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ABSTRACT: Lithium-ion batteries have been regarded as
one of the most promising energy storage devices, and
development of low-cost batteries with high energy density
is highly desired so that the cost per watt-hour ($/Wh) can
be minimized. In this work, we report using ball-milled lowcost silicon (Si) as the starting material and subsequent
carbon coating to produce low-cost hierarchical carboncoated (HCC) Si. The obtained particles prepared from
diﬀerent Si sources all show excellent cycling performance
of over 1000 mAh/g after 1000 cycles. Interestingly, we
observed in situ formation of porous Si, and it is well
conﬁned in the carbon shell based on postcycling characterization of the hierarchical carbon-coated metallurgical Si (HCCM-Si) particles. In addition, lightweight and free-standing electrodes consisting of the HCC-M-Si particles and carbon
nanoﬁbers were fabricated, which achieved 1015 mAh/g after 100 cycles based on the total mass of the electrodes.
Compared with conventional electrodes, the lightweight and free-standing electrodes signiﬁcantly improve the energy
density by 745%. Furthermore, LiCoO2 and LiNi0.5Mn1.5O4 cathodes were used to pair up with the HCC-M-Si anode to
fabricate full cells. With LiNi0.5Mn1.5O4 as cathode, an energy density up to 547 Wh/kg was achieved by the high-voltage
full cell. After 100 cycles, the full cell with a LiNi0.5Mn1.5O4 cathode delivers 46% more energy density than that of the full
cell with a LiCoO2 cathode. The systematic investigation on low-cost Si anodes together with their applications in
lightweight free-standing electrodes and high-voltage full cells will shed light on the development of high-energy Si-based
lithium-ion batteries for real applications.
KEYWORDS: lithium-ion battery, silicon, anode, free-standing, full cell, LiNi0.5Mn1.5O4
abundance, and matured processing infrastructure.3,4 Since bulk
Si suﬀers from poor cycling life and low Coulombic eﬃciency
owing to the large volume change (∼300%) during the
lithiation/delithiation processes, a variety of Si nanostructures
such as Si nanoparticles,5−8 nanowires,4,9,10 nanotubes,11−14
nanosheets,15,16 and porous Si17−21 have been investigated to
solve the problems. However, since cost per watt-hour ($/Wh)

S

ince the 1950s, silicon (Si) has changed the world in
almost every aspect with the development of Si-based
electronics.1 Recently, the increasing demands for highperformance power sources, such as electric vehicles and gridscale energy storage, have stimulated a signiﬁcant amount of
research in developing the next-generation lithium-ion batteries
(LIBs) with high energy density, long cycling life, and low
cost.2 Si has attracted enormous attention, as it is viewed as the
most attractive LIB anode material due to its extremely high
speciﬁc capacity (∼3600 mAh/g, almost 10 times that of a
state-of-the-art graphite anode), low working potential, natural
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Figure 1. Morphological and elemental characterization of HCC-M-Si and HCC-M-Si(2). (a) SEM and (b) TEM image of M-Si. (c) HRTEM
image of M-Si. The inset is the corresponding SAED pattern. (d, e) TEM images of HCC-M-Si. (f) TEM image of HCC-M-Si(2). (g) STEM
image of HCC-M-Si particle. (h) EELS mapping of elements C and Si in the HCC-M-Si particle. (i) EELS spectrum of the HCC-M-Si particle.

is a crucial criterion in the battery industry, the sophisticated
synthesis process increases the cost of Si-based batteries and
thus hinders Si from real applications.
Another challenge to achieve real applications of Si anode is
to develop Si-based full cells with low cost per watt-hour. Since
the energy density of batteries can be calculated based on
∫ Q0 V(q)dq/wt, the improvement of energy density can be
achieved by either increasing voltage, increasing capacity, or
reducing weight.22 Because the working potential of a Si anode
is very close to that of lithium metal, using a high-voltage
cathode is an eﬀective way to increase the working voltage of
Si-based full cells, which can lead to higher energy density.23
LiNi0.5Mn1.5O4 is one of the most promising high-voltage LIB
cathode materials owing to its ﬂat potential proﬁle at high
voltage and high theoretical capacity.24−26 Compared with the
working voltage of 3.4 and 4.0 V for commercial LiFePO4 and
LiCoO2, the high working voltage of 4.7 V and theoretical
capacity of 147 mAh/g of LiNi0.5Mn1.5O4 can theoretically
provide 30% and 20% higher energy density than that of
LiFePO4 and LiCoO2 for the full cells, respectively.27,28

To further improve the energy density of LIBs, reducing the
weight of the electrodes can be an essential and eﬀective
strategy. Conventional electrodes are usually prepared using a
slurry-casting method, by which the polymer binder, conductive
additive, and active material are cast onto metal foils. The
nonelectrochemically active current collector and binder
account for a large fraction of the electrode mass, which
signiﬁcantly reduces the overall energy density of the battery.
Recently, conductive carbon matrices such as carbon nanotubes
and graphene have been reported to replace metal foils as
lightweight current collectors.29−31 To fabricate Si-based freestanding batteries with carbon matrices, the major challenge is
to maintain good contact between Si and the conductive matrix
because the volume expansion rate of Si during the cycling
process is up to 300%, which is much larger than most other
battery materials. Usually bottom-up synthesis methods of Si
such as silane chemical vapor deposition (CVD) lead to better
contact between Si and the matrix.32 However, the pyrolysis of
expensive (∼$50 000/ton) and toxic silane at high temperature
increases the cost of the electrodes and thus hinders it from real
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planes in the diﬀraction patterns of metallurgical Si and
polycrystalline Si before and after ball-milling indicate their
unchanged polycrystalline nature.34 The broadening of the
main peaks after ball-milling also indicates the shrinking of the
particle size. On the contrary, the waste Si wafer transforms
from single-crystalline before ball-milling to polycrystalline after
ball-milling. This demonstrates that ball-milling works as an
eﬃcient way to unify diﬀerent crystalline Si sources into
polycrystalline particles, which makes it suitable for large-scale
fabrication. Particle size distributions of metallurgical Si,
polycrystalline Si, and Si wafer before and after ball-milling
are analyzed in Figure S3. It is observed that despite the large
peak particle size of metallurgical Si (∼700 μm), polycrystalline
Si (∼70 μm), and waster Si wafer (thickness: 500 μm,
diameter: 100 mm), the products after ball-milling possess peak
particle size at around 150−200 nm. The results are consistent
with the XRD analysis, which further conﬁrms that ball-milling
is an eﬃcient method to reduce particle size of diﬀerent Si
sources.
HCC-M-Si was synthesized using obtained M-Si as starting
material. Speciﬁcally, M-Si was ﬁrst coated with SiO2 as hard
template for the subsequent coating of resin. The resin was
then carbonized after heat treatment. After etching away SiO2,
void space was created between the Si particle and the carbon
shell to accommodate Si volume expansion, which guarantees
stable electrode structure and therefore good contact between
the Si active material and the current collector. For comparison,
HCC-M-Si with a smaller void space between Si particles and
the carbon shell was also synthesized, and it is denoted as
HCC-M-Si(2). The details of synthesis are presented in the
Methods section. The morphological characterizations of
HCC-M-Si and HCC-M-Si(2) are shown in Figure 1d−i.
Figure 1d is a low-magniﬁcation TEM image of HCC-M-Si,
which demonstrates a uniform carbon shell coating around the
Si nanoparticles. The TEM images with higher magniﬁcation in
Figure 1e and f compare the morphology of HCC-M-Si and
HCC-M-Si(2). The carbon shells in both samples coat the Si
well, retaining a similar shape to the Si particles inside. With
thicker SiO2 coated around M-Si particles as a hard template,
the void space in HCC-M-Si is larger compared with that in
HCC-M-Si(2). The scanning transmission electron microscopy
(STEM) image of HCC-M-Si and corresponding electron
energy loss spectra (EELS) mapping of C (green color) and Si
(red color) elements are shown in Figure 1g and h, respectively,
which clearly conﬁrm the HCC Si structure. Figure 1i shows
the EELS spectrum, in which the C−K core−loss edge and Si−
K core−loss edge are shown after appropriate background
subtraction. A small O−K core-loss edge was also detected,
which is from the native oxide on the Si particle. The content of
the carbon shell in HCC-M-Si is 4.8% by weight based on
thermogravimetric analysis (TGA) measurement, as shown in
Figure S4.35,36 The XRD pattern of HCC-M-Si is shown in
Figure S5a, in which main diﬀraction peaks of Si (111), (220),
(311), (400), and (331) planes are observed. In addition, the
broad peak between 20° and 25° is attributed to the amorphous
carbon shells in HCC-M-Si. The Raman spectrum of HCC-MSi is shown in Figure S5b. The sharp peak at 511 cm−1 and
weak peak at 931 cm−1 are Raman vibration peaks of crystalline
Si.36,37 The peaks at 1350 and 1590 cm−1 correspond to the D
band and G band of carbon, respectively. The ratio of the D
band to the G band was estimated to be 1.0, which further
conﬁrms the amorphous nature of the carbon shell.36,37 The
hierarchical porous structure of HCC-M-Si was evaluated by

applications. For Si produced by top-down synthesis methods,
the poor physical contact between Si and carbon matrix
together with the large volume change of Si during the cycling
process results in poor cycling performance of the batteries. To
solve this problem, nonelectrochemically active binders are
usually added,33 which adds extra weight to electrodes and
reduces the conductivity.
Taking into account the above-mentioned challenges, we
made use of low-cost Si available from the semiconductor
industry, such as metallurgical Si ($1000/ton), polycrystalline
Si ($1500/ton), and waste Si wafers, as starting materials. After
ball-milling the Si sources, thin carbon shells were created
around the particles, leaving void spaces between the Si
particles and carbon shells to allow for a volume change of Si
during the charge−discharge process, thus maintaining good
contact between Si and the current collector through the
carbon shells. More importantly, postcycling characterization
reveals in situ formation of porous Si inside the carbon shell
during the cycling process. The hierarchical carbon-coated
(HCC) structure helps to make full use of the excellent
electrochemical performance of the porous Si. The obtained
hierarchical carbon-coated metallurgical Si (HCC-M-Si),
polycrystalline Si (HCC-P-Si), and waste Si wafers (HCC-WSi) all achieve over 1000 mAh/g after 1000 cycles at a current
density of 2 A/g. Taking advantage of the good contact
between the HCC Si and current collector, lightweight, binderfree, and free-standing electrodes consisting of HCC-M-Si and
low-cost commercially available carbon nanoﬁbers (CNFs)
were prepared. At a current density of 0.4 A/g, the HCC-M-Si/
CNF electrode achieves over 1000 mAh/g after 100 cycles
based on total mass of the electrode. The lightweight and freestanding HCC-M-Si/CNF electrodes signiﬁcantly improve the
energy density of the electrodes by 745% compared with
conventional electrodes. Moreover, full cells based on HCC-MSi were studied using both commercial LiCoO2 and synthesized
high-voltage cathode LiNi0.5Mn1.5O4 as cathodes. The HCC-MSi/LiNi0.5Mn1.5O4 full cells deliver a high average working
voltage of 4.4 V, which helps to increase the energy density by
46% compared with HCC-M-Si/LiCoO2 full cells.

RESULTS AND DISCUSSION
To achieve low-cost and large-scale fabrication of Si anodes,
ball-milling was applied to metallurgical Si, polycrystalline Si,
and waste Si wafers (the details of the synthesis are presented in
the Methods section). The obtained samples are denoted as MSi, P-Si, and W-Si, respectively. Figure 1a and b are the
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images of the M-Si particles, which show
broad particle size distribution and the morphology of the
particles is irregular. The broad size distribution can help the
eﬃcient occupation of the electrodes by ﬁlling interstitial space
with smaller Si particles. The high-resolution TEM (HRTEM)
image and the inset selected area electron diﬀraction (SAED)
pattern in Figure 1c indicate the polycrystalline nature of the
M-Si. The TEM image of P-Si is shown in Figure S1a, which
indicates that its particle size is similar to M-Si. The HRTEM
image and corresponding SAED pattern in Figure S1b indicate
the polycrystalline nature of the P-Si. Similarly, the particle size
and crystallinity of W-Si are also similar to those of M-Si as
shown in Figure S1c and d. X-ray diﬀraction (XRD) patterns of
metallurgical Si, polycrystalline Si, and waste Si wafer before
and after ball-milling are shown in Figure S2a and b. The main
diﬀraction peaks of (111), (220), (311), (400), and (331)
6282

DOI: 10.1021/acsnano.8b03312
ACS Nano 2018, 12, 6280−6291

Article

ACS Nano

Figure 2. Electrochemical performance of HCC-M-Si, HCC−P-Si, and HCC−W-Si. (a) Galvanostatic charge−discharge proﬁles of HCC-M-Si.
(b) Cycling performance comparison of HCC-M-Si and HCC-M-Si(2) at a current density of 0.4 A/g. (c) Rate capability comparison of HCCM-Si and M-Si. (d) Long-term cycling performance of HCC-M-Si, HCC-P-Si, and HCC-W-Si. The current density was 0.4 A/g for the ﬁrst 10
cycles and 2 A/g for the following cycles. The cycling performances of HCC-M-Si(2) and M-Si are provided for comparison with HCC-M-Si.

discharge processes are also consistent with the oxidation peaks
in the CV curves. The cyclic performances of HCC-M-Si and
HCC-M-Si(2) were evaluated by galvanostatic charge−
discharge measurements at a current density of 0.4 A/g
between 0.01 and 1 V vs Li/Li+ (Figure 2b). It can be seen that
the reversible capacity of HCC-M-Si at the ﬁrst cycle is 2773
mAh/g, which is retained at 2372 mAh/g after 100 cycles. It
corresponds to a capacity retention value of 85.5%. Meanwhile,
the Coulombic eﬃciency of HCC-M-Si increases from 73% in
the ﬁrst cycle to over 98% in the 10th cycle and maintains a
value over 99% in the 100th cycle, demonstrating a stable
reversible electrochemical reaction, while for HCC-M-Si(2),
the ﬁrst reversible capacity is 2798 mAh/g, which is retained at
1928 mAh/g after 100 cycles, corresponding to a capacity
retention value of only 68.9%. The higher capacity retention of
HCC-M-Si than HCC-M-Si(2) is due to the larger void space
in HCC-M-Si, which provides more space to accommodate the
volume change of Si particles during charge−discharge
processes.
The rate capabilities of HCC-M-Si and M-Si were
investigated under various current densities from 0.4 to 8 A/
g as shown in Figure 2c. Compared with HCC-M-Si, the M-Si
anode showed much more rapid capacity decay with increasing

Brunauer−Emmett−Teller (BET) measurement (Figure S6). A
type IV nitrogen adsorption−desorption isotherm with a
hysteresis loop at high relative pressure (P/P0) is obtained as
shown in Figure S6a, which indicates the mesoporous
microstructure of HCC-M-Si.38 The BET speciﬁc surface area
was estimated to be 63.9 m2/g. The pore size distribution plot
for HCC-M-Si (Figure S6b) shows a sharp peak at around 1.8
nm and a broad peak ranging from 4 to 8 nm, which further
conﬁrms the hierarchical porous structure of HCC-M-Si.
To characterize the electrochemical performance of HCC-MSi as LIB anode material, CR2032 coin cells were assembled
with HCC-M-Si as working electrode and lithium foil as
counter/reference electrode. Figure 2a shows the representative
galvanostatic charge(lithiation)−discharge(delithiation) proﬁles
of HCC-M-Si for the ﬁrst, second, ﬁfth, 20th, 50th, and 100th
cycle with a current density of 0.4 A/g between 0.01 and 1 V
(vs Li/Li+). The cyclic voltammetry (CV) curves of HCC-M-Si
at the scan rate of 0.2 mV/s in the voltage window of 0.01−1 V
(vs Li/Li+) are shown in Figure S7. During the ﬁrst charge
process in Figure 2a, a long ﬂat plateau at ∼0.05 V is attributed
to the reaction of crystalline Si with Li, which is consistent with
the reduction peaks below 0.1 V in the CV curves.39 In
subsequent cycles, the voltage plateaus at ∼0.5 V during the
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Figure 3. Evaluation of Si anodes in terms of production cost, capacity, cycle number, and current density. The color scheme represents the
cycle number; the symbol represents the current density; the number next to each symbol refers to the reference index.

With initial electrode thicknesses of 8.3 and 7.7 μm for HCCM-Si and HCC-M-Si(2) electrodes, respectively, the tap
densities of HCC-M-Si and HCC-M-Si(2) electrodes were
calculated to be 0.602 and 0.649 g/cm3, respectively, taking into
account that the mass loading of the active material for both
electrodes is 0.5 mg/cm2. With an average working voltage of
0.3 V, the initial volumetric energy densities of HCC-M-Si and
HCC-M-Si(2) half cells are therefore calculated to be 503 and
543 Wh/L, respectively. The higher tap density of the HCC-MSi(2) electrode resulting from the smaller void space helps it
achieve a higher initial volumetric energy density than that of
the HCC-M-Si electrode. However, the insuﬃcient void space
in HCC-M-Si(2) results in a larger volume change of the
electrode (Figure S9c−f) and consequently worse long-cycling
stability than that of HCC-M-Si. The volumetric energy
densities of HCC-M-Si and HCC-M-Si(2) half cells after
1000 cycles are calculated to be 186 and 105 Wh/L,
respectively. Based on the analyses, the larger void space in
HCC-M-Si is beneﬁcial to achieve both high long-cycling
gravimetric energy density and volumetric energy density.
Long-term cycling tests of HCC-P-Si and HCC-W-Si
demonstrate that they can achieve cycling performances similar
to that of HCC-M-Si, where over 1000 mAh/g is retained after
1000 cycles at a current density of 2 A/g. This further
demonstrates that the ball-milling process can unify diﬀerent Si
sources into similar quality and thus achieve similar electrochemical performance to LIB anodes. In addition, the
hierarchical carbon coating further helps to maintain the
intrinsic capacity of Si particles by conﬁning the particles inside
without losing contact with other particles, conductive additive,
binder, and current collector. Compared with previous
literature,40 our large-scale and low-cost fabrication of the
HCC-structured Si achieves excellent cycling performance of
the Si anodes prepared from diﬀerent Si sources, which shows
great promise for real applications in the future.
Figure 3 compares the electrochemical performance and the
cost of Si anodes reported in this work and some recent
literature.8,18,35,41−56 Diﬀerent symbols represent the current
densities, and diﬀerent symbol colors represent the number of
cycles reported. Among the ﬁve categories of synthesis methods
compared in the ﬁgure, silane CVD is the only bottom-up
synthesis method of Si. Due to the small dimension of the
synthesized Si and good contact between the Si and the
conductive matrix, silane CVD usually leads to excellent cycling

rates. Speciﬁcally, at a current density of 0.4, 0.8, 2, and 4 A/g,
HCC-M-Si delivers reversible capacities of 2900, 2700, 2200,
and 1500 mAh/g, respectively. On the contrary, M-Si delivers
only 2000, 1800, 1000, and 100 mAh/g, respectively. At a
current density of 8 A/g, HCC-M-Si can still retain a reversible
capacity of 950 mAh/g, while M-Si exhibits almost no capacity.
This suggests that the hierarchical carbon coating can eﬀectively
reduce the interparticle resistance of ball-milled Si and
signiﬁcantly boost the capacity at high current density. When
the current density is reversed back to 0.8 A/g from 8 A/g,
HCC-M-Si almost fully recovered to the initial capacity at 0.8
A/g and maintained a better cycling stability than M-Si in the
following cycles. The good conductivity of HCC-M-Si was
further conﬁrmed by the electrochemical impedance spectra
(EIS) shown in Figure S8a and b, which demonstrate that
HCC-M-Si possesses both smaller interphase electronic contact
resistance and charge transfer resistance than those of M-Si.
Long-term cycling performances of HCC-M-Si, HCC-P-Si,
and HCC-W-Si are investigated in Figure 2d. The electrodes
were run at 0.4 A/g for the ﬁrst 10 cycles and 2 A/g for the
following cycles. The cycling performances of HCC-M-Si(2)
and M-Si are also provided to compare with that of HCC-M-Si.
It is observed that HCC-M-Si maintains a better cycling
stability than HCC-M-Si(2) over 1000 cycles, which is
consistent with the cycling performance comparison at lower
current density observed in Figure 2b. After 1000 cycles, HCCM-Si retains a reversible capacity of 1031 mAh/g, while HCCM-Si(2) retains only 540 mAh/g. For comparison, the M-Si
exhibits poor cycling performance, where the capacity drops to
almost zero after only 100 cycles. We attribute the cycling
stability of HCC-M-Si to the suﬃcient void space created
between Si particles and carbon shells to accommodate the
volume change of the Si particles during the cycling process.
The cross-sectional SEM images show that without the carbon
shell the M-Si electrode experiences large electrode swelling by
over 149% (Figure S9a,b). In addition, the electrode material
was observed to lose contact with the current collector in
Figure S9b. This observation explains the poor cycling
performance of M-Si shown in Figure 2d. On the contrary,
the HCC-M-Si electrode experiences only 11% thickness
change (Figure S9c,d). With smaller void space, the HCC-MSi(2) electrode experiences a 53% thickness change (Figure
S9e,f), which is larger than that of the HCC-M-Si electrode;
however, it is still much smaller than that of the M-Si electrode.
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Figure 4. Postcycling analysis of HCC-M-Si. (a) Schematic illustration showing the morphology evolution of M-Si and HCC-M-Si after
cycling. (b−d) TEM images of M-Si after one cycle (b), 10 cycles (c), and 50 cycles (d). (e) STEM image of HCC-M-Si particle after 50 cycles.
(f) EELS mapping of elements C and Si in the HCC-M-Si particle. (g) EELS spectrum of the HCC-M-Si particle.

evolution of M-Si during the cycling process is due to inelastic
deformation of the lithium−silicon alloy during the lithiation/
delithiation processes.21,57 Compared with solid Si, the porous
Si structure is more favorable because the large surface area
could facilitate lithium-ion diﬀusion and the thin walls between
the pores could shorten the diﬀusion path for lithium ions and
electrons, which leads to improved electrochemical performance.58 However, here the porous structure is formed during
the cycling process accompanied by signiﬁcant volume
expansion of particles, which would destroy the contact
between Si particles and the current collector, as schematically
shown in Figure 4a. The question now is whether the
hierarchical carbon coating structure can help to conﬁne the
in situ formed porous Si and take advantage of its improved
electrochemical performance. As shown in Figure 4e, the
STEM image of HCC-M-Si after 50 cycles shows that the
particle retains a smooth surface. The EELS elemental mapping
of C (green color) and Si (red color) in Figure 4f and EELS
spectrum showing C−K core−loss edge and Si−L core−loss
edge in Figure 4g further conﬁrm that even though the in situ
formed porous Si particle takes up the original void space
between the Si particle and the carbon shell, the whole porous
Si particle is still well conﬁned within the carbon shell. In this
way, the carbon shell can help the Si particle to maintain good
electrical contact with other particles, conductive additive, and
binder and therefore forms an electron pathway to the current
collector. As shown in Figure S10, which is a typical lowmagniﬁcation STEM image of HCC-M-Si particles after 50
cycles, multiple HCC-M-Si particles are in contact with each
other and are attached to CNFs. This directly proves that the
HCC Si structure can help to conﬁne the in situ formed porous
Si particle and also maintain good electrical contact with the

performance. However, the high cost of silane hinders it from
real applications. Similarly, the other synthesis methods such as
Si wafer etching, magnesiothermic reduction, and usage of
commercial Si nanoparticles all lead to higher preparation cost
of Si than M-Si. In addition, the ﬁndings reported in this paper
that ball-milling can unify diﬀerent low-cost Si into similar
quality and that the hierarchical carbon coating can help the
ball-milled Si achieve over 1000 mAh/g after 1000 cycles at a
current density of 2 A/g will lead to a solid step forward for
large-scale production of low-cost and high-capacity Si anode
materials.
The merits of this HCC Si structure such as good contact
and high conductivity depend on the structure integrity during
the cycling process. In order to conﬁrm that HCC-M-Si can
maintain the hierarchical structure during the cycling process,
both HCC-M-Si and M-Si were characterized by TEM after
cycling with a current density of 0.4 A/g in the voltage range of
0.01−1 V (vs Li/Li+) for certain cycles. As the conventional LIB
prepared by the slurry-casting method would cause diﬃculty in
the postcycling characterization of the carbon shell in HCC-MSi due to the binder, which also contains carbon, here we used a
free-standing HCC-M-Si/CNF electrode, which will be
discussed in detail later, for the characterization of HCC-M-Si
after cycling (the details of the synthesis are presented in the
Methods section). Figure 4a presents the schematic illustration
of the morphology change of M-Si and HCC-M-Si after cycling.
Figure 4b−d show the TEM images of M-Si after one cycle, 10
cycles, and 50 cycles, respectively. It is observed that nanopores
form on the periphery of M-Si after only one cycle, as indicated
by the light/dark contrast in Figure 4b. After 10 cycles, the
surface of M-Si becomes even rougher (Figure 4c), and the MSi becomes totally porous after 50 cycles (Figure 4d). The pore
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Figure 5. Characterization and electrochemical performance of a lightweight and free-standing HCC-M-Si/CNF electrode. (a) Schematic
illustration of the fabrication process of a free-standing HCC-M-Si/CNF electrode. (b) Photograph of the free-standing HCC-M-Si/CNF
electrode and the assembled coin cell. (c) Cross-sectional SEM image of an HCC-M-Si/CNF electrode and corresponding EDS mapping of
elements C and Si. (d) SEM image of the area that is marked by a red square in (c). It shows the inside mixture of the HCC-M-Si/CNF
electrode, where HCC-M-Si particles are dispersed in a CNF network. The inset in (d) shows the high-resolution SEM image of the area that
is marked by a green square. (e) Cycling performance comparison of free-standing HCC-M-Si/CNF and M-Si/CNF electrodes.

bottom, after which the mixture of HCC-M-Si and CNFs was
ﬁltrated on top of it and works as the main part of the
electrode. Finally, another thin layer of CNF was ﬁltrated on
top of the electrode to fully encapsulate the HCC-M-Si/CNF
mixture, and the weight percentage of HCC-M-Si in the whole
HCC-M-Si/CNF electrode is ∼60%. The left side in Figure 5b
is the photograph of the obtained HCC-M-Si/CNF electrode,
which has been punched into a circular shape for assembling
into coin cells as shown in the right side of the ﬁgure. The SEM
image of the surface of the electrode is shown in Figure S11d,
and it is observed that the surface is fully covered by CNFs. The
length of the CNFs is over 100 μm, and they entangle with
each other to form a network, which helps to entrap the HCCM-Si particles inside.
Figure 5c shows the cross-sectional SEM image of the freestanding HCC-M-Si/CNF electrode and corresponding energy
dispersive X-ray spectroscopy (EDS) mappings of elements C
(red color) and Si (yellow color). The EDS mappings of C and
Si indicate that HCC-M-Si particles are uniformly distributed in
the CNF network. As shown in Figure 5d and its inset, by
zooming in on a small area in the middle part of the crosssectional SEM image, HCC-M-Si particles are observed to be
entrapped in the CNF network. The continuous threedimensional CNF network can therefore provide an eﬃcient
electron pathway to the HCC-M-Si particles. In addition, the
tubular structure of the CNFs can facilitate inﬁltration of the

current collector. We note that there is a recent work on elastic
binder for the Si anode, which provides another eﬃcient
solution to help the Si particles maintain good contact with the
current collector and therefore achieve excellent cycling
performance.59
To further improve the energy density of HCC-M-Si
electrodes, a lightweight and low-cost CNF network was used
to replace the copper foil current collector, polymer binder, and
conductive additive used in conventional LIBs and a freestanding HCC-M-Si/CNF electrode was fabricated by the
vacuum ﬁltration method. The TEM images of the carbon
nanoﬁbers are shown in Figure S11a−c. The low-magniﬁcation
TEM image (Figure S11a) and the high-magniﬁcation TEM
image (Figure S11b) demonstrate the tubular structure of the
CNFs with an outer diameter of 100−200 nm and wall
thickness of 20−30 nm. Due to high-temperature treatment,
the CNFs exhibit a highly graphitic nature, as shown in Figure
S11c, which is the enlarged image of the area marked by a red
square in Figure S11b. This graphitic nature guarantees good
conductivity of the carbon nanoﬁbers. To entrap the HCC-MSi inside the CNF network, the top and bottom surfaces of the
HCC-M-Si/CNF electrodes are covered by additional thin
layers of CNF network. The preparation process is schematically illustrated in Figure 5a, and details of the preparation
method can be found in the Methods section. A small amount
of CNF was ﬁrst ﬁltrated to obtain a thin layer of CNF at the
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Figure 6. Electrochemical performance of full cells based on HCC-M-Si. (a) Schematic illustration of the full cell using HCC-M-Si as anode
and LiCoO2 or LiNi0.5Mn1.5O4 as cathode. (b) Galvanostatic charge−discharge proﬁles of the HCC-M-Si/LiCoO2 full cell. The inset shows the
HCC-M-Si/LiCoO2 full cell can power blue and white LEDs. (c) Galvanostatic charge−discharge proﬁles of the HCC-M-Si/LiNi0.5Mn1.5O4
full cell. The inset shows the HCC-M-Si/LiNi0.5Mn1.5O4 full cell can power blue and white LEDs. (d) Cycling performance comparison of
HCC-M-Si/LiCoO2 and HCC-M-Si(2)/LiCoO2 full cells. (e) Cycling performance of the HCC-M-Si/LiNi0.5Mn1.5O4 full cell. All the full cells
investigated in the ﬁgure are cycled at a current density of 0.4 A/g based on the mass of HCC-M-Si, and the speciﬁc capacity of the full cell is
based on the mass of HCC-M-Si.

weighs 9.9 mg/cm2 as a whole. After 100 cycles at a current
density of 0.4 A/g, the HCC-M-Si retained a reversible capacity
of 2372 mAh/g based on the mass of HCC-M-Si (Figure 2b),
and the capacity calculated based on the total mass of the
electrode is only 120 mAh/g. Since the free-standing HCC-MSi/CNF electrode and the conventional HCC-M-Si electrode
have a similar working potential, the comparison of their energy
density is thus merely the comparison of their capacities, which
are 1015 and 120 mAh/g, respectively, calculated based on total
mass of the electrodes after 100 cycles at a current density of
0.4 A/g. This comparison demonstrates that the lightweight
free-standing HCC-M-Si/CNF electrodes signiﬁcantly improve
the energy density by 745% compared with conventional
electrodes. The M-Si/CNF free-standing electrode was also
fabricated following the same procedure as HCC-M-Si/CNF,
and the cycling performance is also provided for comparison. It
is found that the reversible capacity decreases dramatically from
1078 mAh/g in the ﬁrst cycle to 349 mAh/g in the 15th cycle.
This is due to the pore evolution of Si particles during cycling
and consequent large volume change of the particles as shown
in Figure 4b−d, which leads to loss of contact of the particles
with the CNF network. Without binder used in the
conventional LIBs, the volume change of M-Si particles leads

electrolyte, which further provides an eﬃcient ion pathway. The
cycling performance of the HCC-M-Si/CNF free-standing
electrode cycled at 0.4 A/g is exhibited in Figure 5e, and the
capacity is calculated based on the total mass of the electrode.
The ﬁrst reversible capacity is 1595 mAh/g, which is retained at
1015 mAh/g after 100 cycles. Meanwhile, the Coulombic
eﬃciency of the HCC-M-Si/CNF free-standing electrode
increases from 62% in the ﬁrst cycle to over 98% in the 20th
cycle and maintains a value of over 99% in the 100th cycle,
demonstrating a stable reversible electrochemical reaction. As
shown in Figure S11e, the capacity of the free-standing CNF
electrode at a current density of 0.4 A/g is only ∼15 mAh/g,
which indicates that the capacity of the HCC-M-Si/CNF
electrode is mainly contributed from HCC-M-Si. In addition,
the CNF electrode shows an extremely low ﬁrst-cycle
Coulombic eﬃciency (1.2%) due to the formation of a solid
electrolyte interface. This also explains the low Coulombic
eﬃciency of the HCC-M-Si/CNF free-standing electrode in the
ﬁrst cycle. In our conventional HCC-M-Si electrodes produced
by the slurry-casting method, the mass loading of the HCC-MSi active material is 0.5 mg/cm2, which takes up 70 wt % of the
pasted electrode material. The current collector is copper foil,
which weighs 9.2 mg/cm2. So this conventional electrode
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cell, the energy density of the HCC-M-Si/LiNi0.5Mn1.5O4 full
cell is boosted up to 547 Wh/kg based on the total mass due to
the higher average working voltage than that of the HCC-M-Si/
LiCoO2 full cell. After cycling for 100 cycles, the reversible
capacity remains at 1152 mAh/g based on the mass of HCC-MSi and the energy density remains at 241 Wh/kg based on the
total mass. The energy density of the HCC-M-Si/
LiNi0.5Mn1.5O4 full cell after 100 cycles is improved by 46%
compared with the HCC-M-Si/LiCoO2 full cell, which is
attributed to the higher working voltage of LiNi0.5Mn1.5O4 than
that of LiCoO2. This high-voltage Si-based full cell will shed
light on further improvement of energy density of Si-based
LIBs.

to an even faster capacity degradation in the free-standing
electrode than that in the conventional electrode (Figure 2d
black curve). On the contrary, the void space between the Si
core and carbon shell in HCC-M-Si can well accommodate the
volume change of Si during the cycling process and helps to
maintain the contact between HCC-M-Si and the CNF
network so that the capacity of Si can be retained. The freestanding HCC-M-Si/CNF electrode not only provides a
strategy to further improve the energy density of HCC-M-Si
but also conﬁrms the functionality of the hierarchical carbon
coating structure in providing good contact between Si and the
current collector.
Considering the advantages of HCC-M-Si discussed above,
prototypes of full cells with HCC-M-Si as anode and
commercial LiCoO2 as cathode were built to demonstrate the
commercial viability of HCC-M-Si in LIBs. On this basis, highvoltage LiNi0.5Mn1.5O4 was synthesized and used to pair up
with HCC-M-Si to further improve the energy density of the
full cells. The full cells were cycled at a current density of 0.4 A/
g based on the mass of HCC-M-Si, and the speciﬁc capacity of
the full cells shown in Figure 6 is based on the mass of HCCM-Si. The fabricated HCC-M-Si/LiCoO2 full cell and HCC-MSi/LiNi0.5Mn1.5O4 full cell are schematically shown in Figure 6a.
Following conventions, the lithiation process of HCC-M-Si is
deﬁned to be charge, and delithiation process is deﬁned to be
discharge. Figure 6b shows the galvanostatic charge−discharge
proﬁles of the HCC-M-Si/LiCoO2 full cell in the ﬁrst, second,
and ﬁfth cycle over the potential range from 3 to 4.2 V (vs Li/
Li+). The average voltage is observed to be 3.7 V, which is
comparable to that of the commercial graphite/LiCoO2 LIB
system. To demonstrate the stable working voltage of the full
cell, the fabricated coin cells were used to power commercial
blue and white light-emitting diodes (LEDs), which have a
working voltage of 3.2 and 3.5 V, respectively (insets in Figure
6b). The galvanostatic charge−discharge proﬁles of the HCCM-Si/LiNi0.5Mn1.5O4 full cells are shown in Figure 6c over the
potential range of 3 to 4.8 V (vs Li/Li+). Due to the highvoltage cathode LiNi0.5Mn1.5O4, the average working voltage of
the HCC-M-Si/LiNi0.5Mn1.5O4 full cell reaches up to 4.4 V, and
the plateaus are observed to be more ﬂat than that in Figure 6b.
With this higher working voltage, the HCC-M-Si/LiNi0.5Mn1.5O4 full cells can also power blue and white LEDs,
as shown in the insets of Figure 6c. Figure 6d compares the
cycling performance of the HCC-M-Si/LiCoO2 full cell and the
HCC-M-Si(2)/LiCoO2 full cell. The reversible capacity of the
HCC-M-Si/LiCoO2 full cell in the ﬁrst cycle is 2760 mAh/g
calculated based on the mass of HCC-M-Si and 131 mAh/g
based on the total mass of HCC-M-Si and LiCoO2. The energy
density based on the total mass of HCC-M-Si and LiCoO2 is
calculated to be 486 Wh/kg. After 100 cycles, the HCC-M-Si/
LiCoO2 full cell retains a reversible capacity of 931 mAh/g
based on the mass of HCC-M-Si, and the corresponding energy
density based on total mass is calculated to be 164 Wh/kg. For
comparison, the HCC-M-Si(2)/LiCoO2 full cell exhibits an
energy density of only 383 Wh/kg in the ﬁrst cycle and 90 Wh/
kg in the 100th cycle based on the total mass, which further
conﬁrms the functionality of having suﬃcient void space
between the Si core and the carbon shell to improve the cycling
performance of the batteries. The cycling performance of the
HCC-M-Si/LiNi0.5Mn1.5O4 high-voltage full cell is demonstrated in Figure 6e. Even though the initial reversible capacity
of the HCC-M-Si/LiNi0.5Mn1.5O4 full cell is 2615 mAh/g,
which is slightly lower than that of the HCC-M-Si/LiCoO2 full

CONCLUSIONS
In summary, we have demonstrated a low-cost and scalable
synthesis of hierarchical carbon-coated Si using ball-milled lowcost Si as starting material. Electrochemical tests of the
obtained particles prepared from diﬀerent Si sources all show
excellent cycling performance of over 1000 mAh/g after 1000
cycles at a current density of 2 A/g. Postcycling characterization
of hierarchical carbon-coated metallurgical Si indicates that in
situ formed porous Si is well conﬁned in the carbon shell after
cycling. Lightweight and free-standing electrodes consisting of
hierarchical carbon-coated Si and carbon nanoﬁbers were
fabricated, which achieved 1015 mAh/g after 100 cycles based
on the total mass of the electrode. The lightweight and freestanding electrodes signiﬁcantly improve the energy density by
745% compared with conventional electrodes. LiCoO2 and
LiNi0.5Mn1.5O4 were used to pair up with hierarchical carboncoated metallurgical Si to fabricate full cells. With LiNi0.5Mn1.5O4 as cathode, the energy density of the full cell
was boosted up to 547 Wh/kg. After 100 cycles, 46% more
energy density was achieved by the full cell with a
LiNi0.5Mn1.5O4 cathode than that of the full cell with a
LiCoO2 cathode. We believe the reported systematic study on
the contact issue in the Si anode and the synthesis of low-cost
Si anodes together with their applications in lightweight freestanding electrodes and high-voltage full cells can open up the
door to further optimize low-cost Si anodes with high energy
density and lead to their real applications in the future.
METHODS
Material Synthesis. To prepare M-Si, P-Si, and W-Si, ball-milling
was applied at a grinding speed of 1200 rpm for 5 h with metallurgical
Si particles, polycrystalline Si particles, and waste Si wafers as starting
materials, respectively. The obtained powders were washed in 5 M
hydroﬂuoric acid (HF) and deionized water (DI-H2O) successively to
remove the surface oxide layer and dried at 60 °C in air for 12 h for
further use.
To synthesize HCC-M-Si, M-Si was ﬁrst coated with SiO2.
Speciﬁcally, 400 mg of M-Si was dispersed in 400 mL of DI-H2O
followed by ultrasonication for 30 min. A 4 mL amount of ammonium
hydroxide and 3.2 g of tetraethoxysilane were then added to the
solution under continuous stirring. After reaction for 24 h, the particles
were centrifuged at 9000 rpm for 8 min, washed with DI-H2O and
ethanol, and dried at 60 °C in air for 12 h. A 200 mg amount of the
obtained particles was dispersed in 100 mL of DI-H2O followed by
addition of 10 mg of trimethylammonium bromide and 0.2 mL of
ammonium hydroxide. After stirring for 1 h, 40 mg of resorcinol and
50 μL of formaldehyde solution were added to the solution. The
reaction was left at room temperature under stirring for 12 h. The
particles were then centrifuged at 9000 rpm for 8 min and washed with
ethanol. After being dried at 60 °C in air for 12 h, the particles were
annealed at 800 °C in Ar atmosphere for 2 h so that the resin coating
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and dried at 60 °C in air for 12 h. The typical mass loading of the
active material was ∼10 mg/cm2. The free-standing HCC-M-Si/CNF,
M-Si/CNF, and CNF ﬁlms were used directly as anode electrodes.
Both the anode and cathode electrodes were punched into circular
discs for fabrication of CR2032 coin cells. For Si-based half cells, the
prepared Si-based electrodes were employed as working electrodes,
lithium foil was employed as the counter/reference electrode, and
Celgard 2400 was employed as the separator. The electrolyte was 1 M
lithium hexaﬂuorophosphate (LiPF6) in a mixture of ethylene
carbonate and dimethyl carbonate (DMC) (volume ratio 1:1) with
5 wt % ﬂuoroethylene carbonate. The galvanostatic charge−discharge
tests were conducted in the voltage range of 0.01−1 V (vs Li/Li+). The
cyclic voltammetry test was carried out at a scan rate of 0.2 mV/s in
the voltage window of 0.01−1 V (vs Li/Li+). The electrochemical
impedance spectra were obtained with a 5 mV ac voltage in the
frequency window of 1000 kHz to 10 mHz. For full cells, the
electrolytes and separators were the same as those used in the half
cells. Galvanostatic charge−discharge tests were conducted in the
voltage range of 3−4.2 V for the HCC-M-Si/LiCoO2 full cell and 3−
4.8 V for the HCC-M-Si/LiNi0.5Mn1.5O4 full cell.
To conduct postcycling characterization of M-Si and HCC-M-Si
particles after diﬀerent charge−discharge cycles, the M-Si/CNF or
HCC-M-Si/CNF half cells were cycled in the voltage range of 0.01−1
V (vs Li/Li+) with a current density of 0.4 A/g and were then
disassembled at the delithiated state after various cycles inside an
argon glovebox. The electrodes were soaked in DMC solution for 12 h
and then dried at 90 °C in Ar for 2 h to vaporize the DMC before
characterization. To conduct postcycling characterization of M-Si,
HCC-M-Si, and HCC-M-Si(2) electrodes, the M-Si, HCC-M-Si, or
HCC-M-Si(2) half cells were cycled in the voltage range of 0.01−1 V
(vs Li/Li+) with a current density of 0.4 A/g and were then
disassembled at the delithiated state after 10 cycles inside an argon
glovebox. The electrodes were soaked in DMC solution for 12 h and
then dried at 90 °C in Ar for 2 h to vaporize the DMC before
characterization.

on the particles was carbonized. To create the void space between MSi and the carbon coating, the obtained particles were dispersed in 5 M
HF for 30 min to remove the SiO2 interlayer. The particles were then
washed with DI-H2O and ethanol and dried at 60 °C in air for 12 h.
To synthesize HCC-M-Si(2), the same procedure was followed except
that 1.6 g of tetraethoxysilane was used to obtain a thinner void space
between M-Si and the carbon coating. To synthesize HCC-P-Si and
HCC-W-Si, the same procedure was followed except that M-Si was
replaced by P-Si and W-Si.
LiCoO2 was bought from MTI Corporation. To synthesize
LiNi0.5Mn1.5O4, manganese acetate (Mn(CH3CO2)2·4H2O) and nickel
acetate (Ni(CH3CO2)2·4H2O) were mixed at a molar ratio of Mn:Ni
= 3:1 and then calcined at 500 °C for 5 h with a heating rate of 3 °C/
min. The product was cooled naturally, followed by addition of lithium
acetate (CH3COOLi·2H2O) at a molar ratio of Li:Mn:Ni = 2.1:3:1.
The mixture was then calcined at 500 °C for 5 h. Afterward, the
mixture was milled in a mortar, followed by calcination at 900 °C for
10 h and subsequent annealing at 700 °C for 10 h.
CNFs were obtained from Pyrograf Products Inc., which were
produced via CVD and then graphitized at high temperature. In order
to break up bundles in the obtained CNFs, the CNFs were further
treated with a mixture of sulfuric acid (H2SO4) and nitric acid
(HNO3) (1:3 in volume ratio) at 90 °C for 12 h. The CNFs were then
washed with DI-H2O and dried at 60 °C in air for 12 h.
To prepare free-standing HCC-M-Si/CNF electrodes, 24 mg of
HCC-M-Si and 11 mg of CNFs were dispersed in 35 mL of solvent
composed of DI-H2O and ethanol (volume ratio 1:1) and 0.2 mM
trimethylammonium bromide (solution A). In addition, 5 mg of CNFs
was also dispersed in 5 mL of the same solvent (solution B). Both
solutions A and B were stirred 12 h before further use. The HCC-MSi/CNF free-standing electrodes were prepared by vacuum ﬁltration.
Speciﬁcally, half of solution B was ﬁrst ﬁltrated to form a thin layer of
CNF network at the bottom. On this basis, solution A was ﬁltrated to
add the main part of the free-standing electrode. After that, the other
half of solution B was added on top of the ﬁlm, and a large amount of
DI-H2O and ethanol were used to rinse the ﬁltrated ﬁlm so that
trimethylammonium bromide was washed away. The ﬁltrated ﬁlm was
then dried and peeled oﬀ from the ﬁltration paper. To prepare the
free-standing CNF electrode, 16 mg of CNFs was dispersed in 16 mL
of the same solvent, and the electrode was prepared by vacuum
ﬁltration. The ﬁltrated ﬁlm was then dried and peeled oﬀ from the
ﬁlter for further use.
Material Characterization. We investigated the material
morphology using scanning electron microscopy (JEOL JSM-7001),
equipped with an energy dispersive X-ray spectroscopy system, and
transmission electron microscopy (JEOL JEM-2100F) equipped with a
Gatan Quantum SE GIF electron energy loss spectrometer. The JEOL
JEM-2100F was operated with an accelerating voltage of 200 kV and a
probe current of 200 pA. X-ray diﬀraction was carried out on Rigaku
Ultima IV powder/thin-ﬁlm diﬀractometer with a Cu Kα radiation
source. The Raman spectrum was obtained using a Raman
spectrometer (Renishaw inVia Raman microscope, excitation at 532
nm). Thermogravimetric analysis was carried out using a TA
Instruments Q5000 at a heating rate of 10 °C/min under air. Speciﬁc
surface area and pore size distribution were determined by analysis of
nitrogen adsorption−desorption data using the Brunauer−Emmet−
Teller (BET) and Barret−Joyner−Halenda (BJH) methods, respectively. Nitrogen adsorption−desorption data were collected using a
Nova 2200e pore size analyzer (Quantachrome Instruments, Inc.).
The sample was degassed for 3 h at 200 °C prior to measurement.
Electrochemical Measurements. To fabricate Si-based anode
electrodes, a uniform slurry was prepared by mixing active material
(HCC-M-Si, HCC-M-Si(2), HCC-P-Si, HCC-W-Si, or M-Si), carbon
black, and alginic acid sodium salt (7:2:1 in mass ratio) in DI-H2O.
The slurry was then cast onto copper foil and dried at 60 °C in air for
12 h. The typical mass loading of the active material was 0.5 mg/cm2.
To fabricate LiCoO2 and LiNi0.5Mn1.5O4 cathode electrodes, active
material (LiCoO2 or LiNi0.5Mn1.5O4), carbon black, and polyvinylidene ﬂuoride (8:1:1 in mass ratio) were mixed in N-methylpyrrolidone
to form a uniform slurry. The slurry was then cast onto aluminum foil
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