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� A facile method is developed to
fabricate Si/CNT/C composites.

� PVA hydrogel is acted as both
locking-up agent and carbon source
in composites.

� The Si/CNT/C composites exhibit
excellent capacity retention.
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A novel polyvinyl alcohol (PVA) hydrogel method is developed to synthesize Si/CNT/C composites. The Si
nanoparticles and CNTs are ‘position’ locked up by PVA hydrogel in a simple aqueous solution process,
and then the Si-CNT-PVA hydrogel has pyrolyzed to form Si/CNT/C composites. In this unique structured
Si/CNT/C composites, 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,
while the coating layer of carbon carbonized from polyvinyl alcohol (PVA) hydrogel is conducive to
stabilize the interweaved composite structure. The complex structures of Si/CNT/C composites and their
electrochemical properties are presented in this paper. The Si/CNT/C composites exhibit an initial
reversible capacity of nearly 800 mAhg�1, an excellent capacity retention of 97.1% after 100 cycles at the
rate of 0.1 C, and high capacity retention even at high current rate.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Owing to their high energy density and excellent cycle stability,
lithium ion batteries (LIBs) are widely used in consumer electronics
and electric vehicles [1e3]. Graphite is the commercially dominant
anode material for LIBs at present, but its limited theoretic capacity
(372 mAhg�1) cannot fully satisfy the requirement of the high
energy density in vehicle battery. Hence research efforts have been
devoted significantly to the developing of high capacity anode
materials for LIBs [1,4]. Among the materials studied, silicon is a
promising candidate to replace graphite as the anode in LIBs due to
its highest theoretical specific capacity (4200 mAhg�1) [5e7].
However, due its low intrinsic electric conductivity and dramatic
volume change (~300%) in the process of lithiation and delithiation
[8e11], which results in electrode pulverization and capacity loss
with cycling [5,12e14], the application of silicon as anode in LIBs
was severely hindered. It was discovered that the pulverization
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effect of silicon during lithiation/delithiation is strongly size
dependent [15,16]. Silicon particles smaller than 150 nm in diam-
eter or silicon nanowires smaller than 300 nm in diameter can
survive the volume expansion/shrinkage and retain their structures
even though the SEI (solid electrolyte interphase) on silicon surface
is under constant rupture and reformation. Thus intense studies
were focused on enhancing the capacity retention by creating
exotic silicon nanostrcutures [17e20]. However, these complicated
silicon nanostructures are only available in tiny quantity and
extremely expensive and cumbersome for mass production, thus
inapplicable for LIBs.

Another effective approach is to confine Si particles inside a
conductive matrix to create a composite structure [21e25]. The
conductive matrix could not only improve the electrical conduc-
tivity of the whole electrode, but also prevent the aggregation of Si
particles and accommodate the large Si volume change during
discharge/charge process [21,24e28]. Synthesis of Si/C composites
is an effective and inexpensive solution because of the intrinsic
high electrical conductivity of carbon. Carbon coasting is also ad-
vantageous for LIBs because the SEI formed on carbon surface is
much more stable than that formed on silicon surface. Many syn-
thetic processes for Si/C composites, such as mechanically milled
[26,29], spray drying [25], electrospinning [30] or complex chem-
ical reactions [21,28,31], have been developed and the composite
materials produced were proved to enhance their electrochemical
performance compared to bare silicon, but no satisfactory result
was yet achieved. Herein, we report a simple and efficient method
through polymerization reaction to fabricate silicon hybrid com-
posites from interweaved networks of CNTs and PVA hydrogel,
which were pyrolyzed to form Si/CNT/C composites as high energy
anode materials. PVA itself has been commonly used as carbon
source for silicon surface coating [26,32e34], but PVA hydrogel
technology was not employed in material processing for LIBs,
although it is widely applied in many different areas of biotech-
nology [35,36]. Compared to pyrolysis of PVA (or other organics), a
commonly used method for carbon coating on silicon particles in
which PVA is in fluid state whenmelt before pyrolysis and all solids
are “floating” and thus it is prone to phase segregation during py-
rolysis, PVA hydrogel can lock up Si particles and CNTs in a rigid
hydrogel structure which leads to better contact between Si par-
ticles and CNTs after pyrolysis of PVA hydrogel. In this paper, we
will demonstrate the feasibility of the PVA hydrogel applied to the
synthesis of hybrid Si/CNT/PVA and Si/CNT/C composites. The
electrochemical properties of the Si/CNT/C composites will also be
presented.

2. Experiment

2.1. Synthesis

0.3 g Si nano-particles (ca 100 nm, Huierna, Henan) and 0.075 g
MWCNT (OD > 50 nm, length 10e20 mm, purity >95%, Chengdu
Organic Chemical Co., Ltd, China) were added to a 5 wt% aqueous
polyvinyl alcohol (PVA-124, Dahao Chemical Co., Shantou) solution.
The mixture was sonicated and then stirred for 12 h at room
temperature. A hydrogel formed immediately after 12 ml sodium
borate (purity >99.5%, AR, Xilong Chemical Co.) solution (with 0.6 g
solute) added to above mixture. The weight ratio of Si, CNTs, PVA
and Sodium borate was fixed to 4:1:8:8. The sample was named S4
(Si/CNT/C). In order to investigate the effect of CNTs and sodium
borate, we also carried out comparative experiments: S1 (Si/C), Si
mixed with PVA and then the solution frozen by liquid nitrogen; S2
(Si/C), Si mixed with PVA and then formed hydrogel with the
addition of sodium borate; S3 (Si/CNT/C), Si mixed with PVA and
CNTs frozen by liquid nitrogen. The obtained samples were freeze-
dried, and then heated to 800 �C at a speed of 5 �C for 4 h in argon
atmosphere. For comparison, the synthesis parameters of the four
samples were summarized as follows (Table 1).

2.2. Characterization

The crystal structures of the as-obtained samples were charac-
terized by X-ray diffraction (Rigaku MiniFlex 600) using Cu Ka ra-
diation. The microstructures of the composites were characterized
by field emission scanning electronic microscope (FE-SEM, S-4800,
Hitachi), and X-ray energy spectroscopy (EDS, OXFORD 7593-H)
was used to analyze the element content of the samples with 15 kV
acceleration voltage. The DSC/TG (STA 449 F3 Jupiter Netzsch) was
carried out to measure the silicon content of materials.

2.3. Electrochemical test

The electrode mixture was composed of synthesized active
materials, acetylene black and poly (acrylic acid)/sodium carbox-
ymethyl cellulose (wt/wt ¼ 1/1) binder with a ratio of 6:3:1 (in
weight). The aqueous slurry of the electrode mixture was spread
onto a copper foil and dried at 80 �C for 10 h under vacuum. The
electrochemical performance of materials were evaluated by 2016-
type coin cells, which lithium foil were used as both the counter
and reference electrodes. Celgard 2400 membrane was used as the
separator and the electrolyte is a solution of 1 M LiPF6 in EC/DMC/
DEC (1/1/1 V/V/V) with 5 wt% fluorinated ethylene carbonate as
additive. The coin cells were cycled at various current rates (0.1e5
C) between 0.02 V and 1.5 V vs Liþ/Li using a LAND-CT2001A bat-
tery test system (LAND Electronic Co., China). The Cyclic Voltam-
metry (CV) was measured on a CHI660D electrochemical
workstation at a scanning rate of 0.01 mV�1 with voltage ranging
from 0.02 to 2.3 V. The electrochemical impedance spectra (EIS) of
all the samples were tested in the frequency range of
10 mHze100 kHz via Solartron 1287-1260 Electrochemical work-
station. All these electrochemical tests were tested at room
temperature.

3. Results and discussion

The general scheme of the polymerization-carbonized process
to fabricate Si/CNT/C composites was illustrated in Fig. 1a. The Si
nanoparticles and CNTs were added to PVA solution under stirring.
The mixture was sonicated and then stirred for 12 h at room
temperature, so as to be evenly mixed to obtain a homogenous
aqueous solution (Fig. 1b). When the gelation agent (sodium
borate) was added, the hydrogel formed immediately (Fig. 1c). The
final step was to pyrolyze the hybrid gel at an elevated temperature
to form Si/CNT/C composites (S4).

The morphologies of the Si/C and Si/CNT/C composites prepared
were presented in Fig. 2. Compared Fig. 2a,b, it can be seen that the
morphology of composites from PVA hydrogel coating is quite
different from that of mere PVA coating. The PVA hydrogel coated
composites show a continuous homogeneous coating layer
(Fig. 2b); the mere PVA coated composites (Fig. 2a), on the other
hand, looks like a stack of articles, thus it is obvious that PVA
hydrogel coating is beneficial to prevent the aggregation of Si
particles (comparewith Si nanoparticles rawmaterials in Fig. S2a in
the Supporting Information). The adding of CNTs does not change
the morphology of sample of mere PVA coating as shown in Fig. 2c
except the observation of CNTs. However, the adding of CNTs does
change the morphology of sample from PVA hydrogel coating to
some extent. The carbon coating layer is not as smooth as that
without CNTs, the continuous network of carbon coating is
breaking down and the particle size is also smaller (Fig. 2d). The



Table 1
Samples composition and preparation condition.

Sample S1 S2 S3 S4

silicon þ þ þ þ
PVA þ þ þ þ
CNTs e e þ þ
Sodium borate e þ e þ
Reaction manner Freezing by liquid nitrogen crosslinking Freezing by liquid nitrogen crosslinking

Fig. 1. (a) Schematic of the polymerization-carbonized process to fabricate S4 (Si/CNT/C composites) using Si nanoparticles, CNTs and PVA; (b) Photograph of the solution consists of
Si nanoparticles, CNTs and PVA; (c) Photograph of hybrid PVA hydrogel mixed with Si nanoparticles and CNTs.

Fig. 2. SEM images of the sample S1 (a), S2 (b), S3 (c) and S4 (d).
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CNTs network is slightly more uniform than that in mere PVA
coating which indicates a structure “lock-up” ability of PVA
hydrogel to stabilize the Si/CNTs composites. The silicon content
was determined to be 26.19% in the S4 from the TGA profile shown
in Fig. S3. While EDS analysis shows that the silicon content is
32.13% in the S4 (Table S1), which is comparable to the result of
TGA.

Fig. 3 shows the XRD patterns of all the samples. From Fig. 3a-d,
it is seen that all the samples showwell-defined peaks at 2q of 28.4,
47.4, 56.2,69.2, 76.5, and 88.1�, which can be indexed to the (111),
(220), (311), (400), (331), and (422) planes of crystallized Si (JCPDS
No. 00-026-1481) [37]. Thus, our hydrogel coating process does not
alter the Si nanoparticles crystal structure. No carbon peak was
found in the XRD pattern, indicating that the coated carbon is
amorphous, agreed well with previous reports [21,29]. The few new
peaks showed up in Fig. 3b and d were due to the addition of so-
dium borate.

The cycling performance of all samples is shown in Fig. 4a. All
capacities were calculated on the basis of the total weight of
composite materials including the coated carbon, CNTs, and Si. The
initial capacity of S1 is low and its capacity increases gradually as
the cycling continues. The Si/C composites from PVA hydrogel is
evenworse as the initial capacity is lower and the activation cycling
is much longer, which is probably due to the “perfect” carbon



Fig. 3. X-ray diffraction patterns of sample S1 (a), S2 (b), S3 (c) and S4 (d).

Fig. 4. (a) Cycling performance of all products at the rate of 0.1C; (b) Cycling performance of S4 at the rate of 1C; (c) Cycling performance of S4 at various current densities; (d) Cyclic
voltammetry profiles of S4.
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coating from PVA hydrogel as shown in Fig. 2b which results in a
very slow ion conducting through the carbon layer, however, after
its charge capacity reaches stable stage, it does not decay compared
to the S1 electrode. The introduction of CNTs into the composites
facilitates electric conductivity, and the initial capacities of the
composites S3 and S4 are higher compared to S1 and S2. Also the
activation process is only a few cycles, which indicates that the
porous CNTs framework is in favor of electrolyte infiltration. The
initial coulombic efficiency of S3 is 61.4%, with an initial discharge
and charge capacities of 1331 mAhg�1 and 817 mAhg�1, respec-
tively. While the capacity of S3 fades with the capacity retention of
only 67.9% after 100 cycles, similar decay rate to that of S1. The S4
electrode exhibits slightly lower initial charge/discharge capacities
(795 mAhg�1 and 1168 mAhg�1, respectively) due to the added
weight of sodium borate, but a similar coulombic efficiency of
68.1%. However, it demonstrates a much improved cyclability with
the charge capacity retention of 97.1% after 100 cycles at the rate of
0.1 C. The high rate performance of S4 sample is shown in Fig. 4b.
The capacity retention at the rate of 1 C of S4 is 71.7% to its 0.1 C
capacity and 91.9% if compared to its first 1 C discharge capacity
(the 6th cycle). The rate capability of S4 electrode is shown in
Fig. 4c. It performs well at high current density. For example, at a
current rate of 5 C, S4 still delivers a charge capacity of 390mAhg�1.
When the current rate was returned to 0.1C, the charge capacity is
773 mAhg�1, which is 96% of the initial reversible capacity.

The cyclic voltammetry (CV) of S4 is shown in Fig. 4d. It shows
the first five cycles of the S4 between 0.02 V and 2.3 V at a potential
sweep rate of 0.01 mVs�1. The small peak at around 1.2 V in the first
cycle can be attributed to the decomposition of the FEC additive in
the electrolyte [38], the broad peak at around 0.56 V only appeared
in the first cycle, not in subsequent cycles, and no obvious oxidation
peak corresponding to this reduction process is observed in the
anodic branch, suggesting that it is due to the formation of solid
electrolyte interphase (SEI) on the electrode surface. The reaction of
crystalline silicon with lithium to form amorphous LixSi appears
below 0.1 V [39]. In the cathodic sweep of the following CV curve,
there are two peaks at around 0.051 and 0.17 V, associated with the
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formation of different phases of LieSi alloy (Li12Si7 and Li12Si4) [40].
Correspondingly, the two anodic peaks at 0.32 and 0.51 V can be
corresponding to the de-alloying of LieSi alloys [41]. The gradually
increase of both cathodic and anodic peaks current can be ascribed
to the activation of more active Si in composites, which has been
reported in previous studies [42,43]. Our results are well consistent
with many previously reported in the literature [38e43].

To further understand the reason for the improved cyclability of
the sample electrodes, the electrochemical impedance spectros-
copy (EIS) measurements were performed on the cells after five
cycles. Fig. 5 shows the Nyquist plots of the four electrodes with the
equivalent circuit as inset. All of the samples display two well-
defined semicircles. The former semicircle in high frequency re-
gion is generally connected to Li ion migration through surface
layers, while the latter one to the Li ion transfer through interfaces.
In addition, an inclined line in the low-frequency range is consid-
ered asWarburg impedance [44]. Even though the amplitude of the
second semicircle of each sample varies, but the variation is much
smaller than that of the first circle, thus the charge transfer resis-
tance (Rct) dominates the total impedance of the electrode. The Rct
is calculated to be 67.27, 148.6, 62.22 and 13.91 U cm�2 for each of
the four sample electrode. The S4 electrode exhibits the smallest Rct
among the four sample electrodes, indicating the enhanced ionic
conductivity of S4.

Among the four samples studied, S4 exhibits the best charge
capacity retention with only few activation cycles. The superior of
S4 can be attributed both to the presence of CNTs and the PVA
hydrogel coating. The PVA hydrogel coating can “lock up” the sili-
con particles to prevent their aggregation and also “lock up” the
relative positioning of Si particle and CNTs to prevent them from
separation to ensure a good contact. The CNTs form a network for
good electric conductivity. It also brings an unexpected effect, i.e.,
preventing formation of big agglomerate of silicon particles. The
porous network facilitates electrolyte infiltration and lithium ion
conductivity, and provides a buffer space for accommodating the
huge volume change during silicon lithiation/delithiation process.
As a result of these corporative effects, the Si/CNT/C composites
material shows high charge/discharge capacities, high capacity
retention and good rate capability.
4. Conclusions

In summary, we have successfully developed a simple and
efficient method through polymerization reaction to fabricate high
Fig. 5. Nyquist plots of the four sample electrodes after five cycle.
performance Si/CNT/C composites using PVA hydrogel as carbon
source. In the unique structure, Si nanoparticles are well-dispersed
in porous CNTs networks with buffer space to accommodate the
severe volume change and enhance electric/ionic conductivities,
while the PVA hydrogel and carbon coating layer formed after py-
rolysis locks up the stable electric conductive network for active Si,
eventually leads to better cycling performance.
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