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Silicon (Si) is regarded as the potential anode for lithium-ion batteries (LIBs), due to the remarkable theo-
retical specific capacity and low voltage plateau. However, the rapid capacity decay resulting from volume
variation and slow electron/ion transportation of Si limit its practical application. Here, matryoshka-type
carbon-stabilized hollow silicon spheres (Si/C/Si/C) are synthesized by an aluminothermic reduction and
calcination process. The Si/C/Si/C anode materials prepared at 500 °C (Si/C/Si/C-500) exhibit unique struc-
tures, in which amorphous region and porous structure are preserved in the Si layers. The anode based
on Si/C/Si/C-500 displays an initial specific capacity of 2792 mAh/g at a current density of 100 mA/g. At
1000 mA/g, this anode retains a reversible capacity of 1673 mAh/g, 86.9% of the initial capacity after 200
cycles. Such synthetic strategy can be employed to fabricate other high-capacity anode materials with
large volume variation during charge/discharge process

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the rapid development of portable electrical devices and
all-electric vehicles (EVs), lithium-ion batteries (LIBs) with high en-
ergy density and high capacity are strongly demanded. Si is re-
garded as one of the most promising anode materials for next-
generation high-energy LIBs due to the extremely high theoretical
capacity (~4200 mAh/g for Liy,Sis) and rich abundance on earth
[1-4]. However, the commercial use is hindered by the following
challenges: (i) Si experiences a large volume variation during the
lithiation/delithiation process, which results in the crack of Si and
contact loss with the current collector, leading to a rapid capacity
decay [5,6]; (ii) The continual formation of solid electrolyte inter-
phase (SEI) film repeatedly consumes Li*, reducing the initial and
later-cycle coulombic efficiencies of Si anode; (iii) Si-based anode
exhibits poor rate performance because of the slow electron and
Li* transport.

Various strategies have been adopted to address the above
obstacles. Firstly, nanostructured Si anode materials (e.g., Si
nanowires [7-9], Si nanotubes [10], Si nanosheets [11,12], porous
Si [13-15]) have been synthesized and exhibited fast elec-
tron/ion transmission and good fracture-endurance. Secondly, sil-
icon nanoparticles are embedded into active/inactive matrix to ob-
tain a stable electrode [16]. Thirdly, surface coating with free space
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around Si is an important strategy to accommodate the volume
change [17,18]. Carbon is considered as the desired coating layer
due to the excellent conductivity and mechanical robustness. For
example, Cui et al. fabricate carbon coated Si nanoparticles with a
yolk-shell structure, which realizes high capacities and long-term
life of 1000 cycles [19]. However, most of the carbon-coated sili-
con particles belong to “core-shell” structures. The carbon shell is
coated on the exterior surface of Si and enough free volume needs
to be generated around the Si core (or porous Si core). These struc-
tures indeed improve the cycle life and specific capacities. But new
challenges are introduced to the practical application of Si-based
anode batteries. On one hand, inner Si has low electrical conduc-
tivity, making it difficult to achieve excellent rate performance. Al-
though nano-sized Si can effectively address this issue, these ma-
terials are sparsely packed, leading to poor connections between
neighboring nanoparticles. In addition, the infiltrated carbon coat-
ing can also improve the rate performance of Si. But more carbon
penetrates the composites, which not only decreases the specific
capacity but also reduces the initial coulombic efficiency. On the
other hand, most of the well-designed void space is introduced us-
ing a sacrificial template (e.g., SiO,), followed by hydrofluoric acid
(HF) etching. These procedures are not only unfriendly for environ-
ment but too complicated for large-scale use.

To address the above obstacles, a matryoshka-type carbon-
stabilized hollow Si (Si/C/Si/C) spheres are synthesized. The Si shell
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Fig. 1. Schematic illustration of the syntheses process of Si/C/Si/C anode materials.

is a porous, polycrystalline products consisting of interconnected
tiny nanoparticles and carbon shell is nested layer that ensures
good electrical contact and encapsulate Si to restrict SEI formation
on the outer surfaces. Such structures possess several attractive ad-
vantages: (i) Hollow void allows volume changes of Si nanoparti-
cles inside of inner carbon shell; (ii) Inner carbon shell provides
multipoint physical contacts with Si shells, significantly improving
the conductivity of electrode; (iii) Outer carbon shell facilitates the
formation of stable SEI film; (iv) Amorphous regions in the poly-
crystalline Si possess good tolerance to intrinsic strain/stress, ben-
efiting for the structure stability.

The syntheses of Si/C/Si/C samples can be divided into two
steps (Fig. 1). First, highly uniform SiO, nanospheres (Fig. S1
in Supporting information) prepared by hydrolysis of tetraethy-
lorthosilicate (TEOS) [20] are coated with a polydopamine (pDA)
through self-polymerization of dopamine in solution. After car-
bonized the pDA under inert atmosphere, the aluminothermic re-
action is conducted between carbon-coated silica (SiO,@C, Fig. S2
in Supporting information) and aluminum powder in AlCl3/NaCl
mixture. The hollow Si/C/Si nanospheres are obtained (Fig. S3
in Supporting information) after the removal of Al-bearing by-
products, leaving amounts of mesopores. The silicon hollow struc-
tures can be formed by a diffusion mechanism in the molten salts.
In molten AlCI3/NaCl, a large amount of ion and solvated elec-
trons are produced via an ionization process [21], Al=AB*+ 3e-,
which etches SiO, to break the Si-O bond to form SiOx. Then, the
SiOx is reduced in the molten salts and grows on the surface of
carbon layer via the previously documented diffusion mechanism
[20,22,23], leading to the formation of the Si/C/Si hollow structure.
Herein, the NaCl is adopted as heat scavenges, which effectively
prevents the hollow structure collapsing and avoids the aggrega-
tion of Si nanoparticles [24]. Next, the hollow Si/C/Si nanospheres
are encapsulated by another pDA shell, and then undergo an an-
nealing process at 500 °C and 800 °C to form an outer carbon shell.
For the sake of clarity, the annealed hollow Si samples at 500 °C
and 800 °C are denoted as Si/C/Si/C-500 and Si/C/Si/C-800 from
now on, respectively.

The X-ray diffraction (XRD) patterns of the Si/C/Si/C-500 and
Si/C/Si/C-800 are shown in Fig. 2a. The 26 peaks located at 28.5°,
47.4°, 56.2°, 69.3° and 76.5° are indexed to the diffraction peaks of
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cubic Si (PDF#27-1402), confirming the successful conversion SiO,
to Si [21]. The Raman spectroscopy of two samples is shown in Fig.
2b. The peak at 521 cm~! for Si/C/Si/C-800 is assigned to the trans-
verse optical mode of crystalline silicon [17,25]. Compared to the
Raman absorption peak of crystalline Si, the peak of Si/C/Si/C-500
exhibits a blue-shift peak at around 518 cm~!, indicating the ap-
pearance of amorphous silicon (a-Si) phase [25-28]. Our previous
reports confirm that the appearance of a-Si is due to low synthesis
temperature [29]. The peaks at 1341 and 1582 cm!, correspond
to the D and G bands of carbon, respectively [30]. The negligible
signals of carbon indicate a very thin coating layer.

To observe the effect of anneal temperature on the microstruc-
ture of Si products, the nitrogen gas sorption data of Si/C/Si/C-
500 and Si/C/Si/C-800 are collected (Figs. 2c and d). The specific
surface area (SSA) of Si/C/Si/C-500 (Fig. 2c) is 64.1 m2/g based
on the Brunauer-Emmett-Teller theory, which is higher than that
of Si/C/Si/C-800 sample (25.3 m?2/g). This is probably due to the
coarsening of pores and silicon phases in the high-temperature an-
nealing process [29]. The hypothesis is also supported by the in-
crease of the average pore diameter by elevating the calcination
temperature (10.9nm for Si/C/Si/C-500vs. 12.7nm for Si/C/Si/C-
800). The result means that the low-temperature is beneficial for
the preservation of porous structure.

Fig. 3 shows the morphologies of Si/C/Si/C-500 and Si/C/Si/C-
800 samples. SEM and TEM images demonstrate that two sam-
ples have a hollow spherical structure. However, the microstruc-
ture of shell layers changes after annealing at different tempera-
ture. As observed in Fig. 3a, the Si/C/Si/C-800 exhibits a spherical
shape with a smooth surface and without massive or agglomer-
ated Si nanoparticles observed. TEM images (Fig. 3b) show the de-
tailed microstructure of the Si/C/Si/C-800. The shell layer becomes
more compact. Inset image in Fig. 3b exhibits that homogeneous
element with same light intensity are concentrated in the shell.
The linear distributions can reflect the content change of different
elements, so it can be used as an indicator of structure. Fig. S4
(Supporting information) exhibits the corresponding linear distri-
butions of Si/C/Si/C-800 sample along with the hollow shell. It can
be seen that the intensity of Si element (green line) only has one
peak when the line scanning gets through the hollow shell. Be-
sides, the intensity of carbon has no obvious change. These results
reveal that the Si/C/Si/C sandwiched structure disappears. This is
due to the reduction of defects (including pores and amorphous
regions) after high-temperature annealing [31]. It is also confirmed
by the ordered lattice fringe in the high-resolution transmission
electron microscopy (HRTEM) image (Fig. 3c) and the selected area
electron diffraction (SAED) result (inset image in Fig. 3c) [24]. The
interplanar distances are measured to be 0.31nm, which corre-
sponds to the (111) crystal planes of the cubic Si [32]. In compari-
son, the Si/C/Si/C-500 samples also have a typical spherical mor-
phology (Fig. 3d), but the outer surface becomes much rougher
which is comprised of large amount of tiny Si nanoparticles (Fig.
S5 in Supporting information). Significantly, TEM images in Fig. 3e
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Fig. 2. (a) XRD and (b) Raman results of Si/C/Si/C-500 and Si/C/Si/C-800 nanospheres, respectively (Inset of b is the enlarged Raman adsorption peak of Si); Nitrogen
adsorption and desorption isotherms of (c) Si/C/Si/C-500 and (d) Si/C/Si/C-800 samples, respectively (Insets are corresponding pore width distributions).
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Fig. 3. Microstructure of (a-c) Si/C/Si/C-800 and (d-g) Si/C/Si/C-500 nanospheres. (a) SEM, (b) TEM (Inset is the magnified region of the yellow rectangle in (b)) and (c)
HRTEM images of the Si/C/Si/C-800 (Inset is the SAED of the hollow shell). (d-f) The corresponding structure characterization of Si/C/Si/C-500 as same as Si/C/Si/C-800. (g)
STEM image and the corresponding element mapping of (g1) Si, (g2) C, (h) linear distributions of Si (green line), C (yellow line) and O (white line) elements of Si/C/Si/C-500.

show the microstructure of Si/C/Si/C-500. Inset image in Fig. 3e ex-
hibits the clear Si-C interface with Si/C/Si/C multi shells. The thin Si
shell can shorten the diffusion path of Li* during lithiation. More-
over, double carbon shell encapsulates Si nanoparticles and pro-
vides sufficient physical contact points, which can largely enhance
the conductivity of the composites. The ambiguous lattice fringes
of shell in the HRTEM image (Fig. 3f) indicate the appearance of
a-Si. SAED (the inset of Fig. 3f) of Si/C/Si/C-500 is circular rings,
also indicating the polycrystalline nature [33]. The porous, amor-
phous regions can effectively buffer the volume variation during
lithiation/delithiation, inhibiting the material pulverization and en-
hancing the structure stability. To confirm the constituents of the
shell, the element mapping and the linear distribution are also
conducted along the hollow shell (Fig. 3g). The element mapping
(Figs. 3g1 and g2) confirms the existence of Si (Fig. 3g1) and car-
bon (Fig. 3g2). The corresponding linear distribution (Fig. 3h) re-
flects the content change of silicon and carbon. The intensity of Si
appears two peaks along the scanning line. It is worth noting that
the intensity of carbon slightly increases between two peaks of Si.
Both sides of shell, the signal intensity of carbon has no signifi-
cant change. It indicates the outer carbon layer is a uniform coat-
ing. In brief, the above results demonstrate the matryoshka-type
hollow structure of Si/C/Si/C-500, in which pores and amorphous
phases are preserved in silicon layers. The formation of different
Si structures is typically driven by chemical potential differences
associated with curvature effects on the particle interfacial ener-
gies [34]. At elevated temperature, the thermally activated pro-
cesses (e.g., crystallite rotation and alignment) become dominant.
The rearrangement of atom contributes to the transformation from
amorphous to crystalline Si. And pores tend to coalesce and dis-
appear. However, at low temperature, the threshold for crystallite
intergrowth or diffusional mass transport is severely limited.

The electrochemical performances of the anode based on
Si/C/Si/C-500 and Si/C/Si/C-800 are examined in half cells for LIBs.
Fig. 4a shows the galvanostatic discharge/charge voltage profiles
of the first cycle at a current density of 0.1 A/g. The Si/C/Si/C-
500 electrode delivers a high discharge capacity of 2797.4 mAh/g
with an initial coulombic efficiency (ICE) of 83.1%, and the dis-
charge profile exhibits two obvious platforms at 0.24 and 0.10V.
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Fig. 4. (a) The initial charging/discharging profiles of Si/C/Si/C-500 and Si/C/Si/C-
800 at 0.1 A/g current density. (b) Plots of the differential capacity versus voltage.
(c) Rate and (d) long-term cycling stability of Si/C/Si/C-500 and Si/C/Si/C-800 elec-
trodes. Electrochemical impedance spectra of (e) Si/C/Si/C-500 and (f) Si/C/Si/C-800
before cycling and after 50 cycles.

The lower platform derives from the alloying of crystalline Si,
and the higher one from amorphous Si [35,36]. However, there
is no apparent platform observed at around 0.24V for Si/C/Si/C-
800 electrode, indicating that the high temperature destroys the
newly formed amorphous Si during annealing. The Si/C/Si/C-800
electrode displays a lower ICE (80.1%) and discharge specific ca-
pacity (2136.1 mAh/g). This is due to that the Si/C/Si/C-800 cannot
maintain good integrity owing to the insufficient inner voids and
large strain/stress. The voltage hysteresis (AE) between the lithi-
ation and delithiation platform for Si/C/Si/C-500 anode is 0.20V,
which is smaller than that with Si/C/Si/C-800 anode (0.36V). This
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indicates that the cell has a better reversibility and less polar-
ization [37,38]. The above results are also evidenced by the dif-
ferential capacity versus voltage (dQ/dV) plots in Fig. 4b. At first
glance, the area arranged by Si/C/Si/C-500 is larger than that of
Si/C/Si/C-800, which indicates the Si/C/Si/C-500 electrode delivers
a higher specific capacity, consisting well with the result in Fig. 4a.
For Si/C/Si/C-500 electrode, there are two cathodic peaks at around
0.24 and 0.1V in the first discharge process, which corresponds to
the lithiation of amorphous Si and crystalline Si, respectively [35].
Two anodic peaks at around 0.28 and 0.43V are related to the
de-alloying steps of LixSi [39,40]. On the contrary, the Si/C/Si/C-
800 displays only one cathodic peak (~0.13V) and one anodic peak
(~0.43V), corresponding to the crystal property [41]. When applied
different current density, the Si/C/Si/C-500 electrode exhibits ex-
cellent rate capability (Fig. 4c). It delivers reversible capacities of
2119.4, 1929.6, 1649.7, 1398.5, 1184.5, 997.7 mAh/g at 0.5, 1, 2, 3, 4,
5 A/g, respectively. Most notably, a high specific capacity of 1799.8
mAh/g is preserved when the current density reverses back to 1
A/g. This performance is superior to Si/C/Si/C-800 electrode. Com-
pared to the Si/C/Si/C-800, the Si/C/Si/C-500 electrode exhibits an
outstanding cycling performance, as shown in Fig. 4d. After 200
cycles at 1 A/g, the Si/C/Si/C-500 displays a high capacity of 1673
mAh/g with a capacity retention of 86.9%. The capacity decay ra-
tio is as low as 0.066% for each cycle. The electrochemical perfor-
mance of Si/C/Si/C-500 in this work can be competitive to others
nanostructured Si which are summarized in Table S1 (Supporting
information). However, the Si/C/Si/C-800 electrode displays low re-
tention of 68.3% and fast capacity decay.

To further understand the mechanism for the superior electro-
chemical performance of Si/C/Si/C-500, electrochemical impedance
spectra (EIS) data are collected to analyze the internal resistance
and charge-transfer process of the pristine and cycled electrodes.
Figs. 4e and f display Nyquist plots of the Si/C/Si/C-500 and
Si/C/Si/C-800 electrodes before and after 50 cycles. Before cycling,
the two electrodes show similar Nyquist plots, involving a sin-
gle semicircle at high-medium frequency region and an inclined
line at low frequencies. Apparently, the radius of the semicircle
for Si/C/Si/C-500 is smaller than that of Si/C/Si/C-800, which rep-
resents the lower charge transfer resistance (R¢t) [42]. This is as-
cribed to its unique matryoshka-type design to enhance the elec-
trical conductivity. The equivalent circuit shown in Fig. S6 (Sup-
porting information) is used to fit the Nyquist plots and the fitted
data are summarized in Table S2 (Supporting information). Simi-
lar to the pristine electrode, the cycled electrode R of Si/C/Si/C-
500 displays a smaller variation, indicating stable charge transfer
and interface. In contrast, the Si/C/Si/C-800 shows dramatically de-
creased R¢: value, demonstrating a progressive electrolyte infiltra-
tion and activation process [43]. The excellent electrochemical per-
formance of Si/C/Si/C-500 electrodes, on one hand, benefits from
the porous and amorphous regions on mitigating the volume vari-
ation. On the other hand, carbon coated hollow shell provides mul-
tipoint contact with Si nanoparticles for good electronic conductiv-
ity, and accelerates the charge transfer and kinetics of Li* in the
electrode.

To evaluate its potential practical application, a full battery is
fabricated with prelithiated Si/C/Si/C-500 anode and commercial
Li(Niy;3Coy;3Mny3)0, (NCM) cathode. The capacity ratio of N/P
(negative/positive) was about 1.08:1 based on the capacity match-
ing of the full cell. The prelithiation of Si/C/Si/C-500 was carried
out through a discharge process in a half-cell and the cutoff voltage
is 0.01V. The cycling performance of the Si/C/Si/C-500//NCM full
cell is shown in Fig. S7 (Supporting information) between 2.80V
and 4.25V. The Si/C/Si/C-500//NCM full cell delivers a high initial
capacity of 135.3 mAh/g at 100 mA/g. Moreover, the full battery ex-
hibits a reversible capacity of 99.7 mAh/g with excellent retention.
However, the ICE is only 49.6%, indicating that more times prelithi-
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Fig. 5. Morphology characterizations of Si anodes before and after 50 cycles. SEM
images of top view and cross section based on (a) Si/C/Si/C-500 electrodes and
(b) Si/C/Si/C-800 electrodes. TEM images of (c) Si/C/Si/C-500 nanospheres and (d)
Si/C/Si/C-800 nanospheres after 50 cycles at 1 A/g.

ation are necessary to enhance the performance of the Si-based
full cells.

To further investigate the electrochemical stability of Si/C/Si/C-
500, the morphology of electrodes is unveiled before and after 50
cycles (Fig. 5). Fig. 5a shows the top-view images of Si/C/Si/C-500
electrodes. After 50 cycles, the electrode maintains intact and ac-
tive materials coalesce admirably, no obvious cracks are observed.
This suggests Si/C/Si/C-500 retains structural integrity and stabilize
the SEI on the surface. The morphology of the Si/C/Si/C-500 with
and without SEI is examined by SEM (Fig. S8 in Supporting in-
formation). These nanospheres are covered by a thin and uniform
SEI layer, and the morphologies are largely unchanged compared
to those of the original Si/C/Si/C-500 nanospheres (Fig. S8a). SEM
images of cross sections reveal that the thickness of 50" cycled
electrode is very close to the pristine electrode (10.95 vs. 10.41 pm,
respectively). This result is also confirmed by the morphology of
Si/C/Si/C-500 hollow spheres after 50 cycles (Fig. 5c). The spherical
shape is still retained, revealing the superior mechanical property
of carbon coating. As for Si/C/Si/C-800 electrodes, large amounts
of agglomerations and cracks appear on the surface after 50 cycles
(the arrow regions in Fig. 5b). Moreover, the SEI damage on the
surface is very serious (Fig. S8b). The electrode thickness increases
from 9.62pm to 11.11 pm, reflecting a huge volume variation. The
hollow structures break down after 50 cycles as shown in Fig. 5d.

These above results prove that the Si/C/Si/C-500 sample gives
excellent electrochemical performance which can be attributed to
its hollow matryoshka-type strategy. First, the nested carbon shell
provides both efficiently conductive paths and mechanical support,
ensuring the stable surface charge transfer; Second, thin Si shell in-
side of carbon shell with multipoint physical contacts, considerably
decreases diffusion length of Li™ ions; Third, amorphous Si shows
good tolerance to intrinsic strain/stress; Four, outer carbon shell fa-
cilitates the formation of stable SEI and improves the coulombic
efficiency, rate capacity performance. Hence, some crucial issues of
Si anodes can be resolved by using the synergy effect based on
structure design.

In summary, we demonstrate that through a low-temperature
aluminothermic reaction and annealing process, matryoshka-type
carbon stabilized hollow Si can be designed and synthesized suc-
cessfully. The obtained Si/C/Si/C-500 anodes have significantly im-
proved rate capacity and initial coulombic efficiency (83.1%). Im-
pressively, the electrode can retain a reversible specific capacity
of 997.7 mAh/g at 5 A/g current density. Such excellent electro-
chemical performance is ascribed to the good volume buffering ef-
fect, good mechanical stability and high conductivity during the
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charge/discharge process. This proposed approach can be widely
employed to prepare porous hollow nanomaterials based on huge
volume variation.
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