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a b s t r a c t

Silicon has been considered as a potential alternative of anodes for advanced lithium ion battery as it
possesses high capacity and abundance. However, it encounters excessive volume expansion and inferior
electoral conductivity, which imposes restrictions on its further development. In order to address these
two problems, yolk-shell structure is employed, in which there is a suitable void for the expansion with a
shell to protect the core and promote the conductivity. Here, by the inspiration from the egg holders and
inverse-opal structure, an egg-stacking-like Si/C composite (ES) anode with spherical air holes was
fabricated to gather the yolk-shell particles in a 3D carbon network with abundant channels allowing
electrolyte to enter the material, which can facilitate the cycling performance. The half-cell battery
assembled with these anodes presents high capacity and good rate performance, with a capacity
reduction of only 2e7% per current density. And the cycling performance of ES anode is also praise-
worthy that it delivers a high reversible discharge capacity of 2175 mAh g�1 after 300 cycles at 0.5 A g�1.
This kind of structure design is expected to be applicative for most of large-volume-change anodes.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The rapid development of high-tech industry has directly
stimulated the transformation of lithium-ion batteries to the di-
rection of high energy density, safety and efficiency, and low cost
[1e3]. Among many anode materials, silicon has become the
mainstream because of its ultra-highmass specific capacity and low
discharge potential. However, the capacity decay and volume
expansion caused by alloying reaction mechanism and the subse-
quent adverse consequences seriously hinder the industrialization
process. For example, the volume expansion is likely to cause the
pulverization and peeling of silicon particles, resulting in the
electrical contact weakening and the loss of a certain amount of
active material [4]. When the discharge voltage turn to about 0.7 V,
the organic electrolyte can decompose and deposit on the surface of
Laboratory of High Perfor-
1005, China.
the anodematerial to form the solid electrolyte interface (SEI) layer.
The thin SEI can promote the transmission of lithium ions, but a
thick one may block the transmission of electrons and lithium ions.
For silicon electrode, excessive volume expansion can cause SEI
rupture and regeneration, which consumes a large number of
electrolytes, hindering the occurrence of lithiation [5].

In the subsequent research, nano-silicon materials were used to
solve the problem of silicon pulverization, at the same time, it can
also reduce the Liþ diffusion distance [6]. In order to solve the
problem of volume expansion, it is necessary to reserve a suitable
space for the silicon during the structure design process. One of the
most symbolic design structures is the yolk-shell structure, in
which the shell material generally choosed distinct carbon mate-
rials and some inactive materials with small volume changes, in
order to ensure the stability of the SEI film outside the shell [7e9].
In addition to the diversity of material selection, the technology of
void preparation has been improved [10e15].

Although silicon nanomaterials with different structures have
achieved great success in improving the performance of batteries

mailto:ahliu@xmu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2019.152497&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2019.152497
https://doi.org/10.1016/j.jallcom.2019.152497


Y. Zhong et al. / Journal of Alloys and Compounds 816 (2020) 1524972
[8], nanomaterials have larger specific surface area, which leads to
more unnecessary interfacial reactions, and nanomaterials are
easily agglomerated during cycling, which leads to polarization,
especially at high current density, affecting rate performance and
cycling life [16]. On account of the small tap density of nano-
materials, the impedance between particles is overt, resulting in
poor conductivity of electrodes that is detrimentally affect the
cycling life and rate performance of batteries, which in today’s high
current density charging and discharging requirements is
extremely disadvantageous. In order to solve this problem, nano-
sized silicon materials with different structures were assembled
together to fabricate micron-sized secondary particles. The inter-
facial reaction caused by specific surface can be reduced remark-
ably, improving the contact between different particles, and
promoting the transport of lithium ion in or into the material.

As a result, the reaction of lithium ion has high dynamic per-
formance under high current density. Such secondary particles are
rather different from micro-sized bulk silicon particles. Although
the compaction density of bulk micro-particles is much larger, the
transport efficiency of lithium ion in those particles is severely
limited. As an advanced and productive equipment, spray drying
has been used to prepare perfect secondary particles [17e19].
Acording to Guo’s group, a watermelon-like silicon carbon com-
posite negative electrode was prepared by spray drying [20].
Magnesiothermic reduction [21,22] and silicon alloys etching
[23e25] are also fruitful methods to create micron-sized materials,
which contain abundant voids or channels for silicon’s expansion
after etching. Besides the above schemes, Cui’s group had prepared
a self-assembly micrometer secondary particles of pomegranate-
like yolk-shell nanoparticles by microemulsion method, showing
excellent performance for anode electrodes [26]. Liu’s team pre-
pared graphene coated tremella-like yolk-shell micron [27], and
Shuhong Yu’s group reported a custard-apple-like secondary par-
ticles constituted an accumulation of yolk-shell Si/C composites
[28]. This structure not only solves the problem of silicon volume
expansion, but also improves the electrochemical performance of
electrode materials by aggregating a large number of nanoparticles.
However, the nanoparticles in the aggregated secondary particles
have a larger lithium ion transport range, and each yolk-shell par-
ticle has a single point contact, which in some degree limits the
lithium ion transport efficiency to the micron particles, and is not
conducive to the rate performance and cycling performance [29].

Here, inspired by the structure of egg holders available in
common life, a novel eggs-stacking structure for silicon/carbon
composite anodes with channels for electrolyte was designed and
fabricated by filtration and impregnation [30]. The preparation
method of our material is borrowed from the preparation method
of inverse-opal structure, which is a method to obtain regular ar-
ranged spherical air holes by removing opal template after filling
with high refractive index material [31,32]. In this structure, each
yolk-shell nanoparticle provides a suitable space for the volumetric
expansion of silicon, and they are sequentially encapsulated by
interconnected 3D carbon network frames, which effectively avoid
the aggregation of silicon and improve the utilization of active sites.
On the other hand, compared to the 1D and 2D morphologies, the
3D interconnected carbon network structure with spherical air
holes has a large number of channels, which ensure the free
penetration of electrolyte in the material, allowing every yolk-shell
particle to contact with the electrolyte. At the same time, this
structure can improve the efficiency of lithium ion and electron
transport between particles, thereby exhibiting excellent rate per-
formance and high current cycle performance.
2. Experimental section

2.1. Materials preparation

2.1.1. Synthesis of Si@SiO2 particles
First, 0.3 g silicon nanoparticles were dispersed in a mixture of

70mL deionized water, 280mL ethanol and 5mL ammonia (28wt
%) by sonication until a uniform mixture. Then, the mixture was
stirred on a magnetic stirrer at a speed of 220 rpm at 30 �C. During
the stirring process, 1mL tetraethyl orthosilicate (TEOS) was added
dropwise every 30min for four times (total of 4mL). After 10 h of
reaction, Si@SiO2 particles were obtained by centrifugation and
alcohol washing and drying in a vacuum oven at 60 �C for 12 h.
2.1.2. Synthesis of Si@SiO2@PDA particles
Next, 0.3 g Si@SiO2 particles were dispersed in 300mL (10mM,

pH¼ 8.5) Tris-buffer solution by sonication to form a suspension.
Then 0.6 g dopamine hydrochloride was added into the suspension,
and sonication was continued for 10min, after which the mixture
was stirred for 24 h at room temperature (500 rpm). Si@SiO2@PDA
particles were obtained after centrifuged, washed three times with
deionized water, and dried in vacuum oven.
2.1.3. Synthesis of ES particles
The 0.3 g Si@SiO2@PDA particles were dispersed in 30mL

deionized water to form solution A. Then the particles were
transferred to a vacuum filter funnel and filtered for 3 h. At the time
of 40min before the end of the filtration, 0.03 g NaCO3, 1mL
distilled water and 2.25mL formaldehyde were put into a test tube
to dissolve. 1.65 g resorcinol (RE) was added to the test tube at
20min before the end of the filtration. After continuous ultrasound,
solution B is formed, and then solution B is poured into the funnel
of vacuum filtered solution A, and the filtration is continued. The
total filtration time is 3 h. Then, the samples were transferred to a
covered container and cured in a drying oven at 80 �C for 3 days,
followed by continued curing without a cover at the same tem-
perature for one day. The Si@SiO2@PDA@RF composites were ob-
tained. Finally, the silicon-carbon composites were prepared by
heating up to 900 �C at 2.5 �Cmin�1 and holding for 2 h in a ceramic
combustion boat inside a quartz tube filled with Ar atmosphere.
The heated sample was stirred for 4 h in HCl solution (10%) and
etching for half an hour in HF solution (10%) to remove SiO2, ES was
obtained. Sample SSi was processed in the same way only without
the process of PDA coating.
2.2. Characterizations

The samples were characterized by X-ray diffraction (Bruker-axs
XRD) to analyze the crystalline phases. The surface morphology of
the samples was observed by SU-70 Thermal Field Emission Scan-
ning ElectronMicroscope (SEM). Transmission ElectronMicroscopy
(JEOL JEM-2100F) was employed to investigate the microstructure
of the samples. The carbon content of the samples wasmeasured by
thermogravimetric analysis (TGA). Raman spectroscopy (Raman
spectra) was used to characterize the composition of the material.
The surface composition of the samples was analyzed by X-ray
photoelectron spectroscopy (XPS Thermo Scientific Sigma Probe).
The pore size distribution of ES was monitored by the Bru-
nauereEmmetteTeller (BET) method.
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2.3. Electrochemical characterizations

The electrochemical performance of these samples was evalu-
ated by using R2025 coin-type half cells with lithium foil as counter
and reference electrodes. All the working electrodes were made
with a uniform slurry of the active materials (70%), Super P (20%)
and sodium alginate (10%) dispersed in a suitable amount of
deionized water. The slurry was evenly coated on copper foil and
dried in a vacuum oven at 80 �C. The mass loading of electrodes is
about 0.48mg cm�2. Subsequently, the tested half cells were
assembled in a glove box filled with argon. Celgard 2400 was used
as the separator, with the mixture of ethylene carbonate (ED)/
dimethyl carbonate (DEC)/ethylene fluorocarbonate (EFC) (volume
ratio: 1:1:0.1) of 1M LiPF6 as the electrolyte. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) measure-
ments were carried out at Autolab electrochemical workstation and
the constant current charge/discharge performance was tested
with Neware battery test system. To calculate the gravimetric ca-
pacity, only the quality of the silicon is taken. For CV, in order to
make the selected voltage range cover the oxidation-reduction
peaks of silicon and carbon, and to make the electrochemical re-
action of the active material as complete as possible, we selecte the
test range of 0.01e2 V [33,34] and the scanning rate is 0.5mV S�1.
For EIS, a 10mV voltage is applied in the frequency range between
100 kHz and 0.1 Hz.
3. Results and discussion

In our daily life, eggs are normally packed by egg holders, and
the stacked egg holders containing channels for airiness not only
can orderly fix eggs, but ensure the function of eggs’ breath.
Inspired by this interesting structure, we packaged the Si/C yolk-
shell particles with a carbon skeleton, in which there are also
numerous channels that allow electrolyte to enter the material
(Fig. 1). The carbon skeleton in the structure is equivalent to the egg
holders, for the yolk-shell particles can be considered as the packed
eggs.

From Fig. 2a, it can be seen that all the XRD patterns of Si@SiO2,
SSi and ES present six sharp peaks at 2q values of 28.3, 47.0, and
55.8� are corresponding to (111), (220) and (311) planes of crys-
talline silicon (JCPDS NO. 27e1402), respectively. Near 2q of 24�, all
of the three patterns contain a weaker and broader amorphous
peak. For Si@SiO2, this peak is due to the coating of amorphous
silica on the surface of Si which was obtained by the usual sol-gel
method, and the thickness of the layer could be strictly controlled
by adjusting the amount of TEOS. However, both of SSi and ES were
obtained after HF etching, and silicon dioxide had been completely
removed. So, the amorphous peaks of SSi and ES are mainly
attributed to the formation of carbon after carbonization of
resorcinol-formaldehyde resin (RF) layer around the particles. Ac-
cording to XRD, because ES contains more amorphous carbon, the
Fig. 1. Schematic of the materials design: yolk-shell structure, eggs-stacking structure
and the digital photograph of the inspiration source.
dispersive peak of ES is stronger than SSi, and the corresponding
crystalline peaks of silicon are relatively weaker. It can also indi-
rectly explain that the particles coated with PDA can fix more RF
sols during the filtration process, as uncured polymer is loose with
more space to absorb sols.

The corresponding conclusions can also be obtained from the
Raman spectra (Fig. 2b). At the Raman shift of 510 cm�1, there is the
standard peak of silicon, indicating that SSi and ES both contains
silicon. The Raman spectra also shows that the carbon contained in
the sample is amorphous carbon, because the D peak at 1352 cm�1

is obviously stronger than the G peak at 1596 cm�1, that is, there are
more defects in the carbon or irregularly arranged carbon atoms.

The silicon nanoparticles with the size distribution ranged from
40 nm to 150 nm and uniform spherical shape were purchased
from Aladdin (Fig. 3a). A uniform layer of SiO2 was coated on the
surface of silicon spheres by Stӧber method, and its thickness could
be controlled regularly. According to a previous report [10], the void
left by etching the silica layer with appropriate thickness can pro-
vide a decent space for the volume expansion of silicon. From
Fig. 3b, it can be seen that the nanospheres coated with silica layer
(Si@SiO2) have a smooth surface, and still keep the previous
spherical shape. Si@SiO2 nanoparticles can be easily dispersed in
deionized water, and then the dispersed solution can be vacuum
filtered through a filter membrane (0.15 mm pore size) to form a
uniform stacked Si@SiO2 on the filter membrane. Since there are
gaps between every two spherical particles, RF gel is gradually
embedded around each Si@SiO2 particle under the action of at-
mospheric pressure and capillary force. After heating treatment in
an inert atmosphere, the Si@SiO2 aggregates tightly coated with 3D
carbon network can be obtained. The carbon-coated surface con-
tains a lot of holes after etching the silica layer (Fig. 3c). Residual
silicon nanoparticles can be seen in the holes, indicating that some
silicon particles can be exposed on the surface of the material in the
SSi prepared by this method, and then contact with the electrolyte
directly during cycling, causing a large number of adverse reactions
and attenuation of capacity.

In order to avoid the direct exposure of silicon to electrolyte, a
layer of polydopamine (PDA) was coated on the surface of Si@SiO2
particle before filtration, and the structure of yolk-shell particles
fixed by 3D carbon network formed after pyrolysis and etching
(Fig. 3e). The Si@SiO2 particles coated with PDA exhibits a dense
mass before etching and no obvious particles on the surface, indi-
cating that more RF sols adhere to the Si@SiO2 particles during the
filtration process, resulting in higher carbon content after pyrolysis,
which is also consistent with the results of XRD and Raman char-
acterization. The etched ES particles were also characterized by
SEM (Fig. 3feh), exhibiting a lot of holes both in the cross-view and
top-view images. These holes offer channels for electrolyte to enter
in the material, greatly reducing the lithium ion diffusion length
and increasing the efficiency of Liþ intercalation/extraction. At the
same time, due to pre-coating of PDA on Si@SiO2 surface, silicon
particles in the material exist in the form of yolk-shell structure,
which avoids the direct contact between silicon and electrolyte,
protecting the electrode from the loss of capacity.

The integrity of carbon coating, which plays a primary role in
protecting the inner Si can be further confirmed by comparison
with the results of X-ray photoelectron spectroscopy (XPS) spec-
trum (Fig. S1). Undressed Si nanoparticles’ surface is overt from the
XPS analysis, so its Si 2p signal is strongest comparing to the other
two treated samples [35,36]. In addition, the prepared silicon/car-
bon composite secondary particle (ES) presents a weakest Si 2p
signal, implying a conformal and homogeneous coating [37,38].

A transmission electron microscopy (TEM) was employed to
monitor the structure of ES, guaranteeing the decent designation
for the stable cycling performance. In the filtration process, RF sol



Fig. 2. a) X-ray diffraction patterns of Si@SiO2, SSi and ES, and b) Raman spectra of SSi and ES.

Fig. 3. a) Si, b) Si@SiO2, c) SSi before etching, d) SSi (inset image is the high resolution),
e) ES before etching, f) cross-view of ES, g) top-view of ES, h) high resolution of g).
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can completely fill the gap between particles and fix them together
to form blocky-shaped particles. These particles are about 5 mm in
size, as observed by SEM. Because the silicon particles are filtered
after two coatings, the silicon particles are separately dispersed in
different voids, which can ensure the stability of the void to a
greater extent (Fig. 4a). There are two layers of carbon outside each
silicon particle, which are produced by the carbonization of PDA
and RF respectively. The inner carbon layer was produced by PDA
carbonization, which can be seen in TEM images to be more
compact and about 15 nm (Fig. 4b). The thicker outer one was
produced carbonized by RF with many pores in it that are
completely different from those of SEM. The pore size in TEM is
within 20 nm, while the pore size distribution shown in SEM is
between 100 and 200 nm, leading to the enterance of electrolyte
into the material and reduce of Liþ diffusion length. The pore size
among the outer carbon shell was further determined by BET
conforming mainly about 14 nm (Fig. S2). In order to characterize
the core, HRTEM was utilized to analyze its interplanar spacing,
which is calculated as 0.31 nm corresponding to Si (111) (Fig. 4c).

The materials were made into electrodes and then assembled
into a CR2025-type half-cell for cycling test and electrochemical
characterization. Fig. 5a and Fig. S3 show the CV spectra of ES, Si
and SSi at the scanning rate of 0.5mV s�1 in the voltage range from
0.01 to 2.0 V, respectively. All three CVs have a reduction peak near
0.2 V, implying amorphous LieSi alloy (a-LixSi) phase is formed.
Correspondingly, there are two distinct oxidation peaks on the
anodic curves at 0.33 V and 0.52 V, respectively, indicating that
when the cells are charged to these two voltages, Liþ are released
from amorphous LieSi alloy to form amorphous Si (a-Si) [31].
Obviously, as the silicon content decreases, the intensity of the
redox peak decreases. It can be seen from the CV curves of SSi and
ES that the positive electrode curve in the first cycle contain awider
peak at 0.5e0.8 V, which is due to the SEI formed by electrolyte
decomposition and deposition on the surface of the material during
the first discharging process. And this peak does not appear again in
the subsequent two cycles, suggesting that the introduction of
carbon frame makes the SEI more stable.

In order to assess the rate performance of the electrodes at
different current densities (Fig. 5b and Fig. S5), every five cycles
were performed at various current densities. It can be seen that, in
addition to the initial 0.5 A g�1, the capacity of ES slightly reduces
due to activation, and it can maintain stable at the subsequent
current densities. Because of the large amount of silicon exposure
and electrolyte in both SSi and Si samples, the capacities of both
attenuate at a gradual increase of current density. The capacity of
SSi attenuates slightly slowly, probably because the carbon network
structure has a certain effect on silicon nanoparticles. The discharge
capacities of ES samples at different stages were investigated. It is
found that there are still 953.8, 843.4, 760.9, 722.6, 669.356, 620.7,
599.1 mAh g�1 residual capacities after five cycles at current den-
sities of 0.5, 1.0, 2.0, 2.0, 3.0, 5.0, 8.0, 10.0 A g�1, with CE above 98%.
Each change in current density only causes a 2e6% decrease in
specific capacity, andwhen the current density restores to 0.5 A g�1,
the specific capacity can basically return to the original level,



Fig. 4. a) low magnification, b) high magnification, and c) high resolution TEM images of ES.

Fig. 5. Electrochemical properties of ES: a) the first five CV profiles, b) the rate performance, c) the cycling property of ES of 0.5 A g�1.
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indicating that ES has a very stable rate performance.
To study the direct benefit of the electrochemical performance

improvement of ES, the cycling properties of Si, SSi and ES were
tested between 2 and 0.01 V at a discharge/charge rate of 0.5 A g�1

with the initial reversible capacity around 3115, 1325, and 1237
mAh g�1, respectively (Fig. 5c). For the Si and SSi, a rapid capacity
decay can be seen from the very beginning of cycling, probably
because of the direct exposure of active material to electrolyte. As
SSi contains a 3D carbon framework to protect the silicon nano-
particles, though there are an accumulation of bare silicon surfaces,
it shows a stable cycling after 30 cycles with a remanent reversible
capacity of 548.5 mAh g�1 at the 300th cycle. In contrast, the
cycling stability of ES demonstrates a substantial improvement,
since it is coated with a PDA layer before filtration. It’s discharge
and charge capacities in the first run are around 2492.2 and 1236.8
mAh g�1, meaning its Initial Coulombic Efficiency (ICE) is 49.6%.
Such a high specific discharge capacity and low ICE are due tomany
defects in the outer carbon layer as they were obtained by grinding.
These defects can capture more lithium ions in the first discharge
process [39], however, some lithium ions can be permanently
confined to the defects and not easily removed out, resulting in a
decrease in Coulombic Efficiency [40]. It is possible to improve the
ICE if the shape and size of the particles could be uniform by
upgrading the preparation process and technology. There are also a
decreasing to 1127.1 mAh g�1 within the first 21 cycles, however,
the discharge capacity gradually rises to 2175 mAh g�1 after 300



Fig. 6. a) Schematic illustrations of Liþ transportation of ES, and b) Nyquist plots of the fresh electrodes of ES, SSi and Si.
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cycles. During the first 16 cycles, the CE values are consistently
below 98%, suggesting that the defects still irreversiblly capture
lithium ions. So, the irreversible capacity loss of the beginning
process probably because of the formation of a solid electrolyte
interphase (SEI) layer and trapped Liþ inserted into the abundant
inner pores or the defects of the structure [41,42]. After 21 cycles,
the capacity gradually increased, and this phenomenon was also
observed in other works [43e45]. This phenomenon may be
attributed to the following three points: (1) A large amount of
lithium ions have been captured in the outer carbon layer in the
previous few cycles. Although these lithium ions are not easy to
remove out, they can improve the lithium transport capacity of the
carbon layer. This results in lithium ion reaching the inner silicon
core more easily in the next cycle. (2) Due to the high resistivity of
Si particles, dual carbon layers and big size of sample particles,
some of Si particles do not take part in the lithiation process
initially, instead they become gradually activated as the electrolyte
infiltrates through the carbon shells [46,47]. Different from SSi (one
carbon shell) and Si (non-carbon shell), activation of the active
material in ES requires a process after initial activation. The acti-
vation process leads to improved diffusion kinetics of lithium ions,
and then the capacity will gradually increase. When the activation
tends to be perfect, the capacity reaches a peak, then decreases
slightly and tends to be stable [48,49]; (3) Lithium clusters may be
Fig. 7. SEM images of a) cross-view and b-c) top-view of ES electrodes, d) cross-view an
formed and disappear within the structure of a 3D carbon network
during the lithiation/delithiation process at lower voltages [50]. As
the long cycle progresses, more defects are formed on the surface of
the 3D carbon network structure, providingmore active sites for Li-
ion adsorption. Furthermore, It is worth noting that the Si content
of ES is only 59% (Fig. S4), which suggests that the theoretical ca-
pacity of ES is only 2478 mAh g�1, so that the ES anode delivers a
high potential property. Table S1 offers a comparison of Si-based
anodes published in this year about structure, initial specific ca-
pacities, and cycling stabilities with our study.

With the purpose of illustrating the structural advantages of
egg-holders-like Si/C composite anode on electrochemical perfor-
mance, the Liþ transportation process during cycling is schemati-
cally shown in Fig. 6a. The pores emerging in 3D carbon framework
throughout the whole composite particles are conducive to the free
shuttle of electrolyte throughout the composites, which offers a
number of accesses for the diffusion of Liþ into the inner yolk-shell
particles, narrowing the transmission distance and strengthening
the specific capacity and cycling stability [51]. The inner carbon
layer with plenty of about 14 nm pores is beneficial for the Liþ

transmission and protecting the inner silicon spheres. In addition,
the voids provided in the yolk-shell structure are expected to
accommodate a volume variation and enhance cycling stability.
Consequently, the fascinating structural characteristics of the
d e-f) top-view of ES electrodes after 10 cycles at a current density of 500mA g�1.
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obtained multilayer porous Si/C composite films are responsible for
their remarkable lithium storage properties. The advantages of this
designed structure can be confirmed from the comparison of fitted
EIS curves with an equivalent circuit in the inset (Fig. 6b), The
Nyquist curves can be fitted by an equivalent circuit, in which the
patterns consist of the semicircle in the high-middle frequency
regions that is ascribed to the charge transfer resistance (Rct) and
the tilted line in the low frequency regions that is associated with
the Warburg diffusion impedance (Zw). In addition, the Rs stands
for the bulk resistance of electrode, CPEct relates to the capacitance
of interface between electrolyte and electrode, and the value of CPE
is placed in Table S2. Due to the electrodes of ES, SSi and Si don’t
form an SEI film before the cycle, so only one semicircle was
observed. The charge-transfer resistances (Rct) of the Si, SSi and ES
electrodes before cycling are 83, 70.18 and 56.43U, respectively,
suggesting that the 3D carbon network and dual carbon shells offer
ES a superior conductivity [52] and enhanced charge transfer [28].

The stability of the material structure can be confirmed by
comparing the morphologies of the electrodes before and after
cycling. SEM images of ES electrode before and after 10 cycles at a
current rate of 0.5 A g�1 are exhibited at Fig. 7. The change of
electrode thickness can be neglected (comparing Fig. 7a and d),
because the carbon structure provides a suitable volume expansion
space for silicon volume expansion, so that the overall volume
expansion of electrolytic materials reduces to a minimum.
Comparing with top-view images (Fig. 7b and e), it can be seen that
there is a dense SEI film on the surface of the electrode after cycling
without appearing of cracks. Individual particles still maintain the
original bulk porous morphology (Fig. 7c and f), with a reducing of
the pores density and size due to the deposition of SEI, but the
immersion of electrolyte into the materials is not affected.
4. Conclusion

Egg-stacking-like Si/C composite materials (ES) were fabricated
by vacuum filtration to form a 3D carbon network among Si/C yolk-
shell particles that we designed to gather the yolk-shell spheres
plays an essential role in reducing side reaction and accelerate the
transmission efficiency of Liþ in or into the anode materials. The
abundant channels in the material allow electrolyte to enter the
material and further enhance the alloying/dealloying. At the same
time, the unique structure of materials greatly inhibits the polari-
zation phenomenon during cycling. These combined advantages of
ES provide excellent cycling performance and rate performance,
with a capacity reduction of only 2e7% per current density. The ES
anode delivers a high reversible discharge capacity of 2175mAh g�1

after 300 cycles at 0.5 A g�1. These results confirm that the designed
egg stacking-like Si/C composite materials (ES) are a promising
anodematerial for lithium-ion batteries, while this structure design
is consider as a design that most of large-volume-change anodes
can draw on.
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