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ABSTRACT

Three-dimensional C/SiOx nanofiber anode was prepared by polydimethylsiloxane (PDMS) and polyacrylonitrile
(PAN) as precursors via electrospinning and freeze-drying successfully. In contrast to conventional carbon cover-
ing Si-based anode materials, the C/SiOx structure is made up of PAN-C, a 3D carbon substance, and SiOx load-
ing steadily on PAN-C. The PAN carbon nanofibers and loaded SiOx from pyrolyzed PDMS give increased
conductivity and a stable complex structure. When employed as lithium-ion batteries (LIBs) anode materials,
C/SiOx-1% composites were discovered to have an extremely high lithium storage capacity and good cycle per-
formance. At a current density of 100 mA/g, its reversible capacity remained at 761 mA/h after 50 charge-dis-
charge cycles and at 670 mA/h after 200 cycles. The C/SiOx-1% composite aerogel is a particularly intriguing
anode candidate for high-performance LIBs due to these appealing qualities.
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1 Introduction

Non-renewable fossil fuels such as coal and oil have not yet been able to supply all of the energy needed
by human society due to the world’s population growth and rising energy consumption. Because of this,
ecologically friendly and sustainable electricity sources are quite popular and are utilized in a variety of
gadgets, including electric cars (EV), hybrid electric vehicles (HEV), and the space shuttle, as well as
mobile phones and video cameras. [1]. Lithium-ion batteries (LIBs), one of the most significant energy
storage devices, have excellent performance, including high specific energy, advanced energy density,
long cycle life, and low self-discharge rate, having occupied a significant portion of the market at the
moment. One of the most widely used materials for LIBs anodes is graphite. Graphite, however, falls
short of meeting the requirements for high-energy consumption equipment due to its poor rate
performance and low specific capacity (372 mA h·g−1) and is constrained by the bottleneck of high-
quality applications.

Si, Ge, and Sn are highlighted as alloying anode materials with excellent theoretical specific capacities
[2]. Due to the excellent lithium storage properties of Li22Si5, Si is one of the most promising anode
materials, having an ultrahigh theoretical specific capacity of 4200 mA h·g−1 [3]. However, the lithiation
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and de-lithiation processes of silicon frequently result in significant volume expansion of silicon (>300%),
which causes the active material to disintegrate and fall off [4]. What’s worse is that the volume change
would constantly create the thick solid electrolyte interphase (SEI) on the anode’s surface, preventing Li+

from migrating while also causing the electrolyte to decompose and generating waste from the lithium
source [5].

Because there are more atoms on the surface of the nanostructure, it can somewhat enhance the volume
effect of silicon. More space for outward expansion could significantly lessen the material’s inherent stress
[3,6]. A variety of silicon nanomaterials have blossomed in recent decades, including zero-dimensional
nanospheres [7], one-dimensional nanowires [8], two-dimensional nanotubes [9], and porous silicon [10].
It is a fact that these Si nanomaterials do relieve the volume change but poor cyclical stability and
unstable SEI film are still unavoidable problems [11]. Carbon is an economical and environmentally
friendly anode material. It delivers satisfactory electrical conductivity and mechanical properties [12–14].
The C/Si composites are the most frequently reported among many Si-based composite materials [15–17]
and have been demonstrated to efficiently alleviate the volume effect and improve electrical conductivity.
Utilizing different carbon sources graphene [18], CNT [19], biomass carbon [20] by ball milling, wet
chemistry, and others are currently relatively in-depth and extensive research directions. However,
electrospinning may be a simpler and more affordable method to generate the anticipated structure of
Si/C composites when balancing the cost of synthesis with precise control over structural morphology [21].

PAN is frequently used as an electrospinning material because of its high electrostatic constant and great
graphitization ability at high temperatures. It is a very suitable precursor of carbon nanofibers [22–24]. It has
been reported once that PAN nanofibers were filled with silicon/silica nanoparticles by the electrospinning
method [25,26]. PAN nanofibers do have a role in preventing Si from coming into direct contact with
electrolytes. However, they were unable to effectively handle the agglomeration of nanoparticles. To
create porous PAN carbon fiber composites and improve electrochemical capacitance performance, Kim
et al. added TEOS to the PAN spinning solution [27]. In order to further prepare PAN/SiO2 hybrid fibers,
Pirzada developed a sol-gel synthesis method that included electrospinning technology. Relevant impact
aspects regarding the content of SiO2 were also examined. [28]. The non-cluster axial one-dimensional
nanofiber structures created by electrospinning can reduce the Li+ transport distance and increase electron
conduction [29], as evidenced by the SiNP@C core-shell 1D fiber, which was prepared via the dual-
nozzle coaxial electrospinning method proposed by Choi (Fig. 1) [30]. Electrochemical impedance
spectroscopy (EIS) plots of SiNP@C are almost overlapping completely even though after hundreds of
cycles. The exceptional stability of anode materials without the significant impact from the volume effect
of Si is evidenced by the fact that the charge transfer resistance and ionic diffusion rate have not changed.

Figure 1: Cross-sectional SEM view of a single SiNP@C (a). Schematic illustration of the electrospinning
process (a-illustration). Impedance spectra of SiNP@C at the different cycles (b) “Reproduced with
permission of Ref. [25], Copyright of © 2012, American Chemical Society”
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The low density of aerogels performs a stable self-supporting network and rich pore structure [14],
assembling the advantages of the preparation process, environmental compatibility, biodegradation, and
energy storage performance into an integration [25,31–33]. Aerogels are widely used in the various fields
of flame-retardant [34], adsorption [35], sensing [36], and energy storage [37]. Theoretically, the porous
honeycomb structure of aerogel can buffer the structural deformation of Si-based anode materials,
additionally contributing to the rapid infiltration of the electrolyte and the rapid transport of ions [38,39].

There are many modification methods for aerogel, including the gas-phase chemical method [40], and
photothermal curing [41]. In this study, polydimethylsiloxane (PDMS) was selected as the silicon source via
solution soaking and employed as a three-dimensional (3D) conductive carbon scaffold. To create C/SiOx
composite aerogels, pre-oxidation and carbonization treatment are then used. It should be mentioned that
evaluating the structure and characteristics of PAN carbon nanofibers requires a pre-oxidation procedure.
The linear molecular chain in PAN gradually changes throughout the pre-oxidation treatment into a heat-
resistant trapezoidal shape that provides thermodynamic stability under the ensuing high-temperature
carbonization [22].

2 Experimental

2.1 Preparation and Characterizations of C/SiOx Anode
By mechanically stirring, PAN was dissolved in the subsequent electrospinning solution, N, N-

Dimethylformamide (DMF). The following specific electrospinning parameters are set: a 15 cm needle-
to-collector distance, a 20 kV variable high-voltage power supply, and a flow rate of 0.6 ml/h. Heat
treatment at 60°C was used to stabilize the PAN nanofibers that were electrospun.

After that, 0.6 g PAN nanofibers were homogeneously dispersed into the water/tertbutanol solution
(volume ratio of 4:1) through the high-speed homogenizer. Subsequently, the prepared dispersions were
frozen in the fridge and then the frozen samples were freeze-dried via a lyophilizer. The PAN aerogels were
immersed in the different concentrations of x% PDMS (0.1, 0.5, 1, 2, 5 wt%) for 5 min. (because of the
abundant space in the aerogel, PDMS solution can quickly fill the entire aerogel) The corresponding x%
PDMS solutions were prepared by mixing the PDMS prepolymer and thermal curing agent (mass ratio of
10:1) in n-hexane. Then the PAN@PDMS aerogels were stabilized via heat treatment at 100°C for 2 h.

Refer to literature related to the pre-oxidation of electrospinning PAN fibers [22]. 250°C was selected as
the pre-oxidation temperature and 800°C was the carbonization temperature. The PAN@PDMS aerogels are
carbonized and form final products which are abbreviated as C/SiOx-x% aerogels (0.1, 0.5, 1, 2, 5 wt%) [12].
The brief chart of the preparation process and the structure of nanofiber aerogel are shown in Fig. 2.

The microstructure and morphologies of the C/SiOx aerogels were investigated via a high-resolution
transmission electron microscope (HRTEM, JEM-2100F, Japan) and field-emission scanning electron
microscope (FE-SEM, Hitachi S-4700, Japan). The atomic states and chemical structure of the aerogels
were studied via attenuated X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, USA)
and total reflectance Fourier transform infrared spectroscopy in the spectral range of 4000–400 cm−1

(ATR-FTIR, Nicolet 6700, Germany). X-ray diffraction was performed to determine the phase
compositions (XRD, X’Pert PRO, Netherlands). Raman spectroscopy (532 nm wavelength) was used to
investigate the graphitization of C/SiOx aerogel (Raman Microscope, Renishaw InVia). The special
surface area and pore size distribution were determined by the Brunauer–Emmett–Teller (BET, ASAP
2460, USA). The sample was vacuum-dried at 300°C for 12 h, and nitrogen was used as the adsorbent to
obtain the nitrogen adsorption and desorption curve which was deduced subsequently to get the specific
surface area and pore size distribution.
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Without the addition of polymer binders and electronic conductors, the C/SiOx slurry was thoroughly
mixed with N-Methylpyrrolidone (NMP) and pasted onto the 12 mm diameter nickel foam (which had
been weighed). After vacuum drying for 12 h at 60°C, another piece of nickel foam was wrapped and
pressed, and the loaded mass needed to be weighed. The electrolyte contains 1.0% vinylene carbonate
(VC), 5.0% fluoroethylene carbonate (FEC), and 1M LiPF6 in EC/DEC (1:1 Vol%).

By putting together CR2025 coin cells, the electrochemical evaluation of the C/SiOx anode was carried
out. Both the counter electrode and the reference electrode were made of lithium metal foil. Lithium metal
has a 15 mm diameter and a 0.5 mm thickness, respectively. Between the positive and negative electrodes is a
separate film called 2325 Celgard which is 25 um thick and composed of polypropylene. Over a voltage
range of 0.01–3.0 V, the cells were galvanostatically charged and discharged (Battery Testing System,
Neware CT-4008-5V10Ma-164). Over the voltage range of 0.01–3.0 V, cyclic voltammetry (CV)
measurements were carried out at a scanning rate of 0.1 mV/s (Electrochemical Workstation, RST5202F).
At the same electrochemical workstation, the electrochemical impedance spectrum (EIS) was measured at
frequencies ranging from 0.01 to 100000 Hz, with an amplitude of 5 mV. The electrochemical activation
of a newly built battery typically involves five cycles of charge/discharge at a modest current density of
50 mA g−1 in order to activate the positive and negative components. By contrasting the impedance of
activated cells with those of inactive cells, EIS analysis can be utilized to examine the variations in the
electrochemical reaction kinetics.

3 Results and Discussion

3.1 Structure Characterization of the C/SiOx Aerogels
The SEM pictures of the PAN/SiOx-0% aerogel from before carbonization are shown in Fig. 3. The

fibers entangle with one another but leave enough spaces, which is favorable to the penetration of
electrolytes and can reduce the Li+ transmission distance, resulting in a three-dimensional network
structure with a fluffy shape [42].

Figure 2: Structural schematic diagram of C/SiOx aerogel and its lithiation process
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Fig. 4 show the SEM images of C/SiOx aerogels made by different PDMS wt% contents. Notably, the
aggregation state of the fiber changed significantly as the concentration of PDMS solution increased. The
aerogels from C/SiOx-0% to C/SiOx-2% all show a relatively good 3D network structure, but C/SiOx-5%
express enormous irregular block structures [25]. Figs. 5a–5c and Fig. S1 illustrate how the fiber bundles
gradually manifest into irregular aggregates like C/SiOx-5%. The excessive PDMS solution that is
producing an ever-increasing SiOx burden is the blame (Table S1). However, the stronger thermal
crosslinking reaction on the fibers damages the original 3D network structure, causing the aggregation
states of the fibers to shift from entanglement to tight adhesion and even coalesce into irregular solids.

Figure 3: SEM images of PAN/SiOx-0% nanofibers aerogel before carbonization

Figure 4: SEM images of C/SiOx nanofibers aerogels made from different PDMS wt% contents: (a) 0%, (b)
0.1%, (c) 0.5%, (d) 1%, (e) 2%, (f) 5%. And the physical maps of C/SiOx aerogels before carbonization (h)
and after carbonization (g)
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During the pre-oxidation and carbonization, the C-C liner molecular of PAN evolved from the linear
structure into the trapezoidal structure. The physical images as displayed in Figs. 4h, 4g allow for
intuitive observation of the unique volume decreasing of C/SiOx aerogels. The reported studies suggested
that polysiloxanes undergo chain breaking, structural rearrangement, and spillover of small molecular
gases between 400°C and 800°C, mainly accompanied by dehydrogenation condensation between Si-CH3

and dehydration of Si-O bonds to form Si-O-Si bonds, which results in the formation of SiOx on the
PAN-C [8,43]. The specific equation is as follows [44,45]:

Si� CH3 þ CH3 � Si ¼ Si� CH2 � CH2 � Siþ H2 gð Þ (1)

Si� CH3 þ CH3 � Si ¼ Si� CH2 � Siþ CH4 gð Þ (2)

Si� OHþ OH� Si ¼ Si� O� Siþ H2O gð Þ (3)

To better determine the specific structure of the composite, we also carried out TEM characterization.
The prepared C/SiOx-0% and C/SiOx-1% high-resolution TEM images are shown in Fig. 6. It can be
seen that the surface of the C/SiOx-0% nanofiber is full of many micropores due to the overflow of small
molecular gases such as HCN and CO during PAN carbonation [46]. But C/SiOx-1% shows a rough
surface and has no obvious holes. Combined with the EDS result of Fig. 7, N and O atoms were
distributed uniformly throughout the nanofiber, while Si was predominantly localized on the surface of
the nanofiber. It is reasonable to assume that PAN-C serves as the carbon substance of C/SiOx-1%, and
that SiOx is uniformly distributed over PAN-C nanofibers.

Figure 5: SEM images of the C/SiOx fibers bundle transforming from entanglement to close adhesion:
(a) 0%, (b) 0.1%, (c) 1%

Figure 6: TEM images of C/SiOx-0% (a, c) and C/SiOx-1% (b, d)
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As shown in Fig. S2, PAN-C is mainly amorphous carbon material. But there are a few ordered
microcrystalline as in the red circles in Fig. 6c. It is distinct from completely disordered amorphous
carbon in other areas. Such turbostratic microstructure consists of short-range ordered parallel hexagonal
layers with a calculated 0.357 nm plane distance, which is corresponding to the (002) crystal plane of
graphite-C [47]. These small amounts of graphite microcrystals may be formed by the rearrangement and
cyclization of PAN molecular chains during the carbonization process. The graphite microcrystalline can
facilitate Li+ rapidly to migrate to other regions of the carbon matrix and improve the rate performance of
LIBs. Additionally, PAN-C nanofiber is rich in nitrogen, and oxygen elements. These heteroelements can
improve electrochemical activity and provide extra lithium reaction sites.

As for C/SiOx-1%, the SiOx is mostly amorphous and evenly distributed on the surface of the fiber.
These large quantities of amorphous SiO2 can fully contact the electrolyte, playing a good
electrochemical performance. Additionally, some crystal fragments are existing with 0.18 and 0.23 nm
crystal plane distances, respectively, corresponding to the (111) and (220) crystalline planes of Si
(PDF:27-1402) [10]. In the absence of a designed reduction treatment, the existence of Si microcrystalline
may be attributed to the reduction of SiO2 by HCN and NH3 [15].

Specifically, it can be discovered from Fig. 8 that C/SiOx-0% have strong absorption peaks at 1976 and
2200 cm−1 standing for C≡C, C≡N, and wide peaks at 1740 and 1660 cm−1 referring to C=O, C=N, which
indicating those oxidative cross-linking reactions between molecular chains occur during pre-oxidation and
carbonization, forming conjugate cyclization structure [48]. The FT-IR spectrum of C/SiOx-1% appears the
characteristic peaks of Si-C at 780 cm−1 and Si-O-Si bond at 1060 cm−1. However, It should be added that
the two sharp small peaks at 2940 and 2870 cm−1 representing the stretching vibration of CH2 disappeared in

Figure 7: TEM image of C/SiOx-1% (a), and the corresponding elemental mapping images (b–d)
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the FT-IR spectrum of C/SiOx-1%. It may be caused by the condensation reaction between Si-OH and the
active H atom of -CH2- to form -O-Si-CR2. And the strong peak at 1650 cm

−1 had a redshift because a large
number of O atoms from SiOx can provide abundant extra electron pairs and form ρ-π conjugation with C=O
bonds thereby reducing the polarity of the bond and making its absorption frequency shift to a lower wave
number [49].

XRD characterizations were carried out to clarify the specific phase structure of the material. As shown
in Fig. 9a, C/SiOx-0% has a wide diffraction peak of amorphous carbon around 2θ = 20°–40°, indicating that
it is mainly amorphous carbon material. The defects in the disordered carbon lattice can provide active sites
for Li+ intercalation [50]. There is a sharp and strong peak at 2θ = 26° referring to the (002) crystal plane of
the graphite lamellar structure. By calculation, the crystal plane spacing d is 0.338 nm, which is close to the
HRTEM result of C/SiOx-0% [48]. As for C/SiOx-1%, there is no strong characteristic peak of graphite
crystalline at 2θ = 26° like C/SiOx-0%. We additionally conducted XRD tests on amorphous SiO2 and
found that the diffraction peak of SiO2 was also between 2θ = 20°–30° (Fig. S3). So it is believed that
the amorphous SiO2 overlaps with the diffraction peak of carbon, causing the strong peak of graphite at
2θ = 26° to be masked, and making the diffraction peak around 2θ = 20°–30° more extensive. And it is
sure for the existence of Si crystal from the characteristic peak at 2θ = 28°, 47°, and 54° according to the
silicon PDF#27-1402. Therefore, it can be determined that SiOx is composed of mainly amorphous SiO2

and a small amount of Si crystals.

The Raman spectrum is used to further distinguish the carbon structure composition of C/SiOx as shown
in Fig. 9b. The D-band (1355 cm−1) and G-band (1590 cm−1) peaks are related to lattice defects of carbon
materials and sp2 hybrid C-C bond vibrations, respectively. The Raman curves of C/SiOx-0% and C/SiOx-
1% almost coincide while C/SiOx-0% has higher Raman peaks. Besides, ID/IG can be served to characterize
the graphitization degree of carbon materials. The larger the ID/IG, the higher the disorder degree of the
material. The ID/IG value of C/SiOx-0% is 0.95 by calculation, and less marginally than 0.98 of C/SiOx-
1%. The slight graphitization degree drop of C-PAN s can be attributed to doped SiOx [51].

Figure 8: FT-IR spectra of C/SiOx-0% and C/SiOx-1%

3316 JRM, 2023, vol.11, no.8



The N2 adsorption-desorption curves and pore size distribution plots are shown in Fig. 10. The SBET,
pore volume, and average pore size are summarized in Table 1. The N2 adsorption-desorption isotherm of
C/SiOx-0% belongs to the type II isotherm system that increases rapidly at a lower relative pressure.
While a small hysteresis loop can be found in Fig. 10b indicating the presence of some mesopores. From
the corresponding pore-size distribution, it can be seen that mesopores dominate in the pore system of
C/SiOx-1%. The SBET of C/SiOx-0% is 13.7 m²/g, which is slightly higher than C/SiOx-1%.

Figure 9: XRD patterns (a) and the Raman spectra of C/SiOx composites (b)

Figure 10: Nitrogen adsorption-desorption isotherms and pore size distribution plots of (a) C/SiOx-0% and
(b) C/SiOx-1%

Table 1: BET result and XPS element content of C/SiOx

Sample SBET
(m²/g)

Vtotal

(cm³/g)
average pore-size
(nm)

Element content% (atom)

C N O Si

C/SiOx-0% 13.7 3.4 16.3 82.7 11.44 5.86 0

C/SiOx-1% 9.1 9.6 11.5 64.86 7.83 20.7 6.61
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According to Fig. 11, the full spectrum of C/SiOx-1% having O 1s, N 1s, C 1s, Si 2s and Si 2p
characteristic peaks at about 532, 400, 284, 154 and 103 eV, respectively. The semi-quantitative atom
content of XPS analysis is shown in Table 1. Firstly, C/SiOx-0% is rich in N and O. These
heteroelements can improve electrochemical activity and provide extra reaction sites. Secondly, the Si:O
atomic content ratio of C/SiOx-1% is 0.44:1 (The O element of the PAN copolymer unit was deducted),
which is close to the SiO2 (the theoretical atomic ratio is 0.50:1). The higher oxygen element content of
C/SiOx-1% is good at conductivity improvement and reduces charge transfer resistance. Fig. 11b shows
the high-resolution spectrum of the Si 2p orbital. It can be seen that the binding energy of pure SiO2 is
104 eV while that of C/SiOx drops to 103 eV [52]. Fig. 11c shows the high-resolution spectrum of O 1s
orbital. The characteristic peak of 533 eV represents Si-O of SiO2. Similar to the Si 2p orbital, the O 1s
orbital of C/SiOx also presents a light redshift, the binding energy of Si-O decreasing from 533 to
532 eV. It is noteworthy that C/SiOx-0% has a weak but wide characteristic peak around 531 eV
represented by a small amount of C=O and C-O ketone carbonyl and ester groups [32]. Analyzing in
combination with Figs. 11b, 11c, it can be concluded that the abundant electron cloud on graphite attracts
the highly electronegative O atoms. Therefore Si-O bonding energy of SiOx shifts to the lower binding
energy, suggesting that there is t good interaction between the SiOx and C-PAN graphite carbon layer [31].

It is similar for both the C/SiOx-0% and C/SiOx-1% about the C 1s and N 1s XPS spectra. The blue and
green peaks represent different groups after peak fitting. The distinct peak of 284 eV in C 1s spectra stands for
sp2/sp3-C hybrid orbitals and 288 eV for the C=O bond. The only difference between C/SiOx-0% and
C/SiOx-1%is that the sp2/sp3-C peak of PAN-C is stronger than C/SiOx due to the higher carbon content
[53]. The N 1s XPS spectra contain characteristic peaks of pyridine-N (397 eV) and pyrrole-N (399 eV)
[54]. A large number of N atoms originating from PAN are embedded in the defects or edges of the
graphite layer during high-temperature carbonization. As shown in Fig. 11f, the red spheres represent
pyridinic N atoms (N-6), green spheres represent quaternary N atoms (N-Q), and blue spheres represent
pyrrolic N atoms (N-5). Heterocyclic N atoms can provide diverse π conjugated systems, and the left lone
electron pair can adsorb Li+. The abundant nitrogen atoms can also contribute access to the
pseudocapacitance effect, which is of great help to the lithium storage capacity for the C/SiOx electrode [55].

3.2 Electrochemical Performance of the C/SiOx
Galvanostatic charge-discharge experiments were carried out at a current density of 100 mA·g−1 within a

voltage window of 0.01–3.00 V to evaluate the electrochemical performance of C/SiOx anode materials as
shown in Fig. 12 and the detailed data of each sample is displayed in Table 2. It is obvious that, compared
with the other counterparts, C/SiOx-1% showed the best lithium storage performance. Its initial discharge/
charge specific capacity is reaching up to 1940/1320 mA h·g−1. After 50 cycles, its reversible specific
capacity is stable at 780 mA h·g−1 and still has 670 after the 200 cycles.

This is a trend that with the increase of SiOx, the specific capacity increased gradually from
301 mA h·g−1 of C/SiOx-0% to 781 mA h·g−1 of C/SiOx-1%. Benefiting from the three-dimensional
conductive carbon networks, C/SiOx-0% possesses good battery performance as a self-supporting
skeleton and is close to the theoretical specific capacity of graphite carbon (372 mA h·g−1). Besides, the
conductive improved SiOx fully plays its own high lithium storage ability and the overall electrochemical
performance of the material improves.

However, As the PDMS solution concentration continues to grow, the specific capacity decreased
instead from 217 mA h·g−1 of C/SiOx-2% to 112 mA h·g−1 of C/SiOx-5%, which is even far lower than
the C/SiOx-0%. This may be because excessive SiOx accumulation on carbon fiber destroys the original
3D carbon network structure and its poor electrical conductivity exerts a negative effect on the material.
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Moreover, the rate capability of the C/SiOx-1% was also investigated. Fig. 12b showed the rate plots at
various current densities. The specific capacity presented a regular decline trend (from 682 mA h·g−1 at
0.1 A g−1, 596 mA h·g−1 at 0.2 A g−1, 456 mA h·g−1 at 0.5 A g−1, 353 mA h·g−1 at 0.8 A g−1,
298 mA h·g−1 at 1 A g−1, to 215 mA h·g−1 at 2 A g−1, respectively). The regular decrease is caused by
the limitation of Li+ diffusion in the solid phase. When the current density switches back to 0.1 A g−1,
the discharge capacity can rapidly return to 622 mA h·g−1. The coulombic efficiency of the material can
be maintained above 99% at different rates, expressing outstanding rate performance [30].

Figure 11: XPS spectra of C/SiOx -0%, C/SiOx-1% and SiO2: (a) full spectrum, (b) Si 2p orbital, (c) O 1s
orbital, (d) C 1s orbital, (e) N 1s orbital. (f) Schematic illustration of the forms of nitrogen in N-doped carbon
materials
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Figure 12: Cycle performance of C/SiOx anodes at a current density of 100 mA·g−1 (a), and the rate
capability of C/SiOx-1% (b)

Table 2: Cycling performance of C/SiOx aerogels

Sample Initial discharge
specific capacity
(mA h·g-1)

ICE initial
colombic efficiency (%)

Specific capacity
after 50 cycles
(mA h·g−1)

C/SiOx-0% 644 59 301

C/SiOx-0.1% 707 63 324

C/SiOx-0.5% 1137 65 442

C/SiOx-1.0% 1940 68 781 (670 after 200 cycles)

C/SiOx-2.0% 647 54 217

C/SiOx-5.0% 298 50 112
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Figs. 13a, 13b are the charge-discharge curves of C/SiOx-0% and C/SiOx-1%, respectively. A steep
slope of the initial discharge process in Fig. 13a between 1.2 to 1.4 V indicates the decomposition of the
electrolyte. Then a large discharge platform of about 0.7 V stands for the formation of SEI film. By
associating the charge-discharge curves of the 1st, 2nd, 3rd, 30th and 50th cycles, we found that the specific
capacity decreased slightly in the first 30 cycles, mainly occurring between 1–2 V.

As for C/SiOx-1%, there is an obvious platform around 1 V in the initial discharge process that
disappeared in the next cycle, which is contributed by the reduction decomposition of SiO2. It is worth
noting that the capacity loss from the third cycle to the 30th cycle may be due to the instability of SiOx.
The reason is that the 1–1.5 V potential range is dominated by diffusion behavior, which can also be
confirmed by the pseudocapacitance contribution diagram. But the charge-discharge curves of the
C/SiOx-1% coincide almost at the 30th and 50th cycles, which indicates that after dozens of charge-
discharge cycles, SiOx materials gradually tend to be stable and deliver good cyclic stability.

To further explore the electrochemical mechanism of C/SiOx-1%, we analyzed further combined with
the CV curve. In Fig. 13c, there is a reduction peak of about 1.0 V (circled by black circles) during the
cathode scan which means the reaction of SiO2 with Li+ to form Si and Li2Si2O5, and then the
corresponding oxidation peak represents the Li2Si2O5 reversibly transforming to SiO2, which is consistent

Figure 13: Charge–discharge curves of C/SiOx-0% (a) and C/SiOx-1% (b). CV curves of C/SiOx-1% (c)
and amorphous SiO2 (d)
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with the mechanism of the amorphous SiO2 (Fig. 13d). Then a significant reduction peak at 0.7 V that
disappears after the first cycle represents the decomposition of the electrolyte and the reduction of
substantial SiO2 to irreversible Li2O and Li4SiO4. A small peak at 0.5 V is attributed to SEI film
formation. A huge cathode peak at 0.1 V refers to a large number of Li embedded in the amorphous
carbon layer and released in subsequent anode scanning. However, it is hard to distinguish the peak of Si-
Li because it is very close to that of carbon. Therefore the whole mechanism of lithiation/de-lithiation can
be concluded as follows:

SiO2 þ 4Liþþ 4e� 1 ! 2Li2Oþ Si ðirreversibleÞ (4)

2SiO2 þ 4Liþþ 4e� 1 ! Li4SiO4 þ Si ðirreversibleÞ (5)

5SiO2 þ 4Liþþ 4e� 1 Ð 2Li2Si2O5 þ Si ðreversibleÞ (6)

Siþ xLiþþ xe� 1 Ð LixSi ðreversibleÞ (7)

To better inspect the electrochemical reaction kinetics differences, C/SiOx composites were conducted
with EIS and analyzed via Rs[C[Rct Wo]] equivalent circuit model. The Rs in the high-frequency region
indicate the electrolyte impedance, Rct (charge transfer impedance) in the middle frequency region is the
resistance of charge transmission at the interface between electrode material and electrolyte, and Zw
(Warburg impedance) in the low-frequency region stands for the diffusion of ions. The smaller Rct value
reflects better electron/ion transport ability and effective electrochemistry reaction.

As shown in Figs. 14a, 14b and Table 3, the unactivated C/SiOx-0% and C/SiOx-1% are a bit similar.
After the electrochemistry activation, C/SiOx-0% displays a standard straight line of semi-infinite linear
diffusion in the lower frequency, while C/SiOx-1% displays a higher slope of the line and indicates that is
controlled by both electrochemical polarization and concentration polarization. The Rct of C/SiOx-0%
remains unchanged after activation. Buthean interesting thing is that the activated Rcts of C/SiOx-0.1%,
C/SiOx-0.5%, and C/SiOx-1% are smaller than that of C/SiOx-0%. The fairly low charge transfer
impedance is in favor to accelerate the process of lithium reaction. In addition, we tested the EIS of the
C/SiOx-1% at the first and 200 cycles, and the result is shown in Fig. 14c. The shapes of the two curves
argenerally similarly, but the Rct of the C/SiOx-1% becomes larger after 200 cycles, which is acceptable
and reasonable because SiOx would form irreversible insulating products in the charge-discharge process.
But in general, active materials still have electrochemical activity and stability.

To further investigate the quantitative capacity properties of the C/SiOx-1.0% electrode, CV curves at
different scan rates from 0.1 to 1.0 mV·s−1 were measured (Fig. 15a). The two peaks near 1.5 Vare selected
for analysis. It was found that the b value (the slope of the fitted line) for the two peak currents were 0.63 and
0.79 as shown in Fig. 15b. This implies that the electrochemical kinetics of the C/SiOx-1.0% electrode during
the 1–1.5 V potential interval is controlled by pseudocapacitive behavior partly [56]. Typically, Fig. 15c
shows the CV curve with a capacitive contribution at a scan rate of 0.5 mV·s−1. The red area is presented
as the pseudocapacitance effect [57]. In order to distinguish the pseudocapacitance contribution to the
current response of CV curves [58]. As shown in Fig. 15d, the contribution of the pseudocapacitance
capacity to the total capacity at different scan rates are 23%, 28%, 34%, 37% and 39%, respectively.
Although the contribution of pseudocapacitance increases slightly with the increase in scanning speed,
diffusion-control capacitance still accounts for the main contribution [59].

To better explain the diffusion properties of lithium ions in active materials, we calculated the ion
diffusion rate through EIS. The calculation formulas are as follows:

DLiþ ¼ R2T2

2A2n4F4CLiþ2rw2
(8)

Z 0 ¼ RSþ RCTþ rw � v� 0:5 (9)
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Figure 14: Nyquist plots of the EIS (a), and the upper and lower insets are the corresponding equivalent
circuit and the magnification of semicircles, respectively. Histogram of specific Rct numbers of each
sample (b). And Nyquist plots at the 1st and 200th cycles of C/SiOx-1.0% (c)

Table 3: EIS parameters of C/SiOx

Sample Unactivated Rs
(ohm)

Activated Rs
(ohm)

Unactivated Rct

(ohm)
Activated Rct

(ohm)

C/SiOx-0% 3.9 4.0 100 107.4

C/SiOx-0.1% 3.4 5.2 121.7 42.5

C/SiOx-0.5% 3.3 3.8 158 52.2

C/SiOx-1.0% 2.8 3.3 186.5 68.4

C/SiOx-2.0% 3.6 4.6 453.5 149.6

C/SiOx-5.0% 3.1 3.4 565.8 241.6
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The diagonal line in the low-frequency region is related to the diffusion coefficient (DLi+) of Li
+ in the

electrode material. The fitting relationship between Z′ and ω−0.5 is shown in Fig. 16 and the linear fitting
result is very good. Finally, it can be calculated that the Li ion diffusion coefficient of C/SiOx-1% is 6.55
× 10−13 cm2·s−1, which is rather higher than that of graphite (3.24 × 10−14 cm2·s−1) [58].

In order to investigate the morphological and structural changes of the C/SiOx-1% composite after the
lithium de-embedding process. We also disassembled the C/SiOx-1% half-cell, took out the negative
electrode, and cleaned it with an organic carbonate solvent. The entire process was carried out in a glove
box filled with Ar gas. Prior to SEM characterization, the C/SiOx-1% anode sheets were fully dried in a
vacuum drying oven. Figs. 17a, 17b demonstrate that the rough surface of the fiber is the SEI film
formed by the decomposition othe f electrolyte. This film can act as a buffer for the volume expansion of
SiOx and preserve the fiber’s original structure, as shown by the absence of large-scale fiber fracture.

Figure 15: Electrochemical properties of the C/SiOx-1.0% electrode. CV curves at various scan rates (a).
Correlations of charging/discharging peak current density (log i) and scan rate (log v) (b). CV response at
a scan rate of 0.5 mV·s−1 and the part of capacitive contribution is marked by red region (c). The
percentages of capacitive contribution at different scan rates (d)

3324 JRM, 2023, vol.11, no.8



Additionally, as shown in Fig. 17c, the three-dimensional aerogel structure remains very well intact and is
very stably adhered to the nickel foam without the addition of binder. And the pore system of aerogel is
unaltered, and fiber bundles do not significantly aggregate into clumps. The rich pore structure can
significantly increase electrolyte penetration and speed up lithium ion diffusion [60].

Based on the electrochemical performances of the C/SiOx in this work, In order to investigate the
morphological and structural changes of the C/SiOx-1% composite after the lithium de-embedding

Figure 16: Graph of Z′ plotted against ω−0.5 at the low-frequency region for C/SiOx-1%

Figure 17: SEM images of C/SiOx-1% anode materials after 200 cycles
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process. We also disassembled the C/SiOx-1% half-cell, took out the negative electrode, and cleaned it with
an organic carbonate solvent. The entire process was carried out in a glove box filled with Ar gas. Prior to
SEM characterization, the C/SiOx-1% anode sheets were fully dried in a vacuum drying oven. Figs. 17a, 17b
demonstrate that the rough surface of the fiber is the SEI film formed by the decomposition othe f electrolyte.
This film can act as a buffer for the volume expansion of SiOx and preserve the fiber’s original structure, as
shown by the absence of large-scale fiber fracture. Additionally, as shown in Fig. 17c, the three-dimensional
aerogel structure remains very well intact and is very stably adhered to the nickel foam without the addition
of binder. And the pore system of aerogel is unaltered, and fiber bundles do not significantly aggregate into
clumps. The rich pore structure can significantly increase electrolyte penetration and speed up lithium ion
diffusion [60].

Based on the electrochemical performances of the C/SiOx in this work, Table 4 summarises other high-
performance literature data for comparison. The prepared C/SiOx-1% shows the ultrahigh capacity of
1940 mA h·g−1 at the initial cycle and can maintain 670 mA h·g−1 after 200 cycles, showing superior
lithium storage properties compared to those reported in previous literature.

4 Conclusion

In summary, we have successfully prepared a novel C/SiOx nanofiber aerogel. C/SiOx-1% was found to
have the ultrahigh capacity of 1940 mA h·g−1 at the initial discharge/charge cycle and excellent cycle
stability. After 200 cycles, the specific capacity maintains 670 mA h·g−1 due to the following advantages:

1. The three-dimensional conductive carbon networks, as a self-supporting skeleton, reply on low
electrochemical impedance and excellent conductivity, and contribute to the full penetration of the

Table 4: A summary of electrochemical performances of Si-based anodes reported in comparison with this
work herein

Materials Initial specific
capacity (Current
dentisy)

Initial
coulombic
efficiency

Specific
capacity
(cycles)

Ref.

attapulgite/PAN caobon aerogel 1628.4 mA h·g−1

(100 mA·g−1)
≈36% 534.6

(50)
[38]

SiNW array/PDMS 1689 mA h·g−1

(750 mA·g−1)
52.5% 620

(350)
[8]

PAN carbon nanofibers 800 mA h·g−1

(100 mA·g−1)
≈50% 260

(50)
[12]

Si/SiOx/graphite nanocomposite 1516 mA h·g−1

(100 mA·g−1)
66% 710

(100)
[15]

porous PAN/PLLA carbon
nanofibers

858 mA h·g−1

(50 mA·g−1)
65.9% 435

(50)
[48]

Si/SiC composite 1406.7 mA h·g−1

(100 mA·g−1)
89% 500.7

(100)
[39]

C/SiOx nanofiber aerogel 1940 mA h·g−1

(100 mA·g−1)
68% 670

(200)
This
work
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electrolyte. Li+ can migrate rapidly to the fiber surface even at high current density, showing excellent
rate performance.

2. This 3D carbon skeleton avoids the other SiO/C composites reported before that require nanoscale
treatment or surface porous structures to increase the effective contact area of SiOx. Different
from the common carbon coating process, the conductive improved SiOx is beneficial to contact
electrolytes and facilitate lithiation reaction.

3. The PAN/PDMS precursor material has been reported for excellent properties in many other fields.
The prospect of multifunctional applications makes it have great development potential.
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Appendix

Table S1: XPS element content of C/SiOx

Sample Element content% (atom)

C N O Si

C/SiOx-0% 82.7 11.87 5.43 0

C/SiOx-0.1% 82.79 11.23 5.59 0.39

C/SiOx-0.5% 80.7 10.44 8.43 2.43

C/SiOx-1% 64.86 7.83 20.7 6.61

C/SiOx-2% 56.98 7.82 26.43 8.76

C/SiOx-5% 48.09 5.17 33.3 13.44

Figure S2: The TEM image of PAN-C on a 10-nanometer scale

Figure S1: The SEM image C/SiOx-5%
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Figure S3: The XRD pattern of amorphous SiO2
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