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The silicon-based materials are promising candidates for lithium-ion batteries owing to their high energy
density. However, achieving long lifespan under realistic conditions remains a challenge because of the
volume expansion and low conductivity. In this work, the highly elastic cobweb-like composite materials
consisted by SiO and nanofibers are designed and fabricated for high-efficient lithium storage by ball-
milling & electrostatic spinning method. The reconstructed heterostructure and highly elastic nanofibers
can simultaneously increase the conductivity and inhibit the “expansion effect” of silicon-based
materials. The constructed electrode of n-SiO/CNF delivers an initial capacity of 1700 mAh/g, and
maintains the capacities over 1000 mAh/g after 100 cycles at the current density of 500 mA/g.
Meanwhile, this electrode can give an initial coulombic efficiency over 85% and maintains at 98% in the
following charge/discharge processes. Furthermore, it exhibits efficient long-term electrochemical
performance, maintaining the capacity at about 1000 mAh/g at a high current density of 1000 mA/g after
1000 cycles. This work could provide a promising strategy for enhancing the performance of silicon-
based composite materials for practical application in lithium-ion batteries.

© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Keywords:

Lithium ion batteries
Silicon-based materials
SiO/CNF composites

Highly elastic composites
Reconstructed heterostructure

Published by Elsevier B.V. All rights reserved.

With the rapid development and commercialization of new
energy vehicles powered by lithium-ion batteries (LIBs), their
recharge mileage has been considered to one of the concerns. To
prolong the recharge mileage of the vehicles, further increasing the
energy densities of LIBs is necessary through developing high
capacity anode and anode materials [1-5]. The currently used
anode material is graphite (372 mAh/g), which is insufficient for
high energy density requirements [6,7]. Therefore, the pursuit for
the next generation of high capacity anode materials for LIBs has
become a hot topic in the last several years. Among different types
of anode materials, silicon with a theoretical specific capacity as
high as 3579 mAh/g and lower work voltage (~0.2 V vs. Li/Li*) and
its composite materials have drawn a great deal of interest.
However, their huge volume expansion effect during lithiation/
delithiation processes and insufficient electron conductivities have
limited their practical utilization [8-12].
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The volume expansion effect of silicon-based anode materials
can be up to 300% (Si > 300%, SiO ~ 150%, SiO5 < 150%) during
lithiation/delithiation processes, so that they would be collapsed
and shed from the current collector or directly pulverized [13-15].
In addition, the expansion effect would cause significant degrada-
tion, decreasing the electrochemical performance and reducing
cycle-life of the LIBs [16-20]. As a general observation, the initial
coulombic efficiencies of the silicon-based anodes are generally
low (< 80%), which makes them hard to be commercialized [21-
23].

Currently, many efforts have focused on decreasing the
expansion effect and improving the low conductivity of the
silicon-based materials. The typical approach is to reduce the
particle size of silicon-based materials to nanometer size including
nanospheres, nanowires, nanotubes, yolk structure, etc. [24-28].
For example, Zhang et al. [29] relieved the volume expansion effect
of the silicon-based anode by cracking PPP and PVC to coat silicon.
Jung et al. [30] improved the cycle-life of silicon-based anode by
preparing thin-film amorphous silicon using a low pressure
chemical vapor deposition (LPCVD) with Si,Hg as the source gas.
Cui et al. [31] prepared a carbon-silicon core-shell nanowires as
high capacity anode for LIBs, obtaining a high specific capacity of
2000 mAh/g. Table S1 (Supporting information) summarizes the
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selected researches on synthesis and modification of silicon-based
materials in recent years [32-36].

The other approach for overcoming the negative effect of
electrode expansion during lithiation/delithiation processes is to
develop new adhesives to reduce the cracking and chalking of the
electrode materials particles. As identified, the conventional
polymer polyvinylidene fluoride (PVDF) is not good enough in
generating sufficient adhesion in the silicon-based electrodes due
to its weak Van Der Waals force, which makes it easy for silicon to
fall off the current collector. Therefore, various polymer materials
such as sodium carboxymethyl cellulose (CMC), polyacrylic acid
(PAA), alginic acid (AlG), modified natural polysaccharides have
been explored as the adhesives. Other adhesive strategies
including self-healing polymers, polyrotaxane with sliding ring
movement, polymers with ion conductive groups, and in-situ
cross-linked polymer networks have also been proposed to
effectively improve the cycling performance of silicon-based LIB
anodes [37-39].

In this work, SiO is explored as the silicon source with much
lower expansion effect than Si. Electrostatic spinning technology,
as a methode for preparing nanowires, is used to encapsule the
silicon source into the carbon fibers (CNF) to form a SiO/CNF
composite for the first time. As tested, the carbon fibers can
significantly improve the electrical conductivity of the composite
materials, and its reconstructed heterostructure with rich elastici-
ty can effectively accommodate the expansion effect of the anode.
The electrochemical performance in this paper reveals that the
composites obtained by this method can significantly improve the
performance of silicon-based anodes, demonstrating their prom-
ising in practical applications in lithium-ion batteries.

In a typical synthesis, 5 g of SiO (average particle size = 75 jum,
marked as u-SiO) and 0.05 g of ascorbic acid were added to 40 mL
deionized water for ball milling at 450 r/min for 4 h. After ball
milling, the precursor solution was dried at 60 °C for 12 h to obtain
a sample as b-SiO. Afterwards, 0.2 g of this b-SiO and 0.8 g of
polyacrylonitrile were added into 10 mL N,N-dimethyl-formamide
under magnetic stirring at 30 °C for 12 h. The resultant colloidal
liquid was then transferred to a 5 mL syringe (with 20 G stainless
steel needle), and electrospinned at 0.02 mL/min under a 20 kV
electric field. The obtained sample was pretreated in a tube furnace
at 250 °C for 2 h under flowing argon and then annealed at 650 °C
for 4h to generate a composite of SiO and carbon nanofibers
marked as n-SiO/CNF. For comparison, the same experimental
method was used to obtain SiO/CNF sample without ball milling
(marked as u-SiO/CNF).

X-ray diffraction (XRD, D8-ADVANCE), X-ray photoelectron
spectroscopy (XPS, Escalab 250X, Thermo Fisher Scientific), and
thermogravimetric analysis (TGA, PERKIN ELMER, USA) were used
to analyze the composition of all the SiO/CNF composites.
Meanwhile, scanning electron microscopy (SEM, Tecnai G20)
was adopted to investigate the morphologies of the samples. For
constructing the batteries, the silicon-based composites of u-SiO,
b-SiO, n-SiO/CNF and u-SiO/CNF) were mixed with acetylene black
and sodium carboxymethyl cellulose with a mass ratio of 8:1:1 in
deionized water to form a slurry. Then, the slurry was coated on
copper foil, followed by drying at 80 °C overnight to obtain the
silicon-based anode. Subsequently, the button batteries were
assembled by the as-prepared silicon-based anode and lithium
metal as counter electrode using an in-house electrolyte. The in-
house electrolyte was in-house made by dissolving lithium
hexafluorophosphate (LiPFs, 1mol/L) and vinylene carbonate
(VC, 1.0wt%) in a mixed solvents of ethylene carbonate (EC),
dimethyl carbonate (DMC) and diethyl carbonate (DEC) with a
volume ratio of 1:1:1. The battery performance was tested within a
voltage window of 0.01-2.5V by a Land Battery Tester. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
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(EIS) were conducted using an electrochemical workstation (CHI
660E).

Fig. 1a presents the X-ray diffraction (XRD) profiles for u-SiO, b-
SiO and n-SiO/CNF samples. Among them, the n-SiO/CNF sample
display the typical patterns of amorphous carbon with a broad
peak centered at around 15°-25°. Compared to un-milled u-SiO
powder, SiO sample after ball milling has a relatively sharper
silicon monoxide around 28°, indicating the well-crystallized
property for the ball-milled SiO. Generally, the well-crystallized
SiO can be attributed to the “small size effect” of the wet-milling
for nanomaterials [8,9]. Similarly, it can also be confirmed from
Fig. 1b that the particle size of the commercial SiO after ball milling
has reached about 200 nm.

The TG curves of b-SiO and n-SiO/CNF samples are shown in
Fig. 1c. The pure SiO appears basically no change in the
temperature range from 0°C to 700°C, which means that there
is no disproportionation reaction of the pure component before
700 °C. Moreover, it is obvious that the TG curve of the sample
exhibits an increased trend after 700 °C due to the disproportion-
ation reaction of SiO to form SiO, and Si through the reactions:
2Si0 = SiO, + Si, and Si + O, = Si0O,) [14,15]. By contrast, it can be
seen that the first-stage mass decrease of n-SiO/CNF sample before
100°C is originated from the evaporation of water. Then as the
temperature reaches to 500 °C, the carbon component in n-SiO/
CNF sample begins to be oxidized until it is finished at 600 °C.
Therefore, it can be calculated from Fig. 1c that the proportion of
silicon monoxide in n-SiO/CNF sample is ~20%.

Fig. 1d shows the X-ray photoelectron spectroscopy (XPS)
survey for n-SiO/CNF, confirming the presence of C, O and Si
elements in the sample. As expected, XPS O 1s spectrum in Fig. 1e
can be deconvoluted into two peaks, including peak of Si-O and
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Fig. 1. (a) XRD patterns of u-SiO, b-SiO and n-SiO/CNF samples. (b) Particle size
distribution for n-SiO/CNF sample. (c) TG curves of u-SiO and n-SiO/CNF samples.
(d) The survey XPS spectrum of n-SiO/CNF. (e) O 1s and (f) Si 2p spectra for u-SiO, b-
SiO and n-SiO/CNF samples.
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peak of adsorbed oxygen. Meanwhile, the high-resolution XPS
Si 2p spectrum in Fig. 1f can be deconvoluted into five peaks
belongning to Si° Si*, Si%*, Si>*, Si**, which is just the manifestation
of the valence of the reconstructed heterostructure.

The morphologies of u-SiO, b-SiO and n-SiO/CNF samples can
be all observed in Fig. 2 and Figs. S1 and S2 (Supporting
information). Obviously, the b-SiO appears more fine and uniform
particles compared to u-SiO, which is consistent with the results of
Fig. 1b. Meanwhile the n-SiO/CNF sample displays a typical
cobweb-like morphology, showing a crisscrossing conductive
network which can provide a high flexible 3D buffer system
during the charge-discharge processes. Moreover Figs. 2d-f exhibit
uniform Si and O element distributions, indicating that SiO and
polyacrylonitrile are evenly mixed during the spinning process.
Figs. 2g-i show the electrode surface and cross section of the n-SiO/
CNF anode before and after 1000 cycles. From the close-up view
shown in Fig. 2g, the n-SiO/CNF surface presents integrity and
regular morphology after 1000 cycles, revealing the superiority of
cobweb-like structure. Compared to the original cross section of
the anode shown in Figs. 2j and k, Fig. 2i still displays integrity and
slight volume expansion after 1000 cycles. Through calculation,
the expansion rate of n-SiO/CNF anode after 1000 cycles is only
about 31%, which is much lower than the u-SiO anode (260%
through calculation), and even theoretical expansion values. It
should be pointed out that the cobweb-like structure has both
good toughness and elasticity to alleviate the desorption of SiO,
which is greatly beneficial to inhibiting the expansion effect.

The battery performances including cycling, rate properties and
long-term cycling can be observed in Fig. 3 and Fig. S3 (Supporting
information). Both u-SiO and b-SiO samples delivers very high
initial capacities over 3200 mAh/g, which are even higher than the
n-SiO/CNF and u-SiO/CNF samples. However, their capacities
sharply declines after the 1°* cycle, and only maintains the
capacities lower than 250 mAh/g after 100 cycles. By contrast, the
n-SiO/CNF and u-SiO/CNF samples present relatively low initial
capacities of 1700 mAh/g, and meanwhile show better cycling
performance than both u-SiO and b-SiO. They can maintain the
capacities over 1000 mAh/g after 100 cycles at a current density of
500 mA/g, which is mainly due to the reconstructed heterostruc-
ture and high elasticity cobweb-like electrode design. As shown in
Fig. S4 (Supporting information), the Coulombic efficiency of n-

Fig. 2. SEM images of (a) u-SiO, (b) b-SiO and (c) n-SiO/CNF samples. (d) Local SEM
image and its (e) O, (f) Si element distributions for the n-SiO/CNF sample. (g) SEM
images of the nest-like anode after cycling for 1000 cycles. Cross section images of
n-SiO/CNF anode (h) before and (i) after cycling for 1000 cycles. Cross section
images of u-SiO electrode (j) before and (k) after cycling for 1000 cycles.
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Fig. 3. (a) Charge-discharge profiles of the selected cycles for the u-SiO, b-SiO, n-
SiO/CNF, and u-SiO/CNF samples at a current density of 500 mA/g. (b) Charge-
discharge profiles of n-SiO/CNF anode at the current density of 2000 mA/g.
(¢) Cycling performance for u-SiO, b-SiO, n-SiO/CNF, and u-SiO/CNF at the current
density of 500 mAh/g. (d) Rate performance and (e) long-term cycling at the current
density of 1000 mAh/g for n-SiO/CNF anode.

SiO/CNF electrode appears the highest among these samples with
an initial coulombic efficiency over 85%, and maintains at 98% on
average, revealing that this electrode design can significantly
increase the initial charge-discharge properties. It should be
pointed out that the “surface effect” allows nano-scale silicon
monoxide to have a wider specific surface area, thus having more
reactive sites with lithium ions. However, due to the “small size
effect” of nanomaterials, the contact between silicon monoxide
particles and lithium ions will be more abundant in the subsequent
cycling process, which can lead to a faster decay of battery capacity
owing to high expansion.

As displayed in the Fig. 3d, the n-SiO/CNF sample delivers the
capacities of 1100, 1000, 800, 550, 400 mAh/g at the current
densities of 500, 1000, 2000, 3000, 5000 mA/g, respectively,
revealing excellent rate performance. Additionally, the n-SiO/CNF
sample also exhibits long-term charge-discharge cycling. It can
maintain the capacity at about 1000 and 780 mAh/g respectively at
a high current density of 1000 and 2000 mA/g after 1000 cycles, as
shown in Figs. 3b and e.

The cyclic voltammetry (CV) curves of n-SiO/CNF anode at the
15t 2nd 3rd 4% gnd 5™ cycles are shown in Fig. S5a (Supporting
information). The peak of SEI-film formation at the first cycle can
be clearly seen, and from the second cycle on, the cycle curves
appear highly overlapped, indicating that the SEI film can be
rapidly formed on the electrode surface and maintain excellent
stability in the subsequent cycles due to the effective function of
cobweb-like electrode design and electrolyte additives. Figs. S5b
and S6 (Supporting information) reveal that the additive organic
vinylene carbonate (VC) is priority to be oxidized to form a film on
the electrode surface, thus stabilizing the electrode [32,33].
Meanwhile in the EIS curves shown in Figs. S5c and d (Supporting
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Fig. 4. Mechanism of the reconstructed heterostructure and high elastic cobweb-
like electrode design of n-SiO/CNF nanofiber for high-efficient lithium storage.

information), the sample of n-SiO/CNF shows the typical imped-
ance characteristics. The impedance of n-SiO/CNF electrode after
100 cycles is only 149.1 (), while those of u-SiO, b-SiO and u-SiO/
CNF samples are 863.8, 343.6 and 223.2 (), respectively. This is
mainly because the nanoparticles can provide more contacting
area, making the electrochemical reaction in the electrode system
more sufficient. Moreover, the high elastic structure can effectively
accommodate the expansion effect during the battery charging and
discharging processes, and the effective carbon source can
significantly improve the electrode conductivity, which can all
significantly reduce the impedance value.

In order to understand the excellent electrochemical perfor-
mance, the enhancement mechanism of n-SiO/CNF electrode was
also investigated, as shown as Fig. 4. According to the “recon-
structed heterostructure” model, amorphous SiO, phase can
appear on the outside surface of SiO and amorphous Si phase
can appear on the inside surface of SiO. Due to the presence of SiO,
phase in the outer layer, lithium oxide and lithium silicate
compounds are firstly formed during the initial lithium insertion
process, which can be expressed as Reactions 1 and 2 [8-10,32,33]:

2Li* + 0%~ = Li,0 (1)

ALi* + 40% + Si** = Li,SiO4 2)

Afterwards, the lithium ions reach the SiO boundary layer, and
continue to generate lithium oxide and part of the lithium silicon
alloy, as expressed by Reactions 3 and 4 [11,12]:

2Li* + 0% = Li»,O (3)

xLi + Si = Li,Si (4)

Finally, when the lithium ions are embedded in the silicon
boundary layer, a series of lithium silicon alloys will be generated
through Reaction 5 [34-36]:

xLi+ySi = LiiSiy (x=12/y =7, x=13/y =4, etc.) (5)

Because the generated irreversible lithium oxide and lithium
silicate compounds can attach on the electrode surface, the
“expansion effect” can be partially relieved during the process of
lithium intercalation and de-intercalation. However, in terms of
micron-level SiO, part of the lithium ions cannot reach to Si layer,
therefore, they will be consumed in the irreversible process,
leading to the lower coulombic efficiency.
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In our research, owing to the nanometer-level SiO by ball-
milling, the lithium ions can directly and effectively contact with
silicon layer to generate lithium-silicon alloy, thus avoiding a large
amount of irreversible lithium oxide and lithium silicate generated
so as to show excellent coulombic efficiency [17].

From the point of view of inhibiting expansion effect, the
lithium oxide and lithium silicate compounds just mentioned
above can be regarded as the first level buffer barrier. In addition, in
the designed n-SiO/CNF electrode, the microscopic carbon layer
formed by stirring SiO and PAN covering the individual particles
and the cobweb-like carbon nanofibers constructed by electro-
static spinning can act as the second and third level buffer barriers
simultaneously, which can greatly alleviate the expansion effect
during the charging and discharging processes. Meanwhile, by
wrapping SiO in the high elastic carbon nanofibers prepared by the
electrostatic spinning, the conductivity of the electrode can be
significantly increased. Moreover, by adding electrolyte additives, a
thin and dense film is easy to form on the electrode surface, which
plays a role of protecting the electrode, thus also effectively
improves the coulombic efficiency [27,28,40].

In summary, a highly elastic cobweb-like electrode was
successfully designed and fabricated for high-efficient lithium
storage in this work through an electrostatic spinning technology.
The reconstructed heterostructure of n-SiO/CNF can significantly
increase the conductivity and inhibit the “expansion effect” of the
silicon-based materials. Through this design and fabrication, the n-
SiO/CNF electrode delivers an initial capacity of 17700 mAh/g, and
maintains the capacity over 1000 mAh/g after 100 cycles at a
current density of 500 mA/g. Meanwhile, this electrode delivers
the capacities of 1100, 1000, 800, 550, 400 mAh/g at current
densities of 500, 1000, 2000, 3000, 5000 mA/g, respectively.
Furthermore, this electrode exhibits an efficient long-term
electrochemical performance, maintaining the capacity at about
1000 mAh/g at a high current density of 1000 mA/g after 1000
cycles. This research would provide a basis for the industrial
application of silicon-based composite materials in lithium-ion
batteries.
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