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Dramatic capacity fading and poor rate performance are two main obstacles that severely hamper the
widespread application of the Si anode owing to its large volume variation during cycling and low intrin-
sic electrical conductivity. To mitigate these issues, free-standing N-doped porous carbon nanofibers
sheathed pumpkin-like Si/C composites (Si/C-ZIF-8/CNFs) are designed and synthesized by electrospin-
ning and carbonization methods, which present greatly enhanced electrochemical properties for
lithium-ion battery anodes. This particular structure alleviates the volume variation, promotes the forma-
tion of stable solid electrolyte interphase (SEI) film, and improves the electrical conductivity. As a result,
the as-obtained free-standing Si/C-ZIF-8/CNFs electrode delivers a high reversible capacity of
9455 mA h g~ ! at 0.2 A g! with a capacity retention of 64% for 150 cycles, and exhibits a reversible
capacity of 538.6 mA h g ! at 0.5 A g ! over 500 cycles. Moreover, the full cell composed of a free-
standing Si/C-ZIF-8/CNFs anode and commercial LiNi;;3C01;3Mny30, (NCM) cathode shows a capacity
of 63.4 mA h g~ after 100 cycles at 0.2 C, which corresponds to a capacity retention of 60%. This rational
design could provide a new path for the development of high-performance Si-based anodes.

© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

To date, lithium-ion batteries (LIBs) have been widely used in
advanced mobile electric vehicles (EVs) and portable electronics
because of their high energy density and long lifecycle [1-10].
However, the capacity of traditional graphite anodes (372 mAh g™ ')
cannot meet the requirement of LIBs for higher energy density
[11,12]. Among the existing candidates, Si anodes have been
regarded as the most promising alternative to graphite for LIBs
ascribing to the abundant natural resources, low discharge poten-
tial (~0.4 V versus Li/Li*), and high theoretical specific capacity
(~3579 mA h g~! Li;sSis) [13-15]. However, Si anodes suffer from
several challenges, including severe volume change (>270%) during
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the Li* ion insertion/extraction process, excessive accumulation of
solid electrolyte interphase (SEI) during cycling, and low intrinsic
electronic conductivity, resulting in rapid capacity fading upon
cycling and poor rate capability [16-18]. Recent works attempted
to use Si in the design of nanostructures, such as nanorods [19],
nanowires [20], nanotubes [21], nanoporous structures [22], and
nanosheets [23], to alleviate its severe volume change during
cycling. However, the electrochemical performance has not been
significantly improved due to the unstable SEI formation and
intrinsically low conductivity. To mitigate these problems, the
strategy is to introduce conductive carbonaceous material to the
Si anode, which can notably promote favorable SEI formation and
enhance the conductivity of Si [24,25]. As a result, the electro-
chemical performance of the Si anode is improved. However, the
C shell still breaks over time due to limited space for volume vari-
ation during the charge-discharge process. Therefore, developing a
strategy to create enough voids between the Si core and
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the C shell is of great importance to alleviate the volume
expansion.

Yolk-shell structure has been demonstrated as an important
structure in many research fields, such as catalysis, energy storage,
and conversion [26]. Particularly, the hollow shell is an effective
way to accommodate the volume expansion of Si. The pumpkin-
like structure is similar to the structure of multi-core yolk-shell,
in which Si nanoparticles are embedded in a hollow C shell. Com-
pared with the single-core yolk-shell structure, pumpkin-like
material contains larger spaces to allow the volume expansion of
Si [27]. Metal-organic frameworks (MOFs) are good templates for
the synthesis of yolk-shell structure, which consist of Li* and
organic ligands. MOFs have been widely studied in LIBs owing to
their high specific areas and controllable synthesis [28]. Among
various MOFs, zeolitic imidazolate framework-8 (ZIF-8) is an ideal
choice for yolk-shell structure because of its exceptional thermal/-
chemical stability [29]. In addition, it also can be easily etched in a
solution and removed during the annealing process. These merits
make ZIF-8 an ideal template for creating a void to buffer the vol-
ume expansion of Si.

Furthermore, Si/C based electrodes are usually assembled by
casting slurries, which easily delaminate the active material from
the electrode during the cycling process. Moreover, the utilization
of electrochemically inactive binders and additives results in a
decrease in the energy density at the cell level. Hence, free-
standing electrodes have captured considerable attention due to
their enhanced performance, e.g., NiFe,0,4/C binder-free electrodes
[30], metal-oxide/C self-standing electrodes [31]|, and self-
supported LisTisO;, nanosheet array electrodes [32]. This is
because the free-standing electrode structure can accelerate Li*
ion and electron transfer, preserving the flexibility and integrity
of the electrode, and simplify the cell packing process, contributing
to high electrochemical performance.

To alleviate the drastic volume variation and unstable SEI for-
mation while simultaneously enhancing the electronic conductiv-
ity of Si, herein, free-standing N-doped porous C nanofibers
sheathed pumpkin-like Si/C composites (Si/C-ZIF-8/CNFs) are fab-
ricated by electrospinning and carbonization methods. With struc-
tural advantages, the as-obtained free-standing Si/C-ZIF-8/CNFs
electrode demonstrates outstanding electrochemical performance,
achieving a high capacity of 945.5 mA h g~! at 0.2 A g~! after 150
cycles when applied as an anode for LIBs. Moreover, a full cell with
a Si/C-ZIF-8/CNFs anode displays a capacity of over 63.4 mA h g~!
after 100 cycles at 0.2C, with a capacity retention of 60%, suggest-
ing this composite may have great potential for practical
application.

2. Experimental
2.1. Preparation of Si/ZIF-8

1.47 g of Zn(NOs3),-6H,0 is mixed in 50 mL of methanol to form
a homogeneous solution A, then 0.2 g of Si nanoparticles (Shanghai
Gexin Nano Technology Co., Ltd., 99.9%) are dispersed into solution
A using an ultrasonic method. 1.54 g of 2-methylimidazole (Alad-
din, 98%) is dissolved into another 50 mL of methanol as solution
B. Solution A is mixed with solution B, stirred vigorously at room
temperature for 24 h, and centrifuged and washed with methanol
for 3 times. Si/ZIF-8 is obtained after the mixture is dried at 70 °C
for 12 h in a vacuum condition.

2.2. Synthesis of Si/C-ZIF-8/CNFs

0.35 g of the as-prepared Si/ZIF-8 is ultrasonically dispersed in
N, N-dimethylformamide, followed by the addition of 0.4 g of poly-

acrylonitrile (PAN, Aladdin, M,, = 150,000), and stirred at 60 °C for
1 h. Then, the mixture is naturally cooled to room temperature and
stirred for 12 h. Subsequently, a syringe with a 21 gauge needle is
filled with the homogeneous mixture. Aluminum foil is used as a
collector, and the distance between the needle and collector is
15 cm. The electrospinning process is carried out at a working volt-
age of 18 kV and flow rate of 1.0 mL h™'. The precursor is pre-
oxidation at 280 °C for 3 h, and the mixture is then kept at
950 °C for 3 h under an N, atmosphere to obtain Si/C-ZIF-8/CNFs.
For comparison, Si/ZIF-8 is directly carbonized at 950 °C for 3 h
in nitrogen to obtain Si/C-ZIF-8.

2.3. Materials characterization

The morphology of the complexes is obtained by a scanning
electron microscope (FE-SEM, S-4800, Hitachi, Japan) equipped
with an energy-dispersive X-ray spectrometer (EDX) and transmis-
sion electron microscope (TEM, H-600, Hitachi, Japan). The crys-
talline phases of the samples are performed using X-ray
diffraction (XRD, Bruker D8 Advance equipped with Cu Ko radia-
tion). Surface analysis of the complexes is taken with an X-ray pho-
toelectron spectroscope (XPS, PHI 5000 VersaProbe). The elemental
mapping analysis displays the distribution of the sample. The con-
tent of Si of the as-prepared materials is determined by thermo-
gravimetric analysis (TGA, Netzsch SDT 449F3). The surface area
and porosity analysis are acquired on an ASAP 2050 analyzer.

2.4. Electrochemical measurements

The Si/C-ZIF-8/CNFs anode is directly cut into circular discs and
then dried at 80 °C for 12 h under vacuum, while the Si/C-ZIF-8
anode is obtained by coating with a uniform slurry of the Si/C-
ZIF-8, sodium alginate binder, and acetylene black conductive
additive in a weight ratio of 70:15:15. The anode is dispersed in
deionized water on copper, dried at 80 °C under vacuum for
12 h, and then punched into circular discs; the mass loading of
active materials is ~0.8-1.2 mg cm 2. The measured specific capac-
ity of the Si/C-ZIF-8/CNFs anode is based on the whole mass of Si/C-
ZIF-8/CNFs. The cell is assembled in an argon-filled glove box with
Si/C-ZIF-8/CNFs (Si/C-ZIF-8 or Si electrode), Celgard 2400, Li foil,
and LiPFg (1 M) in dimethyl carbonate (DMC) and ethylene carbon-
ate (EC) in a volume ratio of 1:1, including 5 wt% vinylene carbon-
ate (VC) as the working electrode, separator membrane, counter
electrode, and electrolyte, respectively. The galvanostatic charge
and discharge testing are carried out by a Land battery test system
(Wuhan, China), which is performed at 0.01-1.5 V (versus Li/Li").
The cyclic voltammetry (CV, CHI660D Chenhua, China) is set to
be 0.1 mV s~ ! at a voltage interval of 0.01-1.5 V (versus Li/Li*).
The electrochemical impedance spectra (EIS) are collected from a
ZAHNER-elektrik electrochemical workstation and measured with
a 10 mV amplitude in the frequency range of 0.1 Hz—100 kHz. To
set up a full cell, the Si/C-ZIF-8/CNFs anode is combined with a
LiNiy3C01,3Mn430, (NCM) cathode. Typically, the cathode is fabri-
cated by commercial NCM, acetylene black (AB), and polyvinyli-
dene difluoride (PVDF) (at a weight ratio of 8:1:1) on aluminum
foil, and the same separator membrane and electrolyte are used.
The galvanostatic charge and discharge testing as well as cycle per-
formance of NCM half cells and NCM /Si/C-ZIF-8/CNFs full cells are
carried out by a Land battery test system, which are performed at
voltage range of 2.5-4.5 V and 2.8-4.3 V, respectively.

3. Results and discussion

The schematic for the preparation of Si/C-ZIF-8/CNFs is illus-
trated in Fig. 1(a). The Si/ZIF-8 is first fabricated through a solvent
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Fig. 1. (a) Schematic for the preparation of Si/C-ZIF-8/CNFs. (b-d) FESEM images of Si/C-ZIF-8/CNFs (inset in (b) is its corresponding photograph). (e,f) TEM images of Si/C-ZIF-8/
CNFs (inset in (f) is its HRTEM image taken from the rectangular area marked in (f)). (g) FESEM image and elemental mapping images of Si/C-ZIF-8/CNFs.

method, then Si/ZIF-8 is mixed with PAN in DMF, and the mixture
forms nanofibers by an electrospinning method. After heat treat-
ment at 950 °C in the N, atmosphere, ZIF-8 and PAN are decom-
posed and transformed into an N-doped porous carbon layer, and
the self-supporting Si/C-ZIF-8/CNFs membrane is obtained. Dur-
ing the carbonation process, most of the ZnO in ZIF-8 is reduced
to Zn nanoparticles, and are removed owing to their low boiling
point (907 °C) [33]. Therefore, they can leave many pores in the
carbon nanofibers. Benefitting from the porous structure, Si
nanoparticles can enter the void derived from ZIF-8 pyrolysis.
Eventually, Si/C-ZIF-8/CNFs form a pumpkin-like structure; how-
ever, the specific formation mechanism still needs to be further
studied. On the contrary, Si/C-ZIF-8 is carbonized directly from
Si/ZIF-8 without electrospinning, which does not possess a
pumpkin-like structure.

The morphologies of naked Si are characterized by SEM, as
shown in Fig. S1(a,b). The naked Si exhibits a spherical morphology
with a diameter ranging from 30 — 50 nm. According to the FESEM
image in Fig. S1(c,d), the as-prepared Si/ZIF-8 is composed of many
Si nanoparticles and ZIF-8; the Si nanoparticles are accumulated on
the surface of the ZIF-8. After the electrospinning process, the as-
prepared Si/ZIF-8/PAN exhibits a nanofiber structure (Fig. S2).
Through the carbonization process in N, the resultant Si/C-ZIF-8/
CNFs retain the same fiber-like shape (Fig. 1b). The high-
magnification FESEM image shows that the average size of the Si/

C-ZIF-8/CNFs is approximately 500 nm, and the Si nanoparticles
are completely wrapped in fibers (Fig. 1c). In addition, some regu-
lar carbon polyhedra in Si/C-ZIF-8/CNFs are revealed, which are
similar to the pumpkin shape (Fig. 1d). Meanwhile, benefitting
from the conductive network formed by C nanofibers, Si/C-ZIF-8/
CNFs display good flexibility (inset in Fig. 1b). The FESEM image
of Si/C-ZIF-8 is given in Fig. S3, which presents a nanoparticle mor-
phology. The cross-section image of the Si/C-ZIF-8/CNFs membrane
clearly shows that its thickness is approximately 200 pum (Fig. S4).
Moreover, it can be obviously found that one-dimensional C nano-
fibers are piled layer by layer, and the subsequent 3D porous struc-
ture is obtained, which can facilitate Li* ion and electron transport
[34]. The TEM image (Fig. 1e) further indicates that the Si nanopar-
ticles are dispersed in the C polyhedra. The pumpkin-like structure
is carbonized to form a pumpkin shell at high temperature by ZIF-
8, and the Si nanoparticles exist in the pumpkin together constitut-
ing the “pumpkin seeds”. Additionally, the large space derived
from ZIF-8 can be observed between the Si nanoparticle core and
the N-doped porous C shell, which can alleviate the volume
expansion of Si during the charge-discharge process [35]. The
high-resolution TEM (HRTEM) image shown in the inset of Fig. 1
(f) displays lattice fringes with a d-spacing of 0.334 nm, which is
consistent with the (111) plane of Si. No obvious lattice fringes
of C are found, which indicates that the C is amorphous (Fig. 1f).
The FESEM image and mapping image of Si (yellow), C (red), and



730

N (green) of Si/C-ZIF-8/CNFs shown in Fig. 1(g) confirms the uni-
form distribution of elements in the sample.

The purity and crystalline phase of Si/C-ZIF-8/CNFs, Si/C-ZIF-8,
and pure Si are investigated by XRD (Fig. 2a). Both Si/C-ZIF-8/
CNFs and Si/C-ZIF-8 samples exhibit clear peaks of the (111),
(220), (311), (400), and (331) planes, which match well with the
Si (JCPDS no. 27-1402), indicating that the addition of ZIF-8 and
PAN does not lead to the change in the crystal structure of Si. More-
over, no Zn peak is found in the XRD pattern of either sample,
meaning that Zn has been removed during the carbonization pro-
cess [36].

The surface states and chemical composition of Si/C-ZIF-8/CNFs
are performed by XPS. From the XPS survey spectra (Fig. S5), the
existence of Si, C, N, and O elements on the surface of Si/C-ZIF-8/
CNFs can be observed. As the Si 2p XPS spectra shows in Fig. 2
(b), two peaks centered at 99.3 and 99.8 eV belong to the Si-Si bond
[37], while the peaks with the binding energy of 102.5 and
103.2 eV can be ascribed to SiO [38], which show that there are
silica or Si oxides in the sample. However, the XRD peaks of silica
or Si oxides are not found in Fig. 2(a), demonstrating that the quan-
tity of silica or Si oxides is low. The N 1s XPS spectra (Fig. 2c¢) con-
sists of three peaks at approximately 404.8, 398.6, and 400.9 eV,
which correspond to graphitic-N, pyridinic-N, and pyrrolic-N,
respectively [39]. The presence of pyridinic-N and pyrrolic-N can
accelerate the transfer of electrons and provide abundant electro-
chemical active sites for Li* ions [8], while the graphitic N is a ben-
efit to improve the electrical conductivity of the C layer [40]. In the
C 1s XPS spectra (Fig. 2d), the peaks at 284.7 and 289.3 eV are fitted
with C-C and C = O bonds [41], respectively. Peaks at 286.4 and
291.1 eV are assigned to C-O-H and C-O-C bonds [42], respectively.
The peak at 532.3 eV corresponds to the O 1s XPS spectrum, which
may arise from the oxidation of Si during the preparation process.
(Fig. 2e) [43].
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N, adsorption-desorption isotherms are performed to study the
surface area and pore structure of Si/C-ZIF-8/CNFs and Si/C-ZIF-8
samples. In Fig. 2(f), a type IV curve with a hysteresis loop at P[Py
between 0.4-1.0 is observed by the N, adsorption-desorption iso-
therm of Si/C-ZIF-8/CNFs. The result suggests that Si/C-ZIF-8/CNFs
contain mesoporous structures [44,45]. The specific surface area
and pore size of Si/C-ZIF-8/CNFs are approximately 110.476 m?
¢~ and ~ 3.8 nm, respectively. Compared to the specific surface area
of Si/C-ZIF-8 (64.198 m? g~ '), the increase in specific surface area
may be ascribed to the synergistic effect between ZIF-8 and PAN
in the carbonation process, which results in the formation of pores
in the PAN-based C. The N, adsorption-desorption isotherms of Si/
C-ZIF-8 do not possess a type H1 hysteresis loop, reflecting the Si/
C-ZIF-8 accounts of several mesoporous structures. During the car-
bonation process, Si/C-ZIF-8 is carbonized directly from Si/ZIF-8
because Si/C-ZIF-8 is not coated by C derived from PAN, and thus
does not form pores. Furthermore, Si/C-ZIF-8 are not connected
due to the absence of PAN, which might retard the rate of Li* ion
and electron transfer. Obviously, the highly specific surface area
and mesoporous structure of Si/C-ZIF-8/CNFs not only speed up
the transfer of electrons and Li* ions, but also enrich more Li storage
sites [46]. According to the TGA in Fig. S6, Si/C-ZIF-8/CNFs consist of
54.5% Si. It also can be observed that the Si proportion of Si/C-ZIF-8/
CNFs is lower than that of Si/C-ZIF-8 (90.7%), which might be attrib-
uted to adding PAN into Si/C-ZIF-8/CNFs.

The Li storage behaviors are examined by CV measurements. CV
curves of the first five cycles of the Si/C-ZIF-8/CNFs electrode at
0.1 mV s~' in a voltage range of 0.01-1.5 V are presented in
Fig. 3(a). A broad peak at 0.8 V is observed in the first cathodic
cycle, and then vanishes in the following cycles, resulting from
the formation of SEI film and the irreversible reaction of Li* ions
on the surface [47]. A cathodic peak at 0.2 V appears in the second
cycle of Si/C-ZIF-8/CNFs, corresponding to the reaction of Si with
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Fig. 2. Structural characterization of the samples: (a) XRD patterns, high-resolution (b) Si 2p, (c) N 1s, (d) C 1s, and (e) O 1s XPS spectra of Si/C-ZIF-8/CNFs. (f) Nitrogen
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Fig. 3. Electrochemical performance in a half cell: (a) CV curves of the first five cycles of the Si/C-ZIF-8/CNFs electrode at 0.1 mV s ! in a voltage range of 0.01-1.5 V, (b)
galvanostatic charge-discharge curves of Si/C-ZIF-8/CNFs for the 1st, 2nd, and 5th cycles at 0.2 A g™, (c) cycle performance of Si/C-ZIF-8/CNFs and Si/C-ZIF-8 electrodes at 0.2
A g1 for 150 cycles, (d) EIS spectra of Si/C-ZIF-8/CNFs and Si/C-ZIF-8 electrodes before and after 150 cycles (inset in Fig. 3(d) is the enlarged view of Si/C-ZIF-8/CNFs and Si/C-
ZIF-8 electrodes after cycling). (e) rate performance of Si/C-ZIF-8/CNFs electrode and (f) long-term cycling performance of Si/C-ZIF-8/CNFs electrode at a current density of 0.5

A g1 after cycling with the first five cycles at 0.05Ag™".

Li* [48]. Apart from that, there are two peaks located at ~ 0.36 V
and ~ 0.6 V in the anodic cycle, which are derived from the delithi-
ation of Li,Si [49]. Although silica or Si oxides are found in XPS, it
can be demonstrated from the CV that only Si is involved in the

electrochemical reactions. The redox peaks are similar to the pre-
vious report [50].

The galvanostatic charge-discharge behaviors of both samples
at 0.2 A g !in a voltage range of 0.01-1.5 V after different cycles
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are shown in Fig. 3(b) and Fig. S7. Si/C-ZIF-8 displays a first cycle
discharge capacity of 2076.5 mA h g~ ! at 0.2 A g~! with a coulom-
bic efficiency of 73% (Fig. S7). In comparison, the first cycle dis-
charge capacity of Si/C-ZIF-8/CNFs is 1888.8 mA h g~! with a
coulombic efficiency of nearly 76%. The relatively high initial
coulombic efficiency can be related to the introduced N-doped por-
ous C shell, which contributes to form the stable SEI [51]. Although
the initial coulombic efficiency of this work is not high, it is
improved compared to the value reported in previous literature,
as shown in Table S1. A long, flat plateau at 0.1 V is observed in
the first discharge curve of Si/C-ZIF-8/CNFs, corresponding to the
typical electrochemical behavior of the Li-Si alloy process [48].
Another obvious plateau is exhibited at 0.8 V and vanishes in the
subsequent cycle, which belongs to the SEI formation [52]. The ini-
tial capacity loss is considered as the result of the formation of the
SEl layer and the irreversible trapping of Li* in Li,Si [53], which can
be compensated by pre-lithiation through either chemical or elec-
trochemical methods or by using stabilized Li metal powder [5].
From the charge/discharge curves, it can be seen that Si/C-ZIF-8/
CNFs have better overlap than that of Si/C-ZIF-8 in the 1st, 2nd,
and 5th cycles, indicating the good cycle stability of Si/C-ZIF-8/
CNFs.

Fig. 3(c) shows the cycle performance of both samples at 0.2 A
g~1. Obviously, Si/C-ZIF-8/CNFs exhibit a significantly improved
cycling performance with a high discharge capacity of
945.5 mA h g~! after 150 cycles. The corresponding capacity reten-
tion of Si/C-ZIF-8/CNFs is maintained at 64% from the 2nd to 150th
cycles. The capacity attenuation of Si is probably due to some HF
corrosion of Si caused by LiPFs decomposition in the electrolyte
[54]. The formation of SEI on the electrode surface is due to the
electrochemical reduction of organic salt and solvent, and its mor-

phology and composition mainly depend on the composition of the
electrolyte. It not only affects the kinetics of Li* ion charge/dis-
charge, but also the surface stability during the long cycle [55-
58]. In contrast, Si/C-ZIF-8 exhibits a discharge capacity of
646.7 mA h g~! after 150 cycles. The corresponding capacity reten-
tion of Si/C-ZIF-8 is maintained at 41% from the 2nd to 150th
cycles. The reason for the higher capacity retention of the Si/C-
ZIF-8/CNFs electrode as compared to that of the Si/C-ZIF-8 elec-
trode could be ascribed to the void in the pumpkin-like structure,
which can buffer the volume expansion of Si during the cycling
process.

To realize the conductivity and ion diffusion, the electrochemi-
cal impedance spectroscopy (EIS) of Si/C-ZIF-8/CNFs and Si/C-ZIF-8
electrodes before cycling and after 150 cycles are demonstrated
and fitted in Fig. 3(d). The EIS shows that both samples consist of
one semicircle and one line. The semicircle in the high and
middle-frequency region is associated with the interfacial charge
transfer resistance (R.;), which affects the electrochemical kinetics
[58]. The low-frequency line is due to Warburg impedance (W,),
which is connected with Li* ion diffusion [59]. The R of the Si/
C-ZIF-8/CNFs electrode before (75.51 Q) and after (16.62 Q)
cycling is lower than that of the Si/C-ZIF-8 electrode before
(198.1 Q) and after (22.07 Q) cycling, reflecting that Si/C-ZIF-8/
CNFs possess enhanced electrical conductivity. This is because
the N-doped porous carbon derived from ZIF-8 and PAN provides
more Li* ion storage sites and a 3D conductive network of Si/C-
ZIF-8/CNFs provides faster electron and Li* ion transfer [60].

Fig. 3(e) displays the rate performance of Si/C-ZIF-8/CNFs. The
discharge capacity of Si/C-ZIF-8/CNFs is approximately 1845.4,
1097.2, 840.3, 672.5, and 4374 mA h g ' at 0.2,0.5,1,2,and 5 A
g1, respectively. More importantly, when the current rate returns

Fig. 4. (a-c) SEM images of Si/C-ZIF-8 and (d-f) Si/C-ZIF-8/CNFs electrodes after 150 cycles at 0.2 A g~! with different magnifications. (g-i) TEM images of Si/C-ZIF-8/CNFs
electrode after 150 cycles at 0.2 A g~ ! with different magnifications, Fig. 4(i) is taken from the rectangular area marked in Fig. 4(h).
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to 0.1 A g!, the sample displays a discharge capacity of
1334.4 mA h g1, verifying that it possesses good rate performance.

To further validate the cycling performance of Si/C-ZIF-8/CNFs
at high current density, the Si/C-ZIF-8/CNFs electrode is detected
at 0.5 A g~! for over 500 cycles, and the corresponding result is pre-
sented in Fig. 3(f). The Si/C-ZIF-8/CNFs anode displays a capacity of
approximately 538.6 mA h g~ after 500 cycles and the initial
coulombic efficiency is 68%. The ameliorated electrochemical
behavior can be ascribed to a distinctive pumpkin-like structure,
which can partly reduce the volume variation and release the
mechanical stress. In addition, the result of the electrochemical
performance of the bare Si nanoparticles electrode is displayed in
Fig. S8. Compared with the bare Si nanoparticles electrode, the
Si/C-ZIF-8/CNFs and Si/C-ZIF-8 electrodes demonstrate signifi-
cantly enhanced electrochemical performance.

Fig. 4 displays the SEM images of the Si/C-ZIF-8/CNFs and
Si/C-ZIF-8 electrodes after 150 cycles at 0.2 A g~!. As shown in
Fig. 4(d-f), the Si/C-ZIF-8/CNFs electrode retains a nanofiber struc-
ture without obvious fracture. Nevertheless, the Si/C-ZIF-8 elec-
trode (Fig. 4a-c) displays many cracks, which may cause loose
contact between the Cu foil and the active material, further result-
ing in fast capacity fading. To confirm that the material can sup-
press the volume expansion of Si and favor the formation of a
stable SEI, the Si/C-ZIF-8/CNFs electrode material is detected by
TEM after 150 cycles. From Fig. 4(g-h), it can be observed that Si
nanoparticles expand and fill the void after cycling, but the struc-
ture remains intact and does not break, preserving the integrity of
the electrode structure. The surface of the C shell of Si/C-ZIF-8/

CNFs has a uniform SEI layer (Fig. 4i). It clearly shows that the
materials can effectively buffer the volume expansion and prevent
the unstable SEI layer formation.

Considering the practicality of Si/C-ZIF-8/CNFs in commercial
LIBs, full cells are assembled with Si/C-ZIF-8/CNFs as the anode
and NCM as the cathode. The initial charge-discharge curves with
cycling data of NCM half cells and NCM /Si/C-ZIF-8/CNFs full cells
are set at different voltage windows, which are shown in Fig. (5a
and c). The specific capacity is calculated based on the total mass
of the cathode, and its mass loading is 23.25 mg cm~2. The initial
charge-discharge profile of NCM with cycling data is depicted in
Fig. 5(a,b); the charge/discharge capacity is 226.3/194.7 mA h g~!
at 0.2 Cin the first cycle (1 C =200 mA h g~!). The capacity remains
at 149.9 mA h g~ ! after 100 cycles between 2.5 and 4.5 V. Fig. 5(c,d)
show the initial charge-discharge curves of the full cell together
with cycle data at a current density of 0.2 C between 2.8 and
4.3 V. A reversible capacity of 106.1 mA h g~ 'can be obtained in
the full cell and the initial coulombic efficiency is 57%. Addition-
ally, the full cell can deliver a reversible capacity of 63.4 mA h g~!
after 100 cycles with a capacity retention of 60%.

Overall, the electrochemical performance of Si/C-ZIF-8/CNFs can
be enhanced. The properties of Si/C-ZIF-8/CNFs are compared with
those of other Si/C composites in previous literature, and the
results are listed in Table S2. The electrochemical performance of
Si/C-ZIF-8/CNFs are better than that of the previously reported
results (Table S2). The enhanced electrochemical performance
can be understood for the following reasons. Firstly, the void in
the pumpkin-like structure helps buffer the volume expansion of
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Si nanoparticles, thereby enhancing its cycle performance. Sec-
ondly, the Si nanoparticles are distributed in an N-doped porous
C, which prevents direct contact between the electrolyte and Si
nanoparticles, and favors the formation of stable SEI Thirdly,
N-doped porous C is a good conductor of electrons and provides
abundant electrochemical active sites, which contributes to
improving the electrochemical conductivity [61]. Finally, the
free-standing structure can mitigate the resistance of electron
and Li" ion transfer, further improving the rate capability.

4. Conclusions

In summary, free-standing N-doped porous C nanofibers
sheathed pumpkin-like Si/C composites are successfully prepared,
exhibiting high specific capacity and superior cycling and rate per-
formance when applied as an anode for LIBs. Specifically, the com-
posite displays an initial coulombic efficiency of 76%, and a high
reversible capacity of 945.5 mA h g~! at 0.2 A g~! with a capacity
retention of 64% after 150 cycles. It also shows good rate capability
with a reversible capacity of 538.6 mAh g ' at 0.5 A g~! over 500
cycles. Interestingly, the full cell using the free-standing Si/C-ZIF-8/
CNFs anode and NCM cathode demonstrates a reversible capacity
of ~63.4 mA h g ! after 100 cycles. Our findings in this work could
provide a new way to fabricate high-performance Si-based anodes
for LIBs.
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