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Abstract
In this paper, nanocarbon-isolated nano-sheet silicon(Si) electrode Si@CNT/C has been developed by pyrolysis of the com-
pound of Si and polyaniline (PANI)/CNT nanocomposite. The results suggest that CNT content in electrode plays a decisive 
role in the specific capacity, rate capability, and long-term cycle stability of the battery. Si@CNT(M)/C/graphite(G) elec-
trode with high (10.8wt%) CNT content demonstrates the specific capacity of 1201 mAh·g−1 at 100 mA·g−1 current density, 
which is much better than 491 mAh·g−1 for the Si@CNT(S)/C/G with low (1.3wt%) CNT content. After 500 cycles, the Si@
CNT(M)/C/G electrode still remains 700 mAh·g−1 specific capacity, while the Si@CNT(S)/C/G electrode decreases to 200 
mAh·g−1. This is caused by CNT conductive network in the electrode, which can maintain not only the structural stability 
of the Si but also the conductivity throughout the cell cycles.
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Introduction

Energy and environment are important themes for the sus-
tainable development of human society. The continuous 
consumption of coal, oil and natural gas has led people to 
pay more and more attention to environmental pollution 
and the consumption of mineral energy. Therefore, lithium 
rechargeable batteries have received worldwide attention as 
a clean energy source [1–3]. Lithium-ion batteries (LIBs) are 
important power sources for portable electronic products, 
power tools, and electric vehicles. The anode material is a 
key component of lithium-ion batteries and determines the 
performance of the entire lithium-ion battery [4]. Most com-
mercial lithium-ion batteries use graphite as the negative 
electrode and lithium cobalt oxide  (LiCoO2) as the positive 
electrode. Compared with commercial standards, the theo-
retical capacity (372 mAh·g−1) of graphite is limited [5–7]. 
The Si active material with ultra-high theoretical capacity 
(4200 mAh·g−1) and abundant natural reserves is considered 
to be a promising candidate material for the anode of the 
next generation of LIBs.

However, during the lithiation and extraction process, 
Si undergoes a large volume change (> 300%), which will 
produce mechanical strain, lead to electrode powder, elec-
trical contact loss [8–11], resulting in poor electrochemical 
stability. These problems will lead to the rapid failure of 
the battery, hindering its practical application. In order to 
alleviate the above-mentioned problems, various modified 
silicon-based anodes have been synthesized. Among them, 
silicon carbon electrode material is considered to have the 
most application prospect.

Yin et  al. [12] reduced the size of Si to nanometer 
size, the resulting nest-like Si nanospheres still showed a 
specific capacity of 1095 mAh·g−1 after 48 cycles at the 
current density of 2000 mA·g−1. Lee et al. [13] prepared 
Si/graphite/carbon composite material, which exhibits a 
reversible specific capacity of 700 mAh·g−1, a coulombic 
efficiency of 86% under 0.2 mA·cm−2 in the first cycle, 
and a stable capacity retention. Huang et al. [14] prepared 
phosphorus doped Si/graphite anode, which exhibits a 
specific capacity of 883.4 mAh·g−1 after 200 cycles at the 
current density of 200 mA·g−1. Su et al. [15] prepared 
a spherical Si/graphite@graphene composite material, 
which exhibits a high initial charge capacity of 820.7 
mAh·g−1 at 50 mA·g−1, with an initial columbic efficiency 
of 78.0%, and still deliver an initial charge capacity of 
766.2 mAh·g−1 at 500 mA·g−1. Seo et al. [16] forms (Si/
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SiO2/C)/CNT&Carbon nanofibers anode, its capacity 
shows 1528 mAh/g for the 1st cycle and 1055 mAh/g for 
the 50th cycle with 83% capacity retention, caused by high 
electrical conductivity and low charge transfer resistance. 
However, much of the above preparation process of Si/C 
anode is complicated and difficult to industrialize [17].

In order to solve the above problems of low conduc-
tivity, large volume change and the preparation process 
difficult to be industrialized of Si/C anode, herein, the 
nanocomposites with CNT uniformly distributed in Si/C 
was constructed. The nanocarbon-solated nano-sheet Si 
(Si@CNT/C) has been developed by pyrolysis of the com-
pound of nano-sheet Si and PANI/CNT nanocomposite. 
The CNT content in the Si@CNT/C/G electrode can be 
easily controlled by changing the ratio of CNT and PANI 
in the PANI/CNT nanocomposite. The obtained Si@
CNT/C nanocomposite has the excellent conductivity and 
stress relief caused by silicon volume expansion due to the 
introduction of CNT as compared to the other literatures. 

Experimental

Preparation of Si@CNT/C material

Materials

The ethanol suspension of nano-sheet Si (Si nano-sheet has 
the feature of 50–200 nm in diameter and 5–10 nm in thick-
ness, silicon content 12.8wt%) was purchased from Jiangsu 
Xinxiao New Material Technology Co., Ltd. Multi-walled 
carbon nanotubes (MWCNTs, purity 95–97%, diameter 
10–15 nm, length ≤ 10 µm) were purchased from Tiannai 
Technology Co., Ltd. CNT/PANI nanocomposite with the 
CNT and PANI mass ratio of 3:97 and 1:2, respectively, 
was purchased from Yangzhou Weina Composite Mate-
rial Technology Co., Ltd. N-methylpyrrolidone (NMP) was 
purchased from Shanghai Aladdin Bio-Chem Technology 
Co., Ltd. Polyvinylidene fluoride (PVDF) was purchased 
from Beijing ARKEMA Co., Ltd. The other chemicals used 
in this experiment were of analytical grade.

Preparation of Si@CNT/PANI nanocomposite

CNT/PANI nanocomposite powder with the CNT and PANI 
mass ratio of 3:97 and 1:4 respectively was added to the 
ethanol suspension of nano-sheet Si, mixed with high-speed 
dispersion a speed of 1500 r/min for 20 min and further 
sanded for 2 h. The resulting mixture is under spray drying 
to obtain Si@CNT/PANI nanocomposite powder.

Preparation of Si@CNT/C/G nanocomposite

Pyrolysis took place in a tubular quartz furnace with nitro-
gen atmosphere; 5 °C/min of heating rate, pyrolysis tem-
perature of 800 °C maintaining for 1 h, and the resulting 
pyrolysis products from CNT/PANI with the CNT and 
PANI mass ratio of 3:97 and 1:4 is Si@CNT(S)/C and 
Si@CNT(M)/C, respectively.

For the convenience of comparison, fixed the silicon 
mass fraction of electrode material as 10% and the Si@
CNT/C/G electrode with different CNT content can be pre-
pared. The resulting Si@CNT(S)/C/G and Si@CNT(M)/
C/G has the mass ratio of Si:CNT:C:G of 10:1.3:25.1:63.6 
and 10:10.8:26.7:52.5 respectively.

Preparation of the electrodes and coin cells

Weigh the electrode material and binder (PVDF) (weight 
ratio 9:1), add an appropriate amount of NMP and grind 
into nanopaste. Coating the above-mentioned nanopaste 
on copper foil with a thickness of 15 µm and dry. Cut the 
coated copper foil into circular electrodes with a diameter of 
12 mm. The mass loading density of Si@CNT(S)/C/G and 
Si@CNT(M)/C/G is 1.58 mg/cm2 and 0.28 mg/cm2 respec-
tively. Dry at 120 °C under vacuum for 24 h to completely 
vaporize the NMP. The assembly is carried out in a glove 
box filled with argon  (H2O and  O2 < 0.5 ppm). The elec-
trolyte is a 1 M  LiPF6 solution, and the solvent is a mixed 
solvent of ethylene carbonate (EC) and dimethyl carbon-
ate (DMC) with a volume ratio of 1:1. The coin-type cells 
(CR2032) were composed of the fabricated anode materials, 
the electrolyte, and lithium metal as counter electrode which 
were separated by Celgard 2325 polypropylene film.

Material characterization

The microstructure and morphology of the samples were 
investigated by the Field-emission scanning electron micro-
scope (FESEM S-4800II), transmission electron microscope 
(TEM Tecnai 12), and high-resolution TEM (HRTEM Tec-
nai G2F30). X-ray photoelectron spectroscopic (XPS) meas-
urements were carried out using ESCALAB 250Xi system. 
The Brunauer–Emmett–Teller (BET) surface area was ana-
lyzed by nitrogen adsorption–desorption isotherms at 77 K 
in Micromeritics ASAP 2020 system. The  N2 adsorption 
isotherm was used to determine the pore size distribution via 
the Barret-Joyner-Halender (BJH) method. X-ray diffraction 
(XRD) data were collected from 10° to 80° (2θ angle) in a 
Bruker AXS D8 ADVANCE X-ray diffractometer using Cu 
Ka radiation (40 kV, 40 mA).
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Electrochemical characterization

The galvanostatic charge–discharge (GCD) tests were per-
formed at various current densities within a fixed voltage 
window of 0.01–3.0 V (vs.  Li+/Li) on Neware battery test-
ing system (CT-4008, Neware, China). Cyclic voltammetry 
(CV, 0.1 mV  s−1, 0.01–3.0 V) measurements and the electro-
chemical impedance spectroscopy (EIS, 0.01 Hz–100 kHz) 
tests were performed on CHI660D electrochemical station 
(Chenhua, Shanghai).

Results and discussion

Preparation of Si@CNT/C nanocomposite

Nano-sheet Si@CNT/PANI is prepared driven by the elec-
trostatic interaction between the nano-sheet Si with nega-
tively charged ions and CNT/PANI nanoparticles with posi-
tive charge. When CNT/PANI nanoparticle powder is added 
into the nano-sheet Si/ethanol suspension, nano-sheet Si@
CNT/PANI nanocomposite powder can be formed through 
sand grinding, filter pressing, and drying. Two different pro-
portions of CNT/PANI (3:97and 1:4 mass ratio of CNT to 
PANI) nanoparticles were selected. After carbonization, Si@
CNT(S)/C with 2.75wt% and Si@CNT(M)/C with 22.74wt% 

of CNT content were obtained accordingly. Scheme 1 shows 
the preparation principle of Si@CNT/C. Compared with the 
literature method [18–22], the present process can be easily 
industrialized.

Figure 1 shows the SEM morphology of CNT/PANI 
nanocomposite. It is can be seen that the CNT/PANI (3:97) 
nanocomposite presents short fiber morphology with a diam-
eter of 50-60 nm, while the CNT/PANI (1:4) nanocomposite 
demonstrates the morphology of nanotube morphology with 
a diameter of 80–100 nm and CNT is completely encapsu-
lated by PANI.

Figure 2 is the TEM image of Si@CNT/PANI nanocom-
posites. In Fig. 2a, the nano-sheet Si has been dispersed in 
the CNT/PANI nanocomposites. It can be observed that in 
Fig. 2b, not only nano-sheet Si has been well dispersed in 
the CNT/PANI nanocomposites and the carbon nanotubes 
(marked with a ring) can be clearly seen.

Electrochemical performance of Si@CNT/C/G 
nanocomposite

When the silicon content is fixed at 10%, Si@CNT(S)%/C/G 
with 1.3wt% CNT and Si@CNT(M)/C/G with 10.8wt% 
CNT nanocomposite electrode will be obtained. The X-ray 
diffraction was carried out to reveal the crystal structure 
and composition of the Si@CNT(M)/C, which is shown in 

Scheme 1  Schematic diagram 
of preparation principle of Si@
CNT(S)/C and Si@CNT(M)/C

Fig. 1  SEM morphology of CNT/PANI nanoparticles with different 
mass ratio of CNT to PANI a 3:97, b 1:4

Fig. 2  TEM morphology of Si@CNT/PANI. a Si@CNT/PANI 
(3:97); b Si@CNT/PANI (1:4)
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Fig. 3. The diffraction peaks at 28.6° (111), 47.5° (220), and 
56.1° (311) can be ascribed to the standard XRD data cubic 
phase Si (JCPDS No.77–2110). Apart from these peaks, an 
additional peak located at the range of 26.5° is attributed to 
the (002) reflections of the multi-walled carbon nanotubes. 
XRD test demonstrates that the CNT has been introduced 
into nano-sheet Si successfully.

Figure 4 compares the 1st, 2nd, and 3rd discharge/charge 
profiles of the Si@CNT/C/G anode material between 0.01 
and 1.0 V (vs.  Li+/Li). The specific capacity and efficiency 
of the first cycle of Si@CNT(M)/C/G and Si@CNT(S)/
C/G are 1201 mAh·g−1, 72.4% and 491 mAh·g−1, 75.8% 
respectively. The nanocomposite electrode has a different 
voltage platform has a larger capacity in the first cycle as 
compared with that in the second cycle, which is caused by 
the irreversible SEI layer formation. In addition, it can be 

seen that the initial capacity of Si@CNT(M)/C/G is much 
larger than that of Si@CNT(S)/C/G, which is caused by dif-
ferent CNT content in the Si@CNT/C/G and resulting the 
different specific surface area. The specific surface area of 
Si@CNT(M)/C is determined to be 46.2  m2/g measured by 
Brunauer–Emmett–Teller.

Figure 5a compares the cycle diagram at a current density 
of 100 mA·g−1 of Si@CNT(S)/C/G and Si@CNT(M)/C/G. 
The specific capacity and efficiency of the first cycle of Si@
CNT(M)/C/G and Si@CNT(S)/C/G are 1201 mAh·g−1, 
72.4% and 491 mAh·g−1, 75.8% respectively. The initial 
specific capacity Si@CNT(M)/C/G is more than twice as 
compared with that of Si@CNT(S)/C/G. The possible rea-
son is the specific surface area difference formed from dif-
ferent CNT network in the Si@CNT/C/G. In the first 80 
cycles of Si@CNT(M)/C/G, the specific capacity showed 
a declining trend until to minimum of 500 mAh·g−1, after 
that it gradually increased to 700 mAh·g−1 and kept until 
the end of the 500th cycle, while the specific capacity of 
Si@CNT(S)/C/G is very stable in the first 300 cycles, and 
then gradually decreases to 200 mAh·g−1 at the end of the 
500th cycle. The 491 mAh·g−1 of low initial specific capac-
ity suggests that the nano-sheet silicon is not brought into 
full play, suggesting inadequate electrolyte diffusion chan-
nels. The specific capacity can maintain a good retention 
rate over 300 cycles, which is due to the relatively stable 
SEI film formed in Si@CNT(S)/C/G electrode. However, 
after 300 cycles, the specific capacity continues to decline 
significantly, which suggests the collapse of nano-sheet Si 
takes place, which leads to reduced conductivity and thus 
rapid decline of specific capacitance. As for Si@CNT(M)/
C/G electrode, the specific capacity declines during the first 
80 cycles, which should be caused by the large specific sur-
face area of the Si@CNT(M)/C/G with 10.8wt% CNT. The 

Fig. 3  XRD patterns of Si@CNT(M)/C
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Fig. 4  Charge–discharge voltage profiles of Si@CNT(M)/C/G. a Si@CNT(S)/C/G, b at a current density of 100 mA·g°1
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large specific surface area comes into being the more and 
more SEI film inevitably with the cycle number increases 
in the initial stage. After that due to the expansion of nano-
sheet Si, more active points are released, making the specific 
capacity gradually rise to 700 mAh·g−1 until the end of the 
500th cycle test. As compared Si@CNT(S)/C/G and Si@
CNT(M)/C/G electrodes, it is not difficult to infer that Si@
CNT(M)/C/G electrode with high content of well uniformly 
dispersed CNTs can effectively suppressed the huge expan-
sion of nano-sheet Si and maintain the good conductivity 
during the long-term charge/discharge process.

Figure 5b shows the cycle rate comparison diagram of Si@
CNT(S)/C/G and Si@CNT(M)/C/G at current densities of 
100 mA·g−1, 500 mA·g−1, 1000 mA·g−1, 2000 mA·g−1, and 
back to 100 mA·g−1 respectively. Compared with Si@CNT(M)/
C/G, Si@CNT(S)/C/G exhibits higher charge–discharge 
efficiency and excellent rate performance. When the current 
density is returned from 2000 to 100 mA·g−1, the capacity is 

basically restored to its original capacity, with a good capacity 
retention ability. This difference is also caused by the specific 
surface area difference of the electrode. Si@CNT(M)/C/G with 
high specific surface area, within 50 cycles rate test, the stable 
SEI film has not formed; while Si@CNT(S)/C/G with the low 
specific surface area, the stable SEI film can be formed. The 
obtained Si@CNT/C nanocomposite has the excellent initial 
specific capacity and capacity retention rate as compared to the 
literature work [23–25], which is due to the unique method to 
uniformly introduce CNT into Si.

The influence of electrode structure on performance

Electrochemical impedance

In Fig. 6, the diameter of the semicircle in the high fre-
quency zone is related to the contact resistance between the 
electrolyte and the electrode, and the diameter of the oblate 
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Fig. 5  Comparative cycling performance at a current density of 100  mA·g−1 (a) and cycle rate diagram (b) of Si@CNT(S)/C/G and Si@
CNT(M)/C/G
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Fig. 6  Electrochemical impedance spectra of a Si@CNT(S)/C/G and b Si@CNT(M)/C/G
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semicircle in the middle frequency zone corresponds to the 
impedance of the SEI film and the charge transfer imped-
ance between the electrode material and the electrolyte. The 
oblique line is related to the solid-phase diffusion capacity 
of lithium ions in the electrode material, and is also called 
Warburg impedance. In order to obtain the value of the  Li+ 
diffusion coefficient (DLi+) from the electrolyte to the elec-
trode interface, use the following formula:

Among them, R corresponds to the gas constant, T cor-
responds to the absolute temperature, A is the surface area 
of the electrode, n is the number of transferred electrons, F 
is Faraday constant, C is the concentration of Li ions, and 
σw is the Warburg factor. Use the equivalent circuit to fit and 
analyze the impedance spectra, and the results are shown in 
Table 1. It shows that in the case of Si@CNT(S)/C/G, before 
100 cycles, the charge transfer resistance gradually decreases 
as the number of cycles increases, while DLi+ tends to increase. 
This result indicates that the initial formation of thin and stable 
solid electrolyte does not affect the electron transport and is 
favorable for the diffusion of  Li+ [26, 27]. However, after the 
500th cycle, the Rct of Si@CNT(S)/C/G material increased 
significantly, while the DLi+ decreased obviously. The results 
indicate that after a long-term charge/discharge cycles, the 
internal structure of Si@CNT(S)/C/G material deteriorates due 
to the structure collapse of the nano-sheet Si and the break-
down of the electron transport passageway compared to that in 
the beginning of the cycles. In the case of Si@CNT (M)/C/G, 
it has the SEI film impedance of 374 Ω and charge transfer 
resistance of 52.5 Ω after the 2th cycle, which is much higher 
than that of 57.9 Ω and 21.8 Ω and DLi+ is increased by nearly 
two orders of magnitude after the 500th cycle. The electro-
chemical impedance spectroscopy analysis indicates that the 
long-time cycling stability of Si@CNT (M)/C/G is caused by 
its good conductivity and the adequate ion transport channel. 
Therefore, it can be safely concluded that Si@CNT(M)/C/G 
with 10.8wt% of CNT can effectively maintain the stability of 
the electrode structure, while the Si@CNT(S)/G with 1.3wt% 
of CNT cannot suppress the huge volume expansion of nano-
sheet Si during 500 cycles.

(1)D
Li

+ = 0.5(
RT

n2F2A�
w
C
)2

Electrode surface composition analysis

In order to further confirm the change of Si@CNT(S)/C/G 
electrode microstructure after 500 cycles, Fig. 7 compares 
the TEM of nanocomposites after the Si@CNT(S)/C/G 
battery is disassembled and washed with solvent after the 
50th cycle and the 500th cycle respectively. It is not hard 
to see from Fig. 7a that the surface of graphite and nano-
sheet Si is very clean without the observable SEI layer 
after the 50 cycles. Significantly differently, it is obvious 
to find the dendritic substances in Fig. 7b after 500 cycles. 
During the charge/discharge process, lithium dendrite is 
uniformly deposited on the anode surface. Due to kinetic 
constraints, when the salt concentration on the anode sur-
face decreases, the overpotential increases (0.5–3.5 V/
Li), resulting in irregular deposition and the formation of 
whisker or needle-like dendrites [28]. Dendritic or mossy 
lithium metal microstructure is formed on the surface of 
anode electrode, which leads to rapid capacity attenuation 
[29]. The deposition of lithium dendrites on Si@CNT(S)/
C/G after 500 cycles corresponds to the lower diffusion 
coefficient (2.735 ×  10–16) of Si@CNT(S)/C/G (Table 1), 
which confirms that  Li+ moves slower in the skeleton of 
Si@CNT(S)/C/G after long cycles. This phenomenon of 
lithium dendrites should be caused by the volume change 
of Si@CNT(S)/C/G battery between the 300th and 500th 
cycle. Observe carefully, lots of “spots” can be seen on 

Table 1  Electrochemical impedance parameters of Si@CNT(M)/C/G and Si@CNT(S)/C/G

Materials Si@CNT(M)/C/G
(the 2th cycle)

Si@CNT(M)/C/G
(the 500th cycle)

Si@CNT(S)/C/G
(the 2th cycle)

Si@CNT(S)/C/G
(the 100th cycle)

Si@CNT(S)/C/G
(the 500th cycle)

Rs/ohm 4.1 19 5.8 5.8 30.5
Rsei/ohm 374 57.9 89.5 3.9 15
Rct/ohm 52.5 21.8 28.1 15.6 64
бw/ohm  cm2  s−0.5 911.86 167 246.23 71.03 144.08
DLi

+/cm2  s−1 3.414 ×  10−18 2.04 ×  10−16 4.683 ×  10−17 1.125 ×  10−15 2.735 ×  10−16

(b)(a)

Fig. 7  TEM morphology of Si@CNT(S)/C/G electrode material 
taken it apart and washed with solvent a after 50 cycles and b after 
500 cycles
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the surface of lithium dendrite, which is in the recharge-
able lithium battery. At the same time, the dendrite solid 
electrolyte film formed by lithium ions in the electrolyte 
increases the surface area of the anode and induces the 

rupture and reconstruction of the solid electrolyte film, 
which accelerates the excessive consumption of electro-
lyte and the formation of dead metal, thus accelerating the 
deterioration of battery performance.
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XPS analysis provides another effective method to reveal 
the causes of Si@CNT(S)/C/G deterioration. Figure 8 shows 
the nanocomposites after the Si@CNT(S)/C/G battery is dis-
assembled and washed with solvent after 50 cycles and 500 
cycles respectively. Figure 8a and b, the survey XPS spectra 
demonstrate the presence of carbon (C1s), oxygen (O1s), 
fluorine (F1s), and low intensity silicon (Si2p) peaks. Fig-
ure 8c is a spectra of C1s, with one of the strongest peaks at 
287.1 eV and three weakest peaks at 289.6 eV, 285.8 eV, and 
284.7 eV, correspond to the C-O, O-C = O–O, C = O, and 
C–C groups of graphite respectively [30]. The C–C peak is 
derived from the carbon electrode, and the C-O peak indi-
cates that there are some special surface functional groups 
on the carbon surface. The peak area ratio of O-C = O–O 
after 50 cycles (Fig. 8c) is significantly smaller than 500 
cycles (Fig. 8d), which means that the SEI on the surface 
after 50 cycles is thinner than that of the after 500 cycles 
[30]. The “C” atomic content becomes 63.24% after the 
500th cycle, which is much higher than that (15.29%) after 
the 50th cycle, suggesting that there is a new carbon surface 
appeared. Comparing Fig. 8e and f, it is found that the char-
acteristic F1s peak significantly weakens after 500 cycles 
in comparison with that after 50 cycles confirmed by the 
“F” atomic content decreases from 34.94 to 1.64%. Only the 
weak F1s peak at 687 eV, which is assigned to LiF, appears 
on the spectrum after 500 cycles, confirming that electro-
lytes are depleted.

Conclusions

Nanocarbon-isolated nano-sheet Si with different CNT con-
tent has been successfully constructed through carbonization 
of the compound of nano-sheet Si and CNT/PANI nanocom-
posite. The results show that Si@CNT(M)/C/G with high 
(10.8wt%) CNT content has higher initial specific capac-
ity (1201 mAh·g−1) and the much high capacity retention 
(83.68%) during 500 cycles as compared with those (491.5 
mAh·g−1 of initial specific capacity, 54.85% of capacity 
retention) for Si@CNT(S)/C/G with low (1.3wt%) CNT con-
tent. The uniformly distributed CNT in the Si@CNT(M)/C/G 
electrode demonstrates the effective to minimize mechanical 
strain and cracking of nano-sheet Si and maintaining the good 
conductivity. The preparation method of CNT introduced into 
Si/C electrode uniformly in industrial scale provides an effec-
tive strategy to solve the current dilemma.
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