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A B S T R A C T

Designing nanostructured silicon, such as in the form of nanoparticles, wires, and porous structures, for high-
performance Li-ion electrodes, has progressed significantly. These approaches have largely overcome the ca-
pacity fading of silicon electrodes from volume expansion during lithiation/de-lithiation. However, they involve
high costs, complex processes, and hazardous precursors. Herein, we propose an electrochemical fabrication of
silicon nanowires from waste rice husks via a molten salt process based on electrodeoxidation. The addition of
NiO as an electric conductor improved the production efficiency and created pores in the nanowires after
washing. The electrically produced high-purity silicon yielded high capacity, and the nanowires provided suf-
ficient free volume to accommodate silicon electrode expansion, resulting in improved cycle life. The converted
silicon nanowires from the molten salt process will help develop sustainable energy storage materials.
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1. Introduction

The research community is engaged in significant effort toward
solving environmental and energy shortage issues caused by rapid in-
dustrialization; in this regard, as a renewable energy resource, biomass
has attracted increasing interest. Rice husk (RH) is a byproduct of rice,
the second most highly cultivated crop species worldwide (7.7 × 108

tons/year) (Food and Agriculture Organization FAO (2018), and typi-
cally constitutes 20–22 % of rice production (Bansal et al., 2006).
Surprisingly, waste RH contains a relatively high content of silica
compounds, averaging at approximately 10.6 % (Bansal et al., 2006).
RH silica (RH-SiO2) is obtained from RH by thermal treatment
(400–900 °C), and leaching (Real et al., 1996; Chakraverty et al., 1988;
Ghosh et al., 2013; Cho et al., 2016; Kumproa et al., 2012). Since
biological silica derived from the biosilification of organisms has a
complicated and hierarchical nanostructured framework (Ehrlich et al.,
2010), it has a wide range of applications (Adam et al., 2012;
Athinarayanan et al., 2015). In addition, crystalline silicon (Si), which
plays an essential role in the fabrication of numerous applications, can
be produced by the reduction of biogenic silica (Shah et al., 1999; Shen
et al., 2017). Therefore, RH has potential as a low-cost precursor for
producing green and high-value materials requiring Si for practical
applications.

Specifically, Si is a promising anode material with a high theoretical
specific capacity and a low lithiation reaction voltage plateau (vs. Li/
Li+) (Kasavajjula et al., 2007; Chan et al., 2008), and is commonly used
in lithium-ion batteries (LIBs). However, Si typically suffers from irre-
versible capacity fading during cycling from three distinct causes: (1)
pulverization of Si particles due to significant volume expansion during
lithiation and disintegration of the composite electrode architecture; (2)
formation of an unstable solid electrolyte interphase (Luo et al., 2017;
Xu et al., 2015); and (3) relatively low intrinsic electronic and ionic
conductivities (Luo et al., 2017; Casimir et al., 2016). To address these
issues, several strategies have been reported, such as the use of na-
nostructured Si (Kim et al., 2010; Park et al., 2009; Liu et al., 2013), Si/
C composites (Cui et al., 2016; Liu et al., 2012; Luo et al., 2012), Si
alloys (Zhou et al., 2010), and thin film (Kim et al., 2003), all of which
help to prevent the capacity fading of Si-based systems.

In particular, for the nanostructural design of Si with various
morphologies, Si nanowires (Si-NWs), Si nanoparticles, and porous
structures are promising as high-performance anode materials (Wu and
Cui, 2012). Notably, NWs have several advantages, including: (1) suf-
ficient empty space between adjacent NWs to accommodate Si volume
changes upon charging and discharging, (2) effective electron transport
along each NW, and (3) facile strain relaxation with increasing wire
diameter and length, without cracking or breakage (Chan et al., 2008;
Wu et al., 2012; Chan et al., 2010). Taking advantage of these effects,
several studies have demonstrated enhanced cycle lives using methods
such as vapor-liquid-solid (VLS) (Chan et al., 2008), chemical vapor
deposition (CVD) (Nguyen et al., 2011), and supercritical fluid-liquid-
solid (SFLS) processes (Chan et al., 2010; Chockla et al., 2011), by di-
rectly coating stainless-steel current collectors to ensure good contact.
However, despite successful demonstrations of Si-NW electrodes, there
remain fundamental barriers toward their large-scale implementation
in LIBs. These methods involve high manufacturing costs (VLS) (Liu et
a., 2011), potentially hazardous precursors (CVD) (Nguyen et al.,
2011), and low yields (SFLS) (Chan et al., 2010). Overall, it is highly
desirable to fabricate nanostructured Si in an affordable and non-ha-
zardous manner based on a sustainable resource.

Herein, we demonstrate a molten salt electrolysis method for the
fabrication of Si-NWs for LIB anode materials from RH-derived SiO2.
Crystalline Si-NWs were prepared through application of the FFC
Cambridge process (Mohandas and Fray, 2004), a simple approach for
the high-purity extraction of metals from solid oxides via molten salt
electrolysis that is known to be energy-saving and environmentally
friendly. The prepared Si-NWs resolve many of the critical issues for

effective Si-based battery operation and exhibit excellent electro-
chemical performance as LIB anodes, suggesting that RH-SiO2 is a large-
scale resource for high-capacity LIB applications.

2. Methods

2.1. Preparing Si-NWs from RH

Amorphous SiO2 was leached from RH via a conventional leaching
and thermal process (Cho et al., 2016). To produce pellet-type RH-
SiO2+nickel oxide (NiO), RH-SiO2 and NiO (99 % purity, Alfa Aesar)
were mixed together in a mortar (atomic ratio SiO2:NiO = 20:1) with
ethanol (95.0 % purity, SAMCHUN, South Korea). Polyvinyl alcohol
(PVA, Mw 89,000–98,000, 99+% hydrolyzed, Aldrich) and zinc stea-
rate (technical grade, Aldrich) were added as binders, which were dried
at 80 °C for 24 h. The dried powders (approximately 1.0 g) were pressed
at 100 bar in a cylindrical mold (∅ = 13 mm), followed by sintering at
1200 °C in air for 5 h to prepare a solid pellet for electrodeoxidation. An
Al2O3 crucible (99 % purity, ∅ = 80 mm) charged with 500 g of CaCl2
(95.0+%, Junsei, Japan) was set inside a stainless-steel vessel and
heated to 850 °C in a dry Ar atmosphere. The CaCl2 salt was pre-dried at
550 °C for 1 d. An RH-SiO2+NiO pellet was wrapped in nickel mesh (20
mesh woven from 0.18-mm-diameter wire, Alfa Aesar), which was used
as a working electrode by fastening it to a stainless-steel rod with nickel
wire (∅ = 0.5 mm, Alfa Aesar). The nickel mesh and wire acted as the
current lead, and a graphite rod was used as the anode. A hole (4 mm)
was drilled through a graphite rod (99 %, Alfa Aesar) to connect it to
the stainless-steel rod. The reference electrode was a Ag/AgCl electrode
in which a silver wire (99.99 %, ∅ = 0.5 mm, Aldrich) was immersed
in a CaCl2 melt containing 1 M AgCl (99.5 %, SAMCHUN, South Korea)
in a mullite tube. The electrodeoxidation of the RH-SiO2+NiO pellet
was performed by applying a cell voltage in the 2.7–2.9 V range for
0–10 h, which was controlled with a direct current (DC) power supply
(E3633A, Agilent). The cathodic potential (vs. Ag/AgCl) was con-
tinuously monitored during electrolysis with a multi-meter (34,401A,
Agilent). After electrolysis, the cathode product was rinsed with deio-
nized water and dried in a vacuum oven. The obtained Si powder was
soaked in a 0.1 M HCl (SAMCHUN, South Korea) solution for 1 d to
remove impurities, and then leached in 2% hydrofluoric acid (Alfa
Aesar) for 12 h with vigorous stirring to ensure the removal of any
unreduced SiO2. For cyclic voltammetry (CV), Mo wire (99.95 % purity,
Alfa Aesar) was used to fabricate a metallic cavity electrode (MCE) with
two pin holes (∅ = 0.5 mm). RH-SiO2+NiO powder was placed into
the holes of the MCE as the working electrode. The cell was controlled
by a potentiostat (Autolab, PGSTAT362 N) at a scan rate of 100 mV/s.

2.2. Characterizing RH-SiO2 and Si-NWs

Electron microscopy was carried out by field emission-scanning
electron microscopy (FE-SEM, ULTRA PLUS-FESEM), energy dispersive
X-ray spectroscopy (EDS, FlatQUAD), and high-resolution transmission
electron microscopy (TEM, HRTEM; 300 kV Tecnai G2 F30 S-Twin field
emission gun). The crystal structures were determined by X-ray dif-
fraction (XRD; AXS D8 Discover with GADDS, Bruker) with Cu-K α
radiation (wavelength = 0.54 Å). The chemical compositions of all
sample surfaces were analyzed by Raman spectroscopy (LabRam HR,
Horiba Jobin Yvon) and X-ray photoelectron spectroscopy (XPS; PHI
Quantera-II, Ulvac-PHI).

2.3. Battery testing the Si-NWs

For the application of the anode active material, slurries were pre-
pared by dissolving 55 wt% Si-NWs, 35 wt% super P (99+%, Alfa
Aesar), and 10 wt% poly(acrylic) acid (Mw∼100,000, 35 wt% in H2O,
Aldrich) in distilled water. The slurries were cast onto a copper current
collector by a doctor blade technique. Si powder (99.5 %, ∼325 mesh,
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Alfa Aesar) was used for comparison, for which slurries were prepared
with the same composition. The active materials were loaded at 0.6
mg/cm2. After drying at 80 °C in air, the electrode was pressed to 80 %
of its original thickness by a roll-press (MSK-HRP-01, MTI) and then
vacuum dried at 120 °C. Each electrode was in a CR-2032-type coin cell
with Li metal as the counter electrode. The electrolyte was 1.15 M LiPF6
in a mixture of ethylene carbonate and dimethyl carbonate at a 3:7 vol
ratio with 10 % fluorinated ethylene carbonate. A microporous mem-
brane (Celgard 2400) was used as a separator. The coin cells were as-
sembled in an Ar-filled glove box (99.99 % purity). Galvanostatic
charge-discharge (GCD) testing (WBCS3000 L, Wonatech) was con-
ducted for 100 cycles in the 0.01–1.5 V (vs. Li+/Li) range at a 0.2 C rate
(1 C = 4200 mA h/g), where the first three cycles were performed at a
0.05 C rate, and rate capability testing was conducted at 0.1, 0.2, 0.5,
1.0, and 2.0 C rates.

3. Results and discussion

Fig. 1 shows a schematic illustration of the electrodeoxidation
process for Si-NWs from a RH-SiO2+NiO pellet at 850 °C. Pellets fab-
ricated at various weights (0.3–1 g) are shown in Figure S1 (Supple-
mentary Material), which demonstrate the scalability of the molten salt
method. Amorphous RH-SiO2+NiO powders were sintered at a high
temperature after being compressed to undergo a phase transition to
crystalline SiO2, which can be observed in the XRD pattern shown in
Figure S2. The broad XRD pattern of the amorphous RH-SiO2 powder
changes to that of a perfect crystal structure after sintering; the strongly
compressed pellets prevent decrepitation of the prepared pellets in the
molten salts. The RH-SiO2 functions as the cathode in the electrolytic
cell containing the molten salt electrolyte, typically CaCl2, and a gra-
phite anode. Following the pre-electrolysis of the molten CaCl2 at 850
°C, the cell is polarized such that the cathode reaches a negative po-
tential sufficient to ionize oxygen in the electrode (Fray and Schwandt,
2017; Chen et al., 2000). NiO was added to the starting material used as
the cathode to enhance the reduction efficiency of the insulating RH-
SiO2. Ni formation by co-reduction of the SiO2+NiO system increases
the electrical conductivity of the cathode during electrode-deoxidation,
making it more effective (Ji et al., 2013). Eventually, oxygen is gra-
dually released from RH-SiO2 into the electrolyte, and the Si-NW
growth mechanism is proposed to operate as follows (Xiao et al., 2006;
Yasuda et al., 2005a): (1) Upon immersing the RH-SiO2+NiO con-
tacting electrode into the molten CaCl2, the Ni from NiO initially serves

as the conducting material; SiO2 near the Ni is converted into Si
through the removal of oxygen with only a limited amount of SiO2

reduced to form nanoscale Si nuclei, which are separately located on
the SiO2/CaCl2 interface. These Si nuclei immediately collide with
nearest-neighbor SiO2 in terminated channels from the molten CaCl2
that penetrate into the SiO2. (2) Because the formed Si nuclei are highly
conductive at a high temperature, they behave as a new conducting
material; hence, subsequent reduction is limited to the newly formed Si
nuclei/SiO2/CaCl2 three-phase interface, resulting in wire-type Si. The
prepared Si-NWs form with the ability to alleviate volume changes in
Si-based anode materials.

From a thermodynamic perspective, during the molten salt process
the standard Gibbs free energies for reducing SiO2 (SiO2 → Si4+ +
2O2−) and NiO (NiO → Ni+ + 1/2O2−) at 850 °C are 708.9 kJ/mol
and 137.9 kJ/mol, respectively. This difference is clearly evident in the
CV results shown in Fig. 2 (a) in the -2.0–0.9 V (vs. Ag/AgCl) potential
window. The CV curve (black solid line) of the Mo MCE is compared
with those of the NiO (red solid line) and SiO2+NiO (blue solid line)
electrodes. The cathodic current increases sharply at -1.8 V, and an
anodic current is observed in the reverse scan, which contributes to the
deposition and dissolution of calcium in the Mo MCE. The NiO shows a
cathodic current beginning at 0.028 V, with the highest peak observed
at -0.25 V due to its high electrical conductance and low standard Gibbs
free energy (Lee et al., 2016). For RH-SiO2+NiO, the cathodic current
occurs at -0.028 V and is followed by a significant increase at around
-1.34 V; the initial current is almost identical to the potential of the
maximum peak at -0.028 V due to NiO reduction, and a large current is
observed at around -1.34 V for the Ni metal located around SiO2. As a
result, Ni metal improves the electrical conductivity and assists in the
quick reduction of the electrical insulator (SiO2). This process reduces
the reduction time and energy by increasing the efficiency of the
electrolytic reduction reaction in the molten salt, thereby achieving the
rapid reduction of SiO2 on the gram scale.

Fig. 2 (b) shows the cathodic potential per cell voltage plots during
the electrolytic reduction; the potential for calcium deposition is ap-
proximately -1.8 V as shown in Fig. 2 (a), and the appropriate cell
voltage is 2.7 V (solid black line) (Yasuda et al., 2005b). These results
demonstrate the reduction behavior of the RH-SiO2+NiO pellet with
the time-current plot per charge amount applied at 2.7 V during con-
stant electrical potential electrolysis. The RH-SiO2+NiO pellet has a
higher current than that of RH-SiO2, which contributes to increased
pellet conductivity due to early formation of Ni metal during reduction

Fig. 1. Schematic illustration of electrochemical fabrication of silicon nanowires (Si-NWs) from rice husk-derived silica (RH-SiO2).
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as shown in Figure S3. Additionally, we compared and observed the
appearance of the pellet before and after the electrolytic reduction of
the RH-SiO2+NiO/RH-SiO2 hybrid pellets and RH-SiO2 pellets under
the same condition for the same duration. The reduction rate of the RH-
SiO2+NiO/RH-SiO2 hybrid pellets was very rapid compared with those
of the RH-SiO2 pellets as shown in Figure S4. Consequently, the gen-
eration of Ni during the reduction process increased the electrical
conductivity and reduction efficiency. The reduction process generally
starts from the surface and proceeds to the core of the pellet, as shown
in Fig. 2 (c) and (d); this mechanism forms the conductor/insulator/
electrolyte three-phase interface and finally leads to the successful
preparation of wire-type Si (Nohira et al., 2003). Figure S5 shows the
XRD patterns of the samples, indicating the deoxidation process of RH-
SiO2 in Fig. 2 (c). The initial 0% (vs. theoretical electric charge of SiO2)
charged sample has the same XRD pattern as that of the prepared RH-
SiO2+NiO pellet. For the 10 % charged sample, crystalline Si peaks
appear in the XRD pattern, which increase in intensity as the electro-
lytic reduction proceeds, which may indicate that reduction repeatedly

occurs at a constant potential over a longer period. Finally, the XRD
pattern of the 400 % charged sample displays no SiO2 peak, which
shows that the RH-SiO2+NiO pellet has been completely reduced to
pure Si and Ni metals. Furthermore, the XRD peaks of the 400 %
charged sample are divided, which are attributable to reduced Ni and Si
reacting with each other to generate NiSi2 (JCPDS No. 04-006-9129)
(Fang et al., 2015). After acid treatment, the XRD spectra verify the
pure phase of crystalline Si (JCPDS No. 27-1402) as shown in Fig. 2 (e).
XPS spectra were acquired to investigate the surface contents of the RH-
SiO2 and prepared Si-NWs. In Fig. 2 (f), the peaks at approximately at
98.8 and 99.4 eV are attributed to Si, and the peak at 103.5 eV is as-
signed to Si4+, suggesting the existence of small amounts of amorphous
SiO2 (Gauthier et al., 2013), which is typically formed during exposure
of Si to the atmosphere. The Raman spectrum is consistent with the XPS
results, as shown in Figure S6. RH-SiO2 exhibits three Raman peaks at
486, 980, and 1080 cm−1 that correspond to a Si-O-Si symmetric
stretching vibration, a Si-O stretching vibration, and movement of
oxygen within the silicon lattice, respectively. However, the Raman

Fig. 2. Electrochemical reduction behavior and structural analysis of RH-SiO2+NiO pellet and prepared Si-NWs. (a) Cyclic voltammograms of bare Mo MCE, RH-
SiO2+NiO, and NiO electrodes (at -2.0–0.9 V) and (b) cathode potential-time plots of various cell potentials. (c) Time-current plots of RH-SiO2 and RH-SiO2+NiO
pellets with photographs of reduced samples with various supplied charges of 0%, 10 %, 20 %, 50 %, and 400 % (numbers 1–5) of the theoretical charge at 2.7 V. (d)
Photographic image of sample 4 and a magnified scanning electron microscopy image of the marked region. (e) X-ray diffraction patterns and (f) X-ray photoelectron
spectra of RH-SiO2 and the prepared Si nanowires.
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spectrum of the prepared Si-NWs only shows a sharp peak at 518 cm−1

due to crystalline Si, suggesting that the RH-SiO2 had been converted
into pure Si devoid of Si-O-Si or Si-O bonds (Choi et al., 2018).

The morphology and crystalline quality of the Si-NWs produced
before and after electrolysis of the RH-SiO2 pellet were investigated
using SEM, HRTEM, and scanning TEM (STEM). Fig. 3 (a) and (b) shows
the SEM images of the RH-SiO2 before and after the molten salt process
involving the RH-SiO2+NiO pellet. The images in Fig. 3 (a) clearly
confirm the unique three-dimensional (3D) hierarchical porous struc-
ture of RH-SiO2 at low and high magnifications. Furthermore, NiO is
well distributed on the RH-SiO2 of the prepared RH-SiO2+NiO pellet as
indicated by the SEM and EDS maps shown in Figure S3. Fig. 3 (c)–(f)
shows the SEM images of the prepared Si-NWs after application of a
constant potential of 2.7 V for 10 h to a RH-SiO2+NiO pellet in CaCl2
molten salt at 850 °C. The reaction begins at the surface of the SiO2, as
discussed above (Nohira et al., 2003), and eventually proceeds to the
core of the pellet. After electrolysis of the RH-SiO2+NiO pellet, Si and
NiSi2 (Fang et al., 2015), have wire-type structures, as shown in Fig. 3
(c) and (d). The structure was well maintained even after washing with
distilled water and treating with acid to remove Ni, and the images
clearly confirmed the NW shape of the pure Si, as shown in Fig. 3 (e)
and (f). These results clearly indicate that the Si has a wire-type na-
nostructure with a wire diameter of ∼300 nm and length>1 μm,
which is indeed consistent with the various scaled SEM and TEM images

shown in Figure S7. Additionally, the high-purity wire-type Si has an
oxygen concentration of only 7100 ppm according to the EDS results
shown in Figure S8. The prepared Si-NWs also show similar TEM and
STEM results (Fig. 3 (g), (h), and S7). Moreover, as shown in Fig. 3 (i)
and S9, small nanopores were randomly generated on the wires due to
the deoxidation and acid treatment used to remove the Ni. These pores
are desirable as they improve ionic conductivity and reduce the volume
expansion of silicon during charging and discharging as an anode ma-
terial for use in LIBs. Additionally, we compared the structural prop-
erties and electrochemical performance of Si-NW and Si, which were
obtained through electrolytic reduction processes using RH and com-
mercial SiO2, respectively, as the starting materials as shown in Figure
S10. The commercial SiO2 was composed of simple particle structures,
which produced uneven particles with hundreds of nanometers of wires
clustered together after the completion of the electrolytic reduction
process. Furthermore, the HRTEM image (Fig. 3 (j)) also shows lattice
fringes corresponding to the Si (111), (220), and (311) planes, high-
lighting the crystalline character of the pure Si-NWs. The crystalline
structure was also confirmed by selected-area electron diffraction
(SAED) (Fig. 3 (k)), which exhibits a diffraction ring corresponding to
the Si (111) plane.

The Si-NWs were electrochemically tested primarily in GCD ex-
periments. The GCD curves for the Si-NW anode are shown in Fig. 4 (a)
for 100 cycles, from which the specific capacity was calculated based on

Fig. 3. Morphological analysis of silicon nanowires by electrochemical reduction. Scanning electron micrographs of (a) RH-SiO2 powder, (b) RH-SiO2+NiO pellet,
(c) and (d) nanowires after electrochemical reduction, and (e) prepared Si nanowires after acid treatment. (f) Scanning electron microscopy–energy-dispersive X-ray
spectroscopy maps of Si and O. (g) and (h) Transmission electron micrographs, (i) Scanning transmission electron micrograph, (j) Selected area electron diffraction
pattern and (k) High-resolution transmission electron micrographs of prepared Si nanowires.
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the Si mass in the electrode. The Si-NW anode exhibits a characteristic
voltage plateau at 0.05 V during the 1st lithiation, which is associated
with the Li–Si alloying process and is indicative of the formation of a
well-defined (electrochemically active/favorable) Si phase by the
molten salt method. The initial lithiation and de-lithiation capacities of
the Si-NW anode were found to be 3752 and 3161 mA h/g at a 0.05 C-
rate, respectively, corresponding to coulombic efficiencies (CE)> 84
%, which is in good agreement with pure Si-based anodes with Li-al-
loying mechanisms. In addition, the lithiation/de-lithiation capacities
of the Si-NW anode stabilized rapidly at 3177 and 3284 mA h/g at a 0.2
C rate, respectively, during subsequent cycling. This feature is better
understood by plotting dQ/dV as a function of voltage, as shown in
Fig. 4 (b). After attaining a characteristic cathodic peak at 0.05 V during
the 1st lithiation (attributed to the 1st Li–Si alloying process), the peak
positions/intensities were similar for the 2nd, 50th, and 100th cycles,
which implies significant electrochemical reversibility. It is noteworthy
that this wire-type Si anode exhibits high usability as well as a stable
cycling performance (Fig. 4 (c)), and that the capacity remains at
∼2550 mA h/g after 100 cycles while exhibiting high/stable CEs of
∼99 % during cycling. As shown in Fig. 4 (d), the cycling performance
of the prepared Si-NWs is clearly better than that of the commercial Si
powder. After 100 cycles, the prepared Si-NWs and commercial Si
powder retained 78 % and 29 % of their initial capacities, respectively.
Moreover, the wire-type Si also demonstrates a good rate capability as

shown in Fig. 4 (e) and (f). For instance, the electrode exhibits second
discharge capacities of 2886, 2759, 2327, and 1371 mA h/g at 0.1, 0.2,
0.5, and 1 C rates, respectively, and retains 650 mA h/g even at the fast
2 C rate. In addition, when the current density is reverted to 0.2 C, the
capacity of the Si-NW anode stabilizes at 2279 mA h/g, which corre-
sponds to a recovery rate of 91 %. These results confirm that the pre-
pared Si-NWs have several advantages that led to improved cyclability
and rate capabilities during charging and discharging: (1) sufficient
empty space between adjacent NWs to accommodate Si volume changes
during charging and discharging; (2) effective electron transport along
the length of each NW; and (3) facile strain relaxation with increasing
wire diameter and length without cracking or breakage. Additionally,
the TEM image of the Si-NW electrode taken after 40 cycles exhibits a
well-maintained interconnected porous structure, as shown in Figure
S11, verifying the robust nature of the wire-type silicon nanostructured
electrode.

4. Conclusion

The present study demonstrated the growth of crystalline Si-NWs by
electrolysis in molten CaCl2 using waste RH-SiO2 as a starting material.
We showed that RH, a major byproduct of rice harvesting, can be used
to produce Si-NWs for use in high-capacity LIB anodes. The inter-
connected 3D hierarchical structure NWs developed through years of

Fig. 4. Electrochemical characterization of the silicon nanowires. (a) Charge–discharge curves and (b) dQ/dV profiles of the prepared silicon nanowire electrode in
the potential range of 0.01–1.5 V vs. Li+/Li. (c) Lithiation/de-lithiation capacity and Coulombic efficiency of the prepared silicon nanowire electrode and (d)
comparison with a commercially prepared silicon powder electrode (first three cycles tested at a 0.05 C rate). (e) Rate performance (first two cycles tested at a 0.1 C
rate) and (f) charge-discharge curves for the prepared silicon nanowire electrode at various current densities.
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natural evolution for the efficient cultivation of rice can resolve im-
portant issues in Si anode operation and enable excellent cycling and
power performance; using this approach, enhanced battery perfor-
mance was achieved. At a 0.2 C rate, ∼3284 mA h/g was attained
during the 1st cycle, and a long 100-cycle life was achieved with a ca-
pacity retention of 78 % and high specific capacity of 2550 mA h/g.
These results show that this method can produce nanostructured metals
or alloys from other parent oxides. Furthermore, the method is easy to
scale up and consequently will lead to an industrial route for the mass
production of Si-NWs for LIBs and various other applications.
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