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Abstract In this study, we present a novel anode archi-
tecture for high-performance lithium-ion batteries based on
a Silicon/3-aminosilane-functionalized CNT/Carbon (Si/A-
CNT/C) composite. A high-yield, low-cost approach has
been developed to stabilize and support silicon as an active
anode material. Silicon (Si) nanoparticles synthesized in a
hot-wall reactor and aminosilane-functionalized carbon
nanotubes (A-CNT) were dispersed in styrene and
divinylbenzene (DVB) and subsequently polymerized
forming a porous Si/A-CNT/C composite. Transmission
electron microscopy showed that this method enables the
interconnection and a uniform encapsulation of Si
nanoparticles within a porous carbon matrix especially
using aminosilane-functionalized CNT (A-CNT). Electro-
chemical characterization shows that this material can
deliver a delithiation capacity of 2293 mAh g~' with a
capacity retention of more than 90 % after 200 cycles at
lithiation and delithiation rate of 0.5 C. We conclude that
the porous Si/A-CNT/C composite material can accom-
modate sufficient space for Si volume expansion and
extraction and improve the electronic and ionic conduction.
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Excellent electrochemical performance during repeated
cycling can thus be achieved.
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1 Introduction

Lithium-ion batteries are widely used in portable electronics
and have been recognized as the most promising technology
for efficient energy storage with high energy and power den-
sities [1]. One of the most promising anode materials for high-
performance Li-ion batteries is silicon, the second most
abundant element on earth. It possesses the highest known
lithium storage capacity of ~4200 mAh g™, which is almost
ten times higher than the capacity of commercial graphite
anodes currently used [2]. The use of Si anodes in Li-ion bat-
teries is challenging due to its low conductivity and its high
volume change (~300 %) during lithiation and delithiation.
Accordingly, cracking and pulverization is observed resulting
in a rapid fading of the anode capacity [3]. To solve the
problems originating from such large volume changes,
research has been conducted on employing nanostructured Si
(e.g., mesoporous core—shell structures [4], nanotubes [5],
nanofibers [6], and nanowires [7]) because it can tolerate the
stress during cycling and can better accommodate the repeated
volume expansion and contraction. While many of the
nanostructured silicon materials are available only in minute
quantities, the gas-phase synthesis of Si nanopowder has
shown the potential for low-cost production with high yield [8].

To overcome the drawbacks with respect to conductivity
and cracking, Si/C composite materials consisting of nano-
sized Si dispersed in a carbon matrix were prepared. Such
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Fig. 1 Schematic of the synthesis procedure toward Si/A-CNT/C

materials show an improved performance and conductivity
compared to pure Si electrodes [9]. Despite all these efforts,
the electrode stability remains limited which is attributed to
an insufficient stability of the interconnection between the Si
particles and the carbon matrix. Several recent studies have
focused on enhancing the cycling stability by adding carbon
nanotube (CNT) networks into their systems [10]. The
results showed a significant improvement of the cycling
stability of electrodes compared to Si-based electrodes
without CNTs (capacity retention of 70 % after 40 cycles).
Such results were however based on mostly one-dimensional
(1D) CNT or expensive single-walled CNTs (SWCNTs)
[11]. Alsoin these systems, the high capacity was maintained
for a double-digit number of cycles only [10].

In this work, we report on a unique structure of an Si-based
electrode based on nanosized silicon particles embedded in a
porous carbon matrix and three dimensionally linked with
multi-wall carbon nanotubes (MWCNTSs). This synthetic
approach takes advantage of CNT additives in Li-ion batteries
that provide additional mechanical strength and linking.
Moreover, functionalized MWCNTs allow for good integra-
tion of Si particles, preventing the deterioration of the electrode
structure during repeated volume change. The architecture of
this material improves Si-based anodes through the formation
of a 3D porous framework in combination with good electrical
properties, which effectively improve the transport of both
electrons and ions due to shortened diffusion pathways and 3D
interconnectivity [10]. The use of APTS (3-amino-propyl-tri-
ethoxysilane) surface-modified MWCNTs with aminosilane
groups (A-CNTs) helps maintain the integrity of the Si elec-
trodes and the electrical conductive network eventually leading
to a better cycling performance with improved rate capability
and cyclability of the battery.

2 Experimental
2.1 Sample preparation

The synthesis of the Si/A-CNT/C composite was per-
formed in three steps: preparation of a homogeneous
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dispersion of Si particles and A-CNT, polymerization, and
subsequent pyrolysis. Figure 1 shows the detailed prepa-
ration process of Si/A-CNT/C composite.

Si nanoparticles were obtained from a hot-wall reactor
(primary particle sizes of 30-120 nm in diameter; details
on the synthesis of Si particles can be found in our previous
work [8]). BET measurement shows that Si NPs possess a
specific surface area of around 22 m? g~', which corre-
sponds to an average particle size of 117 nm (assuming
spherical particles). A Rietveld refinement of the diffrac-
tion pattern indicates a mean crystallite size of 21 nm
(Figure S1 in the supplementary material). MWCNTs
(FloTubeTM9000 MWCNT) were supplied from CNano
Inc and have an average diameter and a length of 11 nm
and 10 pm, respectively. The surface modification of
A-CNTs was done using 3-amino-propyl-triethoxysilane
(APTS) following the procedure described by Yuen et al.
[12] (see also TEM images of A-CNTs in Fig. 3a). Si
(10 g) and A-CNT (0.5 g) particles were dispersed in co-
porogenic solvents of acetonitrile and toluene and soni-
cated for 30 min prior to polymerization. The A-CNT and
Si were homogeneously distributed in a porogen solution
prior to any further synthesis. The dispersion was mixed
with a monomer solution (35 g of styrene and DVB, 10/90,
v/v) and kept in an ultrasonic bath for 30 min. The mixture
was then polymerized at 80 °C for 24 h. Finally, the
resulting polymer composite was carbonized at 850 °C
under nitrogen flow for 3 h and yielded the Si/A-CNT/C
composite. After the carbonization, the composite material
is grounded to fine powder. For comparison, Si/CNT/C
composite was prepared under the same conditions.

2.2 Material characterization

Powder X-ray diffraction patterns were collected with an
X-ray powder diffractometer (PANalytical X-Ray
Diffractometer XPert PRO with Cu Ko radiation) between
20° and 80° at room temperature. Raman spectra were
obtained using a RENISHAW inVia Reflex MicroRaman
spectroscopy system with a 514 nm laser to study the
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structure of the carbon material. High-resolution trans-
mission electron microscopy (HRTEM, FEI Tecnai F20)
was used to observe the morphology of the prepared
samples. The BET surface area and pore volume were
obtained from the nitrogen adsorption—desorption isotherm
measured with a Quantachrome Nova 2000. X-ray photo-
electron spectroscopy (XPS) was performed on a Ver-
saProbe II by Ulvac-Phi, using monochromatic Al Ko light
at 1486.6 eV and an emission angle of 45°. The silicon,
carbon, and A-CNT contents were determined by thermo-
gravimetric analysis (NETZSCH STA 449F1 Jupiter,
TGA). Energy-dispersive X-ray spectroscopy (EDX) was
measured using an EDX detector equipped with the JEOL
JSM-7500F.

2.3 Electrochemical performance

The electrochemical performance was evaluated using
three-electrode Swagelok® half-cells. Three kinds of Si-
based anode materials (Si, Si/CNT/C, and Si/A-CNT/C)
have been investigated. All electrodes were prepared by
mixing 85 wt % active material, 10 wt % PAA (poly-
acrylic acid) as a binder, and 5 wt % conductive carbon
black additive (SuperC65, TIMCAL, Switzerland). Prior
to slurry preparation, PAA (Alfa Aesar, USA) was dis-
solved in an ethanol/water solution, 70:30, v:v % before
mixing it with carbon black and active material using
ultrasonic and high-energy dispersing techniques. The
slurry was cast on an untreated Cu foil (Schlenk Metall-
folien GmbH & Co. KG, Germany) by a wet-chemical
doctor-blade process. The electrode was pre-dried (90 °C,
8 h under vacuum), cut into circular 12-mm-diameter
disks, dried (90 °C, 24 h under vacuum), and weighed
before assembly. The typical mass load of the active
material was about 0.7 mg cm 2. The three-electrode
Swagelok® cells using Li (0.38 mm thick, Sigma Aldrich
Co., USA) as both counter and reference electrodes and an
Si-based working electrode were assembled in an argon-
filled glove box using a 1 M solution of LiPFg in EC/
DMC (1/1, m/m) as an electrolyte (LP30, BASF SE,
Germany) with 5 wt % FEC (Sigma Aldrich Co., USA).
The thickness of the electrode film was about 7 pum.
Galvanostatic cycling experiments were performed at a
constant temperature of 25 °C using a Maccor series 4000
battery tester, and the reversible capacity of the active
materials was measured based on mass of the entire
composite. After SEI formation, the cells were cycled in
the potential range of 0.01-1.2 V versus Li/Li" in a full
potential range. Cyclic voltammetry measurements were
carried out with a BioLogic VMP3 potentiostat in the
aforementioned potential range with a scan rate of
10 uV s~'.  Electrochemical impedance spectroscopy
(frequency range 10 mHz to 100 kHz with an amplitude

of 5 mV) was performed using a coaxial measurement
setup as suggested by Klink et al. [13]. All measurements
were taken after formation at a potential of 1.2 V versus
Li/Li* and after full relaxation for 48 h.

3 Results and discussion
3.1 Preparation of the Si/A-CNT/C composites

In this study, we focused on two challenges of Si-based
anodes: the severe volume expansion and contraction of Si
during lithiation/delithiation and the contact and conduc-
tivity loss between the active anode material and the cur-
rent collector.

To account for the volume expansion, a monolithic
polymerization process with subsequent pyrolysis based on
styrene/divinylbenzene (Sty/DVB) was applied to provide
a porous, electrically conductive backbone for the Si
nanoparticles. The monolithic process technology has
several advantages compared to commonly used emulsion
polymerization or suspension polymerization: Because
only additive-free constituent components become part of
the polymer composite, the resulting material is pure and
free of any surfactant or water. The method therefore
prevents the need for purification. Secondly, the porosity of
the produced polymer can be tailored by adding a suit-
able solvent acting as a porogen during polymerization. We
chose acetonitrile and toluene as co-solvents for polymer-
ization. Each component has a specific role: Acetonitrile is
a good dispersing media for both Si nanoparticles and
CNTs, while toluene ensures good dispersion of the
monomers prior to polymerization. Acetonitrile and
toluene are fully miscible and all components including,
monomer, initiator, nano Si, and CNT form a homogeneous
mixture without phase separation. As a result, a polymer
composite with a high surface area and porosity can be
obtained. Howdle et al. report that a polymer synthesized
with only acetonitrile as a solvent shows a negligible
porosity and a surface area of around 9 m* g~' [14]. The
addition of toluene as a co-solvent however increases the
surface area to 110250 m* g~ '.

CNTs were added to enhance the conductivity between
the silicon nanoparticles and the conductive backbone
formed after pyrolysis and to strengthen the mechanical
integrity. We used the as-received CNTs as well as CNTs
functionalized with a polar silane coupling agent (SCA)
because the dispersibility of CNTs and the stability of the
respective dispersions were limited. APTS (3-amino-pro-
pyl-triethoxysilane) was chosen as an SCA as it enables the
introduction of nitrogen into the carbon network thus
facilitating an enhanced conductivity due to nitrogen
doping. The addition of amine-terminated groups on CNT
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also increases the electronegativity which facilitates the
formation of permanent dipoles at neutral graphitic sur-
faces, enhancing the surface energy [15]. The nitrogen in
amine groups can also be protonated and deprotonated
when changing pH [16] which is crucial for achieving
complete encapsulation of Si particles in this work. Simi-
larly, Lee et al. reported an improved encapsulation of Si
particles with N-doped graphitic graphene [16].

Si nanoparticles and 5 wt % (based on Si) of CNTs
((both, as-received CNT (further abbreviated as CNT) and
functionalized with APTS (further abbreviated as A-CNT))
were well dispersed in the co-solvent of acetonitrile and
toluene, mixed with a monomer solution of styrene and
divinylbenzene, and polymerized using AIBN as a starter.
The resulting Si/A-CNT/polymer composite was subse-
quently pyrolyzed in an oven at 850 °C for 3 h to convert
the polymer into pyrolytic conductive carbon. The perfor-
mance of the composite material was improved when using
surface-modified CNT (A-CNT). TEM images in Fig. 2
show the difference in morphology of Si/CNT and Si/A-
CNT. The latter shows excellent wrapping of the Si
nanoparticles, while the composite with CNT does not
show uniform encapsulation of the Si particles.

Figure 3 shows TEM images of A-CNTs and Si/A-CNT/
C composite material at several levels of magnification.
From the images, a very unique bamboo-like morphology
which can accommodate enough space for volume expan-
sion of silicon nanoparticles during the cycling can be
observed. TEM images of Si/A-CNT/C composite material
also show that silicon nanoparticles are well wrapped by
A-CNTs and carbon layers (Fig. 3b).

SEM images of the resulting Si/A-CNT/C composite
materials are displayed in Fig. 4 and show the surface
morphology and distribution of CNTs of the Si/A-CNT/C
composite material. The SEM images indicate that the
silicon nanoparticles are well incorporated by A-CNTs
which are well distributed in the entire composite material.
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The preparation of a monomer dispersion with the as-
received CNT suffered from poor dispersibility in the
porogenic solvent due to the hydrophobic nature of CNT
and revealed a far inferior dispersibility of Si particles and
CNT (see Fig. 5).

3.2 Characterization of the Si/A-CNT/C composites

Figure 6 shows the XRD patterns and Raman spectra of
pristine Si, CNT, Si/CNT/C, and Si/A-CNT/C composite.
The diffraction peaks can be well indexed to peaks at 20 of
28.4,47.4,56.2, 69.2, and 76.5°, which are assigned to the
(111), (220), (311), (400), and (331) planes of crystalline
Si, respectively. A Rietveld refinement of the diffraction
pattern indicates a mean crystallite size of 21 nm (see
Figure S1 in the supplementary material). After pyrolysis,
the Si nanoparticles are still nanocrystalline and did not
change into silicon carbide since no apparent changes can
be observed for the Si peaks. One broad peak in the
diffraction pattern of Si/CNT/C at around 24° indicates that
the carbon is amorphous, as also observed by Noh et al.
[17]. Otherwise, there is no apparent difference between
the XRD patterns of Si/CNT/C and Si/A-CNT/C composite
materials.

The Raman spectra (see Fig. 6b) clearly indicate the
existence of Si, carbon, and CNTs in the composite. The
signal at 520 cm™ " represents the Si band. The signals in
the range of 1200-1460 cm™" and 14701730 cm ™' can be
attributed to the D-band (K-point phonons of A;, sym-
metry) and G-band (E,, phonons of the C sp2 atoms) of the
carbon and/or CNTs, which confirms the existence of
CNTs and carbon in the composite. The peak intensity ratio
between the peaks at 1333 and 1592 cm ™' (Ip/Ig) generally
provides a useful index for the degree of crystallinity of
various carbon materials: the smaller the Ip/Ig ratio, the
higher the degree of ordering in the carbon material [18].
The Ip/lg values of the Si/CNT/C and Si/A-CNT/C

Fig. 2 HR-TEM images of a pristine Si nanoparticles. b Si/CNT. ¢ Si/A-CNT/C composite materials
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Fig. 5 Dispersions of pristine CNT, A-CNT, and Si/A-CNT in porogenic solvent
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Fig. 6 a XRD and b Raman spectra of pristine Si, pristine CNT, Si/
CNT/C, and Si/A-CNT/C

composites are 1.4 and 0.9, respectively, indicating an
enhancement of the degree of graphitization using A-CNT.

We suggest that one reason for the enhanced graphiti-
zation is attributed to the nitrogen content in the composite
originating from APTS. This assumption is supported by
the fact that XPS analyses reveal two types of N sites.
Besides quaternary N (Ng), pyridinic N (Np) is observed,
which might force the formation of graphitic structures
[19] (see Fig. 7).

The quantitative mass loading of silicon, carbon, and
CNT contents of Si/CNT/C and Si/A-CNT/C was deter-
mined by thermogravimetric analysis (TGA) following a
method proposed in a report from Guo et al. [20]. The
weight loss, after correcting for oxidation of Si, was used to
calculate the carbon fraction. The calculation of weight
percent of silicon, A-CNT, and carbon is described in the
supplementary material. TGA analysis performed on the
Si/CNT/C and Si/A-CNT/C composite indicates the
amount of Si to be close to 70 wt % (Figure S2 in the
supplementary material). Furthermore, the EDX analyses
(Figure S3 in the supplementary material) of the Si/A-
CNT/C clearly shows the existence of silicon. Low oxygen
signal was also detected, which could be resulted from the
surface oxidation of Si NPs in the air. Aluminum signal
could be also detected from the EDX sample holder. N, gas
adsorption isotherms measured at 77 K were used to derive

Fig. 7 XPS spectra of pristine
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Table 1 Composition, surface area, and pore volume of Si/CNT/C and Si/A-CNT/C composite

Silicon (wt %) Pyrolytic carbon (wt %) CNTs (wt %) SSA (m? gfl) Pore volume (cm? gfl)
Si/CNT/C ~170 ~25.5 ~4.5 93 0.28
Si/A-CNT/C ~170 ~25.5 ~4.5 91 0.23

the specific surface area as well as the pore volume of the
pyrolized composite. Table 1 lists the respective values for
the Barrett—Joyner—Halenda (BJH) pore volume and the
surface area. It is obvious that our approach toward a
porous support for the silicon nanoparticles was quite
successful.

3.3 Battery performance

Besides capacity and cycle stability which will be dis-
cussed later, both composite materials show very similar
electrochemical properties. Therefore, results will primar-
ily be discussed for Si/A-CNT/C. The electrochemical
performance of anode materials was characterized in
Swagelok® half-cells (see experimental section). A gal-
vanostatic mode was employed in the potential range of
0.01-1.2 V (vs. Li/Li"). Lithium foil was used for both
reference and counter electrodes. The working electrode
consists of 85 wt % active material (Si-based materials),
5 wt % of carbon black, and 10 wt % of poly(acrylic acid)
(PAA) binder. The mass loading of active material was
0.7 mg cm™> that had a relatively high tap density
(0.61 g cm ™), which is much higher than that of pristine
Si nanoparticles (0.16 g cm™>).

Figure 8 shows the result of the first three cycles of the
Si/A-CNT/C electrode during cyclic voltammetry (CV)
measurement. The first cathodic peaks starting at around
225V vs. Li/Lit during the initial lithiation can be
explained by a reduction of the electrolyte components
including fluoroethylene carbonate (FEC) (used as a sta-
bilizer) and contaminations including trace water present in
the electrolyte and on the surface of the Si/A-CNT/C
electrode, resulting in the formation of a solid electrolyte
interface (SEI) [21]. Further cathodic peaks starting at
around 0.3 V versus Li/Li* can be attributed to the lithi-
ation of the Si/A-CNT/C electrode and the formation of
Li,Si [22]. During delithiation, anodic peaks starting at
around 0.2 V versus Li/Li™ are observed and can be related
to the delithiation of carbon and silicon resulting in the
formation of an amorphous Si phase [23]. In the second and
third cycles, the cathodic lithiation peaks display much
higher potentials starting at around 0.4 V versus Li/Li* as
a result of the amorphization reaction during initial lithia-
tion of Si [21].

Figure 9 exhibits voltage profiles of Si/A-CNT/C com-
posite electrodes for the initial electrode activation cycle
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Fig. 8 Electrochemical characteristics of Si/A-CNT/C composite. a,
b Cyclic voltammetry curves of Si/A-CNT/C anode for the first three
cycles (from 3.0 to 0.01 V vs. Li/Li™)

and subsequent cycles during the galvanostatic cycling.
The first lithiation curve indicates a long flat plateau below
0.12 V versus Li/Li* which is related to the conversion
reaction of Si to Li,Si [22]. Afterwards, the lithiation/
delithiation curves show the characteristics of an amor-
phous Si phase [24]. With an increasing number of cycles,
the mean voltage during lithiation/delithiation moves to
slightly lower/higher potentials, respectively, suggesting a
gradual decrease in the electrochemical reaction kinetics
[25]. The voltage profiles exhibit a stabilization of the
electrode capacity after 200 cycles indicating a very good
reversible electrode performance.

The cycling performances and Coulombic efficiencies
(CE) of Si, Si/CNT/C, and Si/A-CNT/C composite elec-
trodes are compared in Fig. 9b and c. Apparently, the pure
Si electrode exhibits an abrupt capacity decay within
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Fig. 9 Electrochemical characteristics of the investigated materials:
a voltage profiles of Si/A-CNT/C anode; b galvanostatic cycling
performance of Si only, Si/CNT/C, and Si/A-CNT/C at 0.5 C rate;
¢ coulombic efficiencies of Si/CNT/C and Si/A-CNT/C. The first two

50 cycles, presumably due to the well-known effects of
contact loss with conductive carbon black and formation of
an unstable solid—electrolyte interface (SEI) [26, 27]. Due
to the large internal resistance caused by contact losses
between active material and current collector, dealloying of
Li from Si is not completed, leading to high irreversibility
and poor cyclability [28]. It is however worth to note that
our Si electrode shows slower capacity decay than com-
monly cited in the literature (fast decay within 20 cycles,
e.g., Ref. [26]). This is attributed to the size of our Si
particles significantly below the critical crystallite size of
around 150 nm [29].

The delithiation capacity of several anode materials and
coulomb efficiencies (CEs) at the first and after several
cycles are presented in Table 2. It is well known that
micron-sized commercial graphite shows a relatively good
CE value of around 87 % in the first cycle [30, 33, 34].
However, as we mentioned above, it has a very low
delithiation capacity (~330 mAh g~') and thus it cannot
be used as a high-capacity anode material. Compared to
graphite anodes, anode materials with nanostructured
materials such as nanoparticles or nanowires have the
advantage that they can readily release the mechanical
strain during charging, which reduces the potential for
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cycles for all electrodes shown in (b, ¢) were carried out at 0.05 and
0.1 C rates, respectively; and d rate capability tests (0.2-10 C rates,
1 C: 2500 mA g~ for Si/A-CNT/C

pulverization during the first cycle [35]. However, the
highly irreversible capacity of the first cycle in these
nanostructured electrodes is largely attributed to side
reactions and unstable SEI formation due to their high
surface area [35]. These reactions occur at the anode—
electrolyte interface and lead to a poor CE value. Since the
Si/A-CNT/C composite anode material in this study is
nanostructured and has a relatively high surface area to
provide buffer space for silicon volume expansion during
cycling, it shows a relatively low efficiency during the first
50 cycles compared to commercial graphite. However, it
should be noted that the CE value becomes more
stable continuously (Fig. 9¢) and levels off at 99.9 %.
High capacity as well as good cyclability was observed
for both Si/CNT/C and Si/A-CNT/C electrodes (see
Fig. 9b). We attributed this to two reasons: The porous
pyrolytic carbon provides a continuous electrically con-
ductive network that is well connected to the Si particles. It
acts as a porous host matrix that accommodates the volume
change of Si. In addition, CNTs support the contact to the
porous conductive network leading to an initial discharge
capacity of 2050 mAh g~ for the Si/CNT/C composite.
Taking into account the silicon content of 70 wt %, 78 %
of the silicon could be activated (neglecting the
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Table 2 Delithiation capacities and CEs of different anode materials compared to Si/A-CNT/C composite material
Anode Delithiation CE @ lst cycle/Nth Delithiation CE (@ Nth- after References
materials capacity (mAh g™ cycles formation capacity (mAh g™ cycles or after SEI) (%)
during SEI formation (%)
Graphite particle 332 87 - - [30]
Si/A-CNT/C 2704 75-98 (initial/50) 2100 >99.9 This study
Si NWs 3657 62 1500 ~90 (@10) [31]
C@ Si NPs 1890 67 56 95.6 (@145 [32]
300 o Table 3 Resistances of Rg and R, received from fitting the
equivalent circuit to the EIS measurements
250 + . A S ; : .
o e SICNTIC Si Si/CNT/C Si/A-CNT/C
200 4 m  Si/A-CNT/C
c - . Rg/Ohm 19.7 11.8 9.6
5 R;,/Ohm 136 83 2.1
150 o
=~ [ ]
N
1004 = g
. R other active materials with Si/CNTs/C composite reported
50 . in literature [10]. It should be noted that superior CE values
L (75, 94, and 99.8 % after initial, second, and after
01, —— T —— 500 cycles, respectively) are observed for the Si/A-CNT/C
0 100 200 300 400

Z'/ Ohm

Fig. 10 Nyquist plot of EIS measurements (dots) and fitted data
(lines) taken at 1.2V versus Li/Li*. The inset shows the ohmic
portion of the electrode impedance and the small semicircle obtained
for the Si/A-CNT/C composite in detail

contribution of CNTs and the porous pyrolytic carbon), and
even after 200 cycles measured at 0.5 C (1.25 A g_l), the
capacity retention was about 71 % (1460 mAh g™ ").

A further remarkable improvement of the Si/CNT/C
system was achieved when CNT was substituted by A-CNT.
As described above, A-CNT could be much better dispersed
than the as-received CNTs. This supports the formation of a
well-interconnected conductive framework and provides a
complete integration of the Si particles as can be calculated
from the initial discharge capacity of 2704 mAh g~'. In
addition, the obviously homogeneous distribution of A-CNT
causes a significantly improved cyclability (see Fig. 5). The
capacity fading is low resulting in 2293 and more than
2100 mAh g~ ' after 200 and 500 cycles, respectively. It
should be noted that this correlates to a capacity retention of
78 % after 500 cycles, which is almost sufficient for appli-
cations in consumer electronics.

The cycling efficiency of Si/A-CNT/C is represented in
Fig. 9c. The initial lithiation and delithiation capacities of
Si/A-CNT/C are 3601 and 2704 mAh g~ !, respectively,
which corresponds to a CE value of 75 %. This value is
significantly higher than the CE values of around 50 % for

composite. Furthermore, the Si/A-CNT/C demonstrates an
excellent rate capability. When the C-rate is sequentially
increased from 1 C 25 A g Ht0o2C (B Ag Hand5C
(12.5 A g7 1), a good capacity retention is maintained. The
specific capacity drops from 2500-1950 to 1000 mAh g~'.
Note that the applied specific current of lithiation is
equivalent to delithiation at the corresponding C-rates (see
Fig. 9d), and the capacity is still more than 1000 mAh g~
in case of measurements at 5 C (12.5 A g~ 1.

The excellent interconnection between silicon nanopar-
ticles and the A-CNTs is also obvious from EIS measure-
ments. Similar to the results reported by Jiang et al. [36],
the Nyquist plot shown in Fig. 10 is dominated by a
depressed semicircle and a straight line. The latter one
corresponds to the capacitive effect of the charged cell. The
experimental data were fitted to an equivalent circuit
consisting of a resistor for the ohmic portion of the elec-
trode impedance (Rg;) in series with an R/CPE element
representing the intrinsic electronic resistance and the
contact resistance of the electrode (R;,,), while the straight
low-frequency part is represented by a Warburg
impedance.

The ohmic portion of the electrode impedance (the
intercept with the real axis of the impedance, see inset in
Fig. 10) decreases from 19.7 Ohm (Si) to 9.6 Ohm (Si/A-
CNT/C), indicating an enhanced DC-conductivity with
addition of CNTs and A-CNT, respectively (see also
Table 3). More importantly, the diameter of the semicircle
and therefore the intrinsic electronic and contact resistance
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are slightly affected by the addition of CNT but almost
vanish in case of the Si/A-CNT/C composite.

4 Conclusions

We present a high-performance anode material using sur-
face-modified A-CNT that greatly enhances the perfor-
mance of Li-ion battery anode materials in contrast to high-
cost conductive carbonaceous materials such as conducting
polymer and graphene, and our approach utilizes low-cost
materials and is easy to scale up. The unique structure of
the Si/A-CNT/C was designed in order to buffer the severe
volume change and maintain a stable electric conductive
network for active Si. Furthermore, a full encapsulation of
Si particles by tangled A-CNT can help prevent cracking
and pulverization. It maintains the integrity of electrodes
and stabilizes the electronic conductive network even for
several hundred cycles. Si/A-CNT/C exhibits remarkable
battery performance, especially in terms of cycle life and
rate capability. It shows excellent cycling performance
with an exceptionally high capacity of over 2100 mAh g~
with a capacity retention of 78 % for 500 cycles. The novel
porous Si/A-CNT/C material is a promising candidate for
high-performance anode materials for Li-ion batteries.
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