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r co-doped porous graphene
matrix as a sulfur immobilizer for high performance
lithium–sulfur batteries†

Jing Xu,‡a Dawei Su,‡a Wenxue Zhang,ab Weizhai Baoa and Guoxiu Wang*ac

Owing to their overwhelming advantage of theoretical energy density, lithium–sulfur (Li–S) batteries are

considered as one of the most promising candidates for next-generation electrochemical energy storage

systems. The primary challenges in the development of Li–S batteries include the suppression of the

polysulfide shuttle effect and maintenance of high sulfur loading. Herein, we report a strategy of strong

chemisorption for polysulfides utilizing a chemically activated graphene matrix co-doped with nitrogen

and sulfur. The dopant N and S atoms act as electron attracting atoms, leading to the nearby C atoms

and causing oxygen functional groups to be polarized and more active for anchoring sulfur and

polysulfides. Meanwhile, highly developed defects and edges, as well as the porous structure derived

from graphene chemical activation, not only achieve a high sulfur loading in a well dispersed amorphous

state, but also serve as polysulfide reservoirs to alleviate the shuttle effect. When applied as cathode

hosts for lithium–sulfur batteries, the nitrogen–sulfur co-doped porous graphene architecture exhibited

a high specific capacity of 1178 mA h g�1 at 0.2C, 1103 mA h g�1 at 0.5C, and 984 mA h g�1 at 1C rate,

and excellent cycling stability for 600 cycles with a retained capacity of 780 mA h g�1 (0.2C).
Introduction

The rapid depletion of fossil fuels and increasing environmental
pollution issues are the major stimulating forces for the devel-
opment of clean energy technologies. Renewable energy sources,
such as solar, wind, and tide, are attractive in this regard.
However, efficient utilization of these intermittent resources
requires efficient and economical energy storage (EES) systems.
Advanced rechargeable batteries are the most suitable option for
EES. However, conned by their limited theoretical energy
density, as well as high cost, state-of-the-art lithium-ion batteries
(LIBs) are not capable of fullling the specic energy require-
ments for future electric vehicles (EVs) and large-scale smart grid
applications. Therefore, it is of great importance to develop
advanced rechargeable batteries to satisfy future needs. Invented
in the 1960s, rechargeable lithium–sulfur batteries have now
attracted extensive interest, mainly due to their high theoretical
energy density (z2567Wh kg�1), which is estimated to be 5 times
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higher than that of state-of-the-art lithium-ion batteries. Due to
the natural abundance, low cost and environmental friendliness,
Li–S batteries are one of the most promising rechargeable battery
technologies for a wide range of applications.1–5

Despite considerable advantages of lithium–sulfur batteries,
their commercialization still suffers from some tough obstacles,
such as the insulating nature of sulfur, large volume expansion/
contraction (�80%) during cycling, dissolution of polysuldes
(Li2Sx, 4 # x # 8) in organic electrolytes, and the shuttle effect of
polysuldes, which inevitably result in the low electrochemical
utilization of sulfur and rapid capacity degradation.2,6–10 Many
approaches have been devoted to addressing these issues. These
include: (1) encapsulating sulfur particles into various carbon
matrix materials and/or conducting polymers, such as meso-
porous carbon, carbon nanober interlayers, and reduced gra-
phene oxide, polyaniline (PAni), polypyrrole (PPy), and their
derivatives.3,4,8,11,12 (2) Strengthening sulfur's chemical bonds via
chemical interactions or surface-mediated redox reactions with
metal oxides (e.g. SiO2, TiO2, metal–organic frameworks) and
metal carbides (MXene phases).13,16,18 (3) Adding novel electrolyte
additives such as P2S5 or Cs+ to suppress the polysulde
shuttle.17,19 (4) Modifying the surface chemistry of the hosts to
prevent the shuttle effect of the soluble polysuldes between the
cathode and the anode, enabling better cycling performance.20,22

The chemical properties of sp2 carbon materials can be further
modied by introducing heteroatom doping, such as phosphorus,
sulfur, boron and nitrogen, which demonstrated signicant
potential for lithium polysulde connement.9 Song et al.
J. Mater. Chem. A, 2016, 4, 17381–17393 | 17381
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reported that nitrogen doping in mesoporous carbon effectively
promoted the chemical adsorption of sulfur atoms on oxygen-
containing functional groups because surface modication with
nitrogen atoms greatly enhances the electrochemical reactivity
and electronic conductivity of carbon matrices.14,51 Additionally,
sulfur-doped porous carbon also attracted wide attention for
battery applications due to the fact that sulfur-doping can change
the charge state of the neighbouring carbon atoms. Therefore,
sulfur-doped carbon materials exhibit enhanced adsorption
ability. Most importantly, when sulfur and nitrogen are simulta-
neously doped into the carbon matrix, synergistic effects can
occur due to the highly active multiple doping elements.15,21,24,26

The co-doping not only strengthens the chemical bonding
between the carbon host and sulfur chains in the heat treatment
during the sulfur loading process, ensuring the uniform distri-
bution of sulfur, but also generatesmore active sites and increases
their activity, which greatly improve the adsorption of soluble
lithium polysulde intermediates, thus increasing the cycle ability
and coulombic efficiency.29 Therefore, the co-doping strategy can
achieve superior electrochemical activity beyond that of mono-
element doping.

Graphene, a free-standing atom-thick layer of sp2 carbon
atoms, has emerged as the most signicant carbon material in
the last decade due to its unique physical and chemical prop-
erties.23,25,41,42,53–55 Nitrogen–sulfur co-doped graphene is
a promising nanoscale immobilizer as a cathode host material
for lithium–sulfur batteries. However, graphene nanosheets
tend to form agglomerates or even restack through van der
Waals interactions during the preparation processes and
subsequent electrode fabrication,27 resulting in the loss of
specic surface area. This effect will also lead to lower poly-
sulde adsorption due to the decrease of the accessible active
sites on the graphene surface. Therefore, it is very important to
prevent graphene aggregation by creating a porous structure of
nitrogen–sulfur co-doped graphene nanosheets.

Herein, we have developed a highly crumpled nitrogen–sulfur
co-doped 3D graphene nanosheet matrix as a sulfur immobilizer
for lithium–sulfur batteries. These highly porous nitrogen–
sulfur co-doped graphene nanosheets were synthesized through
a facile synthesis approach, in which polypyrrole (PPy) serves as
a nitrogen source and ammonium persulfate (APS) as a sulfur
source. Highly developed defects and edges, as well as hierar-
chical pore structures derived from graphene chemical activa-
tion endow nitrogen–sulfur co-doped graphene nanosheets with
large surface area (1012m2 g�1) and a wide pore size distribution
of 2 nm and 25–40 nm. The as-prepared materials have strong
chemisorption capabilities for polysuldes and high sulfur
loading. When applied as cathode materials in lithium–sulfur
batteries, the cathodes exhibit a high initial capacity of 1178
mA h g�1 at 0.2C and excellent long life cycling performance
with a retained capacity of 780 mA h g�1 aer 600 cycles.

Experimental
Synthesis of NSG

Graphene oxide (GO) was synthesized using natural graphite
akes by a modied Hummers' method. 50 mg of the as-made
17382 | J. Mater. Chem. A, 2016, 4, 17381–17393
graphene oxide was well suspended in 50 mL DI water
aer ultrasonically stirring for 2 h, then 0.73 g cetyl-
trimethylammonium bromide (CTAB) and 1.37 g ammonium
persulfate (APS) were dissolved into the prepared graphene
solution magnetic stirring for 1 h. Aer that, 0.83 mL of 99%
pyrrole monomer was added and the mixture was stirred in an
ice water bath for about 24 h. When the reaction nished, the
resultant products were washed with DI water and dried in
a vacuum at 80 �C for 24 h to remove any residual solvents, this
nal product is denoted as NSG.

Synthesis of A-NSG

Typically, 400 mg NSG powder was dispersed in 20 mL 3 M
K2CO3 solution and stirred for 24 hours. The extra K2CO3

solution was removed by briey ltering the mixture through
a polycarbonate membrane (Whatman, 0.2 mm); then the
mixture was dried in the lab environment at 70 �C for 24 hours.
The NSG/K2CO3 mixture was put in a tube furnace under ow-
ing nitrogen at 800 �C for 2 h (heating rate 5 �C min�1).
Subsequently, the nal product (denoted as A-NSG) was thor-
oughly washed with 0.1 M HCl and DI water until the pH value
reached 7 and nally dried in a vacuum at 80 �C for 20 h.

Synthesis of A-NSG@S

A-NSG was homogeneously dispersed in DI water by ultra-
sonication, then transferred to an appropriate amount
of elemental sulfur/CS2/ethanol solution with a mass ratio of
mA-NSG : mS ¼ 1 : 3, the mixed solution was magnetically stirred
for 24 h over an ice water bath. During this time period, the CS2
and ethanol were allowed to completely evaporate while stir-
ring, then the A-NSG@S composite was ltered and dried at
50 �C in a vacuum oven for 12 h. Finally, the as-synthesized
A-NSG@S was heated to 155 �C at a heating rate of 2 �Cmin�1 in
a tube furnace under owing argon at 100 sccm before re-
heating at 230 �C for another 2 h under the same conditions.

Characterization of materials

The morphology of the obtained materials was characterized by
eld emission scanning electron microscopy (FESEM, Zeiss
Supra 55VP) and transmission electron microscopy (TEM,
Model JEM-2011, JEOL). The crystallographic information for
the samples was collected on a Siemens D5000 diffractometer
using Cu-K radiation with a scanning step of 0.02� per second.
Raman spectra were measured by a Renishaw in Via Raman
spectrometer system (Gloucestershire, UK) equipped with
a Leica DMLBmicroscope (Wetzlar, Germany) and a 17 mW 633
nmRenishaw helium neon laser at 50% power. XPS analysis was
performed on an ESCALAB MK II X-ray photoelectron spec-
trometer. FTIR spectra were recorded on a NEXUS 670FTIR
spectrometer using KBr disks. Thermogravimetric analysis
(TGA) was used for the analysis of weight loss from the
precursor to the nal product. Nitrogen adsorption–desorption
measurements were conducted on a 3 Flex surface character-
ization analyzer to determine the Brunauer–Emmett–Teller
(BET) specic surface area using a Quadrasorb SI analyzer at 77
K. The BET surface area was calculated using experimental
This journal is © The Royal Society of Chemistry 2016
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points at a relative pressure of P/P0 ¼ 0.05–0.25. The UV-vis
spectra were measured in the spectral range of 300–1000 nm
using a Cary 60 UV-vis variable wavelength spectrophotometer.
All the samples for UV-vis measurement were prepared and
sealed in an argon-lled glove box.
Electrochemical characterization

Working electrodes were made from 90 wt% of active materials,
2 wt% of conductive agent (carbon black) and 8 wt% of binder
(polyvinylidene diuoride). The mass loading of sulfur on the
electrode is around 1.5 mg cm�2. CR2032 coin cells were
assembled in an argon-lled glove box (Mbraun, Unilab, Ger-
many), in which both the moisture and oxygen contents were
controlled to be less than 0.1 ppm. Lithium foil was used as
a counter electrode. The electrolyte was 1 M lithium bis(tri-
uoromethanesulfonyl) imide (LiTFSI) and 1 wt% lithium
nitrate (LiNO3) in 1,3-dioxolane and 1,2-dimethoxy-ethane
(volume ratio 1 : 1), for each electrode, around 30 mL electrolyte
was added into the coin cell. The electrodes were dried at 60 �C
under vacuum for 12 h. Electrochemical measurements were
conducted using a LAND-CT2001C battery test system. The cells
were discharged and charged galvanostatically in the xed
voltage range of 1.7–2.7 V with a current rate of 0.1C, 0.5C, 1C,
2C, and 5C. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were conducted with a CHI660C
electrochemistry workstation in the voltage range of 1.7 to 2.7 V
(vs. Li+/Li).
Computational methods

The simulations are based on density functional theory (DFT),
which is provided by DMOL3. The generalized gradient approx-
imation (GGA) with the Perdew–Burke–Ernzerhof scheme (PBE)
is adopted for the exchange–correlation potential to optimize
geometrical structures and calculate properties. The All-Electron
Relativistic Kohn–Sham wave functions (AER) and double
numeric plus polarization (DNP) basis set are adopted in the
local atomic orbital basis set with the global orbital cutoff set to
4.4 Å. A single-layer of graphene was modelled using a hexagonal
4 � 4 supercell. The nearest distance between nanosheets in
neighboring cells is greater than 15 Å to ensure no interactions
between different layers. For geometric optimization, both the
cell and the atomic positions are allowed to fully relax. The
Brillouin zone is sampled at 6 � 6 � 1 k-points for all structures
in the geometric optimization calculations, which brings out the
convergence tolerance of energy of 1.0 � 10�5 Ha (1 Ha ¼
27.2114 eV), maximum force of 0.002 Ha per Å, and maximum
displacement of 0.005 Å. The adsorption energy (Ea) is dened as:

Ea ¼ Etotal � Eads � Esubstrate

where Etotal is the total energy of the adsorbed system, Eads is the
energy of the adsorbate in vacuum and Esubstrate is the energy of
the doped and undoped graphene substrate. According to this
denition, a more negative value indicates a more energetically
favorable (exothermic) reaction between polysuldes and the
graphene surface.
This journal is © The Royal Society of Chemistry 2016
Results and discussion

The 3D nitrogen–sulfur co-doped porous graphene matrix was
synthesized via chemical activation of polypyrrole (PPy) func-
tionalized graphene sheets using K2CO3 as shown in Scheme 1.
PPy was chosen as the nitrogen source due to its high nitrogen
content. More importantly, because of the p–p interaction
between PPy and graphene oxide (GO), the PPy monomers will
polymerize on the surfaces of graphene oxide (GO) during the
polymerization process. The doping of sulfur was achieved by
ammonium persulfate (APS). Aer carbonization, nitrogen and
sulfur atoms are expected to dope in the graphene nanosheets.
Scanning electron microscopy (SEM) images of nitrogen and
sulfur co-doped graphene (denoted as NSG) composites are
shown in Fig. S1 (ESI†), it is clear that the NSG composites show
quite similar morphologies to the rGO, displaying a thin
smooth surface. The as-prepared NSG was chemically activated
by K2CO3 to obtain nal porous nitrogen–sulfur co-doped gra-
phene (denoted as A-NSG). Fig. 1a, 2a and S2 (ESI†) show the
scanning electron microscopy (SEM) images and transmission
electron microscopy (TEM) images of A-NSG. The corrugated
morphology with wrinkles and folded regions is clearly visible,
which is markedly different from rGO and NSG. Meanwhile,
most of the A-NSG layers are discontinuous, giving rise to a large
number of defects such as edges and pores. Fig. 1d shows the
typical AFM image of the A-NSG, which further reveals that the
thin wall typically consists of only a few graphene layers as the
A-NSG nanosheets with an average thickness of about 0.396 nm.
The crumpling of the A-NSG can effectively prevent them from
agglomerating and restacking, thus increasing the electrolyte
accessible surface area. The corresponding energy-dispersive X-
ray spectroscopy (EDX) illustrates uniform distribution of
carbon, nitrogen and sulfur in A-NSG (Fig. 1b).

Applying the 3D A-NSG hierarchical network structure as the
sulfur host, we loaded sulfur into the A-NSG matrix by liquid-
phase inltration and melt vulcanization processes. The initial
liquid phase inltration process ensures the uniform distribu-
tion of sulfur in the A-NSG. The melt vulcanization processes
include two major steps: (i) a typical step at 155 �C for 10 hours,
aiming to encapsulate sulfur into the porous graphene 3D
frameworks (denoted as A-NSG@S-155), and (ii) heating at 230
�C, to trigger the ring-opening polymerization of elemental
sulfur (S8) into linear polysuldes along porous graphene
(denoted as A-NSG@S-230). In the A-NSG@S composites,
a uniform layer of sulfur is homogeneously anchored on the
surface of A-NSG without any obviously aggregated sulfur
particles being observed in the TEM image (Fig. 2c) or FSEM
image (Fig. 1c). The sulfur content in the A-NSG@S nano-
composites was determined by thermogravimetric analysis
(TGA) under a nitrogen atmosphere with a heating rate of 10 �C
min�1, as shown in Fig. S3 (ESI†). The TGA analyses reveal that
the sulfur loading in A-NSG@S was 72.4 wt%, thus the mass
loading of sulfur in each electrode is around 65%. To verify the
structural characteristics of A-NSG@S, X-ray diffraction (XRD)
was conducted on pure sulfur, A-NSG@S-155, and A-NSG@S-
230 (Fig. 3a). It should be noted that the overlapped broad peak
J. Mater. Chem. A, 2016, 4, 17381–17393 | 17383
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Scheme 1 Schematic illustration of the formation of A-NSG.
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at about 26� appear in both A-NSG@S-155 and A-NSG@S-230,
which can be ascribed to the A-NSG from thermal restoration of
sp2 carbon.21 Compared with the intact crystalline peaks of pure
sulfur and A-NSG@S-155, the absence of sulfur crystal peaks for
A-NSG@S-230 is noteworthy (Fig. 3a). This indicated that sulfur
now exists in a highly dispersed amorphous state. Meanwhile,
as shown in the Raman spectra (Fig. 3b), the pure sulfur powder
exhibits characteristic peaks in the range of 100–500 cm�1,
associated with the vibration of the S–S bond in S8 species while
Fig. 1 (a) SEM image of A-NSG. (b) EDX elemental mapping for A-NSG.

17384 | J. Mater. Chem. A, 2016, 4, 17381–17393
both the A-NSG@S-155 and A-NSG@S-230 did not show
noticeable characteristic sulfur peaks, which is also consistent
with the conclusion from XRD patterns.28 Additionally, the
SAED pattern (Fig. S4, ESI†) of A-NSG@S reveals a typical sixfold
symmetry expected for graphene without any sign of crystallized
sulfur, conrming its amorphous state. This implies that S8
molecules were loaded into the A-NSG matrix without long-
range ordering, similar to small sulfur molecule dispersion.
Other groups have reported that the amorphous state of sulfur
(c) SEM image of the A-NSG@S. (d) AFM image of A-NSG.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a and b) TEM images of A-NSG. (c and d) High-magnification TEM images of the A-NSG@S.

Fig. 3 XRD patterns and Raman spectra of the pure sulfur powder, A-
NSG, A-NSG@S-155, and A-NSG@S-230.

This journal is © The Royal Society of Chemistry 2016
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could result in the high utilization of sulfur in electrochemical
lithiations.23

To investigate the elemental composition and functional
groups in the A-NSG, X-ray photoelectron spectroscopy (XPS)
measurements were performed. As shown in Fig. 4a, the XPS
survey spectrum of A-NSG exhibits four characteristic peaks
located at ca. 164, 400.23, 285.07 and 532.25 eV, corresponding
to S 2p, N 1s, C 1s, and O 1s. The elemental content of S and N in
A-NSG is 0.85 at% and 4.18 at%, respectively. This suggests the
effective doping of N and S into the graphene sheets. In the N 1s
spectrum of A-NSG (Fig. 4b), three components including pyr-
idinic N (21.68 wt%), pyrrolic N (50.16 wt%), and graphitic N
(28.16 wt%), can be identied at 398.4, 400.2 and 402.1 eV,
respectively.22,30 It is also reported that the dominant pyridinic
and pyrrolic N had been proven to contribute to the improve-
ment of the affinity and binding energy of non-polar carbon
atoms with polar and rate capability of Li–S batteries.7,22 We also
displayed the molecular geometries and the adsorption ener-
gies of Li2S and Li2S4 on pyridinic and pyrrolic N sites in
Fig. S5a–d (ESI†). In the most stable conguration, terminal Li
atoms in Li2S and Li2S4 tended to directly bind to the pyridinic
N atom. There was distinctive electron concentration between N
and Li atoms, suggesting a strong Li–N electrostatic interaction.
The electron migration can be well explained by the Lewis acid–
base theory.43,44 The pyridinic N with an extra pair of electrons
was considered as an electron-rich donor that naturally acted as
a Lewis-base site to interact with the strong Lewis acid of
J. Mater. Chem. A, 2016, 4, 17381–17393 | 17385

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ta05878g


Fig. 4 (a–c) High-resolution C 1s, N 1s and S 2p XPS spectrum of A-NSG and corresponding XPS survey spectra of A-NSG. (d) Schematic
structure of A-NSG.
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terminal Li atom in lithium (poly)suldes. Similarly, as indi-
cated by Fig. S5b and d,† pyrrolic N played an analogous role as
pyridinic N, which were consistent with Hou et al.'s theoretical
results.44 In addition, the dependence of adsorption strength
between LiPSs and N doping conguration can be seen from Li–
N distances. The Li–N distances of Li2S on pyridinic and pyrrolic
N sites were 1.99 and 2.02 Å, which are consistent with the large
Ea obtained from Li2S on the pyridinic N site. In the case of Li2S4
on pyridinic and pyrrolic N sites, the Li–N distances were
calculated to be about 2.04 and 2.05 Å, which further conrmed
the strong anchoring effect between pyridinic, pyrrolic N and
acid terminated Li in Li2Sx. On the other hand, in the high
resolution C 1s spectra (Fig. 4a), due to the removal of most
oxygen groups as well as the partial reconstruction of the
graphitic carbon network, peaks corresponding to C–O (286.2
eV), C]O (288.2 eV) and O–C]O (289.6 eV)21 decrease consid-
erably for A-NSG, compared with that of GO;7 two particular new
peaks located at 286.1 and 287.2 eV suggest the bond formation
of graphene; the sharp peak in the C 1s spectrum of A-NSG, still
attributed to the sp2-hybridized graphitic carbon atoms, shis
to higher binding energy and its full width of half-maximum
(fwhm) at 284.8 eV increases with the presence of nitrogen
content (Table S1, ESI†).31,32,41 All of these results conrm the
formation of C–N bonding congurations in the A-NSG. More-
over, in the X-ray photoelectron spectroscopy (XPS) analysis, the
S 2p spectrum for the A-NSG nanocomposites in Fig. 4c has
2p3/2 and 2p1/2 spin–orbit levels with an energy separation of
17386 | J. Mater. Chem. A, 2016, 4, 17381–17393
1.27 eV and intensity ratio of 2 : 1, conrming the effective
doping of sulfur atom into the carbon lattice. Two sulfur species
are assigned to carbon-bonding: thiophenic S (163.6 eV) and
sulfonic S (167.9 eV); the thiophenic S (sulfur atom bonded with
carbon directly by a C–S bond) is believed to make the carbon
matrix positively charged, thereby increasing its affinity to
absorb polysuldes. At the same time, it is also interesting to
nd that the C/O ratio of GO is 2.4 and this value increases to
17.52 for A-NSG (Table S2, ESI†), indicating that nitrogen–sulfur
co-doping increases the reduction efficiency of GO. This seems
to be further supported by the Raman spectroscopy analysis. In
Fig. 5a the Raman spectra for A-NSG exhibit two remarkable
peaks at around 1350 and 1580 cm�1. The G band located at
1580 cm�1 is related to the E2g vibration mode of sp2 carbon
atoms while the D band at 1350 cm�1 is attributed to the defects
and disorder hybridized vibrational mode of graphene. There-
fore, the higher intensity ratio (ID/IG) of A-NSG than GO (1.41 vs.
1.06) should be ascribed to more defect sites generated by N and
S co-doping, resulting in the high disorder of graphene nano-
sheets. More importantly, these defects can provide consider-
able active sites for lithium polysulde adsorption.21,33,40

To further prove the interaction between polysuldes and A-
NSG, the Li2S4 solution was prepared by dissolving Li2S and
sublimed sulfur (with a stoichiometric ratio of 1 : 3) in the
mixed solvents of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) (1 : 1 v/v). Then, 15 mg of N–S co-doped graphene was
soaked in 15 mL of 5 mM Li2S4 solutions at 30 �C for 24 h,
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) Raman spectra of GO, NSG, A-G and A-NSG. (b) Pore
characterization of the NSG, A-G and A-NSG materials.
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respectively. The upper solution was carefully collected and
sealed for UV-vis spectra measurement. Fig. S6a–d (ESI†)
display digital photos of pristine Li2S4 solution and the color
changes of the Li2S4 solution at various periods aer adding N–
S co-doped graphene composites. Aer adding N–S co-doped
graphene into the Li2S4 solution, a homogeneous black
suspension was initially formed, and it took several minutes for
N–S co-doped graphene to precipitate. Aer aging for 3 and 24
h, the color of Li2S4 turns from the initial yellow to light yellow,
indicating that much of the Li2S4 has been adsorbed by the N, S
graphene. The result indicates the adsorption capability of N–S
co-doped graphene for lithium polysuldes. The corresponding
UV-vis spectra in Fig. S7 (ESI†) shows that the reect index at
533 nm of the Li2S4 solution was increased aer soaking the N, S
graphene composite for 24 h, conrming that large amount of
Li2S4 was absorbed by N–S co-doped graphene.

We also conducted X-ray photoelectron spectroscopy (XPS)
analysis to identify the interaction between polysuldes and N,
S-graphene. Fig. S8a (ESI†) shows the Li 1s XPS spectrum of the
electrode aer discharging to 2.1 V. It exhibits a single asym-
metric peak at around 56.0 eV. Therefore, an additional peak
with a +1.1 eV shi was tted and attributed to the Li in the
polysuldes interacting with doped N (Li–N) because normally,
the Li 1s XPS spectrum only shows the symmetric peak around
55.5 eV. This result is consistent with the observation for
nitrogen/sulfur-doped cellulose bonded LiPSs,57 suggesting that
N, S doped graphene can trap the polysulphides. The S 2p
spectrum also conrms the interaction between the lithium
polysulde and N–S co-doped graphene. The new peak at
This journal is © The Royal Society of Chemistry 2016
around 164.6 eV could be ascribed to the –C]S– bonding,
which is derived from the interaction between polysulde and
the N, S doped graphene because this peak was not detected in
the S 2p spectrum of N–S co-doped graphene@S (Fig. S9, ESI†).58

This further proved the interaction between polysulde and the
N–S co-doped graphene. We also note that the peaks at 170.64
eV and 169.4 eV in the N, S co-doped graphene electrode dis-
charged to 2.1 V (Fig. S8b, ESI†) could originate from (i) surface
oxy-group of graphene and (ii) oxidization due to the exposure
to the atmosphere during the transferring to the XPS
measurement.

To further conrm and quantitatively characterize the
polysulde adsorption ability of N–S co-doped graphene, N
doped graphene and none doped graphene, we carried out
quantummechanical calculations based on density functional
theory, the results are shown in Table S3,† and the corre-
sponding models for N–S co-doped graphene and none doped
graphene are in Fig. 6, and for N-doped graphene in Fig. S5
(ESI†). The adsorption energies of Li2S and Li2S4 on pristine
graphene are �0.94 and �0.49 eV, respectively. The adsorp-
tion energies of Li2S and Li2S4 on N doped graphene are
around �1.41 and �1.01 eV, respectively, while for Li2S and
Li2S4 on N, S co-doped graphene, our DFT calculations predict
that thiophene-like sulfur can exist adjacent to pyridinic N, as
shown in Fig. 6c and d. The adsorption energies are �1.85 and
�1.25 eV, respectively, which exhibits much stronger bonding
effects than those on pristine graphene and N doped gra-
phene. Furthermore, there are 0.227 and 0.019 electrons
transferred from Li2S and Li2S4 to pristine graphene while
0.555 and 0.317 electrons are transferred from Li2S and Li2S4
to N, S co-doped graphene, suggesting that more charge
migrates into co-doped graphene as lithiation proceeds.43,44

Therefore, the co-doping of N and S in graphene can signi-
cantly enhance the adsorption of lithium polysulphides as
well as lithium suldes.

The Brunauer–Emmett–Teller (BET) results also elucidate
the function of K2CO3 chemical activation. As shown in Fig. 5b,
the optimized A-NSG showed a high BET surface area of
1012 m2 g�1 and a large pore volume of 1.8 cm3 g�1. A hierar-
chical nanoporosity including both micropores (2 nm) and
mesopores (25–40 nm) resulted from the gas evolution upon
pyrolysis of the polymers and K2CO3 chemical activation. In
contrast, the NSG sample, which only experienced a nitrogen–
sulfur co-doping process without K2CO3 chemical activation,
exhibits a low surface area of 230 m2 g�1 and a pore volume of
0.3 cm3 g�1. Therefore, the K2CO3 chemical activation greatly
contributes to the nanoporosity of the material. Moreover, the
large pore volume plays a vital role in embedding sulfur effi-
ciently and providing enough void space for volume expansion,
while the high surface area is important for interfacial chemi-
sorption of lithium polysuldes. On the other hand, the ID/IG
intensity ratio of A-G of Raman spectrum analysis is clearly
higher than that of GO or NSG (1.12 vs. 1.06, 1.1), which indi-
cates that K2CO3 activation could also induce GO to generate
more defects for effective reactions. In summary, the activation
by K2CO3 yields a high BET surface area, and creates porous
structures and continuous 3D networks.
J. Mater. Chem. A, 2016, 4, 17381–17393 | 17387
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Fig. 6 Optimized configurations for the adsorption of Li2S and Li2S4 on pristine graphene (a and b) and N, S codoped graphene (c and d) with
corresponding adsorption energies in eV and atom Mulliken charge. Gray, blue, yellow, and purple balls represent C, N, S, and Li atoms,
respectively.
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The electrochemical performance of A-NSG@S nano-
composite electrodes was tested by cyclic voltammetry (CV) and
charge/discharge cycling behaviors of sulfur cathodes. Two
cathodic peaks at 2.35 V and 2.05 V (Fig. 7a) are consistent with
the voltage plateaus in Fig. 7b. The upper plateau at 2.35 V
contributes to the transformation of cyclo-octasulfur to long-
chain soluble lithium polysuldes. The lower plateau at 2.05 V
is associated with the decomposition of those polysuldes to
insoluble short-chain lithium suldes, which contributes to the
major capacity of the A-NSG@S electrode. Notably, there are no
shape or position changes of the redox peaks, implying excel-
lent reversibility and stability of the A-NSG@S nanocomposite
electrodes.34,35 Fig. 7d shows the long-term cycling performance
of the A-NSG@S at 0.2C up to 600 cycles. The electrode delivered
an initial capacity of 1178 mA h g�1 and retained a high capacity
of 780 mA h g�1 aer 600 cycles. It should be noted that the
capacity gradually increases in the rst 10 cycles upon cycling at
0.2C current rate, which has been reported as a common
17388 | J. Mater. Chem. A, 2016, 4, 17381–17393
phenomenon for electrodes applied in lithium–sulfur
batteries.45,46 As shown in Fig. 7c and d, the total capacity
increased is mainly derived from the capacity accumulated in
the low voltage plateau. There is almost no polysulde loss in
the high voltage plateau during the rst few cycles. Normally,
for sulfur batteries, the capacity is gradually decreased due to
the dissolution of polysuldes at the low voltage plateau.
However, due to the strong polysulde absorption effect of N–S
co-doping A-NSG, the polysuldes could be effectively trapped
by the N–S co-doping graphene. Additionally, we suppose that
not all sulfur takes part in the reaction with lithium ions due to
the poor conductivity in the initial several cycles, and because of
the “sulfur activation” in the rst initial cycles,47 more andmore
sulfur participated in the discharge reaction step by step, thus
the capacity generated in the low voltage plateau gradually
improved, resulting in the increase of total capacity. Further-
more, the capacity experienced only a slight decrease during the
100th to 600th cycles, which further demonstrates long term
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Electrochemical characterization of the A-NSG material as the cathode of the Li–S battery. (a) Cyclic voltammetry (CV) measured
between 1.7 and 2.7 V at a sweep rate of 0.1 mV s�1 for the first, second, third, and fifth cycles. (b) Galvanostatic charge and discharge profiles for
different cycles at 0.2C. (c) The discharge capacities of high and low voltage plateaus. The onset voltage of the low plateau was defined around
2.0 V. (d) Long term cycling performance test of the A-NSG@S electrode at 0.2C discharge rate and the corresponding coulombic efficiency.
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cycling stability. When increasing the current rates to 1C
(Fig. S10, ESI†), the A-NSG@S electrodes achieved a capacity of
994 mA h g�1 in the initial cycle, and showed superior cycling
performance with the capacity degradation rate of 0.81% per
cycle up to 300 cycles. The cycling performance is much better
than that of the previously reported data with high-loaded
sulfur cathodes.

The high conductivity and porous structure enables the A-
NSG@S composites to be kinetically sustainable for a wide
range of current rates. Generally, the rate performance of
This journal is © The Royal Society of Chemistry 2016
a battery can be reected from two characteristics i.e. the
capacity maintenance at stepped rates and polarization during
high-current charge and discharge processes. To explore the
rate performance of A-NSG@S cathodes, we tested batteries at
different current rates. The voltage gap between charge and
discharge plateaus was slightly enlarged when the current rate
was increased tenfold, and was stable for 200 cycles (Fig. 8b).
When increasing current rates, reversible capacities of 1203,
1120, 987, and 855 mA h g�1 were obtained at current rates of
0.1C, 0.5C, 1C, and 2C (Fig. 8c), respectively. Even at a high
J. Mater. Chem. A, 2016, 4, 17381–17393 | 17389
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Fig. 8 Electrochemical characterization of the A-NSGmaterial as the cathode of the Li–S battery. (a) Galvanostatic charge and discharge profiles
at 0.1C, 0.5C, 1C, 2C, and 5C. (b) Voltage plateaus for charge and discharge processes over 200 cycles at 0.1 and 1C. (c) Discharge/charge
capacity cycled at various rates from 0.1C, 0.5C, 1C, 2C, and 5C.
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current rate of 5C, a reversible capacity of 651 mA h g�1 was still
retained. When the current rate was gradually returned back to
0.1C, a reversible capacity of 1021 mA h g�1 was recovered,
showing excellent high rate capability.

The Incremental Capacity Analysis (ICA) allows us to probe
any gradual changes in the electrochemical behavior of
rechargeable batteries during a cycle-life test with greater
sensitivity than those based on the conventional charge and
discharge curves. The advantage of ICA is achieved by trans-
forming either the voltage or inection points on V vs. Q curves
into clearly identiable DQ/DV peaks on the ICA curves,
depicting the solid solution or phase transformation charac-
teristics.36,37 By monitoring the evolution of these DQ/DV peaks
upon cycling, we can access key information on the cell chem-
istry behavior. Fig. 9a shows the incremental capacity peaks
derived from the discharge curves (0.2C) for different cycles.
The ICA peak located at 2.05 V is slightly broadened upon
cycling, suggesting that the characteristics of charge transfer
might have been altered, which may be associated with an
increased diffusion path for lithium polysuldes due to the
volume expansion during cycling. However, this voltage vibra-
tion caused by volume expansion is almost negligible compared
17390 | J. Mater. Chem. A, 2016, 4, 17381–17393
with other reports,23,27 because our 3D porous graphene
networks and graphene layers can buffer the volume expansion/
contraction of activated materials upon cycling. Meanwhile,
both positions of the two peaks remain almost unchanged,
implying that polarization is almost unchanged for 600 cycles.
This result is consistent with the outcomes shown in Fig. 8b and
9b. Moreover, although a slight intensity reduction appears in
both peaks due to the inevitable active material loss, the posi-
tion as well as the sharpness of both peaks is maintained
unchanged for 600 cycles, which further conrms that electrode
materials preserve excellent electrochemical stability. In
particular, the chemically activated A-NSG@S functions as a 3D
immobilizer to accommodate a large amount of S active mate-
rials, and the internal graphene layer greatly increases the
polysulde utilization due to the improved overall electrical
conductivity of the structure.

To further understand the improved electrochemical
performance of A-NSG@S composites, electrochemical imped-
ance spectroscopy (EIS) was employed to characterize the
cathode before cycling, aer the rst cycle and 600 cycles.
Nyquist plots are shown in Fig. 9b. For the cathode before
cycling, the impedance curve is composed of one depressed
This journal is © The Royal Society of Chemistry 2016
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Fig. 9 (a) dQ/dV plots of the A-NSG@S electrode. (b) Electrochemical
impedance spectra of the A-NSG@S lithium–sulfur battery at different
cycles.
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semicircle at high frequency and a short inclined line in the low
frequency regions. The semicircle corresponds to the internal
resistance of the cathode including bulk impedance and inter-
facial impedance. In addition, the inclined line at low frequency
reects the lithium ion diffusion into the active mass.38,39 In
contrast, the cathode aer cycling exhibited two depressed
semicircles followed by a long sloping line. The depressed
semicircle in the high frequency region represents the charge
transfer process at the carbon matrix interface, which also
dominates the reduction reaction along the upper voltage
plateau, while the semicircle at middle frequencies could be
ascribed to the formation of insoluble Li2S, Li2S2, which
controls the lower voltage plateau.13,40 Based on this analysis,
the two features of impedance spectra in Fig. 9b can be used to
deduce the equivalent circuits 1 and 2, respectively (shown as
the inset). In the equivalent circuits, Re represents the resis-
tance of the electrolyte, Rct is the charge transfer resistance at
the conductive agent interface, and CPE is a constant phase
This journal is © The Royal Society of Chemistry 2016
element, which is associated with the roughness of the particle
surface. CPE2 describes the space charge capacitance of the Li2S
(or Li2S2) lm and Rg is the resistance in the Li2S (or Li2S2) lm.
ZW is the Warburg impedance due to the diffusion of the pol-
ysuldes within the cathode. The tting results are shown in
Fig. 9b. Parameter identication results are summarized in
Table S4 (ESI†), according to the equivalent circuit. It can be
seen that Re experienced a slight increase during cycling due to
the inevitable dissolution of polysuldes. In contrast, Rg

increased remarkably during the rst cycle, compared with that
of a pristine cell, while it shows a modest rise in the following
cycles. We can draw a conclusion that the solid Li2S (or Li2S2)
appeared at the very beginning of the second voltage plateau,
but due to the dominant pyridinic and pyrrolic N in the carbon
lattice of A-NSG@S, the electron distribution is modied and
the affinity for insoluble Li2S is improved, and the reversible
conversion of Li2S/polysulde/S is correspondingly promoted.
Similarly, Rct exhibits the same trend as Rg during cycling. As for
the equivalent component CPE2, which contains two parame-
ters Y and n, the dimension for Y is U�1 cm�2 s�n or S cm�2 s�n,
and the parameter n is a dimensionless index. The admittance
response expression for CPE is:

Y ¼ Y0un cos(np/2) + jY0un sin(np/2) (1)

However, aer 600 cycles, both Y and n mostly remained
stable as shown in Table S4 (ESI†), showing that the electro-
chemical stability of CPE2 is excellent aer 600 cycles. Most
importantly, this electrochemical stability also contributes
greatly for the improvement of the electrochemical perfor-
mance of lithium–sulfur batteries.

To demonstrate whether the co-doped heteroatoms of N and
S and the graphene chemically activated by K2CO3 have positive
functions on the electrochemical performance of Li–S batteries,
several other comparison materials were prepared and tested.
These include sulfur composites with about 70 wt% of sulfur
prepared via a two step melt-diffusion method to produce
nitrogen–sulfur co-doped graphene (NSG), K2CO3 activated
graphene (A-G), nitrogen–sulfur co-doped and K2CO3 activated
graphene (A-NSG), and graphene (rGO), denoted as NSG@S,
A-G@S, A-NSG@S, and rGO@S, respectively. For comparison,
the cycle performances of these electrodes were tested at the
same current density, 0.2C rate, within a voltage window of 1.7–
2.7 V, as shown in Fig. S11 and S12 (ESI†). The capacity reten-
tion for rGO@S, NSG@S and A-G@S electrodes up to 100 cycles
is 38%, 55.2%, and 56.8%, respectively, which is not compa-
rable with that of A-NSG@S. It also further conrmed the
effective function of co-doping as well as K2CO3 activation.
Furthermore, we compared the stability of A-NSG@S with other
co-doped hosts as shown in Table S5.† 48–52 Apparently, the
sulfur electrode made of A-NSG exhibits a decay rate of 0.056%
per cycle up to 600 cycles, which it superior to that of other co-
doped hosts. Additionally, we can see that the cycle perfor-
mance of the N, S doped carbon framework is better than that of
N, O doped. This is because that N and S co-doped carbon
exhibits asymmetric charge density distribution, namely, N
bears a negative charge and S bears a positive charge, which
J. Mater. Chem. A, 2016, 4, 17381–17393 | 17391
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benets charge transfer.52,56 Therefore, the excellent electro-
chemical performance of the A-NSG@S electrodes is clearly
associated with their unique structure: (i) the 3D porous gra-
phene network and graphene layers facilitate electron transfer,
and remarkably buffer the volume expansion/contraction of
active materials upon cycling. (ii) The inner defects, edges and
porous structure not only permit a high sulfur loading in
a homogeneously dispersed amorphous state, but also are
benecial for electrolyte access to the active sulfur component,
leading to efficient reactions with Li+. (iii) Combined physical
adsorption of lithium polysuldes onto porous graphene and
the chemical binding of polysuldes to N and S sites in the A-
NSG promote reversible Li2S/polysulde/S conversion, realizing
high performance Li–S batteries with long cycle life and high-
energy density.
Conclusions

In summary, we designed an efficient strategy for preparing
crumpled N–S co-doped porous graphene (A-NSG) via chemical
activation of polypyrrole (PPy) functionalized graphene sheets
with K2CO3. The A-NSG@S electrodes with a high sulfur loading
of 72.4 wt% exhibit low polarization, stable cycling perfor-
mance, and excellent rate capability, compared with rGO@S,
NSG@S and A-G@S electrodes. The excellent performance
could be attributed to synergic effects, including the high
surface area and high conductivity of the porous matrix, as well
as the unique lithium polysulde binding capability of the N, S
functional groups in the A-NSG sheets. Furthermore, pyridinic
nitrogen and thiophenic sulfur in the carbon lattice of A-
NSG@S can modify the electron distribution and improve the
affinity for Li2S as well as Li2S4, leading to the improvement in
reversibility of Li2S/polysulde/S conversion. This work not only
presents a simple method to synthesize N–S co-doped hierar-
chical porous graphene, but also demonstrates the excellent
performance of A-NSG cathode materials for lithium–sulfur
batteries.
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