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Abstract
Silicon is considered the most promising material for anodes for the development of lithium-ion batteries (LIBs) due to 
its high theoretical capacity and natural abundance. However, the poor intrinsic conductivity and serious volume changes 
severely restrain the practical application. To address these issues, combining Si with carbon is confirmed as an effective 
strategy, but still suffers from uneven combination, poor interfacial contact and inferior electrochemical performance. Herein, 
Si@Fe3O4@C composites were synthesized by facile scalable ball-milling of nanosilicon, mesophase carbon microspheres 
(MCMB) and iron scurf from a stainless steel reactor. As compared to Si/C, the Si@Fe3O4@C composites exhibit much 
improved specific capacity, cycling stability and rate performance. The  Fe3O4 nanoparticles not only help to boost the 
conductivity of Si but also accommodate their volume expansion during cycling. Consequently, the Si@Fe3O4@C anode 
delivers a reversible capacity of 1009 mA h  g−1 at 200 mA  g−1 after 110 cycles and 780.8 mA h  g−1 at 1 A  g−1 after 500 
cycles. The method shows the merits of low cost, facile operation and easy industrial production for the synthesis of high-
capacity Si anodes.
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Introduction

Over the past several years, many novel materials have been 
explored to meet the growing demands of high energy-den-
sity lithium-ion batteries (LIBs).1–4 The Si-based anode is 
considered one of the most promising candidates because 
of a high theoretical capacity of 4200 m A h   g−1 and a 
de-intercalation potential lower than 0.5 V versus Li/Li+. 
However, the huge volume expansion of Si during the lithi-
ation process leads to particle pulverization, unstable solid-
electrolyte interface (SEI) layer growth, and delamination of 
active components, which severely deteriorates its lithium 
storage capability and limits the further practical applica-
tions of Si-based materials.5–8

To solve these issues, the rational design of a Si/C com-
posite is confirmed to effectively improve the electrochemi-
cal performance.9–12 Ball milling is an attractive route for 

industrial production of the Si/C composite due to its sim-
ple operation and high efficiency. However, it still suffers 
from weak interface bonding, uneven dispersion, and poor 
interfacial contact of Si and C components.13–16  Therefore, 
it is particularly important to seek a new component that 
enhances the overall stability of the Si/C composite.17,18  
Iron oxides  (Fe3O4,  Fe2O3) show high theoretical capacity, 
good safety and low price as anode materials for LIBs.19–22  
It was found that iron oxides can effectively alleviate the 
structural rupture, promote the formation of a stable SEI 
film, improve the electrical conductivity, and thus greatly 
enhance the cycling stability of the Si-based electrode.23,24 
For example, Grinbom et al.25 reported that  Fe2O3 coat-
ing promotes the formation of a thick SEI film on the Si 
surface, leading to the improvement of the rate capability 
and lithium storage performance. Liao et al.26 found that 
 Fe3O4 is in situ reduced to Fe (0) nanocrystals during lithia-
tion, which can accelerate the dynamic diffusion of  Li+ and 
improve pseudocapacitive behavior. Moreover, Su et al.27 
further revealed that Fe (0) is chemically active and acts as 
an electrocatalyst to promote the reversible transformation of 
some SEI components (especially  Li2CO3). So, it is inferred 
that iron oxide is effective in promoting the electrochemical 
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kinetics of the Si/C composite. Liu et al. synthesized a Si@
Fe3O4@FLG core-shell structure by one-step ball milling 
with  K2FeO4 as the iron source.  Fe3O4 as a silicon-carbon 
interlayer effectively relieved the volume expansion of 
Si, enabling 1600 long cycles at 2 A  g−1.28 Wang et al.29 
introduced Fe from stainless steel by ball milling, and the 
 Fe3O4-containing Si@GC composite provided a specific 
capacity of 1450.7 mA h  g−1 after 400 cycles at 0.5 A  g−1.

In this study, Si@Fe3O4@C composites were synthesized 
from commercial nanosized Si powder and mesophase car-
bon microspheres (MCMB) by wet ball milling and subse-
quent heat treatment, where MCMB is stripped into two-
dimensional graphite sheets under strong shear stress, which 
are expected to buffer the volume expansion of Si during the 
lithium process and improve the electronic/ionic conductiv-
ity of the composite.30,31  Fe3O4 not only provides part of the 
capacity, but also plays a role in stabilizing the SEI film. As 
a result, the Si@Fe3O4@C composite shows high capacity 
and excellent rate capability and cycling stability. Notably, 
such a facile, scalable route provides a great chance for prac-
tical applications because it possesses merits of large-scale 
capability, environmental benignity, and low cost.

Experimental Section

Material Synthesis

The nanosized Si powder and MCMB were ultrasonically 
pre-dispersed in 30 mL solution  (CH2OH)2:  C2H5OH=2:1, 
v/v) at a mass ratio of 1:4 and then transferred to a stainless 
steel jar. The ball milling was conducted in a planetary ball 
mill (QM-3SP4, Nanjing) at a speed of 300 r  min−1 for 12 h. 
Afterwards, it was washed several times with absolute etha-
nol and deionized water, and the Si@Fe3O4@C precursor 
was collected by freeze-drying. Finally, Si@Fe3O4@C was 
obtained by annealing at 550°C for 3 h under inert Ar atmos-
phere. For comparison, the Si@C composite was prepared 
by a similar process in the  ZrO2 ball-milling jars.

Materials Characterization

X-ray diffraction (XRD) analysis was carried out on an 
X’Pert Pro diffractometer using copper Kα radiation (λ = 
1.5418 Å). The chemical state of the samples was investi-
gated by x-ray photoelectron spectroscopy (XPS; Thermo 
Scientific K-Alpha) with a Al Kα source gun at 1486.6 eV. 
The Raman spectra were recorded with an excitation wave-
length of 532 nm using a Renishaw InVia Reflex spectrom-
eter. The morphology of the electrodes was characterized 
using an FEI Nova NanoSEM 450 scanning electron micro-
scope (SEM) operated at 15.0 kV and an FEI Tecnai G2 F30 

transmission electron microscope (TEM) equipped with an 
energy-dispersive spectrometer (EDS) operated at 300 kV.

Electrochemical Measurements

The electrochemical performance of the composites was 
tested by assembling a CR2032-type coin cell in an argon-
filled glove box  (O2 < 0.1 ppm,  H2O < 0.1 ppm), with a 
Cellgard 2500 film as a separator, a lithium foil as the coun-
ter electrode, and 1M  LiPF6 in an equal volume solution of 
ethylene carbonate (EC), diethyl carbonate (DEC) and dime-
thyl carbonate (DMC) as the electrolyte. A mixture of active 
material, super P and polyacrylic acid (PAA) with a mass 
ratio of 6:2:2 was uniformly coated on the copper sheet, then 
dried in a vacuum oven at 100°C for 12 h, and cold-pressed 
under a pressure of 15 MPa to form a working electrode, the 
average mass loading of the electrode is 1.2 mg  cm−2. Cyclic 
voltammetry tests were conducted on a CHI660E electro-
chemical workstation with a scan rate of 0.1 mV  s−1 and a 
voltage range of 0.01 V~3 V. Electrochemical impedance 
spectroscopy (EIS) was performed on a Zahner Zennium 
workstation with a frequency range of 1 MHz to 0.1 Hz. 
Galvanostatic charge and discharge tests adopts a CT-3008W 
Neware battery test system, and the test voltage ranges are 
0.01 V~3 V and 0.01 V~1.5 V, respectively.

Results and Discussion

The schematic illustration of synthesis of the Si@Fe3O4@C 
composite is shown in Fig. 1. Here, MCMB was employed 
as the carbon source for preparing the Si/C composite. As 
we know, MCMB is a micron-grade spherical carbon mate-
rial with layered stacking structure, generated by thermal 
condensation of heavy aromatic compounds such as asphalt. 
Currently, MCMB has been extensively used as anode mate-
rial for commercial LIBs due to good lithium-ion diffusion, 
mechanical stability and electrical conductivity. During the 
ball-milling process, MCMB was broken into graphite flakes 
under strong shear stress and Fe powder resulted from the 
grinding of stainless steel jars is oxidized into Fe ions. The 
as-milled mixture was further calcined under Ar atmosphere. 
At this stage,  Fe3O4 undergoes crystallization reaction to 
obtain Si@Fe3O4@C composites.

The XRD pattern of the as-milled sample is shown in 
Figure S1 to reveal pristine phases. In addition to MCMB, 
Si raw materials, the stainless steel phase is detected, which 
results from the grinding of ball mill gar. The XPS spectrum 
of Si@Fe3O4@C precursor (Figure S2) reveals the presence 
of Fe–O bonds,  Fe2+ and  Fe3+, indicating that amorphous 
 Fe3O4 may be formed during milling in the alcoholic solu-
tion.26  In the subsequent calcination procedure,  Fe3O4 
undergoes a structural transformation from amorphous to 
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crystalline state. As shown in Fig. 2a, the diffraction peaks 
of  Fe3O4 phase are observed in the XRD pattern of Si@
Fe3O4@C. By comparison, the sample prepared in the zir-
conia ball mill jar only contains Si and C, no  Fe3O4 phase 
is found. The Raman spectra of Si@Fe3O4@C are shown in 
Fig. 2b. The peaks located at 505  cm−1 and 932  cm−1 corre-
spond to crystalline Si. Two other weak peaks at 1340  cm−1 
and 1578  cm−1 are assigned to the D and G bands of car-
bon, representing the lattice defect of carbon atoms and 
 sp2-hybridized crystalline graphitized carbon, respectively. 
The peak intensity ratio (ID/IG) reveals the graphitization 
degree of carbon materials.32  The ID/IG of Si@Fe3O4@C 
and MCMB raw material were 0.81 and 0.51, respectively. 
The higher ratio of Si@Fe3O4@C indicates that the milling 
of spherical MCMB into flakes slightly increases the disor-
der degree and defects of graphic carbon, resulting in more 
lithium storage sites.33

An XPS survey was employed to show the elementary 
composition and chemical states of the Si@Fe3O4@C com-
posite. The overall XPS survey confirms the presence of 
Si, C, O, Fe, Mn and Cr (Fig. 3a). Obviously, Mn and Cr 
originated from the grinding of stainless steel gars/beads. 
The Si 2p spectra (Fig. 3b) presents

three peaks at 99.7, 100.3 and 102.8 eV, corresponding 
to two chemical states. Si  2p3/2 (99.7 eV) and Si  2p1/2 (100.3 
eV) represent different p orbitals of pure Si, and the peak 
located at 102.8 eV can be fitted to Si–O bonds, which is 
due to the oxidation of Si during the ball-milling process. 
The formation of a silicon-oxygen layer on the surface of 
Si can limit the volume expansion during lithium intercala-
tion.34  According to the high-resolution spectrum of Fe 2p 
(Fig. 3c), the peaks at 711 and 724.7eV can be ascribed to 
the  Fe+22p1/2 and  Fe+22p3/2 states, while the peaks at 713 and 
726.6 eV correspond to the  Fe+32p1/2, and  Fe+32p3/2 states, 
respectively. The XPS result of Fe 2p is in agreement with 
previously reported values for  Fe3O4.35  The C1s spectrum 
(Fig. 3d) indicates the presence of C–C, C–O and O–C=O 
in the composites.36,37  The presence of Si–O and C–O can 
be attributed to the oxidation process carried in the solvent 
ethylene glycol.

To further characterize the morphology and microstruc-
ture of the Si@Fe3O4@C composite, the samples were sub-
jected to SEM (Figure S3) and TEM analysis. As shown in 
Fig. 4a and b and Figure S3a, after experiencing huge shear 
stress, spherical particles of MCMB were exfoliated into 
graphitic carbon sheets. Figure 4c marks the lattice fringes 

Fig. 1  Schematic illustration of Si@Fe3O4@C synthesis by ball milling.

Fig. 2  (a) XRD patterns of Si@C and Si@  Fe3O4@C composite, (b) Raman spectra of Si@  Fe3O4@C composite and MCMB.
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of graphitic carbon, the interplanar spacing of 0.34 nm cor-
responds to its (002) plane (Graphite-2H, PDF# 41-1487). 
The clear and ordered lattice fringes indicate a high degree 
of graphitization even after ball milling. The HRTEM 
images of Fig. 4d, e and f clearly indicate the lattice fringes 
of Si and  Fe3O4. The interplanar spacings of 0.48 and 0.25 
nm correspond to (111) and (311) planes of  Fe3O4  (Fe3O4, 
PDF#89-0688), and the interplanar spacing of 0.31 nm cor-
responds to the (111) plane of crystalline Si (Si, PDF#77-
2108). This intuitively proves that  Fe3O4 nanocrystals with a 
particle size of 5~10 nm were successfully synthesized with 
a good combination of Si and graphite sheets.

The EDS mapping results in Fig. 4g, h show the inte-
grated structure of Si, C, and  Fe3O4. It is worth noting that 
the component of Si and  Fe3O4 still show uniform distribu-
tion after 20 min of ultrasonic dispersion. The fine  Fe3O4 
particles surround Si like a mist, which not only boosts the 
conductivity of Si nanoparticles, but also helps to more 
tightly connect Si and graphite sheet matrix. It is believed 

that such a good interfacial configuration can alleviate the 
volume expansion of Si during the repeat lithiation/de-
lithiation process, enhance the electronic conductivity and 
structural stability of the silicon/carbon anode. In addition, 
the elemental mapping of Cr and Mn appears because ball 
mill beads of 201 stainless steel contains Mn and Cr ele-
ments, which is consistent with the XPS full spectrum data 
in Fig. 3.

A standard coin-type half-cell was assembled for evalu-
ating the electrochemical performance of Si@Fe3O4@C, 
Si@C and pure Si electrodes. The initial five cycles of cyclic 
voltammetry (CV) curves of Si@Fe3O4@C at a scan rate of 
0.01 mV  s−1 are shown in Fig. 5a. During the first lithiation 
process, a broad reduction peak appears at 0.70 V, which is 
mainly attributed to the formation of SEI film and irrevers-
ible reactions, and disappear in subsequent cycles. Another 
reduction peak around 0.01 V corresponds to the alloying of 
crystalline Si to form a series of  LixSi alloys (0 ≤ x ≤ 3.75) 
and the intercalation of Li ions into graphite sheets.38  In the 

Fig. 3  (a) XPS survey and fine scan XPS spectra of (b) Si 2p, (c) Fe 2p, and (d) C 1s for the Si@Fe3O4@C composite.
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subsequent de-lithiation process, multiple oxidation peaks at 
0.16 V, 0.33 V, and 0.49 V can be observed. The peak at 0.16 
V represents the extraction of lithium ions from the graphite 
sheet, while the peaks at 0.33 V and 0.49 V demonstrate 
the multi-step dealloying process of the transformation from 
 LixSi alloys to amorphous silicon, respectively. Afterwards, 
the peak potential and shape of the CV curves show a little 
change. Because of the transformation of crystalline state 
into amorphous Si, and the corresponding alloying reaction 
of amorphous Si and Li occurs around 0.21 V.39  In addi-
tion, a steamed bread reduction peak at 0.86 V paired with a 
broad oxidation peak at 1.5 V~2 V are seen from CVs. The 
highly coincidence reveals a good reversibility for lithiation/
de-lithiation process of  Fe3O4 ( Fe3O4

+ Li ⇄ Fe + Li
2
O).26 

Furthermore, the redox peak intensity of Si increases with 

the cycle number as a result of electrode activation. Fig-
ure 5b shows the charge–discharge curves of Si@Fe3O4@C 
at a current density of 0.2 A  g−1 in the voltage range of 
0.01~3 V. The initial discharge and charge capacities are 
1115 and 815 mA h  g−1, respectively. The first coulombic 
efficiency (CE) is calculated as 73%, and afterwards, stabi-
lizes at 97~99% in the subsequent cycles.

Figure 5c compares the cycling performance of MCMB, 
Si, Si@Fe3O4@C and Si@C. As expected, MCMB exhib-
its typical graphite anode characteristics with good revers-
ibility and cycling stability, its reversible capacity is about 
380 mA h  g−1 upon cycling. The Si anode has a high initial 
capacity of 3418 mA h  g−1, but suffers a rapid decay to 
669 mA h  g−1 after 110 cycles with a low capacity retention 
of 19.5%. For the Si@C composite, the initial capacity decay 

Fig. 4  (a–b) TEM and (c–f) HRTEM images of Si@Fe3O4@C, (g–h) STEM image and the corresponding EDS mapping of C, Si, O, Fe, Cr and 
Mn for Si@Fe3O4@C before cycling.
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is also quick, but after 20 cycles, it is stabilized at 460 mA h 
 g−1. Indicating that MCMB can improve the cycling stability 
of Si to some extent. Compared with the Si@C composite, 
Si@Fe3O4@C exhibits much improved cycling stability than 
Si, which is comparable to commercial MCMB anode. Thus, 
it is inferred that  Fe3O4 could well stabilize the silicon-car-
bon interface and accommodate great volume change of Si 

particles during cycling, which is further reflected by the 
cycling performance at 1 A  g−1. As shown in Fig. 5e, the 
capacity of the Si@Fe3O4@C composite is basically stable 
at 780 mA h  g−1 within 500 cycles. Then, the electrode was 
continued to be cycled at various current densities of 0.2 A 
 g−1, 0.5 A  g−1, 1.0 A  g−1, 2.0 A  g−1 and 4.0 A  g−1. When 
recovering to 1 A  g−1, it still shows a specific capacity of 

Fig. 5  (a) CV curves of Si@Fe3O4@C at the initial 5 cycles; (b) 
Charge-discharge curves of Si@Fe3O4@C at 0.2 A   g−1; (c) Cycling 
performance at 0.2  A   g−1; (d) Rate capability at different current 

densities; (e) Long cycle performance and rate performance of Si@
Fe3O4@C at a current density of 1 A  g−1 after 500 cycles.
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723 mA h  g−1. As compared to Si@C, the Si@Fe3O4@C 
composite exhibits excellent rate capability in Fig. 5d. When 
cycled at different current densities of 0.2 A  g−1, 0.5 A  g−1, 
1 A  g−1, 2 A  g−1, 4 A  g−1 and 8 A  g−1, the Si@Fe3O4@C 
anode can provide capacities of 1122 mA h  g−1, 1073 mA h 
 g−1, 919 mA h  g−1, 718 mA h  g−1, 525 mA h  g−1 and 306 
mA h  g−1, respectively. After such a severe cycling shock, 
when the current density is restored to 0.2 A  g−1, it still 
maintains capacity of 1216 mA h  g−1 for 40 cycles, and 
shows no obvious capacity fading. It indicates that the 
introduction of  Fe3O4 can improve the rate capability of the 
composites.

To gain a deep understanding of the role of  Fe3O4 in the 
electrochemical reaction, The charge and discharge voltage 
is controlled in the range of 0 V~1.5 V to suppress the  Li+ 
extraction of  Fe3O4 during cycling. As shown in the CV 
curves of Figure S4a, the Si@Fe3O4@C composite exhib-
its the  Li+ extraction/insertion process of pure Si/C at 0.01 
V~1.5 V. During the subsequent cycles, without the partici-
pation of  Fe3O4, the composite loses its excellent cycling 
stability, and the capacity decays to 585 mA h  g−1 after 100 
cycles (Figure S4b). This indicates that  Fe3O4 nanoparticles 
improve the cycling stability when the composite was cycled 
in the voltage range of 0.01 V~3.0 V.

To further understand excellent electrochemical perfor-
mance of Si@Fe3O4@C, EIS were investigated to evaluate 
the electrical conductivity of electrode/electrolyte inter-
faces. Before cycling, all EIS present one semicircle in the 
high-frequency region and a sloping line in the medium-
low region, which could be attributed to the charge-transfer 
resistance at the electrode/electrolyte interface (Rct) and 
the Warburg impedance in the bulk electrode (Zw).40,41  As 

shown in Fig. 6, the Rct value of the Si@Fe3O4@C (51 Ω) is 
significantly smaller than that of pure Si electrode (298 Ω), 
which indicates that the composite can provide a faster elec-
tron transfer channel and its electrical conductivity is sig-
nificantly improved. After cycling, two semicircles appear 
in the Nyquist plots, the first semicircle corresponds to the 
SEI layer resistance (Rf), while the second semicircle corre-
sponds to the charge transfer resistance. After 600 cycles, the 
Rct of Si@Fe3O4@C decreases to 32 Ω. One reason is that 
the electrical conductivity is increased by  Li+ embedding. 
Another reason is that the iron derived from electrochemi-
cal reaction could effectively improve the conductivity of 
electrode.

In order to explore the morphology changes of the elec-
trode during the charge-discharge cycles, Fig. 7 presents the 
SEM images of bare Si and Si@Fe3O4@C electrodes before 
and after 600 cycles. Apparently, the surface morphology of 
the bare Si and Si@Fe3O4@C shows great difference after 
long-term cycling, the bare Si electrode is chapped, and 
the active materials lose close contact. Observed under a 
high-magnification SEM, the original Si particles have been 
crushed and broken (Fig. 7c). In contrast, the Si@Fe3O4@C 
electrode still keeps good contact and no obvious cracks 
appear on the electrode surface. In addition, Fig. 7f shows 
that Si@Fe3O4@C maintains the complete Si particle mor-
phology, and the surface of the Si particles is wrapped with 
SEI films, which explains the good cycling stability of Si@
Fe3O4@C from a structural point of view. The EDS mapping 
regions of each element show high consistency (Fig. 7g), 
indicating that the combination of Si, C and Fe becomes 
more and more tight during cycling, which helps to maintain 
the complete structure of Si particles.

Fig. 6  (a) Nyquist plots and the equivalent circuit model inset of the Si@Fe3O4@C, bare Si and Si@C before cycling; (b) Nyquist plots and the 
equivalent circuit model inset of the Si@Fe3O4@C after 600 cycles.
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Conclusions

In summary, a Si@Fe3O4@C composite was successfully 
prepared by a facile, ball-milling route combined with 
subsequent heating treatment. Si and  Fe3O4 nanoparticles 
were tightly contacted with the as-milled graphite sheet 
from MCMB.  Fe3O4 not only provides some of the capac-
ity, but also plays a role in stabilizing the SEI film. As a 
result, the Si@Fe3O4@C composite shows much improved 
lithium storage properties than Si/C, The Si@Fe3O4@C 
composite reveals a reversible capacity of 1009 mA h  g−1 
at 200 mA  g−1 after 110 cycles and 780.8 mA h  g−1 at 
1 A   g−1 after 500 cycles, presenting excellent cycling 
stability and rating performance as LIBs anode. In other 
words, this research puts forward a scalable and effective 
method for the industrial production of high-capacity Si-
based anodes for LIBs.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11664- 022- 09736-y.
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