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Abstract
Lithium–sulfur (Li–S) batteries have attracted considerable attention because of their high
theoretical energy density. However, poor conductivity and a large volume change in S during
cycling, together with a shuttle effect of polysulfides, severely restrict the battery performance,
and remain a great challenge. Herein, inspired by a natural dandelion structure, we present a
novel biomimetic S-coated carbon nanotube composite consisting of dandelion-like three-
dimensional carbon nanotubes coated with S particles on the surface. Carbon nanotubes provide
high-speed electron transfer pathways for S during cycling, while the special dandelion-like
morphology provides a suitable environment for accommodating the volume change in S upon
charge–discharge. The dandelion-like S-coated carbon nanotube-based Li–S batteries exhibit a
stable capacity exceeding 760 mAh g−1 after 500 cycles at 0.1 C, along with a Coulombic
efficiency as high as 99.9%. Even under repeated rounds of rate-performance measurements, and
cycling at different charge versus discharge rates, the batteries retain high capacities and good
recovery capabilities. In addition, the proportion of capacitive contribution in the overall capacity
is high, indicating a good reversible capacity provided by the composite.

Supplementary material for this article is available online

Keywords: Li-S battery, biomimetic, nanocomposite, capacity

(Some figures may appear in colour only in the online journal)

1. Introduction

High energy density secondary batteries are in high demand
for many applications, such as long driving range electric
vehicles. Lithium–sulfur (Li–S) batteries have attracted
extensive interest owing to their high theoretical energy
density of 2600Wh kg−1 [1–3]. However, since S is a
molecular crystal, it possesses a poor electric conductivity of
5×10−30 S cm−1 [4, 5]. Moreover, S exhibits a large volume
expansion (∼80%) during discharge [6], leading to electrode
cracks and damage. Improving the conductivity and

alleviating the volume change in S are important. Among
many potential strategies, fabricating core–shell structures by
coating a conductive layer on S, or loading S onto conductive
substrates have been widely investigated to increase the
conductivity [7]. For example, Chai et al prepared a gra-
phene-embedded carbon fiber film which served as a con-
ductive interlayer to improve the capacity retention and rate
capability [8]. Geng’s group used Na2S/glucose as a template
for constructing porous and conductive frames, which
achieved a high content of S and good performance [9]. Su
et al reported that nitrogen-doping generated defects and

Nanotechnology

Nanotechnology 30 (2019) 155401 (11pp) https://doi.org/10.1088/1361-6528/aafe46

0957-4484/19/155401+11$33.00 © 2019 IOP Publishing Ltd Printed in the UK1

https://orcid.org/0000-0001-6619-3886
https://orcid.org/0000-0001-6619-3886
mailto:jyliu@iim.ac.cn
mailto:jyliu@iim.ac.cn
mailto:jyliu@iim.ac.cn
https://doi.org/10.1088/1361-6528/aafe46
https://doi.org/10.1088/1361-6528/aafe46
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aafe46&domain=pdf&date_stamp=2019-02-08
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aafe46&domain=pdf&date_stamp=2019-02-08


active sites, leading to an improved electric property [10].
Zheng’s group synthesized porous titanium nitride (TiN)
tubes as an S host to improve the conductivity [11]. A Se/C-
rich core–shell composite prepared by Zhang et al exhibited a
discharge capacity of 558 mAh g−1 in the first cycle and
remained at 181 mAh g−1 after 80 cycles at a rate of 0.5 C
[12]. These achievements have demonstrated the advances in
core–shell and frame-supported structures for constructing
conductive and stable S cathodes. However, with regards to
other issues, such as the volume change in S and the shuttle
effect of polysulfides, emerging and optimal electrode struc-
tures are still highly desired.

To accommodate the volume change in S during cycling,
the construction of three-dimensional (3D) porous nanos-
tructures is considered promising [13, 14]. For example,
Wang et al reported a self-supported 3D N-doped graphene
foam, which was directly used as a binder-free electrode [15].
Li et al synthesized a 3D porous graphene aerogel through a
modified two-step hydrothermal reduction route, which pos-
sessed good electric conductivity [16]. A nickel phosphide
nanoporous composite derived from metal-organic frame-
works (MOFs) was prepared as the S host by Sun’s group,
which exhibited accelerated electron transportation [17].
Moreover, Liang et al reported a nitrogen-doped carbon
nanofiber with a 3D interconnected pore structure, which was
beneficial for enhancing the adsorption of polysulfides and
buffering the volume expansion of S [18]. These efforts have
shown their potential to achieve an appropriate environment
for accommodating the volume change in S. Nevertheless, it
remains a great challenge to simultaneously address the
conductivity and volume change issues.

Recently, biomimetic structures have been introduced to
the research communities of nanomaterial and nanotechnol-
ogy, including batteries, sensors, etc [19–22]. Dai et al fab-
ricated a conductive honeycomb-like cathode consisting of
metallic and polar Co9S8 tubes [23]. The biomimetic structure
is able to bind the polysulfides, achieving a prolonged cycle
life. Wang et al reported a pomegranate-like microcluster,
which delivered a capacity of 650 mAh g−1 after 400 cycles at
1 C [24]. A cabbage-like nitrogen-doped graphene/S com-
posite with good capacity was made by Cui et al [25]. In
addition, it was confirmed that root-like porous carbon
nanofibers could accommodate the volume expansion [26].
Since then, it is possible to address the conductivity and
volume change issues by fabricating biomimetically-struc-
tured electrode materials.

As is known, the natural dandelion is a 3D radial sphere
consisting of numerous rod-like seeds assembling on the core.
Such a special 3D porous morphology enables each seed to
contact with the surrounding moisture and sunlight effi-
ciently. Inspired by this, herein, we present a unique biomi-
metic S-coated carbon nanotube composite consisting of
dandelion-like 3D radial carbon nanotubes loaded with S
particles. Within this composite, the carbon nanotubes pro-
vide high-speed electron transfer pathways for S during
cycling. The special 3D porous dandelion-like morphology
enables a suitable environment for accommodating the
volume change in S upon charge–discharge. As illustrated in

figure 1(a), 3D ZnO nanorods as a template were synthesized
through a hydrothermal route. Then, a carbon layer was
coated on the surface of ZnO through in situ polymerization
and subsequent thermal treatment. After removing the ZnO
nanorods by acid etching, hollow 3D radial carbon nanotubes
were formed. Finally, the S particles were loaded onto the
carbon tubes on the basis of a sublimation-adsorption-con-
densing mechanism, forming a 3D S-coated carbon nanotube
composite with a biomimetic dandelion-like structure. The
composite exhibits a good capacity and cycling stability. The
capacities exceed 760 and 615 mAh g−1 after 500 cycles at
0.1 C and 800 cycles at 0.5 C, respectively.

2. Experimental

2.1. Preparation of 3D ZnO nanorods

The 3D ZnO nanorods used as a template for constructing the
carbon nanotubes were prepared through a hydrothermal
route. Typically, 2.24 g of KOH (Sinopharm Chemical
Reagent Co. Ltd) was dissolved in 10 ml of deionized water,
forming a solution denoted as solution A. Then, 1.48 g of
Zn(NO3)2·6H2O (Sinopharm Chemical Reagent Co. Ltd)
was dissolved in 10 ml of deionized water as solution B.
Solution B was dropped into A under constant stirring. The
solution was heated at 50 °C for 6 h. The resulting precipitate
was collected and washed with deionized water and ethanol.
Finally, the samples were dried at 60 °C in an oven.

2.2. Preparation of carbon-coated ZnO nanorods

First, a carbon layer was coated on the ZnO nanorods; 0.2 g of
the ZnO was dispersed in 50 ml of deionized water by
ultrasonication for 15 min. Then, 1.211 g of tris (hydro-
xymethyl) aminomethane (Aladdin Reagent Shanghai Co.
Ltd) was added to the solution under stirring. Then, 200 μl of
concentrated hydrochloric acid was added. Next, 75 mg of
dopamine hydrochloride (Aladdin Reagent Shanghai Co. Ltd)
was added under stirring. The solution was stirred for 24 h.
The product was collected, washed with deionized water and
ethanol alternately, and dried in an oven at 60 °C for 6 h. The
sample was calcined at 550 °C for 5 h in a nitrogen gas flow at
a ramping rate of 2 °Cmin−1. Finally, hollow carbon tubes
were prepared by removing the ZnO core by immersing in
20 ml of 0.5 M HCl solution for 20 min. The samples were
washed with deionized water and ethanol, and dried at 60 °C.

2.3. Preparation of dandelion-like S-coated carbon nanotubes

Typically, 0.1 g of the as-obtained 3D carbon nanotubes and
0.2 g of S powders (Aladdin Reagent Shanghai Co. Ltd) were
mixed and transferred into a polytetrafluoroethylene bottle,
which was then filled with Ar gas, operated in an Ar-filled glove
box. The bottle was sealed tightly, then put into an oven at
140 °C for 14 h. After the bottle completely cooled down
naturally, the S-coated carbon nanotubes were collected.
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2.4. Characterization

The samples were characterized using x-ray diffraction
(XRD, Shimadzu XRD-6000) with Cu Kα radiation at a
wavelength of 1.5418 Å, field emission scanning electron
microscopy (FESEM, Hitachi S-4800, operated at 5 kV),
transmission electron microscopy (TEM, JEOL-2010 TEM
with an acceleration voltage of 200 KV), x-ray photoelec-
tron spectroscopy (XPS, ESCALAB 250) and Raman
spectroscopy (Renishaw inVia) with a laser of 532 nm.
Energy dispersive spectroscopy (EDS) and elemental map-
pings were carried out on the same FESEM operated at
15 kV. Thermogravimetric analysis (TGA) was performed
on a Setaram Labsys Evo SDT Q600 at a heating rate of
10 °Cmin−1 from room temperature to 800 °C in an air flow.
The Brunauer–Emmett–Teller (BET) surface area and pore-
size distribution of the 3D carbon nanotubes were measured

on a Coulter Omnisorp 100CX instrument using N2

adsorption–desorption.

2.5. Electrochemical measurements

The electrochemical properties of the prepared dandelion-like
3D S-coated carbon nanotube composite were evaluated as
cathodes in Li–S batteries using a coin cell system. The
cathodes were fabricated using the composite (70 wt%), car-
bon black (20 wt%) and polyvinylidene fluoride binder
(10 wt%) in N-methylpyrrolidone. The mixture was mixed
into a homogeneous slurry and uniformly coated onto a
14 mm-diameter and 0.015 mm thick aluminum foil (Aladdin
Reagent Shanghai Co. Ltd), and dried in a vacuum at 60 °C
for 12 h. The loading of the S in the electrode was about
3.2 mg cm−2. The batteries were fabricated in an Ar-filled
glove box (O2 level<0.01 ppm, H2O level<0.01 ppm,

Figure 1. (a) A schematic illustration of the formation process of dandelion-like S-coated carbon nanotubes. SEM images of (b), (c) 3D ZnO
nanorods, (d) carbon-coated ZnO, (e) carbon nanotubes after ZnO removal, and the (f), (g) S-coated carbon nanotubes.
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Mikrouna, Super 1220/750/900). The Li foil (Aladdin
Reagent Shanghai Co. Ltd) was used as the counter/reference
electrode. The electrolyte was 1M bis (trifluoromethane)
sulfonamide lithium salt (LiTFSI, Sigma Aldrich) in a mixed
solvent of 1,3-dioxolane and 1,2-dimethoxyethane at a
volume ratio of 1:1. The galvanostatic discharge-charge tests
were performed at a potential window of 1.7 to 2.8 V on a
Neware battery-testing system (Neware CT-3008). Cyclic
voltammetry (CV) profiles were recorded on an electro-
chemical workstation (Huachen CHI-660E). Electrochemical
impedance spectroscopy (EIS) was recorded over the range of
0.01–100 kHz on the same electrochemical workstation.

3. Results and discussion

The morphology and structure of the samples during fabri-
cation are shown in figures 1(b)–(g). In figure 1(b), the ZnO
nanorods assemble as a spherical sphere at a size of 5–8 μm.
As seen from the zoomed-in SEM image (figure 1(c)), there
are numerous ZnO nanorods growing on the core, showing a
3D radial morphology. Figure 1(d) displays the SEM image
of the carbon-coated ZnO nanorods. Compared to the pristine
ZnO nanorods, the ZnO coated with carbon retains a dande-
lion-like structure while the surface becomes obviously
rough, indicating the coating of carbon. After the acid treat-
ment was employed to remove the ZnO core, hollow carbon
tubes were obtained, as shown in figure 1(e). It is noted that
through BET surface area and pore-size distribution mea-
surements, meso-pores at a dominating size of about 5 nm
were confirmed, as shown in figure S1 in the online supple-
mentary information, available at stacks.iop.org/NANO/30/
155401/mmedia. The pores enable the penetration of acid
through the carbon wall, and thus etching of the ZnO core.
Such a 3D tubular structure would not only facilitate the
volume change in electrochemically-active materials in
charge–discharge, but is also beneficial for the electrolyte
diffusion throughout the entire electrode. Figures 1(f) and (g)
show the SEM image of the 3D S-coated carbon nanotube
composite after loading S onto carbon. The dandelion-like
structure remains well, indicating a robust mechanical
strength. Each nanotube assembles at one end while showing
radially along the tip, and a number of voids remain among
the tubes, which provide efficient spaces for accommodating
the volume change in S during cycling.

The XRD pattern of the as-prepared composite is dis-
played in figure 2. All the diffraction peaks are in good
agreement with the S in a Joint Committee on Powder Dif-
fraction Standards (JCPDS) card no. 08-0247. The strong
intensity of the diffraction peaks indicates a high loading of S
within the composite, which will be confirmed using TGA
below. In addition, no signal from impurity was detected,
confirming a high purity. Figures 3(a) and (b) display the
TEM images of the 3D carbon nanotubes. After etching with
an acid solution, the ZnO nanorods were removed com-
pletely, forming a hollow structure. The diameter of the
nanotubes is about 300 to 400 nm, while the wall of the
nanotubes is about 90 nm in thickness. The TEM images of

the 3D S-coated carbon nanotubes are shown in figures 3(c)
and (d). The dandelion-like morphology is confirmed. Similar
to the SEM images shown above (figures 1(f) and (g)), the
wall of the nanotubes is obviously rough, exhibiting dense
particles on the tubes. Another point of interest is that the tip
of each tube is rougher than the other end on the core, indi-
cating that more S particles are at the tips. This is ascribed to
the minimum surface energy theory that the sharp angle
possesses a higher surface energy than the planar region,
which makes more S be adsorbed and condensed at the tips
[27–29].

Figure 4(a) shows the SEM image of the S-coated carbon
nanotubes. Figures 4(b) and (c) display the mapping images.
The uniform distribution of the C and S elements throughout
the composite is observed. Figure 4(d) shows the EDS
spectrum, which confirms the elements of the composite. To
demonstrate the composition of the composite, XPS spectra
were measured, as shown in figure 5. In the survey spectrum
(figure 5(a)), the presence of elements C and S without
impurities is confirmed. Figure 5(b) displays the XPS spec-
trum of S 2p in which the peaks at 163.8 and 165.0 eV are
assigned to S 2p3/2 and S 2p1/2, respectively [30]. The peak at
about 169.2 eV is ascribed to the sulfate species formed by
the oxidation of sulfur in air [31, 32]. In figure 5(c), the
spectrum of C 1s was divided into three parts with peaks at
284.7, 285.6, and 288.4 eV, which are assigned to C–C/
C=C, C–O/C–S, and O–C=O, respectively [33, 34].

Figure 6(a) displays the Raman spectra of the 3D carbon
nanotubes and the S-coated carbon nanotube composite.
There are two broad peaks at 1594.9 and 1357.9 cm−1, which
correspond to a graphite carbon layer-like graphite band (G
band) and a carbon disordered disorder band (D band),
respectively [35]. The intensity ratio (ID/IG) of the D and G
bands of the carbon nanotubes is about 0.91, which is close to
the ratio of the composite (0.88), indicating that the loading of
S does not impact the carbon structure. This is beneficial for

Figure 2. An XRD pattern of the dandelion-like S-coated carbon
nanotubes. The lines at the bottom indicate the peak information of S
in a JCPDS card (no. 08-0247).

4

Nanotechnology 30 (2019) 155401 J Liu et al

http://stacks.iop.org/NANO/30/155401/mmedia
http://stacks.iop.org/NANO/30/155401/mmedia


retaining good conductivity of the carbon nanotubes. In
addition, to determine the content of S in the composite, TGA
was conducted, as shown in figure 6(b). As seen, the curves of
the commercial S powders and the S-coated carbon nanotubes
show an obvious weight loss from 120 °C to 300 °C, which is
ascribed to the sublimation of S. The TGA profile of the
composite exhibits an additional weight loss from 400 °C,
which is assigned to the oxidation of carbon. Calculated from
the TGA curves, the content of S in the dandelion-like
composite is about 73.2%, which indicates that the loading of
S is competitive, compared to some reported S-based com-
posites [36–38].

Figure 7 displays the electrochemical performance of the
dandelion-like S-coated carbon nanotube composite. The
galvanostatic charge–discharge curves cycling at 0.1 C (1 C
equivalent to 1 h full charge or discharge to a sulfur theor-
etical capacity of 1675 mAh g−1) is shown in figure 7(a). Two
obvious plateaus at approximately 2.1 and 2.3 V during dis-
charge, and one plateau at 2.35 V during charge are observed.
The electrochemical reactions can be presented as follows
[9, 39]:

 + + + - ( ) ( )e nS Li Li S 4 8 , 1n8 2

+ +  ++ - ( )eLi S Li Li S Li S , 2n2 2 2 2

 +  + + +- + - ( )
( )

e mLi S Li S S S Li 6 7 .
3

m2 2 2 8
2

The plateau at 2.3 V corresponds to the conversion pro-
cess of the S8 ring opening and the long-chain polysulfide ion
Li2Sn (4�n�8). The one at 2.1 V is assigned to the pro-
cess of reducing Li2Sn to Li2S2/Li2S [40–43]. In contrast, an
oxidation plateau appearing at about 2.35 V corresponds to
the conversion of Li2S to Li2S8 during charge. As seen from
figures 7(a) and (b), after cycling at 0.1 C for 500 times, the
composite retains a stable capacity of 760 mAh g−1, along
with a Coulombic efficiency of ≈99.9%, showing a good
reversibility. As the control experiment, the battery based on
the commercial S powder cathode exhibits an obviously lower
capacity of about 300 mAh g−1 after 250 cycles at 0.1 C along
with an unstable Coulombic efficiency, as shown in figure S2.
The CV curves obtained at a scanning rate of 0.1 mV s−1 is
shown in figure 7(c). There are two reduction peaks located
near 2.1 and 2.3 V, respectively, which are consistent with the
discharge plateaus in figure 7(a). To further investigate the
stability of the composite, the batteries were cycled at a
relatively large rate of 0.5 C, as shown in figures 7(d) and S3.
After cycling at 0.5 C for 800 times, the capacity remians
above 615 mAh g−1, along with a capacity decay rate less
than 0.9% per cycle. In contrast, the battery consisting of
commercial S powder-based cathodes shows a low capacity
less than 200 mAh g−1 after 700 cycles. The capacity of the
composite decays obviously during the initial period, which is
ascribed to the loss of active S on the top layer. Upon

Figure 3. TEM images of the (a), (b) carbon nanotubes, and the (c), (d) 3D S-coated carbon nanotube composite.
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lithiation, the volume of S expands, leading to a poor
adherence with the carbon tubes. In contrast, the S near the
carbon surface would play a dominating role in contributing
the capacity during the subsequent cycles. The meso-porous
carbon nanotubes are able to adsorb the S and polysulfides,
and thus improve the stability of the capacity during the
subsequent cycles. The capacity of the S powders is low,
which is ascribed to the large size and the poor conductivity.
The SEM images of the S powders (figure S4), display a size
of about 5 μm. The large size makes it unable to efficiently
accommodate the volume change in S during cycling; while

the poor conductivity, which will be confirmed below through
EIS spectra, indicates that the internal part of S can hardly be
utilized for reacting with Li ions, leading to a low capacity
compared to the theoretical value.

The rate performance of the S-coated carbon nanotubes is
shown in figures 8(a) and (b). The battery exhibits stable capa-
cities at 0.05 C, 0.1 C, 0.2 C, 0.5 C and 1 C, which are 1090, 890,
820, 730 and 680mAh g−1, respectively. Once the cycling
rate was turned back to 0.05 C, the capacity recovered to
880mAh g−1. As seen in figure 8(b), even after a second round
of rate-performance measurement, the capacities remain stable. In

Figure 4. (a) The SEM image, and the elemental mappings of (b) C, (c) S and (d) the EDX spectrum.

Figure 5. (a) The survey XPS spectrum, (b) S 2p, and (c) C 1s spectra of the S-coated carbon nanotubes.
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addition, as shown in figures 8(c) and (d), when charging at 0.2 C
and discharging at 0.4 C, or the reverse, the capacities exhibit a
good stability and a high Coulombic efficiency, particularly after
the initial ten cycles. The good rate performance is ascribed to the
rapid electron transfer provided by the conductive carbon nano-
tubes, and the special 3D biomimetic dandelion-like structure,

which is appropriate for electrolyte infiltration and Li+ ion dif-
fusion. The EIS spectra of the S-coated carbon tube composite
and the commercial S powders are displayed in figure S5. Both
of the spectra consist of a semicircle at the mid-high frequency
and a diagonal line at the low frequency. The semicircle at the
intermediate frequency is approximately equal to the charge

Figure 6. (a) Raman spectra of the S-coated carbon nanotube composite and the 3D carbon nanotubes; and (b) TGA curves of the composite
and commercial S powders.

Figure 7. (a) The charge–discharge curves and (b) capacity and Coulombic efficiency of the 3D S-coated carbon nanotubes cycling at the
potential window of 1.7–2.8 V at 0.1 C. (c) CV curves at a scanning rate of 0.1 mV s−1. (d) Capacity and Coulombic efficiency of the
S-coated carbon nanotube composite and S powders cycling at 0.5 C.
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transfer resistance (Rct). The semicircle size of the S-coated car-
bon tube composite is much less than that of the S powders, indi-
cating a lower charge transfer resistance. Through calculations,
the resistances for the composite and the S powders are about 31

and 112Ω, respectively. In addition, a comparison of the cycling
performance with other S-based composites is listed in table 1,
which indicates that the presented dandelion-like S-coated carbon
nanotubes demonstrate a competitive performance.

Figure 8. (a) Charge–discharge profiles and (b) rate performance of the dandelion-like S-coated carbon nanotubes. Cycling performance at
(c) a charge rate of 0.2 C and a discharge rate of 0.4 C, and (d) at a charge rate of 0.4 C and a discharge rate of 0.2 C.

Table 1. A comparison of the cycling performance of some S composites.

Materials Preparation method Cycling rate
Cycle
number

Capacity
(mAh g−1) Reference

Carbon nanofiber/S S infusion 0.5 C 150 630 [3]
3D porous Se/S/C Melting-diffusion method 0.5 A g−1 200 486 [4]
Core–shell S@MnO2 Hydrothermal route 0.5 C 800 480 [14]
rGO/S/polyaniline Hydrothermal route 0.1 C 100 600 [42]
N-doped porous carbon@S Hydrothermal route 0.1 C 500 636 [44]
Porous graphitic carbon nitride/S Hydrothermal route 0.2 C 500 620 [6]
Metal-organic framework@rGO/S Two-step liquid phase method 335 mA g−1 50 650 [39]
CNT/S@polypyrrole Electrodeposition 0.2 C 100 617 [32]
MoS2/rGO/S Melt-diffusion method 0.5 C 200 680 [45]
Acetylene black/S@polypyrrole In situ S deposition method 0.5 C 200 454 [46]
Sulfur/polypyrrole tubular composite One-pot synthesis 0.2 C 200 692 [47]
Nitrogen-enriched porous carbons@S Melt-diffusion method 0.2 C 100 758 [48]
C/S@polypyrrole In situ chemical oxidative

polymerization
1 C 60 400 [49]

Dandelion-like S-coated carbon nano-
tube composite

Templated preparation 0.1 C 500 760 This work

0.5 C 800 615
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The CV curves at a series of scanning rates from 0.1 to
1.0 mV s−1 were also investigated, as displayed in figure 9(a).
As known, the current (i) obeys a power law with respect to
the scanning rate (v) by following the equation: i(v)=avb. It
represents a diffusion-controlled process when b is 0.5; while
it is ideally capacitive when b is 1 [50, 51]. Both a and b can
be determined by the slope and intercept from figure 9(b). In
the range of 0.1 to 1.0 mV s−1, the b values for cathodic and
anodic peaks are 0.44 and 0.57, respectively, indicating a
kinetic diffusion-controlled behavior. The capacity contribu-
tions from capacitive and diffusion-controlled charge could
be quantified on the basis of the relationship: i(v)=
k1v+k2v

1/2, where k1v and k2v
1/2 correspond to the current

contributions from the surface capacitive effects and the dif-
fusion-controlled intercalation process, respectively [52].
As a demonstrating example, the shaded region in figure 9(c)
shows the capacitive contribution at 0.5 mV s−1. Figure 9(d)
displays the capacity contribution at different scanning
rates, which indicates that the percentage of capacitive
contribution increases depending on the elevation of the
scanning rates.

4. Conclusions

In summary, we present a novel biomimetic dandelion-like
composite consisting of 3D carbon nanotubes coated with S
particles, which exhibit good electrochemical performance as the
cathode in a Li–S battery. The dandelion-like 3D S-coated
carbon nanotube cathode retains a stable capacity of
760mAh g−1 after cycling at 0.1 C for 500 times, and a capacity
of 615mAh g−1 after 800 cycles at 0.5 C along with a Cou-
lombic efficiency above 99.8%. During repeated rounds of the
rate-performance measurements, or cycling at different charge
versus discharge rates, the batteries exhibit good cycling capa-
cities and reversible capability. Compared to some reported S
cathodes, the biomimetic structured composite is competitive.
The improved performance is ascribed to the fact that the carbon
nanotubes provide high-speed electron transfer pathways for S;
and the dandelion-like structure enables efficient accommoda-
tion of the volume change in S during charge–discharge. It is
expected that the biomimetically-structured electrode design is
applicable for many secondary batteries. In addition, the general
preparation approach will also be of interest to many research
fields, such as energy storage, sensors, catalysts, etc.

Figure 9. (a) CV curves of the S-coated carbon nanotube composite at a series of scanning rates, (b) the profile of log(i) versus log(v), (c) the
capacitive contribution in a CV profile of 0.5 mV s−1, (d) the contribution ratio of capacitive and diffusion-controlled charge at different
rates.
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