural characterization. (a) Growth diagram, (b) pristine carbon cloth, (c) and (d) SEM images at different
magnifications of the carbon cloth surface with the loaded wSi and Cu salt mixture, (e)-(g) microscopic morphology of a-SiNWs@CC at different
magnifications, and (h) and (i) TEM and HRTEM images, (j) SAED pattern, and (k) HAADF and EDS elemental mapping of the a-SiNWs.

calculated. As shown in Fig. S13 (ESIt), the results indicate that,
in a system containing Si, silica, and carbon (with silica derived
from the oxidation of wSi), the formation of gaseous SiO
proceeds favorably at around 2100 K. This promotes melt super-
saturation and accelerates the precipitation of Si atoms.?*=*
Furthermore, based on the analysis of the Si-Cu phase diagram
(Fig. S13, ESIt), it can be shown that the introduction of Cu lowers
the melting point of Si, allowing the rapid formation of a Si-Cu
melt. To verify this process, as displayed in Fig. 3a-c and Fig. S14
(ESIY), the different melting behaviors of wSi and the mixture of
wSi with the 3 wt% Cu powder under high temperatures were
captured (a heating rate of 5 °C min~*, an Ar atmosphere contain-
ing 5 wt% H, is used to inhibit further oxidation of Si). The results
show that the melting temperature of the wSi and Cu mixture is
significantly lower than that of wSi (Fig. 3b), indicating that the

This journal is © The Royal Society of Chemistry 2025

introduction of Cu accelerates the reaction of the system under
the same thermal field. During the melting process, the average
contact angle of the wSi and Cu molten mixture is slightly larger
(Fig. 3c), suggesting weaker interaction forces and a relatively
lower surface energy of the droplets, which facilitates the rapid
growth of nanowires.*>* A simple calculation of the adsorption
energy shows that the adsorption energy of SiO on molten Si is
—3.22 eV, while it is —5.98 eV for the Cu-Si melt (Fig. S15, ESIT).
These suggest that the introduction of Cu particles promotes the
adsorption of evaporated Si suboxides and accelerates the rapid
precipitation of Si atoms.

Additionally, we conducted experiments at different reaction
temperatures to indirectly obtain intermediate states (Fig. S16,
ESIT). The results indicate that at relatively lower temperatures,
the wSi and Cu mixture simply melts into particles, while at

Energy Environ. Sci., 2025, 18, 4348-4361 | 4351
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(a) Schematic diagram of molten materials at high temperatures, (b) the melting state of wSi, wSi and Cu powder mixtures at different temperature

stages, (c) a high temperature contact angle at 1568-1771 K, and (d)—-(g) diagrams of the a-SiNWs@CC and c-SiNWs@CC formation.

higher temperatures, it gradually grows into elongated nano-
wire structures. As depicted in Fig. S17 (ESIt), small particles
were detected at the edges of the carbon cloth substrate for
the prepared a-SiNWs@CC. Further EDS analysis reveals the
presence of Cu, which is concentrated within the Si particles.?*>"
Moreover, a slight trace of volatiles was observed during the
experiment. A quartz boat was placed above the reactants to
collect them for detection. As illustrated in Fig. S18 (ESIt), SEM
and EDS analyses identified the volatiles as weakly oxidized Si.
Similarly, wSi was only partially loaded onto the carbon cloth
(Fig. S19, ESIt). The results showed that sparse SiNWs were also
observed in the regions without wSi loading, further suggesting
the involvement of gaseous Si suboxides in the reaction.
Overall, as illustrated in Fig. 3d and e and Fig. S20a (ESIT),
the growth mechanism of a-SINWs@CC involves the following
stages: (i) wSi and Cu salts physically adhere to the carbon
cloth, (ii) during the start of CTS, wSi melts and Cu salts

4352 | Energy Environ. Sci., 2025, 18, 4348-4361

decompose thermally, forming particles, (iii) these particles
further fission and aggregate on the carbon cloth, (iv) Si-Cu
fusion occurs along with thermal evaporation of SiO,, (v) the
formed melt begins to grow along a one-dimensional direction
under the oxygen-limited domain conditions, continuously
adsorbing free SiO, in the thermal field, (vi) with the precipita-
tion of Si atoms, directed diffusion driven by the large tem-
perature gradient results in the growth of a-SiNWs. Similarly,
the growth mechanism of ¢c-SINWs@CC without Cu catalysis is
shown in Fig. 3f and g and Fig. S20b (ESIt).

As shown in Fig. 4a, the initial static contact angle of the
material was measured by adding an electrolyte. The wSi@CC
material exhibits poor wettability due to its simple physical
adhesion. Significantly, after the CTS process, the material
exhibits improved wettability, which facilitates the rapid diffu-
sion of electrolyte ions on the surface.’® As demonstrated in
Fig. 4b, a-SINWs@CC exhibits excellent flexibility, maintaining

This journal is © The Royal Society of Chemistry 2025
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Cu 2p spectra from the XPS analysis of a-SINWs@CC, and (i) FTIR spectra.

their integrity even when bent from 0° (flat) to 360° (curled).
In the tensile-strain test, despite the strain (12%) being lower
than that of wSi@CC, the stress remains around 4.5 MPa,
demonstrating their ability to provide good structural stability.
Furthermore, in Fig. 4c and Fig. S21 (ESIY), the area loading of
a-SINWs@CC and c-SiNWs@CC is slightly lower than that of
wSi@CC, which may be due to the volatilization of some
impurities during the CTS process. It is worth mentioning that
the loading amount has surpassed that of most related reports
on silicon-based anodes (Fig. S21 and Table S5, ESIT).
As depicted in Fig. 4d, X-ray diffractometer (XRD) characterization
revealed the presence of SiC diffraction peaks in c-SINWs@CC, in
addition to the characteristic peaks corresponding to crystalline Si.
This SiC formation is likely due to a series of reactions between Si
or SiO, and carbon during the high-temperature process (Fig. S22,
ESIt), which reduces the conductivity between the nanowires and
the carbon substrate.>” Remarkably, no significant SiC diffraction
peaks are observed in the a-SiNWs@CC. This may be attributed to
the early formation of the Si-Cu melt, which inhibits the interfacial

This journal is © The Royal Society of Chemistry 2025

reactions between Si and carbon. The presence of amorphous in a-
SiNWs@CC is further confirmed by the Raman band at 480 cm™*
(Fig. 4e), consistent with TEM analysis.”>** As shown in Fig. 4f, the
notable increase in the intensity of the D and G bands after CTS
(indicating the degree of graphitization) suggests an improvement
in the material’s conductivity.*®

Furthermore, XPS characterization was performed to analyze
the surface chemical bonding of the materials (Fig. 4g and h,
and Fig. S23, ESIt). In the Si 2p spectrum of a-SiINWs@CC
(Fig. 4g), typical peaks for Si, Si-C, and SiO, are observed.
Combined with the C 1s and O 2p spectra in Fig. $23 (ESIY), this
indicates a significant presence of surface functional groups on
a-SiNWs@CC. In contrast, the Si 2p spectrum of c-SINWs@CC
shows a notably stronger Si-C peak, which likely results from
the formation of SiC.*® Additionally, the peaks at 933 and 953
eV in the Cu 2p spectrum (Fig. 4h) correspond to the binding
energies of Cu 2p;/, and Cu 2p;,. And, the absence of a distinct
split peak suggests that Cu is predominantly in Cu®.*® The
Fourier transform infrared spectra (FTIR) in Fig. 4i further

Energy Environ. Sci., 2025, 18, 4348-4361 | 4353
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clarified the chemical bonding states between Si, C, and O. The
presence of chemical bonds is crucial for enhancing the structural
stability and conductivity of the electrodes. Compared to wSi@CC
and c-SINWs@CC, the surfaces of a-SINWs@CC are featured with
additional functional groups such as -COOH and Si-OH. These
results indicate that a-SINWs@CC have a rich array of surface
chemical bonds, which improve structural stability while allowing
for rapid (de)lithiation."*

Electrochemical performance

As illustrated in Fig. 5, to validate the stable lithium storage
capability of the flexible a-SINWs@CC electrode material,

View Article Online
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electrochemical performance tests were conducted by assembling
the prepared electrodes into both half-cells and full cells. During
the charge-discharge process at a current of 0.2 A g~ " (Fig. 5a), the
initial discharge capacity of a-SiNWs@CC reaches 3526 mA h g%,
with an ICE as high as 91.35%. In comparison, the discharge
capacities and ICEs for wSi@CC and c-SiNWs@CC electrodes are
3412 mAh g " (87.21%) and 3354 mA h g~ * (82.05%), respectively.
As shown in Fig. 5b, during cycling at 0.8 A g, the a-SINWs@CC
electrode demonstrates an average coulombic efficiency greater
than 99.7%, with a minimal fluctuation in each cycle, indicating
the stability of the electrode structure. Fig. 5¢ shows that, at a
current of 0.8 A g™, after 200 cycles, a-SINWs@CC maintains a
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reversible capacity of nearly 2900 mA h g~* (Fig. S18 (ESIT), and
the areal capacity reached 5.6 mA h cm™2), with a retention rate of
nearly 95% (at the same current). In contrast, c-SINWs@CC
exhibits a capacity of only 1600 mA h g~ (3.0 mA h cm™?),
losing more than half of their lithium, while wSi@CC shows
rapid capacity decay after the current increase during the
fourth cycle, indicating significant instability. Moreover, com-
pared to the most recently reported Si nanowire electrodes
(Fig. 5d and Table S6, ESIT), a-SINWs@CC exhibits an excep-
tional ICE and capacity retention. The rate performance
depicted in Fig. 5e and f further demonstrates the fast ion
and electron transport capabilities of a-SiNWs@CC. Even
when the current increases from 0.2 A g ' to 8.0 A g™, the
capacity remains at 0.8 A h g~*. Upon returning to 0.2 A g,
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the capacity recovers to its initial value (>3200 mA h g™ %).
When switching the current to 2.0 A g~ * (Fig. 5f), the capacity
remains at 2150 mA h g~ ' after 250 cycles, further confirming
the high structural stability of a-SiINWs@CC.

Additionally, as shown in Fig. 5g-i, full cells were assembled
using commercial LiFePO, (LFP) cathodes paired with wSi@CC,
a-SiNWs@CC, and a-SiNWs@CC anodes to evaluate their prac-
tical value. Under a charge-discharge rate of 1.0C (1.0C =
170 mA h g7, a-SINWs@CC clearly demonstrates stable cou-
lombic efficiency (average >98.5%), with a reversible capacity
of approximately 120 mA h g~ ' after 200 cycles. In contrast,
wSi@CC and c-SINWs@CC exhibit significant fluctuations and
relatively lower coulombic efficiency, along with a rapid decline
in cycling stability. The differential capacity plots of the first
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(f) GITT test, (g) apparent ion diffusion values for the electrodes, and (h) schematic diagram of ion transport pathways and interface stability for different
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50 cycles for the wSIi@CC, c-SINWs@CC, and a-SINWs@CC
electrodes in the half cell tests (Fig. 5j-1) were analyzed. During
the early cycles, all three samples exhibit distinct capacity peaks
near 0.30 V and 0.45 V. As cycling progresses, the peak intensity
near 0.45 V for the wSi@CC and c-SiNWs@CC electrodes
gradually decreases, indicating capacity fade and structural
degradation. For the wSi@CC electrode, the second peak
slightly below 0.45 V and the reduced distance between peaks
suggest severe electrode polarization and wSi aggregation.
In contrast, the differential capacity plot of the a-SINWs@CC
electrode shows stable peak positions and intensity, indicating
that this flexible electrode experiences lower electrode polariza-
tion and less Si aggregation during cycling, which contributes
to its higher ICE and superior rate performance.?®>°

In summary, the high ICE and stable electrochemical perfor-
mance can be attributed to the following factors: (i) the isotropic
nature of a-SiNWs provides excellent stress/strain tolerance.
(ii) The well-distributed nanowires increase the reaction contact
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area, enhancing lithium insertion/extraction rates and efficiency.
(iii) The majority of the prepared nanowires are smaller than
15 nm. For SiNWs, this nano size is significantly below the critical
dimension for Si expansion (300-400 nm), facilitating the for-
mation of a stable SEI layer.”**°

Enhancement mechanism and structural evolution during
electrochemical cycling

To elucidate the stable lithium storage of a-SINWs@CC materials,
it is important to study their electronic/ionic transport kinetics.
As shown in Fig. 6a-d and Fig. S25 (ESIY), the in situ electro-
chemical impedance spectra (EIS) and corresponding dynamic
relaxation time (DRT) curves during the first (de)lithiation process
were tested.*” The results indicate that a-SINWs@CC exhibits a
gradual decrease in impedance on a macroscopic scale, which
subsequently stabilizes (Fig. 6a). Furthermore, in Fig. 6b, the EIS
data were converted from the frequency domain to the time
domain to obtain the DRT curves, which help decouple the highly
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Fig. 7 Simulation of the lithiation expansion of a-Si and c-Si and their interaction with carbon substrates. (a) and (b) Von mises stress (left) and elongation
(right) of a-Si and c-Si, (c) von mises on the carbon substrate during Si lithiation at different time intervals, (d) the von mises curves for single-particle,
(e) and (f) the electrode displacement, and the in von mises experienced by the carbon substrate.

4356 | Energy Environ. Sci., 2025, 18, 4348-4361

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee00020c

Open Access Article. Published on 07 April 2025. Downloaded on 12/20/2025 2:18:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

overlapping physicochemical processes in the complex system.
Typically, peaks with time constants t in the range of 10™* to
10? s are attributed to Li transport within the interface SEI layer.
Notably, the a-SINWs@CC electrode exhibits minimal peak fluc-
tuations, indicating stable formation of the interface SEI layer
during the initial (de)lithiation process, which enhances electro-
nic/ionic migration rates. In contrast, as shown in Fig. 6¢c and
Fig. S25 (ESIt), while ¢-SINWs@CC and wSi@CC show similar
trends in the EIS plots, they display significant fluctuations in the
DRT curves (Fig. 6d and Fig. S25, ESIT). Particularly, the wSi@CC
electrode material (Fig. S25, ESIT) shows substantial oscillations
in both the EIS plot and the DRT curve, suggesting that the simple

b

wdl

A R i
a-SiNWs@CC

(s
(. N
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physical contact between wSi and carbon cloth impedes electron
and ion transfer. Additionally, the volume changes in Si exacerbate
the electrical contact issues, ultimately leading to deterioration of
the electrode material. Further numerical fitting of the in situ EIS
data was conducted using a general equivalent circuit model
(Fig. S26, ESIT). To directly reflect the impedance changes during
the (de)lithiation process, the SEI interface’s diffusion impedance
and the interfacial charge transfer impedance are combined
into R. The results show that the prepared a-SiNWs@CC electrode
exhibits smaller and more stable impedance, suggesting that
this a-SINW material is more favorable for stable lithium storage
compared to crystalline Si nanowires and simple wSi.

Component area ratio

Precursors

Thin SEI
a-SiNWs@CC

& D Solution evaporation

= |,CO, === SiO,F,/LiSiO, Organic SEI

Roll after modification

Fig. 8 Surface morphology and composition of electrodes, and prospects for scalable production. Morphology of (a) and (b) a-SiNWs@CC, (c) and
(d) c-SiINWs@CC, and (e) and (f) WSi@CC, (g) the relative area of components in the XPS spectra of different electrodes, (h) schematic comparison of SEI

formation, and (i) prospective demonstration of scalable production.

This journal is © The Royal Society of Chemistry 2025

Energy Environ. Sci., 2025, 18, 4348-4361 | 4357


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee00020c

Open Access Article. Published on 07 April 2025. Downloaded on 12/20/2025 2:18:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

Using the galvanostatic intermittent titration technique
(GITT), the lithium-ion apparent diffusion coefficients for
a-SiNWs@CC, c-SiNWs@CC, and wSi@CC electrodes during the
first and second (de)lithiation cycles were calculated.**** As shown
in Fig. 6e-g and Fig. S27 (ESIt), a relaxation time of 1 h and a pulse
time of 20 min were set, with cycling conducted at a current of
02 A g ' for two cycles. The calculated average lithium-ion
apparent diffusion coefficients for a-SINWs@CC, c-SINWs@CC,
and wSi@CC electrodes are 5.38 x 10™°, 4.04 x 10~°, and 8.60 x
107"° em® s, respectively. Clearly, the a-SINWs@CC electrode
exhibits an excellent ion diffusion rate and remains relatively
stable during both the first and second cycles, whereas the other
electrode materials show significant variations (Fig. 6g).

In brief, Fig. 6h and Fig. S28 (ESIt) provide a clear illustration
of the electron/ion transport structures for different electrodes.
The exceptional transport kinetics of the a-SINWs@CC can be
attributed to two factors: first, the isotropy of a-Si compared to c-Si
promotes the stable formation of the SEI layer. Second, the one-
dimensional structure of Si nanowires, in contrast to traditional
particles, offers continuous transport pathways, while Si particles
have numerous physical contact points that significantly reduce
lithium-ion transport efficiency. Consequently, a-SiNWs@CC
exhibits lower charge transfer resistance and faster ion migration
rates, demonstrating outstanding stability and rate performance.

To clearly illustrate the low-stress effect of the prepared
a-SiNWs@CC electrode, a simplified finite element model was
used to simulate the lithiation of a-Si and c-Si. Notably, to avoid
prolonged computational times, a two-dimensional structural
model was constructed (Fig. S29, ESIt). First, as shown in Fig. 7a
and b, the von mises stress and elongation after the first lithiation
in single particles of a-Si and c-Si clearly demonstrate that the
isotropic nature of a-Si helps to alleviate stress concentrations.

Furthermore, we simulated the lithiation process with multi-
ple Si particles randomly distributed on the carbon substrate to
capture the microscopic deformation details between them and
the carbon-based electrode. As illustrated in Fig. 7c, with
increasing lithiation time, Si particles expand, come into con-
tact, and compress each other, leading to stress concentrations.
In practice, an excessive force can result in the loss of electrical
contact between the active material and the current collector.
Evidently, a-Si exhibits a smoother stress distribution, indicating a
lower degree of electrode damage. The stress variation in single
particles at different lithiation states, as shown in Fig. 7d, further
demonstrates the more favorable stress distribution of a-Si.
Additionally, electrode expansion is a valuable indicator of battery
performance. As shown in Fig. 7e and Fig. S30 (ESIf), the
displacement of the electrode during the initial lithiation is
simulated, and together with the stress variation curve on the
carbon substrate in Fig. 7f, it strongly suggests that electrodes
composed of a-Si exhibit a more stable structure.

In Fig. 8, the morphology of the electrodes after 100 cycles
was characterized. The results indicated that all electrodes
exhibited significant surface swelling after cycling, which is
attributed to the formation of SEI films and other by-products
generated during (de)lithiation. The a-SINWs@CC maintains a
clear nanowire outline on the surface after cycling (Fig. 8a and b).

4358 | Energy Environ. Sci., 2025, 18, 4348-4361

View Article Online

Paper

In contrast, the surface of c-SiNWs@CC shows more uneven
impurities, and the carbon cloth substrate is clearly exposed
(Fig. 8c and d), suggesting that some nanowires on the
¢-SiNWs@CC surface detach and lose electrical contact during
cycling. The wSi@CC electrode experiences even more severe
electrical contact failure and cracking (Fig. 8e and f).

Additionally, the surface SEI components were characterized
using XPS. Fig. 8g and Fig. S31 (ESI}) display the elemental
spectra of O 1s, Li 1s, F 1s, Si 2p, and C 1s, as well as the relative
content of Li,CO; and LiF components. The results indicate
that the a-SiNWs@CC surface has relatively less Li,CO3, sug-
gesting that the stable growth of the SEI on its surface reduces
the formation of Li,CO; by suppressing the reduction of
organic solvent decomposition products. A comparison of LiF
intensity reveals that a-SiNWs@CC forms more LiF on its surface
during (de)lithiation. This component, with a high elastic mod-
ulus and a low Li" diffusion barrier can reduce SEI damage during
the expansion of Si nanowires.***> Fig. 8h and Fig. S32 (ESI%)
provide simplified diagrams of the SEI composition on the Si
surface of the three electrodes, illustrating that a thin, LiF-rich SEI
forms on the surface of a-SINWs@CC. In addition, Fig. 8i further
proposed the high-efficiency preparation process of amplification,
which is expected to provide a new idea for the preparation of
high-performance flexible electrodes.

Conclusions

In summary, a new strategy to fundamentally reconstruct the
microstructure of photovoltaic waste silicon (wSi) is developed by
inducing the growth of a-SiNWs, leveraging the oxidative properties
of wSi. The high-gradient thermal field (ca. 4.2 x 10° K s )
provided by CTS is utilized to break the traditional slow heating
and cooling rates. Under the confinement of the oxide film, Si
atoms precipitate in a one-dimensional direction, while Cu melt
catalysis promotes the rapid in situ growth of amorphous nano-
wires on the surface of carbon cloth. The growth mechanism of
a-SINWs@CC was proposed, confirming that the introduction
of Cu was the primary factor driving the formation of a-SiNWs.
The resulting a-SINWs@CC exhibits outstanding lithium storage
performance, with an initial coulombic efficiency of 91.35% at
0.2Ag 'and aretained capacity of 2150 mA h g~ " after 250 cycles at
2.0 A g~'. The enhanced electron/ion transport kinetics of the
a-SINWs@CC electrode were elucidated, contributing to improved
structural integrity and stability during (de)lithiation. Additionally,
the surface morphology and micro-composition of a-SiNWs@CC
after cycling were revealed, and a roll-to-roll continuous production
process for large-scale fabrication was proposed. Consequently, the
successful implementation of this method opens up new possibi-
lities for optimization and re-utilisation of wSi.

Experimental
Sample preparation

The wSi used in this paper was provided by JA Co., LTD. In the
process of diamond wire cutting silicon ingot, a large amount

This journal is © The Royal Society of Chemistry 2025
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of the silicon slurry was produced, and wSi was obtained by
simple evaporation, drying and crushing. Other reagents were
used directly without any treatment.

First, wSi was weighed and added to deionized water to
prepare a suspension with a solid content of 5 wt%. Then, a
certain amount of Cu sulfate pentahydrate (CuSO,-5H,0) was
added to the suspension, followed by sonication for 30 min to
disperse the mixture (the mass of CuSO,-5H,0 was calculated
based on 3 wt% of the wSi mass by first determining the mass
of elemental Cu and then converting it to the corresponding Cu
salt mass). Next, clean carbon cloth was cut into small pieces
(ca. 1 x 4 cm) and immersed in the suspension. After stirring
for 2 h, the pieces were removed and placed in a vacuum drying
oven set at 80 °C for 10 h. Finally, the carbon cloth with the
attached mixture was secured at both ends in the graphite
clamps of a CTS device (an Ar atmosphere containing 5 wt%
H,). By applying a voltage of 30 V, a current of 60 A, and a shock
time of 0.5 s, the a-SINWs@CC electrode was successfully
prepared.

For comparison, the c-SINWs@CC electrode was prepared by
omitting the addition of CuSO,-5H,0 in the above steps, while
keeping the rest of the procedure unchanged. Furthermore, a
single electrode without CTS and without the introduction of
Cu was labeled as wSi@CC. Additionally, the growth of nano-
wires under different CTS conditions was briefly explored (see
the ESIt for details).

Material characterization

The morphology and structure of the samples were characterized
using scanning electron microscopy (SEM, JSM-7800 Prime) and
transmission electron microscopy (TEM, JEM-2100F). A laser
particle size analyzer (Mastersizer 2000) was used to characterize
the particle size distribution, and Raman spectra were recorded
using a 532 nm excitation wavelength. The material’s purity was
measured using inductively coupled plasma atomic emission
spectroscopy (ICP). The contact angles of the samples at different
temperatures were measured using a high-temperature contact
angle tester (OCA25-HTV1800). The tensile-strain curves of
different samples were tested using a universal testing machine
(zwick Z250). X-ray diffraction (XRD) patterns were measured
using an X-ray diffractometer (Cu-Ka radiation, 40 mA, 40 kv).
X-ray photoelectron spectroscopy (XPS) analysis was performed
using an ESCALAB 250Xi spectrometer. The purity of the wSi
powder was determined using inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Optima 7000DV). The
CTS equipment was purchased from Saiyin New Materials
Technology Co., Ltd.

Electrochemical characterization

The a-SINWs@CC, c-SiNWs@CC, and wSi@CC samples were
cut into small circular discs with a diameter of 10 mm and
directly used as working electrodes (a thickness of ca. 360 pum)
without any binders or conductive agents. In half cell tests, the
lithium metal was used as the counter electrode, and the
electrolyte consisted of 1 M LiPF6 in a mixture of ethylene
carbonate and diethyl carbonate (1:1, vol%) with 5 wt%

This journal is © The Royal Society of Chemistry 2025
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fluoroethylene carbonate, separated from the working electrode
by a microporous polypropylene membrane (Celgard, 2400).
The electrochemical cycling and rate performance of the half
cells were evaluated within a voltage window of 0.01-3.0 V.
In full cell tests, the prepared anodes were prelithiated three
times (cycled at 0.2 A g~ in the half cell) and then paired with
LiFePO, (LFP) cathodes to assemble the full cells (N/P ratio of
1.1). The separator and electrolyte used were the same as those
in the half-cells. The cathode was prepared by mixing commer-
cial LFP, polyvinylidene fluoride, and conductive carbon black
in an 8:1:1 ratio, coating the mixture onto an aluminum
current collector, and vacuum drying at 110 °C for 12 h. The
electrochemical performance of the full cells was evaluated
within a voltage window of 2.4-3.6 V. Cell assembly was
conducted in an argon-filled glove box, with all cells using
C2032-type coin cells. Constant current charge-discharge,
galvanostatic intermittent titration technique (GITT) tests, and
specific capacity calculations based on the mass of active
materials were carried out using a NEWARE battery testing
system (CT-4008T-5V50 mA-164, Shenzhen, China). Electro-
chemical impedance spectroscopy (EIS) measurements were
performed using a CHI760E electrochemical workstation
(Shanghai CH Instrument Company, China) in a frequency
range from 100 kHz to 0.01 Hz.
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