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Abstract

A cost-effective, environmentally friendly and industrialized method of using low-grade sources
to prepare high-performance anode material for lithium ion batteries (LIBs) with high energy density
and long cycle life is both appealing and challenging. Herein, we present a low-cost, scalable and
controllable  approach  for  preparing  unique  sub-micrometer  core-shell  structure
nanocrystal-FeSi-embedded Si/SiOx (FSO) anode material directly from a low-grade Fe-Si alloy. The
sub-micrometer FSO anode materials are controlled by in-situ reaction of the Fe-Si-O in the Fe-Si
alloy according to the phase diagram. The XRD and Rietveld refinement results indicate that when
the treatment temperature increase, (i) FeSi phase appears together with Si and FeSi,, and then (ii)
FesSi phase appears together with Si and FeSi. Most importantly, benefited from the formation of the

amorphous SiOy as buffer layer and self-conductive nanocrystal-FeSi as a robust skeleton to



mechanically support the large volume change of Si during cycling, the sub-micrometer core-shell
structure FSO anode exhibits a high capacity (931.3 mAh g*) at 50 mA g™*and a prolonged cycle
performance with 86% capacity retention over 1000 cycles at 1 A g™*. The full cell with prelithiated
FSO as the anode and commercial LiCoO; as the cathode delivers a high energy density of 467.5 Wh
kg at the 0.05 C. This work provides a promising route for commercial production of

high-performance Si/SiOx-based anode materials in LIBs.
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Introduction

To meet the ever-growing demands for electric vehicles (EVs), portable electronics, and
large-scale renewable energy storage, it is urgent to develop the next generation lithium ion batteries
(LIBs) with low cost, high energy density, and long cycle life.[1-5] Among anode materials, silicon
has attracted the most attention due to its high theoretical capacity (3579 mAh g™*), with the potential
to significantly improve the performance of LIBs.[6, 7] However, the bulk silicon anodes experience
over 300% volume change during the lithiation and delithiation processes, which leads to particle
pulverization, loss of interparticle electrical contact, and instability of the solid electrolyte interphase
(SEI), resulting in repeating chemical side reactions with the electrolyte and fast capacity
fading.[8-10] To address these issues, a wide range of strategies have been developed to improve the
electrochemical performances of Si-based anodes, including: (1) decreasing the size of Si-based
materials to the nano-scale;[11, 12] (2) coating protective materials as a buffer layer to mitigate the
considerably large volume expansion;[13-16] (3) designing porous structure, hollow structure,
core-shell structure Si materials.[17, 18] Nanocrystallization and protective materials coating has
been widely researched to show that they are able to address the issues of Si-based anodes.
Nano-sized silicon materials demonstrate higher cycling stability, since they can prevent fractures
during the large volume changes.[19] They differ from corresponding bulk Si materials, and behave
abnormally due to surface and interface effect as well as size effectiveness that the volume expansion

of silicon anodes can be alleviated when the size of silicon is below 150 nm.[20] However, the usage



of nano-sized silicon in anodes for LIBs is still hard to commercialize due to their complex synthesis
processes with low production rates, high cost, and low gravimetric and volumetric energy
densities.[21] Recently, some strategies using micrometer/sub-micrometer Si-based materials in LIBs
have exhibited some progress.[22-25] Furthermore, SiOy as a buffer to enhance the electrochemical
performance of Si-based materials has attracted a lot of attention.[26-29] The existence of the
amorphous the SiOy structure is favorable for providing good cycling stability, because the less
active amorphous SiOy can effectively accommodate the large volume expansion of the Si during
cycling.[27, 30-32] Simultaneously, a highly stable SEI can be formed on the surface of the
amorphous SiOy, avoiding repeated formation of SEI film during cycles, which would lead to a
decline in capacity.[33-35] For instance, Kim et al. prepared a core-shell structure Si/SiOy
nanocomposite via sol-gel reaction of triethoxysilane with commercially available Si nanoparticles,
providing a high capacity (1914 mAh g™*) with a notably improved initial coulombic efficiency (from
47.6% to 73.6%), and stable cycle performance over 100 cycles without carbon coating.[36] Shin et
al. provided a catalyst-free synthesis of core-shell Si-SiO4 nanowires, which was directly grown on
the thick copper foils by the evaporation of SiO powder using thermal chemical vapor deposition
(CVD). The core-shell Si-SiOx nanowire exhibited a stable cycle performance with 95% capacity
retention over 100 cycles[37]. Similarly, Park et al. reported a highly interconnected Si/SiOx
nanowire by combining thermal disproportionation of SiO with metal-catalyzed Si nanowire growth.
The Si/SiOy electrodes showed a reversible capacity of 1280 mAh g™ after 150 cycles at a rate of 0.2
C, and a high rate capability of ~1200 mAh g* at 10 C rate.[38] However, there are still some
problems of the Si/SiOx nanocomposite, such as the poor conductivity, complicated synthesis process
and high preparation cost, which limit their practical applications.

Herein, instead of preparing nanoparticles, we report a new approach for creating high-capacity
sub-micrometer core-shell structure nanocrystal-FeSi-embedded Si/SiOy (FSO) anode materials
according to phase diagram, using the abundant and inexpensive metallurgical Fe-Si alloy as Si/SiOy
source. The SiOy shell for the buffer layer is obtained by the oxidation of the silicon on the surface of
Fe-Si alloy during heating in ambient air, with the formation of nanocrystal-FeSi by in-situ reaction
of the FeSi, with controlled phase transformation of Fe-Si alloy. Most importantly, the core-shell
structure and self-conductive nanocrystal-FeSi usage as a robust mechanical skeleton can effectively

avoid particle fracture, providing excellent cycling stability with 99.4% capacity retention over 500



cycles at 500 mA g™and 86% capacity retention over 1000 cycles at 1 A g™*, which is one of the best
performances among the micrometer/sub-micrometer Si/SiOy anode materials reported. Note that our
preparation method of amorphous SiOy shell is novel, cost-effective, scalable, and it is possible to
implement for future scale-up manufacturing. This process provides the possibility to commercialize

the long-lasting Si/SiOy anodes for LIBs with high gravimetric and volumetric energy densities.

Experimental section

Fabrication of FSO Anode Materials

The FSO anode materials were prepared by mechanical milling and heat treatment of commercial
Fe-Si alloy sources (~1000 $/t) under ambient conditions, as illustrated in Figure S1. The Fe-Si alloy
powders (73.3% Si, 21.4% Fe and other impurities) were obtained from a metallurgical factory.
Firstly, the bulk Fe-Si alloy powders were crushed by ball milling (PM200, Retsch GmbH Inc.,
Germany) in order to obtain sub-micrometer Fe-Si alloy particles. After that, the sub-micrometer
Fe-Si alloy particles were calcined under ambient conditions at 800 °C for 3 h, resulting in the
oxidation of silicon on the surface of Fe-Si alloy. Thus, the final product of sub-micrometer
core-shell structure FSO was obtained. In order to investigate the mechanism of the formation of
core-shell FSO controlled by iron-silicon-oxygen phase transition, we prepared FSO under different
temperatures including 400 °C, 600 °C, 1000 °C, and marked them as FSO-400, FSO-600 and
FSO-1000. FSO only represent that the Fe-Si alloy which is calcined at 800 °C in this paper.

Electrochemical Measurements of the as-prepared FSO Anode Materials

To make a working electrode, an aqueous slurry method was used. FSO, carboxyl methyl cellulose
(CMC), and carbon black with a mass ratio of 80: 10: 10 were stirred for over 12 h to ensure
thorough mixing. The slurry was casted onto a thin copper foil and dried. Prior to cell fabrication, the
electrodes were dried in a vacuum oven at 110 °C overnight. The coin cells were assembled with
lithium foil as the counter electrode, 1.0 M LiPFg solution in a mixture of fluoroethylene
carbonate/dimethyl carbonate/ethyl methyl carbonate (FEC/DMC/EMC, 1:1:1 in volume) or ethylene
carbonate/diethyl carbonate (EC/DEC, 1:1 in volume) with 5 % FEC electrolyte as the electrolyte,
and a polypropylene film (Celgard-2300) was used as a separator. The coin cells were assembled in

an argon-filled glove box. The electrochemical properties of the FSO materials were studied with a



multichannel battery-testing system (LAND CT2000, Wuhan LAND electronics Co., China). FSO
materials were evaluated using charge/discharge galvanostatic cycling from 1.5 V to 0.01 V with
loading masses of ~ 1.0 mg cm™, 1.51 mg cm™ and 1.98 mg cm™. EIS was taken using a Solartron
1470E Electrochemical Interface (Solatron Analytical, UK) electrochemical workstation at 25 °C
with the frequency ranging from 1 MHz to 0.001 Hz and an AC signal of 10 mV in amplitude as the
perturbation. Cyclic voltammogram was carried out using Solartron 1470E Electrochemical Interface

(Solartron Analytical, UK), the voltage was canned at 0.1 mV s™ between 0.01~1.5 V for 5 cycles.

Electrochemical Measurements of the full cell

The commercial LiCoO, electrodes were prepared using the similar slurry method. 80%
commercial LiCoO,, 10% carbon black and 10% polyvinylidene fluoride (PVVDF) were stirred for
over 12 h to ensure thorough mixing. The slurry was casted onto a thin aluminium foil and dried in
vacuum oven at 110 °C overnight. Before being used in the full cell, the FSO electrodes were
undergone pre-lithiation in order to suppress the first irreversible capacity loss. The full cell were
assembled into a type CR2032 coin cell with the prepared FSO as the anode and the LiCoO, as the
cathode, 1.0 M LiPF solution in a mixture of fluoroethylene carbonate/dimethyl carbonate/ethyl
methyl carbonate (FEC/DMC/EMC, 1:1:1 in volume) as the electrolyte, and a polypropylene film
(Celgard-2300) was used as a separator. Note that the N/P (negative electrode capacity/positive
electrode capacity) radio was ~ 1.2. The full cells were evaluated using charge/discharge

galvanostatic cycling between 2.5 and 4.2 V.

Structure Characterization

XRD measurements were performed with a Bruker D8 Advance powder diffractometer using
CuKa sealed tube radiation (A = 1.5418 A) and Ni B-filter and equipped with LynxEye position
sensitive detector. Rietveld refinement was conducted to determine the composition of the powders
using Topas-5 software from Bruker. Thermogravimetric analysis (TGA) was carried out using a
Perkin Elmer Diamond TG/DTA instrument at a heating rate of 10 °C min™ under ambient conditions.
X-ray photoelectron spectroscopy (XPS) measurements were carried out on an Axis Ultra DLD
imaging photoelectron spectrometer. The samples were characterized by using scanning electron
microscopy (FESEM and HR-SEM, Hitachi, S-4800) and transmission electron microscopy (TEM,
FEI Ltd., Tecnai F20).



Results and discussion

We demonstrated a new approach for creating a sub-micrometer core-shell structure FSO anode
guided by phase diagram by using abundant and inexpensive metallurgical Fe-Si alloy, shown in
Figure 1. This process can produce over 500 g of FSO anode material per batch (Figure 2a). The
XRD curve of the pristine Fe-Si alloy powder is shown in Figure 2b (black curve). The three
relatively high intensity diffraction intensity peaks (28.4°, 47.3° and 56.1°) are attributed to the
crystalline Si (crystal phase PDF#27-1402). Four weaker diffraction peaks at 17°, 38°, 48° and 49°
correspond to the (001), (101), (110) and (102) of the FeSi, (PDF#35-0822) in the Fe-Si alloy. Since
Si accounts for 73.3 wt% (87.3 wt%) in the Fe-Si alloy, the equilibrium phases expected at room
temperature are FeSi, and Si based on phase diagram (zone (1) in Figure S2), which is consistent
with the XRD results. When the calcination temperature was 400 °C, SiOy is formed with an
amorphous background at around 23° on the XRD curve (red curve, Figure 2b). Similar results have
also been reportedregarding amorphous SiOy in XRD results.[40] For the observation of only Si
oxides, both the higher atomic percent of Si in the alloy and the higher reactivity of Si towards
oxygen (based on Ellingham diagram[41]) could be the causes. Si and FeSi, remain the main phases
at 400 °C. When the temperature increases to 600 °C, FeSi phase appears together with Si and FeSi,
(green curve, Figure 2b). According to the phase diagram (Figure S2), the appearance of FeSi phase
indicates a decrease of Si wt% in the alloy, compared with the pristine Fe-Si powders. Once the Si wt%
decrease to the range from 50 % to 66.7 %, which is less than Si wt% before calcination (87.3 wt%),
the equilibrium phases will become FeSi and FeSi,.[39] To validate this hypothesis, Rietveld
refinement is conducted based on the XRD curve obtained at 600 °C. The results are shown in
Figure 2c and Table S1. From Table S1, Si element accounts for 84 wt% in the alloy at 600 °C,
which means zone (1) in the phase diagram is more representative of the condition of alloy obtained
at 600 °C than zone (2), where FeSi is one of the equilibrium phases. This is attributed to the
non-uniformly distributed Fe and Si within the particle. Therefore, the Si wt% is lower in certain
locations than that of other areas within the particle. In the locations with lower Si concentrations,
the equilibrium phases would be FeSi and FeSi,. Interestingly, chemical changes also occur at these

experimental conditions, converting FeSi, phase into FeSi phase. The chemical reaction process



could be illustrated as:

FeSi, —C 5 FeSi+Simrnnen. (1)

With the further increase of treatment temperature to 800 °C, the signals from SiOy become
significant, as shown in Figure 2b (blue curve). The observation of Fe;Si means a further decrease
of Si atomic percent in the alloy. The equilibrium phases are Fe3Si and FeSi when the Si wt% is
between 25 % and 50 %, located in zone (3) in Figure S2.[39] Our Rietveld refinement results show
that the Si elemental wt% among the crystal phases of powders is 74 wt % (Figure 2d and Table S3),
which is higher than the theoretical Si atomic percent boundary between the zone (2) and (3).
Therefore, the crystal phases observed from XRD can represent all the possible equilibrium phases
from zone (1) to (3) in the phase diagram of Figure S2. The hump of the amorphous background in
Figure 2b (blue curve) became more significant, indicating that more SiOy layers are formed,
compared to the XRD patterns of the Fe-Si alloy and FSO. When the temperature is increased to
1000 °C, the Fe will be fully oxidized into Fe,O3 and FesQy, for the relative low amount of Fe in the
raw materials. Therefore, Fe,O3, Fe30O4 and SiOy, SiO, and Si are found in the XRD pattern (Figure
2b).

To figure out the distribution of Fe and Si over the powders, TEM observations were conducted.
The typical morphology of the Fe-Si alloy before calcination is shown in Figure 2e and Figure S3.
It can be seen that a structure with Fe-Si encapsulated by Si is observed. The bright and dark areas
represent the Si and FeSi,, respectively in Figure 2e, supported by Figure S3 with FeSi, and Si
fringes on the corresponding dark and bright areas in Figure S3a, respectively. The morphologies of
Fe-Si particles after calcination under various temperatures are shown in Figure 2f-i, which
illustrates the evolution of the powder structure and chemical composition in FSO particles. After the
FSO particles were calcined in the muffle furnace at 400 °C, the Si in the surface of Fe-Si alloy was
partially oxidized into SiOy layer (marked by black arrow in Figure 2f), which has been validated by
the amorphous SiOx background in XRD curve (Figure 2b, red curve). The nanocrystal-FeSi was
fabricated by in-situ reaction of the FeSi, in the Fe-Si alloy. Since the Si on the particle surface is
oxidized during the heating process (the amorphous layer in Figure 2f), the decrease of Si wt% in
the alloy is expected, which further verifies the hypothesis made in the XRD results discussion. With

the temperature rising to 600 °C, the oxidation rate of Si has been greatly accelerated. The size of Si



oxides increased, as shown in the edge of the sample powder (marked by black arrow) in Figure 2g.
When the temperature increases to 800 °C, a very unique core-shell structure is formed with a Fe-Si
core and SiOy shell (Figure 2h). Figure 3a~e shows that the sub-micrometer FSO particles consist
of a combination of a Fe-Si core, the dispersive nanocrystal-FeSi and a SiOx shell. The EDS
elemental mapping shown in Figure 3e also confirms the formation of core-shell structure at 800 °C.
Moreover, scanning transmission electron microscopy (STEM, Figure 3f) supports the core-shell
structure with additional evidence provided by O intensity line scans. The statistical analysis of size
distribution is provided in the Figure S4 and the size of the FSO particles ranges from 0.2 um to 2
um with an average diameter of 0.48 um. In a typical FSO particle of ~ 400 nm, the thickness of the
SiOy shell was measured to be at the range of 50 ~ 80 nm and the diameter of the Fe-Si shell was
measured to be at the range of 100 ~ 180 nm. When the calcination temperature further increased to
1000 °C, the higher oxidation extent of the Fe-Si alloy makes it hard to differentiate the species in
TEM (Figure 2i). Large aggregates are formed, instead of the structures observed at other
temperatures. Our TEM results further confirm the substance evolution during the calcination and the
Si wt% decreased with the oxidation of Si on the particle surface. Therefore, phases represented by
Zone (3) in the phase diagram were observed instead of those represented by Zone (1) (Figure S2).
Thermal gravimetric analysis (TGA) data of Fe-Si alloy was carried out under ambient conditions.
The TGA curve (Figure S5) shows a distinct weight increase at the temperature of 400 °C which
corresponds to the oxidation of superficial Si. A transformation mechanism is proposed for the Fe-Si
alloy evolution in this work presented in Figure 1 based on the results above. During the calcination,
the Si on the surface of Fe-Si alloy gradually oxidizes to form the SiO shell structure. In order to
further investigate the valence state of Si in the FSO material, XPS spectrum (Figure 3g) is
measured. The high resolution XPS spectrum of Si 2p shows two main peaks at 103.1 eV (Si**) and
102.6 eV (Si**), which are common features of nonstoichiometric silicon suboxides. A very small
peak appeares between 99.0 eV and 100 eV, relating to Si-Si bonding.[42-44] The XPS results
indicate that the Fe-Si core definitely were shielded by the SiOy shell, which is regarded as a
nonstoichiometric silicon suboxide amprphous matrix. Overall, it can be seen that the core-shell
structure FSO particles could be modified during the phase transformation, which may be one of the
best method to prepare unique Si/SiO anode for high-performance LIBs.

The electrochemical properties of the core-shell structure FSO anodes for LIBs were evaluated



by cyclic voltammetry (CV) as shown in Figure 4a. In the first cathodic scan, there are two small
and board peaks at 1.3 V and 0.75 V, which could be attributed to the formation of a thin solid
electrolyte interphase (SEI) layer at the electrode/electrolyte interface.[45] During the subsequent
cathodic process, a sharp redox peak below 0.1 V corresponds to the formation of the Li.Si phase.
By comparison, an anodic peak at 0.47 V appears, suggesting the reversible delithiation reaction of
amorphous LiSi phase to the amorphous Si.[46-48] Both cathodic and anodic curves almost overlap
completely in the CV scans, indicating the high reversibility and good cycling stability of the
core-shell structure FSO anodes.[49] Figure 4b shows the charge/discharge voltage profiles of the
series FSO composite and pristine Fe-Si alloy at current of 50 mA g™ during the first cycle. The
initial Coulombic efficiencies of series FSO composite anodes could be notably improved (66.6%)
by controlling the oxidation process. The first discharge potential of FSO rapidly drops to 0.1 V and
enters into a long and flat voltage plateau, which is lower than the Fe-Si alloy, corresponding to the
formation of the amorphous LiSi phase. And the first charge potential of FSO at about 0.4 V
corresponds to the formation of the amorphous Si from LiSi phase. The first discharge capacity of
FSO is 1550 mAh gand the first charge capacity is 803 mAh g™. The irreversible capacity loss is
due to the formation of the solid electrolyte interphase (SEI) and chemical reaction of the SiOy with
Li* to form lithium-silicate (Li-Si-O). Figure S6 shows the charge/discharge profiles of the FSO
anodes under 800 °C for different durations including 1 h, 2 h, and 3 h at the first cycle. The initial
Coulombic efficiency of FSO anode at 800 °C for 1 h is 70.3%, indicating that the initial coulombic
efficiency can be controlled not only by reaction temperature but also by reaction time, suggesting a
way to further improve Coulombic efficiency of the FSO anodes. Figure 4c shows the 1st, 10th, 50th
and 100th charge/discharge curves of the FSO. The 10th, 50th and 100th charge/discharge curves are
almost identical, which means that the FSO anodes have stable and reversible electrochemical
behavior, with the agreement of CV curves. Figure 4d shows the electrochemical cycling
performance of the Fe-Si alloy and the as-prepared FSO anode under different temperatures at a
current density of 50 mA g™ for the first 2 cycles and then cycle at a current density of 500 mA g™
for all subsequent cycles. As shown in Figure 4d, the FSO shows an excellent discharge capacity of
616.6 mAh g * after 500 cycles, with a fantastic Coulombic efficiency of 99.7%. In particular, from
the 3rd to 500th cycle, the capacity retention of FSO anode is 99.4%, with an average loss of only
0.0012% per cycle, indicating the superior stability of the FSO anode. The excellent cycling



performance could be attributed to the unique core-shell structure and the relatively high
conductivity of nanocrystal-FeSi phase. The appropriate thickness of SiOy shell is the flexible buffer
can effectively alleviate the volume expansion and reduce mechanical strain during cycling of Si.
And the highly stable SEI film is formed on the surface of the FSO electrode due to the existence of
the SiOy shell, reducing the repeated formation of SEI film during cycles which leads to a decline in
capacity. Moreover, iron oxides (Fe,O3 and Fe3O,4) are converted to metallic Fe (0) nanoparticles
(NPs) in a LiO matrix, which can stabilize the silicon SEI and effectively prevent structural
damage.[50] The iron oxides not only provide anode capacity but also improve the cycle stability of
the FSO electrode. Figure S7 shows cycling performance of the FSO anodes for 1:1:1
FEC/DMC/EMC electrolyte and 1:1 EC/DEC with 5 % FEC electrolyte at a current density of 50
mA g for the initial two cycles and at 1 A g in the following cycles. The FSO anode for 1:1
EC/DEC with 5 % FEC shows a good cycling stability as well as the 1:1:1 FEC/DMC/EMC
electrolyte. Furthermore, profiting from its high conductivity, the nanocrystal-FeSi phase enhances
electron delivery. The faster of the electronic transmission reduce the polarization phenomenon
which is formed by the local accumulation of electron, making more active substances are involved
in the electrochemical reaction so as to improve the charge/discharge capacity of FSO. The cycling
performance of FSO (obtained at 800 °C) far surpasses that of FSO-400, FSO-600 and FSO-1000.
The FSO-400 and FSO-600 provide the discharge capacities of 253.8 mAh g *and 268.4 mAh g*
after 500 cycles, with 24.9% and 34% capacity retention, respectively. This may be related to their
inadequate SiOy shell with not enough oxidation, which cannot prevent particle fracture from drastic
volume changes during lithiation and delithiation. Furthermore, the cycle performance of FSO
anodes with a high mass loading of 1.51 mg cm™ and 1.98 mg cm™ could retain relatively stable
capacity that they could provide capacity of 608 mAh g™ after 250 cycles and 561 mAh g™ after 150
cycles, respectively (Figure S8). The Fe-Si alloy anode and FSO1000 anode show especially poor
cycling performance as their discharge capacities quickly decrease to < 100 mAh g™ after several
cycles due to their fragile structure during the electrochemical process. In addition, the FSO also
demonstrates a high rate performance. Figure 4e shows the rate performance of the FSO at different
current densities from 50 mA g™ to 10 A g™*. The FSO anode provides a discharge capacity of 931.3
mAh g at a current density of 50 mA g, 761.8 mAh g™ at 100 mA g*, 710 mAh g™ at 200 mA g%,
609.6 mAh g* at 500 mA g*, 549.4 mAh gt at 1A g™, 461.9 mAh gtat2 Ag™, 333.6.8 mAh gt at5



Ag? and 251.8 mAh g™ at 8 A g™. Even at a very high current density of 10 A g**, the FSO anode
still provides a capacity more than 185 mAh g*. Furthermore, a capacity more than 900 mAh g™ can
be retained when the current density reduce back to 50 mA g™ after 50 cycles of charge and
discharge at various current densities, indicating that the FSO anode has excellent rate performance
and cycling stability. The detailed reaction kinetics of the FSO anode is further studied by
electrochemical impedance spectroscopy (EIS) measurements. The EIS is carried out to analyze the
resistance evolution between the FSO anode and Fe-Si alloy anode and the frequency range set
between 100 kHz and 1 mHz. The high-frequency semicircle in EIS represents interface (SEI and
charge transfer) impedance, while the low frequency line represents ion diffusion resistance. In
Figure 4f, the Nyquist plots of the FSO anode and Fe-Si alloy anode show that the interface
resistance of the FSO anode is a little higher than that of the Fe-Si alloy due to the formation of the
SiOy shell. Despite the increase in interface resistance, the FSO anode still provides a very good rate
performance, which may be attributed to self-conductive nanocrystal-FeSi usage as a robust
mechanical skeleton to mechanically support the volume expansion change and the unique core-shell
structure.

Moreover, the long-life performance of the FSO anode was investigated at a higher current
density of 1 A g™* for 1000 cycles after activation at a smaller current density of 50 mA g™ for the
initial two cycles. As shown in Figure 4g, after 1000 cycles, the capacity retention of the FSO anode
is 86% from 3rd to 1000th cycle, with an average loss over 1000 total cycles of only 0.014% per
cycle, indicating excellent cycling stability. The cycling performances of FSO anode at current
densities of 50 and 200 mA g could retain relatively stability that they could provide capacity of
967 mAh g™ after 50 cycles and 727 mAh g™ after 600 cycles, respectively. To the best of our
knowledge, it is one of the best performances among the Si/SiOx-based anodes as reported (Table
S3). Therefore, the long cycling stability of the FSO anode confirms that the robustness of the
core-shell structure particles prepared by the facile, low-cost, and scalable synthesis method can
provide the possibility to commercialize Si/SiOy-based Li-ion batteries. The morphological
evolution of the FSO electrode after 1000 cycles is verified by SEM and TEM
characterization as shown in Figure S9. Except for a litter crush, the FSO electrode still remained the
whole structure after 1000 cycles. This demonstrates that the FSO electrode keeps its structural

integrity after long-term charge and discharge processes, guaranteeing the stability of the cycling



performance of the FSO anode. Meanwhile, the XRD pattern of the FSO electrode over 1000 cycles
has been provided in Figure S10. The phase of FeSi can still be seen in the XRD pattern after 1000
cycles, indicating that the FeSi phase does not involed in the lithium reaction and just acts as
conductive agent and buffer layer [47].

The full cell with prelithiated FSO as the anode and commercial LiCoO, (LCO) as the cathode
performance in the voltage range of 2.5 and 4.2 V is shown in Figure 5 (The half-cell data of LCO is
in Supporting Information, Figure S11). The full cell capacity was based on the weight of LiCoO; in
cathode. Figure 5a shows the typical 1st cycle voltage profiles for the Si anode-based full cell at
0.05 C between 2.5 and 4.2 V, and the plateau appears at 3.4-3.8 V. According to the computational
formula: Energy density = {(Ceathode X Canode)/(Ceathode + Canode) }Vnomina)}, the cell delivers a high
energy density of ~467.5 Wh kg™ at 0.05 C for the first cycle with 95.9% initial Columbic efficiency,
and ~355.6 Wh kg™ at 0.5 C for the subsequent cycles. Details on the calculation are given in the
Supporting Information. Moreover, the fabricated full cell system shows a good cycling stability
after 50 cycles with an average columbic efficiency of 99.3% during the cycles, which could be
attributed the effective prelithiation and the unique robust structure of self-conductive

sub-micrometer core-shell structure FSO anode materials.

Conclusion

In summary, the sub-micrometer core-shell structure FSO anode materials are successfully
prepared by a simple method using the commercial Fe-Si alloy as the Si/SiOy source. The SiOy shell
was obtained by the oxidation of the silicon on the surface of the Fe-Si alloy particle, with the
formation of nanocrystal-FeSi by in-situ reaction of the FeSi, during the phase transformation.
Benefiting from the unique core-shell structure and self-conductive nanocrystal-FeSi as a robust
mechanical skeleton, the FSO anode provides excellent cycling stability with 99.4% capacity
retention over 500 cycles at 500 mA g™, 86% capacity retention over 1000 cycles at 1 A g, which is
one of the best performances among micrometer/sub-micrometer Si/SiOx-based anodes reported. The
excellent rate performance of the FSO anode was also demonstrated without further carbon
modification, providing a discharge capacity of 333.6 mAh g™ at a very high current density of 5 A

g™. Moreover, the full cell with prelithiated FSO as the anode and commercial LiCoO, as the cathode



(2.5-4.2V) delivers a high energy density of ~467.5 Wh kg™ at 0.05 C for the first cycle with a 95.9%
initial Columbic efficiency. It should be noted that the synthesis process of sub-micrometer
core-shell structure FSO anode materials is simple, environmentally friendly and cost-effective,

providing a possibility to commercialize the high-performance Si/SiOy-based anodes for LIBs.
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Figure 2. (a) Photograph of the high production of FSO anode materials. (b)The XRD results of the

Fe-Si alloy before and after calcination at various temperatures. (c, d) The Rietveld refinement of the

XRD peaks from samples heated at 600 °C and 800 °C, respectively. The ticks used in refinement are

tetragonal FeSi, (green), orthorhombic FeSi, (blue), FeSi (red), and Si (black) for (c). Ticks in (d) are
FesSi (magenta), FeSi (cyan), FeSi, (blue), Si (green), FesO4 (red), and Fe,O3 (black). (e)-(i) are the
TEM images of the Fe-Si alloy before calcination (e), after calcination at 400 °C (f), 600 °C (g), 800

°C (h), and 1000 °C (i).
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Figure 3. SEM images of FSO particles, obtained at 800 °C with low magnification (a) and high
magnification (b). TEM image (c) and corresponding high-resolution TEM image (d) of the FSO

obtained at 800 °C. (e) EDS elemental mapping results of FSO, (f) STEM and O intensity line scan
of the FSO, (g) X-ray photoelectron spectroscopy analysis of the FSO anode materials.
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Figure 4. Electrochemical performance of FSO anodes. (a) Cyclic voltammetry of the initial 5 cycles
of the FSO anode at a scan rate of 0.1 mV s from 1.5 V to 0.01 V. (b) Charge/discharge profiles of
the FSO and Fe-Si alloy anodes at the first cycle. (c) Charge/discharge profiles of the FSO anode at
the first, 10th, 50th and 500th cycle. (d) Cycling performance of the Fe-Si alloy and FSO anode
which was treated at different temperatures at a current density of 50 mA g™ for the initial two cycles
and at 500 mA g™ for the following cycles. () Rate capacity of the FSO anode between 0.01 V and
1.5 V at various rates (50 mA g™*-100000 mA g™) (f) Nyquist plots of the electrodes of the FSO
anode and Fe-Si alloy to 1.5 V. (Z’ and Z” denote real and imaginary parts, respectively). (g) Cycling
property of the FSO electrode.
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Figure 5. Electrochemical characterization of the full cell with prelithiated FSO as the anode and
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