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Keywords: Owing to highly theoretical capacity of 3579 mAh/g for lithium-ion storage at ambient temperature, silicon (Si)
Interface engineering becomes a promising anode material of high-performance lithium-ion batteries (LIBs). However, the large vol-
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ume change (~300 %) during lithiation/delithiation and low conductivity of Si are challenging the commercial
developments of LIBs with Si anode. Herein, a sandwich structure anode that Si nanoparticles sandwiched be-
tween carbon nanotube (CNT) and silicon carbide (SiC) has been successfully constructed by acetylene chemical
vapor deposition and magnesiothermic reduction reaction technology. The SiC acts as a stiff layer to inhibit the
volumetric stress from Si and the inner graphited CNT plays as the matrix to cushion the volumetric stress and as
the conductor to transfer electrons. Moreover, the combination of SiC and CNT can relax the surface stress of
carbonaceous interface to synergistically prevent the integrated structure from the degradation to avoid the solid
electrolyte interface (SEI) reorganization. In addition, the SiC (111) surface has a strong ability to adsorb flu-
oroethylene carbonate molecule to further stabilize the SEI. Consequently, the CNT/SiNPs/SiC anode can stably
supply the capacity of 1127.2 mAh/g at 0.5 A/g with a 95.6 % capacity retention rate after 200 cycles and an
excellent rate capability of 745.5 mAh/g at 4.0 A/g and 85.5 % capacity retention rate after 1000 cycles. The
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present study could give a guide to develop the functional Si anode through designing a multi-interface with

heterostructures.

1. Introduction

The development of rechargeable lithium-ion batteries (LIBs) in
electric vehicle power systems and smart storage stations for intermit-
tent renewable energy is contingent upon the availability of electrode
materials with high capacity. [1-3] Silicon (Si) is regarded as a highly
promising anode for replacing graphite, given its considerable theoret-
ical capacity of 3579 mAh/g, appropriate discharge potentials (0.4 V vs
Li*/Li) and natural abundance [4,5]. Nevertheless, the low conductivity
of Si impedes the kinetics of (de)lithiation processes [6], and the
considerable volume change (~300 %) during (de)lithiation results in
the pulverisation of the anode and the repeated formation of a solid
electrolyte interface (SEI) film around Si particles, thereby rendering the
advantages of Si anode difficult to exploit.

Numerous studies have demonstrated that the combination of Si
nanoparticles (SiNPs) with carbonaceous materials with good conduc-
tivity can enhance the kinetics and stability of the anode [7]. Amor-
phous carbon and heteroatom-doped carbons have been widely
employed to mitigate mechanical failures, prevent direct contact be-
tween the Si surface and the electrolyte, and facilitate the formation of
conductive pathways [8-10]. However, they are not sufficiently robust
to withstand the significant volumetric stress induced by Si lithiation
(Fig. Sla) [11,12]. Constructing the free volume through a Si-carbon
structure is an effective strategy to accommodate the volume expan-
sion, such as yolk-shell or wire-in-tube structures [13-16]. However, the
formation of such free space may result in the contact of Si particles with
the conductive carbon phase by a few points, which could slow the
charge transport between the Si and the current collector (Fig. S1b and
c) [17,18]. To enhance the mechanical stability of the Si anode, inert
materials such as SiO», TiO5 and SiC with high mechanical strength have
been employed to mitigate the volumetric stress resulting from Si lith-
iation [19-21]. However, an inert surface layer generally impedes the
transport of Li' and electrons, thus reducing the rate capability of LIBs
(Fig. S1d) [22].

Although SEI film allows Li" transport, the repeated formation of SEI
film can deplete more electrolytes and increase the transport distance of
electrons and ions [23,24]. The interface chemistry between the
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electrode and the electrolyte plays an important role on the SEI prop-
erties. The active film-forming species in electrolytes generally act as
additives to modify the physical, chemical and mechanical properties of
the SEI, thereby increasing the interface stability between the active
materials and the electrolyte. For example, fluoroethylene carbonate
(FEC), which is the most common electrolyte additive for Si-based an-
odes, can promote the passivation of the electrode/electrolyte interface
and optimise the SEI composition [25]. Nevertheless, the prerequisite
for their participation in the formation of the SEI is the preferential
adsorption of the FEC additive on the electrode surface [26,27].

Herein, a novel Si-based anode comprising CNT/SiNPs/SiC has been
constructed by acetylene chemical vapor deposition (CVD) and mag-
nesiothermic reduction reaction (MRR) technology. The material fea-
tures a carbon nanotube (CNT) and silicon carbide (SiC) dual-interface
sandwiched SiNPs. The inner CNT can act as a conductor to facilitate the
transfer of electrons and a buffer to mitigate volumetric stress resulting
from Si lithiation. The stiff SiC interfaced with SiNPs can inhibit sub-
stantial structure inflation and relax the stress on the inner CNT, thereby
preventing structural failure (Scheme 1 illustrates the preparation,
structure and working mechanism of CNT/SiNPs/SiC). Furthermore, the
SiC (111) surface serves as an adsorption site for FEC molecules, thereby
further stabilising the SEI. Consequently, the CNT/SiNPs/SiC anode
exhibits remarkable stability and satisfactory rate performance. After
1000 cycles at 4.0 A g%, it delivers a capacity of 745.5 mAh g !, with an
85.5 % capacity retention rate.

2. Experimental
2.1. Chemicals and materials

Tetraethyl orthosilicate (TEOS) and Mg powder were purchased
from the Aladdin Company. All other chemicals such as HNOgs, HCI,
ammonia, ethanol solution were purchased from Sinopharm Chemical

Reagent Company. HNO3 and HCI solution are guaranteed reagent and
other chemicals are analytical reagent.
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Scheme 1. Schematic illustration of CNT/SiNPs/SiC for (a) preparation process (b) material structure characteristics and (c) differences in electron transfer between

homogeneous and heterogeneous interfaces.
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2.2. Sample preparation

CNT/SiO,. The CNTs were purified by using the concentrated HNO3
(65-68 wt%) to remove amorphous carbons and then were used as the
inner supports for the active Si materials. The purified CNTs were coated
with the SiO; layer via the TEOS hydrolysis to prepare CNT/SiO5 as the
following process. The purified CNTs of 25.0 mg were dispersed in 200
mL ethanol containing 15 mL deionized water and 15 mL ammonia
aqueous solution (25 wt%). After an ultrasonic dispersion of CNTs so-
lution for 30 min, 3 mL TEOS/ethanol solution (10 vol%) was dropped
into it. The resulted mixture was vigorously stirred for 6 h at room
temperature and then was filtered and washed by deionized water. The
finally filtered product was dried at 80 °C in a vacuum oven.

CNT/SiO2/AC. The acetylene CVD technology was applied to deposit
amorphous carbon layers around the CNT/SiO; to prepare CNT/SiOy/
AC as the following process. CNT/SiO2 was placed in an argon atmo-
sphere tube furnace and heated to 850 °C, after which the acetylene/
argon mixture (10 vol%) was passed through furnace at a flow rate of
100 mL min~? for 30 min.

CNT/SiNPs and CNT/SiNPs/SiC. The MRR was used to reduce the
CNT/SiO3 and CNT/SiO2/AC into the CNT/SiNPs and CNT/SiNPs/SiC.
Mg powders was mixed with SiO; as ratio of 4:5, and the mixture was
heated to 650 °C at a ramp of 5 °C min~! and the temperature was kept
for 4 h under an argon atmosphere. After that, the furnace was cooled
down to room temperature, the produced powders were immersed in
2.0 M HCI solution for 10 h to remove byproduct of MgO. The obtained
CNT/SiNPs and CNT/SiNPs/SiC were washed by deionized water/
alcohol and the filtered samples were dried at 80 °C under vacuum
condition.

CNT/SiNPs/AC. In order to highlight the critical effects of SiC, as a
counterpart, the CNT/SiNPs/AC was prepared by acetylene vapor
deposition on CNT/SiNPs, the other parameters were consistent with
CNT/SiNPs/SiC preparation process.

2.3. Materials characterization

The phase composition of samples was characterized by X-ray
diffraction (XRD) (Rigaku X’pret Powder, D/MAX-2500X, Cu Ka). The
microstructure and morphology of samples were observed by scanning
electron microscope (SEM) (FEI Apreo, operated at 5 kV) and trans-
mission electron microscope (TEM) (FEI Talos F200X, operated at 200
kV). The chemical states of materials were analyzed by X-ray photo-
electron spectroscopy (XPS) (Axis Supra, Al Ka). The thermogravimetry
of samples was performed by thermogravimetry (TG) analyzer (TA In-
struments, TQ600) in pure air atmosphere. The physical adsorption-
desoprtion isotherms of samples were measured by volumetric sorp-
tion analyzer (Micromeritics, ASAP2020). Pore size distribution (PSD) of
materials was analyzed according to the nonlocal density functional
theory (NLDFT) method.

2.4. Electrochemical tests

The anodes were fabricated by casting mixture of active material of
CNT/SiNPs, CNT/SiNPs/AC or CNT/SiNPs/SiC, conductive carbon
black (Super P) and carboxy methyl cellulose (CMC) with a weight ratio
of 6:2:2 onto copper foil. The surface loading amount of the active
material was about 0.5 mg cm™2 The foils loaded with the active ma-
terials were dried at 70 °C in vacuum oven overnight and then punched
to the disks with a diameter of 12 mm. Coin cells (2025type) were
assembled in Ar-filled glove box. The CNT/SiNPs, CNT/SiNPs/AC or
CNT/SiNPs/SiC electrode and a lithium metal disk were used as the
working electrode and the counter/reference electrode. 1.0 M LiPFg
dissolved in a mixture of ethylene carbonate (EC) and dimethyl car-
bonate (DMC) (1:1 in vol%) with 10 vol% FEC was used as the elec-
trolyte. An electrochemical workstation (Gamry 3000) was used to test
the cyclic voltammetry (CV) and electrochemical impedance
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spectroscopy (EIS). The cells were galvanostatically charged and dis-
charged in the potential range of 0.01-1.5V (vs. Lit/Li) by an automatic
battery tests system (LANHE CT3100). The galvanostatic intermittent
titration technique (GITT) was used to measure the Li" diffusion rate of
samples at 0.2 A/g with a pulse time of 20 min and a relaxation time of
30 min. Full-type cells were assembled to further evaluate the perfor-
mance of CNT/SiNPs/SiC. The commercial LiFePO,4 (LFP) served as the
cathode, and the pre-lithiated CNT/SiNPs/SiC electrode served as the
anode. The pre-lithiation was enacted by discharging the above-
mentioned half-cell at 0.2 A/g. Then the fully discharged cell was dis-
assembled in a glove box to investigate the pre-lithiated CNT/SiNPs/SiC
electrode. The capacity ratio of the negative electrode/positive elec-
trode was 1.1, operating from 2.5 to 4.2 V.

2.5. Computational methods

Finite element model (FEM) were conducted by a thermalmechanical
coupled model for stress distribution and the corresponding volumetric
change evaluation of the experimental structure (the hoop surface dis-
placements of all samples before and after fully lithiation as Vyxsi:Vs; =
3.8). According to the TEM images of sample, the model was built on the
basis of 1/4 circular plane with the inner diameter of 40 nm, the outer
diameter of 80 nm and an interface with 20 nm in thickness on both
sides to simulate the material expansion process, and the axes of the
circle are restricted to their radial displacements. The analysis of volume
suppression and stress management depends on the material properties
of multi-phase modification, such as the modulus of Young and the ratio
of Poisson.

The first-principles calculations were carried out on the basis of
density functional theory (DFT). To calculate the adsorption energy
(Ead) of the FEC molecules on the Si (111) and SiC (11 1) surface, the
following equation is described:

Eads = E(A/B) — E(A) — E(B)

where E(A/B), E(A) and E(B) are the overall energy of A and B after
adsorption, the energy of adsorbate A, and the energy of adsorbent B,
respectively.

3. Results and discussion

The impact of heterogeneous interfaces on diffusion-induced stress
during the lithiation of Si-based anodes was validated through the uti-
lisation of FEM. As illustrated in Fig. 1a and b, a dual-interface 1/4-cyl-
inder model was constructed in accordance with previous work (Tab.
S1) [28,29]. In contrast to the symmetric C//Si//C model, in which
stress is uniformly distributed across both interfaces, the heterogeneous
C//Si//SiC model concentrates stress on the SiC side following thermal
expansion, while reducing stress on the internal carbon from 5.69 GPa to
2.09 GPa. The surface stress on the inner carbon layer of CNT is effec-
tively buffered to ensure the long-term maintenance of the conductive
networks of CNT/SiNPs/SiC. The rigid SiC interlayer enhanced the
contact between the SiNPs and CNT, while simultaneously protecting
the conductive interface for the electron transfer during the (de)lith-
iation of Si. This kind of stress management by the heterogeneous
interface ensures the stability of the material structure and the
conductive channels, thereby improving the cyclic stability and kinetic
performance of CNT/SiNPs/SiC (Fig. 1c and d).

Both SEM and TEM were employed to observe the microstructure
and morphological evolution process of the CNT/SiNPs/SiC. As illus-
trated in Fig. 2(a-d), the purified CNTs have an average diameter of
approximately 40 nm. Following the deposition of SiO; and amorphous
carbon, the CNTs assume a fibre-like morphology with a diameter of
approximately 150 nm. The subsequent MRR process results in the
formation of SiNPs and SiC, with the fibre-like morphology remaining
intact but becoming rough due to the production of pores. From the TEM
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Fig. 1. Stress distribution of (a) C//Si//C and (b) C//Si//SiC models during the lithiation. (c) The schematic working principle of the homogenously dual-interfaces

for AC and CNT and (d) the heterostructure dual-interface for SiC and CNT.

image of CNT/SiNPs/SiC, it is evident that the accumulated Si nano-
particles are present around the side wall of CNT (Fig. 2e). From high-
resolution TEM images (Fig. 2f and g), it can be seen that the CNT
with a highly graphitized wall can act as an effective inner conductor for
electrochemical redox of SiNPs and a buffer to relieve volume stress. The
lattice fringes of 0.31 nm and 0.25 nm indexing to the Si (111) and SiC
(111) lattice planes can be identified, and the Si nanoparticles with a
size of approximately 8.0 nm can be observed in Fig. 2g [30]. The
production processes of Si nanoparticles can be deduced from Fig. S2-54.
The CNT/SiO: appears to have a dense surface due to the abundance of
oxygen-containing groups on the CNT, which results in the homoge-
neous encapsulation of SiOz around the CNTs. After MRR, the CNT/SiO2
is converted into CNT/SiNPs with a rough surface, which is attributed to
the density difference between SiO2 and Si, which produces many pores.
Furthermore, the incorporation of the SiNPs with a size of less than 150
nm has been demonstrated to reduce the volumetric stress, thereby
mitigating the risk of mechanical failure of the anode [31,32]. The
selected area electronic diffraction (SAED) of the (111), (220), and
(311) crystal planes of cubic Si (Fig. 2h) provides additional evidence
for the uniform distribution of Si particles. The elemental mapping of
CNT/SiNPs/SiC (Fig. 2i) reveals that the Si nanoclusters are densely
distributed around the tubular CNT, while the carbon elements are
concentrated in the central axes and the shells that sandwich the SiNPs.
The oxygen elements are uniformly distributed along the overall
framework of sample due to oxygen species containing in the CNT and
the amorphous carbon layers.

The phase composition of the samples was examined by XRD, and the
results are shown in Fig. 3a. The presence of graphitic and amorphous
carbon, as well as SiO9, nanocrystalline Si and SiC, can be distinguished
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by the characteristic peaks observed. This indicates that the MRR pro-
cess results in the amorphous SiO5 layer being converted into poly-
crystalline Si (Eq. (1)), further reacts with amorphous carbon rather
than CNT to form SiC [33,34]. As shown in Eq. (2), the interfacial re-
action between the SiO: layer and the amorphous carbon layer produces
SiC in the exothermic influence of MRR. As a contrast sample, the MRR
on the CNT/SiNPs was performed, there are no SiC formation, since the
graphitic walls of CNT requires the higher energy than amorphous
carbon to form SiC (Fig. S5). Furthermore, the XRD pattern of the MRR
on CNT/SiNPs/AC (Fig. S6) excludes the possibility that Si reacted with
amorphous carbon to produce SiC during CVD. This is because the
temperature of Si reacting with carbon to produce SiC is above 1400 °C
[351.

Si0, + 2Mg—Si + 2MgO 1

Si+C-SiC (2)

The interactions between the individual components of CNT/SiNPs/
SiC are of particular importance for the stability of the Si-based anode.
XPS was employed to elucidate these interactions. The peaks with
binding energies of 101.3, 152.3, 284.3 and 531.4 eV correspond to Si
2p, Si 2s, C 1s and O 1s, respectively, as illustrated in Fig. S7. Fig. 3c
displays the high-resolution XPS spectrum of the Si 2p, which shows a
strong Si-Si peak at a binding energy of 100.2 eV, a Si-C peak at 102.2
eV, and a weak Si-O peak at 103.5 eV, respectively. Furthermore, the
deconvolution spectra of Cls (Fig. 3d) were performed. The presence of
an additional peak in CNT/SiNPs/SiC at a binding energy of 282.4 eV is
attributed to the C-Si bonding in the SiC layer [36,37].

The TG measurements were employed to analyse the composition
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Fig. 2. SEM images of samples (a) Purified CNT, (b) CNT/SiO,, (c) CNT/SiO5/AC, (d) CNT/SiNPs/SiC. (e) TEM images of CNT/SiNPs/SiC. (f) TEM images of inner
and outer interfaces of CNT/SiNPs/SiC. (g) HRTEM images of CNT/SiNPs/SiC. (h) SAED pattern with the diffraction rings indexed. (i) Corresponding element

mapping of Si, C, and O in CNT/SiNPs/SiC.

and contents of the samples. As illustrated in Fig. 3e, a pronounced
decline in weight is observed at approximately 550-620 °C for all
samples, which can be attributed to the combustion of carbon fractions.
The weight loss temperature of CNT/SiO2/AC (550 °C) is slightly lower
than that of CNT/SiO:z (580 °C), due to the lower combustion temper-
ature of the amorphous layers produced by acetylene CVD. It can be
observed that the weight begins to decrease for CNT/SiNPs/SiC at
approximately 620 °C. This could be attributed to the highly graphitised
degree of carbon by MRR at 650 °C, which results in an increase in the
combustion temperature. A weight gain of CNT/SiNPs/SiC at 730 °C can
be attributed to the oxidation of Si, given that both SiC and SiO: exhibit
good thermal stability at this temperature [38]. The heat flow curves of
CNT/SiOy and CNT/SiOy/AC (Fig. S8) can be used to calculate the
content of SiOy, CNT and amorphous carbon. Furthermore, the content
of Si and SiC in CNT/SiNPs/SiC can be calculated and analysed ac-
cording to the Egs. (1) and (2), given that the SiC is derived from the
reaction of Si with the amorphous carbon (Fig. 3f).

The porosity of materials is a crucial factor in determining the
accessibility of active sites and facilitating ion transport. As illustrated in
Fig. 3g, all samples exhibit the typical type IV isotherms, indicating a
mesoporous and microporous structure with pore sizes ranging from 5 to
100 nm (Fig. S9 and Tab. S2) [39]. The conversion of SiO: into Si results
in the formation of numerous pores due to the difference in the densities.
In comparison to CNT/SiNPs, CNT/SiNPs/SiC contains a greater number
of mesopores with a size range of approximately 5-10 nm. This can be
attributed to the domain-limiting effect of the rigid SiC, as illustrated in
Fig. 3b. The hierarchical pores of CNT/SiNP/SiC are beneficial in miti-
gating the volumetric expansion during Si lithiation and storing the
electrolyte to facilitate ion transport, thereby enhancing the durability
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and rate performance of the Si-based anode.

The effects of composition and structure of samples on the electro-
chemical performance of Si-based anodes of LIBs were evaluated. The
anode comprising CNT/SiNPs/SiC exhibited a high specific capacity of
1127.3 mAh/g at 0.5 A/g after 200 cycles, corresponding to a remark-
able capacity retention of 95.6 % (Fig. 4a and Fig. S10). However, the
anode with CNT/SiNPs/AC or CNT/SiNPs can only supply a capacity of
657.9 mAh/g and 515.3 mAh/g at 0.5 A/g after 200 cycles, respectively.
The results indicate that the structure of the inner CNT and the outer SiC,
which sandwich the SiNPs, is crucial for the fabrication of a Si-based
anode with optimal performance. The high Young’s modulus of SiC
enables the effective dissipation of the strong stress caused by the vol-
ume expansion of Si, thus maintaining the integrity of the CNT/SiNPs/
SiC. For comparison, it can be seen from Fig. S12 that the CNT/SiNPs
and CNT/SiNPs/AC structures are susceptible to structural damage
under strong stress.

The active phase for Li* storage of the CNT/SiNPs/SiC was evaluated
by cyclic CV. As illustrated in Fig. 4b, the peaks observed at 0.18 V in the
cathodic scan region can be attributed to the lithiation of crystalline Si
into the amorphous Li,Si alloys (a-LixSi). In the anodic scan region, two
peaks at approximately 0.32 and 0.53 V can be attributed to the deal-
loying reaction of a-Li,Si [40]. The voltage profiles of CNT/SiNPs/SiC at
2nd, 50th, 100th, 200th cycle demonstrate a smooth progression, with a
reduction in polarization as the cycle progresses (Fig. 4c). This indicates
the good electrochemical stability of the material. The rate performance
of the samples was evaluated by discharge curves at current densities
spanning from 0.2 to 4.0 A/g (Fig. 4d). In comparison to the CNT/SiNPs
and CNT/SiNPs/AC, the CNT/SiNPs/SiC exhibits the most favourable
rate performance, with discharge capacities of 1245.2, 1226.4, 1190.2,
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distribution curves of CNT/SiNPs and CNT/SiNPs/SiC.

1112.8, and 989.4 mAh/g at 0.2, 0.5, 1.0, 2.0, and 4.0 A/g, respectively
(Fig S13). Upon re-establishing the current density to 0.2 A/g, the
discharge capacity is observed to return to 1220.0 mAh/g. The CNT/
SiNPs/SiC also exhibits a superior lifetime at a large current of 4.0 A/g,
which possesses a high reversible capacity of 745.5 mAh/g and a ca-
pacity retention of 85.5 % even after 1000 cycles (Fig. 4e).

The results of the rate performance and cycling stability tests further
confirm the structural and compositional advantages of CNT/SiNPs/SiC.
In the CNT/SiNPs/SiC anode, CNT acts as a stress-buffering coach and
electronic conductor, the stiff SiC inhibits the volumetric stress, and the
most outer residual amorphous carbon layers can enhance the conduc-
tivity of the electrode. To ascertain the commercial viability of the CNT/
SiNPs/SiC anode, a full cell comprising LFP as cathode was constructed.
The cell exhibited an initially reversible capacity of 131.0 mAh/g at
2.0C, a capacity retention of 85.0 %, and maintained a working potential
of approximately 3.3 V after 100cycles (Fig. S14). Furthermore, the full
cell functions smoothly at rate tests ranging from 0.5C to 4.0C (Fig. S15).
In comparison to the Si-based LIBs previously reported in the literature
[41-43], the full cell assembled by the CNT/SiNPs/SiC anode exhibits
superior performance (Fig. S16).

The lithium-ion diffusion kinetics of materials was investigated by
EIS and GITT. The EIS of the CNT/SiNPs/SiC electrode is presented in
Fig. 4f. Prior to the charge-discharge cycle, the EIS is composed of a
semicircle in the high-frequency range, which represents the charge
transfer resistance (R¢), and a straight line in the low-frequency range,
which reflects the diffusion resistance (W,). Following the completion of
the cycles, a new loop was observed in the middle frequency region,
which is indicative of the formation of the SEI. The equivalent circuits
employed to fit the EIS data, the values and errors of the electric com-
ponents are shown in Fig. 4g and Tab. S3. The R value before the cycle
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is 73.8 Q cm? and increases to 87.6 Q cm? at the first cycle, which can be
attributed to the large polarization effect at the first discharge. However,
following the initial cycle, the Rt value exhibits a marked decline as the
cycling progresses, reaching a value of 42.8 Q cm? after 100 cycles. This
trend was replicated in the parallel test group (Fig. 4h). The inner CNTs
in the CNT/SiNPs/SiC act as an electronic conductor, thus facilitating
the transfer of charges during electrode reactions. The outer, rigid SiC
further inhibits volumetric stress, preventing damage to the CNT and
thus maintaining the conductive network. Furthermore, the porous
structure of CNT/SiNPs/SiC necessitates a relatively lengthy wetting
process, which also results in a reduction of the Rct value with cycles.
Conversely, the R of CNT/SiNPs/AC exhibits a marked increase after
100 cycles (Fig. S17), thereby corroborating the pivotal role of the stiff
SiC in preventing the cracking of the outer carbonaceous layers during
the cycling process. The interfacial resistance (R¢) is indicative of the
blockage of ion and electron transport at the electrode-electrolyte
interface, as described by reference [44]. The R¢ value of the CNT/
SiNPs/SiC electrode decreases gradually with the number of cycles,
indicating that the SEI tends to stabilise rather than undergo repeated
formation, which would otherwise result in higher ions and electrons
resistance.

Li" transport kinetics in the Si based electrodes was further studied
through GITT and the results are shown in Fig. S18. On the basis of GITT
curves of CNT/SiNPs/AC and CNT/SiNPs/SiC electrodes after 100 cycles
(Fig. S18a), the diffusion coefficient of Li* (Dy;,) was calculated ac-
cording to the following equation and then the curves of log Dy;, vs
lithiation state of Si was plotted as shown by Fig. S18b.
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Fig. 4. (a) Cycling-induced variation of discharge capacity and CE for CNT/SiNPs, CNT/SiNPs/AC and CNT/SiNPs/SiC at 0.5A/g for 200 cycles. (b) CV curves of
CNT/SiNPs/SiC at 0.2 mV s~ L. (c) Voltage profiles of CNT/SiNPs/SiC at 0.5 A/g. (d) Rate capability of CNT/SiNPs, CNT/SiNPs/AC and CNT/SiNPs/SiC at current
density of from 0.2 to 4.0 A/g. (e) Cycling performance of CNT/SiNPs/SiC at 4.0 A/g for 1000 cycles. (f) Nyquist plots and EIS fitting results of the CNT/SiNPs/SiC
electrode before and after cycles and (g) Equivalent circuits. (h) Mean and standard deviation of three EIS tests performed on the electrodes.

where L refers to the diffusion length of Li* (equal to the electrode
thickness), stands for the relaxation time (s), AEg represents the steady-
state potential change via the current pulse, and AE. is the potential
change in current pulse after subtracting the iR drop. By comparing the
diffusion curves of samples, the faster Li* diffusion rate of the cycled
CNT/SiNPs/SiC reflects the good electrochemical kinetics.

The morphology of the electrodes was examined before and after the
cycling process in order to assess the stability of the samples (Fig. 5a-f).
After 200 cycles, there were no discernible changes in the topography
and cross-sectional surface of the electrode with CNT/SiNPs/SiC, with
an increase in electrode thickness of 17 % (As illustrated in Fig. S19, the
electrode thickness from average 12.0 to 14.0 um). In contrast,
numerous large cracks were produced after 200 cycles in the case of
electrodes with CNT/SiNPs/AC or CNT/SiNPs (Fig. S20 and Fig. S21).
Furthermore, the electrodes with CNT/SiNPs/AC exhibited volumetric
expansion, reaching approximately 50 % (Fig. S22 and Fig. S23). The
results indicate that the inner CNT and the outer SiC play a crucial role in
stabilising the electrode structure.

The microstructure of the samples following the completion of the
cycles was examined by TEM in order to evaluate the situation of the
SiNPs. The results of this examination are shown in Fig. 5g and h. It can
be observed that some of the SiNPs have separated from the CNT/SiNPs/
AC. The separated SiNPs have lost their conductive pathways and will
gradually evolve into what is known as “dead silicon” in the subsequent
cycles. In contrast, the interface structure of CNT/SiNPs/SiC remains
stable, with the SiNPs effectively encapsulated between the CNT and SiC
due to the limited stress imposed by the stiff SiC. The surface displace-
ments of the samples were simulated by FEM using the C//Si//C and C//
Si//SiC models (Fig. S24). The smaller surface displacement of C//Si//
SiC (18.2 nm) relative to C//Si//C (27.1 nm) can be attributed to the
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limitation of Si volume expansion by the rigid SiC, as well as the effec-
tive absorption of in-plane shear energy by the inner CNT and outer SiC
architecture (Fig. 5i). In the CNT/SiNPs/SiC anode, the SiNPs are able to
avoid self-cracks due to their nano-scale dimensions. Furthermore, the
sandwiched structure of CNT and SiC, which act as interfaces between
SiNPs, can effectively buffer the volumetric effects and maintain the
integrity of CNT/SiNPs/SiC during the (de)lithiation process. The inner
CNT can act as a conductor to facilitate the transfer of electrons and a
buffer to mitigate the volumetric stress induced by Si lithiation. The
outer stiff SiC interfaced with SiNPs can inhibit the substantial structure
inflation, thereby ensuring the structural stability of CNT/SiNPs/SiC and
consequently the excellent cycling and rate performance [45,46].

The composition and structure of the SEI film are also crucial factors
in determining the cycling stability of the electrode [47]. Although SEI
film can facilitate Li* transfer, the repeated reconfiguration of SEI film
can deplete the electrolyte and increase the Li* diffusion distance,
thereby slowing the electrode reaction kinetics. The stress management
capabilities of the sandwich heterostructure of CNT/SiNPs/SiC can
significantly reduce the reorganization of the SEI film. Furthermore, the
composition of the SEI film can be optimised by the additives, which has
been demonstrated to be an effective strategy for improving the elec-
trochemical performance of electrodes. FEC as a fluorinated derivative
of EC, is one of the most commonly used electrolyte additives for Si-
based anodes. As an additive, FEC can be reduced into polymerised
vinyl carbonate (poly (VC)) and LiF, which modify the SEI film. It has
been demonstrated that the introduction of FEC molecules into the inner
Helmholtz plane (IHP) can stabilise the SEI film of Si-based anodes.
Firstly, the adsorption of the FEC molecules on Si and SiC surfaces was
calculated using DFT, taking into account the parallel orientation of the
FEC molecules on the plates of the Si (111) and SiC (111) surfaces
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Fig. 5. SEM images of (a, d) surface, (b, e) cross-sectional surface and (c, f) dispersed samples by deionized water of CNT/SiNPs/SiC electrode before and after 200
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diagram of dead silicon formation in CNT/SiNPs/AC during cycles.

(Fig. 6a and b). It is evident that the binding energies of SiC (111) to FEC
(—4.3 eV) are considerably more negative than those of Si (—0.4 eV),
indicating a markedly stronger adsorption capacity. This may result in
the formation of an FEC-rich IHP at the SiC interface [48].

XPS was performed to detect the chemical composition of SEI formed
onto the electrode. In the cycled CNT/SiNPs/SiC, the major elements are
O (42.91 at%) and C (34.31 at%), along with a low concentration of F
and P (Fig. 6¢). From the F 1s spectrum, LiF and LixPFy are the major
species derived from LiPFs. The content of LiyPFy in CNT/SiNPs/SiC is
less than that observed in both CNT/SiNPs and CNT/SiNPs/AC, indi-
cating that the decomposition and recombination of the electrolyte
around CNT/SiNPs/SiC are inhibited (Fig. 6d-f). In the C 1s spectrum,
the peaks at 284.8, 286.3, 288.4 and 289.8 eV correspond to the C—C,
C—O0, C=0 and carbonate-containing species, respectively [49]. The
ratio of carbonate-containing species (labelled as LixCO3) in the CNT/
SiNPs is greater than in the other two samples, indicating that it un-
derwent an excessive electrochemical reduction and consumption of
electrolyte without any outer protective layer around Si. Furthermore,
the presence of Si-Li bonds in the Si 2p spectra of CNT/SiNPs indicates
the occurrence of irreversible lithiation side reactions at the electrolyte
interface of the sample. Consequently, the presence of Si-Si bonds in
CNT/SiNPs/SiC indicates the reversibility of good Li™ intercalation of
the sample. Although the amorphous carbon layers of CNT/SiNPs/AC
can prevent the direct interaction of Si from the electrolyte, thereby
reducing the consumption of electrolyte, the large volumetric stress of Si
lithiation can cause the amorphous carbon layers to break, thereby
losing their protective effect. Consequently, the Si 2p spectrum of CNT/
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SiNPs/AC exhibits a weak Si elemental excitation signal. The introduc-
tion of a rigid SiC layer between the Si and CNT can prevent the stress
caused by Si lithiation, thereby reducing the degradation of the amor-
phous carbon layers. Consequently, the SEI around the CNT/SiNPs/SiC
exhibits excellent stability. Combining the Si 2p with the O1s spectrum,
a series of additional peak assignments such as siloxane structures
(R—O—C—O0—R’) can be discerned, which correlates with the prefer-
ential adsorption of FEC on the SiC surface. The organics-dominated SEI
owns the better conductivity, it could facilitate the electrons transfer in
CNT/SiNPs/SiC [17].

4. Conclusions

A novel sandwich material of CNT/SiNPs/SiC that Si nanoparticles
(SiNPs) encapsuled between carbon nanotube (CNT) and silicon carbide
(SiC) has been fabricated. The outer SiC/Si interface inhibits the volume
changes due to the rigid SiC. The inner CNT/Si interface buffers the
stress resulted by the volume change of Si during (de)lithiation and plays
as a conductor to enhance electrons transfer owing to the high elastic
modulus and good conductivity of CNT. Furthermore, the theoretical
calculations and experimental results consistently show that the SiC
(111) surface of Si/SiC interface can enhance the adsorption of the FEC
molecules on CNT/SiNPs/SiC to stabilize the SEI. Therefore, as the
anode materials of LIBs, the CNT/SiNPs/SiC anode exhibits an excellent
stability and rate performance. It can output a capacity of 1127.2 mAh/g
at 0.5 A/g with a retention rate of 95.6 % after 200 cycles and a capa-
bility of 745.5 mAh/g at 4.0 A/g after 1000 cycles. Compared with
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Fig. 6. Main views of the configuration after adsorbing FEC on (a) SiC (111) and (b) Si (11 1) surface. The chemical composition of electrode surface after 10 cycles,
(c) interfacial atom concentrations of cycled CNT/SiNPs, CNT/SiNPs/AC, and CNT/SiNPs/SiC. C 1s, F1s, Si 2p and O 1s XPS spectra of cycled (d) CNT/SiNPs, (e)

CNT/SiNPs/AC, and (f) CNT/SiNPs/SiC.

previously reported homogeneous interface modification by using ma-
terials of carbon or SiC, the dual-interface sandwiched Si anode exhibits
the better cycling stability and rate performance.
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