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Abstract: Silicon oxycarbide ( SiOC) has emerged as a
promising candidate for anode materials in lithium-ion
batteries ( LIBs) due to its unique properties. However, the
low electrical conductivity of SiOC limits its practical
applications. Herein, a novel necklace-like nanostructure
was fabricated through the sol-gel method by embedding
SiOC nanospheres in carbon nanotubes (CNTs) to form a
stable electronic pathway within the structure. Controlling
the hexadecyl trimethyl ammonium bromide ( CTAB)
content through CTAB removal and centrifugation to
separate SiOC and CNTs @ phenylene-bridged mesoporous
organosilica ( CNTs @ PBMO ) before the calcination is
important to achieve the necklace-like CNTs @ SiOC
nanostructure. The fabricated porous necklace-like CNTs@SiOC
nanostructure not only improved the electrical conductivity
but also ensured full utilization of SiOC active sites during
discharging/charging along with  accelerating ion
penetration. As a result, it provided a remarkably long
cycling life of up to 1 400 cycles, retaining a specific
capacity of 178 mA-h/g.
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0 Introduction

Since the beginning of the 21st century, lithium-ion
batteries ( LIBs) have been crucial for us to move from
internal combustion engine-based mobility to electric
automobiles'"’. LIBs are preferred over other batteries,
such as nickel-based and lead-acid batteries, to meet the
growing demand for energy storage devices due to their
high energy and power density. However, commercially
available LIBs are far from meeting the demand for electric
vehicles because they are based on carbon anode materials
with a low theoretical specific capacity of 372 mA-h/g'*'.
Silicon (Si) is considered as an alternative anode material
due to its high theoretical specific capacity (4 200 mA-h/g)
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and low discharge plateau ( 0.4 V). However, its
application is hindered by the significant volume
expansion (300%) during discharging/charging'®’. The
increased volumetric strain leads to polarization of the Si-
based anode and lowers its electrical conductivity,
ultimately leading to capacity loss'*”. Currently, some
strategies, including nanostructuring or embedding Si
particles in various matrices, have gained attention to
overcome this limitation *"" .

In contrast, silicon oxycarbide ( SiOC) exhibits
superior structural stability over crystalline Si because of
its low volume expansion rate of 22% and the advantages
of simple composition and suitability for mass
production'®”’. In comparison to crystalline Si, SiOC is
suitable for an anode material’. Among several
techniques, the polymer-derived ceramic ( PDC) method
is efficient for synthesizing SiOC. In this method, a
suitable polymeric precursor undergoes controlled
pyrolysis in a specific environment, yielding the desired
ceramic material. The PDC method offers superior
control over the ceramic composition compared to
alternative processing methods like sol-gel processing''".
The ceramics that have undergone pyrolysis are usually
amorphous, lacking a distinct crystalline structure. SiOC
has tetrahedral structural units consisting of SiO,_ C_,
enabling it to accommodate volume variations during
discharging/charging. The amount of disordered carbon
produced by pyrolysis of polymeric precursors varies. The
micro-mesoporous structure facilitates lithium-ion ( Li-
ion) insertion and mitigates volume fluctuations "
However, in practice, the insufficient conductivity of SiOC
due to disordered carbon limits the rate performance at high
current densities.

Over the years, several doping materials have been
utilized to enhance the performance of SiOC as the anode
in LIBs'”""'. Among those, carbon possessing excellent
electrical conductivity can significantly improve the
conductivity of SiOC, thus improving the material ’ s
specific capacity and rate performance "', Carbon
nanotubes (CNTs) ™’ | graphite'”’ | or graphene'*’ have
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been incorporated into SiOC. For example, SiOC
nanolayer-implanted graphite anodes retained 80% of the
initial capacity due to the high electrical conductivity and
structural stability of graphite'™’. A composite of SiOC
and nitrogen-doped graphene aerogel exhibited high
cycling stability up to 1 000 cycles because of the high
conductivity of graphene aerogel and the enhanced free
carbon content on SiOC™*. Boron doping reduced the
interparticle resistance of the B-SiOC@ G anode, whereas
graphene ensured high electrical conductivity and secured
structual stability up to 1 000 cycles ™. In contrast, the
SiOC-CNT structure made from pyrolysis of CNTs in
1,3,5, 7-tetramethyl-1, 3, 5, 7-tetravinyl cyclotetrasiloxane
(TTCS) exhibited a specific capacity retention of 81. 5%
after only 40 cycles even though CNTs were introduced to
enhance the electrical conductivity™ . Recently, a
unique necklace-designed SiO, -based anode substantial
incorporating CNTs supported SiO /C @ C spheres with a
surface carbon coating layer showed high cycling stability
up to 1 000 cycles™ . In the study, the CNT networks
mitigated volume expansion and stabilized the formation of
the solid electrolyte interphase ( SEI ) through the
necklace-like structure. To date, no such necklace-like
structure has been reported for SiOC-based nanospheres
onto CNTs to evaluate the performance as anode materials.

Herein, necklace-like CNTs @ SiOC are fabricated
by the sol-gel method. The formation of a necklace-like
CNTs @ SiOC structure would be achieved by taking
advantage of the self-assembly of hemimicelles around the
hydrophobic surface of CNTs. CNTs would form stable
conductive pathways throughout the structure, and be an
excellent active material as an anode material for LIBs.
The directed assembly of necklace-like CNTs @ SiOC on
the CNT surface could efficiently reduce the interparticle
resistance of SiOC, and the incorporation of CNTs could
further preserve the structural integrity and enhance the
electrical ~ conductivity  during  discharging/charging.
Furthermore , the porosity of the necklace-like CNTs@ SiOC
structure would shorten the diffusion distance for Li ions.
On the whole, such novel CNTs @ SiOC structure would
enhance the conductivity, employ the active sites of
SiOC, and ensure efficient Li-ion diffusion via the porous
network during discharging/charging.

1 Materials and Methods

1.1 Materials

Ethanol, hexadecyl trimethyl ammonium bromide
(CTAB ), aqueous ammonia ( NH,OH ), 1, 4-bis
( triethoxysilyl ) benzene ( BTEB ), and CNTs were
purchased from Xilong ( China ), Sigma-Aldrich
(USA), Sigma-Aldrich (USA), Leyan ( China), and
Shanghai New Carbon Materials Company ( China ),
respectively. Ethylene carbonate ( EC), ethyl methyl
carbonate (EMC) , and dimethyl carbonate (DMC) were
purchased from Capchem Technology Co. Ltd., China.

All the purchased materials were utilized as received

without further purification.

1.2 Preparation of CNTs @ phenylene-bridged
mesoporous organosilica ( CNTs @ PBMO )
nanospheres
The CNTs @ PBMO nanospheres were initially

formed by the Stober method. For a standard synthesis, a

mixture of 120 mL ethanol and 280 mL deionized water

was added into the three-necked round-bottom flask.

Then, 10 mg CNTs were evenly dispersed into the mixed

ethanol/water solution via ultrasonication for 2 h. After

that, 800 mg CTAB was evenly dissolved into the above

dispersion. Subsequently, 4 mL NH,OH solution with a

volume fraction of 25% was added under continuous

stirring. After stirring for 1 h, 1 mL BTEB was gradually

added to the dispersion with continuous stirring for 16 h.

The solid particles were retrieved from the aforementioned

dispersion via centrifugation and subsequent washing with

water and ethanol. The as-collected CNTs @ PBMO
nanospheres were dried in a vacuum oven overnight at

60 C.

1.3  Preparation of necklace-like CNTs @ SiOC

nanospheres

The collected dried CNTs @ PBMO nanospheres were
further processed to prepare necklace-like CNTs @ SiOC
nanospheres through CTAB extraction. First, CNTs@PBMO
nanospheres were dispersed in a 60 mL ethanol solution
containing 6 mL HCl (a volume fraction of 37%).
CTAB was successfully removed while stirring at 60 C
for 24 h. Further, the heavy-weighted CNTs @ PBMO
nanospheres were separated from the single-formed SiOC
nanospheres by centrifugation at 5 000 r/min.
Subsequently, the resultant product was washed with
deionized water under three times ultrasonication and
vacuum-dried at 60 C. The solid CNTs @ PBMO
nanospheres were further calcined at a temperature of
800 T in an argon atmosphere for 10 h, and a heating
rate of 2 C/min to form necklace-like CNTs @ SiOC
nanospheres. In addition, CNTs @ SiOC-5 and
CNTs@ SiOC-15 nanospheres were prepared similarly but
without centrifugation, in which 5 and 15 denoted the
CNT masses of 5 mg and 15 mg, respectively.

For comparison, SiOC nanospheres were prepared
through the formation of PBMO nanospheres by the
Stober method. For a standard synthesis, 1 600 mg
CTAB was distributed in a solution consisting of 240 mL
ethanol and 560 mL deionized water. Subsequently,
8 mL NH,OH was added. After continuous stirring for
1h, 1 mL BTEB was added gradually and stirred
continuously for an additional 14 h at a moderate stirring
rate. Monodisperse PBMO nanospheres were obtained
after centrifugation and drying. The samples were
washed three times through centrifugation by using
deionized water and ethanol. The PBMO nanospheres,
as they were originally synthesized, underwent a heating
process in an argon environment at a temperature of
800 T for 10 h and a ramping rate of 2 C, and SiOC
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nanospheres were successfully formed.
1.4 Material characterization
1.4.1 Scanning electron microscopy (SEM) analysis

Field emission scanning electron microscopy
(FESEM ) captures the images of the samples Hitachi
SU8010 (Hitachi, Japan) FESEM instrument.

1.4.2 Transmission electron microscopy (TEM) analysis

TEM observations were performed by employing a
JEM-2100 F microscope ( JEOL, Japan) operating at
200 kV. While field emission transmission electron
microscopy ( FETEM ) was performed by employing a
Talos F200 S microscope ( Thermo Fisher Scientific Inc. ,
Czech) at 200 kV.

1.4.3 X-ray diffraction (XRD) analysis

XRD patterns were obtained by employing a Rigaku
D/Max-2550 PC diffractometer ( Tokyo, Japan) in a 26
range of 10° to 90°.

1.4.4 Fourier transform infrared (FTIR) spectroscopy
test

The FTIR analysis was conducted by employing a
Nicolet-NEXUS 670 spectrophotometer ( Thermo Nicolet,
USA).

1.4.5 Raman spectrum analysis

The Raman spectra were acquired by using a Dilor
LabRam-1B microscopic Raman spectrometer ( HORIBA
Scientific, Japan). The excitation was performed by the
Raman instrument with a He-Ne laser at a wavelength of
532 nm.

1.4.6 Thermalgravimetric analysis (TGA)

TGA was conducted by employing a TG 209F1
apparatus ( NETZSCH-Gerdtebau GmbH, Germany ) in
an air atmosphere. The assessment was performed across
a temperature range of 50 to 800 C, with a heating rate
of 10 C/min.

1.4.7 Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda ( BJH) analysis

The Autosorb-iQ machine ( Anton Paar, Austria)
was used to measure nitrogen sorption isotherms. Prior to
measurement, the samples underwent degassing under
vacuum at a temperature of 180 ‘C for at least 10 h. The
specific surface areas were calculated by using the BET
method, based on the adsorption data obtained at P/ P, of
0.02-0.20, where P denotes the equilibrium pressure
and P, denotes the saturation pressure. The pore size
distribution was determined by using the BJH model for
the adsorption branch.

1.4.8 X-ray photoelectron spectroscopy ( XPS )
analysis

The Escalab 250Xi spectrometer ( Thermo Fisher
Scientific Inc., USA) was used to conduct XPS analysis
in order to determine the valence state of various elements
in necklace-like nanostructures.

1.5 Electrochemical measurement

The working anode was fabricated by mixing active
materials, carbon black and sodium alginate at a mass
ratio of 70:15:15 in deionized water. The slurry was

evenly applied onto copper (Cu) foil and subjected to
vacuum drying at a temperature of 70 C for 12 h to
remove deionized water. The active substance was loaded
with a quantity of 0. 6—1. 0 mg/cm®. The CR2032 coin-
type half cells were assembled in an argon-filled glove
box with a minimum of water and oxygen (less than 0. 1
parts per million). The cathode was made of Li foil. The
electrolyte consisted of 1.0 mol/L LiPF, dissolved in a
mixture of EC, EMC and DMC at a volume ratio of
3:4:3. Additionally, the electrolyte contained
fluoroethylene carbonate additive with a mass fraction of
5%.

Galvanostatic charge/discharge (GCD) cycling tests
were conducted on a Neware battery testing system
(Neware, China) at different current densities within a
voltage range of 0.01 to 2.00 V. Cyclic voltammetry
(CV) experiments were performed by using a VMP3
electrochemical workstation. The CV scan rate was
0.1 mV/s within a voltage range of 0. 01 to 2. 00 V.

2 Results and Discussion

2.1 Fabrication and identification of necklace-like
CNTs@ SiOC nanospheres
The necklace-like CNTs @ SiOC nanospheres were
fabricated through a self-growth assembly by the Stober
method, where the SiOC nanospheres were grown around
CNTs (Fig.1).

; 3

Water-ethanol @ BTEB CuEs
removal
"% CTABmicelle a#fjp CNTs PBMO
»
7 28 Calcination Centrifugation @@
< - 608
CNTs@PBMO

CNTs@SiOC CNTs@PBMO

Fig.1 Schematic diagram of necklace-like CNTs @ SiOC nanosphere
fabrication

The cationic surfactant CTAB played a key role in
the formation of the necklace-like CNTs @ SiOC
nanospheres by forming hemimicelles around the
CNTs'*’. The hydrophobic tail of CTAB and the surface
of CNTs facilitated aggregation by the electrostatic force
of attraction' ™', Meanwhile, the surfactant formed
hemimicelles around the CNT surface due to the repulsion
of cationic sides of CTAB in the water/ethanol
solution**. Besides the hemimicelles on CNTs, some
micelles were also formed in the solution. These
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hemimicelles and micelles held the ethanol-phase inside
and the water-phase outside due to differences in the
dielectric constant and hydrophobic and hydrophilic sides
of the surfactant. Due to their hydrophobic nature, BTEB
diffused into the interior of hemimicelles and micelles,
and initiated the growth of PBMO nanospheres around
CNTs through hydrolysis and condensation catalyzed by
ammonia"™" .

The SiOC and necklace-like CNTs @ SiOC
nanospheres were obtained by calcination after the
removal of CTAB through centrifugation, as shown in
the TEM image in Fig. 2 (a). Further, to collect the
pure necklace-like structure, the heavy-weighted

( . SioC
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P
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(a) (b)

necklace-like CNTs@ PBMO nanospheres were separated
from the single-formed PBMO nanospheres by
centrifugation after removal of CTAB, and subsequently
calcined to obtain the final necklace-like CNTs @ SiOC
nanospheres. TEM and SEM images clearly indicate the
successful formation of necklace-like CNTs @ SiOC
nanospheres as shown in Figs. 2 (b) and 2 (c¢),
respectively. This stable conductive connection between
SiOC nanospheres formed by CNTs can be useful to
achieve long cycle life when being used in LIBs. The
silicon is uniformly distributed in the prepared necklace-
like CNTs @ SiOC nanospheres, which is confirmed by
the elemental mapping in Fig. 2(d).

— i()() nm

(© (@

Fig.2 Morphology results: (a) TEM image of combined SiOC and necklace-like CNTs @ SiOC nanospheres; (b) TEM image of necklace-like
CNTs@ SiOC nanospheres with enlarged view in inset; (¢) SEM image of necklace-like CNTs@ SiOC nanospheres; (d) elemental mapping of

necklace-like CNTs@ SiOC nanospheres with dark-field probe ( DF4)

The irregular SiOC and CNTs@ SiOC-5 nanospheres
are shown in Fig. 3(a). The aggregated CNTs@ SiOC-15
nanospheres far from a necklace-like structure are shown
in Fig. 3(b). The variation in the CNT mass directly

—100 nm

(a)

disturbs the formation of CTAB hemimicelles around the
CNTs at a certain volume ratio of water and ethanol,
preventing the formation of a necklace-like nanostructure
as reported in Ref. [31].

—100 nm

(b)

Fig.3 SEM images of irregular nanospheres: (a) CNTs@ SiOC-5; (b) CNTs@ SiOC-15

2.2 Chemical characterization of CNTs@ SiOC

Figure 4(a) shows the XRD patterns of SiOC and
CNTs @ SiOC. A prominent broad peak is observed at
around 22°, indicating the presence of amorphous SiO,
and carbon in the SiOC nanospheres. Additionally, the
shifted peak at 29° is detected for necklace-like CNTs @
SiOC which is most likely due to the presence of sp’
hybridized CNTs"*". Similarly, the peak shifts from 22°
for CNTs@ SiOC-5 to 29° for CNTs @ SiOC-15 as
reported in Ref. [32].

In Fig. 4(b), the FTIR peak observed at 1 376 cm™
is identified as the presence of Si—O—C bonds, while the
peak at 1 140 cm™ is associated with Si—O and O—C
bonds'*’ | indicating the successful incorporation of SiOC
on the surface of CNTs. Peaks at 1 460 and 1 634 cm™'
indicate Si—CH, bonds, and peaks at 2 928 and
1088 cm™" indicate the presence of C—H bonds and
Si—O bonds'* | respectively. The FTIR peaks indicate
almost the same composition of CNTs @ SiOC-5 and
CNTs@ SiOC-15 as reported in Ref. [34].
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Raman characterization was carried out to reveal the
carbonization degree of SiOC and CNTs @ SiOC. In
Fig.4(c), two broad peaks at 1 316 and 1 586 cm™
correspond to the D-band and G-band, respectively, as
reported in Ref. [ 35]. The peak intensity ratios of the
D-band to G-band (I,/I;) of SiOC and necklace-like
CNTs @ SiOC are 0.83 and 0. 84, respectively, which
indicates a high degree of carbonization. Similarly,
CNTs @ SiOC-5 and CNTs @ SiOC-15 exhibit the same
I,/1; of 0.83.

Figure 4 (d) shows the thermogravimetric ( TG)
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curves of SiOC and CNTs @ SiOC in air. The mass loss
rate of SiOC is about 9. 2% which is probably due to the
presence of amorphous carbon in the SiOC nanospheres.
The mass loss rate of the carbon from necklace-like
CNTs@ SiOC is about 38. 5%, indicating the content of
CNTs in the structure™™’. The presence of CNTs in the
unique structure would obviously play a role in
maintaining an electrical pathway that contributes to
enhancing the electrochemical performance. In addition,
the mass loss rates of CNTs@ SiOC-5 and CNTs @ SiOC-
15 are about 37. 0% and 39. 0%, respectively.
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Fig.4 Chemical characterization of necklace-like CNTs@ SiOC, SiOC, CNTs@ SiOC-5 and CNTs@ SiOC-15: (a) XRD patterns;

(b) FTIR spectra; (c) Raman spectra; (d) TG curves

Figure 5 (a) presents the N, adsorption/desorption
isotherms of SiOC and necklace-like CNTs @ SiOC. BET
N, adsorption measurement shows specific surface areas of
592. 482 and 384. 171 m’°/g for SiOC and necklace-like
CNTs@ SiOC, respectively, and the specific surface area
of SiOC is higher than that of necklace-like
CNTs@ SiOC. Because of the integration of CNTs into
SiOC, the specific surface area of necklace-like
CNTs@ SiOC is reduced. The average pore size of SiOC

is 4.46 nm; in contrast, the average pore size of
necklace-like CNTs@ SiOC is slightly larger at 6. 89 nm.
This is because necklace-like CNTs @ SiOC are formed
after CTAB removal from CNTs@PBMO followed by
calcination, and the available CTAB is not removed from
PBMO nanospheres before calcination during the
synthesis of SiOC. The larger pore size in the necklace-
like CNTs@ SiOC could facilitate the diffusion of Li ions
by providing shorter Li-ion transport pathways.
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Fig. 5 Porosity of SiOC and necklace-like CNTs@ SiOC: (a) N, adsorption/desorption isotherms; (b) pore diameter distribution

with V and D denoting pore volume and pore diameter, respectively

High-resolution XPS measurements were performed to
further investigate the chemical composition at the surface
of necklace-like CNTs @ SiOC. The XPS spectrum of
necklace-like CNTs @ SiOC indicates the existence of Si,
O and C elements as shown in Fig. 6(a). Additionally,
the Si 2p spectrum (Fig.6(b)) exhibits two peaks at
103.71 and 104.45eV for the Si—O and Si—C
bonds *' | respectively, indicating the existence of SiO,
and carbon. In particular, the O 1s spectrum (Fig.6(c))

displays a distinct peak at 533.02 eV, corresponding to
the Si—O bond. The C 1s spectrum (Fig. 6(d) ) shows
both C =C/C—C peak at 285. 02 eV and C—O peak at
286. 06 eV, respectively, suggesting the presence of a
carbon network as reported in Ref. [24]. Overall, the
peak intensity of oxygen is higher than that of carbon
(Fig.6(a) ), thus clearly demonstrating that CNTs might
be covered with SiOC on their surface as reported in

Refs. [24, 37].
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Fig.6 XPS spectra; (a) necklace-like CNTs@ SiOC; (b) Si2p; (c) O 1s; (d) Cls

2.3 Electrochemical performance
CV curves of the necklace-like CNTs@ SiOC electrode

at a scan rate of 0. 1 mV/s are shown in Fig. 7(a). A sharp
cathodic peak emerges at 0 V (vs. Li*/Li) and a weak

anodic peak at 0.71 V can be observed for the necklace-
like CNTs @ SiOC electrode, which is similar to that
reported in Ref. [38]. The Li-storage mechanism of the
necklace-like CNTs @ SiOC electrode is not clear.
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However, it might be similar to that of hard carbon anodes
as reported in Ref. [39]. Figure 7(b) shows the rate
performance of CNTs @ SiOC-5 and CNTs @ SiOC-15
electrodes. The prepared electrodes are cycled at a current
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density of 100-2 000 mA/g, and the rate performance
decreases progressively due to the formation of solid
electrolyte interface ( SEI). When the current density
returns to 100 mA/g, the specific capacity improves.
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Fig. 7 Electrochemical performance: (a) CV curves of necklace-like CNTs@ SiOC electrode for the first five cycles at a scan rate of
0.1 mV/s; (b) rate performance of CNTs@ SiOC-5 and CNTs@ SiOC-15 electrodes

The GCD cycling ability was assessed within the
voltage range of 0.01 to 2.00 V (vs. Li/Li"), and the
first discharging/charging curves were performed at
100 mA/g. The necklace-like CNTs @ SiOC electrode
provide the initial discharging and charging specific
capacities as 1 413 and 458 mA -h/g (Fig.8(a)). In
contrast, SiOC, CNTs @ SiOC-5 and CNTs @ SiOC-15
provide the initial discharging specific capacities of
1638, 1450, and 1 621 mA-h/g and the initial charging
specific capacities of 479, 469, and 317 mA - h/g,
respectively. Such irreversible loss of the initial specific
capacity is caused by the SEI formation layer. Therefore,
the initial coulombic efficiencies are lower for the first
discharging/charging cycle. During the first discharging/
charging cycle, an SEI layer forms on the surface of the
SiOC-based electrode. This SEI layer consumes some Li
ions during formation of cells, leading to a lower initial
charging specific capacity. This consumption of Li ions
during formation is the main reason for higher initial
discharging specific capacity. As a result, every electrode
material’ s initial discharging specific capacity is higher
than its initial charging specific capacity. Previous studies
have reported similar outcomes regarding the irreversible
loss of the initial specific capacity during the first
discharging/charging cycle'™* ™. The initial coulombic
efficiencies of SiOC, CNTs @ SiOC-5, CNTs @ SiOC-15,
and necklace-like CNTs @ SiOC are 29.24%, 32.00% ,
19.55%, and 32. 00% , respectively.

Furthermore, the necklace-like CNTs @ SiOC electrode
also exhibits superior stability of 263 mA-h/g at a current
density of 100 mA/g up to 200 cycles (Fig. 8(b)). The
necklace-like CNTs @ SiOC electrode shows better rate
performance compared to the SiOC electrode by delivering
reversible specific capacities of 383.18, 256.35, 179.46,
137.97, and 89. 72 mA-h/g at current densities of 100, 200,

500, 1 000 and 2 000 mA/g, respectively (Fig.8(c)).
Once the current density recovers to its initial value of
100 mA/g, the specific capacity of the necklace-like
CNTs@SiOC electrode is restored to 220 mA - h/g. In
contrast, the SiOC electrode exhibits inferior specific
capacities and rate performance. Besides, CNTs @ SiOC-5
and CNTs @ SiOC-15 electrodes also exhibit better rate
performance than the SiOC anode but lower than the necklace-
like CNTs@ SiOC electrode. When the current density returns
to 100 mA/g, the specific capacity improves as reported in
Ref. [41]. The improved rate performance of the necklace-like
CNTs@SiOC electrode is due to its interconnected conductive
pathways and nanochannels of Li-ion diffusion.

The long cycling performance of necklace-like
CNTs@ SiOC and SiOC electrodes was evaluated at
500 mA/g. SiOC, CNTs @ SiOC-5, and CNTs @ SiOC-15
electrodes provide a specific capacity of 117, 115 and
137 mA-h/g after 1 000 cycles at a current density of
500 mA/g. Whereas, the necklace-like CNTs @ SiOC
electrode exhibits superior stability with a specific
capacity of 178 mA-h/g after 1 400 discharging/
charging cycles at a current density of 500 mA/g
(Fig.8(d)). The long cycling performance of the
necklace-like CNTs@ SiOC electrode could be attributed
to CNTs that provide a stable conductive network, ensure
full utilization of active sites and alleviate the mechanical
stress generated during discharging/charging. The
necklace-like CNTs @ SiOC demonstrates significantly
improved stability, maintaining performance up to
1 400 cycles, surpassing that of other SiOC-based
structures. For comparison, the SiOC-CNT composite is
stable up to 40 cycles' ™', Hp-SiOC@ VG is stable up to
600 cycles'”) | S-DVB-1 is stable up to 500 cycles'”',
SiOC@C/1GO is stable up to 200 cycles'"" | and Si—O—C
composite is stable up to 40 cycles ™.
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Fig.8 Electrochemical performance of SiOC, CNTs @ SiOC-5, CNTs @ SiOC-15 and necklace-like CNTs @ SiOC electrodes; (a) the first
discharging/charging curves; (b) cycling performance at 100 mA/g; (c) rate performance; (d) long cycling performance at 500 mA/g

The special structural characteristics of the necklace-
like CNTs @ SiOC electrode are responsible for its better
electrochemical performance. The structural integrity of
SiOC and necklace-like CNTs@ SiOC electrodes was further
investigated by FESEM ( Fig. 9). The SiOC electrode
suffers from severe surface cracking after 1 000 cycles due
to structural deterioration. To further demonstrate the long-

(a) (®)
(©) (d)

term structural stability of CNTs @ SiOC, the electrode
surface morphological change was characterized before and
after 1 400 cycles. The necklace-like CNTs @ SiOC
electrode retains its integrity after 1 400 cycles, and only
the surface roughening is observed with no crack formation
because the porous structure resembling a necklace allows
for volume expansion (Fig.9(d)).

Fig.9 FESEM images: (a) SiOC electrode before cycling; (b) SiOC electrode after 1 000 cycles; (c¢) necklace-like CNTs @ SiOC
electrode before cycling; (d) necklace-like CNTs@ SiOC electrode after 1 400 cycles
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3 Conclusions

In this study, we have demonstrated a new method to

fabricate a necklace-like CNTs@ SiOC electrode for LIBs by
incorporating SiOC around CNTs. The novel necklace-like
CNTs@ SiOC exhibited better electrochemical performance
than SiOC, CNTs @ SiOC-5, and CNTs @ SiOC-15. The
necklace-like CNTs @ SiOC provided a stable specific
capacity of 178 mA-h/g after 1 400 discharging/charging
cycles at a current density of 500 mA/g. CNTs play a key
role in maintaining a stable conductive pathway during
discharging/charging within necklace-like CNTs@ SiOC.
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