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ABSTRACT

Silicon nanowires (SiNWSs) have been used in a wide variety of applications over the past few
decades due to their excellent material properties. The only drawback is the high production
cost of SINWSs. The preparation of SINWs from photovoltaic waste silicon (WSi) powders,
which are high-volume industrial wastes, not only avoids the secondary energy consumption
and environmental pollution caused by complicated recycling methods, but also realizes its
high-value utilization. Herein, we present a method to rapidly convert photovoltaic WSi
powders into SINWs products. The flash heating and quenching provided by carbothermal
shock induce the production of free silicon atoms from the WSi powders, which are rapidly
reorganized and assembled into SINWs during the vapor-phase process. This method allows
for the one-step composite of SINWs and carbon cloth (CC) and the formation of SiC at the
interface of the silicon (Si) and carbon (C) contact to create a stable chemical connection. The
obtained SiNWs-CC (SiNWs@CC) composites can be directly used as lithium anodes,
exhibiting high initial coulombic efficiency (86.4%) and stable cycling specific capacity
(2437.4 mA h g at 0.5 A g! after 165 cycles). In addition, various SINWs@C composite
electrodes are easily prepared using this method.

Keywords: Photovoltaic waste silicon powders; Silicon nanowires; Vapor-phase conversion;
Lithium-ion batteries; Silicon-carbon anode electrode



1. Introduction

Silicon nanowires (SiNWs) often exhibit unique and superior electronic, optical,
mechanical, thermal, and chemical properties [1,2], and have been widely investigated for a
variety of applications over the past decades, including solar cells [3], thermoelectric
generators [4], field-effect transistors [5], lithium-ion batteries (LIBs) [6], and
chemical/biological sensors [7,8]. The only disadvantage of SiNWs is the high production
cost. The typical preparation methods include chemical vapor deposition (CVD) [9], metal-
assisted chemical etching [10], liquid phase catalytic growth [11], and laser ablation [12].
Existing CVD methods for large-scale preparation of SINWs require the use of vapor-phase
precursors grown by crystalline precipitation in the presence of a catalyst [13]. Among them,
vapor silicon (Si) sources such as silane (SiHy), ethylsilane (Si;Hg), and silicon tetrachloride
(SiCly) are expensive, and the need for metal nanoparticle catalysis further increases the
production cost and process, and the slow process of alloying-nucleation-growth also
significantly increases the time cost of SINWs preparation [14,15]. There is an urgent need to
develop new low-cost and efficient methods for the preparation of SINWs.

The global energy structure has been adjusted in recent years, and traditional fossil fuel
energy is gradually being replaced by clean energy sources such as solar energy [16].
However, a large amount of waste silicon (WSi) powders are incidentally generated during
the diamond cutting process for the production of Si wafers for solar cells [17-19]. These
WSi powders are of high purity (~99%), produced in large quantities (more than 200,000 tons
per year), relatively small particle size (~1 um), and fully oxidized surfaces [20].
Conventional remelting-refining recycling methods are affected by factors such as Si surface
oxidation, fine particle size, and trace impurity carryover. The cumbersome recovery process
also leads to secondary energy consumption and environmental pollution [21,22]. Therefore,
the photovoltaic industry is eager to develop new technologies to realize efficient, clean, and
high-value recovery of WSi powders.

The main methods for the synthesis of nanowires using solid materials are thermal
evaporation [23,24] and molten salt electrolysis [25,26], which involve atomic rearrangement,
nucleation, and growth under the control of an external field strength or in a confined space.
Thermal evaporation drives atomic rearrangements by slowly evaporating Si and its oxides
[27-29], which offers the possibility of converting photovoltaic WSi powders to SINWs.
However, slow ramp up/down temperature processes significantly increase the cost of time. In
order to achieve rapid synthesis of SiNWs, it is necessary to accelerate the production and
rearrangement of Si atoms by providing ramp up/down temperature rates well in excess of
furnace heating. Carbon materials have excellent thermal conductivity, thermal stability, and
high temperature resistance and can be flash heated and quenched by Joule heating [30]. Liu
prepared composite anode electrodes of SINWs and graphene by using carbonthermal shock
with photovoltaic waste silicon powders under the interlayer confinement of graphene [31].
The method explains little about the growth process and generation mechanism of SINWs, in
addition to the high price of graphene and the complex pre-treatment operations that limit the
recovery of the highly productive WSi powders. Therefore, the rapid conversion of waste
silicon powders into SINWs by carbothermal impact needs further research.

Anodes with a specific capacity of more than 1000 mA h g™! are needed to significantly
increase the energy density of LIBs, and Si is the most promising anode for next-generation
LIBs because of its extremely high theoretical specific capacity (4200 mA h g') [32]. Si-
based anodes suffer from two fatal problems: (i) huge volume changes during lithiation and
(i1) low conductivity [33]. In contrast, one-dimensional SINWs structures can expand radially
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and longitudinally, mitigating the irreversible strain caused by volume expansion [34,35].
Nanowires can also be grown directly on the collector and create tight connections, thus
enhancing the conductivity of the electrode material [36,37]. The application of SiNWs
materials to lithium battery anodes can effectively alleviate the two major defects of Si-based
anodes and realize the realistic demand for high specific capacity of LIBs [38—41].

Here, we realize the rapid conversion of WSi powders to SINWs by a vapor-phase process.
Carbothermal shock is used to rapidly heat WSi powders, driving the production of free Si
atoms. These silicon atoms are confined by surrounding oxides and enter the vapor phase.
During the cooling process, the confined vapor-phase silicon atoms self-assemble into one-
dimensional SiNWs. The oxide layer not only restricts the growth of the nanowires but also
plays a role in shaping and protecting the resulting structures. This method has the advantages
of low cost, no catalyst required, and the rapid process of preparing SINWs. The method is
capable of synthesizing SINWs alone and can also prepare SINWs-C composites in one step.
We have prepared stabilized composites of SiINWs-carbon cloth (SINWs@CC), which show
excellent electrochemical performance when used as binder-free anodes for LIBs. The SINWs
allow Si to expand without rupturing during lithium charge/discharge, and the Si and C
contact interface is stabilized in the form of SiC improving the conductivity of the materials.
The prepared SINWs@CC electrodes have a specific capacity of 2437.4 mA h g! after 165
cycles at a current density of 0.5 A g™'. In addition, this method can be easily scaled up to
prepare a wide range of composites of SINWs and C, which are ideal materials for high
specific capacity of LIBs.

2. Experimental
2.1. Synthesis of the SINWs and SiNWs@C materials

First, a suspension consisting of WSi powders and an aqueous solution with a solids
content of 10 wt% is prepared. Subsequently, a clean piece of carbon cloth (CC) is sheared
and placed in the pre-processed suspension, vigorously stirred for 1 h, and ultrasonicated for
10 min. Then the CC loaded with the spent silicon slurry is removed from the suspension and
placed in a vacuum drying oven at 70 °C overnight to obtain WSi@CC for subsequent
electroshock operations. The dried WSi@CC is placed in a carbonthermal shock device under
Ar atmosphere, and collectors are placed around it for product collection. A programmable
power supply is used as the input power supply, which allows us to accurately control the
maximum input current and voltage as well as the heating duration. During the carbonthermal
shock, the applied voltage is satisfied to bring the CC to the limiting temperature (~2350 K),
and the shock time is about 0.1 s. SINWs and SINWs@CC materials are obtained after using
graphite carbon paper and CC as collectors, respectively. We also prepared WSi suspensions
with 3, 5, and 7 wt% solids content and repeated the above operation to obtain SINWs@CC
with different loadings by using both front and back sides of the CC as collector. WSi was
homogeneously mixed with carbon fiber powders (CF), activated carbon (AC), and graphite
(G) at mass ratios of 1:1, 1:2, and 1:1, respectively. The mixtures pass through a homemade
curved heating zone in free-fall form to obtain SINWs@CF, SINWs@AC, and SiINWs@G,
respectively.

2.2. Other experimental preparation

To explore how the reaction proceeds, we set up Si wafers as collectors and obtained the
intermediate state products of the reaction. In order to investigate the process of nanowires
generation, we obtained the various stages of nanowires vapor-phase growth by several
experiments using graphite carbon paper as collectors. To investigate the one-dimensional
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confinement of oxides, we conducted comparative experiments using WSi with different
oxygen contents; WSi was mixed with 0.5 M HF solution at a liquid-solid ratio of 2:1 for 5
and 10 min in order to adjust the WSi oxygen content. The time required to bring the material
to room temperature was observed by video slow play, and the cooling rate and the direction
of subcooling were controlled by varying the material load and applying blowing air.

2.3. Materials characterization

An X-ray fluorescence spectrometer analyzer (XRF, AXIOS) from PANalytical B.V.
(Netherlands) was used to detect the impurity content of WSi powders. Inductively coupled
plasma atomic emission spectrometer (ICP-AES, Optima 7000DV) was used to detect the
purity of WSi powders. The elemental mass content of oxygen in WSi powders was examined
using an elemental oxygen-nitrogen-hydrogen analyzer (ONH836) from LECO. (USA). A
laser particle size analyzer (Mastersizer 2000) was used to characterize the powders size
distribution. The morphology of the samples was characterized by scanning electron
microscopy (SEM, JSM-7800 (Prime)) and transmission electron microscopy (TEM, JEM-
2100F). Energy dispersive spectrometer (EDS, Aztec, Oxford) was used to map the
composition and elemental distribution of each sample. X-ray diffraction (XRD) patterns of
the materials were analyzed using a Bruker (Germany) X-ray diffractometer (Cu-K,, radiation,
40 mA, 40 kV). X-ray photoelectron spectroscopy (XPS) was performed on an ESCALAB
250Xi system using Al K radiation, with the C 1s peak at 284.8 eV as an internal standard.

2.4. Electrodes electrochemical measurements

Electrochemical performance tests were carried out using C2032 coin cells. The working
electrode was SINWs@CC with a surface loading of 2.04 mg cm™, and a lithium metal sheet
was used as the counter electrode. Button cells were assembled in an argon-filled glove box.
The electrolyte consisted of 1 M LiPF¢ mixed with ethylene carbonate (EC), diethyl carbonate
(DEC) (1:1, vol%), and 5 wt% fluoroethylene carbonate (FEC). The electrochemical cycling
and rate characteristics of the half-cells were evaluated over a voltage window from 0.01 to
3.0 V. Electrochemical impedance spectra (EIS) were recorded in the frequency range of 0.01
Hz to 100 KHz. Cyclic voltammetry (CV) tests were performed on an electrochemical
workstation (CHI760¢) with a scan rate of 0.2 mV s™! and a potential window of 0.01-3.0 V.

The electrode slurry was prepared by mixing active materials (SINWs@CF, SINWs@AC,
and SiNWs@G), carbon black, and polyvinylidene fluoride (PVDF) in N-methyl-2-
pyrrolidone (NMP) solution at a mass ratio of 8:1:1. Subsequently, the electrode paste was
coated on the copper foil and vacuum dried at 100 °C for 10 h to obtain SINWs@CF,
SINWs@AC, and SINWs@G electrodes. The various electrode materials were assembled into
a half-cell according to the above mentioned operation, and the electrochemical cycling
characteristics of the half-cells were investigated in the voltage range of 0.01-3.0 V.

3. Results and discussion
3.1. Synthesis, characterisation, and mechanistic analysis of the SINWs

Photovoltaic WSi powders are inexpensive waste materials produced during the cutting and
fabrication of crystalline Si wafers for solar cells, which is difficult to recycle due to their
small particle size, high purity, and deep oxidation, but these properties may play a role in the
preparation of SINWs. A comprehensive understanding of the intrinsic properties of WSi is
first needed to guide the understanding of the conversion process from WSi powders to
SiNWs. XRF and ICP-AES show that the purity of Si in WSi is more than 99.39% (Tables S1
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and S2), and the trace impurities are consistent with the purity of Si in lithium anode. WSi
exists mainly in the form of crystals (Fig. S1). The particle size distribution of WSi 1is
determined using a laser particle size analyzer (D50 = 0.78 pum), and its overall composition
consists of fine nanoparticles and larger micron-sized Si particles (Fig. S2). The morphology
of WSi is flaky irregular particles, and the outer layer is encapsulated by dense oxides, with
oxides thicknesses of about 3—10 nm (Fig. S3). The O elemental content of the pristine WSi is
6.41 wt% as measured by an oxygen-nitrogen-hydrogen elemental analyzer (Table S3). XPS
shows that the WSi powders consist mainly of the elements Si, O, and C (Fig. S4), which are
derived from the organic coolant used in the diamond cutting process of Si ingots and the
surface oxidation of the Si powders [17].

The experiments used electrical heating to generate a transient high temperature thermal
field on a CC substrate, and the WSi powders loaded on the CC are heated to produce vapor
volatiles, which are collected after power-off and cooling. The morphology and structure of
the material before and after the reaction are characterised by SEM and TEM. The reaction
process is shown schematically in Fig. 1(a), where the WSi powders are subjected to rapid
thermal evaporation and the vapor phase is cooled to synthesise SiINWs. Before energised
heating, a clean piece of CC is immersed into the WSi powders suspension and stirred
thoroughly to obtain WSi@CC (Fig. 1b). The synthetic preparation of SINWs is carried out in
a homemade device as shown in Fig. S5, where WSi@CC is sandwiched between two Cu
electrodes, and a high-gradient thermal field is provided by an applied electrical pulse
(maximum temperature ~2100 °C, ramp rate ~10* K s™!), which is switched off after 0.1 s to
naturally cool down (cooling rate ~10° K s7!). The process produces distinct vapor products
that are collected by the placed collector groups, and the finally detected products are
clustered irregular SINWs (Fig. 1c and Fig. S6). TEM images of the SiNWs show entangled
nanowires forming interconnected three-dimensional networks with a large number of voids
between the nanowires (Fig. 1d). The nanowires are not uniform in diameter and show a
shape with thin roots and thick ends (Fig. 1e). The composition of the parts of the nanowires
is consistent, with crystalline Si inside and Si oxides in the outer layer (Fig. S7). High-
resolution TEM (Fig. 1f) images show that the lattice stripe spacing of the SINWs is 0.31 nm,
which corresponds to the (111) crystal plane [42], and the silicon oxide layer with about 2 nm
thickness is presented at the edges of the nanowires. The EDS elemental maps (Fig. 1g) show
that the SINWs consist of the elements Si and O. The detailed structural and compositional
information of the SINWs is shown in Fig. S7. It is observed that the surface Si oxide layer of
the SINWs is significantly thinner compared to that of WSi, indicating that the WSi powders
underwent a series of vapor-phase reactions to be finally reorganised into the outer silicon
oxides coated SiNWs.

In order to accurately understand the reaction process of the conversion of WSi powders to
SiNWs, silicon wafer with a silicon content of 99.70 at% (Fig. S8) is used as a collector, and
the position of collector placement is precisely controlled, and amorphous intermediate state
products are eventually observed on its surface (Fig. S9). The captured intermediate state
products are distinctly different from WSi and SINWs in morphology, and EDS elemental
mapping shows that they contain only two elements, Si and O, confirming that they are SiO,.
It is determined that the following transformations occurred during the reaction process [43—
47].

Si (s) + 810, (s) — SiOr (g) (1

SiOy (g) — Si(g) + Si0, (g) )



Si (g) + Si0, (g) — Si (s) + SiO; (s) 3)

The SiO, in this system is mainly derived from oxides films on the highly oxidized WSi
surface. Reaction (1) occurs in the heating-up atage, where the WSi powders are heated to
produce vapor products; reactions (2) and (3) occur in the power-off cooling stage, where the
vaporized Si oxides are firstly disproportionate and decompose upon exposure to cold, and
then are further cooled to solid SINWs.

(a) Q si d Q c
T sio, , 00 0

W sio: V .
04.

D Wsi

SINW Ks
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>
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WSi@CC Heating evaporation

\ Attached
M >
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Fig. 1. (a) Schematic of the synthesis of SINWs. WSi powders loaded on carbon material are
heated to produce vapor volatiles, which are collected after cooling and identified as SINWs.
(b—g) Microstructural characterization of the samples at each stage. (b, ¢) SEM images of
WSi@CC and SiNWs. (d, e) TEM images of SiNWs at different magnifications. (f, g)
HRTEM images and EDS elemental mapping of SINWs.



The different stages of SINWs generation were captured to accurately confirm the orderly
deposition of silicon and silicon oxides molecules to form SiNWs. The process is described
below. Fine Si nanoparticles are first observed throughout the collector surface (Fig. 2a), and
then vapor molecules are selectively deposited onto the preexisting Si nanoparticles (Fig. 2b).
As deposition proceeded, the prototype nanowires appeared and branched into many side
chains (Fig. 2c), followed by further deposition of vapor molecules and continued extension
of the length of each branch of the nanowires (Fig. 2d). Finally, with complete cooling to
room temperature, vapor-phase deposition ends and nanowires growth stops to produce intact
SiNWs (Fig. 2e). The chemical state and surface composition of the SINWs are analyzed
using XPS (Fig. 2f), and the high-resolution spectra of Si 2p show a higher proportion of Si
elements in the SINWs as compared to the WSi [48]. A small amount of SiQO, is still present
as detected by the Si 2p spectra, probably because the cooling process is too fast for the small
amount of SiO, to decompose completely into Si and SiO,.

The resulting schematic synthesis of SINWs on the collector is shown in Fig. 2(g). During
the flash heating stage, WSi powders are heated to produce SiO, vapor, and the
disproportionation reaction occurs during the cooling process. Firstly, Si nanoparticles are
deposited on the collector surface and become active sites for subsequent deposition. As more
vapor molecules continue to be deposited, the nanowires bifurcate and lengthen, and the
growth of nanowires stops once the temperature is cooled down completely. In addition, the
final shape of SINWs tend to be thin at the root and thick at the ends, which is related to the
rate of the cooling process. The cooling rate at the power-off instant is high and the
molecular buildup is fast, so the nanowire diameter at the root is fine; then the cooling rate
slows down and the molecular buildup slows down, so the nanowire diameter at the ends is
coarse. Therefore, a larger cooling rate can produce more uniform SiNWs, because at a large
cooling rate, the molecules are stacked faster. In addition, a higher degree of supercooling can
be obtained, which promotes the rapid diffusion of atoms in the material, especially in the
direction of nanowire growth. Atoms and molecules can move quickly and be deposited on
the growth points of the nanowires, which helps to achieve uniform growth and reduce local
material accumulation or uneven thickness between nanowires. Based on the observed
nanowires growth process and compared with the existing vapor-liquid-solid (VLS) growth
mechanism [49,50], it is found that these SINWs are clearly not applicable. For SINWs grown
by the VLS mechanism, the most important feature is the guiding droplets at the tip, which
are usually other metals, such as Au. However, in the SINWs prepared by carbothermal shock,
no droplets were observed at the tip to guide the growth of SiNWs. Another point worth
noting is that there is a thin layer of SiO, on the surface of the prepared SiNWs, which
indicates that the oxide film restriction plays a key role in the growth of SINWs. This is very
different from the tip-guided growth emphasized by the VLS mechanism. Therefore, we
believe that the VLS mechanism is not applicable to SINWs grown by carbothermal shock.
The whole process is from solid phase to vapor phase and back to solid phase, which is
similar to the thermal evaporation method for preparing SiNWs, but with five orders of
magnitude shorter preparation time. Therefore, we propose a solid-vapor-solid (SVS) model
for the growth of SINWs. During the rapid heating process, the silicon source is subjected to
high temperatures, causing it to sublime and release gas-phase silicon atoms and silicon oxide
molecules. As these atoms and oxides enter the gas phase, they can react or remain in a vapor
state. When the system undergoes rapid cooling, the silicon atoms begin to self-assemble and
grow into SINWs, guided by the presence of a thin silicon oxide layer that is formed on their
surface. This oxide layer acts as a constraint, shaping and protecting the nanowires as it is
formed. Unlike the traditional VLS mechanism, the SVS mechanism does not use foreign
metal catalysts to guide the growth of SINWs [51]. Instead, it relies on self-assembly, which
eliminates the contamination and performance degradation caused by metal impurities [52].
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More importantly, silicon nanowires grown via the SVS mechanism are naturally coated with
a thin layer of SiO,. This oxide layer acts as a protective barrier during lithium-ion battery
cycling, preventing direct contact between silicon and the electrolyte, thereby improving the
electrochemical performance of the SINWs.

(a) Si atoms depgsitéd ™
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(b) Atoms and molecules”
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Cool'completely,
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-

—

One-dimensional growth Cool completely and grow over

Fig. 2. (a—e) SEM images of SINWs in different deposition states during their synthesis. (a) In
the initial stage, WSi powders are heated to produce silicon atoms diffusing outwards, cooled,
and deposited on the collector. (b) Subsequently, more atoms are deposited on the collector
and preferentially deposited on previously existing sites. (¢) Deposition proceeds in the one-
dimensional direction and SiNWs prototypes begin to appear. (d) Further deposition, the
branching of the nanowires is extended. (e) Completely cooled, deposition process ends and
SiNWs stop growing. (f) Si 2p high resolution XPS spectra of SINWs. (g) Schematic diagram
of the vapor-phase synthesis mechanism of SINWs.

To verify the accuracy of the model, experiments are designed using silicon wafer in a
glove box containing 1 vol% O, (Fig. S10). The generation of SINWs on the wafer is found
and the solid-vapor-solid growth phase of SiNWs is captured (Fig. S11). The process analysed
is the excitation of vapor Si atoms from the wafer by transient high temperatures, followed by
oxidation with O, in the air, decomposition, and recombination again during cooling to finally
generate SINWs on the wafer.

Subsequently, we analyze and demonstrate the effect of oxides in the growth process of
SiNWs. We choose WSi powders with different oxygen contents for carbonthermal shock,
and Table S3 shows the oxygen contents of WSi powders under different treatments. The
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results in Fig. S12 show that WSi powders with too low oxygen content can only yield Si
nanoparticles after thermal shock. As the percentage of oxygen content increases, SINWs
begin to appear. When oxygen is depleted, nanowires growth stop and nanoparticles
reappeare around the nanowires. Using WSi powders with a fully oxidized surface eventually
yielded intact SINWs. The results suggest that the presence of oxides limit the linear growth
of vapor molecules along the one-dimensional direction during nanowires growth, whereas
insufficient oxides will not limit the one-dimensional linear growth sufficiently.

According to the analysis of the growth mechanism of SINWs, during the process of vapor-
phase synthesis, the vapor-phase molecular deposition rate can be changed by controlling the
cooling rate to achieve the regulation of the uniformity of nanowires growth. Fig. 3(a) shows
the effect of cooling rate on the diameter of SiNWs. Thermal shock experiments are
performed on Si wafers in a glove box with an oxygen content of 1.0 vol%, controlling the
cooling rate of the wafers at four gradients of 500, 1000, 1700, and 2500 K s~!. At a cooling
rate of 500 K s7!, the diameter range of SINWs obtained is 10-200 nm, and the diameter
range of SINWSs decreases with a gradual increase in the cooling rate, with relatively uniform
diameters of nanowires obtained at a cooling rate of 2500 K s™!. The larger the cooling rate,
the more uniform the overall size of the nanowires obtained (Fig. S13). Fig. 3(b—d) shows
SEM images of uniformly sized SINWs obtained on Si wafers at different magnifications. In
addition, the directional tuning of SiNWs growth direction in both vertical and horizontal
directions can be achieved by controlling the subcooling direction of vapor molecules through
external blowing (Fig. 3e—g). Based on the above analyses, we are ready to prepare
SiNWs/carbon materials and perform their electrochemical tests for lithium-ion battery.
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Fig. 3. (a) Relationship between overall uniformity and cooling rate of SINWs (scale bar: 100
nm). The larger the cooling rate, the more concentrated the overall diameter distribution of the
SiNWs is. (b—d) SEM images of size-uniform SiNWs on Si wafers at different magnifications.
(e, f) Control of the subcooling direction by applying blowing air to achieve SINWs growth in
the direction perpendicular/horizontal to the wafer. (g) EDS elemental mapping of SINWs.

3.2. SiNWs and CC composite as lithium anode

SINWs@CC composites are obtained using CC as a collector. We perform XRD
characterization of the materials to analyze the compositional and structural information of
the sample, as shown in Fig. 4(a). The characteristic Si crystallization peaks in SINWs are
consistent with the WSi powders samples. Unusually, a weak SiC diffraction peak is found in
SiINWs@CC. SEM results show that dense SINWs surround the surface of the carbon fibers
on the CC (Fig. 4b), and the diameter of the SINWs is about 40 nm (Fig. S14). In order to
investigate the location of the presence of Si carbide, the composites are heat-treated in a
stream of CO, for 2 h. It is observed that the carbon fibers in the middle have been reduced by
CO,, while the SINWs in the outer layer remain in a stable shape (Fig. 4c), demonstrating that
the SiC is present at the interface where Si and C are in contact (Fig. S15). The chemical
states and surface compositions of SINWs@CC are analyzed by XPS. The high-resolution
spectra of Si 2p (Fig. 4d) consist mainly of two components, elemental Si and SiO,. The high-
resolution spectra of C 1s (Fig. 4e) reveal the presence of a Si—C bound form, whereas the
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high-resolution spectrum of O 1s (Fig. 4f) consists entirely of Si—O [48,52]. It can be seen
from the C Ls spectrum that the area of the Si—C peak accounts for about 15% of the total area
of the C 1s spectrum peak, while the C—C peak and C-O peak occupy the vast majority of the
proportion. The reaction process between SINWs and C composites is shown in Fig. 4(g). At
the moment of energization, vapor Si atoms preferentially form SiC with C atoms on the
carbon surface, and then the molecules pile up on the surface of SiC, forming dense SiNWs
on the carbon surface after complete cooling. Due to the presence of SiC, the interface
between SiNWs and C establishes a stable chemical connection, and the composite remains
stable even after ultrasonication at room temperature for 5 min (Fig. S16). The formation of
Si—C bonds may have certain negative effect on the performance of the battery, for example,
the formation of Si—C bonds may occupy a portion of the surface active sites of the silicon
material, thereby reducing the contact area with the electrolyte and affecting the lithium ion
embedding/de-embedding reaction of the silicon nanowires. However, at the same time, the
presence of Si—C bonds makes the combination of SiNWs and carbon materials more stable,
thereby preventing SINWs from falling off the surface of the carbon material during the cycle,
and the presence of Si—C bonds is also conducive to the stable bonding of SINWs and the
current collector, thereby improving conductivity.

The results of electrochemical cycling tests of the CC material alone as a lithium anode are
shown in Fig. S17, with a stable reversible specific capacity of 6.2 mA h g!' at a current
density of 0.5 A g!. The reason we chose CC as the current collector in the battery test is that
compared with the traditional copper current collector, the CC does not require a binder. In
addition, the generated Si—C bonds will make the combination of SiNWs and the current
collector more stable, thereby improving the ion transmission capacity. In order to better
validate the electrochemical lithium storage capacity of the SINWs, the contribution of the
specific capacity of the CC is excluded from the subsequent electrochemical cycling process
of the SINWs@CC materials. SINWs@CC with different SINWs loadings are used as lithium
anodes as shown in Figs. S18 and S19. Their electrochemical cycling performance is shown
in Fig. S20. They all show good charging and discharging efficiencies in the initial cycling, so
we chose SINWs@CC with the largest SINWs loading of 2.04 mg cm 2 as the material for the
subsequent electrode tests.
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(f) O 1s XPS spectra of SINWs@CC. (g) Schematic diagram of the reaction process at the
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The kinetic properties of WSi@CC and SINWs@CC are first examined using EIS tests,
and the results are shown in Fig. S21. The semicircle in the high-frequency region indicates
the charge transfer resistance of the electrode interface, and the smaller the diameter is, the
smaller the charge transfer resistance of the material is; the slash in the low-frequency region
corresponds to the ion diffusion resistance, and the larger the slope is, the smaller the ion
diffusion resistance of the material is [53]. The charge transfer resistances of SINWs@CC and
WSi@CC are 132 and 549 Q. Compared to WSi@CC, SINWs@CC has a smaller interfacial
resistance and faster ion transport rate, reflecting the kinetic advantages of SINWs and the
chemical combination of Si and C interfaces.

The mass specific capacity of SINWs@CC electrodes is tested at a constant current. As
shown in Fig. 5(a), the initial discharge capacity of the SINWs@CC electrode is 3512.4 mA h
g ! at a current density of 0.5 A g~! with an initial coulombic efficiency of 86.4% (Fig. S22).
After 166 cycles, the reversible specific capacity of the SINWs@CC electrode is stabilized at
2437.4 mA h g7!, and the capacity retention from the 2nd cycle to the 166th cycle is about
79.9%, and the charge-discharge curves of the electrodes also show good cycle retention (Fig.
5b). In contrast, the cycling capacity of the WSi@CC electrode decay rapidly (168.8 mA h g!
after 30 cycles).
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The CV curves of the batteries are shown in Fig. 5(c). The initial charging process results
in cathodic reduction peaks around 1.76 and 0.77 V, which is the formation of an irreversible
solid electrolyte interphase film (SEI) on the electrode surface [54,55]. The reduction peaks at
less than 0.2 V correspond to the lithiation transition of Si, while the oxidation peaks at 0.23—
0.35 and 0.53 V correspond to the delithiation process of the Li-Si alloys [37,38].
Furthermore, the CV curves tend to overlap in subsequent cycles, indicating the high
reversibility and stability of the lithiation/delithiation process.

To verify the fast charge transfer capability of SINWs@CC electrodes, we perform
multiplicative performance tests (Fig. 5d and e). The results show that the electrode material
has excellent rate capability in the current density range of 0.2-10 A g''. The reversible
specific capacity is still 1370.1 mA h g™! at a current density of 10 A g~!. When recovering
from the high current density of 10 to 0.5 A g1, the specific capacity of SINWs@CC is easily
restored to its original level. In addition, the reversible specific capacity of SINWs@CC
electrode is maintained to be 1325.7 mA h g! after 1200 cycles at a current density of 2.0 A
g! (Fig. 5f). This implies that the SINWs@CC electrode has a fast charge transfer capability.
The comparison of electrochemical performance with those of published studies has been
listed in Table S4, which shows that the performance of SINWs@CC is among the best in the
field of work.

To confirm the durability of the prepared SINWs, we examine the morphological changes
of SINWs@CC electrodes before and after cycling (Fig. S23). Before cycling, the SiNWs are
covered around the carbon fibers, which ensure the charge transfer from the highly conductive
carbon fibers to the SINWs during charging and discharging. After 5 cycles, the nanowires are
well malleable; after 165 cycles, the SINWs are turned into wrinkled flakes, but remain firmly
anchored to the carbon fibers without breaking.
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Fig. 5. Electrochemical performance of SINWs@CC anodes. (a) Cycling performance and (b)
charge/discharge curves at 0.5 A g!. (¢) CV curves at 0.2 mV s of scan rate. (d)
Multiplication performance and (e) charge/discharge curves. (f) Long cycle performance at
20A g

3.3. SINWs@C extended preparation

In addition, we have realized the simple preparation of various SINWs@C composites. As
shown in Fig. 6(a), by constructing an arc-shaped high-temperature thermal field, the
conversion to SiNWs is accomplished within the time when WSi powders pass through the
region in free-fall form. We create an actual curved electrically heated region (Fig. 6b), in
which the carbon substrate can be continuously energized and heated for tens of seconds and
remain in good physical shape after cooling again. SINWs@C composites are obtained after
passing a mixture of WSi powders and various C materials (CF powders, AC, and G) through
a curved heating zone in free-fall form (Fig. 6¢). We obtain composites such as SINWs@CF,
SINWs@AC, and SINWs@G (Fig. 6d—f). The various composites also show good cycling
stability in electrochemical cycling tests as lithium anodes (Figs. S24-S26). Among them, the
SiNWs@CF electrode still exhibits a specific capacity of over 1000 mA h g™! after 120 cycles
at a current density of 0.2 A g!. These SiNWs and C composite electrodes show great
potential in the application of high specific capacity lithium anodes.
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Fig. 6. (a) Schematic diagram of rapid heating/cooling conversion of WSi powders to SINWs.
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process of SINWs and C. (d—f) SEM images of (d) SINWs@CF, (e) SINWs@AC, and (f)
SiNWs@G feedstock and products.

4. Conclusions

In summary, we have discovered a new method for preparing SiNWs, which is low-cost,
requires no catalyst, and is a rapid process. The method utilizes carbonthermal shock to
provide flash heating (10* K s!) and cooling (10° K s!) to accomplish the vapor-phase
conversion of photovoltaic WSi powders to high-value SiNWs. It is demonstrated that the
large gradient thermal field and the presence of oxides are the main factors for the generation

16



of SINWs. We can realize the preparation of SINWs alone and stabilize composite of SINWs
and carbon materials via one step. SiC is formed at the interface of the Si and C and a stable
chemical bond is established. The obtained SINWs@CC used as binder-free lithium anode
shows good cycling stability and improved charge transfer. The capacity retention is 79.9%
after 165 cycles at a current density of 0.5 A g™! and a reversible specific capacity of 1370.1
mA h g! is achieved at a current density of 10 A g™'. In particular, using this method can
synthesize a series of SINWs@C composites with high specific capacity.
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Graphical abstract

A carbonthermal shock method is utilized to provide a high temperature thermal
field to transiently evaporate micron-sized photovoltaic waste Si powders and
vapor-phase deposit them as Si nanowires (SINWSs).
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