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Abstract

A unique hierarchically nanostructured composite of Si nanoparticles (Si NPs) embedded in a three-dimensional (3D) carbon
nanotube (CNT)/graphene sheet (GS) matrix (SI@CNT/GS) is fabricated by freeze-drying and thermal reduction. In this
novel nanostructured composite, since the intertwined elastic CNTs effectively disperse the Si NP anode material and provide
extra physical connections between Si NPs and the surrounding 3D conductive matrix, the interconnected 3D CNT/GS
matrix can serve to buffer the volume change of the Si NPs during cycling while simultaneously enhance the electrical
conductivity of the overall electrode. As a result, SI@CNT/GS nanocomposite exhibits a high reversible capacity of 1362
mAh-g* at 500 mA-g* over 500 cycles, and an excellent rate capability of 504 mAh-g! at 8400 mA-g?, considerably
improving the battery performance compared with those electrodes made from Si@graphene nanocomposites, thus exhibiting

great potential as an anode composite structure for lithium storage. Copyright © 2017 VBRI Press.
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Introduction

Despite great progress in the performance of lithium-ion
batteries (LIBs), their capacity and cycle life remain as
critical challenges for applications in various electrified
vehicles [1-3]. The conventional carbonaceous anode
material with low capacity (372 mAh-g?) and poor rate
capability stands far from meeting the increasingly
stringent demand of the next-generation LIBs [4]. Various
anode materials with higher specific capacities have been
reported for lithium-ion batteries. Among them, silicon is
considered one of the most promising owing to its natural
abundance, outstanding safety, and exceptionally high
theoretical specific capacity of 3579 mAh-g™ for LiisSiys at
room temperature [5-7]. However, the implementation of
silicon anode has been hindered by large volume
expansion (>300%) during lithiation/delithiation and its
low intrinsic electronic conductivity that result in
dramatic pulverization of Si particles and electrical
disconnection from the current collector, leading to rapid
capacity fade upon cycling [8,9]. To overcome these
obstacles, Si nanostructures were fabricated including
nanowires [10,11], nanotubes [13-14], and nanoporous
structures [15,16], and preparation of high-conductivity
carbon-coated Si nanocomposites [17,18] have been
extensively studied. However, even though these porous
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structures improve strain tolerance and electron transport
while suppressing the mechanical fracture, their cycling
stability remains unsatisfactory.

Two dimensional graphene and one dimensional
carbon nanotube (CNT) are both intriguing carbonaceous
materials with unique nanostructures. Graphene has been
confirmed to be an ideal multifunctional support material
used with Si nanoparticles as anode for LIBs, owing to its
large specific surface area, excellent electrical
conductivity, superior mechanical flexibility, and high
chemical and thermal stability [19-22]. Carbon nanotubes
can be thought of as multiple rolled layers of graphene
nanosheets, and there are numerous studies of CNT-based
silicon anode materials [23-24]. In particular, Kung and
his co-workers prepared a three-dimensional (3D) Si
nanoparticle-graphene paper composite by a filtration-
directed assembly approach to produce a material with
greatly improved lithium storage capacity, exhibiting a
high reversible capacity of 1100 mAh-g* at 8 A-g* over
150 cycles [25-26]. Very recently, we developed a simple
method to fabricate magnesiothermo-reduced silicon
nanoparticles/graphene sandwich-structure which
partially alleviated the pulverization induced by the
volume change of silicon, although the capacity decay
remained problematic when the LIBs were operated at a
high rate and over a large number of cycles [27]. These
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magnesiothermo-reduced Si  NPs suffer from the
disadvantages of large particle sizes and a certain degree
of agglomeration, causing both an increase in the absolute
volume change and a decreased electrolyte/Si interfacial
area as compared with more dispersed Si NPs, and
eventually leading to structural collapse during the Li ion
insertion/extraction process.

In this work, we chose commercial Si NPs of much
smaller particle size and high dispersity compared with
the magnesiothermo-reduced Si NPs, and fabricated a
novel nanostructured composite of Si NPs embedded in a
3D CNT/graphene sheet (GS) matrix (SI@CNT/GS).
Frist, nanosized structures not only can shorten the
diffusion pathways of the lithium ions, facilitating rapid
lithiation and delithiation processes, but also can
significantly reduce the mechanical stress of the materials
during cycling. The pulverization of silicon is prevented
when their size is very small. Second, we did not modify
the carbon nanotubes, thus avoiding the defects caused by
the modification of the carbon nanotubes which caused
the reduced conductivity. Finally, Fig. 1 shows a
schematic drawing of the hierarchical 3D structure of the
SI@CNTs/GS nanocomposite, in which Si NPs are
confined within the 3D CNT/GS nanostructure matrix.
The intertwined elastic CNTs effectively disperse the Si
NPs inside the matrix and provide additional physical and
electrical contact between Si NPs and the 3D conductive
matrix framework. The 3D CNT/GS matrix framework
buffers the volume change of the Si NPs during cycling
while enhance the electrical conductivity of the overall
electrode. As a result, SI@CNT/GS can deliver a high
reversible capacity of 1362 mAh-g* at 500 mA-g* over
500 cycles, with excellent rate capability of 504 mAh-g!
at 8400 mA-g?, thus exhibiting great potential as an
anode composite structure for lithium storage refer to
Table S1.
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Fig. 1. Schematic drawing (not to scale) of a section of the SI@CNT/GS
nanocomposites consisting of Si nanoparticles (large green spheres)
embedded in a 3D CNT/GS nanostructured framework.

Experimental
Materials

All chemicals, including nano-silicon (Xuzhou Jiechuang
New Material Tech Co., Ltd), CNT powder (Aladdin
Ltd.), 1 mg/mL graphene oxide aqueous dispersion
(A&W MaTech Co., Ltd.) were used as-received without
further purification.

Material synthesis

60 mg nano-Si was dispersed in 60 mL water by
sonication for 10 min (2000w, 40kHz), and 15 mg CNT
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powder was dispersed in 15 mL water separately by
sonication for 120 min. These two dispersions were then
added into 30 mL of graphene oxide aqueous dispersion
(1 mg/mL) and the mixture was gently sonicated for
another 120 min, followed by the freeze-drying. The
freeze dried sample was placed in a crucible inside a tube
furnace, heated to 900 °C at a heating rate 10 °C-min
under Ar atmosphere, and kept at the temperature for 2 h
for thermal reduction. The as-synthesized 3D
SI@CNT/GS nanocomposites were stored in a glovebox.

Characterizations

Raman spectra were collected with a J-YT640000, John
Yvon Raman laser spectrometer using 514.5 nm laser
excitation. The crystalline phase and structure of powder
samples were characterized by X-ray diffraction (XRD)
using a D8-Advance, Bruker AXS diffractometer (Cu-Ka
radiation, A=1.5418 A, 40 kV, 100 mA, from 26=5° to 80°,
scan-speed 0.8 sec/step, and increment of 0.02 deg/s).
The morphology and microstructure were characterized
by optical microscopy, field emission scanning electron
microscopy (FESEM, HITACHI S—4800), and
transmission  electron  microscopy (TEM, JEOL
JEM—-2100). Thermogravimetric analyses (TGA) were
performed on a NETZSCH STA 449C thermogravimetric
analyzer. The samples (12 mg) were heated in air from
room temperature to 800 °C at 10 °C-min.

Electrochemical measurements

Working electrodes were fabricated by mixing the final
product powders, acetylene black (as a conductive agent),
and polyvinylidene fluoride (as a binder) in N-methyl-2-
pyrrolidone at a weight ratio of 80:10:10. The slurry was
uniformly plastered on a copper foil current collector via
doctor blade processing, followed by vacuum drying at
120 °C for 12 h. A two-electrode 2016 type coin cell was
used to assess the electrochemical performance. A lithium
metal electrode was used as a counter electrode. The
organic electrolyte was 1.0 M LiPFs dissolved in a
mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1, v/v) plus 5 v% vinylene carbonate.
The separator was a polypropylene separator
(Celgard2400). Electrochemical test cells were assembled
in an argon-filled glove box (Etelux, Lab2000) in which
H,O and O, concentration were kept below 1 ppm. The
galvanostatic charge—discharge measurements  were
carried out (Neware, BTS-3000) in the voltage range of
3.0t0 0.01 V (vs. Li/Li+) at room temperature (25£1 °C).
The cyclic voltammograms (CV) and electrochemical
impedance spectroscopy (EIS) were measured on an
electrochemical workstation (CHI660D) at a scanning rate
of 0.5 mV-st. EIS were recorded by applying an AC
voltage of +/-10 mV over the frequency range from 10° to
0.01 Hz.

Results and discussion
Structure and morphology

The 3D SIi@CNT/GS nanostructured composite was
constructed by the template-free methodology that can be
scaled-up easily. It is anticipated that the aromatic regions
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of graphene oxide (GO) can interact with the side walls of
the CNTs through n—r stacking interactions [28], which
facilitates good dispersion of CNTs in the GO matrix
during synthesis. We improve the binding strength
between the Si NPs and an electrically conducting
network by ultrasonic treatment. The existence of inactive
SiOx on the surface of Si nanoparticles is beneficial to
enhance the interfacial adhesion between silicon, CNT
and graphene. The overall mixture self-assemble to form
a robust nanoheterostructure. The low-magnification SEM
images (Fig. 2a) show that the SI@CNT/GS
nanocomposites are micrometer-sized nanocomposite
with rough and wrinkled surface. Fig. 2b shows that the
CNTs are uniformly interweaved inside the thermally
reduced graphene oxide sheets, forming a 3D CNT/GS
matrix which effectively confines well dispersed Si NPs.
Fig. 2c reveals the good connection among Si NPs, CNTSs,
and GS.

Fig. 2. (a, b) Low- and (c, d) high magnification SEM images of the
Si@CNT/GS nanocomposites; (€) Low- and (f) high magnification TEM
images of the SI@CNT/GS nanocomposites.

Almost all Si NPs are linked by more than one CNT.
The cross section SEM image (Fig. 2d) indicates that
CNTs provide good transport path through the entire 3D
SI@CNT/GS nanocomposites. Jinbao Zhao et al. reported
a novel polyvinyl alcohol (PVA) hydrogel method in
which the CNTs form a porous network acting both as
conductive agent for electron transfer and buffer space to
accommodate huge Si volume change during
lithiation/delithiation process [39]. The TEM image of
SI@CNT/GS (Fig. 2e) further reveals that net-link among
the confined Si NPs (20-50 nm in diameter), CNTs, and
GS. The Si nanoparticles showed obvious core-shell
structure, which was a uniform layer of amorphous SiOx.
It has been reported that the existence of inactive SiOx on
the surface of Si nanoparticles is benifical to enhance the
interfacial adhesion between silicon, CNT and graphene,
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which can maintain the structural integrity of electrodes
during charge/discharge process. Furthermore, SiOx can
react with Li to produce effective Li,O buffer to keep the
excellent cycle retention [29]. The HR-TEM images in
Fig. 2f demonstrates a typical Si NP that is partially
wrapped by GS (<3 layers) (green lines) while linked to
several CNTs (yellow lines). Such a unique geometric
series connection of electrochemically active materials
within a CNT/GS matrix can effectively suppress the
aggregation and the damaging effect of volume change of
nanoparticles, and enhance electrode stability against
cycling processes for lithium storage.
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Fig. 3. XRD patterns of (a) SIQCNT/GS, (b) Si@GS, and (c) SIQCNT

The obtained SI@CNT/GS nanocomposites were
characterized by X-ray diffraction (XRD). As shown in
Fig. 3a, the peaks at 28.6°, 47.5°, 56.3°, 68.5°, and 75.7°
can be assigned to the (111), (220), (311), (400), and
(331) reflections of Si (JCPDS No. 27-1402), respectively.
A diffraction hump appearing in the range of 24-28° is
attributed to the stacking of graphene sheets [28]. For
comparison, the XRD patterns of Si@GS (Fig. 3b) and
SI@CNT (Fig. 3c) are also provided, and all the main
peaks can be assigned to the standard profiles of silicon.
X-ray photoelectron spectroscopy (XPS) measurements of
the SI@CNT/GS naocomposites were performed in the
range of 0 to 1200 eV together with SI@QCNT/GO for
comparison. As shown in Fig. 4a and 4b, the XPS spectra
of SI@CNT/GO clearly indicated a considerable degree
of oxidation with four different peaks at 284.5, 286.6,
287.8, and 289.0 eV, corresponding to C=C/C-C in
aromatic rings, C-O (epoxy and alkoxy), C=0, and
COOH groups, respectively [30]. The intensity of Si was
very weak because the Si NPs are embedded in the
CNT/GS matrix and had limited areal coverage. The
SI@CNT/GS nanocomposites spectrum indicated the
presence of carbon, oxygen, and silicon, arising from Si
NPs, CNTs, and GS (Fig. 4c and 4d) [31]. Compared with
SI@CNT/GO, the intensities of O peak and peaks due to
carbon bonded to oxygen decreased substantially in
SI@CNT/GS, indicating that most of the oxygen-
containing functional groups were removed after thermal
reduction.
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Fig. 4. XPS spectra of (a) SI@QCNT/GO, survey scan; (b) Cls of
SI@CNT/GO; (c) SI@CNT/GS, survey scan; and (d) Cils of
SI@CNT/GS. The peaks marked with 1, 2, 3, and 4 correspond to
C=C/C-C in aromatic rings, C-O (epoxy and alkoxy), C=0, and COOH
groups, respectively.

Fig. S1 shows the Raman spectra of SI@CNT/GS
nanocomposites and SI@CNT/GO, the spectrum of these
samples was composed of the D band at around 1350 cm,
the G band at 1595 cm™, and three peaks around 263, 516,
and 950 cm™. The G-band is characteristic of graphitic
sheets, corresponding to a well-defined sp? carbon-type
structure; whereas the D-band can be attributed to the
presence of defects within the hexagonal graphitic
structure [32]. The presence of such defects may help the
efficient access for Li ions to diffuse in and out of the Si
NPs [33]. The other three scattering around 263, 516, and
950 cm™ corresponded to pure Si NPs. Thus, a smaller
Io/lg ratio indicates lower defects and disorders of the
graphitized structures [34]. The Ip/l¢ ratio increased from
1.09 for SI@QCNT/GO to 1.22 for the SI@CNT/GS
nanocomposites, which indicated a decrease in the
average size and an increase in the number of sp? graphite
domains. A similar increase in the Ip/lg ratio after
reduction has been observed in other systems [30].
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Fig. 5. (a) Nitrogen adsorption and desorption isotherm and (b) pore-size
distribution of SI@CNT/GS nanocomposites.

The 3D porous structure of the SI@CNT/GS
nanocomposites was probed by nitrogen isothermal
adsorption/desorption measurement (Fig. 5). The
Brunauer—Emmett—Teller specific surface area of the
SI@CNT/GS nanocomposite, calculated from the
isotherm in Fig. 5a, was 98 m?-g. Base on the Barrett—
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Joyner—Halenda model, the pores ranged mostly between
3 and 100 nm, with a distribution showing two peaks at 4
and 25 nm (Fig. 5b). The high surface area of the
SI@CNT/GS nanocomposites in association with its
meso- and macroporous features offered efficient ionic
transport pathways, thus enhancing the electrochemical
performance.

The thermal properties and compositions of the
SI@CNT/GS nanocomposites were determined by TGA
in air at a heating rate of 10 °C-min. As shown in
Fig. S2, the Si nanoparticles were stable against oxidation
up to 500 °C, and the mass increased by only 5.5% at
800 °C due to the slight oxidation of Si. An abrupt weight
loss occurs during 300-400 °C for CNT and 500-600 °C
for graphene, indicating decomposition and oxidation in
air. As a composite of the above three components, the
SI@CNT/GS mainly lost weight between 500 °C and
650 °C owing to the combustion of graphene and CNT in
air. The results showed that the weight fraction of silicon
in the SI@CNT/GS to be 71 wt%.

Electrochemical performance

The cyclic voltammetry (CV) curves of the SI@CNT/GS
nanocomposites (Fig. 6a) exhibits similar electrochemical
characteristics as that of pristine Si powders [35]. The
broad cathodic peak at around 0.72 V appeared in the first
cycle, but not in subsequent cycles, which could be
attributed to the formation of solid electrolyte interphase
(SEI) on the electrode surface [36]. The small peak at 1.3
V could be related to the reactions of the remaining
oxygen functionalities in graphene sheets [31]. The large
cathodic current between 0 and 0.2 V was due to the
formation of Li-Si alloy phases, while the two peaks at
0.31 and 0.55 V at the anodic sweep could be ascribed to
dealloying of the Li-Si alloys [37]. The electrochemical
performance of SI@CNT/GS was evaluated by
galvanostatic discharge-charge measurements at a current
density of 500 mA-g* (Fig. 6b). The initial capacity of
SI@CNT/GS was 1885 mAh-g, significantly higher than
that of SI@GS and SI@CNT (1739 mAh-g* and 1498
mAh-g*, respectively.) The capacity of all three
electrodes fell in the first 10 to 30 cycles, probably due to
the formation of a solid electrolyte interface (SEI) on the
Si NPs and the reaction of oxygen-containing functional
groups on the graphene with lithium ions [38]. The
cycling performance of SI@CNT/GS was superior to that
of SI@GS and SI@CNT (Fig. 6¢c-a, d, and e). Starting
from the tenth cycle, the reversible capacity of
SI@CNT/GS began to stabilize, eventually reaching1362
mAh-g* at 500 mA-g* after 500 cycles (Fig. 6¢). In
contrast, both the SI@CNT and Si@GS exhibited an
inferior cycling performance, the capacity of Si@GS
gradually decreased from 1739 to 749 mAh-g* after 100
cycles, while the capacity of SI@CNT rapidly decayed
from 1498 to 493 mAh-g* after 100 cycles.

The effect of CNT loading on the electrochemical
property of the SI@CNT/GS nanocomposites was also
investigated using three samples of Si:GO:CNT ratios
60:30:30, 60:30:15, and 60:30:5. For all three samples,
stable reversible capacity was obtained after 100 cycles as
shown in Fig. 6c-a-c. The samples with higher CNT
contents showed better cycling performance and higher
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reversible capacities. The data demonstrated the clear
benefit of the CNTs, most likely due to their ability to
entangle the Si nanoparticles to improve dispersion of
these nanoparticles and to preserve good electrical contact.
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Fig. 6. (a) Cyclic voltammetry profiles of the Si@CNT/GS
nanocomposites; (b) Galvanostatic discharge-charge profiles of
SI@CNT/GS at a current density of 500 mA-g%; (c) Cycling
performance of SI@CNT/GS with the ratio of Si:GO:CNT= 60:30:15
(), 60:30:30 (b), 60:30:5 (c), SI@GS with the ratio of Si:GO= 60:45(d),
and SI@CNT the ratio of Si:CNT= 60:45 (e) at a current density of 500
mA-g?; (d) Cycling performance of SI@CNT/GS at various current
densities; (e) Nyquist plots of SI@CNT/GS, Si@GS, and Si@CNT
electrodes.

The rate capacity of the SI@CNT/GS nanocomposites
with a Si:GO:CNT ratio of 60:30:15 was investigated
(Fig. 6d). A high rate capability was found. For example,
at a current density of 8400 mA-g* (equal to a current rate
of 2 C), SI@CNT/GS still delivered a favorable capacity
of 504.8 mAh-g*. When the current rate was returned to
500 mAh-g?, the stable high capacity of SI@QCNT/GS
(1133 mAh-g?, 91.8% of the initial reversible capacity)
was recovered. To verify the superior electrochemical
performance of SI@CNT/GS, Si@GS, and SIi@CNT
electrodes, AC impedance measurements were performed
after the rate capability test. The Nyquist plots (Fig. 6e)
show that the diameter of the semicircle for SI@CNT/GS
in the high-medium frequency region was much smaller
than those of SI@GS and SI@CNT, indicating lower
contact and charge-transfer impedances of SI@CNT/GS
compared with SI@GS and SI@CNT [36].

The above results clearly demonstrate the enhanced
cycling and rate performance of SI@CNT/GS as an anode
material for lithium storage, which can be attributed to the
rationally designed 3D architecture. First, the conductive
CNTs effectively enhance the physical and electrical
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contact of each Si NPs with the surrounding 3D
conductive matrix, thereby maximizing the effective
electrochemical utilization of the active materials and
ensuring a reversible lithium insertion/extraction process
even at high current rates. Second, the excellent elasticity
of 3D CNT/GS hierarchically nanostructured matrix
provides a framework that can easily accommodate the
volume changes of Si NPs during electrochemical
processes. Third, this 3D CNT/GS nanostructured matrix
is filled with conductivity paths in both the planar
direction of graphene sheets and also the axial direction
by the CNTs, forming a 3D conductive network.
Moreover, this 3D CNT/GS nanostructured matrix has
meso-/macro-pores and a high surface area. Together,
these properties facilitate easy electron conduction and
ion mobility through the electrode, which allow fast
electron and ion transport and result in the much
improved reversible capacity and rate capability.

Conclusion

3D SI@CNT/GS nanocomposites comprising porous
CNT/GS nanostructured matrix and embedded dispersed
Si NPs were fabricated. Si NPs, CNTs, and rGO play
important roles in this nanostructured matrix, it is well
known that Si NPs provide high capacity, and rGO
ensures high conductivity of the overall structure and
provides sufficient void space to buffer the volume
changes of the Si NPs during lithiation/delithiation and
the CNT acts as support in conjunction with Si NPs and
provides additional conductive channels. This unique
architecture provides protection against the aggregation
and volume changes of silicon active materials, and
ensures favorable transport kinetics for both electrons
and lithium ions. Superior cycling performance
(1362 mAhg?! at 500 mA-g* over 500 cycles) and
excellent rate capability (504.8 mAh-g! at 8400 mA-g?)
were achieved when the SI@CNT/GS nanocomposites
was used as anode material for lithium storage.
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Fig. S1. Raman spectra of (a) SI@QCNT/GS, (b) Si@ CNT/GO.
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Fig. S2. TGA curves of (a) Si NPs, (b) SI@QCNT/GS, (c) GS, and (d)
CNT.
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Table S1. Capacity comparison of some Si-based lithium ion battery

Advanced Materials Letters

anodes
Typical examples Electrochemical properties Ref.
Nanostructured The Si/CNTs hybrid anode 40
Hybrid demonstrate a capacity 1000
Silicon/Carbon mANh/g even after 100 cycles
Nanotube at C/10 rate
Heterostructures
Consisting a pore more than 3000 mAh/cm3 41
size graded thick after 200 cycles at 840mA/g
CNT-Si film
Scribable multi- At the end of 50 cycles, 42
walled carbon capacities close to 2000
nanotube-silicon mANh/g were obtained when
nanocomposites cycled at the current of 300
mA/g
on-covalently A capacity of 803 mAh/g in 43
bonded graphene 100 cycles at the current of
and silicon 200 mAJ/g.
nanoparticles
Sandwich-structured A reversible capacity of 746 44
Si nanoparticles— mAh/g after 160 cycles at
graphene 1000 mA/g
nanocomposite
Reduced graphene  a reversible capacity of about 45
oxide/porous Si 815 mAh/g at 100 mA/g after
composite 50 cycles.
Liquid-exfoliated a high reversible capacity of 46
pristine graphene/Si 700 mAh/g after 100 cycles at
composite 100 mA/g
Reduced Graphene  specific capacity remaining at 47
Oxide Encapsulated 1529 mAh/g for over 200

N-type Si
Nanoparticles
Three-dimensional
Nanocomposites of
Graphene/Carbon
Nanotube Matrix-
Embedded Si
Nanoparticles

cycles at 0.2C rate

a high reversible capacity of
1362 mAh-g-1 at 500 mA-g-1
over 500 cycles




