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  1   .  Introduction 

 Lithium-sulfur batteries have attracted 
increasing attention as next-genera-
tion energy storage devices for plug-in 
hybrid and all-electric vehicles, owing to 
the extremely high theoretical specifi c 
capacity (1672 mA h g −1 ) and energy 
density (2600 Wh kg −1 ) of sulfur. [  1–6  ]  In 
addition, sulfur is low-cost, abundantly 
available, and eco-friendly. Despite these 
considerable advantages, practical realiza-
tion of a Li-S battery is hindered by several 
issues. [  7–14  ]  First, the low electrical con-
ductivity of sulfur necessitates the use of a 
large amount of electrochemically inactive 
conductive carbon to improve utilization 
of the active materials, lowering overall 
cathode energy density. Second, the Li-S 
battery operates by reversible conversion 
of sulfur to different lithium sulfi de prod-
ucts (Li 2 S  x  , 1 ≤  x  ≤ 8) through a multistep 
redox reaction. The electrolytes normally 
used in Li-S batteries have the ability to 
dissolve insulating polysulfi des and thus 

improve their reaction kinetics. However, the dissolution of 
lithium polysulfi des can also lead to loss of active material from 
the cathode and to a polysulfi de shuttle phenomenon, resulting 
in capacity fading and poor coulombic effi ciency. Third, high 
sulfur loading and content in cathodes generally make polari-
zation more severe and lead to poor cycling stability, lower 
capacity, and decreased coloumbic effi ciency. [  15  ]  However, as 
highlighted in the recent review on lithium-sulfur batteries, [  16  ]  
sulfur cathodes would need to have a relatively high sulfur 
loading in order to achieve a higher capacity electrode than 
that of current lithium-ion batteries (2–4 mAh cm −2 ) [  17–19  ]  and a 
high sulfur content to achieve good volumetric capacity. 

 A variety of strategies have been explored to advance lith-
ium-sulfur batteries, including design of novel cathodes (e.g., 
carbon-sulfur and conductive polymer-sulfur nanocompos-
ites), [  4–6,9,20–22  ]  electrolytes (e.g., solid-state electrolytes and 
lithium-protecting electrolyte additives), [  11,23–29  ]  and separa-
tors (e.g., carbon interlayers). [  30,31  ]  The development of novel 
functional carbon with the ability to chemically adsorb sulfur 
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  2   .  Results and Discussion 

 The synthesis of MPNC involves evaporation-induced mul-
ticomponent co-assembly of polymer precursor and labile 
porogens to form a mesostructured nanocomposite, followed 
by carbonization and removal of the porogens. [  40,41  ]  A com-
mercial poly(melamine-co-formaldehyde) resin was selected as 
the poly mer precursor and served as the carbon and nitrogen 
source, which makes large scale fabrication feasible. To get high 
pore volume and high surface area for sulfur loading and immo-
bilizing, tetraethyl orthosilicate, amphiphilic triblock copoly-
mers (Pluronic F127, (EO) 106 -(PO) 70 -(EO) 106 ), and colloidal SiO 2  
nanoparticles (10–20 nm in diameter) were all used as poro-
gens (see experimental section in the Supporting Information). 
X-ray photoelectron spectroscopy (XPS) was performed to probe 
the surface chemical composition of the MPNC ( Figure    1  a), 
showing the presence of C, N, and O atoms in MPNC. The 
binding energy peaks observed in the high-resolution N 1s pro-
fi le at 397.8 eV and 400.3 eV (inset of Figure  1 a) can be attrib-
uted to pyridinic and pyrrolic nitrogen, respectively. [  42–45  ]  The 
overall composition of the MPNC was investigated by elemental 
analysis (see Table S1 in Supporting Information).  

 The porous structure of MPNC was analyzed by transmis-
sion electron microscopy (TEM) (Figure S1, Supporting Infor-
mation) and nitrogen sorption (Figure S2, Supporting Infor-
mation). MPNC has a disordered mesoporous structure, a 
Brunauer-Emmett-Teller (BET) surface area of 824.3 m 2  g −1 , 
and a Barrett-Joyner-Halenda (BJH) pore volume of 1.38 cm 3  
g −1 . The BJH pore size distribution shows that MPNC pos-
sesses hierarchical pore structures composed of 2–3 nm dia-
meter mesopores templated from SiO 2  formed by the TEOS 
precursor, intermediate-sized (≈4–8 nm diameter) mesopores 
primarily from the block copolymer, and larger (≈10–20 nm 
diameter) mesopores from the colloidal SiO 2  nanoparticles. [  41  ]  
Above all, the high surface area and pore volume obtained in 
MPNC are able to accommodate high sulfur loading into the 
porous conductive network and to provide more active sites for 
chemically immobilizing sulfur species. 

 The MPNC-sulfur nanocomposites were prepared by a melt-
diffusion method. Typically, sulfur and MPNC were mixed by 
grinding and then heated at 155 °C for 10 h, causing the molten 
sulfur to fl ow into the pores of the MPNC. The resultant com-
posite is denoted as MPNC-SX, where X is the weight per-
centage of sulfur in the composite. The pore volume and sur-
face area in MPNC-S70 composite remarkably decreased after 
sulfur loading (see Figure S2 in Supporting Information), 
confi rming that sulfur fl owed into the pores of porous carbon. 
The adsorption of sulfur on carbon likely allowed the sulfur 
to be uniformly distributed within the framework. [  5,10,20  ]  After 
increasing sulfur content to 80 wt%, the MPNC-S80 composite 
shows characteristic diffraction peaks of sulfur in its XRD pat-
tern (Figure S3, Supporting Information), indicating not all 
the sulfur was confi ned within the pores. The sulfur content 
in the composite was confi rmed by thermogravimetric analysis 
(Figure S4, Supporting Information). 

 The MPNC-S70 nanocomposites were further characterized 
by TEM and electron energy loss spectroscopy (EELS) elemental 
mapping of carbon, nitrogen, and sulfur (Figure  1 c- 1 f). All three 
maps were found to have similar intensity across the sample, 

or lithium sulfi de (Li 2 S) is particularly attractive. [  10  ]  Chem-
isorption can enable uniform distribution of sulfur and Li 2 S 
on carbon, thereby promoting good electrical contact, and 
can effectively confi ne polysulfi des in the cathode by pre-
venting dissolution. [  10,32  ]  Therefore, these reported functional 
carbon-sulfur cathodes show enhanced utilization of the active 
sulfur and excellent cycling stability compared with tradi-
tional carbon-sulfur composite cathodes that mainly rely on 
weaker physical adsorption of sulfur and lithium sulfi de on 
carbon. [  5,6,20,33,34  ]  For example, Zhang and co-workers used 
graphene oxide as a conductive framework for sulfur, taking 
advantage of the chemical interaction between functional 
groups on graphene oxide and sulfur to help immobilize 
sulfur and thus effi ciently improve the utilization of active 
materials and reduce the shuttle effect. [  10  ]  Archer and team 
reported a polyacrylonitrile (PAN)/Li 2 S 3 -based carbon-lithium 
sulfi de composite utilizing the chemical interaction between 
the nitrile group and lithium polysulfi des, yielding high gal-
vanic charge/discharge capacities and excellent coulombic 
effi ciency. [  32  ]  

 Although these developments are encouraging, using func-
tional carbon with chemical bonding capability as a sulfur host 
is still a challenge. Up to now, very few functional carbon mate-
rials have successfully been exploited as sulfur cathodes. Not all 
functional carbons can chemically bond with sulfur or Li 2 S, and 
unique chemical structures are required to realize these strong 
interactions. Moreover, the fundamental understanding of the 
phenomenon, such as how and why these functional groups 
can interact with sulfur, is still lacking, especially on the molec-
ular level. 

 While cathodes have been reported that take advantage of 
such behaviors to improve conductivity and mitigate poly-
sulfi de dissolution, most reports have paid little attention to 
areal capacity. Despite the improvement of specifi c capacity 
based on these strategies, the cathodes have a low sulfur 
loading (0.5–2 mg S cm −2 ), leading to an areal capacity below 
2 mAh cm −2 . [  5,6,32,35–39  ]  Thus, these sulfur cathodes are far from 
practical application even though they have extremely high the-
oretical capacity and energy density. 

 Herein, we report a novel mesoporous nitrogen-doped 
carbon (MPNC)-sulfur nanocomposite as a cathode mate-
rial for Li-S batteries and demonstrate that the nitrogen 
doping can effectively induce chemical adsorption of sulfur 
on the high-surface-area carbon framework. To understand 
the mechanism behind the chemical adsorption, we did in-
depth investigation by a combination of material characteriza-
tion techniques such as X-ray absorption near edge structure 
spectroscopy (XANES) and theoretical simulation based on 
density functional theory. It was found that nitrogen doping 
promotes adsorption of sulfur on oxygen functional groups 
in the nitrogen-doped carbon framework. Taking advantage of 
the chemical adsorption for Li-S batteries, the MPNC-S cath-
odes show excellent coulombic effi ciency (>96%) and cycling 
stability (95% retention within 100 cycles). More importantly, 
high areal capacity (3.3 mAh cm −2 ) can be demonstrated by 
using the novel cathode material, as the composite can be 
fabricated into electrodes with high sulfur loading (over 
4 mg S cm −2 ) while maintaining a good capacity of around 
800 mAh g −1 .  
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Information). [  46  ]  This indicates oxygen-sulfur bonding between 
carbonyl and carboxyl groups of MPNC and sulfur. We also 
observed a continuous line shift in oxygen XANES spectra 
with increasing the sulfur content within the measured sulfur 
loading range (Figure S6 in Supporting Information), which 
implies that more sulfur is accessible to the oxygen-containing 
functional groups as sulfur content increases. On the other 

besides the remarkably reduced pore volume and BET surface 
area of MPNC-S (see Figure S2, Supporting Information), indi-
cating that nitrogen is evenly distributed throughout the carbon 
framework and confi rming that sulfur is homogeneously 
impregnated into the small pores of the MPNC. The sulfur 
mapping is also consistent with the X-ray diffraction pattern of 
MPNC-S70 nanocomposite shown in Figure  1 b, which has no 
observable refl ection peaks of bulk sulfur. 

 Adsorption of sulfur on MPNC was fi rst 
investigated by using XANES, as XANES is 
very sensitive to local coordination structure 
around a specifi c element of interest. Almost 
no changes are observed in the C and N coor-
dination structures of MPNC after sulfur 
loading (Figure S5 in Supporting Informa-
tion). However, there is a signifi cant change 
in O coordination structure of MPNC after 
sulfur loading ( Figure    2  a). More ether-type 
oxygen functional groups and less carboxyl-
type and/or carbonyl-type functional groups 
are present in MPNC-S compared with that 
in MPNC based on data fi tting with refer-
ence compounds (see Table S2 in Supporting 

      Figure 1.  a) Main: XPS survey spectrum of MPNC. Inset: High-resolution spectrum of the N 1s peak. The peaks at 397.8 eV and 400.3 eV correspond 
to pyridinic and pyrrolic N, respectively; b) XRD patterns of MPNC and MPNC-S70; c) TEM image of an MPNC-S70 nanocomposite and corresponding 
EELS elemental maps of d) carbon, e) nitrogen, and f) sulfur. 

      Figure 2.  a) Oxygen K-edge XANES spectra of MPNC and MPNC-S nanocomposites; b) Oxygen 
K-edge XANES spectra of MPC and MPC-S nanocomposites. 
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 Since MPNC shows strong chemical adsorption of sulfur, 
we expect that sulfur cathodes based on the functional carbon 
should have improved electrochemical performance. The 

hand, there are no obvious changes in the coordination struc-
tures of O and C in mesoporous carbon (MPC) with similar 
oxygen content after sulfur loading (Figure  2 b, Figure S5 and 
Table S1 in Supporting Information), indicating that there is no 
signifi cant chemical interaction between MPC and sulfur.  

 To better understand the mechanism by which nitrogen 
can promote oxygen-containing functional groups chemi-
cally bonding with sulfur, the DFT calculation was conducted. 
The detailed descriptions of our calculations are given in the 
Experimental Section.  Figure    3   and Figure S7 (Supporting 
Information) show the optimized structures of the sulfur 
adsorbed on –CO or –C O OH groups in different types of 
N-doped carbon. The enthalpy changes ( Δ  H ) of sulfur on the 
different carbon substrates were calculated as the energy differ-
ences between the adsorbed states and the separated substrates 
and sulfur atom adsorbate.  Table   1  summarizes the calculated 
 Δ H of sulfur atom adsorbed on O and N of both N-doped and 
N-free carbon surface. The more negative value of  Δ H indicates 
that the formation of the fi nal product is more thermodynami-
cally favorable. As one can see from Table  1 , the  Δ  H  of the car-
boxyl group of pyridinic-N-doped carbon (–56.88 kCal mol −1 ) 
is the lowest in all three carboxyl groups of both the N-doped 
and N-free carbon, while the  Δ  H  of the carbonyl group of 
pyrrolic-N-doped carbon is the overall lowest with a value of 
–117 kCal mol −1 . The lowest  Δ  H  of sulfur adsorption on the 
oxygen functional groups of the N-doped carbon among dif-
ferent carbon surfaces indicates enhanced stabilization of sulfur 
on the nitrogen-doped carbon and that nitrogen-doping can 
facilitate the bonding of sulfur atoms with oxygen-containing 
functional groups. One can also observe in Table  1  that the 
interactions of sulfur with O on both pyridinic N–C O OH and 
pyrrolic N–C=O groups are stronger than that with N in all the 
functional groups, indicating that sulfur atoms prefer to bond 
with O rather than N. The DFT caculation results are consistent 
with the XANES results discussed above that S–O bond instead 
of N–S bond are formed based on oxygen and nitrogen K-edge 
XANES (Figure  2 b and Figure S5c, Supporting Information) 
analysis. The spin density and charge distribution of carbon 
atoms will be infl uenced by the neighbor nitrogen dopants for 
nitrogen-doped carbon. [  44,47,48  ]  When nitrogen is doped into the 
carbon matrix, the nitrogen is electron defi cient and acts as elec-
tron withdrawing atom due to the higher electronegativity of 
nitrogen (3.0) than carbon (2.5), causing the nearby oxygen con-
taining groups (such as carbonyl and carboxyl groups) polarized 
and more easily attacked by the sulfur atom as the carbon and 
sulfur undergo high temperature (155 °C). Both XANES results 
and DFT calculation consistently confi rm nitrogen doping in 
MPNC can change the electronic structure of nearby oxygen 
atoms in the doped carbon framework to promote the chemical 
interaction of the oxygen with sulfur.   

      Figure 3.  The top views of sulfur adsorbed on a) nitrogen doped carbon 
with pyridinic N_COOH functional group, and b) nitrogen-free carbon 
with –COOH group. The optimized bond-lengths and atomic charges are 
also shown. It was found that sulfur atom prefers to bond with O atom 
in –COOH groups in both nitrogen-doped and nitrogen-free carbon. 
The calculated interaction energies of sulfur on nitrogen-doped carbon 
and nitrogen-free carbon are –56.88 kCal/mol and –41.92 kCal mol −1 , 
respectively, indicating that nitrogen doping can enhance the stabiliza-
tion of sulfur on –COOH group in the carbon. Yellow, red, magenta, silver 
gray and blue balls denote S, O, N, C, and H atoms, respectively. 

 Table 1.   DFT calculated interaction energies ( Δ  H , kCal mol −1 ) of adsorbed sulfur atom on different active sites of nitrogen-doped carbon and 
nitrogen-free carbon. 

   –COOH   –C = O   N   

Adsorbed site  Pyridinic 

N_COOH  

Pyrrolic N_ 

COOH  

Nitrogen- free 

carbon_COOH  

Pyridinic N_C 

= O  

Pyrrolic N_ 

C = O  

Nitrogen-free 

carbon_C = O  

Pyridinic 

N-COOH  

Pyrrolic 

N-COOH  

Pyridinic N-CO  Pyrrolic-N-CO  

 Δ  H   –56.88  –49.00  –41.92  –59.02  –117.00  –106.09  –42.67  –50.85  –54.06  –111.80  
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Information). The initial discharge capacity of MPNC-S80 
was 1013 mAh g −1  with a coulombic effi ciency of over 90% 
as shown in Figure  4 b. At the second cycle, a large reversible 
capacity of about 1008 mAh g −1  is obtained, corresponding to 
capacity retention of ≈99.5%, which is much higher than that 
of MPC-S80 (≈86.6%) and C-S80 (≈91.1%). The cycling stability 
of the MPNC-S80 electrode was good, with a high capacity 
retention of 80% within 50 cycles at 0.17 mAh cm −2 . In con-
trast, MPC-S80 and C-S80 show faster capacity fading and 
much lower coulombic effi ciency. The difference in voltage pro-
fi les and coulombic effi ciencies can be attributed to nitrogen-
doping-induced chemical adsorption in MPNC-S80, which 
works in addition to the ability of the pores to contain sulfur. 
The chemical adsorption can facilitate uniform dispersion of 
sulfur during sulfur loading and uniform redeposition of sulfur 
during delithiation, thus decreasing charge transfer resistance 
and retarding diffusion of polysulfi des away from the cathode. 
This is believed to be because the sulfur bonded to oxygen 
functional groups of the MPNC can easily bond to open sulfur 
atoms of sulfur chains, such as partly-delithiated polysulfi des 
(i.e., LiS  x   − ) [  49,50  ]  or S  x   chains formed upon heating during sulfur 
loading. [  37,51  ]  The formation of sulfur chains bonded to the sur-
face at the oxygen functional groups can further mitigate poly-
sulfi des to fully delithiate to free S 8  molecules and aggregate 
into large particles at the surface.  

 In order to demonstrate the potential of the MPNC-S com-
posite cathode for practical use, MPNC-S70 (70 wt% S) cath-
odes with a high loading of 4.2 mg S cm −2  were fabricated. 
The sulfur content was slightly decreased in the fashion (from 
80 wt% to 70 wt%) to ensure that sulfur was contained within 
the pores of the carbon framework and thus grant the electrode 
a higher conductivity. For electrochemical testing of these elec-
trodes, lithium nitrate (LiNO 3 , 0.2  M  in electrolyte) was used 
as an electrolyte additive to further improve the coulombic 
effi ciency, as LiNO 3  can protect the Li anode from reacting 
with soluble polysulfi des. [  24,52  ]   Figure    5  a shows a typical dis-
charge–charge profi le of an MPNC-S70 cathode at a current 
density of 0.35 mA cm −2  between 1.7 and 3.0 V. The discharge 
curve shows two plateaus at 2.3 V and 2.1 V versus Li/Li + , cor-
responding to the reduction of sulfur to higher order lithium 
polysulfi des (Li 2 S  n  , 6 ≤  n  ≤ 8) and the reduction of higher-order 
lithium polysulfi des to lower-order lithium polysulfi des (Li 2 S  n  , 
2 ≤  n  < 6) and Li 2 S, respectively. [  6,53  ]  The reverse reactions, cor-
responding to the oxidation of low order polysulfi des and high 
order polysulfi des, were displayed in the charge curve with two 
potential plateaus around 2.2 V and 2.4 V, respectively. [  18  ]  The 
cycle life and coulombic effi ciency of the MPNC-S70 nanocom-
posite cathode are shown in Figure  5 b. MPNC-S70 delivers 
an initial specifi c capacity of 1100 mAh g −1  and Coulombic 
effi ciency of 99.4% at a current density of 0.35 mA cm −2 . The 
second cycle delivers a high reversible capacity of 990 mAh g −1 . 
After the fi rst two activation cycles at 0.35 mA cm −2 , the cell 
was switched to 0.70 mA cm −2  for another 100 cycles. The 
capacity quickly stabilized at ≈800 mAh g −1  and showed 
roughly 95% retention within 100 cycles at a current density 
of 0.70 mA cm −2 . This loss of only 0.05% capacity per cycle 
is outstanding compared to cathodes in the existing literature. 
The high Coulombic effi ciency (96–99%) of the MPNC-S70 
nanocomposite is probably due to synergetic effects of both 

as-synthesized MPNC, together with the other two nitrogen-
free carbon control samples (mesoporous carbon (MPC) and 
Super P carbon black), were studied as sulfur hosts. The cor-
responding electrodes with high sulfur content (80 wt%) were 
prepared using a melt-diffusion method and named as MPNC-
S80, MPC-S80, and C-S80, respectively. The typical sulfur 
loading of these electrodes is ≈1.1 mg S cm −2  and the battery 
performance was studied in two-electrode CR2016 coin cells 
using a galvanostatic charge-discharge process with 1  M  lithium 
bis(trifl uoromethanesulfonyl)imide (LiTFSI) in 1,3-dioxolane/
dimethoxy ethane (DOL/DME, 1:1 volume ratio) as the electro-
lyte.  Figure    4  a shows typical discharge-charge voltage profi les 
of MPNC-S80, MPC-S80, and C-S80 cathodes at a current den-
sity of 0.18 mA cm −2  between 1.5 and 3.0 V. The voltage profi les 
show distinct differences between MPNC-S80 and the control 
cathodes. Signifi cant polarization was observed in the charge/
discharge profi les of both MPC-S80 and C-S80 due to decreased 
conductivity of the cathodes. In contrast, MPNC-S80 still clearly 
shows discharge plateaus of 2.3 V and 2.1 V, indicating much 
less severe polarization at the high sulfur loading, which was 
further confi rmed by the much lower charge transfer resist-
ance observed in electrochemical impedance spectra of MPNC 
compared to those of MPC (see Figure S8 in Supporting 

      Figure 4.  a) Initial discharge–charge voltage–capacity profi les and 
b) cycling performance and Coulombic effi ciency of MPNC-S80, MPC-
S80, and C-S80 cathodes at a current density of 0.18 mA cm −2 . 

Adv. Funct. Mater. 2014, 24, 1243–1250



FU
LL

 P
A
P
ER

1248

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the LiNO 3  additive and nitrogen-doping-induced chemical 
adsorption.  

 The areal capacity of MPNC-S electrodes is calculated as 
specifi c capacity (mAh g −1 ) of sulfur × sulfur mass loading 
(g sulfur per centimeter of electrode face area). Based on 
this, it is clear that achieving a high areal capacity necessi-
tates high sulfur loading in the electrodes. Most of the high 
specifi c capacities reported in the literature for electrodes fab-
ricated by coating techniques were obtained at a low sulfur 
loading (below 2 mg S cm −2 ) and/or low sulfur content (below 
70 wt%). [  6,8,37,54–56  ]  The loading is insuffi cient to achieve a 
cathode with energy density greater than that of present 
Li-ion cathodes, as previously described. For the work, the 
MPNC-S cathode with a sulfur loading of 4.2 mg S cm −2  and 
high sulfur content of 70 wt% can deliver an areal capacity of 
3.3 mAh cm −2  (Figure 5c), which is 2–10 times higher than 
other reports. [  6,8,37,54–56  ]  The areal capacity values estimated 
from recent publications are shown in the Li-S cell specifi c 
energy plot for comparison purposes.  

  3   .  Conclusion 

 In summary, we have developed a novel, mesoporous, nitrogen-
doped carbon (MPNC)-sulfur nanocomposite as a cathode for 
Li-S batteries. The nitrogen doping in the MPNC material was 
found to promote formation of bonds between sulfur atoms 
and oxygen functional groups on the carbon, which is believed 
to play a key role in sulfur immobilization. The S–O chemical 
bonding was directly demonstrated by XANES, and the mech-
anism by which nitrogen enables the behavior was further 
revealed by DFT calculations. Based on the advantages of their 
structure and composition, the MPNC-S cathodes show excel-
lent cycling stability at high current density of 0.7 mAh cm −2  
with a high sulfur loading (4.2 mg S cm −2 ) and sulfur content 
(70 wt%). The areal capacity of MPNC-S70 cathodes can reach 
≈3.3 mAh cm −2 , which is superior to other reports. The novel 
nitrogen-doped carbon, as well as the related chemical adsorp-
tion mechanism, is very helpful for developing novel cathodes 
for lithium-sulfur batteries.  

  4   .  Experimental Section 
  Synthesis of Mesoporous Nitrogen-Doped Carbon (MPNC) : MPNC was 

synthesized by using commercial poly(melamine-co-formaldehyde) 
resin (84 wt% solution in butanol) as the carbon precursor, with triblock 
copolymer Pluronic F127 (PEO 106 PPO 70 PEO 106 ), TEOS, and colloidal 
silica nanoparticles serving as poregens. The MF solution was diluted 
to 20 wt% MF by addition of ethanol before use. Typically, Pluronic 
F127 (1.6 g) was dissolved in a mixture of ethanol (15 mL) and HCl 
(0.2  M , 1.0 g) solution under continuous stirring at 40 °C to form a 
homogeneous solution. Then TEOS (2.08 g), colloidal silica latex (5 mL), 
and MF solution (5.0 g) were added in sequence. After being stirred for 
another 2 h, the fi nal clear solution was transferred into petri dishes 
and the solvent was evaporated overnight in the fume hood at room 
temperature to produce transparent membranes. The membrane was 
further heated in an oven at 100 °C for 12 h and then 150 °C for 2 h to 
thermopolymerize the MF resin. Finally, the products were carbonized by 
heating them at 900 °C for 2 h in argon, with a temperature ramping rate 
of 1 °C min −1 , to obtain nitrogen-doped carbon-silica nanocomposites. 

      Figure 5.  a) A typical fi rst cycle discharge-charge voltage-capacity profi le of 
an MPNC-S70 nanocomposite cathode at a current density of 0.35 mA cm −
2 . b) Cycle performance and coulombic effi ciency of MPNC-S70 cycled at a 
current density of 0.35 mA cm −2  for the fi rst two cycles and 0.70 mA cm −2  
for the subsequent cycles. The capacity values were calculated based on 
the mass of sulfur. c) The areal capacity of MPNC-S70 cathode with a sulfur 
loading of 4.2 mg S cm −2  and sulfur content of 70 wt%. The areal capacity 
is calculated by specifi c capacity (mAh g −2 ) × sulfur loading (mg S cm −2 ). 
The areal capacity of current lithium-ion battery is around 2–4 mAh cm −2 . 
The MPNC-S70 cathode shows an areal capacity of ≈3.3 mAh cm −2 , which 
is close to the high-end value of lithium-ion batteries. Areal capacity 
ranges of reported sulfur cathodes in references are also marked in grey. 
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of computation was used for all structures to optimize geometries 
and to do the frequency calculations. Then, the electronic and thermal 
enthalpies of the systems studied are obtained. To obtain the binding 
energy of the sulfur adsorbed on N and O sites of the model, we take 
the energy difference between the energy of the absorbed system and 
the energies of the isolated sulfur atom and N-doped carbon. The charge 
distribution on each atom was evaluated based on Mulliken population 
analysis.  
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