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Abstract: An easy and scalable synthetic route was proposed for synthesis of a high-energy stable
anode material composed of carbon-coated Si nanoparticles (NPs, 80 nm) confined in a three-di-
mensional (3D) network-structured conductive carbon nanotube (CNT) matrix (Si/CNT@C). The
Si/CNT@C composite was fabricated via in situ polymerization of resorcinol formaldehyde (RF)
resin in the co-existence of Si NPs and CNTs, followed by carbonization at 700 °C. The RF resin-
derived carbon shell (~10 nm) was wrapped on the Si NPs and CNTs surface, welding the Si NPs to
the sidewall of the interconnected CNTs matrix to avoid Si NP agglomeration. The unique 3D ar-
chitecture provides a highway for Li* ion diffusion and electron transportation to allow the fast
lithiation/delithiation of the Si NPs; buffers the volume fluctuation of Si NPs; and stabilizes solid—
electrolyte interphase film. As expected, the obtained Si/CNT@C hybrid exhibited excellent lithium
storage performances. An initial discharge capacity of 1925 mAh g! was achieved at 0.1 A g™ and
retained as 1106 mAh g after 200 cycles at 0.1 A g™1. The reversible capacity was retained at 827
mAh g when the current density was increased to 1 A g™'. The Si/CNT@C possessed a high Si
content of 62.8 wt%, facilitating its commercial application. Accordingly, this work provides a
promising exploration of Si-based anode materials for high-energy stable lithium-ion batteries.

Keywords: lithium-ion batteries; silicon/carbon anode; carbon nanotubes; in situ polymerization;
carbon coating

1. Introduction

Lithium-ion batteries (LIBs) are widely applied to power sources for portable elec-
tronic equipment, power tools, electric vehicles, and even grid-scale energy storage sys-
tems [1-3]. Advanced LIBs with high energy density, high power density, and long cycle
life are urgently needed to cater to the escalating energy density/power demands of the
ever-developing portable electronic equipment and electric vehicles [4,5]. As the most
successful anode material for current commercial LIBs, graphite materials are approach-
ing their capacity limits and show limited application prospects in next-generation LIBs
due to their relatively low theoretical capacity of ~372 mAh g [6,7]. To significantly im-
prove the energy density and power density, extensive research has focused on develop-
ing next-generation anode materials, including alloy-based anode materials (Si-based
[8,9], Sn-based [10,11], Ge-based [12], etc.), transition metal compounds (oxides [13], sul-
fide [14], etc.) and metal-organic frameworks (MOFs) and their derivatives [15]. Among
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all the candidates, silicon (Si) is considered a promising alternative for the currently em-
ployed graphite, as Si possesses the highest theoretical capacity (4200 mAh g for LixSis
at 415 °C; 3579 mAh g! for LiisSis at room temperature) and relatively low lithium storage
potential range (<0.4 V vs. Li/Li*) [5,16,17].

However, extreme volume expansion/contraction (~300%) in the lithiation/delithia-
tion process can cause Si particle pulverization, electrical contact deterioration, and solid—
electrolyte interphase (SEI) instability, which further causes fast capacity decay and low
Coulombic efficiency [8,18,19]. In addition, Si shows poor intrinsic electron conductivity,
resulting in sluggish electrochemical kinetics and severely limiting the cycle life of the Si-
based batteries [9,20]. To date, various strategies have been explored to develop the supe-
rior Si-based electrode materials, including the construction of Si nanostructures [21,22],
porous Si [23-25], surface coating of protective layers [26-28], Si-based composites [17,29—
31], SiOx-based materials [32-34], and new electrode binders [35-39]. Of these, nano-Si
materials have been shown to effectively relax the mechanical stress and strain on the
electrode during volume fluctuation, avoiding cracking or pulverization of their struc-
tures, thereby significantly improving Coulombic efficiency and cyclability [30,40]. In this
esteem, Si thin-film [2], Si nanowire [41], Si nanotube [21], and Si with nanoporous struc-
ture [42] have been extensively studied to improve the electrochemical performance of Si
anodes. However, several challenges remain to be overcome in Si-based materials as an-
ode material of LIBs. Firstly, nano-5i materials show a high specific surface area, leading
to excessive formation of unstable SEI film and severe electrolyte decomposition [43]. Sec-
ondly, the repeated cracking/regeneration of the SEI films remains difficult to address
[44]. Thirdly, Si nanoparticles (NPs) prefer to agglomerate due to their high surface en-
ergy, which makes it difficult to disperse Si NPs uniformly in the LIB electrode [45]. These
challenges restrict the practical application of nano-Si anode materials.

To tackle the aforementioned problems, one of the most favorable strategies is to con-
struct unique microstructures of Si/carbon (Si/C) composites, due to which carbon mate-
rials have the advantages of conductivity, structural stability, low cost, and ease of prep-
aration [6,9]. The introduction of carbon can effectively enhance the rate capability and
cycling performance of the Si anode. In this regard, various carbon materials such as po-
rous carbon [46,47], carbon nanotubes (CNTs) [48,49], graphite [50,51], and graphene [52-
54], have been composited with nano-5i to improve the cycling stability and rate capabil-
ity of LIBs. The cross-linked CNT framework with high conductivity and mechanical flex-
ibility can provide an electrically conductive pathway and accommodate the expansion of
Si NPs [55]. Additionally, carbon coating, which aims to encapsulate Si NPs with carbon
layers on their surface, can facilitate both the formation of stable SEI film and the enhance-
ment of electronic conductivity [56]. Thus, ternary Si-based composites, which integrate
Si NPs, carbon coating, and CNTs, have been constructed to produce voids between car-
bon shells, thereby buffering the volume change and enhancing high electrical conductiv-
ity. For example, An et al. [57] reported a three-dimensional (3D) hierarchical nano
Si@C/CNT composite prepared via a self-electrostatic route, which exhibited high reversi-
ble capacity and outstanding rate performance when it was used as an anode material for
LIBs. After enduring 1000 cycles at 0.5 C, it retained a high capacity of 989.5 mAh g with
high capacity retention of 86.6%. Zhang et al. [55] synthesized a Si/CNTs@(S)-C composite
using spray-drying methods. The Si/CNTs@(S)-C composite delivered a high capacity of
943 mAh g at a 0.2 C rate after 1000 cycles. Unfortunately, the recent reports on a Si-
based anode usually contained a relatively low Si mass content to ensure their cycle sta-
bility, which weakens the high capacity superiority in commercial LIBs. Fabricating ter-
nary Si/C/CNT composites with high Si content for next-generation LIBs via a low-cost
and scalable route remains a significant challenge.

In this study, a 3D network structured Si/CNT@C composite anode material com-
posed of Si NPs anchored on a conductive CNT matrix assisted by carbon coating, was
designed and fabricated via a low-cost and scalable route for high-energy stable lithium-
ion batteries. In situ resorcinol formaldehyde (RF) resin polymerization was carried out
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in the co-existence of Si NPs and CNTs. Through carbonization at 700 °C under N2 atmos-
phere, the resulting Si/CNT@RF resin composite was transformed into Si/CNT@C compo-
site. The RF resin-derived carbon can act as an adhesive medium to weld Si NPs on the
sidewall of CNTs, resulting in a stable 3D porous structure. Thus, the Si/CNT@C compo-
site showed the advantages of buffering the volume fluctuation, restraining the agglom-
eration, facilitating fast ion/electron transportation, and stabilizing the SEI film. This
unique material design enables the Si/CNT@C composite to deliver a high reversible 1106
mAh g after 200 cycles at 0.1 A g'. The present work provides a facile and scalable strat-
egy to construct the Si-based materials with high lithium storage capacity and excellent
cycle stability.

2. Experimental Section
2.1. Chemicals and Reagents

All the chemicals were analytically pure and were used as received. Si powder with
a particle size of 50~100 nm was purchased from Shanghai Pantian Powder Material Co.,
Ltd. (Shanghai, China). CNTs with an outer diameter of ~50 nm were purchased from
Chengdu Organic Chemistry Co., Ltd. (Chengdu, China).

2.2. Material Preparation
2.2.1. Pretreatment of Si NPs and CNTs

The Si NPs were first pretreated in a mixed solution of ammonia (25 wt%), hydrogen
peroxide (30 wt%), and deionized water with a volume ratio of 1:1:5 at 80 °C for 1 h under
magnetic stirring. The pretreated Si NPs were collected via filtration, washed with dis-
tilled water, and dried in an oven at 60 °C for 12 h.

The CNTs were pretreated via refluxing in concentrated nitric acid for 6 h. After re-
flux, the oxidized CNTs were obtained via filtration, washed with deionized water, and
finally dried in an oven at 60 °C for 12 h.

2.2.2. Preparation of Si/CNT@RF Resin Composites

For typical preparation, 0.3 g of pretreated Si NPs and 0.92 g of CTAB were ultrason-
ically dispersed into 28 mL deionized water for 30 min to form a homogeneous suspen-
sion. Then, ethanol (11 mL), resorcinol (0.28 g), ammonia (0.1 mL, 25 wt%), and pretreated
CNTs (33.3 mg) were added and sonicated at room temperature for 30 min. Thirdly, 0.4
mL formaldehyde (37~40 wt%) was added to the homogeneous suspension. The in situ
polymerization of RF resin was achieved through continuous stirring at 35 °C for 6 h and
aging at room temperature for 12 h. Finally, the Si/CNT@RF resin composite was obtained
via filtration, washed with deionized water and ethanol, and dried in an oven at 60 °C
overnight.

2.2.3. Preparation of Si/CNT@C Composites

As for the preparation of the Si/CNT@C composite, the as-prepared Si/CNT@RF resin
composite was heated under a N2 atmosphere at 700 °C for 3 h with a heating rate of 2
°C/min. Afterward, the tubular furnace was cooled naturally to room temperature. For
comparison, the Si@C composite was also prepared with the same preparation process as
the Si/CNT@C composite, but without adding CNTs in the in situ polymerization process.

2.3. Material Characterization

The crystal structures were determined via X-ray diffraction (XRD, Bruker D8 Ad-
vance, using Cu Ka) at a scan rate of 5° min-!. The morphologies were characterized by
field-emission scanning electron microscopy (FE-SEM, JEOL JSM-7001F). Transmission
electron microscopy (TEM, JEOL JEM-2100) was employed to characterize the microstruc-
tures. The weight contents of Si NPs in composites were determined by thermogravimet-
ric analysis under an air atmosphere (TGA, STA 449) with a heating rate of 10 °C min.
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Raman spectra were performed on a Raman spectrometer system (HORIBA Scientific
LabRAM HR Evolution) with an excitation wavelength of 532 nm. X-ray photoelectron
spectroscopy (XPS) of the powders was performed using an ESCALAB-250Xi with Al Ka
radiation.

2.4. Electrochemical Characterization

The Si electrode, Si@C electrode and Si/CNT@C electrode were prepared via the same
process with the bare Si power, Si@C, and Si/CNT@C as active materials, respectively. The
electrode slurry was made by mixing the active material, conductive agent (Super P), and
binder in a mass ratio of 8:1:1 with deionized water as a solvent. The binder was composed
of styrene-butadiene rubber (SBR) and carboxymethyl cellulose (CMC) with a mass ratio
of 3:2. The electrode slurry was pasted on copper foil using an automatic coating machine
and vacuum dried at 120 °C for 8 h. The coating thickness of the slurry was set as 100 um
for the Si, Si@C and Si/CNT@C electrodes, resulting in comparable mass loading and
thickness for all three kinds of electrodes. The obtained electrode film was punched into
disc electrodes with a diameter of 14 mm and pressed under 15 MPa. Based on the mass
loading of the Si/CNT@C electrode (~0.65 mg cm™), the mass content of active material
(80%), and the bare Si mass ratio in the Si/CNT@C composite (62.8%), the mass loading of
bare Si NPs for the Si/CNT@C electrode can be calculated as ~0.65 x 80% x 62.8% = ~0.33
mg cm.

Electrochemical measurements were conducted at room temperature on CR2016
coin-type cells, which were fabricated in an argon-filled glove box (MB-10-G, MBRAUN).
Lithium metal was used as the counter/reference electrode, Celgard 2400 membrane as
the separator, and 1 M LiPFs in a 1:1:1 (volume ratio) mixture of ethylene carbonate (EC),
dimethyl carbonate (DMC), and ethyl methyl carbonate (EMC) as the electrolyte solution.
Cyclic voltammetry (CV) tests were carried out on a CHI 660E electrochemical work-
station at a scanning rate of 0.1 mV s between 1.5 and 0.01 V (vs. Li*/Li). Galvanostatic
charge/discharge (GCD) tests were performed at a cell voltage of 1.5-0.01 V (vs. Li*/Li) on
a Neware CT-4008T battery tester at different current rates. The GCD test currents was
calculated based on the total mass active material. The specific capacity was obtained from
Cpn = It/m, where I represents the charge/discharge current (A); t is the charge/discharge
time (s), and m is the total mass of the active material (g). As for the si/CNT@C electrode,
the total mass of active material includes the carbon coating shell, CNT matrix, and Si NPs
of the composite. Electrochemical impedance spectroscopy (EIS) tests were performed on
a CHI 660E electrochemical workstation using newly installed coin-type cells (discharged
state). The frequency range and voltage amplitude were 10°~0.01 Hz and 5 mV, respec-
tively.

3. Results and Discussions
3.1. Morphology, Microstructure and Crystalline Phase Studies

As illustrated in Figure 1a, the Si/CNT@RF resin composite was prepared through in
situ polymerization of RF resin in the co-existence of the pretreated Si NPs and CNTs. The
hydrophilic treated Si NPs exhibited plenty of Si-O-H surface functional groups after be-
ing dissolved in the water—ethanol-ammonia solution [58], while the acid-treated CNTs
also possessed rich surface oxygen functional groups [59]. There is a strong hydrogen
bonding force between the surface oxygen functional groups, facilitating the fine interface
contact among Si NPs, CNTs, and RF resin (shown in Figure 1a). As a result, the RF resin
grows directly on the surface of Si NPs and CNT in the in situ polymerization process,
thereby forming a uniform RF resin coating shell on the surface of Si NPs and CNTs. Dur-
ing the in situ polymerization procedure, CTAB was used as a surfactant, which can im-
prove the dispersion of Si NPs in the reaction solution and act as the soft template for the
formation of a mesostructured RF resin coating shell [60]. After carbonization, the brown
Si/CNT@RF resin composite was converted to black Si/CNT@C (Figure S1).
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Figure 1. (a) Schematic illustration of the fabrication process, (b,c) SEM images, (d) TEM image, and
(e) HR-TEM image of Si/CNT/C composite.

Figure 1b,c show the FE-SEM of Si/CNT@C composite, which exhibits a 3D nanopo-
rous morphology. It can be clearly observed that Si NPs were well dispersed in the 3D
interconnected CNT matrix without aggregation. The microstructure of Si/CNT@C com-
posites was further characterized by TEM and HR-TEM images. As shown in Figure 1d,
the RF resin-derived carbon shell, about ~10 nm thick, was uniformly coated on the sur-
face of Si NPs and CNTs. The clear lattice fringe with spacing of 0.31 and 0.34 nm indexed
to the (111) plane of the Si NPs and (002) plane of the CNT matrix appears in the high-
resolution TEM (HR-TEM) image (Figure le) [61]. Here, the carbon coating shell used an
adhesive medium, which attached Si NPs to the CNT sidewall and inhibited the aggrega-
tion of the Si NPs. Meanwhile, CNTs acted as “bridges” to string the isolated Si NPs to-
gether and provide a fast electron transport highway. Different from the Si NPs in the
Si/CNT@C composite anchored on the CNT sidewall without agglomeration, the Si NPs
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both in the bare Si sample and Si@C composite showed a certain level aggregate phenom-
enon due to their high surface energy (Figure S2). This result reveals that the presence of
CNTs in the Si/CNT@C composite effectively avoids the agglomeration of Si NPs.

The XRD patterns of all the samples exhibit six diffraction peaks at 28.4°, 47.2°, 56.2°,
69.2°,75.5° and 88.1°, corresponding to (111), (220), (311), (400), (331), and (442) plane of
the Si crystal (JCPDS no. 27-1402) [56,62]. In addition, a wide and weak peak centered at
24.5° can be observed in the Si@C and Si/CNT@C samples, which can be indexed to the
(002) plane of the amorphous carbon coating layer and CNT matrix. Compared with the
pattern of Si@C, the (002) peak of Si/CNT@C is much clearer due to the existence of CNTs.
The existence of amorphous carbon and CNTs can be further confirmed by the Raman
spectrum. As shown in Figure 2b, peaks at the wavenumbers of 136, 289, 509, and 924 cm™!
can be attributed to elemental Si [1,57,63]. The peaks at 1350 and 1590 cm™ are indexed to
the characteristic D and G peaks of carbon material, respectively. The D band is associated
with the disordered carbon structure (sp3-hybridized carbon), while the G band is at-
tributed to an ordered graphitic lattice (E2g phonon of sp2-hybridized carbon) [62,64]. The
relative intensity (In/Ic) of the D and G band is commonly used to detect the graphitization
degree of carbon materials. The increase in In/Ic means the materials are more amorphous
[65]. The Ip/Ic of the Si@C sample is 0.98, much larger than that of the Si/CNT@C sample
(0.91), revealing that the RF resin-derived carbon coating is amorphous. This is consistent
with the XRD results mentioned above.
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Figure 2. (a) XRD patterns and (b) Raman spectra of the samples.

The chemical state and molecular environment of the Si/CNT@C sample are further
characterized by XPS spectra. As shown in Figure 3a, the signals of Si 2p (102.9 eV), C 1s
(285.5), and O 1s (533.0) can be observed in XPS survey spectrum of the Si/CNT@C. The
high-resolution XPS spectra of Si, C, and O elements contained in the Si/CNT@C compo-
site were deconvoluted using software named XPSPEAK41, a baseline type of Shirley, and
a Lorentzian—Gaussian distribution. The Si 2p XPS spectrum (Figure 3b) can be divided
into five peaks, which are attributed to the Si-Si (99.1 and 99.8 eV) and Si-O (100.9, 103.1
and 103.9 eV) bonds, respectively [66]. The Si-O peak originated from the SiOz and SiO
layer on the surface of Si NPs [67]. The surface of Si NPs is usually oxidized to form SiOx,
including SiO and SiO2. The existence of SiOx in the Si-based anode materials has been
reported by some recent studies [1,43,66]. The C 1s spectrum in Figure 3c can be fitted to
three peaks at 284.8, 286.5, and 289.0 eV, which are assigned to the C-C, C-O, and O-C=0
bonds [66,68]. The Ols peak can be deconvoluted into Si-O (532.4 eV) and O-C=0 (533.6
eV) bonds [69]. To acquire high specific capacity, it is vital to raise the Si mass content in
the composite electrodes [1]. The mass contents of Si NPs were estimated according to the
TG plots of Si, Si@C, and Si/CNT@C samples (Figure S3). As exhibited in Table S2, the
Si/CNT@C composite contains a very high Si content of 62.8 wt%, which greatly exceeds
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that of most recently reported Si-based anode materials, such as SMPS-1 (12.37 wt%) [70],
GSCC (39.75 wt%) [66], Si/CNTs/C (40.4 wt%) [71], C/Si/CNT (42.17 wt%) [72], and
Si@C@v@CNTs (14.1 wt%) [73]. Due to the high Si content of the as-prepared Si/CNT@C
composite, high energy density can be expected to facilitate its commercial application.
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Figure 3. (a) XPS spectra, (b) Si2p, (¢) Cls, and (d) Ols of Si/CNT@C sample.

3.2. Electrochemical Studies

To characterize the electrochemical behaviors of the Si/CNT@C composite, CV tests
were first performed at a scan rate of 0.1 mV s with a potential range of 0.01~1.5 V vs.
Li/Li*. As shown in Figure 4a, a weak and broad peak centered at 0.8 V in the first cathodic
scan is ascribed to the decomposition of electrolyte and the formation of SEI film [43,55].
Such an irreversible peak did not show up in the subsequent cathodic scans, indicating
that stable SEI film was achieved in the first cathodic CV scan [74]. The sharp peak below
0.1 V in the first cathodic scan corresponded to the lithiation of silicon to LixSi [75]. In the
first anodic scan, the oxidation peaks at 0.32 and 0.47 V are recognized as the delithiation
process of the LixSi phase to amorphous Si. The following CV scans show two reduction
peaks at 0.22 and below 0.1 V, and two oxidation peaks at 0.32 and 0.47 V, corresponding
to the reversible lithiation/delithiation behavior of amorphous silicon [76]. As the number
of cycles increases, the peak intensity of the CV curves gradually increases, revealing an
activation process [69,77]. The bare Si and Si@C electrodes show similar CV behaviors
(Figure S4a,b). In contrast, the Si/CNT@C electrode showed the largest response current
among the three kinds of electrodes, demonstrating the best lithium storage performance
(Figure S4c).

The first three GCD curves of the Si/CNT@C, Si and Si@C electrodes at 0.1 A g are
exhibited in Figure 4b, Figure S5a and Figure S5b, respectively. In the charge curves of the
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first GCD cycles, all the electrodes show slope charge plateaus between 1.5 V and 0.2 V
and voltage plateaus at 0.1 V, which correspond to the irreversible SEI formation and lithi-
ation of silicon to Lix5i [43]. The slope charge plateau between 1.5 V and 0.2 V disappears
in the charge curves of the following GCD cycles, indicating that SEI formation is com-
pleted in the first cycle. As for the discharge curves, the discharging plateaus are observed
at 0.1 V, which corresponds to the delithiation process of the LixSi alloy. These results are
consistent with the CV scanning of the Si/CNT@C electrode (Figure 4a). The initial dis-
charge capacities were 1322, 1802, and 1925 mAh g, and the initial Coulomb efficiencies
were 61 %, 72%, and 78% for the Si, Si@C, and Si/CNT@C electrodes, respectively. The low
initial Coulomb efficiencies are caused by irreversible formation of the SEI layer [78]. The
Si/CNT@C electrode showed the largest discharge capacity and the highest Coulomb effi-
ciency, which may be attributed to the synergistic effects of the carbon coating and CNT
matrix.
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Figure 4. (a) CV curves of Si/CNT/C electrode at a scan rate of 0.1 mV s™. (b) Charge/discharge
curves of Si/CNT/C electrode. (c) Rate performances of the bare Si, Si/C, and Si/CNT/C electrodes.
(d) EIS curves (inset shows equivalent circuit) of the bare Si, Si/C, and Si/CNT/C electrodes. (e)
Cycle performances of the bare Si, Si/C and Si/CNT/C electrodes.

Furthermore, the rate performances were investigated by GCD tests at different cur-
rent densities. As shown in Figure 4c, the Si/CNT@C exhibits the best rate capability at all
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current rates compared with those of the Si and Si@C. The Si/CNT@C showed a high
charge capacity of 1387 mAh g after 10 cycles at 0.1 A g, which is higher than those of
the Si (648 mAh g™) and Si@C (956 mAh g™). When the current rate increased to1 A g,
the Si/CNT@C exhibited a high capacity of 827 mAh g-!, which is obviously much higher
than those of the Si (15 mAh g') and Si@C (378 mAh g™). The great improved rate perfor-
mance of the Si/CNT@C can be attributed to the high conductivity of the CNT matrix and
the fast Li* ion transmission in the 3D porous structure. When the current density is re-
covered from 1 to 0.1 A g, the capacity of the Si/CNT@C electrode recovers to 852 mAh
g, which is much higher than the respective capacities of Si (172 mAh g') and Si/C (520
mAh g7), indicating the good reversibility of the Si/CNT@C electrode.

The remarkable discharge capacitance of Si/CNT/C can be ascribed to the synergetic
effects of the CNTs and RF resin-derived carbon coating. Firstly, Si NPs were uniformly
dispersed in the 3D interconnected CNT matrix and were attached to the CNT sidewall
by the amorphous carbon coating shell, forming a 3D nanoporous structured Si/CNT@C
composite. The as-developed 3D nanoporous structure facilitates the inhibition of ag-
glomeration of Si NPs, accelerates Li* ion transportation, and buffers the volume expan-
sion effect of Si NPs during the delithiation/lithiation process. Secondly, isolated Si NPs
were stringed by the CNT matrix, providing a fast electron transport route. Thirdly, the
uniform carbon coating layer on the surface of Si NPs and CNTs can restrain the volume
expansion effect of 5i NPs and thus facilitate the formation of stable SEI film. Based on the
above analysis, the Si/CNT@C electrode deserves the greatly enhanced lithium storage
capacity and rate capability.

EIS Nquist plots were carried out to eluate the conductivity of the samples. As shown
in Figure 4d, all the Nyquist curves reveal a semicircle in the mid-frequency region and a
straight line in the low-frequency region, which can be simulated by the inserted equiva-
lent circuit. The Rs, R, CPE, and W represent the ohmic resistance of electrolyte and elec-
trode, charge transfer resistance, the constant phase element related to electric double-
layer capacitance, and the Warburg impedance, respectively [1,56,62]. As revealed by the
fitting results shown in Table S1, the Si/CNT@C electrode shows the smallest Rs (1.6 Q)
and R« (38.5 Q), which are much smaller than those of the Si (Rs 2.0 Q2 and R« 92.5 Q) and
Si@C (Rs 1.7 Q and R« 62.4 Q), indicating the significantly enhanced Li* ion and electron
transportation of the Si/CNT@C electrode. Such significant improvement arises from the
synergetic effects of the CNTs and RF resin-derived carbon coating, which enhance the
electron transportation between Si NPs and CNTs. The 3D nanoporous structure derived
from the CNT matrix also facilitates fast Li* ion transportation, which contributes to a
rapid de-alloying reaction between Li and Si [75].

Figure 4e shows the cycling stability of the bare Si, Si@C, and Si/CNT@C electrodes
at a current rate of 0.1 A g1. The Si/CNT@C electrode can retain a high specific capacity of
1106 mAh g after 200 cycles and its Coulomb efficiency rapidly increased above 99%
after the third cycle. In contrast, the Si@C electrode can only retain a relatively low specific
capacity of 485 mAh g after 200 cycles. As for the bare Si electrode, the specific capacity
dramatically decays to almost zero after 200 cycles. Figure 56 shows that the Si/CNT@C
electrode can retain a high specific capacity of 770 mAh g after cycling at 0.5 A g1 for 200
cycles, further proving its application prospects. As exhibited by Table S2, the Si/CNT@C
electrode shows competitively high specific capacity, long cycle stability, and rate capa-
bility compared with the recently reported Si-based anode materials, such as SMPS-1 (501
mAh g1at1 A g after 500 cycles) [70], GSCC (837.3 mAh g at 0.2 A g after 100 cycles)
[66], Si/CNTs/C (702 mAh g at 0.2 A g after 300 cycles) [71], C/Si/CNT (696.8 mAh g
at 0.1A g after 50 cycles) [72], Si@C@v@CNTs (912.8 mAh g at 0.1A g after 100 cycles)
[73], and Si/CNTs@PMMA-C (1024.8 mAh g at 0.2 A g after 200 cycles) [78]. The signif-
icantly enhanced cycle performance can be attributed to the unique structure advantages
of the Si/CNT@C electrode, which can effectively buffer the expansion effect of Si NPs
during the delithiation/lithiation process.



Batteries 2023, 9, 118 10 of 13

4. Conclusions

In this study, a 3D network structured Si/CNT@C composite anode material was syn-
thesized via simple in situ polymerization and the following carbonization strategy. In the
as-prepared Si/CNT@C composite, Si NPs were anchored on the surface of CNT, with
uniform carbon shells coated on both surfaces of Si NPs and CNT. This unique 3D na-
noporous structure, with interconnected CNTs as a supporting matrix, alleviated the ag-
glomeration/volume fluctuation of Si NPs and thereby facilitated fast ion/electron trans-
portation during charge/discharge cycles. As a result, the Si/CNT@C sample retained a
high specific capacity of 1106 mAh g and 770 mAh g after 200 charge/discharge cycles
at0.1 A g and 0.5 A g7, respectively. When the current density increased to 1 A g, the
Si/CNT@C electrode exhibited a relatively high capacity of 827 mAh g-'. Compared with
the bare Si NPs and Si@C samples, the Si/CNT@C exhibited significantly improved cycle
stability and rate capability. Considering the easy synthetic route and high Si mass con-
tent, the Si/CNT@C composite anode material reported here paves a new way for the in-
dustrial application of Si-based anode materials in high-energy LIBs.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/batteries9020118/s1. Figure S1: Photos of the as-prepared
Si/C@RF and Si/CNT@C powder samples. Figure S2: (a,b) SEM images of Si NPs, (c,d) SEM images,
and (e,f) TEM images of Si@C composite. Figure S3: Thermogravimetric curves of Si, Si@C and
Si/CNT@C samples. Figure S4: (a) CV curves of Si, (b) CV curves of Si@C, and (c) comparison of the
third cycle CV curves of the Si, Si@C, and Si/CNT@C. Figure S5: GCD curves of Si (a) and Si@C (b).
Figure S6: Cycle performances of the Si/CNT/C electrode at 0.5 A g~'. Table S1: Fitting results of the
EIS curves. Table S2: Comparison among the recently reported Si-based anode materials [79,80].
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