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Abstract. Silicon/silicon oxides/graphite (Si/SiOx/G) composite with high capacity and
excellent cycling performance has been synthesized via high temperature treatment, HF etching
and high-energy ball milling for mixture of silicon oxide and graphite. The chemical
composition and morphology of the sample was characterized by XRD, SEM and TEM. Large
numbers of nanopores were formed in the as-prepared composite, providing three-dimensional
transmission pathways for lithium ions and electrons. After 100 cycles, the electrode kept an
excellent reversible capacity of 804.2mAh-g™. The excellent electrochemical properties are
mainly attributed to the uniform distribution of silicon particles in amorphous silicon oxide, the
buffering effect of porous structure and the improvement of conductivity of the composite by
graphite.

1. Introduction

With the development of a series of new technologies such as electric vehicles and portable electronic
devices, the lithium-ion batteries (LIBs) with higher energy density have been in widely demand.
However, the theoretical capacity of commercial graphite anodes is only 372 mAh-g™, which hardly
continues to be used as the anode material for the next-generation LIBs [1-3]. Therefore, the silicon-
based anode with ultra-high theoretical capacity (3580 mAh-g*) has caused wide attention in recent
years and is considered as the most promising anode material for next-generation LIBs. However, the
serious volume change (>300%), which will cause destruction and mechanical pulverization of the
material structure, severely limits its commercial application. In addition, the electrical conductivity of
crystalline silicon is very low and limits its rate performance [4-7].

Compared with crystalline silicon, silicon monoxide (SiO) anode materials have lower volume
expansion and better cycle performance, which is favoured by many researchers [8-10]. However, SiO
is unstable at high temperature and is prone to dismutase to nano-silicon and silicon oxide (SiOx) or
amorphous silicon dioxide, in which the nano-silicon is surrounded by silicon oxide (SiOx). During
the first discharge, SiOx can react with lithium to form lithium oxide (Li,O) and a series of lithium
silicate phases, of which lithium silicate phases have a good buffering effect on the volume expansion
of silicon. But, the disproportionation of SiO usually happens at high temperature (>900°C) and this
process will take a long annealing time. In addition, the prepared nano-silicon is easy to agglomerate
to form large particles [11-15]. In this study, NaOH was used to reduce the temperature of
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disproportionation of SiO, and a porous silicon-based composite material was prepared by etching
with HF, followed by high-energy ball milling with graphite to further reduce the size of particles and
improve the electrical conductivity of the composite.

2. Experimental Section

2.1. Material Synthesis

The preparation process of the material is shown in Figure 1. First, 2 g of silicon monoxide powder
(SiO, 200 meshes) is mixed with sodium hydroxide solution, and stirred at room temperature. When
the solution is evaporated to dryness, it is placed in a tube furnace, heat treated at 700°C for 30 min in
an argon atmosphere. When cooling to room temperature, the prepared material was washed with
acetic acid solution to remove sodium silicate formed during the reaction, and the product A was
obtained. The product A was added to a 10% HF solution, stirred at room temperature for 10 min, then
washed with deionised water until neutral, and dried in an oven at 80°C to obtain a porous material B
(labeled as PSS). The product B and the commercial graphite were put into a planetary ball mill
(Fritsch Puluerisette 7, Germany) and the final porous Si/SiOx/Graphite composite (labeled as PSS-G)
was obtained.
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Figure 1. Schematic Illustration of the Synthesis Route of the Si/SiOx/Graphite Composite

2.2. Instruments and Methods

The phase composition of the material was analyzed by X-ray diffractometry (XRD, Ultima IV-185,
Japan) with a scanning range of 10° to 80°; the microtopography of the composite was analyzed by
scanning electron microscopy (SEM, Hitachi, S-4800) and transmission electron microscopy (TEM);
the microstructure of the material was characterized by Raman test (RM, JY Labram HR 800); the
surface chemistry of the material was studiedd by X-ray photoelectron spectroscopy (XPS, PHI
Quantera).

2.3. Electrochemical Performance

The active material (SiO, PSS, PSS-G), binder (sodium alginate) and acetylene black were mixed at a
mass ratio of 70:15:15 to prepare slurry. After casting the slurry on the copper foil, the electrode was
dried at 80°C under vacuum to remove the solvent. Then the film was punched and cut into a circular
pole piece with a diameter of 11mm as a working electrode. The coin-type cells were assembled with
Li metal as a counter electrode in an Ar-filled glove box, the Celgard 2400 is used as the diaphragm,
and the 1 mol/L LiPFs/ (EC+DMC) (volume ratio is 1:1) is used as the electrolyte. Galvanostatic
charge/discharge were carried out on a battery testing system(Land CT2100A) within a voltage
window of 0.01-2.0 V with current density of 100mA-g. Cyclic voltammetry (CV) measurement and
impendance testing were performed on a electrochemical workstation (CHI 660E).

3. Results and Discussion

3.1. Structure and Morphology

Figure 2a shows XRD patterns of original SiO, porous material PSS (product B) and PSS-G composite.
In the XRD pattern of the original SiO, a diffuse peak appeared between 20° and 30°, indicating that
SiO is amorphous. Two sharp peaks appeared at 26.6° and 28.4° respectively, indicating that
crystalline SiO, and Si phases are present in the original SiO. The XRD pattern of PSS sample shows
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obvious diffraction peaks of crystalline Si (PDF#27-1402) and cristobalite (PDF#39-1425), which
indicates that the disproportionation reaction of SiO occurs after heat treatment at 700 °C. The reaction
process is 3SiO + 2NaOH = Na,SiO; + H,1+ Si + SiO,, and the amorphous SiO, is converted into a
crystalline state of cristobalite in the presence of NaOH [16]. According to the Scherrer formula, the
average particle sizes of the cristobalite and crystalline Si are 20 nm and 14 nm, respectively [17]. In
the XRD pattern of PSS-G, the peaks of graphite appeared at 26.5°, 44.5° and 54.7°, and the
diffraction peaks of crystalline Si and cristobalite are still existed, indicating that the ball milling did
not destroy the crystal structure of the material. Figure 2b is the Raman spectrum of PSS-G
composites, the peaks of D-band and G-band appeared around 1360 cm™ and 1580 cm™ due to the
addition of graphite. The weak peak appearing around 520 cm™ proves the presence of crystalline
silicon in the PSS-G, which consistents with the XRD results. Figure 2c shows the XPS (Si 2p)
spectrum of the PSS-G composite, which contains silicon species in the valence state of Si*, Si**, Si*,
Si** and Si°, and with the highest content of Si**, indicating that the silicon in the composite is mainly
in the form of silicon oxide, and the appearance of Si° also indicates that the crystalline silicon is
generated during the disproportionation.
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Figure 2. (a) XRD Patterns of Sample SiO, PSS and PSS-G, (b) Roman and (c) XPS Si 2p Spectra of
PSS-G Composite
Figure 3 is the morphology images of graphite, SiO and PSS (product B). Figure 3a shows that
graphite has a sheet-like structure with a particle size on the level of micronanometers. In Figure 3b,
the morphology of SiO is irregular, the surface of the particles is smooth and has sharp edges and
corners, and the particle size is about 20-40um. Figure 3d shows that after high temperature heat
treatment and HF etching, the surface of the material particles becomes rough, and many pores appear
on the surface to form a porous structure, which can provide a three-dimensional channel for the
transport of lithium ions. The material in Figure 3e is flocculated, indicating that a porous structure
appears in the material after HF etching. A large number of nanocrystalline particles appear in Figure
3f and are surrounded by amorphous silicon oxide, which illustrating the formation of a crystalline Si
and cristobalite phase in the disproportionation reaction, this corresponds to the XRD pattern.
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Figure 3. SEM Images of Sample (a) Graphite, (b and ¢) SiO, (d) PSS and TEM Images of (e and f)
PSS Composite

3.2. Electrochemical Properties

Figure 4a is the CV curve of PSS-G composite electrode. In the first lithium intercalation process,
there is a broad reduction peak between 0.6-1.0V, corresponding to the decomposition of electrolyte to
form the SEI film [18], but the reduction peak disappeared from the second cycle and the curve
becomes smoother. There is a sharp reduction peak near 0 V, which corresponds to the intercalation of
lithium into bulk silicon. The anode peaks at 0.33V and 0.52V correspond to the delithiation process
of SiO [19], and its intensity is continuously enhanced during the subsequent cycles, but the peak
position does not move significantly, which indicates that the kinetic enhancement process occurs on
the electrode.

Figure 4b shows the charge-discharge curve for the first three cycles of PSS-G electrode. The ICE
of the PSS-G electrode is 62.2%, which has a large increase compared to pure SiO (49.8%). But the
PSS-G electrode still has a large capacity loss, mainly because the irreversible reaction of SiO during
the first cycle, which consumes a large amount of Li* to form electrochemically inert Li,O, LisSiO;,
Li,SiO, and so on. The Coulombic efficiency increased rapidly during the next series cycles, which
indicating that the SEI film tends to be stable.
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Figure 4. (a) CV and (b) the Charge-discharge Curves of PSS-G Composite Electrode, (c) Cycle
Performance and (d) Nyquist Plots of Sample SiO, PSS and PSS-G
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Figure 4c shows the cycle performance of sample SiO, PSS and PSS-G. Although the capacity of
pure SiO can reach to 2305.5 mAh-g™ in the first cycle, the reversible capacity decreased rapidly as
the cycle proceeded. After 17 cycles, the capacity was lower than 100 mAh-g™. After high temperature
treatment and HF etching, the first cycle capacity of the PSS electrode increased to 2535.5 mAh-g™,
and the cycle stability was also improved. This is mainly because the nano-Si particles generated
during the disproportionation process are surrounded by the amorphous silicon oxide, which can
alleviate the volume effect of nano-Si. Also, partial silicon oxide was etched by HF to form large
number of pores, which can reduce the stress change during cycling and can also buffer the volume
expansion. However, the capacity of PSS electrode decreased in the subsequent cycles, this is mainly
because of the low electrical conductivity of Si and destruction of material structure in cycling. When
the PSS and graphite are mixed by ball milling, the cycle stability of the material is further improved.
The reason for this is that, on the one hand, the particle size decreases after ball milling, and the stress
variation due to volume change during cycling is reduced; On the other hand, graphite has a good
conductivity, it can ensure good electrical contact between particles, reducing the possibility of
peeling off between active silicon particles for particles. Therefore, the PSS-G composite exhibits a
good electrochemical cycle stability, and its reversible capacity can reach 804.2 mAh-g™ after 100
cycles.

Figure 4d shows the Nyquist plots of sample SiO, PSS and PSS-G. Each of the curves has a similar
shape which consists of a semicircle and a straight sloping line. The semicirclele indicates the charge-
transfer resistance (Rct) and the sloping line indicates the diffusion impedance (Zw) of Li* in materials.
Obviously, the three curves have significant differences in the electrochemical impedance parameters
[20]. Tablel shows the electrochemical impedance parameters of the three electrodes. It can be seen
from Table 1 that the PSS-G electrode has the lowest charge transfer impedance, indicating that ball
milling and the addition of graphite improves the rate of charge transfer between the interfaces. In
addition, there also has a large difference between the ohmic impedances. The data in Table 1 shows
that the PSS-G electrode has the lowest ohmic resistance value of 4.0Q, which indicates that the
addition of graphite also improves the electrical contact between the electrode material and the current
collector, the structural pulverization of the material and the isolation of the active particles caused by
the volume expansion of the material during cycling are avoided, so the cycle stability is improved.

Table 1. Electrochemical Impedance Parameters of the Three Electrodes

Sample Rs(Q2) Ret(Q)
Sio 27.2 102.3
PSS 17.8 78.6
PSS-G 4.0 63.2
4. Conclusion

Porous Si/SiOx/Graphite composite anode materials were prepared by commercial SiO and graphite
by high temperature heat treatment, HF etching and high energy ball milling. The nano-Si particles
generated by the disproportionate reaction in the composite material are uniformly coated by the
silicon oxide substrate. In addition, the material is etched by HF to form a porous structure, which can
buffer the volume expansion of silicon, so the cycle performance of SiO was obviously improved. The
high-energy ball milling further reduces the size of the particles, the electrical conductivity and cycle
performance of the material are further improved with the addition of graphite which acts as a
"connection medium" between the active material particles and the current collectors. At a current
density of 100mA-g™, the reversible capacity was 804.2 mAh-g* after 100 cycles, and no obvious
capacity decline was found.
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