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Carbon nanotubes/SiC prepared by catalytic chemical
vapor deposition as scaffold for improved lithium-sulfur batteries
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Abstract The low conductivity of sulfur and shuttle
effect of lithium polysulfides have limited the applica-
tions of Li-S batteries. In this account, carbon
nanotubes/SiC (CNTs/SiC) composites were prepared
by means of catalytic chemical vapor deposition
(CCVD). SiC was used as the matrix for growth of
CNTs and ferrocene served as catalyst. The surface of
SiC was successfully loaded with carbon nanotubes,
which underwent increasing growth to form clusters.
Sulfur was added into CNTs/SiC by the hydrothermal
method to yield sulfur-carbon nanotubes/SiC compos-
ites (S-CNTs/SiC) for Li-S batteries. SiC was strongly
bound to lithium polysulfides (LPS) through chemical
interactions and CNTs attracted LPS by physical absorp-
tion. CNTs provided good electrical conductivity for the
overall composite and SiC enhanced adsorption ability
of LPS. DFT calculation was carried out to illustrate
direct Si-S interaction and strong confinement on LPS
of SiC. Both factors synergistically reduced loss in

active substances during battery cycling. The resulting
S-CNTs/SiC electrodes displayed discharge capacity of
685 mAh g−1 at 0.1 C after 100 cycles, coupled with
excellent cycle performance of 316 mAh g−1 after
400 cycles at 1 C.
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Introduction

The development of sophisticated modern technologies
requires advanced rechargeable lithium batteries with
high energy densities and good cycle performances
(He et al. 2017a; Zhou et al. 2015; He et al. 2016a; He
et al. 2018c) Lithium-sulfur batteries (LSBs) have
drawn great attention owing to their high theoretical
capacities (1675 mAh g−1) and abundant reserves of
sulfur (Zhang et al. 2014a; He et al. 2019; Bruce et al.
2012; He et al. 2018a; Zhang et al. 2014b; He et al.
2018b) However, some problems impede the industrial-
ization of LSBs. First, pure sulfur is insulator with
electrical conductivity of 5 × 10−30 S cm−1 at room
temperature, making electrons and ions transfer diffi-
cultly. Second, the intermediate products of sulfur called
lithium polysulfides (LPS) could easily dissolve in elec-
trolyte solutions, decreasing the electroactive sub-
stances. Third, the density of sulfur is different from
that of final product (Li2S), resulting in large volume
expansions (~ 80%) (Miao et al. 2013; He et al. 2017b;
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Mikhaylik and Akridge 2004; He et al. 2016b; Zhang
et al. 2013; Ji et al. 2009; Yin et al. 2017; He et al. 2015).
To overcome these problems, current methods mainly
focused on the modification of cathode materials by
adsorption (Hong et al. 2019) and coating (Li et al.
2014). The modification of cathode materials with coat-
ed carbon, conductive polymers (Wei et al. 2015), and
oxides (Wang et al. 2014) could be very effective in
slowing down the shuttle effect of LSBs. This, in turn,
would enhance the use of active substances and improve
the electrochemical performances of LSBs.

Among these, carbon-based materials, such as
CNTs (Xiang et al. 2017), porous carbon (Wang
et al. 2018), and graphene (Huang et al. 2013),
could be prepared by simple route to yield stable
substances. Hence, they are widely utilized in LSBs.
For instance, Zhao et al. reported novel tube-in-tube
structured carbon nanomaterials for LSBs with high
discharge capacities reaching 918 mAh g−1 at
500 mA g−1 after 50 cycles (Zhao et al. 2014).
Bao et al. prepared hierarchical structure of graphite
oxide@mesoporous carbon for LSBs with great re-
versible capacities and excellent cycle abilities (Bao
et al. 2014). However, polysulfides are often trapped
by weak physical absorption in carbon materials,
and tremendous efforts have been devoted for pro-
moting adsorption of polysulfides (Li et al. 2016a;
Wu et al. 2018; Evers et al. 2012). Some recent
studies displayed that strong affinity to S8 and
polysulfides can be caused by direct Si–S and Li–
C interaction (Li and Zhao 2018). Therefore, our
attention was focused on SiC as stable compound
in terms of thermodynamics, chemistry, and physics.
SiC is often considered as inert component when
used in batteries. Besides, recent studies have con-
firmed its relevant electrochemical activity (Hu et al.
2016; Li et al. 2016b).

In this study, carbon nanotubes/SiC (CNTs/SiC)
were prepared through CCVD and used for loading
of sulfur. The carbon nanotubes were grown on SiC
matrix. This unique structure could effectively ad-
sorb polysulfides and reduce loss in active sub-
stances, enhancing the conductivity of electrodes
and greatly preventing volume expansion. The ob-
tained S-CNTs/SiC composite with 75.6 wt% sulfur
content showed great cycling performances and ex-
cellent rate capabilities as cathode material of LSBs.
Discharge capacities reaching 685 mAh g−1 after
100 cycles at 0.1 C were obtained.

Experimental

Synthesis of CNTs/SiC

First, SiC (≤ 5 μm, 100 g) was placed in 500 mL of 20%
HF solution and stirred for 24 h to remove SiO2 layers
deposited SiC surface. The sample was then washed
several times with deionized water to keep the pH
around 7. Subsequently, SiC was evenly spread at bot-
tom of the porcelain boat employed as growth matrix of
CNTs. The porcelain boat was then placed in a tube
furnace heated to 600 °C under argon atmosphere
(99.9% purity, 500 mL/min). Second, 1 g ferrocene
dissolved in 20 mL xylene was used as Fe catalyst.
The catalyst was injected into the tube furnace at a rate
of 0.2 mL/min for 20 min using a syringe system.
Meanwhile, argon (500 mL/min), hydrogen (50 mL/
min), and acetylene (5 mL/min) were fed into the tube
furnace for 20 min. Subsequently, the furnace was
cooled down to room temperature under argon
(450 mL/min).

Synthesis of S-CNTs/SiC

CNTs/SiC and sulfur powder at ratio of 1:4 were ground
uniformly, then placed in a stainless steel vessel under
argon atmosphere, and kept at 155 °C for 12 h to prepare
S-CNTs/SiC.

Characterization methods

The X-ray diffraction (XRD) patterns were collected on
a Bruker D8 Discover machine using Cu-Kα radiation
(λ = 0.154056 nm) at two-theta ranging from 10° to 90°
and scan rate of 12°/min. The content of sulfur was
evaluated by thermal gravimetry analysis (TGA,
NETZSCH STA-409PC) at 30–800 °C under argon
flow at heating rate of 5 °C/min. The Hitachi S-4800
equipment was used to capture the scanning electron
microscopy (SEM) images. Transmission electron mi-
croscopy (TEM, JEOL 2100) was utilized for material
morphology and structure determination. The Raman
spectra were recorded on Horiba-Jobin-Yvon LabRAM
HR800 Raman Spectrometer. Micrometritics ASAP
2020 analyzer was employed to analyze the nitrogen
adsorption and desorption isotherms. The surface func-
tional groups of S-CNTs/SiC were characterized by X-
ray photoelectron spectroscopy (XPS, Thermo Scientif-
ic K-Alpha XPS). The specific surface and pore size
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distribution of the samples were conducted by
Brunauer-Emmett-Teller (BET, V-Sorb 2800P).

Electrochemical measurements

A mixture of 80 wt% S-CNTs/SiC composites, 10 wt%
Super P, and 10 wt% PVDF was first dissolved in NMP.
The mixture was then coated on carbon-coated aluminum
foil by doctor blade, keeping sulfur loading of around
2 mg cm−2. The modified aluminum was then punched
to form 9-mm diameter circular disks. The electrochemical
measurements of S-CNTs/SiC composites were performed
in button cells (2025 type) using S-CNTs/SiC composites
cathode and lithium foil counter electrode. The button cells

were assembled in a glovebox filled with argon (99.9%)
using Celgard 2400 as separator. The electrolyte was com-
posed of 1 M lithium bis (trifluoromethanesulfonyl) imide
(L iTFSI ) d i s so lved in 1 ,3 -d ioxo l ane and
dimethoxymethane (v/v = 1:1) with 1 wt% of LiNO3.
The cyclic voltammograms (CV) were obtained on a
Princeton VersaSTAT 4 potentiostat at 0.1 mV s−1. The
galvanostatic discharge-charge tests were analyzed using a
Neware battery tester at 1.5–3.0 V.

Theoretical calculations

Density functional theory (DFT) calculation was con-
ducted by the Vienna Ab initio Simulation Package
(VASP). Perdew-Burke-Ernzerhof version of general-
ized gradient approximation was employed to charac-
terize the exchange correlation functional and the plane
wavewas set as 400 eV.Monkhorst-Pack grid of 2 × 2 ×
1 was adopted with a vacuum distance of 15 Å. During
the calculations, the ground-state atomic geometries
were fully relaxed till the forces on the atoms smaller
than 0.03 eV Å−1.

Results and discussion

Figure 1 shows a schematic illustration of fabrication
process of S-CNTs/SiC composite. The XRD patterns of
sulfur, CNTs/SiC, and S-CNTs/SiC composite are gath-
ered in Fig. 2. Compared to sulfur, the characteristic
peaks of sulfur can clearly be distinguished in the S-

Fig. 1 Synthetic route of S-CNTs/SiC composites

Fig. 2 XRD patterns of sulfur, CNTs/SiC, and S-CNTs/SiC
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CNTs/SiC spectra, indicating the successful loading of S
on CNTs/SiC. The peaks of CNTs/SiC also suggested
that introduction of sulfur did not change CNTs/SiC
structure. No other impurity peaks were detected,
confirming the high purity of the synthesized compos-
ites. Moreover, the characteristic peak intensity of S was
much higher than those of CNTs and SiC, indicating that
S content far exceeded those of CNTs and SiC. This was
confirmed by TGA results with loading rate of S
reaching 75.6% (Fig. 6).

Figure 3a, b clearly shows that surface of SiC was
successfully loaded with carbon nanotubes, grown and
entangles to form clusters. In turn, these clusters should
play important role in sulfur loading and relieving vol-
ume expansion. Figure 3c depicts that the array structure
still effectively retained after sulfur loading, consistent
with TEM results of CNTs/SiC (Fig. 4a) and S-CNTs/
SiC (Fig. 4c). The corresponding EDSmapping of S, Si,
and C elements of S-CNTs/SiC is shown in Fig. 3d–f).
Uniform distributions of sulfur in presence of SiC and
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Fig. 3 SEM images of a, b CNTs/SiC at different magnifications and pure SiC (inset of a), c, d, e, f S-CNTs/SiC and corresponding S, Si,
and C mapping, respectively

Fig. 4 TEM images of a CNTs/SiC, b HRTEM image of CNTs, and c S-CNTs/SiC



CNTs were observed. Thus, carbon nanotubes certainly
played a significant role in sulfur loading but Fig. 3d
indicates that sulfur signal on SiC surface was stronger
than that of CNTs. The latter should mainly be ascribed
to strong Si–S interactions (Liu et al. 2016). The mor-
phologies and structures of CNTs/SiC and S-CNTs/SiC
were examined by TEM, and the results are depicted in
Fig. 4. The tube wall looked clear with average diameter
of approximately 10 nm (Fig. 4b); hence, sulfur can be
stored in the tubes. The structures of carbon nanotube
clusters are displayed in Fig. 4a, c. Their unique struc-
tures were advantageous for increasing sulfur loading.
In other words, sulfur could not only be embedded in
hollow carbon nanotubes but also stored in spaces be-
tween carbon nanotubes.

As shown in Fig. 5, the peaks of S-CNTs/SiC and
CNTs/SiC appeared pretty similar, indicating that
the process of sulfur loading process did not destroy
CNTs/SiC structure. The two Raman bands at about
1330 cm−1 (D band) and 1570 cm−1 (G band) were
associated with typical peaks of CNTs. The peak
located at 460 cm−1 can be attributed to sulfur. In
addition, the ID/IG ratio increased from 1.05 to 1.10,
suggesting lower graphitization degree of S-CNTs/
SiC when compared to CNTs/SiC. Hence, sulfur
loading process increased defects in S-CNTs/SiC.

The sulfur content and thermal stability of S-
CNTs/SiC composites were measured by TGA under
argon atmosphere (Fig. 6). A main weight loss from
200 to 300 °C was noticed and attributed to evapo-
ration of sulfur from S-CNTs/SiC composites. Such
high weight loss (75.6%) indicated S-CNTs/SiC
composites with great sulfur storage.

The surface structures were further identified by XPS
analysis (Fig. 7). The surface of S-CNTs/SiC was com-
posed of Si 2p, S 2p, C 1s, and O 1s. The corresponding
peaks at binding energies of 164.3 eV, 164.6 eV,
165.4 eV, and 165.6 eV in high-resolution spectra of S
2p (Fig. 7b) were attributed to S–S, S–O, S–S, and S–O
bond, respectively. The S–O bond may be caused by
combination of S with oxygen-containing functional
groups of carbon nanotubes and SiC. The bonds of Si–
C and Si–O are detected at 100.9 eV and 104.0 eV in
spectrum of Si 2p (Fig. 7c). The Si–O bond was associ-
ated with presence of residual SiO2 on SiC surface. As
shown in Fig. 6d, two peaks at 284.8 and 285.3 eV
appeared and attributed to carbon nanotubes and
oxygen-containing functional groups present on the sur-
face. The specific surface of CNTs/SiC (61.63m2/g) and
SiC (3.00 m2/g) is performed in Fig. 8a. The CNT
loading played a significant role in the increase of spe-
cific surface area, which can effectively immobilize LPS
by physical adsorption. The presence of mesopores was
simultaneously confirmed on the SiC and CNTs/SiC
(Fig. 8b), while the number difference was significant.
The small amount of mesopores on the surface of SiC
can be attributed to the process of removing SiO2 layers
deposited on the commercial SiC surface byHF etching.
And a large number of mesopores on the surface of
CNTs/SiC were due to CNTs loaded on SiC.

The cycling performances for S-SiC and S-CNTs/
SiC cathodes at current density of 0.1 C were investi-
gated by galvanostatic charge-discharge method. After
100 cycles (Fig. 9a), the specific capacity of S-CNTs/

Fig. 5 Raman spectra of CNTs/SiC and S-CNTs/SiC

Fig. 6 TGA analysis of S-CNTs/SiC
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SiC decreased from 1008 to 685 mAh g−1 but obviously
better than that of S-SiC. Even at a high current density
of 1 C, the capacity of 316 mAh g−1 can be maintained

after 400 cycles (Fig. 9e). The improvements in electri-
cal conductivity of the integrated composite through
loading of carbon nanotubes increased transfer rates of

Fig. 7 XPS spectra of S-CNTs/SiC composites: a wide spectrum and b, c, d high-resolution spectra of S 2p, Si 2p, and C 1s

Fig. 8 a N2 ad-desorption isotherms and b pore size distribution of the SiC and CNTs/SiC
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electrons and lithium ions. This, in turn, induced higher
utilization of active substances and significantly im-
proved the capacity of S-CNTs/SiC cathode. The high
cycling stability of S-CNTs/SiC would most likely be
related to growth of carbon nanotubes on SiC matrix,
greatly increasing loading of sulfur and adsorption of

polysulfides during charge-discharge processes. Fur-
thermore, the direct Si–S interaction obtained by SiC
showed effective adsorption behavior of polysulfides,
leading to high cycling stability (Li and Zhao 2018). To
prove Si–S interaction obtained by SiC more intuitively,
DFT calculation was implemented to investigate the

Fig. 9 a Cycle performance of S-SiC and S-CNTs/SiC compos-
ites at 0.1 C, b rate capability of S-SiC and S-CNTs/SiC composite
cathodes at various rates, c galvanostatic charge/discharge curves
of S-CNTs/SiC composite at various rates, d CV curves of S-

CNTs/SiC cathode at 0.1 mV s−1 in the potential window from
1.5 to 3.0 V, e cycle performance of S-CNTs/SiC composites at
1 C, f adsorption configurations of Li2S4 on SiC (006) surface
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chemical adsorption effect of SiC on LPS. Li2S4 was
employed as the representative LPS. As shown in Fig.
9f, adsorption configurations of Li2S4 on SiC (006)
surface were displayed with a binding energy of
3.91 eV, implying direct Si–S interaction and strong
confinement on LPS of SiC. At this point, the results
of BET can be thought together. Ultra-low specific
surface area (3.00 m2/g) and a small amount of
mesopores are displayed in Fig. 8a, b, which was almost
impossible to physically adsorb LPS. It is worth noting
that electrochemical performance of pure S-SiC elec-
trode is described in Fig. 9a, b, low but stable specific
capacities were demonstrated, meaning that LSB can
work with S-SiC electrode. The possibility of physical
adsorption was ruled out, the existence of Si–S bond by
DFT calculation was proved; therefore, chemical ad-
sorption (the presence of the Si–S bond) was used to
explain why LSB can work with S-SiC electrode, which
is considered reasonable and logical.

The rate performances of S-CNTs/SiC composites
are presented in Fig. 9b, c. The current density in-
creased stepwise from 0.1 to 2 C (1 C = 1675 mA g−1)
after every 10 successive cycles. Specific capacities of
1033, 572, 435, and 204 mAh g−1 were delivered at
0.1, 0.5, 1, and 2 C rates, respectively. As current
density decreased back to 0.1 C, the discharge capacity
was maintained at 703 mAh g−1, displaying relevant
stability. The excellent electrochemical stabilities of S-
CNTs/SiC electrodes were mainly due to effective
adsorption to lithium polysulfides by combined phys-
ical adsorption of CNTs with chemical adsorption of
SiC. Furthermore, the excellent effect in relieving vol-
ume changes of sulfur also played an important role in
enhanced performances of LSBs. Though the capacity
of S-SiC electrode was significantly lower than that of
S-CNTs/SiC (Fig. 9b), excellent cycle stability was
observed due to adsorption of SiC on lithium
polysulfides caused by direct interaction between Si–
S and Li–C (Li and Zhao 2018).

The galvanostatic discharge-charge curves (Fig. 9c)
and CV (Fig. 9d) were used to identify the electrochem-
ical reactions in S-CNTs/SiC electrode. The two reduc-
tion peaks at about 2.3 and 2.0 V were obtained. The
peak at 2.3 V was attributed to reduction of S8 to lithium
polysulfides (Li2Sn, 2 ≤ n ≤ 8) and that at 2.0 V was
assigned to transformation of lithium polysulfides to
lithium sulfide (Li2S/Li2S2). The peak at 2.4 V can be
caused by transformation of lithium sulfides (Li2S/
Li2S2) into lithium polysulfides and sulfur (Zhu et al.

2016). The difference between the first and second cycle
was due to possible structure rearrangement to more
energetically stable sites, resulting in capacity fading
over cycling.

Conclusions

In sum, we synthesized S-CNTs/SiC composites by
catalytic chemical vapor deposition then used as elec-
trodes in LSBs with high sulfur loading of 75.6 wt%.
The physical adsorption of carbon nanotubes and chem-
ical adsorption SiC to polysulfides greatly reduced loss
in active substances during cycling. DFT calculation
was carried out to illustrate direct Si-S interaction and
strong confinement on LPS of SiC. The S-CNTs/SiC
electrodes delivered high specific capacities and cycling
stabilities over cycles at 0.1 C and 1 C, respectively.
Pure SiC electrode showed good cycle stability,
confirming adsorption of SiC on lithium polysulfide.
These findings demonstrated S-CNTs/SiC composite
as promising candidate for LSBs.
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