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Abstract A flexible carbon fiber-confined yolk-shelled
silicon-based composite is reported as an anode material
for lithium storage applications. Silicon nanoparticles (Si
NPs) are confined by the N-doped hollow carbon cages (Si-
NHC) and these uniform dispersed yolk-shell-structured
Si-NHC units were encapsulated by the carbon fibers
within an interconnected three-dimensional (3D)
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framework (Si-NHC@CNFs). For the encapsulated yolk-
shelled Si-NHC, the void space between the inner Si NPs
and outer NHC can accommodate the structural changes of
Si NPs during charging/discharging processes, leading to
effectively improved structural stability and cycling life.
More importantly, all the Si-NHC units were bridged
together through a conductive CNFs “highway” to enhance
the overall conductivity and tap density further. As
observed, Si-NHC@CNFs exhibited an initial discharge
capacity of 1364.1 mAh-g~' at 1000 mA-g~' and
678.9 mAh-g~' at 2000 mA-g~'. Furthermore, the rever-
sible capacity was well maintained at 752.2 mAh-g~' at
500 mA-g~" after 6000 ultra-long cycles.

Keywords Silicon; ZIF-8; Carbon fibers; Anode;
Lithium-ion battery (LIB)

1 Introduction

Silicon, considered the next generation of emerging high-
specific-capacity anode materials, exhibits the advantages
of excellent theoretical capacity (~ 4200 mAh-g™"),
environmental friendliness, natural abundance, and low
charge/discharge potential [1]. However, in the discharge/
charge (lithium/delithiation) process, the considerable
volume change (~ 400%) [2] of Si-based anodes leads to
serious comminution and the formation of an irreversible
solid electrolyte interface (SEI) layer, which can instantly
cause structural pulverization, thus reducing the electro-
chemical capacity and Coulomb efficiency [3-9].
Thereby, it is a superior approach to introduce silicon
nanoparticles (Si NPs) into the carbon matrix to alleviate
the critical volume expansion [10]. Zeolitic imidazolate
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frameworks (ZIFs), a kind of unique metal-organic
framework structure materials with imidazole or its
derivatives as ligands, can form three-dimensional carbon
nanocage frameworks due to the highly porous structure
with sodalite topology [11-14]. Among various ZIFs, ZIF-
8 is selected to fabricate carbon nanocages for sili-
con/carbon (Si/C) composites due to the high N-doped
microporous nanostructure after high-temperature car-
bonization [15-17]. The pore size of ZIF-8 is known to be
0.34 nm, larger than that of a Li atom (0.30 nm) or Li-ion
(0.15 nm) [18, 19], which is suitable for ions diffusion for
high lithium storage. Additionally, the abundant nanopores
and open channels of ZIF-8 provide a restrictive effect on
the volume contraction and expansion of Si [20], further
guaranteeing good structural integrity during cycling.

Li et al. [21] proposed an N-doped Si@NC structure
through a straightforward and convenient preparation pro-
cess using ZIF-8 serving as the carbon precursor. The
composite exhibited improved lithium storage perfor-
mance, i.e., the reversible capacity was 724 mAh-g~' at
500 mA-g~', and remained 302 mAh-g~" after 800 cycles.
Xue et al. [22] developed a hollow nanocages Si structure
(H-Si@C) by growing SiO, along the surface of ZIF-8 and
converting it into Si via the magnesium thermal reduction
process. The H-Si@C retained 1900 mAh-g~' at
500 mA-g~' after 200 cycles. Although ZIF-8 can present
superior porous carbon nanocage frameworks to buffer Si
volume expansion and improve cyclic stability [23-26], the
nonconductive nature of the electrode still hinders their
potential application [17]. Therefore, to further improve the
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Scheme 1 Schematic illustration of Si-NHC@CNFs
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overall conductivity of the electrode, a strategy is to bridge
Si@C units through a conductive “highway” to enhance
the transfer of Li ions and electrons during charging and
discharging cycles [27, 28].

Electrospinning is an effective strategy to prepare con-
ductive carbon fibers (CNFs) by electric field force [29].
CNFs prepared by electrospinning have interconnected 3D
framework that can provide excellent mechanical proper-
ties and significant power transfer characteristics [30-32].
Meanwhile, CNFs develop a supporting framework for the
structural changes in the process of lithium/delithiation,
improve the electron transmission dynamics [33], and
maximize the diffusion of Li ions in the pores [34].

Herein, a flexible carbon fiber-confined yolk-shelled Si/
C structure was developed by encapsulating Si NPs in ZIF-
8 carbon nanocages and further embedded in electrospin-
ning CNFs frameworks (Scheme 1). First, SiO, derived
from the hydrolysis of tetraethyl orthosilicate (TEOS) was
coated on the surface of Si NPs (Si@Si0,) to ensure good
dispersion in the subsequent electrospinning process. Sec-
ond, ZIF-8 was in situ synthesized, wrapping Si@SiO, NPs
as a buffer framework (Si@SiO,@ZIF-8). Then electro-
spinning was carried out, and polyacrylonitrile (PAN) was
used as the spinning solution to obtain Si@SiO,@ZIF-
8@PAN. Finally, Si@SiO,@ZIF-8@PAN was processed
using the previously reported “pre-oxidation-slicing-car-
bonization” technique [35]. The final obtained sample
Si@SiO, @NC@CNFs, denoted as Si-NHC@CNFs, was
directly used as an independent anode without adding any
binder and collector. The collapse of organic ligands in the
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ZIF-8 led to forming a porous carbon nanocage, which
nicely wrapped Si@SiO, NPs to improve the mechanical
strength and buffer volume expansion [36—38]. The derived
porous polyhedra carbon nanocage was joined in series by
interconnected electrospinning CNFs to form a flexible
framework, enabling the rapid transmission of electrons
and ions to reduce the resistance effectively to obtain
excellent rate property and notable cycle performance.

2 Experimental
2.1 Materials

Analytical zinc nitrate hexahydrate (Zn(NO;),-6H,0, >
99.0% Karat) was purchased from Guangrui Organism,
and methanol (MeOH) and dimethylformamide (DMF)
were bought from Sigma-Aldrich. In addition,
2-methylimidazole (2-MIM) was bought from MERYER,
and PAN (molecular weight (M,,) = 150,000, Sinopharm)
was bought from Shaoxing Gimel Advanced Materials
Technology Co., Ltd. Si nanoparticles (~ 150 nm) were
bought from JINLEI TECHNOLOGY. All chemicals pur-
chased were not further treated after receipt.

2.2 Materials synthesis
2.2.1 Synthesis of Si@SiO-@ZIF-8@FPAN

Si@Si0, NPs were prepared by the well-established Stober
method. First, a certain amount of Si@SiO, NPs was dis-
persed in 100 ml MeOH and ultrasonic treated for 30 min
to form Solution A. 6.16g 2-MIM and 595¢g
Zn(NOs3),-6H,O were dissolved in 100 ml MeOH to form
Solutions B and C, respectively. Then, Solutions A and B
were mixed and stirred for 30 min. Next, Si@SiO, @ZIF-8
was prepared by adding solution C to the above-mixed
solution and being stirred for 24 h, followed by centrifu-
gation and washing. The Si@SiO, @ZIF-§ @PAN film was
finally obtained after the electrospinning process using 9 g
Si@SiO,@ZIF-8 and 1 g PAN.

2.2.2 Synthesis of Si-NHC@CNFs

Si@Si0,@ZIF-8@PAN film was processed using the
previously reported “pre-oxidation-slicing-carbonization”
method developed in our published work [35]. The
obtained Si@SiO,@NC@CNFs with various Si@SiO,
contents were denoted as Si-NHC @CNFs#1 (250 mg), Si-
NHC@CNFs#2 (300 mg), and Si-NHC@CNFs#3
(350 mg), respectively. For comparison, the sample named
Si-NHC was prepared via the same synthetic process
without electrospinning. NC@CNFs sample was
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synthesized by electrospinning pure ZIF-8 without adding
Si@SiO, NPs.

2.3 Materials characterization

The crystalline structure was analyzed by X-ray diffrac-
tometer (XRD; Brooke XRD D8 VENTURE QUEST), and
Raman spectroscopy characterized the carbon composition
of the composite. The relative contents of various sub-
stances in the composite were obtained by a thermogravi-
metric analyzer (TGA; HITACHI, STA200). X-ray
photoelectron spectroscopy (XPS; AXIS UltraDLD) was
used to analyze the composition and valence of elements.
The adsorption performance and pore size distribution
were analyzed and detected by the Brunauer—-Emmett—
Teller (BET) testing instrument (CIQTEK, F-Sorb X400
CES). The surface morphology of the composite was
observed by a scanning electron microscope (SEM; JEOL
JSM-6390LV). The transmission electron microscope
(TEM; JEOL Ltd.) was applied to characterize the mor-
phologies of samples. The chemical constitution was ana-
lyzed by energy-dispersive spectroscopy (EDS). Finally,
the spacing of light and dark stripes was measured by a
high-resolution  transmission  electron = microscope
(HRTEM; HITACHI, Brooke XFlash6t30).

2.4 Electrochemical measurement

The Si-NHC @CNFs composites were cut into disks with a
mass loading of 1.16 mg-cm™2 and subsequently assem-
bled as separate electrodes in a glove box for the CR2016
coin cell. The Si-NHC electrode was prepared by mixing
Si-NHC powders, acetylene black, and polyvinylidene
fluoride with a mass ratio of 7:2:1 and using non-methyl
pyrrolidone as the solvent. The obtained slurry was coated
on the copper foil and then cut into a disk to assemble the
CR2016 coin cell in the glove box. The performance tests
of all the assembled batteries were carried out by CT2001A
battery tester in the voltage stage of 0—2 V. The electro-
chemical impedance was measured, and the cyclic
voltammetry (CV) was performed by CHI-760 electro-
chemical workstation.

3 Results and discussion

Figure la demonstrates the XRD curves of Si-
NHC@CNFs#l, Si-NHC @CNFs#2, and Si-
NHC@CNFs#3. The diffraction peaks at 28.4°, 47.2°, and
56.2° are attributed to the (111), (220), and (311) planes of
Si, respectively [39—41]. The broad peak at 25.0° is owing
to the amorphous carbon generated by the pyrolysis of
PAN and ZIF-8.
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Fig. 1 a XRD patterns, b TGA curves, ¢ Raman spectra of Si-NHC@CNFs (#1, #2, #3); d XPS spectrum of Si-NHC@CNFs#2

Figure 1b shows the TGA curves of Si-NHC @CNFs#1,
Si-NHC@CNFs#2, and Si-NHC@CNFs#3. The weight
loss started at 400 °C and ended at around 750 °C due to
the carbon combustion in Si-NHC@CNFs. Thus, the car-
bon content in Si-NHC@CNFs (#1 to #3) can be roughly
calculated to be around 63 wt%, 57 wt%, and 52 wt%,
respectively. Figure S1 shows TGA curve of NC@CNFs,
which was synthesized by electrospinning pure ZIF-8
without adding Si@SiO, NPs. Therefore, Si contents in Si-
NHC@CNFs (#1 to #3) can be calculated to be around
25 wt%, 31 wt%, and 36 wt%, respectively. The curve
increases slowly above 850 °C due to the slight oxidation
of the Si and Zn in Si-NHC@CNFs.

Figure 1c shows the Raman spectra of Si-

NHC@CNFst#l, Si-NHC @CNFs#2, and Si-
NHC@CNFs#3. The peaks centered at 1360 and
1590 cm™! represent disordered carbon (D band) and

graphitic carbon (G band), respectively [11, 42]. The cal-
culated totality ratios Ip/Ig are around 1.13, 1.15, and 1.10,
respectively. It can be emphasized that the higher Ip/lg
value means more intercalation positions generation for Li-
ions storage [7]. In addition, the absorption bands at 293,

aQ

505, and 920 cm ™!
crystalline Si.

XPS reflects the element composition, chemical state,
and chemical bond information. Figure 1d shows the ele-
mental composition of Si-NHC@CNFs#2, confirming the
presence of Si, O, N, and C elements. The inconspicuous Si
characteristic peak is due to the effective SiO, coating and
double-walled NC and CNFs. Si 2p is divided into two
peaks, 99.2 eV [1, 8] for Si-Si and 103.6 eV [4, 5] for Si—
O in Fig. S2a. In addition, in the O 1s spectrum (Fig. S2b),
the peak located at 533.6 eV is attributed to Si—O derived
from the SiO, layer. Figure S2c indicates that the N 1s
spectrum can be divided into three locations: graphitic-N
(4014 eV) [11, 13], pyrrolic-N (400 eV) [17, 19], and
pyridinic-N (397.8 eV) [28, 29], respectively. In Fig. S2d,
the C 1s spectrum can be divided into three peaks: C-C
(284.6 eV), C-0O (285.8 eV), and C=0 (287.8 eV) [8-10].
The peaks located at 1021.1 and 1043 eV correspond to Zn
2ps;» and Zn 2pyp, respectively (Fig. S2e).

The N, adsorption—desorption properties of Si-
NHC@CNFs are analyzed by BET measurement. Fig-
ure S3a shows the typical micropore absorption curves, and

can be proved to be the peaks of
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the specific surface areas of Si-NHC@CNFs (#1 to #3) are
182.8,226.8, and 167.0 m*-g ™' (Table S1). When the P/P,
ratio (relative pressure) is 0.45-0.75, there is a hysteresis
ring, indicating a mesoporous structure in the composite.
ZIF-8-derived porous carbon nanocages and the interlinked
CNFs developed by electrospinning contributed to the high
surface area and porosity structure. Besides, the pore size
distributions of Fig. S3b demonstrate the presence of
micropores and mesopores (< 5 nm). More specifically,
the higher surface area and preferred micropores and
mesopores in Si-NHC@CNFs#2 can better facilitate elec-
trolyte penetration and shorten Li-ions diffusion to promote
rapid charge transfer during cycling. In addition, the typical
porous microstructure can effectively accommodate Si
volume expansion.

Figure 2 exhibits SEM images and corresponding
enlarged view of Si-NHC@CNFs. Figure S4 shows the
image of Si-NHC, which was synthesized by encapsulating
Si@Si0, NPs into typical ZIF-8 carbon nanocages. Si-
NHC exhibits uniform polyhedra morphology with a size
of ~ 1 pum, and Si@SiO, NPs can be completely wrapped
by the carbon nanocages. After the electrospinning and
carbonization process, Si-NHC nanocages are interlinked
in series by CNFs (~ 250 nm) to form a 3D conductive
framework. The dispersity of nanoparticle clusters along
the CNFs, which may further affect the cycling

performance, is greatly influenced by the concentration of
the electrospinning solution [35]. Figure S5 shows EDS
mapping images of Si-NHC@CNFs. It can be seen that the
agglomeration phenomenon occurred with the increase in
Si@Si0O, contents. Figure 2a, b shows the overall mor-
phology of Si-NHC@CNFs#1. A small number of particles
are observed interlinked by CNFs. Figure 2c, d presents
single and multiple fibers, demonstrating that polyhedral
structures are individual, and a few are clustered together.
NC@CNFs, fabricated by electrospinning pure ZIF-8 pre-
cursor without Si@SiO, content, display a similar cross-
linked framework except for relatively smooth polyhedra
(Fig. S6). With Si@SiO, NPs content increased to 300 mg,
more polyhedral cages appeared and were sequentially
interconnected by electrospun CNFs to form a uniform
framework structure (Fig. 2e—g). As the Si@SiO, contents
further increased to 350 mg (Fig. 2h—j), the interlinks of
CNFs are interrupted by the aggregated bulk particles.
Therefore, it can be concluded that the composite with
optimum Si@SiO, contents and a uniform interlinked
conductive framework are preferred for high specific
capacity and good stability.

Figure 3 reveals TEM and HRTEM images of Si@SiO,,
Si-NHC, and Si-NHC @CNFs#2. Figure 3a reveals that Si
NPs are coated by a SiO; layer and the size is ~ 200 nm.
EDS mapping images in Fig. S7 further demonstrate SiO,

Fig. 2 SEM images of a-d Si-NHC@CNFs#1, e-g Si-NHC@CNFs#2, and h—j Si-NHC@CNFs#3
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Fig. 3 TEM images of a Si@SiO,, b Si@SiO.@NHC, ¢ Si-NHC@CNFs#2, d, g a single fiber, e, h corresponding enlarge view, f, i

HRTEM image and j-m elemental mappings of Si-NHC@CNFs#2

coating. Figure 3b shows that Si@SiO,@NC displays a
typical dodecahedron structure (carbon nanocages), well-
wrapped Si@SiO, NPs. The subsequent electrospinning
process enables these carbon nanocages to be intercon-
nected by crosslinked CNFs (Fig. 3c). Figure 3d, g reveals
that Si@SiO, NPs are confined in carbon nanocages to
form a typical yolk-shell structure. The TEM image of
NC@CNFs in Fig. S8 confirms the similar hollow porous
polyhedra microstructure derived from ZIF-8. Based on the
structure analysis, it can be concluded that the void
between particles and carbon shells can provide enough
buffer space for volume expansion during cycling. Through
the construction of a conductive 3D CNFs framework,
rapid Li-ions transfer and enhanced overall electrocon-
ductivity can achieve the expected excellent rate capability.
Figure 3f, i further illustrates the d-spacing of 0.31 nm,
which corresponds to the (111) lattice plane of Si. The
element distribution is measured by EDS mapping
(Fig. 3j—m). It can be seen that elements C, N, Si, and Zn
(Fig. S9) are regularly distributed along the CNFs. The

a
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element distribution further confirms the typical yolk-shell
structure, i.e., Si is located in the core while C forms the
shell of the nanocage. In particular, the presence of Zn has
been identified as a key feature that facilitates the forma-
tion of suitable porous structures to effectively accommo-
date Si volume expansion and the N derived from ZIF-8
increases active sites for the Li-ions storage [43].

Figure 4a shows CV profiles of Si-NHC@CNFs#2. In
the primary discharge cycle, a broad peak located at 0.3 to
0.8 V can be attributed to the formation of the SEI layer
and disappeared in the following cycles [40]. The peak at
0.18 V is due to the lithium process of Si. The peaks of
0.34 and 0.55 V are due to the conversion of Li,Si to Si
[44]. No significant peak displacement is observed in the
subsequent two cycles, indicating good cycle stability.

The initial discharge and charge curves of the Si-
NHC@CNFst#l, #2, #3, and Si-NHC at a current density of
1000 mA-g~' are shown in Fig. 4b. During the first cycle,
the platform of 0.3 to 0.8 V belongs to the formation of the
SEI layer and the lithium reaction of Li,Si, which

Rare Met.
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Fig. 4 Electrochemical performance: a CV diagram for the initial three cycles of Si-NHC@CNFs#2; b initial discharge and charge
curves and c cycling performance of Si-NHC@CNFs#1, #2, #3, and Si-NHC at 1000 mA~g*1; d rate properties of Si-NHC@CNFs#1,
#2, #3, and Si-NHC; e ultra-long cycling stability of Si-NHC@CNFs#2 at 500 mA-g~"

corresponds to the CV in Fig. 4a [41, 42, 45]. The first
discharge and charge capacities for Si-NHC @CNFs#l, #2,
#3, and Si-NHC are 1111.4 and 855.4 mAh~g_1, 1364.1
and 1144.6 mAh-g~', 1562.2 and 1308.3 mAh-g ™', 1463.5
and 1185.6 mAh-g~!, and with corresponding initial
Coulombic efficiencies (ICEs) of 76.96%, 83.90%,
83.74%, and 81.01%, respectively. The irreversible specific
capacities are mainly due to the formation of SEI films.
Figure 4c shows the cycling performance of Si-
NHC@CNFs and Si-NHC at 1000 mA-g~'. The charge
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capacities for Si-NHC@CNFs#1, #2, #3, and Si-NHC are
855.4, 1144.6, 1308.3, and 1185.6 mAh-g™ ", and after 100
cycles, the reversible capacities are 480.3, 830.6, 288.4,
and 507.6 mAh-g~', respectively. Obviously, Si-
NHC@CNFs#2 exhibits the best capacity retention of
72.57% after 100 cycles, indicating an optimum Si content
in Si-NHC@CNFs. The low cyclic stability of Si-NHC
may be attributed to the inadequate buffer of the
microstructure, which is challenging to maintain the elec-
trode integrity. The cycling performance of Si-
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NHC@CNFs#2 at 100 mA-g~ " is shown in Fig. $10. The
specific capacity reaches 1105.9 mAh-g~' at 100 mA-g~"
after 200 cycles.

Figure 4d shows the rate properties of Si-
NHC@CNFs#l1, #2, #3, and Si-NHC at different current
densities. As anticipated, Si-NHC@CNFs#2 represented
relatively excellent capacity properties at higher current
densities. The reversible charging capacity of Si-
NHC@CNFs#2 is 678.9 mAh-g~' at 2000 mA-g~' and
retains 95.38% after 10 cycles. When the current density is
restored to 100 mA-g~', the capacity recovers 92.3% of the
initial capacity. The excellent rate performance is attrib-
uted to the flexible conductive framework given by elec-
trospinning and the rich N content derived from ZIF-8,
both of which can realize rapid Li-ions insertion and
extraction.

Figure 4e shows the long-term cycling performance of
Si-NHC@CNFs#2 at 500 mA-g~'. The initial discharge
and charge capacities of the anode are 1224.5 and
1061.7 mAh~g7], with an ICE of 86.71%. After 6000
cycles, the reversible specific capacity is well maintained at
752.2 mAh-g*I, and the CE archives 99.27%. The obvious
loss of initial capacity is due to the formation of the SEI
film of Si. The electronic photograph and SEM images of
Si-NHC@CNFs#2 after 6000 cycles are illustrated in
Fig. S11. After cycling, Si-NHC NPs and CNFs are
somewhat expanded, but the structure still can be main-
tained. Figure S12 shows that the reversible capacity of the

Q

Si-NHC is only 699.3 mAh-g~" at 100 mA-g~" after 100
cycles. The rapid cycle decay of Si-NHC indicates that a
porous dodecahedral carbon nanocage derived from ZIF-8
only partially alleviates the volume expansion of Si, and a
more effective buffer layer is needed to ensure structural
integrity.

Figure 5a shows the Nyquist plots of Si-NHC@CNFs,
which are measured to investigate the kinetics. The semi-
circular for Si-NHC@CNFs#2 is much smaller than those
of other samples, indicating the minimum resistance and
the fastest electron transfer, which is attributed to the
superior microstructure of flexible conductive framework
and thus acquires notable rate properties [46]. Figure 5b
shows the diffusion and migration mechanism of Li ions
and electrons. Si-NHC@CNFs composite provides a
superior structure to realize the higher specific capacity,
excellent rate property, and honor cycling stability [47, 48].
Si@Si0O, NPs which provide high specific capacity are
successfully confined by porous carbon nanocages derived
from ZIF-8 to form a yolk-shell structure to effectively
alleviate the volume change during cycling [49, 50]. The
electrospun CNFs interconnected these carbon nanocages
to construct a flexible framework (Fig. S13), providing
conductive “highway” channels to enable fast electron
transfer for excellent rate performance. Even after ultra-
high 6000 cycles, this CNF-confined yolk-shell structure
can maintain a relatively intact structural morphology
(Fig. 5¢c, d). Figure 5¢ compares Si-NHC@CNFs with
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other Si/C anodes reported in previous works. Obviously,
Si-NHC@CNFs display superior ultra-long cycle stability
with competitive specific capacity. As we know, in-depth
studies on the ultra-long performance of Si/C anodes are
rarely reported. Si-NHC@CNFs investigated in this work
exhibit supreme cycling performance and are a typical
representative of freestanding electrodes for high-energy—
density lithium storage applications.

4 Conclusion

In summary, a freestanding carbon fiber-confined yolk-
shelled silicon-based anode was prepared by encapsulating
Si NPs in ZIF-8-derived carbon nanocages and subse-
quently interlinked by electrospun CNFs. N-doped carbon
nanocage derived from ZIF-8 realized yolk-shelled struc-
ture to alleviate volume change of Si. CNFs interconnected
these carbon cages in one system to improve the electro-
conductivity and cyclic stability. This superior structure
gives full play to the conductivity of CNFs, and the
advantage of porous N-doped carbon nanocages. There-
fore, Si-NHC@CNFs with optimum Si contents exhibit the
supreme ultra-long cycle performance, with a reversible
capacity of 752.2 mAh-g~' after 6000 cycles. Thus, this
freestanding silicon-based composite structure has unlim-
ited potential and is expected to become a new generation
of anodes for high-energy-density lithium storage devices.
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