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Silicon nanowires (SiNWs) have great potential in electronic devices, sensors, energy storage and conversion
devices. Despite various ways to synthesize SINWs, however, the growth of SINWs directly from stable, abundant,
sustainable silica sources has yet to be achieved. Herein, we report a modified alumino-reduction process of the

D,Op_e‘i . . silica to produce tin (Sn)-doped SiNWs that can be initiated at low temperature (250 °C) based on a solid-liquid-
Lithium-ion batteries . . . s . .
In-situ TEM solid growth mechanism in analogy to the well-known vapor-liquid-solid (VLS). In this growth process, the

reduced silicon atoms migrate freely in the molten salt and alloy with pre-reduced Sn. The supersaturation of
silicon in the Sn-Si alloy leads to the precipitation of single-crystal SiNWs. The prepared SiNWs are of excellent
crystallinity and doped with high non-equilibrium concentration (~ 3.0 at%) of Sn. This process with the solid-
liquid-solid mechanism can also be extended to produce other group IV elements-based nanowires such as
germanium. In addition, the prepared Sn-doped SiNWs as the anode material in lithium-ion batteries exhibit
excellent performance with a high initial Coulombic efficiency of 85.4 %, and a substantial reversible capacity of
1133 mAh g~! even after 500 cycles at 4 A g~!. By utilizing the solid-liquid-solid mechanism, this modified
alumino-reduction process offers a novel route for synthesizing doped SiNWs, holding promise for diverse
applications.

1. Introduction

Silicon nanowires (SiNWs) have great potential for application in
microelectronics, sensors, photovoltaic devices, and lithium-ion batte-
ries (LIBs) [1-7]. Wagner and Ellis were the first to report the pyrolysis
of a mixture of Hy and silicon chloride, resulting in the formation of
SiNWs using gold (Au) as the catalyst [8]. The pyrolyzed silicon dis-
solved into Au and formed the Si-Au liquid alloy. With an increased
concentration of silicon to supersaturate, silicon precipitated and grew
into nanowires. This is the vapor-liquid-solid (VLS) growth mechanism
of SiNWs based on the chemical vapor deposition (CVD) process.

* Corresponding authors.

Thereafter, many precursors (e.g., silane and disilane) and catalysts (e.g,
Au and Sn) have been used to synthesize SiINWs [9-12]. Although CVD
processes without catalysts for SiNWs have also been reported, they are
complicated and require air-sensitive or flammable precursors [13-15].
The above-mentioned CVD processes follow a typical ‘bottom-top’
strategy, while metal-assisted catalytic etching (MACE) follows a ‘top--
down’ one [16-18]. In MACE, the HF solution etched the wafer using the
deposited metal as a catalyst. With the catalytic effect of the metal,
silicon dissolved, and SiNWs were obtained. This method utilizes a large
amount of toxic HF, and a large portion of silicon ingot (~80 %) is
wasted during sawing and etching [19]. This disadvantage makes it
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impractical for the large-scale production of SiNWs. In addition to these
methods, SiNWs can be grown from precursors in a liquid state like
diphenylsilane under high-pressure or supercritical conditions [20,21].
However, the yield per time was less than 1.0 g due to the limitations of
closed pressurized reaction conditions. Yu et al. developed an in-plane
solid-liquid-solid (IPSLS) method to fabricate super-long SiNWs with
solid silicon thin films as the precursor and Sn or indium (In) as the
catalyst [22-25]. However, the fabrication process is very complicated,
and the yield is still limited. To date, cheap, highly stable, and sus-
tainable SiO5 has not been successfully used as a precursor to synthesize
SiNWs.

In this study, Sn-doped SiNWs were successfully synthesized through
the modified alumino-reduction of low-cost SiO as the starting material
with Sn as the catalyst in the molten salt at 250-300 °C. SiNWs are
highly crystalline and doped with high concentration (~ 3.0 at%) of Sn.
The growth of SiNWs is proposed to be based on a solid-liquid-solid
mechanism, which can be extended to synthesize the nanowires with
tailored compositions. As an anode material of lithium-ion batteries, the
synthesized SiNWs deliver a high initial Coulombic efficiency of 85.4 %.
In addition, it exhibits a reversible capacity of 1133 mAh g~ ! after 500
cycles at 4 A g~ The synthesis process under ambient pressure based
solid-liquid-solid with low-cost, abundant silica as precursors can enable
the potential large-scale application of SINWs.

2. Results and discussion
2.1. Synthesis and characterization

The modified alumino-reduction of silica in molten salt has been
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demonstrated to produce nano-crystalline silicon and hollow silicon
spheres [26,27]. In the reaction, silicon is reduced from silica by Al in
the molten salts of AlCl3 and NaCl, following the reaction below [27]:

4A1 + 3Si0y + 3A1C13 + NaCl—3Si + 6A10C1 + NaA1Cl4 )

Here, silica nanopowder (~ 40 nm, Fig. S1a) was used as the reac-
tant, adding 10 wt% SnO (~ 50 nm, Fig. S1b). After it reacted with Al
for 8 h in the molten salts at 300 °C, the product was washed with
deionized water (Ho0) and subsequently etched with hydrochloric acid
(HCI). The X-ray diffraction (XRD) patterns (Fig. 1a) of the products
after H,O rinsing exhibit five typical peaks located at 28.4°, 47.3°, 56.1°,
69.1°, and 76.4°, which match well with the silicon phase (JCPDS no.
27-1402). The other peaks are related to unreacted Al and reduced Sn,
which disappear after further etching with HCl. XRD analyses were
performed on silicon samples to determine the crystal structure and
parameters of silicon samples. As shown in Fig. S2, both silicon and Sn-
doped silicon samples exhibit a cubic crystal structure of space group Fd-
3m. Notably, as the reactant SnO; content increased from 0 to 5 wt% and
10 wt%, the (111) XRD peak of the Sn-doped silicon samples is observed
to shift slightly to a lower diffraction angle. The corresponding lattice
parameters of the three samples, as listed in Table S1, are 5.44131 A,
5.45339 A, and 5.50946 A, respectively. The above results are consistent
with the lattice expansion caused by the incorporation of Sn [28].
Scanning electron microscopy (SEM) image (Fig. 1b) and transmission
electron microscopy (TEM) image (Fig. 1c) of the product morphology
after water washing. It can be observed that the addition of SnOs to the
reactants led to the formation of SiNWs, whereas the reactants without
SnO; resulted in the formation of silicon nanoparticles (Fig. S3). Addi-
tionally, TEM energy dispersive X-ray spectroscopy (EDX) elemental
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Fig. 1. (a) XRD patterns of the silicon products. (b) SEM, (c¢) TEM images and corresponding EDX element maps (inset) of Sn (blue), Si (green) images after H,O
rinsing. (d) SEM and (e) TEM images after HCI etching. (f) Raman spectra. (scale bar for insets = 25 nm).
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maps provided in the inset of Fig. 1c distinctly show the presence of both
Sn and Si signals at the tips of the nanowires with HyO rinsing, with a
relative composition of 71 % Sn and 29 % Si. This confirms that the Sn
signal at the tip is primarily from catalyst residue material [25,29].
Fig. 1d and Fig. 1e display the SEM and TEM images of the product after
HCI etching, respectively. The diameter distribution of SiNWs is shown
in Fig. S4. The results reveal that the final product is kinked nanowires
with a diameter of 34 + 5 nm. Moreover, Fig. S5 shows the SEM image of
the Si product prepared at 250 °C, where the generation of nanowires is
observed, indicating that this temperature is sufficient to induce the
modified alumino-reduction of silica process and successfully produce
SiNWs. Fig. 1f shows a comparison of Raman spectra of the silicon
nanoparticles (SiNPs) and SiNWs. An obvious Raman peak is observed
around 501 e¢m™?, corresponding to the first-order transverse optical
phonon mode (TO) of SiNPs [30,31]. However, compared with SiNPs,
the Raman peak corresponding to SiNWs shifts from 501 cm™! to
494 cm™L. The second-order optical phonon mode (2TO, shifting from
924 cm~'t0910 cm’l) and the second-order transverse acoustic phonon
mode (2TA, shifting from 288 cm~! to 282 cm ™) are observed in SINWs.
The shift of the Raman peak to lower wavenumbers is mainly attributed
to phonon confinement effects [32-35]. When phonons are confined to
nanoscale dimensions, the translational symmetry of the crystal is
destroyed, and phonons not in the center of the Brillouin zone can also
participate in phonon scattering, consequently leading to a shift of the
Raman peaks [35].

High-angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) was used to further analyze the phase, crys-
tallinity and components of the resulting HCl-etched SiNWs. Fig. 2a
shows a HAADF-STEM image of typical SiNWs. It exhibits twisted-
nanowire morphology. The Fourier transforms of atomic resolution
HAADF-STEM images acquired from regions 1-3 (Fig. 2a) are shown in
Fig. 2b—d. It is evident that the nanowire possesses a near single crystal
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structure and maintains an identical crystal orientation at positions 1-3,
even though the morphology shows a kinked structure. The elemental
mapping of the nanowires using STEM energy dispersive X-ray spec-
troscopy (STEM-EDX) is shown in Fig. 2e-h. Sn is uniformly distributed
inside silicon, forming Sn-doped Si alloys. In contrast, oxygen (O) is only
distributed around the outer regions of the nanowires, indicating the
oxidation of silicon at the surface (Fig. 2g). To determine the relative
composition of the nanowire, the STEM-EDX spectral background is
removed, and the Schreiber-Wims ionization cross-section model is used
to quantify the edge spectra of Si, Sn, and O. The EDX relative compo-
sition line profiles of the three elements are shown in Fig. S6, further
confirming the homogeneous distribution of Sn in SiNWs. We have also
performed quantitative EDX analysis at 10 positions along the top-left
nanowire. The statistical result (Fig. 2h and Fig. 2i) reveals an average
Sn atomic fraction of 2.49 % + 0.5 % in the alloy, which is 1-2
magnitude order higher than the equilibrium concentration (~ 0.01 at
%) [36]. This value is consistent with the Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES) result of 3.74 at% Sn. Such
non-equilibrium doping, where Sn atoms are kinetically trapped in the
silicon lattice at concentrations far exceeding equilibrium solubility due
to rapid growth processes, is also found in Al and Sn doped SiNWs grown
at high heating rates with CVD deposition [23,37,38]. This phenomenon
can be explained using a model of solute trapping at step edges [38]. The
starting ratio of Sn0,:SiO2 varies from 5:95 to 10:90, and the doping
concentration in the resulting SINWs changes from 3.30 at% to 3.74 at
%, as the ICP-OES result indicated in Table S2. The slight variation in
doping concentration can be attributed to the reaction conditions used
for the silicon samples. The concentration can be further adjusted by
regulating the final synthesis temperature and the control of the catalyst
chemistry [38]. Fig. 2J and Fig. S7 show the atomic-resolution
HAADF-STEM image of the top right nanowire and selected area elec-
tron diffraction (SAED), revealing that the nanowire is imaged along the

N

Fig. 2. Morphology and chemical distributions of Sn-doped Si nanowires. (a) STEM-HAADF image. (b-d) Fourier transform of high-resolution STEM-HAADF images
taken from the selected regions indicated by the numbers of 1-3 in Fig. 2a. (e-g) STEM-EDX elemental mapping of Si, Sn, and O in the nanowires. (h) Color-mixed
image of three elements: O(red), Si (green), and Sn (blue). (i) Sn concentration of ten white rectangular-labeled is determined by STEM-EDX surface-scanning

mapping results. (j) Atomic resolution HAADF-STEM image of the nanowires.
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silicon [111] zone axis. These results indicate that the sample consisted
of Sn-doped SiNWs with high crystallinity.

2.2. Density functional theory calculations and molecular dynamic
simulation

Density functional theory (DFT) calculations were utilized to further
explore the growth mechanism of Sn-doped SiNWs. Fig. 3a shows the
formation energies for different doping amounts of Sn. As the Sn/Si ratio
changes from 56/8 to 1/1, the formation energy also shows a positive
correlation. This indicates that the energy required to form a stable alloy
system gradually increases with increasing Sn doping. However, there is
an upper limit of Sn doping. Similar to VLS growth of SiNWs, Sn cata-
lyzes the growth of Si, and after reaching the upper limit, Si supersat-
urates, precipitates, and crystallizes, resulting in crystal growth.
According to the Gibbs-Curie-Wulff theorem [39], crystal faces with low
surface energy grow faster and will become the main exposed crystal
faces. DFT results (Fig. 3b) revealed that the (220) crystal face has the
lowest surface energy (0.27 eV), which suggests that it is more easily
exposed during the growth of nanowires. This makes the (220) facet the
main part of the shell that occupies the maximum surface area of the
nanowire, thus enabling the axial growth of nanowires in a directional
manner. The density of states (DOS) of the Si and SigoSn4 was calculated,
and the results are shown in Fig. 3c. The DOS results indicate that the
presence of Sn reduces the band gap of the nanowires, thereby
increasing the electrical conductivity. Based on molecular dynamics
calculations incorporating deeply learned potential functions, it is
demonstrated that the Si-Sn alloy particles tend to form nanowire-like
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structures with increasing reaction time at a temperature of 600 K, as
shown in Fig. 3d. Overall, the underlying growth mechanism of SINWs is
illustrated in Fig. 3e. SnOy is firstly reduced into metallic Sn. Since the
reaction is above the melting point (231.9 °C) of Sn, liquid droplets are
formed. After that, the reduced silicon atoms enter the Sn droplets and
form the Sn-Si alloy liquid. As more and more silicon atoms dissolve in
the liquid, the silicon atoms supersaturate and precipitate in the form of
nanowires (Fig. 3e, right). As a comparison, silicon atoms nucleate ho-
mogeneously and grow into SiNPs without the participation of the Sn
catalyst (Fig. 3e, left).

2.3. Electrochemical performance

Fig. 4a illustrates the cyclic voltammogram (CV) of Sn-doped SiNWs
electrode for the first three cycles, depicting the typical lithiation/deli-
thiation potentials of silicon-based electrodes. The obvious peak at
0.01 V observed during the initial cathodic scan (lithiation) corresponds
to lithium alloying with silicon to form Li;s5Si4 [40,41]. The peaks
located near 0.35 V and 0.57 V in the first anodic scan (delithiation)
correlate to the dealloying process. During the lithiation scan of the
Sn-doped SiNWs electrode, no obvious electrolyte reduc-
tion/decomposition peaks are observed. During the subsequent cycles,
the peak at 0.18 V corresponds to the formation of amorphous LixSi. The
peak intensity in the CV curve gradually increases with the number of
cycles, indicating that the electrode material is progressively activated
during cycling [42,43]. The Sn-doped SiNWs anode rate performance at
various current densities is shown in Fig. 4b. At a current density of
0.1Ag™!, a capacity of 3121 mAh g~ ! was obtained (Fig. S8).
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Fig. 4. Electrochemical performance of Sn-doped SiNWs as LIBs anode. (a) CV curves at a scan rate of 0.1 mV s~ '. (b) Rate performance (unit: A g~1). (c) Discharge-
charge curves at different current densities. (d) Cycling performance. (e) Specific capacities at different current densities. (f)Full-cell charge at 0.3C (1 C =
170 mA g’l) with prelithiated Sn-doped SiNWs anode and a LiNig sMng 3C0g 202 (NMC532) cathode. (g) Rate performance of the full cell.

Additionally, it exhibits a high initial Coulombic efficiency (ICE) of
85.4 %. At current densities of 0.2, 0.5, 1, 2, 4, 6, and 8 Ag’l, the
corresponding capacities preserved are 2725, 2499, 2194, 1766, 1398,
1012, and 778 mAh g’l, respectively. When the current density
returned to 0.2 A g1, the capacity of the electrode slightly dropped to
2389 mAh g~ . The observed decrease in capacity during this process is
primarily attributed to irreversible lithiation [44]. Fig. 4c shows dis-
charge/charge curves at various current densities, demonstrating that
even under a high current density of 8 A g™}, the Sn-doped SiNWs
electrode maintains distinct plateaus. The above results indicate that the
Sn-doped SiNWs electrode exhibits small polarization, thus highlighting
its exceptional rate performance. Fig. 4d demonstrates the cycling per-
formance of Sn-doped SiNWs electrode at a higher current density of
4 A g~ It underwent an activation at different current densities, such as
0.1A g’1 (1 cycle),1 A g’1 (5 cycles), and 2 A g’1 (5 cycles). Within the
first 15 cycles, the capacity rapidly decreases to 1502 mAh g~!, with
subsequently diminished decaying rate. This phenomenon may be
attributed to the requirement of more cycles for the formation of a stable
solid electrolyte interface (SEI) at higher current densities. It can be
observed that the discharge capacity increases from 1502 mAh g™ to
1666 mAh g~! for 100 cycles. This increase in capacity reflects the
typical activation process of Si-based electrodes at high current densities
[45]. The Sn-doped SiNWs anode provides a reversible capacity of 1133
mAh g1 after 500 cycles at 4 A g~1. Furthermore, Fig. S9 shows the
electrochemical performance of SiNWs electrodes at higher mass load-
ings (~ 1.0mgem 2 and 2.0 mg cm™2). Compared to lower mass
loadings, the specific capacity shows a slight decrease at higher mass

loadings, mainly due to the increased electrode thickness, which leads to
longer ion and electron transport paths and the lower intrinsic con-
ductivity of silicon materials [46,47]. Nonetheless, even under higher
load conditions, the SiNWs electrode can still maintain excellent elec-
trochemical performance, indicating that it has stable electrochemical
behavior under different load conditions. Additionally, Fig. S10a and b
show the SEM images of the cross-section of the silicon nanowire elec-
trode before and after 100 cycles at 1 A g~*, respectively. After 100
cycles at a current density of 1 A g7, the electrode thickness increased
from 21.4 pm to 26.8 pm, corresponding to an electrode expansion of
25.2 %. This value is smaller than that of most Si-based anodes previ-
ously reported (Table S3). The small electrode thickness expansion in-
dicates that SiNWs have good application prospects in high-energy
lithium-ion batteries. Fig. S11 demonstrates that SiNWs, SiNPs, and
commercial Si nanoparticles (100-200 nm) exhibit significant differ-
ences in cycling performance at a current density of 1 A g~1. Specif-
ically, SINWs retained 73.8 % of their initial capacity after 200 cycles at
1 A g1, whereas the capacity of SiNPs dropped significantly, preserving
only 45.4 % of their initial capacity. The capacity degradation of com-
mercial Si nanoparticles (100-200 nm) under the same conditions is
markedly more severe, resulting in a capacity of only 10 mAh g~! after
200 cycles. The Sn-doped SiNWs-based electrode exhibited an enhanced
electrochemical performance, as demonstrated in Fig. 4e and Table S3,
in comparison to the SiNWs fabricated using alternative methods [42,
48-571.

To further evaluate the application potential of Sn-doped SiNWs in
lithium-ion batteries, the full cell with commercial LiNig sMng 3C0 202
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(NMC532) as the positive electrode and prelithiated Sn-doped SiNWs as
the negative electrode was assembled. The operating voltage range of
the full cell is 2.5-4.1 V. Fig. S12 shows the typical charge-discharge
curves of the Sn-doped SiNWs//NCM532 full cell at 0.3 C rate, and
Fig. 4f shows its cycling performance. At 0.3 C, the full cell exhibits a
high reversible capacity of 125 mAh g~! (1 C = 170 mA g}, based on
the cathode active material), with a capacity retention rate of 91.6 %
after 150 cycles. Additionally, the full cell exhibits a good rate perfor-
mance of 86 mAh g’1 at a high rate of 1.2 C (Fig. 4g). These results
illustrate the promising of Sn-doped SiNWs as anode materials for
practical applications.

The storage mechanism of Li* was further explored through CV
curves at different scan rates (0.2-1.0 mV s’l), as shown in Fig. 5a. As
the scan rate increases, the cathodic peak moves to a lower potential,
while anodic peaks gradually merge into one peak and move to a higher
potential. Given that battery capacity encompasses both diffusion and
capacitance reactions, the relationship between the peak current (i) and
the scan rate (v) of the CV curve of lithiation and delithiation processes
can be expressed as [58]:

i=ab

The parameter b is determined from the slope of the linear fit of log
(i)-log (v), as shown in Fig. S13. When b = 0.5, it indicates diffusion-
controlled behavior, while it suggests capacitive-controlled behavior
when b = 1. Here, the value of b is 0.52, indicating the involvement of
both diffusion and capacitive-controlled behaviors. However, the prox-
imity of this value to 0.5 emphasizes the predominant diffusion-
controlled nature of the charge transfer process, highlighting the bat-
tery behavior characteristics of Sn-doped SiNWs electrode [50,59]. To
further quantify the contribution of diffusion and capacitance-controlled
mechanism, the following equation was used [60]:

(2)

i=kyv+ k2v1/2

3

Where k;v represents the dominance of the capacitive effect, and
ksv/? is the dominance of the diffusion effect. Fig. 5b displays the CV
curve of the Sn-doped SiNWs electrode at a scan rate of 1.0 mV s ?,
separated into capacitance-controlled (red region) and diffusion-
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controlled (green region) contributions. At 1.0 mV s’l, the
capacitance-controlled component contributes 83.6 % of overall per-
formance. Fig. 5c illustrates that as the scan rate increases, the diffusion
contribution of the Sn-doped SiNWs electrode reduces while the
capacitance contribution increases. Furthermore, the charge transfer
kinetics and diffusion coefficient of Li™ (Dy;+) at the interface of the Sn-
doped SiNWs electrode were investigated through electrochemical
impedance spectroscopy (EIS) testing. Fig. 5d shows the Nyquist plots of
the Sn-doped SiNWs electrode in the open circuit voltage (OCV) state
and after cycling. For comparison, the Nyquist plots of SiNPs are shown
in Fig. S14. The corresponding fitted equivalent circuit for the EIS results
is illustrated in Fig. S15, and the fitting results are shown in Fig. 5e and
Table S4. Where equivalent series resistance (Rg) represents the inter-
cept on the Z' axis at high frequencies, indicating the resistance of
separator and electrolyte, R represents charge transfer resistance, and
Rggr represents resistance concerning SEI film [61,62]. The diffusion
coefficient of Li" (D) can be determined using D+ =
R®T?/(2A’n*F*C%6?%), where R, T, n, A, F, and C represent gas constant,
absolute temperature, charge transfer number, electrode surface area,
Faraday constant, and Li" concentration, respectively [63]. ¢ is the
Warburg coefficient, which is determined by fitting the line obtained
from Z and o~ V2 (Fig. S16). According to the simulation results (Fig. 5f
and Table S4), the Li™ diffusion coefficient after ten cycles is 2.14 x
107! em? 571, significantly higher than the Li* diffusion coefficient at
OCV. It indicates that the formation of the SEI film reduces impedance,
enhancing the ion diffusion and electron transfer of the Sn-doped SiNWs
electrode. Compared with the SiNPs, the diffusion coefficients are 1-2
magnitude order higher. It can be attributed to the doping effect, which
lowers the energy barrier for the diffusion of Li*. The higher diffusion
coefficients can account for the better rate capability in Sn-doped SiNWs
than in SiNPs (Fig. S17). It can be inferred that Sn doping in SiNWs aid to
reduce the transport pathways for Li* and electrons, consequently
enhancing the overall electrode conductivity.

In order to elucidate the exceptional cycling performance of Sn-
doped SiNWs electrodes, in-situ TEM experiments were further con-
ducted to observe their electrochemical lithiation/delithiation cycling.
The schematic of the in-situ TEM experimental configuration is shown in
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Fig. S18. In the experiment, the working electrode, comprising Sn-doped
SiNWs, and the counter electrode, consisting of lithium metal, are
individually affixed onto the tungsten tip. The lithium oxide layer on the
surface of the lithium metal is used as a solid electrolyte. Upon lithiation,
the migration of lithium is observed, leading to the expansion of nano-
wires as shown in the in-situ TEM images (Fig. 6a). A silicon-rich core
and a lithium-rich shell can be observed during lithiation. The silicon
core always maintains the structure of the nanowire, indicating rapid
and uniform diffusion of Li across all surfaces [64]. Li predominantly
concentrates on the surface of lithiated Sn-doped SiNWs. The lithiation
process is completed within 60 s, after which the volume change nearly
ceases (Fig. S19). As shown in Fig. 6b, after the delithiation process,
lithium almost disappears, indicating that Li* is extracted from the
interior of the Sn-doped SiNWs. Electron energy-loss spectroscopy
(EELS, Fig. S20) confirms the intercalation of lithium, as evidenced by a
pronounced Li-K edge (~ 60 eV) [64,65]. Furthermore, the intensity of
the Si-Lp3 edge increases after delithiation, which confirms the

1

| S,
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extraction of lithium. Fig. 6¢-h shows the morphological change of the
Sn-doped SiNWs after the first three lithiation/delithiation cycles.
Sn-doped SiNWs can maintain reversible volume expansion and
contraction with lithiation and delithiation after multiple cycles. The
phase transition process of doped SiNWs during lithiation/delithiation
exhibits remarkable reversibility (Fig. S21), which is the fundamental
reason for their excellent cycling stability.

The synthesis conditions of SiNWs from the various processes,
including the synthesis temperature, precursors, and pressure, are listed
in Table S5. The modified alumino-reduction process-based solid-liquid-
solid mechanism exhibits enormous advantages, such as the mild syn-
thesis temperature (300 °C) and the cheapest and the most abundant
precursors (SiO3 and Al). A 10 g SiNWs sample (optical image; Fig. 522)
was prepared in a single batch to demonstrate its scalability. The process
can also be successfully extended to the synthesis of Sn-doped Ge
nanowires (Fig. S23 and Table S6) and Sn-doped Ge/Si nanowires
(Fig. S24 and Table S7), while the reactant of SnO5/SiO replaced with

L V7S

Fig. 6. In-situ TEM observation of lithiation/delithiation process of Sn-doped SiNWs. HAADF-STEM image and corresponding EELS elemental map after (a) lithiation
and (b) delithiation. (c-h) Microstructural evolution of Sn-doped SiNWs during the first three cycles of electrochemical lithiation/delithiation.
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Sn0O,/GeO, and SnOy/GeO,/SiO,, respectively. These materials also
exhibit good electrochemical performance as lithium-ion anode mate-
rials, as shown in Fig. S25 and Fig. S26. Based on the solid-liquid-solid
mechanism, metals with low melting points, such as Bi (271.5 °C), can
also be used in the alumino-reduction process to form Bi-doped Si or Ge
nanowires. Furthermore, these elements can be mixed to form the
nanowires with multi-dopants. Therefore, nanowires with varied com-
ponents can be synthesized and optimized for various applications.

3. Conclusion

In this study, a modified alumino-reduction process of SiO2/SnO5 in
the molten salt at 250-300 °C under ambient pressure is demonstrated
to synthesize the Sn-doped SiNWs with high crystallinity for the first
time. A novel solid-liquid-solid mechanism is suggested to explain the
growth of SiNWs. The synthesized SiNWs exhibit excellent electro-
chemical performance with an ICE of 85.4 %, an initial capacity of 3121
mAh g~!. This method is sustainable and scalable due to its stable
chemical feature, low price, and ample sources of silica as a reactant.
This study will open ways to low-temperature synthesis of many other
metal-doped nanowires under ambient pressure to meet the needs of
large-scale applications (e.g., electrode materials for energy storage
devices) through an inexpensive method.

4. Materials and methods
4.1. Synthesis of SnO2

Firstly, 0.1 mol SnCly-2H50 was dissolved in 0.7 M HCI, followed by
heating to 75 °C and stirring for 10 min. After the solution was cooled to
room temperature, dilute ammonia water was slowly added to adjust the
pH of the solution to 9 and stirred for another 10 min. Subsequently, the
precipitate was washed with deionized water and ethanol until the pH
was close to neutral. The precipitate was dried at 70 °C overnight.
Finally, the dried precipitate was placed in a muffle furnace and
annealed at 500 °C for 1 h.

4.2. Preparation of Sn-doped Si nanowires

Sn0,/Si04 with a mass ratio of 1:9, AlCl3/NaCl with a molar ratio of
3:2, and excess Al powder were mixed in an argon-protected glove box.
The mixture was then transferred into a round-bottomed flask reactor
and sealed. Next, the reactor was removed and heated to 300 °C under
ambient pressure for 8 h. After cooling to room temperature, the product
was washed with deionized water and dilute HCIL. Finally, Sn-doped
SiNWs were obtained by centrifugation and vacuum drying. For com-
parison, the SiNPs are obtained without adding SnOs.

4.3. Materials characterization

Crystallographic phase structure was analyzed using XRD (D8
advance, Bruker) in the 20 range 10-80°. SEM characterized the
morphology of Sn-doped SiNWs with a Zeiss-Sigma 300 instrument.
TEM analyses were performed using a JEOL JEM-2100F microscope
operated at 200 kV, equipped with an EDS spectrometer and a Gatan
Enfina electron spectrometer. Raman spectra (Thermo Scientific DXR3)
were acquired using a 532 nm laser. The HAADF-STEM and elemental
mapping of the nanowires were performed using a field-emission S/TEM
(Themis Z, Thermo Fisher Scientific) equipped with a probe and an
image aberration corrector (SCORR and CETCOR, CEOS GmbH). For the
HAADF-STEM image, the probe forming lens semi-angle is 21.4 mrad,
and the semi-collection angle of the detector is set from 76 to 200 mrad.
Energy-dispersive spectroscopy (EDS) spectra were obtained using a
Super-X detector with a beam current of 400 pA. Doping elements were
quantified using ICP-OES (Agilent 7700 ICP-OES).
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4.4. Preparation of electrode

The active material, sodium alginate, and carbon black were mixed
in deionized water according to the mass ratio 6:2:2 to form a homo-
geneous slurry. After the slurry was coated on the copper foil, it was
dried in a vacuum oven at 80 °C for 12 h. The active material loading in

the electrode was controlled at approximately 0.5 mg cm ™2,

4.5. Electrochemical measurement

The electrochemical performance of the samples was tested using
CR2016 coin cells, with a metallic lithium foil as the counter electrode.
The electrolyte was a 1 M LiPF¢ solution of ethylene carbonate and
diethylene carbonate (1:1 by volume) containing 10 wt% fluoroethylene
carbonates. The galvanostatic charge and discharge tests were per-
formed in the 0.01-1.5 V (vs. Li/Li") using the LAND-CT2001A battery
test instrument. CV and EIS measurements were performed using an
electrochemical workstation (Autolab 302N). The full battery was
assembled with prelithiated Sn-doped SiNWs as the anode and com-
mercial LiNipsMng3Co0202 (NMC532) as the cathode. The capacity
ratio between the anode and cathode was controlled at about 1.3:1. The
electrochemical performance was evaluated at 0.3 C(1 C=170 mA g~ *,
based on the cathode active material) in the voltage range of 2.5V to
4.1 V. Sn-doped SiNWs were used as the working electrode in a half-cell
configuration with lithium foil, where electrochemical prelithiation was
performed on the anode. Prelithiation was achieved by lithiating the Sn-
doped SiNWs anode to 0.01 V at a current density of 0.1 A g~! during
the first discharge. After prelithiation, the Sn-doped SiNWs//Li half-cell
was disassembled in an argon-filled glove box, and the prelithiation Sn-
doped SiNWs electrode was quickly taken out and assembled with the
NMC532 cathode to form the full cell.

4.6. In-situ TEM lithiation/delithiation of Si nanowires

The Sn-doped SiNWs were affixed to an electrochemically etched
micro-sized tungsten tip using conductive silver epoxy. Subsequently,
another tungsten tip featuring a submicron-sized end was employed to
scratch the freshly exposed Li metal surface within an argon-filled glo-
vebox. This latter tip was connected to a piezo-driven biasing probe
integrated into the Nanofactory TEM scanning tunneling microscope
(STM) holder. To maintain the integrity of the experimental setup, prior
to transitioning from the glovebox to ambient air, the holder tip was
securely sealed with a plastic cap and further protected with Para film
tape. The sealed holder was promptly transferred to the TEM column for
in-situ lithiation studies. Notably, the Li,O layer on the Li metal surface
acted as a solid electrolyte, facilitating the electrochemical reactions. A
5 Vand — 5 V voltage was applied to the Li/Li»O to realize lithiation and
delithiation.

4.7. Calculation method

The Vienna Ab initio Simulation Package (VASP) was utilized for
doing first-principles calculations using density functional theory (DFT)
[66]. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional, which was based on the generalized gradient approximation
(GGA), was used to analyze the exchange-correlation energy [67,68].
The projector-augmented-wave (PAW) method was adopted for the
pseudopotentials. An energy cutoff of 520 eV was designated for the
expansion of the plane wave basis. The force acting on each atom was
constrained to 0.01 eV/A to meet the convergence criterion. Addition-
ally, a convergence energy threshold of 10™® eV was adopted for the
self-consistent calculations. Furthermore, the DFT-D4 technique with
corrections was employed to study van der Waals forces, and spin
polarizability was considered to elucidate magnetic characteristics.

The formation energy is calculated based on the following equation
[69]:
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Where “E¢” is the energy of formation; “Eg;s,” is the total energy of
the alloy system; “Es;ngl” is the total energy of the monomer system; “n;”
is the number of atoms of the element dissolved in it; and “u;” is the
corresponding chemical potential of the element.

The calculation of surface energy is based on the following equation
[70]:

Egqp — > miy;
Esuface = MTZ:” (5)

Where “Esyrface” is the surface energy, “Egiqp” is the total energy of the
surface model, “n;” is the number of atoms of the model’s constituent
elements, “u;” is the chemical potential corresponding to the element,
and “A” is the area of the crystalline surface cut out by the model.

We carried out isothermal ab initio molecular dynamics calculations
for different ratios of Sn-Si alloy models (consisting of 64 atoms in a unit
cell) for a duration of 10 ps to obtain a training dataset at 600 K, using
periodic boundary conditions and a Nosé-Hoover thermostat. Further
deep learning potential generation was accomplished using the
DeePMD-kit software package, where the size of the embedding nets was
set from left to right to 25, 50, and 100. To study the morphological
changes of the Si-Sn alloy particles during melting at a temperature of
600 K, we implemented molecular dynamics simulations for 300 ps
using the Lammps software in conjunction with the deep learning po-
tential function. The model consists of 10,000 atoms in a 100 x 100 x
100 A3 box with periodic boundary conditions in all three dimensions.

CRediT authorship contribution statement

Guohua Gao: Supervision, Software, Conceptualization. Jiawen Li:
Writing — original draft, Methodology, Investigation, Formal analysis,
Data curation, Conceptualization. Changlin Zheng: Writing — review &
editing, Supervision, Resources, Funding acquisition. Tongde Wang:
Software, Formal analysis. Ye Zhu: Writing — review & editing, Super-
vision, Resources, Formal analysis. Yajie Wang: Writing — original draft,
Methodology, Formal analysis. Zengfeng Di: Supervision, Formal
analysis, Conceptualization. Zhihang Xu: Methodology, Formal anal-
ysis. Yongfeng Mei: Supervision, Formal analysis, Conceptualization.
Abdul Mateen: Writing — review & editing, Formal analysis. Zhihao
Bao: Writing — review & editing, Supervision, Project administration,
Funding acquisition, Formal analysis, Conceptualization. Wei Yan:
Investigation, Formal analysis. Haojie Li: Visualization. Altaf Mujear:
Formal analysis. Jing Chen: Formal analysis. Shengyuan Deng: Formal
analysis.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported by the Open Research Fund of State Key
Laboratory of Materials for Integrated Circuits (No. SKLJC-K2024-06)
and the National Natural Science Foundation of China (No. 62171136).
It was also funded by Shanghai Key Laboratory of Special Artificial
Microstructure Materials and Technology.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.nanoen.2024.110455.

Nano Energy 133 (2025) 110455
Data availability
Data will be made available on request.

References

[1] M.C. McAlpine, H. Ahmad, D. Wang, J.R. Heath, Highly ordered nanowire arrays
on plastic substrates for ultrasensitive flexible chemical sensors, Nat. Mater. 6
(2007) 379-384, https://doi.org/10.1038/nmat1891.

[2] Y. Cui, Q. Wei, H. Park, C.M. Lieber, Nanowire nanosensors for highly sensitive and
selective detection of biological and chemical species, Science 293 (2001)
1289-1292, https://doi.org/10.1126/science.1062711.

[3] Y. Cui, C.M. Lieber, Functional nanoscale electronic devices assembled using
silicon nanowire building blocks, Science 291 (2001) 851-853, https://doi.org/
10.1126/science.291.5505.851.

[4] J.-J. Wang, C. Fu, H.-Y. Cheng, X.-W. Tong, Z.-X. Zhang, D. Wu, L.-M. Chen, F.-
X. Liang, L.-B. Luo, Leaky mode resonance-induced sensitive ultraviolet
photodetector composed of graphene/small diameter silicon nanowire array
heterojunctions, ACS Nano 15 (2021) 16729-16737, https://doi.org/10.1021/
acsnano.1c06705.

[5] C. Mei, S. Liu, X. Huang, Z. Gan, P. Zhou, H. Wang, Localized surface plasmon
induced position-sensitive photodetection in silicon-nanowire-modified Ag/Si,
Small 13 (2017) 1701726, https://doi.org/10.1002/smll.201701726.

[6] B.Tian, X. Zheng, T.J. Kempa, Y. Fang, N. Yu, G. Yu, J. Huang, C.M. Lieber, Coaxial
silicon nanowires as solar cells and nanoelectronic power sources, Nature 449
(2007) 885-889, https://doi.org/10.1038/nature06181.

[7] C.K. Chan, H. Peng, G. Liu, K. McIlwrath, X.F. Zhang, R.A. Huggins, Y. Cui, High-
performance lithium battery anodes using silicon nanowires, Nat. Nanotechnol. 3
(2008) 31-35, https://doi.org/10.1038/nnano.2007.411.

[8] R.S. Wagner, W.C. Ellis, Vapor-liquid-solid mechanism of single crystal growth,
Appl. Phys. Lett. 4 (1964) 89-90, https://doi.org/10.1063/1.1753975.

[9] J.B. Hannon, S. Kodambaka, F.M. Ross, R.M. Tromp, The influence of the surface
migration of gold on the growth of silicon nanowires, Nature 440 (2006) 69-71,
https://doi.org/10.1038/nature04574.

[10] J.E. Allen, E.R. Hemesath, D.E. Perea, J.L. Lensch-Falk, Z.Y. Li, F. Yin, M.H. Gass,
P. Wang, A.L. Bleloch, R.E. Palmer, L.J. Lauhon, High-resolution detection of Au
catalyst atoms in Si nanowires, Nat. Nanotechnol. 3 (2008) 168-173, https://doi.
org/10.1038/nnano.2008.5.

[11] M.K. Jangid, A.S. Lakhnot, A. Vemulapally, F.J. Sonia, S. Sinha, R.O. Dusane,

A. Mukhopadhyay, Crystalline core/amorphous shell structured silicon nanowires
offer size and structure dependent reversible Na-storage, J. Mater. Chem. A 6
(2018) 3422-3434, https://doi.org/10.1039/C7TA10249F.

[12] S. Imtiaz, I.S. Amiinu, D. Storan, N. Kapuria, H. Geaney, T. Kennedy, K.M. Ryan,
Dense silicon nanowire networks grown on a stainless-steel fiber cloth: a flexible
and robust anode for lithium-ion batteries, Adv. Mater. 33 (2021) 2105917,
https://doi.org/10.1002/adma.202105917.

[13] B.-S. Kim, T.-W. Koo, J.-H. Lee, D.S. Kim, Y.C. Jung, S.W. Hwang, B.L. Choi, E.
K. Lee, J.M. Kim, D. Whang, Catalyst-free growth of single-crystal silicon and
germanium nanowires, Nano Lett. 9 (2009) 864-869, https://doi.org/10.1021/
nl803752w.

[14] J.L. Gole, J.D. Stout, W.L. Rauch, Z.L. Wang, Direct synthesis of silicon nanowires,
silica nanospheres, and wire-like nanosphere agglomerates, Appl. Phys. Lett. 76
(2000) 2346-2348, https://doi.org/10.1063/1.126341.

[15] W. Nam, J.I. Mitchell, P.D. Ye, X. Xu, Laser direct synthesis of silicon nanowire
field effect transistors, Nanotechnology 26 (2015) 055306, https://doi.org/
10.1088/0957-4484/26/5/055306.

[16] K.Q. Peng, Y.J. Yan, S.P. Gao, J. Zhu, Synthesis of large-area silicon nanowire
arrays via self-assembling nanoelectrochemistry, Adv. Mater. 14 (2002)
1164-1167, https://doi.org/10.1002/1521-4095(20020816)14:16<1164::AID-
ADMA1164>3.0.CO;2-E.

[17] C. Huo, J. Wang, H. Fu, X. Li, Y. Yang, H. Wang, A. Mateen, G. Farid, K.-Q. Peng,
Metal-assisted chemical etching of silicon in oxidizing HF solutions: origin,
mechanism, development, and black silicon solar cell application, Adv. Funct.
Mater. 30 (2020) 2005744, https://doi.org/10.1002/adfm.202005744.

[18] R.P. Srivastava, D.-Y. Khang, Structuring of Si into multiple scales by metal-assisted
chemical etching, Adv. Mater. 33 (2021) 2005932, https://doi.org/10.1002/
adma.202005932.

[19] M.R. Zamfir, H.T. Nguyen, E. Moyen, Y.H. Lee, D. Pribat, Silicon nanowires for Li-
based battery anodes: a review, J. Mater. Chem. A 1 (2013) 9566-9586, https://
doi.org/10.1039/C3TA11714F.

[20] J.D. Holmes, K.P. Johnston, R.C. Doty, B.A. Korgel, Control of thickness and
orientation of solution-grown silicon nanowires, Science 287 (2000) 1471-1473,
https://doi.org/10.1126/science.287.5457.1471.

[21] D.C. Lee, T. Hanrath, B.A. Korgel, The role of precursor-decomposition kinetics in
silicon-nanowire synthesis in organic solvents, Angew. Chem. Int. Ed. 44 (2005)
3573-3577, https://doi.org/10.1002/anie.200463001.

[22] L. Yu, P.-J. Alet, G. Picardi, P. Roca i Cabarrocas, An in-plane solid-liquid-solid
growth mode for self-avoiding lateral silicon nanowires, Phys. Rev. Lett. 102
(2009) 125501, https://doi.org/10.1103/PhysRevLett.102.125501.

[23] W. Chen, L. Yu, S. Misra, Z. Fan, P. Pareige, G. Patriarche, S. Bouchoule, P.

Ri Cabarrocas, Incorporation and redistribution of impurities into silicon
nanowires during metal-particle-assisted growth, Nat. Commun. 5 (2014) 4134,
https://doi.org/10.1038/ncomms5134.


https://doi.org/10.1016/j.nanoen.2024.110455
https://doi.org/10.1038/nmat1891
https://doi.org/10.1126/science.1062711
https://doi.org/10.1126/science.291.5505.851
https://doi.org/10.1126/science.291.5505.851
https://doi.org/10.1021/acsnano.1c06705
https://doi.org/10.1021/acsnano.1c06705
https://doi.org/10.1002/smll.201701726
https://doi.org/10.1038/nature06181
https://doi.org/10.1038/nnano.2007.411
https://doi.org/10.1063/1.1753975
https://doi.org/10.1038/nature04574
https://doi.org/10.1038/nnano.2008.5
https://doi.org/10.1038/nnano.2008.5
https://doi.org/10.1039/C7TA10249F
https://doi.org/10.1002/adma.202105917
https://doi.org/10.1021/nl803752w
https://doi.org/10.1021/nl803752w
https://doi.org/10.1063/1.126341
https://doi.org/10.1088/0957-4484/26/5/055306
https://doi.org/10.1088/0957-4484/26/5/055306
https://doi.org/10.1002/1521-4095(20020816)14:16<1164::AID-ADMA1164>3.0.CO;2-E
https://doi.org/10.1002/1521-4095(20020816)14:16<1164::AID-ADMA1164>3.0.CO;2-E
https://doi.org/10.1002/adfm.202005744
https://doi.org/10.1002/adma.202005932
https://doi.org/10.1002/adma.202005932
https://doi.org/10.1039/C3TA11714F
https://doi.org/10.1039/C3TA11714F
https://doi.org/10.1126/science.287.5457.1471
https://doi.org/10.1002/anie.200463001
https://doi.org/10.1103/PhysRevLett.102.125501
https://doi.org/10.1038/ncomms5134

J. Lietal

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

X. Song, T. Zhang, L. Wu, R. Hu, W. Qian, Z. Liu, J. Wang, Y. Shi, J. Xu, K. Chen,
L. Yu, Highly stretchable high-performance silicon nanowire field effect transistors
integrated on elastomer substrates, Adv. Sci. 9 (2022) 2105623, https://doi.org/
10.1002/advs.202105623.

L. Yu, B. O’'Donnell, J.-L. Maurice, P. Roca i Cabarrocas, Core-shell structure and
unique faceting of Sn-catalyzed silicon nanowires, Appl. Phys. Lett. 97 (2010)
023107, https://doi.org/10.1063/1.3464557.

N. Lin, Y. Han, J. Zhou, K.L. Zhang, T.J. Xu, Y.C. Zhu, Y.T. Qian, A low temperature
molten salt process for aluminothermic reduction of silicon oxides to crystalline Si
for Li-ion batteries, Energy Environ. Sci. 8 (2015) 3187-3191, https://doi.org/
10.1039/c5ee02487k.

P.B. Gao, X. Huang, Y.T. Zhao, X.D. Hu, D.C. Cen, G.H. Gao, Z.H. Bao, Y.F. Mei, Z.
F. Di, G.M. Wu, Formation of Si hollow structures as promising anode materials
through reduction of silica in AlCl3-NaCl molten salt, ACS Nano 12 (2018)
11481-11490, https://doi.org/10.1021/acsnano.8b06528.

T.D. Bogart, X. Lu, B.A. Korgel, Precision synthesis of silicon nanowires with
crystalline core and amorphous shell, Dalton Trans. 42 (2013) 12675-12680,
https://doi.org/10.1039/C3DT50875G.

L. Yu, P.-J. Alet, G. Picardi, I. Maurin, P.Ri Cabarrocas, Synthesis, morphology and
compositional evolution of silicon nanowires directly grown on SnO; substrates,
Nanotechnology 19 (2008) 485605, https://doi.org/10.1088/0957-4484/19/48/
485605.

S. Piscanec, M. Cantoro, A.C. Ferrari, J.A. Zapien, Y. Lifshitz, S.T. Lee, S. Hofmann,
J. Robertson, Raman spectroscopy of silicon nanowires, Phys. Rev. B 68 (2003)
241312, https://doi.org/10.1103/PhysRevB.68.241312.

R. Gupta, Q. Xiong, C.K. Adu, U.J. Kim, P.C. Eklund, Laser-induced fano resonance
scattering in silicon nanowires, Nano Lett. 3 (2003) 627-631, https://doi.org/
10.1021/n10341133.

D.P. Yu, Z.G. Bai, Y. Ding, Q.L. Hang, H.Z. Zhang, J.J. Wang, Y.H. Zou, W. Qian, G.
C. Xiong, H.T. Zhou, S.Q. Feng, Nanoscale silicon wires synthesized using simple
physical evaporation, Appl. Phys. Lett. 72 (1998) 3458-3460, https://doi.org/
10.1063/1.121665.

I.H. Campbell, P.M. Fauchet, The effects of microcrystal size and shape on the one
phonon Raman spectra of crystalline semiconductors, Solid State Commun. 58
(1986) 739-741, https://doi.org/10.1016/0038-1098(86)90513-2.

J. Zi, H. Biischer, C. Falter, W. Ludwig, K. Zhang, X. Xie, Raman shifts in Si
nanocrystals, Appl. Phys. Lett. 69 (1996) 200-202, https://doi.org/10.1063/
1.117371.

R.-P. Wang, G.-W. Zhou, Y.-L. Liu, S.-H. Pan, H.-Z. Zhang, D.-P. Yu, Z. Zhang,
Raman spectral study of silicon nanowires: high-order scattering and phonon
confinement effects, Phys. Rev. B 61 (2000) 16827-16832, https://doi.org/
10.1103/PhysRevB.61.16827.

R.W. Olesinski, G.J. Abbaschian, The Si—Sn (Silicon—Tin) system, Bull. Alloy
Phase Diagr. 5 (1984) 273-276, https://doi.org/10.1007/BF02868552.

T.D. Bogart, X. Lu, M. Gu, C. Wang, B.A. Korgel, Enhancing the lithiation rate of
silicon nanowires by the inclusion of tin, RSC Adv. 4 (2014) 42022-42028, https://
doi.org/10.1039/C4RA07418A.

0. Moutanabbir, D. Isheim, H. Blumtritt, S. Senz, E. Pippel, D.N. Seidman, Colossal
injection of catalyst atoms into silicon nanowires, Nature 496 (2013) 78-82,
https://doi.org/10.1038/nature11999.

R. Li, X. Zhang, H. Dong, Q. Li, Z. Shuai, W. Hu, Gibbs—Curie-Wulff theorem in
organic materials: a case study on the relationship between surface energy and
crystal growth, Adv. Mater. 28 (2016) 1697-1702, https://doi.org/10.1002/
adma.201504370.

M.K. Jangid, S. Sinha, A.S. Lakhnot, F.J. Sonia, A. Kumar, R.O. Dusane,

A. Mukhopadhyay, Effect of the presence of Si-oxide/sub-oxide surface layer(s) on
‘micron-sized’ Si wires towards the electrochemical behavior as anode material for
Li-ion battery, Electrochim. Acta 297 (2019) 381-391, https://doi.org/10.1016/j.
electacta.2018.11.201.

Y.-M. Kang, S.-M. Lee, S.-J. Kim, G.-J. Jeong, M.-S. Sung, W.-U. Choi, S.-S. Kim,
Phase transitions explanatory of the electrochemical degradation mechanism of Si
based materials, Electrochem. Commun. 9 (2007) 959-964, https://doi.org/
10.1016/j.elecom.2006.11.036.

M. Rana, A. Pendashteh, R.S. Schaufele, J. Gispert, J.J. Vilatela, Eliminating
solvents and polymers in high-performance Si anodes by gas-phase assembly of
nanowire fabrics, Adv. Energy Mater. 12 (2022) 2103469, https://doi.org/
10.1002/aenm.202103469.

X. Yan, Z.F. Fu, L.T. Zhou, L.Y. Hu, Y. Xia, W.K. Zhang, Y.P. Gan, J. Zhang, X.P. He,
H. Huang, New chemical synthesis strategy to construct a silicon/carbon
nanotubes/carbon-integrated composite with outstanding lithium storage
capability, ACS Appl. Mater. Interfaces 15 (2023) 17986-17993, https://doi.org/
10.1021/acsami.3c02202.

J. Shi, X.S. Jiang, J.F. Sun, B.Y. Ban, J.W. Li, J. Chen, A surface-engineering-
assisted method to synthesize recycled silicon-based anodes with a uniform carbon
shell-protective layer for lithium-ion batteries, J. Colloid Interface Sci. 588 (2021)
737-748, https://doi.org/10.1016/j.jcis.2020.11.105.

H. Song, S. Wang, X. Song, H. Yang, G. Du, L. Yu, J. Xu, P. He, H. Zhou, K. Chen,
A bottom-up synthetic hierarchical buffer structure of copper silicon nanowire
hybrids as ultra-stable and high-rate lithium-ion battery anodes, J. Mater. Chem. A
6 (2018) 7877-7886, https://doi.org/10.1039/C8TA01694A.

J. Han, D.-M. Tang, D. Kong, F. Chen, J. Xiao, Z. Zhao, S. Pan, S. Wu, Q.-H. Yang,
A thick yet dense silicon anode with enhanced interface stability in lithium storage
evidenced by in situ TEM observations, Sci. Bull. 65 (2020) 1563-1569, https://
doi.org/10.1016/j.scib.2020.05.018.

10

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Nano Energy 133 (2025) 110455

H. Li, Y. Tao, X. Zheng, J. Luo, F. Kang, H.-M. Cheng, Q.-H. Yang, Ultra-thick
graphene bulk supercapacitor electrodes for compact energy storage, Energy
Environ. Sci. 9 (2016) 3135-3142, https://doi.org/10.1039/C6EE00941G.

G. Uchida, K. Masumoto, M. Sakakibara, Y. Ikebe, S. Ono, K. Koga, T. Kozawa,
Single-step fabrication of fibrous Si/Sn composite nanowire anodes by high-
pressure He plasma sputtering for high-capacity Li-ion batteries, Sci. Rep. 13
(2023) 14280, https://doi.org/10.1038/5s41598-023-41452-3.

1. Saana Amiinu, S. Imtiaz, H. Geaney, T. Kennedy, N. Kapuria, S. Singh, K.M. Ryan,
A thin Si nanowire network anode for high volumetric capacity and long-life
lithium-ion batteries, J. Energy Chem. 81 (2023) 20-27, https://doi.org/10.1016/
j.jechem.2023.02.025.

M. Rashad, H. Geaney, Vapor-solid-solid growth of silicon nanowires using
magnesium seeds and their electrochemical performance in Li-ion battery anodes,
Chem. Eng. J. 452 (2023) 139397, https://doi.org/10.1016/j.cej.2022.139397.
T.E. Adegoke, S. Abdul Ahad, U. Bangert, H. Geaney, K.M. Ryan, Solution
processable Si/Ge heterostructure NWs enabling anode mass reduction for
practical full-cell Li-ion batteries, Nanoscale Adv. 5 (2023) 6514-6523, https://
doi.org/10.1039/D3NA00648D.

Y.F. Dong, T. Slade, M.J. Stolt, L.S. Li, S.N. Girard, L.Q. Mai, S. Jin, Low-
temperature molten-salt production of silicon nanowires by the electrochemical
reduction of CaSiO3, Angew. Chem.-Int. Ed. 56 (2017) 14453-14457, https://doi.
org/10.1002/anie.201707064.

L.-F. Cui, R. Ruffo, C.K. Chan, H. Peng, Y. Cui, Crystalline-amorphous core—shell
silicon nanowires for high capacity and high current battery electrodes, Nano Lett.
9 (2009) 491-495, https://doi.org/10.1021/n18036323.

F. Zhang, L. Wan, J. Chen, X. Li, X. Yan, Crossed carbon skeleton enhances the
electrochemical performance of porous silicon nanowires for lithium ion battery
anode, Electrochim. Acta 280 (2018) 86-93, https://doi.org/10.1016/j.
electacta.2018.05.111.

X. Li, C. Yan, J. Wang, A. Graff, S.L. Schweizer, A. Sprafke, O.G. Schmidt, R.

B. Wehrspohn, Stable silicon anodes for lithium-ion batteries using mesoporous
metallurgical silicon, Adv. Energy Mater. 5 (2015) 1401556, https://doi.org/
10.1002/aenm.201401556.

Y. Son, S. Sim, H. Ma, M. Choi, Y. Son, N. Park, J. Cho, M. Park, Exploring Critical
Factors Affecting Strain Distribution in 1D Silicon-Based Nanostructures for
Lithium-Ion Battery Anodes, Adv. Mater. 30 (2018) 1705430, https://doi.org/
10.1002/adma.201705430.

Z.R. Zhou, Y.J. Zhang, Y.X. Hua, P. Dong, Y. Lin, M.L. Xu, D. Wang, X. Li, L.N. Han,
J.G. Duan, Molten salt electrolytic synthesis of silicon-copper composite nanowires
with enhanced performances as lithium ion battery anode, J. Alloy. Compd. 751
(2018) 307-315, https://doi.org/10.1016/j jallcom.2018.04.128.

H. Lim, S. Yu, W. Choi, S.O. Kim, Hierarchically designed nitrogen-doped MoSy/
silicon oxycarbide nanoscale heterostructure as high-performance sodium-ion
battery anode, ACS Nano 15 (2021) 7409-7420, https://doi.org/10.1021/
acsnano.1¢00797.

Q. Ma, F. Cui, J. Zhang, X. Qi, T. Cui, Surface engineering of Co304 nanoribbons
forming abundant oxygen-vacancy for advanced supercapacitor, Appl. Surf. Sci.
578 (2022) 152001, https://doi.org/10.1016/j.apsusc.2021.152001.

Y. Ren, L. Xiang, X. Yin, R. Xiao, P. Zuo, Y. Gao, G. Yin, C. Du, Ultrathin Si
nanosheets dispersed in graphene matrix enable stable interface and high rate
capability of anode for lithium-ion batteries, Adv. Funct. Mater. 32 (2022)
2110046, https://doi.org/10.1002/adfm.202110046.

R. Zhu, Z. Wang, X. Hu, X. Liu, H. Wang, Silicon in hollow carbon nanospheres
assembled microspheres cross-linked with N-doped carbon fibers toward a binder
free, high performance, and flexible anode for lithium-ion batteries, Adv. Funct.
Mater. 31 (2021) 2101487, https://doi.org/10.1002/adfm.202101487.

Z. Li, I. Sami, J. Yang, J. Li, R.V. Kumar, M. Chhowalla, Lithiated metallic
molybdenum disulfide nanosheets for high-performance lithium-sulfur batteries,
Nat. Energy 8 (2023) 84-93, https://doi.org/10.1038/541560-022-01175-7.

J. Im, J.D. Kwon, D.H. Kim, S. Yoon, K.Y. Cho, P-doped SiOy/Si/SiOx sandwich
anode for Li-ion batteries to achieve high initial coulombic efficiency and low
capacity decay, Small Methods (2021), https://doi.org/10.1002/smtd.202101052.
X.H. Liu, H. Zheng, L. Zhong, S. Huan, K. Karki, L.Q. Zhang, Y. Liu, A. Kushima, W.
T. Liang, J.W. Wang, J.H. Cho, E. Epstein, S.A. Dayeh, S.T. Picraux, T. Zhu, J. Li, J.
P. Sullivan, J. Cumings, C.S. Wang, S.X. Mao, Z.Z. Ye, S.L. Zhang, J.Y. Huang,
Anisotropic swelling and fracture of silicon nanowires during lithiation, Nano Lett.
11 (2011) 3312-3318, https://doi.org/10.1021/nl1201684d.

X.H. Liu, J.Y. Huang, In situ TEM electrochemistry of anode materials in lithium
ion batteries, Energy Environ. Sci. 4 (2011) 3844-3860, https://doi.org/10.1039/
C1EE01918J.

G. Kresse, J. Furthmiiller, Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set, Phys. Rev. B 54 (1996) 11169-11186,
https://doi.org/10.1103/PhysRevB.54.11169.

G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector augmented-
wave method, Phys. Rev. B 59 (1999) 1758-1775, https://doi.org/10.1103/
PhysRevB.59.1758.

J.P. Perdew, M. Ernzerhof, K. Burke, Rationale for mixing exact exchange with
density functional approximations, J. Chem. Phys. 105 (1996) 9982-9985, https://
doi.org/10.1063/1.472933.

F. Oba, M. Choi, A. Togo, 1. Tanaka, Point defects in ZnO: an approach from first
principles, Sci. Technol. Adv. Mater. 12 (2011), https://doi.org/10.1088/1468-
6996/12/3/034302.

S. Li, J. Fu, G. Miao, S. Wang, W. Zhao, Z. Wu, Y. Zhang, X. Yang, Toward planar
and dendrite-free Zn electrodepositions by regulating Sn-crystal textured surface,
Adv. Mater. 33 (2021) 2008424, https://doi.org/10.1002/adma.202008424.


https://doi.org/10.1002/advs.202105623
https://doi.org/10.1002/advs.202105623
https://doi.org/10.1063/1.3464557
https://doi.org/10.1039/c5ee02487k
https://doi.org/10.1039/c5ee02487k
https://doi.org/10.1021/acsnano.8b06528
https://doi.org/10.1039/C3DT50875G
https://doi.org/10.1088/0957-4484/19/48/485605
https://doi.org/10.1088/0957-4484/19/48/485605
https://doi.org/10.1103/PhysRevB.68.241312
https://doi.org/10.1021/nl0341133
https://doi.org/10.1021/nl0341133
https://doi.org/10.1063/1.121665
https://doi.org/10.1063/1.121665
https://doi.org/10.1016/0038-1098(86)90513-2
https://doi.org/10.1063/1.117371
https://doi.org/10.1063/1.117371
https://doi.org/10.1103/PhysRevB.61.16827
https://doi.org/10.1103/PhysRevB.61.16827
https://doi.org/10.1007/BF02868552
https://doi.org/10.1039/C4RA07418A
https://doi.org/10.1039/C4RA07418A
https://doi.org/10.1038/nature11999
https://doi.org/10.1002/adma.201504370
https://doi.org/10.1002/adma.201504370
https://doi.org/10.1016/j.electacta.2018.11.201
https://doi.org/10.1016/j.electacta.2018.11.201
https://doi.org/10.1016/j.elecom.2006.11.036
https://doi.org/10.1016/j.elecom.2006.11.036
https://doi.org/10.1002/aenm.202103469
https://doi.org/10.1002/aenm.202103469
https://doi.org/10.1021/acsami.3c02202
https://doi.org/10.1021/acsami.3c02202
https://doi.org/10.1016/j.jcis.2020.11.105
https://doi.org/10.1039/C8TA01694A
https://doi.org/10.1016/j.scib.2020.05.018
https://doi.org/10.1016/j.scib.2020.05.018
https://doi.org/10.1039/C6EE00941G
https://doi.org/10.1038/s41598-023-41452-3
https://doi.org/10.1016/j.jechem.2023.02.025
https://doi.org/10.1016/j.jechem.2023.02.025
https://doi.org/10.1016/j.cej.2022.139397
https://doi.org/10.1039/D3NA00648D
https://doi.org/10.1039/D3NA00648D
https://doi.org/10.1002/anie.201707064
https://doi.org/10.1002/anie.201707064
https://doi.org/10.1021/nl8036323
https://doi.org/10.1016/j.electacta.2018.05.111
https://doi.org/10.1016/j.electacta.2018.05.111
https://doi.org/10.1002/aenm.201401556
https://doi.org/10.1002/aenm.201401556
https://doi.org/10.1002/adma.201705430
https://doi.org/10.1002/adma.201705430
https://doi.org/10.1016/j.jallcom.2018.04.128
https://doi.org/10.1021/acsnano.1c00797
https://doi.org/10.1021/acsnano.1c00797
https://doi.org/10.1016/j.apsusc.2021.152001
https://doi.org/10.1002/adfm.202110046
https://doi.org/10.1002/adfm.202101487
https://doi.org/10.1038/s41560-022-01175-7
https://doi.org/10.1002/smtd.202101052
https://doi.org/10.1021/nl201684d
https://doi.org/10.1039/C1EE01918J
https://doi.org/10.1039/C1EE01918J
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1063/1.472933
https://doi.org/10.1063/1.472933
https://doi.org/10.1088/1468-6996/12/3/034302
https://doi.org/10.1088/1468-6996/12/3/034302
https://doi.org/10.1002/adma.202008424

	Solid-liquid-solid growth of doped silicon nanowires for high-performance lithium-ion battery anode
	1 Introduction
	2 Results and discussion
	2.1 Synthesis and characterization
	2.2 Density functional theory calculations and molecular dynamic simulation
	2.3 Electrochemical performance

	3 Conclusion
	4 Materials and methods
	4.1 Synthesis of SnO2
	4.2 Preparation of Sn-doped Si nanowires
	4.3 Materials characterization
	4.4 Preparation of electrode
	4.5 Electrochemical measurement
	4.6 In-situ TEM lithiation/delithiation of Si nanowires
	4.7 Calculation method

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	datalink7
	References


