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The fabrication of silicon/dual-network carbon
nanofibers/carbon nanotubes as free-standing

anodes for lithium-ion batteries
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Silicon, known for its high theoretical capacity and abundant resources, is regarded as one of the most
promising anode materials for lithium-ion batteries (LIBs). However, the application of silicon anode
materials is limited by huge expansion and poor electricity of silicon. Herein, a novel free-standing Si/C

anode (noted as Si/CNFs/CNTSs) is synthesized by combining electrospinning and in situ chemical vapor

deposition, in which Si nanoparticles are composited with a conducting dual-network composed of
carbon nanofibers (CNFs) and in situ deposited carbon nanotubes (CNTs). In situ deposited CNTs
surround the surface of CNFs to form an elastic buffer layer on the surface of Si attached to CNFs, which
ensures structural integrity. CNTs with excellent conductivity and a large specific surface area shorten Li*

Received 23rd August 2023
Accepted 21st September 2023

transport pathways. Therefore, Si/CNFs/CNTs exhibits stable cycling performance and maintains

a capacity of 639.9 mA h g~* and a capacity retention rate of 69.9% after 100 cycles at a current density

DOI: 10.1039/d3ra05755k

rsc.li/rsc-advances Si/C electrodes.

1 Introduction

Lightweight and flexible lithium-ion batteries (LIBs) have
significant implications for the application of portable
products,’ such as wearable energy storage devices and flexible
medical equipment. Developing high-energy-density electrode
materials is one effective method to reduce the size and weight
of the battery.* However, the theoretical capacity of a traditional
graphite anode is relatively low (372 mA h g™ '), which is
insufficient to meet the demand for high-energy-density elec-
trodes. Among many emerging anode materials, silicon with its
extremely high theoretical capacity (~4200 mA h g~') and low
working potential (<0.5 V vs. Li/Li") is considered as one of the
most promising anode materials.>” Unfortunately, silicon
suffers from obvious volume variation during the lithiation/
delithiation process, leading to severe pulverization of elec-
trode materials and rapid capacity decay.® The low electrical
conductivity of silicon also hinders its practical application in
LIBs. Among various strategies to address these issues, the
intelligent combination of silicon with carbon materials®*® has
been proven to be an effective approach and has been exten-
sively used in large-scale production.

Electrospinning technology''™* is a convenient method for
producing one-dimensional nanofibers which is one of the
methods used to prepare flexible Si/C materials. CNFs prepared
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of 0.1 A g~%. This work provides a promising approach for the structural modification of self-supporting

through electrospinning can form a stable network structure
and enhance the cycling performance of silicon-based anode
electrodes."*** Compared with the traditional current collector
for the anodes, the intertwined one-dimensional CNFs exhibit
more conductivity and toughness in three-dimensional space.*
Moreover, the synergistic effect of these fibers has led to their
widespread application as self-supporting anode electrodes
without binders or current collectors.”” The self-supporting Si/C
anodes with low weights show high capacities due to their
containing less current collectors and binders.

Nevertheless, the fabrication of self-supporting Si/C elec-
trodes using low-cost and convenient electrospinning tech-
nology still faces significant challenges because CNFs cannot
effectively mitigate the volume expansion of silicon nano-
particles.’*® Silicon nanoparticles are exposed on the surface of
CNFs, so researchers pay more attention to the decoration of
silicon nanoparticles. Li et al.* incorporated commercial multi-
walled carbon nanotubes (MWCNTS) into the precursor solu-
tion. CNTs are a one-dimensional carbon material with high
conductivity and flexibility which are common to use in Si/C
anodes. The Si/CNTs/C composite material prepared in their
study showed a 44.3% higher capacity compared to the Si/C
electrode without CNTs after 30 cycles at a current density of
300 mA g~'. Based on it, Gao et al.>® proposed a method with
phosphorus doping where the Si/CNT composite was prepared
by combining silicon and CNTs through ball milling. The
resulting self-supporting N, P-doped Si/CNTs/CNFs composite
material maintained a capacity of 529 mA h g™ after 100 cycles

© 2023 The Author(s). Published by the Royal Society of Chemistry
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at a high current density of 5 A g~ *. However, the mechanical
mixing of CNTs and silicon may be broken during high-speed
stirring in the precursor solution, ultimately preventing effec-
tive contact between CNTs and silicon particles. Besides, the
commercial CNTs are quite expensive which limit their devel-
opment in LIBs. Therefore, the method in which CNTs are
combined with silicon tightly and the cost of CNTs are both
significant problems to address.

Recently, many researchers*>* have focused on the decora-
tion of the surface of CNFs, which can effectively mitigate the
influence of various factors during the precursor preparation
process. Jin et al.>* and Mahmut Dirican et al.** utilized different
methods to form an amorphous carbon nanolayer on the
surface of CNFs. Amorphous carbon can effectively prevent
direct contact between silicon particles and the electrolyte,
serving as a buffer layer to mitigate the expansion of silicon
particles. However, amorphous carbon with low conductivity
has limited control over the volume expansion of silicon,
making it prone to cracking after prolonged cycling. Although
the performance of Si/C nanofiber materials has shown signif-
icant improvement, achieving a stable Si/C self-supporting
anode electrode through the surface decoration of CNFs
remains highly important.

Herein, we synthesized a silicon-based self-supporting anode
with a dual-conductive buffering network of CNFs and CNTs by
combining electrospinning with in situ chemical vapor deposi-
tion (CVD). Based on the surface decoration of CNFs, in situ
CNTs with low cost were grown tightly around the surface of
CNFs and formed a highly elastic layer with high conductivity
on the surface of silicon particles, achieving a high-stability
buffering effect. In this work, the obtained dual-network
silicon-based flexible anode exhibits high capacity, excellent
cycling performance, and high conductivity.

2 Experiment
2.1 Raw materials

Commercial Si nanoparticles (Si NPs, 60-80 nm) were bought
from ST-Nano Science & Technology Co. Sodium dodecyl
benzene sulfonate (SDBS), absolute ethanol (99.5%) and poly-
acrylonitrile (PAN) were bought from Aladdin. Cobalt nitrate
hexahydrate (99%) and anhydrous dimethylformamide (DMF)
were obtained from Macklin.

2.2 Materials synthesis

2.2.1 The preparation of Si@Co/CNFs. 0.25 g of silicon
nanoparticles (Si NPs) and 0.05 g of cobalt nitrate hexahydrate
(20 wt% of the Si NPs) were agitated in DMF (10 ml). Subse-
quently, 1 g of PAN and 1 wt% SDBS were mixed to the solution
and agitated violently for 24 h at 40 °C to get a yellow precursor
solution. Then, the mixture was put into a plastic syringe. The
high voltage applied by electrospinning and the flow rate were
16 kv and 1 ml h™ ", respectively. The collector wrapped by an
aluminum foil was placed 15 cm away from the needle.

The primary spun fibers were heated at a heating rate of 2 °©
C min~" to 250 °C and pre-oxidized for two hours. Then pre-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxidized fibers were carbonized at 800 °C in Ar atmosphere
for 2 h to obtain Si@Co/CNFs.

2.2.2 Synthesis of Si/CNFs/CNTs. Si@Co/CNFs films were
placed in a chemical vapor deposition furnace. Heating treat-
ments were heated to 380 °C at a heating rate of 10 °C min "
and hydrogen was passed through as the reducing gas for
a certain time so that the residual divalent cobalt ions were fully
reduced to metallic cobalt particles.*® The chemical vapor
deposition furnace was then heated to 800 °C under Ar atmo-
sphere and chemically deposited in situ for one hour at a certain
ratio of Ar to H, to C,H, (30:1:3). The electrospun fiber films
after deposition were washed with dilute nitric acid and
deionized water for 0.5 h to remove unreacted metallic cobalt
particles.

For comparison, flexible Si/CNFs fibers and Si@CNTs/CNFs
fibers were prepared from PAN/DMF solution and Si@CNTs/
PAN/DMF solution, respectively, using the same -electro-
spinning and heat treatment procedures. Si@CNTs were
produced by CVD with the substrate of Si NPs where the same
mass fraction of 20% cobalt nitrate was loaded onto the surface
of the Si NPs in a certain way.>® The electrode materials
prepared in this work were all used directly as stable anodes
without collectors and binders.

2.3 Material characterization

The morphology features of the material were showed by
scanning electron microscopy (SEM, Quanta 250FEG) and
transmission microscopy (TEM, Tecnai G2 20S-Twin). Raman
(LabRAM Hr800) was used to characterize the characteristic
peaks and disorder of the carbon material. XPS (XPS, ESCALAB
250) was used to characterize the surface elements and valence
states of the material. X-ray diffraction (XRD, DX-2700B) was
used to show the phase structure of the material for 26 between
10 °C and 80 °C. The silicon content of the samples was char-
acterized by thermogravimetric analysis (TG, TGA 2). The
interactions before the interface and the composition of the
chemical bonds were characterized by Fourier transform
infrared spectroscopy (FTIR, NEXUS 670). The specific surface
area of the composites were assessed by measuring nitrogen
adsorption/desorption isotherms (BET, Monosorb).

2.4 Electrochemical measurement

CR2023-type coin cells were assembled in high purity argon
atmosphere. The carbonized electrospun fibers were cut into
discs with 12 mm diameter to directly form the working elec-
trode, and the lithium foil was used as the counter electrode.
Celgard2400 polypropylene porous film was chosen as the
separator and the electrolyte was the LiPF¢/EC/DMC (1:1) +
10% FEC. Galvanostatic charge-discharge tests were tested by
using a LAND CT2001A constant current system within the
voltage range of 0.01-3 V. The cyclic voltammetry was tested a at
different scan rates nd electrochemical impedance spectroscopy
(EIS, CHI760E) measurements was conducted at a frequency
range of 100 kHz to 0.01 Hz.

RSC Adv, 2023, 13, 35026-35039 | 35027
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3 Results and discussion
3.1 Structure and characterization

Fig. 1 illustrates the preparation process of Si/CNFs/CNTs
composite material. Si NPs and cobalt nitrate particles were
simultaneously spun into PAN fibers, and cobalt nitrate parti-
cles gradually diffused onto the surface of the carbon fibers
during the carbonization process. This phenomenon can be
ascribed to the high diffusivity of cobalt nitrate particles at high
temperatures, and the high temperatures of the carbonization
process facilitate the diffusion of cobalt nitrate particles onto
the surface of fibers. Additionally, the carbonization process is
accompanied by the release of gases and changes in the fiber
structure, which also contributes to the movement of metal
cobalt particles toward the fiber surface.”” It is worth noting that
the uniform dispersion of catalyst particles has always been
a critical issue to address in the pretreatment of CVD process.
The uniform dispersion of the catalyst determines the deposi-
tion effectiveness of the CVD process. In this study, the
pretreatment process does not require complex operations such
as condensation reflux and drying. Cobalt nitrate can be highly
and uniformly dispersed in the solution under high-speed
stirring. This method can be used for the preparation of fiber
anode materials, providing more reaction sites for the subse-
quent CVD process and facilitating the growth of CNTs.
Subsequently, carbon atoms in C,H, dissolve into metal parti-
cles at 800 °C and precipitate to form hollow CNTs attached to
the surfaces of the fibers.

J
PAN+DMF
Si =
o ./§/
CoNO; Electrospinning

Si/CNFs/CNTs
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SEM images of Si@CNTs, Si/CNFs, Si@CNTs/CNFs, and Si/
CNFs/CNTs are shown in Fig. 2. In Fig. 2a, in situ deposited
CNTs are sparsely distributed around Si NPs in the Si@CNTs
material, because of the uneven distribution of the catalyst on
the surface of Si NPs. The traditional solution impregnation was
used to disperse catalyst particles. During the solvent drying
process, the evaporation of the solvent may cause the catalyst to
aggregate on the substrate surface, thereby affecting the final
distribution uniformity.”® Both Si/CNFs and Si@CNTs/CNFs
show similar morphology, which are agglomerations of spher-
ical particles attached to the fibers (Fig. 2b and c). In addition,
the CNFs connect the spherical particles and form a network
structure in 3D space. Such a 3D network structure provides
CNFs with high toughness and electrical conductivity, which
makes it possible to form a stable anode material. However, it
can be observed from the magnified images that the spherical
particle agglomeration is severe in Si/CNFs and Si@CNTs/CNFs,
with Si nanoparticles exposed on the fiber surface. For Si/CNFs/
CNTs, in situ deposited CNTs are uniformly distributed on the
carbon fiber surface and grow on CNFs. This demonstrates that
using the electrospinning method for catalyst distribution can
make the catalyst distribution more uniform.

Fig. 3a-e show the TEM observations of Si, Si@CNTs, Si/
CNFs, Si@CNTs/CNFs, and Si/CNFs/CNTs prepared by electro-
spinning. The diameter of the raw Si NPs was 60-80 nm. Similar
to the SEM images, Si NPs are exposed on the carbon fiber
surface and prone to agglomeration during the electrospinning

process.  Si@CNTs/CNFs  exhibits  significant particle
Heat '
Treatment
Si@Co/CNFs

H,/C,H,

Acid Treatment

Chemical vapor deposition

Fig. 1 The schematic diagram of the preparation process of Si/CNFs/CNTs anode.
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Fig. 2 SEM images of (a) Si@CNTs, (b) Si/CNFs, (c) Si@CNTs/CNFs, (d) Si/CNFs/CNTs (the insets are the enlarged SEM images).

agglomeration due to the growth of CNTs on the surface of Si
NPs. For CNTs, their large surface area and high specific surface
area result in increased van der Waals forces between particles,
making them prone to agglomeration.” However, the in situ
deposited CNTs grown by CVD on the surface of Si NPs (Fig. 3b)
are strongly bonded to Si NPs, and the strong interaction
between CNTs causes the Si NPs to approach each other within
the carbon fiber as well. In contrast to Si/CNFs and Si@CNTs/
CNFs, the issue of agglomeration of Si NPs in Si/CNFs/CNTs
has been partially resolved. In situ deposited CNTs grow on
the surface of the fibers, and the CNTs grown between Si NPs
play a role in isolating them. Moreover, the strong van der
Waals forces between the CNTs do not lead to agglomeration of
the Si NPs, as the in situ deposited CNTs serve as the decoration
of the surface of the CNFs rather than on the surface of the Si

© 2023 The Author(s). Published by the Royal Society of Chemistry

NPs. More importantly, the CVD-grown CNTs surround the
fibers and are firmly bonded to the substrate, creating a double
conductive buffer network with the carbon fibers which can
mitigate the bulk expansion of the Si NPs. Therefore, the double
conductive buffer network is considered to be beneficial to the
electrochemical performance.

Fig. 3f further illustrates the structural composition of CNTs
generated by in situ CVD. According to the formation mecha-
nism of CNTs, they are formed through a dissolution-diffusion
mechanism. In situ CNTs consist of a hollow cavity structure
and multiple concentric graphene layers. The diameter of the
MWCNTs is approximately 15 nm, and the graphene layers
exhibit distinct lattice patterns, indicating crystalline structure
rather than amorphous carbon.

RSC Adv, 2023, 13, 35026-35039 | 35029


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05755k

Open Access Article. Published on 01 December 2023. Downloaded on 12/2/2025 12:35:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

_Si agglomeration in fil
v due fo CNTs &)

s,
rog *,

View Article Online

Paper

Si exposed
surfa

Fig.3 TEM images of (a) Si, (b) SI@CNTs, (c) Si/CNFs, (d) Si@CNTs/CNFs and (e) Si/CNFs/CNTs. (f) HR-TEM image and (g—i) the element mapping

images of (e) for Si/CNFs/CNTs.

The corresponding EDS results of Si/CNFs/CNTs also
demonstrate the distribution and types of elements (Fig. 3g-i).
The N element in PAN is retained during the heat treatment
process, and N-doped CNFs are beneficial for enhancing the
conductivity between the fibers and silicon.** The composite
network structure of CNTs and CNFs accelerates the electronic
transmission of the electrode and alleviates stress concentra-
tion caused by Si NPs, maintaining structural stability during
electrode cycling.

The X-ray diffraction (XRD) results of CNFs, Si/CNFs,
Si@CNTs/CNTs, and Si/CNFs/CNTs are indicated in Fig. 4a.
CNFs without adding Si NPs were prepared with the similar
methods and proportions with Si/CNFs for comparison with
XRD and Raman results. Pure CNFs exhibit a broad peak in the
range of 20°-28°, and this broad peak is also observed in the

35030 | RSC Adv, 2023, 13, 35026-35039

remaining samples. This broad peak is attributed to the
conversion of PAN into amorphous carbon during the carbon-
ization process.** For Si/CNFs, Si@CNTs/CNTs, and Si/CNFs/
CNTs, the diffraction peaks at 28.4°, 47.3°, 56.1°, 69.1°, and
76.3° are indexed to the crystal planes of silicon (11 1), (22 0), (3
1 1), (4 0 0), and (3 3 1), respectively (JCPDS 27-1402).*> The
average crystallite size of Si NPs form XRD pattern were calcu-
lated in the range of 60-80 nm. Therefore, the growth of the
carbonaceous phase and in situ CNTs do not change the size of
Si NPs.The XRD results confirm that the samples consist of both
crystalline silicon and amorphous carbon.

The Raman results of the four samples are indicated in
Fig. 4b. The characteristic peaks at approximately 302 cm
515 ecm ™Y, and 952 cm™ ' are associated with the vibrational

modes of crystalline silicon.** Additionally, the peaks at around

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fiber, carbonized fiber and Si/CNFs/CNTs after CVD; (d) TGA curves pure Si, Si/CNFs, Si@CNTs/CNFs and Si/CNFs/CNTs.

1350 cm ™' and 1580 cm™* correspond to the D-band and G-
band, respectively. The D-band shows structural defects and
amorphous structure of carbon materials, while the G-band
represents the ordered crystalline lattice structure of carbon
materials. Generally, the ratio of peak intensity R (I : I) can be
used to characterize the degree of graphitization of the carbon
material.** The R values for CNFs and Si/CNFs are consistent (R
= 0.96) proving that the PAN-derived carbon fibers are mainly
amorphous carbon. The amorphous structure results in
a disordered and non-uniform structure, which may also be
attributed to nitrogen doping in amorphous carbon. However,
the D-band and G-band peaks in Si@CNTs/CNTs and Si/CNFs/
CNTs are not prominent, indicating a high degree of graphiti-
zation. Additionally, the R values of SI@CNTs/CNTs and Si/
CNFs/CNTs decrease to 0.9 and 0.82, respectively, indicating
high-quality and highly conductive CNTs grown by in situ CVD.
Consistent with the XRD results, the Raman results show that
the Si characteristic peak intensities decrease significantly in
Si@CNTs/CNTs and Si/CNFs/CNTs due to the effective

© 2023 The Author(s). Published by the Royal Society of Chemistry

deposition of CNTs. Furthermore, the characteristic peak of Si
in Si/CNFs/CNTs in Raman spectra shows a small shift towards
higher frequencies. This shift may be attributed to the reduc-
tion in partial strain within the electrode material, which is
beneficial to release stress during volume changes.*

In Fig. 4c, the chemical structures of the initial spun fiber, pre-
oxidized fiber, carbonized fiber, and fiber after CVD are charac-
terized by FTIR spectroscopy. The initial spun fiber contains many
functional groups because of the PAN precursor. The peaks at
2938 cm™ ', 2238 ecm ™', and 1728 cm™ " correspond to the ~CH,,
C=N, and C=O0 bonds in PAN, respectively.** During the pre-
oxidation process, the fiber comes into contact with oxygen, and
the carbon atoms on the surface form numerous hydroxyl groups,
which corresponds to the increased hydroxyl content at 3600 cm ™"
in the FTIR spectrum. After carbonization, non-carbon elements
are removed at high temperatures, and the surface functional
groups are further reduced, tending to form pure-carbon materials
with silicon. The functional groups on the surface of Si/CNFs/
CNTs show no significant difference compared to the

RSC Adv, 2023, 13, 35026-35039 | 35031
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Fig. 5

carbonized sample, indicating that the CNTs by CVD process do
not change the overall types of functional groups. It is worth
noting that the Si-O-Si bond at 1228 cm ™" is consistently present

Fig. 6
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throughout the material preparation process.”” This is due to the
exposure of Si NPs on the fiber surface, which directly contacts
oxygen and undergoes slight oxidation to form silicon oxide.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table1 The specific surface area, average pore volume and total pore
volume of Si/CNFs, Si@CNTs/CNFs and Si/CNFs/CNTs

Specific surface  Average pore Total pore volume

Sample area (m*> g™") size (nm) (em* g™
Si/CNFs 24.58 1.68 0.04
Si@CNTs/CNFs 29.43 1.76 0.05
Si/CNFs/CNTs 179.6 1.41 0.26

Fig. 4d shows the TGA results of all silicon-based composite
materials. At temperatures ranging from room temperature to
200 °C, the weight of the porous materials decreases because
residual water is removed. The carbon-based matrix undergoes
combustion within the range of 400 °C and 700 °C, and the
oxidation of Si NPs occurs above 700 °C, leading to the
increased weight. Therefore, the formula for calculating the
silicon content in silicon-based composite materials is as
follows:
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where Wy; is the silicon content of the composite and Wgesidue iS
the percentage of the composite remaining at 700 °C. Ws; nps
and Wy care the percentage mass of silicon raw material
remaining at 700 °C and the percentage mass of the composite
lost at 200 °C, respectively. The silicon contents of Si/CNFs,
Si@CNTs/CNTs and Si/CNFs/CNTs are calculated to be 29.2%,
11.8% and 25.6%, respectively. Therefore, it can be concluded
that under the same amount of silicon precursor, Si/CNFs/CNTs
exhibits significantly higher silicon content and should deliver
higher lithiation capacity compared to Si@CNTs/CNTs.

XPS is used to further elucidate the structural properties and
surface conditions of Si/CNFs/CNTs. The XPS measurement of
Si/CNFs/CNTs is shown in Fig. 5. The XPS spectra shown in
Fig. 5a confirm the presence of O, N, C, and Si elements. There
are three peaks in the C 1s spectrum corresponding to C-C
bonds (284.8 eV), C-N bonds (286 eV), and C=0 bonds (288.3
eV).*® Most of the carbon atoms are arranged in the C-C bonds
of the conjugated honeycomb lattice. The fitted N 1s spectrum
reveals three types of nitrogen doping in Si/CNFs/CNTs,
including pyridinic-N, graphitic-N, and oxidized-N.*® This type
of nitrogen-doped carbon material can enhance the conduc-
tivity of electrode material. The presence of oxidized-N may be
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(a) CV curves of Si/CNFs/CNTs at first five cycles, (b) charge—discharge curve of Si/CNFs/CNTs at different cycles, (c) cycling performance

at 100 mA gt and (d) rate performance of Si/CNFs, Si@CNTs/CNFs and Si/CNFs/CNTs.
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electrode at various scan rates from 0.2 to 1.0 mV s™%; (c) capacitive contribution at 1.0 mV s™%; (d) the percentages of capacitive contributions at
various scan rate; (e) Nyquist plots of Si/CNFs, Si@CNTs/CNFs and Si/CNFs/CNTs; (f) Nyquist plots of Si/CNFs/CNTs before and after 20 cycles.

Table 2 R, R.; and Z,, parameters of Si/CNFs, Si@CNTs/CNFs and Si/
CNFs/CNTs

Sample Rs (Q) R (@) Zw (Q)
Si/CNFs 3.58 119.6 103.2
Si@CNTs/CNFs 3.91 102.1 28.4
Si/CNFs/CNTs 2.91 60.1 14.5

attributed to the slight oxidation of carbon fibers during the
acid-washing process with dilute nitric acid. Fig. 5d shows the
two valence states of silicon, Si® and Si*', located around
binding energies of 100 eV and 104 eV, respectively.*® The Si**
state is attributed to the oxidation of Si NPs exposed on the fiber
surface, which is also confirmed by the presence of Si-O-Si
bonds shown in the FTIR spectrum. However, there is no
diffraction peak of silica in the XRD spectrum, indicating that
the content of silica is low."**>*°

Nitrogen adsorption-desorption isotherms are used to
analyze the pore structure of Si/CNFs, Si@CNTs/CNFs, and Si/
CNFs/CNTs materials (Fig. 6). Si/CNFs and Si@CNTs/CNFs
exhibit typical type I isotherms, while Si/CNFs/CNTs display
a typical type IV isotherm, indicating its abundant mesoporous
structure on the surface, which is consistent with the pore size
distribution obtained from DFT calculations (Fig. 6b).>**" The
abundant mesoporous structure is attributed to the successful
deposition of CNTs, as nanoscale CNTs are a common type of
mesoporous structure.** Additionally, Si/CNFs/CNTs composite
material exhibits a significant presence of mesopores centered
at 3 nm, 7 nm, and 10 nm, as well as abundant micropores
centered at around 1.5 nm. Compared to Si/CNFs and
Si@CNTs/CNFs, Si/CNFs/CNTs demonstrate a significantly
larger specific surface area and total pore volume, as the in situ
CNTs are deposited on the surface of carbon fibers rather than
within the fibers (Table 1). These mesoporous and microporous
structures provide larger void volumes and higher specific

Table 3 Comparison of electrochemical properties of free-standing silicon-based anodes

Current density Initial lithiation

Specific capacity

Sample (mAag™) capacity (mA h g™") Cycles (mAhg™ Ref.
Si/CNT/C 50 976 50 636 19
Si/C-C/CNFs 50 1480 50 886 51
Si/Si0,/C/CNF 100 1145 50 733 21

GSP 100 923 100 600 52
Si-Ni-C 100 1850 200 524 53
Si/CNFs/CNTs 100 915 100 639.9 This work
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Fig. 9
images of Si/CNFs/CNTs after 100 cycles.

surface areas, enhancing the adsorption capacity and
increasing the lithium-ion insertion sites, thereby improving
the capacity and stability of electrode. Moreover, the high
specific surface area of the porous structure can effectively
promote electrolyte infiltration and ion conduction, while
providing space for buffering and volume expansion of Si NPs,
thereby improving the stability of the electrode.

3.2 Electrochemical performance

The cyclic voltammetry (CV) curve of Si/CNFs/CNTs composite
material for the first five cycles is shown in Fig. 7a. In the first

© 2023 The Author(s). Published by the Royal Society of Chemistry

(a—c) SEM and TEM images of Si/CNFs after 100 cycles; (d—f) SEM and images of Si @CNTs/CNFs after 100 cycles; (g—i) SEM and TEM

cycle, a broadened reduction peak appears around 0.83 V, which
disappears in subsequent cycles. This is attributed to the
formation of solid-electrolyte interphase (SEI) film during the
initial charge-discharge process. The sharp peak below 0.1 V
and the new typical reduction peak around 0.17 V is related to
the alloying process of Li" with silicon. During the charging
process, the oxidation peaks around 0.32 V and 0.51 V represent
the delithiation process of Li,Si alloy, forming silicon.*”> With
increasing cycle number, the increase in the area under the CV
curve indicates the gradual activation of the Si/CNFs/CNTs
composite material.*
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Fig. 7b illustrates the charge/discharge curves of the Si/CNFs/
CNTs composite material for the 1st, 2nd, 10th, 20th, and 50th
cycles at a current density of 0.1 C (1 C = 1000 mA g~ ). In the
first cycle, a continuous descending plateau is observed in the
voltage range of 1-0.75 V because of the formation of the SEI
film, which corresponds to the broadened reduction peak
around 0.83 V in the CV curve. A long plateau appears around
0.1 V in the discharge curve, which is related to the lithiation
behavior of crystalline silicon.** Furthermore, in the first cycle,
the discharge capacity of the Si/CNFs/CNTs composite material
drops abruptly from 1463.7 mA h g to 914.3 mA h g, which
is associated with the irreversible loss of Li' because of Li"
trapped in the amorphous carbon and high specific surface area
of CNTs. The large specific surface area of silicon based mate-
rials may cause the SEI layer to thicken in the first cycle. In
subsequent cycles, plateaus are observed around 0.3 V and
0.51 V, which are related to the delithiation of Li,Si alloy,
consistent with the results of CV. It is noteworthy that, except
for the first cycle, the curves for different cycles almost overlap,
demonstrating excellent cycling stability.

Fig. 7c compares the cycling performance of Si/CNFs,
Si@CNTs/CNFs, and Si/CNFs/CNTs over the first 100 cycles at
a current density of 0.1C. In the first cycle, Si/CNFs exhibit high
discharge and charge capacities of 1636.9 mA h g ' and
1286.6 mA h g7, respectively. Nevertheless, in the subsequent
cycles, Si/CNFs shows significant capacity decay and only
delivers a capacity of 110.5 mA h g ' after 100 cycles with
a capacity retention of 8.5%. This is attributed to the direct
contact of Si NPs with the electrolyte and the repeated expan-
sion of the Si volume, leading to an unstable SEI film and
capacity degradation. The method of encapsulating Si NPs with
in situ deposited CNTs has a significant effect on improving the
stability of Si@CNTs/CNFs. However, due to the aggregation of
silicon and the significant reduction in Si content in the
precursor solution, SiI@CNTs/CNFs exhibit a more pronounced
capacity decrease, reaching 401.2 mA h g~ " after 100 cycles. On
the contrary, the Si/CNFs/CNTs composite material, composed
of both CNTs and CNFs, does not affect the precursor solution's
concentration due to the deposition of CNTs on the fiber
surface. Although showing much higher content of Si element
compared with Si@CNTs/CNFs, the Si/CNFs/CNTs composite
material demonstrates excellent cycling stability during the
cycling process, with a capacity retention of 69.9% and a high
capacity of 639.9 mA h g~! maintained after 100 cycles.

To further demonstrate the excellent performance of Si/
CNFs/CNTs, the rate capabilities of Si/CNFs, Si@CNTs/CNFs,
and Si/CNFs/CNTs were measured at different current densi-
ties (Fig. 7d). Si/CNFs/CNTs exhibits discharge-specific capac-
ities of 880.3 mA h g™', 7752 mAh g " and 660.4 mA h g ' at
current densities of 0.1 C, 0.2 C and 0.5 C, respectively. At higher
current densities of 1 C, 2 C and 5 C, the specific capacities of Si/
CNFs/CNTs decrease to 520.9 mA h g™, 410.6 mA h ¢~ and
160.3 mA h g ', respectively, demonstrating excellent rate
performance. Moreover, when the current density returned to
0.1 C, Si/CNFs/CNTs exhibits a high specific capacity of
796 mA h ¢, and it maintains excellent cycling stability over
the next 40 cycles. In comparison, Si/CNFs and Si@CNTs/CNFs
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show significantly lower rate capabilities than the Si/CNFs/
CNTs composite material. Si/CNFs exhibits a higher discharge
capacity of 1000.6 mA h g~" due to its higher Si content when
the current density returns to 0.1 C, surpassing the specific
capacity of Si/CNFs/CNTs. However, its capacity sharply
decreases over the next 40 cycles and approaches the specific
capacity of Si/CNFs/CNTs after 100 cycles. Si@CNTs/CNFs, on
the other hand, shows good stability when the current density
returned to 0.1 C but has a lower discharge capacity of only
621.7 mA h g~ . These results indicate that the dual-conductive
buffering network of CNTs and CNFs in Si/CNFs/CNTs can
effectively protect Si NPs, facilitate Li* transport, and maintain
the stability of the electrode structure.

Si/CNFs/CNTs composite material exhibits excellent lithium-
storage capacity, which is related to pseudocapacitance. Pseu-
docapacitance can be used to evaluate the interface character-
istics between the electrolyte and the electrode. CV curves in the
scanning range of 0.2-1.0 mV s~ were studied in Fig. 8a. The
CV curves at different scan rates show slight shifts and exhibit
two peaks, suggesting that electrode polarization is slight.*® The
storage of Li" involves two mechanisms: diffusion-controlled
charge storage and capacitive charge storage. The functional
relationship between current (i) and scan rate (v) is given by the
following equations (formulas (2) and (3)).*

i=av (2)

log(i) = blog(v) + log(a) (3)

The calculated value of parameter b reflects the lithium
storage mechanism of the composite material. When
b approaches 0.5, the electrode is primarily governed by
a diffusion-controlled charge storage mechanism, while
b tending to 1 indicates that the electrode is primarily governed
by the surface capacitance (pseudocapacitance) storage mech-
anism.*® As shown in Fig. 8b, during the charging/discharging
process, there are two main peaks the values of b are between
0.5 and 1.0, indicating that the electrochemical process of Si/
CNFs/CNTs composite material is simultaneously influenced
by diffusion behavior and pseudocapacitance behavior, with
a relatively balanced contribution from both mechanisms. To
further quantify the contribution of pseudocapacitive charge to
the capacity, the following formula can be used to calculate the
capacity contribution rate.

i(Vy =k + kpy'? (4)

where &,V and k,V parameters represent the contributions from
pseudocapacitance and diffusion, respectively.*” Fig. 8c illus-
trates the CV curve of pseudocapacitive contribution at a scan
rate of 1 mV s '. The capacity of the battery can be represented
by the integrated area under the CV curve. The pseudocapacitive
contribution rate reaches 82.89%, confirming that the capacity
is primarily contributed by pseudocapacitance.*® As shown in
Fig. 8d, as the scan rate increases from 0.2 mVs ' to 1 mV s,

the pseudocapacitive contribution increases from 50.07% to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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82.89%. The pseudocapacitive contribution of Si/CNFs/CNTs
composite material at each scan rate gradually increases and
exhibits high capacitance contribution, further confirming its
rapid reaction kinetics. The high capacitance contribution of Si/
CNFs/CNTs composite material can be attributed to the
successful deposition of in situ CNTs on CNFs, which increases
its specific surface area facilitating the transportation of Li".

To further evaluate the electronic conductivity of the
composite material, Electrochemical Impedance Spectroscopy
(EIS) testing and equivalent circuits were employed. Fig. 8e
shows the Nyquist plots of Si/CNFs, Si@CNTs/CNFs, and Si/
CNFs/CNTs before cycling, along with their corresponding
equivalent circuit simulation models. R represents the Ohmic
resistance of the electrode, observed as the intercept with the X-
axis in the Nyquist plot. R. represents the charge transfer
impedance. The slanted line in the low-frequency region
represents the Warburg diffusion impedance Z,, representing
the diffusion impedance within the electrode material.*® Table 2
presents the values of R, R., and Z,, for the three samples. The
R values of the batteries are similar and relatively small. Si/
CNFs/CNTs exhibit significantly reduced charge transfer
impedance (R.) of only 60.1 Q, while Si/CNFs and Si@CNTs/
CNFs have R, values of 119.6 Q and 102.1 Q, respectively. A
low R, value indicates a high charge transfer rate in the elec-
trode and efficient transport within the battery, attributed to the
deposition of CNTs on the fiber surface. Fig. 8f depicts the
Nyquist plot of Si/CNFs/CNTs self-supported anode before and
after 20 cycles to confirm its stable electrochemical perfor-
mance. The R value significantly decreases from 60.1 Q to 6.4 Q
after cycling, indicating the surface stability of the composite
material during battery cycling with improved kinetics.>

Table 3 synthesized some electrochemical properties of self-
supported silicon-based anodes. For example, Kim et al. formed
G/Si by combining negatively charged GO with positively
charged silicon and used electrostatic spinning to confine it in
carbon fibers to form GSP. GSP still has a capacity of
600 mA h g~ " after 100 cycles at a current density of 100 mA g .
Overall, compared to other materials, Si/CNFs/CNTs have rela-
tively high specific capacity and stability due to the unique way
in which CNTs exist.

In addition, the surface morphology of Si/CNFs, Si@CNTs/
CNFs, and Si/CNFs/CNTs by SEM after charge-discharge
cycles were provided to further investigate the structural
stability of the composite material. As shown in Fig. 9, signifi-
cant cracks are observed on the surfaces of Si/CNFs and
Si@CNTs/CNFs after 100 cycles, which can be attributed to the
volume changes resulting from the direct contact between
exposed Si and the electrolyte. This was demonstrated by TEM
images where ruptured SEI layers were observed. In contrast,
the surface of the Si/CNFs/CNTs composite electrode remains
smooth without noticeable cracks even after 100 cycles, which
can be attributed to its good conductivity and low volume
expansion. Also, stable and continue SEI layer was observed in
Fig. 9i. This conclusion is further supported by the Nyquist plots
before and after cycling, demonstrating the excellent structural
stability of the Si/CNFs/CNTs composite electrode. It is worth
mentioning that the Si/CNFs/CNTs electrode material after 100

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cycles exhibits more complete impregnation by the electrolyte
and a smoother surface compared to Si/CNFs. Si/CNFs usually
have poor electrolyte wettability, which is a challenge in this
system.* However, the in situ deposited CNTs with no hydroxyl
functional groups that can interact with the electrolyte provide
high conductivity and surface area. Due to the high conductivity
of in situ CNTs, the electrons can be quickly distributed
throughout the structure, facilitating the uniform distribution
of ions from the electrolyte on the surface of Si/CNFs/CNTs
electrode material. Additionally, the large surface area facili-
tates the diffusion and adsorption of electrolyte molecules,
thereby improving the wettability of the electrolyte on the
electrode material's surface.

Based on the above discussion, the outstanding electro-
chemical performance of the Si/CNFs/CNTs free-standing
anode can be attributed to the synergistic effect of CNTs and
CNFs in forming a dual-conductive buffering network. Specifi-
cally, electrospinning technology enables the highly uniform
dispersion of catalyst particles within the fibers, while the in situ
deposition of CNTs brings high conductivity and toughness,
serving as a buffer to alleviate the volumetric expansion of Si
NPs. The in situ CNTs, firmly combined with the substrate form
an interdependent network structure with CNFs, which facili-
tates the overall improvement of electrochemical performance.

4 Conclusion

In conclusion, we prepared a novel anode (Si/CNFs/CNTs) with
a dual-conductive network of CNFs and CNTs by combining
electrospinning and in situ chemical vapor deposition without
any conductive additives or binders. The in situ deposited CNTs
were grown on the surface of CNFs through in situ chemical
vapor deposition, forming an elastic buffering layer on the CNFs
and Si NPs surfaces to mitigate the concentrated stress caused
by the volumetric expansion of Si NPs. The flexible CNTs, with
their excellent conductivity and low cost, facilitated electron
transfer and reduced the cycling impedance of LIBs. Moreover,
the in situ deposited CNTs with a large surface area accelerated
the diffusion and adsorption of the electrolyte on the electrode
surface. The N-doped CNFs in the composite material accelerate
electron transport. Above all, the synergistic effect of CNTs and
CNFs leads to the impressive stability of Si/CNFs/CNTs. The Si/
CNFs/CNTs electrode material exhibits a high discharge
capacity of 639.9 mA h ¢~ and a capacity retention of 69.9% at
a current density of 100 mA g~'. Considering the excellent
performance of Si/CNFs/CNTs, as well as the useful structure
and low cost of CNTs, the reported Si/CNFs/CNTs electrode will
have great commercial potential for next-generation Li-ion
batteries.
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