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Abstract
A free-standing sulfur/nitrogen-doped carbon nanotube (S/N-CNT) composite prepared via a simple solution
method was first studied as a cathode material for lithium/sulfur batteries. By taking advantage of the self-weaving
behavior of N-CNT, binders and current collectors are rendered unnecessary in the cathode, thereby simplifying its
manufacturing and increasing the sulfur weight ratio in the electrode. Transmission electronic microscopy showed
the formation of a highly developed core-shell tubular structure consisting of S/N-CNT composite with uniform
sulfur coating on the surface of N-CNT. As a core in the composite, the N-CNT with N functionalization provides a
highly conductive and mechanically flexible framework, enhancing the electronic conductivity and consequently
the rate capability of the material.
Keywords: Lithium/sulfur battery, Sulfur/nitrogen-doped carbon nanotube composite cathode, Free-standing
electrode
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Background
Lithium/sulfur (Li/S) batteries possess great potential as
advanced rechargeable batteries for electric vehicles
(EVs) and hybrid electric vehicles (HEVs) due to their
large theoretical capacity at 1672 mAh g−1 and high theoretical energy density of 2600 Wh kg−1 [1, 2]. Furthermore, as a cathode material, sulfur has the advantages of
natural abundance, low cost, and environmental friendliness [3]. However, the commercialization of Li/S batteries faces several challenges related to insulating the
nature of sulfur, solubility of polysulfides as discharge
products in the electrolyte, and volume change of sulfur
cathode during lithiation/delithiation [4, 5].
To circumvent the problem, various efforts have been
made and various types of conductive carbon materials
and conductive polymers have been used to composite
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with sulfur in order to enhance the electric conductivity
of the sulfur composite and hinder the dissolution of the
polysulfides into the electrolyte [6–14]. Among them,
carbon nanotubes (CNTs), with their high electrical conductivity and a unique tubular structure, are widely used
as a flexible matrix to form composite cathodes for Li/S
batteries [11–13]. Notably, it was reported that nitrogendoped carbon nanotubes (N-CNTs) have a significantly
improved electronic conductivity due to the nitrogen
atoms providing additional free electrons for the conduction band [15, 16]. Furthermore, Sun et al. demonstrated
that compositing the nitrogen-doped mesoporous carbon
with sulfur leads to easy and enhanced sulfur reduction
activities [14].
In this work, for the first time, we introduced the
binder-free sulfur/nitrogen-doped carbon nanotube (S/
N-CNT) composite prepared by a simple solution mixing method as a cathode material for Li/S batteries. It
was demonstrated that utilization of N-CNT has led to
the high electrochemical performance, suggesting the
great potential of N-CNT as a cathode additive for highperformance lithium/sulfur batteries.
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galvanostatically on a multichannel battery tester (BTS5V5mA, Neware). The cyclic voltammetry tests were performed using VMP3 potentiostat/galvanostat (Bio-Logic
Science Instrument Co.). Applied currents and specific
capacities were calculated on the basis of the weight of S
in each cathode.

Results and Discussion
The structure of the S/N-CNT composite was studied by
using X-ray powder diffraction (XRD). Figure 2 presents
the XRD results for S, N-CNT, and the resulting composite. The XRD patterns of sulfur exhibit the characteristic features of Fddd orthorhombic structure. The NCNT displays a strong diffraction peak at 26° and a weak
one at 43°, corresponding to the (0 0 2) and (1 0 0)
planes [15, 16]. The characteristic bands of the S/NCNT composite are consistent with that of the elemental
sulfur but with reduced intensity, which indicate the
well-dispersed character of nanoscopic sulfur in the
composite structure, as evidenced further by electron
microscopy analysis as well. Furthermore, one can observe
in the characteristic bands of the S/N-CNT composite that
the base line of XRD peaks around 26° is slightly raised.
This was ascribed to the dispersed N-CNT and indicates
that a homogeneous mixture of S/N-CNT was obtained
by a simple solution mixing method [11].
The chemical analysis of the composite confirmed a
high sulfur content of 61 wt%, which was possible due
to the formation of self-standing film and avoiding the
needs of using a polymer binder.
XPS characterizations were performed to further
analyze the chemical composition and surface properties
of the S/N-CNT composite. The survey spectra in Fig. 3a
prove that four peaks at 164, 290, 401, and 530 eV are
attributed to S2p, C1s, N1s, and O1s, respectively. The
S2p peaks (Fig. 3b) can be divided into two components
including S2p3/2 peak (163.7 eV) and S2p1/2 peak

Intensity/ a. u.

Methods
The S/N-CNT composite preparation is schematically
presented in Fig. 1; 0.15 g nitrogen-doped carbon nanotubes (US Research Nanomaterials Inc) were first dispersed in 40 mL deionized water by sonication (Fisher
Scientific, FB120) at room temperature for 2 h. The
resulting N-CNT suspension and 3 g aqueous suspension of nano-sulfur (US Research Nanomaterials Inc,
10 wt%) were simply mixed and ultrasonicated for 2 h.
The S/N-CNT samples were vacuum-filtered and
washed three times with deionized water and ethanol.
The binder-free S/N-CNT composite was obtained by
further drying the sample in a vacuum oven at 60 °C
overnight to remove the solvent.
The surface morphology and microstructure of the
composite were examined by field emission scanning
electron microscopy (SEM, JSM-6490, JEOL) and highresolution transmission electron microscopy (HRTEM,
JEM-2800, JEOL) with energy dispersive spectroscopy
(EDX) mapping. The S content in the S/N-CNT composite was determined using chemical analysis (CHNS,
Vario Micro Cube, Elementar). The electrochemical performance of the S/N-CNT composite cathode materials
was investigated using coin-type cells (CR2032). The cell
was composed of lithium metal anode and S/N-CNT
cathode separated by a microporous polypropylene
separator soaked in 1 M lithium bis (trifluoromethanesulfonate) (Aldrich) in tetraethyleneglycol dimethyl
ether (Aldrich) electrolyte. The resulting cathode film was
used to prepare the cathodes by punching circular disks
with 1 cm in diameter. The coin cells were assembled in
an Ar (99.9995 %)-filled glove box (MBraun) and tested
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(401.9 eV), respectively. The nitrogen doping can enhance the surface absorption to soluble polysulfides
and improve the electronic conductivity of carbon
matrixes, thereby improving the electrochemical activity and the utilization rate of sulfur [18].
The structure of the N-CNT and S/N-CNT composite
is imaged by TEM as depicted in Fig. 4a, b. One can see
from Fig. 4a that the N-CNT possesses a typically
bamboo-like structure, demonstrating that nitrogen was
successfully introduced into the carbon network [19].
During the mixing process of the N-CNT and nanosulfur aqueous suspension, the surface of N-CNT was
mostly occupied by active sulfur for lithium ion storage.
Thus, the diameter of N-CNT increases from 35 to
72 nm. This is in good agreement with the TEM-EDS
mapping, which reveals that sulfur homogenously coats
N-CNT. As a core in the composite, the N-CNT can
provide a high electronic conductivity and robust framework [20]. Besides, the network-like structure of the S/
N-CNT composite favors the penetration of the electrolyte into the cathode [10]. To demonstrate the integrity
of the structure of the S/N-CNT composite, the comparative SEM of fresh and cycled S/N-CNT composite is
conducted. One can see from Fig. 4c, d that the S/NCNT composite does not change remarkably upon cycle
and remains its nanostructure. This analysis of micrographs obtained for the fresh and cycled cathode confirms
that both morphology and structure were retained after
the cycling, which leads to an excellent cyclic stability.
The initial three cyclic voltammetry (CV) curves of a Li/S
cell with the S/N-CNT composite cathode are shown in

Fig. 3 (a) XPS survey spectra of S/N-CNT; high-resolution XPS spectra
of (b) S 2p and (c) N 1s in the S/N-CNT

(164.9 eV), and another weak broad peak located between 167.5 and 170.5 eV can be attributed to the interaction between sulfur and CNT or surface oxidation of
sulfur [17]. The high-resolution N1s peaks (Fig. 3c) can
be deconvoluted into three components including pyridinicN (398.7 eV), pyrrolic-N (400.4 eV), and graphitic-N

Fig. 4 a, b TEM images of N-CNT and S/N-CNT composite. Inset EDS
mapping showing distribution of S in the S/N-CNT composite. c, d SEM
images of S/N-CNT composite before and after discharge/charge cycles
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Fig. 5a. The CV data evidence two redox processes in the
system which agrees well with the literature data [21] and
could be attributed to the transition of S to polysulfides
(Li2S8, Li2S6, Li2S4) and their further transformation to
lithium sulfide Li2S, respectively. In the initial cycles, the
activation process associated with the formation of SEI
film and the transport of the electrolyte into the porous
S/N-CNT composite result in an anodic peak at slightly
lower potential. After this activation, the heights of the
main peaks remain at a similar level, indicating good reversibility of the redox processes [22, 23].
The electrochemical performance of the S/N-CNT
composite as a cathode material in Li/S batteries was
further investigated by galvanostatic discharge/charge
tests, and the results are displayed in Fig. 5b. The first
plateau at about 2.4 V is related to the formation of
higher-order lithium polysulfides (Li2Sn, n ≥ 4), which
are soluble in the liquid electrolyte. The following electrochemical transition of these polysulfides into lithium
sulfide Li2S is associated to a prolonged plateau around
2.0 V, which are well-corresponded with the CV data.
Figure 5c presents the cycling performance of the S/NCNT composite at 0.2 C. The S/N-CNT composite exhibited a stable cycling behavior with small capacity loss even
after 100 cycles. A reversible capacity of 1098 mAh g−1
was obtained by the S/N-CNT composite in the second
cycle, and the cell retained about 73.5 % of its initial reversible discharge capacity after 100 cycles; the coulombic

efficiency was maintained above 93 %. Based on the above
phenomenon, we can conclude that the N-CNT could
diminish the polysulfide dissolution in a physical and
chemical way, thereby stabilize the capacity significantly.
Furthermore, the free-standing S/N-CNT composite film
possesses a robust and flexible structure, which could accommodate the solubilization/precipitation of sulfur during the cycles [24].
The rate capability results, as depicted in Fig. 5d, reveal excellent performance of the S/N-CNT composite
at various current densities from 0.5 to 2 C. At the initial
cycle at 0.5 C current, the composite achieves a discharge capacity of 1016 mAh g−1. There is a gradual
capacity reduction with the increase in the current rate,
although 298 mAh g−1 reversible capacity was sustained
even at 2 C rate. More importantly, the composite
regained the most of its reversible capacity (742 mAh g−1)
when the discharge rate was modulated back to 0.5 C,
which shows a high abuse tolerance of the S/N-CNT composite. This superb rate performance can be attributed to
the excellent high-rate discharge capability of the composite sulfur cathode due to the good electrical conductivity
of N-CNT and existence of good lithium ion transport
path in the composite structure.
The EIS (Electrochemical Impedance Spectroscopy)
measurements of the lithium half-cell with the S/N-CNT
composite cathode were carried out before and after the
galvanostatic discharge/charge. Figure 6 presents the
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Fig. 5 Electrochemical performance of a lithium cell with the S/N-CNT composite cathode. a Cyclic voltammograms at 0.1 mV s−1 scan rate.
b Discharge/charge profiles at 0.2 C. c Cycling performance of the S/N-CNT composite cathode at 0.2 C. d Rate capability of the S/N-CNT
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Table 1 Literature comparison between the electrochemical
performances of S/CNT and S/N-CNT composite cathodes for
Li/S batteries
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Fig. 6 AC impedance spectroscopy data of a lithium cell with the
S/N-CNT composite cathode

trends in the EIS spectra change for these systems upon
cycling. It can be seen that the impedance spectra contain
a high-to-medium frequency semicircle and a lowfrequency straight line. While the low-frequency straight
line is attributed to the “Warburg impedance” resembling
the solid-state diffusion of Li ions within the solid active
mass [21], the compressed semicircle is mainly attributed
to the charge-transfer (CT) impedance at the electrode/
electrolyte interface. The CT impedance of the S/N-CNT
composite cathode slightly increases and stabilizes after
the initial cycles, which could be due to the formation of an
interfacial layer, which protects the composite cathode from
further dissolution of sulfur but has slightly lower conductivity than the composite itself. The cyclability data presented above agrees with these suggestions: the cyclability
of the composite cathode stabilizes after a few initial cycles.
To understand the enhancement of the electrochemical performance from the nitrogen doping, further comparison between the S/CNT and S/N-CNT composite
are carried out as shown in Table 1. It is worth noting
that the as-prepared S/N-CNT composite in our work
exhibited superior electrochemical performance in comparison with those previously reported results [25–29].
The result indicates that N-CNT with N functionalization
could provide a highly conductive and mechanically flexible framework, which explains the reason why the S/NCNT composite shows enhanced performance. Therefore,
we could conclude that adopting nitrogen-doping carbonbased materials to composite with sulfur is proved to be a
promising way to develop high-performance cathode materials for Li/S batteries.

Conclusions
In this work, the free-standing S/N-CNT composite was
prepared by simply mixing nanosized sulfur particle suspension and nitrogen-doped carbon nanotube suspension
followed by vacuum filtration. In the composite, N-CNT
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serves as carbon skeleton for the S/N-CNT composite,
forming a stable interconnected network structure. The S/
N-CNT composite cathode exhibits good cyclability
and rate capability in rechargeable lithium/sulfur battery.
Moreover, the formation of the free-standing and flexible
film of the S/N-CNT composite allowed for increasing the
active cathode material content (S), and it makes this approach to be one of the possible ways to prepare flexible
and/or bendable next-generation Li/S batteries.
Competing Interests
The authors declare that they have no competing interests.
Authors’ Contributions
YGZ conceived and designed the experiments. YZ, AM, HX, and NU
performed the experiments. YGZ and ZB analyzed the data. YGZ contributed
the reagent/material/analysis tools. ZB, YGZ, FY, and CZ contributed in the
drafting and revision of the manuscript. YGZ and ZB supervised the work
and finalized the manuscript. All authors read and approved the final
manuscript.
Acknowledgements
This research was supported by the Technology Commercialization Project
of the World Bank and the Government of Kazakhstan (group 157) and
partially by the grant from the Ministry of Education and Science of
Kazakhstan “High energy density polymer lithium-sulfur battery for renewable
energy, electric transport and electronics” (the 2015–2017 call). The authors
are grateful for the financial support by the National Natural Science
Foundation of China (Grant No. 21406052) and financial support by Program
for the Outstanding Young Talents of Hebei Province (Grant No. BJ2014010).
H. Xie is grateful for the financial support by the Youth Foundation of Hebei
Educational Committee (Grant No. QN2014094).
Author details
1
Research Institute for Energy Equipment Materials, Hebei University of
Technology, Tianjin 300130, China. 2Tianjin Key Laboratory of Laminating
Fabrication and Interface Control Technology for Advanced Materials, Hebei
University of Technology, Tianjin 300130, China. 3Institute of Batteries LLC, 53
Kabanbay Batyr Avenue, Astana 010000, Kazakhstan. 4PI Nazarbayev
University Research and Innovation System, Nazarbayev University, 53
Kabanbay Batyr Avenue, Astana 010000, Kazakhstan.

Zhao et al. Nanoscale Research Letters (2015) 10:450

Received: 19 September 2015 Accepted: 11 November 2015

References
1. Byoungwoo K, Gerbrand C (2009) Battery materials for ultrafast charging
and discharging. Nature 458:190–193
2. Armand M, J-M T (2008) Building better batteries. Nature 451:652–657
3. Zhang Y (2011) Development in lithium/sulfur secondary batteries.
Open Mater Sci J 5:215–221
4. Manthiram A, Fu Y, Su YS (2013) Challenges and prospects of lithium-sulfur
batteries. Acc Chem Res 46:1125–1134
5. Ji X, Nazar LF (2010) Advances in Li-S batteries. J Mater Chem 20:9821–9826
6. Bao W, Zhang Z, Chen W, Zhou C, Lai Y, Li J (2014) Facile synthesis of
graphene oxide @ mesoporous carbon hybrid nanocomposites for lithium
sulfur battery. Electrochim Acta 127:342–348
7. Zhao Y, Zhang Y, Bakenov Z, Chen P (2013) Electrochemical performance of
lithium gel polymer battery with nanostructured sulfur/carbon composite
cathode. Solid State Ion 234:40–45
8. Zhang Y, Zhao Y, Bakenov Z (2014) A simple approach to synthesize
nanosized sulfur/graphene oxide materials for high-performance lithium/
sulfur batteries. Ionics 20:1047–1050
9. Su YS, Manthiram A (2014) Sulfur/lithium-insertion compound composite
cathodes for Li-S batteries. J Power Sources 270:101–105
10. Zhang Y, Bakenov Z, Yan Z, Konarov A, Doan TNL, Malik M et al (2012)
One-step synthesis of branched sulfur/polypyrrole nanocomposite cathode
for lithium rechargeable batteries. J Power Sources 208:1–8
11. Ahn W, Kim KB, Jung KN, Shin KH, Jin CS (2012) Synthesis and
electrochemical properties of a sulfur-multi walled carbon nanotubes
composite as a cathode material for lithium sulfur batteries. J Power
Sources 202:394–399
12. Su Y-S, Manthiram A (2012) A new approach to improve cycle performance
of rechargeable lithium-sulfur batteries by inserting a free-standing MWCNT
interlayer. Chem Commun 48:8817–8819
13. Su Y-S, Fu Y, Manthiram A (2012) Self-weaving sulfur-carbon composite cathodes
for high rate lithium-sulfur batteries. Phys Chem Chem Phys 14:14495–14499
14. Sun X-G, Wang X, Mayes RT, Dai S (2012) Lithium-sulfur batteries based
on nitrogen-doped carbon and an ionic-liquid electrolyte. ChemSusChem
5:2079–2085
15. Bulusheva LG, Okotrub AV, Kurenya AG, Zhang H, Zhang H, Chen X et al
(2011) Electrochemical properties of nitrogen-doped carbon nanotube
anode in Li-ion batteries. Carbon 49:4013–4023
16. Lin X, Lu X, Huang T, Liu Z, Yu A (2013) Binder-free nitrogen-doped carbon
nanotubes electrodes for lithium-oxygen batteries. J Power Sources 242:
855–859
17. Wang X, Zhang Z, Qu Y, Lai Y, Li J (2014) Nitrogen-doped graphene/sulfur
composite as cathode material for high capacity lithium-sulfur batteries.
J Power Sources 256:361–368
18. Xiao S, Liu S, Zhang J, Wang Y (2015) Polyurethane-derived N-doped porous
carbon with interconnected sheet-like structure as polysulfide reservoir for
lithium-sulfur batteries. J Power Sources 293:119–126
19. Yue J, Gu X, Jiang X, Chen L, Wang N, Yang J, Ma X. Coaxial manganese
dioxide@N-doped carbon nanotubes as superior anodes for lithium ion
batteries. Electrochim Acta. In Press.
20. Yang Z, Dai Y, Wang S, Cheng H, Yu J (2015) In situ incorporation of a S, N
doped carbon/sulfur composite for lithium sulfur batteries. RSC Adv 5:
78017–78025
21. Zhang Y, Bakenov Z, Zhao Y, Konarov A, Doan TNL, Sun KEK et al (2012)
Effect of nanosized Mg0.6Ni0.4O prepared by self-propagating high
temperature synthesis on sulfur cathode performance in Li/S batteries.
Powder Technol 235:248–255
22. Zhang Y, Zhao Y, Konarov A, Gosselink D, Li Z, Chen P (2013) One pot
approach to synthesize PPy@S core-shell nanocomposite cathode for Li/S
batteries. J Nanopart Res 15:2007
23. Zhang Y, Zhao Y, Gosselink D, Chen P (2015) Synthesis of poly (ethyleneoxide)/nanoclay solid polymer electrolyte for all solid-state lithium/sulfur
battery. Ionics 21:381–385
24. Liatard S, Benhamouda K, Fournier A, Ramos R, Barchasz C, Dijon J (2015)
Vertically-aligned carbon nanotubes on aluminum as a light-weight positive
electrode for lithium-polysulfide batteries. Chem Comm 51:7749–7752

Page 6 of 6

25. Xiao ZB, Yang Z, Nie HG, Lu YQ, Yang KQ (2014) Porous carbon nanotubes
etched by water steam for high-rate large-capacity lithium-sulfur batteries.
J Mater Chem A 2:8683–8689
26. Deng ZF, Zhang ZA, Lu H, Lai YQ, Liu J, Li J, Liu YX (2014) Vapor-grown carbon
fibers enhanced sulfur-multi walled carbon nanotubes composite cathode for
lithium/sulfur batteries. Trans Noferrous Met Soc China 1:158–163
27. Cheng XB, Huang JQ, Zhang Q, Peng HJ, Zhao MQ, Wei F (2014) Aligned
carbon nanotube/sulfur composite cathodes with high sulfur content for
lithium-sulfur batteries. Nano Energy 4:65–72
28. Ma XZ, Jin B, Xin PM, Wang HH (2014) Multiwalled carbon nanotubes-sulfur
composites with enhanced electrochemical performance for lithium/sulfur
batteries. Appl Surf Sci 307:346–350
29. Kim JH, Fu K, Choi J, Sun S, Kim J, Hu L, Paik U (2015) Hydroxylated carbon
nanotube enhanced sulfur cathodes for improved electrochemical
performance of lithium-sulfur batteries. Chem Commun 51:13682–13685

Submit your manuscript to a
journal and beneﬁt from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁeld
7 Retaining the copyright to your article

Submit your next manuscript at 7 springeropen.com

