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In this work, we have prepared a 3D-composite-nanonetwork material consisting of single walled carbon nanotube (SWNT)

network and Si nanosphere embedded elements, through an electrostatic induced self-assembly process and the following
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film transfer technique. Negatively charged acid-functionalized SWNTs and positively charged surface-modified Si

nanospheres composed a highly dispersed system, which was key to the fabrication of self-assembled active material film.

After transferring it to the Cu foil substrate by a novel film transfer technique, an integrated anode for lithium ion batteries

(LIBs) was obtained without using of binders or conductive additives, and exhibited excellent electrochemical

performance. The continuous 3D conductive network consisting of SWNTSs provided a rapid electronic transport pathway,

which was able to counteract the conductivity decline caused by the formation of solid electrolyte interface layer, thus

ensuring a superior rate capability and cycling stability. This combined process of self-assembly and film transfer would

provide a new idea for the design and preparation of LIB electrodes, especially which were restricted by low conductivity

and large volume change during cycling.

Introduction

High efficient energy conversion and storage devices have
became the core components in many emerging applications.l’
3 From electric vehicles to wearable electronics, lithium ion
batteries (LIBs) have been considered as a dominant power
source, due to their high energy density, long cycle life and
environmental  friendliness.”® The electrode material
dominates the electrochemical performance of LIBs to a great
extent, but the common graphite anode only exhibits a limited
capacity of 372 mAhg'1 which hardly meet the increasing
demand for performance.r9 Therefore, numerous efforts have
been made to develop alternative anode materials with higher
specific capacity and better stability. Among widely studied
next-generation anodes, silicon has attracted special attention
owing to its theoretical capacity as high as 4200 mAhg'1 which
is ten times higher than that of graphite, and an appropriate
working voltage (<0.5V vs Li*/Li).****

However, two major drawbacks restrict the practical
application of Si as a LIB anode. On one hand, Si demonstrates
a dramatic volume change (>300%) during the Li* intercalation-
deintercalation process, resulting in pulverization of anodes.™
19 First, the pulverization would cause an excessive formation
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of solid electrolyte interface (SEl) layer which leads to a high
capacity loss during cycling.m Second, the pulverization would
damage the mechanical adhesion and electrical contact
between active materials and current collectors, thus a rapid
capacity fading. On the other hand, low conductivity of Si
hinders its performance at high rates, which was currently the
focus of LIB development.u'22 Aiming at these challenges, one
strategy is to design Si nanostructures such as
nanoparticles,23'24 nanowires,zs'26
nanospheres.23 The nanostructures can provide a larger
electrode/electrolyte interface, a reduced diffusion path for
both Li* ions and electrons and larger free volume to buffer
the expansion, improving the rate and cycling performance.29
Another strategy is combining Si with high conductive and low
expansive carbon material, such as carbon nanotubes
(CNTs),Bo’31 graphenegz'33 and porous carbon,34 to promote
electron transfer and accommodate volume change. However,
the effect of single-strategy is usually very limited, thus
multiple strategies should be combined for efficiently
enhancing the performance. Based on above discussion,
various approaches have been successfully carried out to
fabricate Si/C composites. For example, Bradford et al.
fabricated an aligned CNT-Si sheet structure with the chemical
vapor deposition (CVD) method, delivering an excellent
specific capacity of 1494 mAhg'1 after 45 cycles.17 Tu et al.
synthesized a Si/porous reduced grapheme oxide (rGO)
composite by steam etching of Si/rGO aerogel, leading to good
cycling performance with 1004 mAhg'1 after 100 cycles.35

In our work, we have fabricated a Si/SWNT 3D-composite-
nanonetwork material, basing on an aqueous-based
electrostatic induced self-assembly process and the following

27
nanotubes and
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novel technique of film transfer. The highly dispersed system
consisting of negatively charged acid-functionalized SWNTs
and positively charged Si nanospheres modified by
poly(diallyldimethylammonium chloride) (PDDA), was the key
to the seh‘-assembly.gs'37 And after transferring the composite
active material film to the Cu foil substrate using a film
transfer technique, an integrated LIB anode was obtained. For
this 3D-composite-nanonetwork, Si nanospheres were well
dispersed and connected to the SWNT network, bringing a
series of advantages on Li-storage performance: 1) The SWNTs
provided a high conductive 3D network framework, which was
able to provide a rapid electron transport path under the
formation of SEI layer. 2) The embedment of Si nanospheres
into the network consisting of high strength SWNTs would
alleviate the volume change of Si during charge-discharge
process to some extent, alleviating the pulverization.
Moreover, the embedding effect prevented the peeling of Si
nanospheres from the current collectors. 3) Compared with
traditional LIB anodes, the integrated anodes exhibited a
higher loading density of active materials because of the
absence of binders and conductive additives, with a superior
mechanic adhesion and electrochemical contact.3® This
Si/SWNT 3D-composite-nanonetwork anode exhibited an
excellent electrochemical performance, being able to maintain
a high capacity up to 941 mAhg'1 after 50 cycles, at a current
density of 400 mAg'l. Moreover, this combined process of
electrostatic induced self-assembly and film transfer would
provide a new idea for the design and preparation of next
generation LIB electrode materials, especially which were
restricted by low conductivity and large volume change during
cycling.

Experimental
Preparation of acid-functionalized SWNTs

Original SWNTs were purchased from XFnano, with an average
diameter of 10720 nm and an average length of 530 um. The
SWNTs were refluxed in concentrated HNO5/H,SO, (1/3 V/V)
for 3h to prepare carboxylic acid-functionalized SWNTSs.*® After
refluxing, the mixture was centrifuged and re-dispersed for
several times in turn to remove the excess mixed acid. Finally,
the mixture was filtered using a nylon membrane and then
dried at 80 ‘C for 12 h.

Preparation of Si-PDDA nanospheres

Si nanospheres were purchased from Alfa Asar, with an
average particle size of 40~50 nm and a purity of more than
98%. PDDA was purchased from Aladdin. 150 mg of Si
nanospheres were added into 100 ml of deionized water,
followed by addition of 0.5 ml of 35 wt% PDDA aqueous
solution. The mixture was treated with ultrasonic for 30 min,
and subsequently stirred for 2 h to obtain a homogeneous
system, in which the PDDA-modified Si (or Si-PDDA)
nanospheres were dispersed. And then it was centrifuged and
re-dispersed for three times in turn, to remove the excess
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PDDA. Finally, the mixture was centrifuged at 4000 r/min for
15 min, and the supernatant liquid was reserved.

Preparation of Si/SWNT 3D-composite-nanonetwork anodes

First, 0.06 g of as-prepared acid-functionalized SWNTs was
added into 600 ml of deionized water, then, the mixture was
treated with ultrasonic for 2 h to obtain a dispersive solution.
And this solution was centrifuged at 10000 r/min for 30 min, to
obtain the supernatant liquid. Above mentioned supernatant
of Si-PDDA nanospheres was added into the SWNT supernatant
drop wise, with vigorous stirring. And after 30 min of ultrasonic
treatment, a homogeneous dispersed system was obtained.
Subsequently it was filtered through a mixed cellulose ester
(MCE) filter membrane to achieve a Si/SWNT film. After
dropping a few drops of ethanol on this film, the filter
membrane was transferred onto the Cu foil. With the
evaporation of ethanol, the Si/SWNT film was closely attached
to the Cu foil substrate, followed by being immersed into
acetone to dissolve the MCE filter membrane.*® Therefore,
finally this Si/SWNT composite successfully
transferred from the membrane to the Cu foil, and a binder-
free LIB integrated anode was obtained.

film was

Characterization

The morphology and structure of the samples
characterized by scanning electron microscopy (SEM, JEOL
JSM-7001F), transmission electron microscopy (TEM, JEOL
JEM-2100). The composition was tested using an X-ray
diffractometer (XRD, Rigaku, Smartlab) with a Cu-K,, radiation
source (9 kW, A=0.15406 nm) and X-ray photoelectron
spectroscopy (XPS, PHI5700). The thermo gravimetric analysis
was performed between room temperature and 800 C, with
air atmosphere and a heating rate of 10 ‘C/min (STA7200RV,
Hitachi High-Tech). The Raman spectra were recorded using an
514 nm Ar-ion laser (LabRAM HR800, Horiba Jobin-Yvon). The
energy dispersive spectrometry (EDS) analysis was carried out
by Oxford X-Max" with SEM and TEM.

were

Electrochemical measurements

Electrochemical measurements were carried out using a coin
cell (LIR 2025). The as-prepared materials were directly used as
the working electrode without any ancillary materials. The
lithium foil was used as the counter and reference electrode,
and the electrolyte was 1 M LiPF6 in EC/DEC/DMC (1:1:1,
weight). Coin cells were assembled in an Ar-filled glove box.
The galvanostatic charge-discharge tests were measured using
a LAND battery testing system at 25 °C, at a voltage range of
0.01-2.8 V. Electrochemical impedance spectroscopy (EIS)
measurements tests were carried out on a ACM Gill-AC-4
electrochemical station.

Results and discussion

The preparation procedure of the Si/SWNT 3D-composite-
nanonetwork integrated anode was exhibited, as shown in
Scheme 1. First, the pretreatment process on SWNTs and Si

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1 the preparation procedure of the Si/SWNT 3D-
composite-nanonetwork integrated anode for LIBs

nanospheres was the key to the successful fabrication of
network framework. On one hand, during the backflow
process carboxyl groups were generated on the SWNT surface,
which made the SWNTs exhibit negative charges in aqueous
media.** On the other hand, original Si nanospheres tended to
exhibit negative charges in agqueous media because of the
existence of SiO, on the surface.”” When modified by PDDA,
their surface charges became positive. The existence of PDDA
on Si nanosphere surface was proved by XPS analysis (Figure
S1, ESI) and TEM-EDS analysis (Figure S2). Subsequently, the
aqueous solutions of Si-PDDA nanospheres and acid-
functionalized SWNTs were mixed to obtain a uniform
Si/SWNT dispersed systems. And then the Si/SWNT aqueous
solution was filtered through a MCE filter membrane. At this
stage, the 3D-composite-nanonetwork was fabricated, owing
to the electrostatic induced self-assembly process in the highly
dispersed system consisting of negatively charged SWNTs and
positively charged Si nanospheres. Without the pretreatment
process that changed surface charges orientationally, the
network framework would hardly be constructed because of
the aggregation effect. Subsequently, the obtained sample-
loaded MCE membrane was transferred to a Cu foil. After
dissolving the MCE membrane, a Si/SWNT composite film
fabricated on the Cu foil substrate was successfully prepared,
obtaining an integrated LIB anode. The fabrication method of
this anode was facile, without using of binders or conductive
additives.

The morphology and structure of the as-synthesized
Si/SWNT 3D-composite-nanonetwork material was
characterized by SEM and TEM (Figure 1). Si nanospheres with
an average diameter of 40~50 nm were uniformly dispersed
among the SWNTs with an average diameter of about 20 nm
(Figure 1a). The SWNTs formed a continuous 3D carbon-based
network framework, which would provide a fast electronic
transport pathway for LIB anodes under the existence of the
SEl layer. The high-magnification SEM (HRSEM) image clearly
indicated that the Si nanospheres were embedded into the
interspace of the SWNT network (Figure 1b). Accompanied

This journal is © The Royal Society of Chemistry 20xx
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with the strong mechanical strength of SWNTs, this embedding
effect was able to alleviate the originally huge volume change
of Si nanospheres during Li* intercalation-deintercalation
process to some extent, and efficiently stabilize the active
materials by preventing their peeling from the current
collectors. As a contrast, we have also prepared similar
Si/SWNT composite materials with the same experimental
system and conditions, except for the absence of PDDA-
modifying process on Si nanospheres. As shown in Figure S3, in
this case, the Si nanospheres tended to aggregate into larger
cluster instead of disperse. However, with PDDA-modifying
process Si nanospheres were able to disperse uniformly,
mainly because of the electrostatic attraction between
positively charged Si-PDDA nanospheres and negatively
charged acid-functionalized SWNTs, and the electrostatic
repulsion among Si-PDDA nanospheres. In addition, functional
groups on the Si-PDDA surface also provided steric hindering
among nanosphereszz. As shown in Figure 1c, the TEM image
further confirmed the 3D-composite-nanonetwork structure.
In high-magnification TEM (HRTEM) image, the combination
between the SWNT and Si nanospheres was observed clearly
(Figure 1d). In addition, the inset showed the highly crystalline
nature of the Si nanosphere and a preferential (111)
orientation

This composite material was further characterized by the
SEM-EDS mapping, showing the presence of Si and C elements
clearly, which corresponded to the Si nanospheres and SWNTs,
respectively (Figure S4). The Raman spectrum of Si/SWNT was
exhibited in Figure 2a, together with the spectrums for
individual Si nanospheres and SWNTs as a contrast. For the
Si/SWNT, the peak centered at 516 em™ was related to the
Raman phonon vibration of crystalline Si. Meanwhile, the
disorder band (D-band) at 1350 cm™ and the strong graphitic

Figure 1 (a) SEM, (b) HRSEM and (c) TEM image of the Si/SWNT
3D-composite-nanonetwork material, Si nanospheres were
uniformly dispersed among the SWNT network. (d) HRTEM
image, Si nanospheres were combined with the SWNT, the
inset showed crystalline Si and a preferential (111) orientation.
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Figure 2 (a) Raman spectrum of the Si/SWNT, SWNT and Si. (b)
XRD pattern of SWNT. (c) Thermal gravimetric analysis curves
of the Si/SWNT, SWNT and Si.

band (G-band) at 1592 cm™ were related to the SWNTs. All the
peaks matched well with the individual SWNTs or Si
nanospheres samples."3 The crystalline structures of Si
nanoparticles as well as SWNTs were not affected by the
electrode fabrication procedure. Figure 2b showed the XRD
pattern of this Si/SWNT composite material, which matched
well with characteristic peaks of the SWNT and the Si.” In
addition, to investigate the composition, TGA curves of
Si/SWNT, Si nanospheres and SWNTs were measured under air
atmosphere, from room temperature to 800 °C (Figure 2c). For
SWNT sample, from the initial weight loss at about 400 °C,
they would be completely burned away at 800 ‘C (99% loss in
weight). And for Si sample, the slight mass enhancement (4%)
beyond 800 ‘C was owed to the oxidation of Si.3 It exhibited
that the weight percentage of Si in this composites was 54%,
while the weight loss prior to 400 ‘C was attributed to the
remove of PDDA.

The electrochemical performance of the Si/SWNT 3D-
composite-nanonetwork material as a LIB anode was tested
through a LIR 2025 coin cell. Above mentioned Si/SWNT
sample which exhibited a 54 wt% Si component was named
Si/SWNT-54 wt%. And similarly Si/SWNT-36 wt% and Si/SWNT-
28 wt% were prepared, by adding various amount of Si
supernatant liquid in the mixing step. Figure 3a displayed the
charge and discharge curves of the Si/SWNT-54 wt% anode for
the first three cycles, at a current density of 400 mAg'1 and a
voltage window of 0.01~2.8 v VS Li*/Li. The specific capacity
was calculated against the total mass of the Si/SWNT
composite. The initial discharge capacity was 1871 mAhg'1 with
a reversible charge capacity of 1321 mAhg'l, showing an initial
coulombic efficiency of 71%, because of the formation of the
SEI Iayer.s’“ For comparison, the charge and discharge curves
of the pure SWNT was also investigated at the same conditions
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Figure 3 (a) First three charge/discharge profiles of the Si/SWNT-54 wt% at a current density of 400 mAg'l. (b) Cycling
performance and coulombic efficiency of the Si/SWNT-54 wt% at a current density of 400 mAg"l. (c) Cycling performance of
the Si/SWNT-36 wt%, Si/SWNT-28 wt% and pure SWNT at a current density of 400 mAg"l. (d) Rate performance of the

Si/SWNT-54 wt% at different current densities.
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(Figure S5). The initial discharge capacity of the pure SWNT
was 652 mAhg'l, which proved that the addition of Si
enhanced the specific capacity greatly. Figure 3b exhibited the
discharge capacity vs cycle number curve and corresponding
coulombic efficiency of Si/SWNT-54% anode. An good cyclic
stability was observed without obvious capacity fading after 20
cycles. Its discharge capacity was maintained at 941 mAhg"1
after 50 cycles at a current density of 400 mAg'l, and the
coulombic efficiency was stabilized at more than 98 % after 15
cycles. A continuous formation of the SEl layer usually caused a
decrease of coulombic efficiency, which meant a higher
irreversible capacity.19 Therefore, it was indicated that our
products formed a stable SEI layer, with a stable reversible
capacity.

To investigate the effect of Si weight percentage on
electrochemical performance of the Si/SWNT composite anode,
the cycling performance of Si/SWNT-36 wt%, Si/SWNT-28 wt%
and pure SWNT were investigated at the same condition as
that of Si/SWNT-54wt% (Figure 3c). The thermal gravimetric
curves of the Si/SWNT-36 wt% and Si/SWNT-28 wt% were
shown in Figure S6. After 50 cycles, these three anodes
exhibited discharge capacities of 814, 583 and 414 mAhg'l,
respectively, which were much lower than that of Si/SWNT-54
wt%. Obviously, the Si content was the key to the
electrochemical performance of the composite anode.
Moreover, rate capability of the Si/SWNT-54 wt% was shown
in Figure 3d, with various current densities of 200, 400, 800
and 1600 mAg'1 and a voltage range of 0.01~2.8 v. Only a slight
reduction of capacity was observed with the rate increasing. It
was able to maintain a high specific capacity of more than 740
mAhg'1 at a high current density of 1600 mAg'l. When the
current density recovered to 200 mAg'l, it demonstrated a
retention capacity of 950 mAhg'l, demonstrating a good rate
capability.

Figure 4a showed the Impedance spectra of the Si/SWNT-54
wt% anode before cycling and after 50 cycles. The depressed
semicircle in the high-medium frequency represented the
charge transfer impedance and the inclined line in the low
frequency region was attributed to the lithium diffusion
impedance.21 It was obvious that the charge transfer
impedance after 50 cycles was smaller than that before cycling.

(a) 5°
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« 50 Cycles i

g 8

8
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Fig. 4 (a) Impedance spectra of the Si/SWNT-54 wt% anode
before cycling and after 50 cycles. (b) Morphology of the
Si/SWNT-54 wt% anode after 50 cycles.
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The excellent conductivity of Si/SWNT composite anode
could be owed to the 3D SWNT conductive network which was
able to counteract the conductivity decline caused by the
formation of SEI layer. In addition, to investigate the structural
stability during repeated cycling, the morphology of Si/SWNT-
54 wt% anode after 50 fully lithiated cycles were observed. It
still exhibited a stable skeleton of SWNT networks and
uniformly dispersed Si nanospheres, showing a good cycling
stability of this composite anode (Figure 4b). To illustrate the
long-term adhesion between the active materials and the
current collector, cross-section SEM images after 50 cycles was
displayed in Figure S7 (ESI). There was no significant void
between active materials and collector and they are well
connected. It proved that there is strong long-term adhesion
between active materials and current collector, which should
be due to the strong interfacial van de Waals force between
SWNT network and Cu collector.

In a word, the Si/SWNT 3D-composite-nanonetwork anode
exhibited excellent cycling stability and rate capacity as a LIB
anode, which was mainly owed to its unique structural
features. First, SWNTs formed a continuous 3D carbon-based
conductive network, which provided a fast electronic transport
path to counteract the conductivity decline caused by the SEI
layer, being favorable for a considerable rate performance.
Second, this embedding of Si nanospheres into the network
consisting of high mechanical strength SWNTs was able to
buffer their dramatic volume change during Li* intercalation-
deintercalation processes to some extent, alleviating the
pulverization of the Si nanospheres and thus an improved
cycling stability. Third, the embedding effect also stabilized the
Si nanospheres by prevented their peeling from the current
collectors, leading to a better cycling stability. Forth, owed to
the film transfer process, this integrated anode had a stable
mechanical adhesion and an excellent electrochemical contact
between active materials and current collectors without using
of binders or conductive additives, effectively enhancing the
energy density and improving electrochemical performance.

Conclusions

In conclusion, herein we have successfully prepared a 3D-
composite-nanonetwork architecture consisting of  Si
nanospheres and SWNTs. An integrated LIB anode without
binders or conductive additives was obtained, after a film
transfer process towards the Cu foil substrate. The key of the
successful preparation was the electrostatic induced self-
assembly process in a highly dispersed system, which was
consisted of negatively charged acid-functionalized SWNTs and
positively charged Si-PDDA nanospheres. For this Si/SWNT
composite anode, a highly conductive SWNT network provided
a rapid electron transport path, while the embedding of Si
nanospheres alleviated their volume change during cycles and
prevented their peeling from current collectors. Owing to its
unique microstructure, the Si/SWNT composite anode
exhibited an excellent electrochemical performance. It was
able to maintain a discharge capacity as high as 941 mAhg"1
after 50 cycles at a current density of 400 mAg"l, with an

J. Name., 2013, 00, 1-3 | §
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excellent rate capability, while the weight percent of Si was
the key to the anode performance. The whole preparation
procedure was facile and controllable, and it can be extended
to other LIB electrode materials whose application was
restricted by low conductivity and dramatic volume expansion.
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