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Abstract: Lithium–sulfur  (Li–S)  battery  with  a  new  configuration  is  demonstrated  by  inserting  a  flexible  nitrogen-doping  car-
bon nanofiber (N-CNFs) interlayer between the sulfur cathode and the separator.  The N-CNFs film with high surface roughness
and surface area is  fabricated by electrospinning and a subsequent calcination process.  The N-CNFs film interlayer not only ef-
fectively  traps  the  shuttling  migration  of  polysulfides  but  also  gives  the  whole  battery  reliable  electronic  conductivity,  which
can  effectively  enhance  the  electrochemical  performance  of  Li–S  batteries.  Finally,  Li–S  batteries  with  long  cycling  stability  of
785 mAh/g after 200 cycles and good rate capability of 573 mAh/g at 5 C are achieved.
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1.  Introduction

Due  to  the  rapid  development  of  electrical  vehicles  and
portable  electronic  devices,  rechargeable  batteries  with  low-
cost and high energy density are in great demand[1−6]. Unfortu-
nately,  the  currently  commercial  lithium-ion  batteries  suffer
from limited energy density. Therefore, developing next-gener-
ation  of  rechargeable  batteries  with  higher  energy  density  is
necessary.  Lithium–sulfur  (Li–S)  batteries  are  one of  the most
promising technologies  to meet  higher  energy demands due
to  the  cost-effective  and environmentally  sulfur  cathode that
provides  a  high  theoretical  capacity  of  1675  mAh/g  and  a
high  theoretical  energy  density  of  2567  Wh/kg[7, 8].  However,
to  enable  Li–S  batteries  becoming  a  commercial  technology,
there  are  still  many  challenging  issues  required  to  be  ad-
dressed, for example, fast capacity degradation, poor rate sta-
bility,  and  low  Coulombic  efficiency  of  current  Li–S  batteries,
resulting  from  the  high  solubility  of  polysulfide  intermedi-
ates  (Li2Sn,  4 ≤ n ≤ 8)  in  organic  electrolytes,  the  insulating
nature  of  sulfur,  and the huge volume expansion during cyc-
ling, respectively[9−11].

So  far  many  strategies  have  been  proposed  to  address
these  abovementioned  obstacles  with  the  majority  focusing
on the cathode modification, such as embedding sulfur in/on
various forms of carbon or surface coating of sulfur with con-
ductive polymers or oxides[12−15]. Although the cathode modi-
fication  could  optimize  the  electrochemical  performance  of
Li–S  batteries,  the  complex  and  expensive  process  of  cath-
ode modification limits the feasibility of commercializing Li–S
batteries  in  the  future[16−18].  Therefore,  more  effective  ap-
proaches are still necessary to be developed. One of the prom-

ising  alternative  strategies  is  to  insert  a  functional  interlayer
between the cathode and the separator to intercept the diffus-
ing  polysulfides  during  charging-discharging  process[19−22].
The introduction of a functional interlayer is expected to effect-
ively  enhance  the  utilization  of  active  materials  by  trapping
and  stabilizing  the  high  solubility  of  polysulfides  at  the  cath-
ode  and  finally  improve  the  performance  of  Li–S  batteries.
Till  now,  there  have  been  several  preliminary  investigations
about  the  design  and  fabrication  of  the  functional  interlayer,
such  as  carbon,  polymer  and  metal  oxide-based  interlay-
ers[23−25]. Among them, carbon-based interlayers, such as por-
ous  carbon[26, 27],  carbon  nanotube[28, 29],  graphene[30, 31],  car-
bon nanofibers  (CNFs)[24, 32],  have  particularly  attracted much
attention due to their  low-cost,  high conductive and physical
adsorption  for  the  dissolved  polysulfides.  For  example,  Sing-
hal et  al.  fabricated  different  porous  CNFs  films  as  interlayers
and studied the effect  of  surface area on the electrochemical
performance  of  Li–S  batteries[24].  The  results  revealed  that
high surface area can deliver a high discharge capacity and ca-
pacity  retention.  However,  due  to  the  smooth  surface  of  CN-
Fs, the ability of adsorption and tapping for polysulfide is lim-
ited,  leading  to  parts  of  polysulfides  being  dissolved  in  the
electrolyte  and thus  decreasing the electrochemical  perform-
ance  of  Li–S  batteries.  Therefore,  improving  surface  rough-
ness  of  CNFs  should  be  an  effective  method  to  increase  the
surface area, and the rough surface can trap and stabilize the
sulfur  on the cathode and reduce the dissolution of  polysulf-
ides.  Unfortunately,  few researches have been focused on in-
creasing the surface roughness of CNFs. Therefore, porous CNFs
membranes  consisting  of  CNFs  with  highly-rough  surface  as
interlayers for Li–S batteries will benefit to decreasing the dis-
solution  of  polysulfides  and  increasing  electrochemical  per-
formance.

Electrospinning  is  a  simple  fiber  formation  technique
that  applies  a  strong  electric  field  to  pull  or  thin  out  a  poly-
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mer  solution  or  melt  jet  forming  nanofibers  and  these  nan-
ofibers  inherently  constitute  a  free-standing non-woven nan-
ofiber  mat[33−35].  In  this  work,  we  use  the  ordered  mesopor-
ous  carbon  (CMK-3)  to  package  sulfur  powder  as  the  cath-
ode  and  employ  electrospinning  to  synthesis  novel  N-doped
CNFs  with  highly-rough  surface  as  the  functional  interlayer.
Polyacrylonitrile  (PAN)  and  polyvinylpyrrolidone  (PVP)  are
solutes  to  prepare  electrospinning  precursors  for  electros-
pinning.  According  to  the  different  pyrolysis  temperatures  of
PAN  and  PVP,  we  annealed  the  as-spun  PAN/PVP  nanofibers
at  a  specific  temperature  to  decompose PVP which degrades
at a much lower temperature than that of PAN, getting the ni-
trogen-doped CNFs (N-CNFs)  film.  With N-CNFs films as  func-
tional interlayers in Li–S batteries, CNFs with highly-rough sur-
face  can  intercept  and  stabilize  soluble  polysulfides  and  the
N-doping  can  improve  the  electronic  conductivity  of  the  CN-
Fs,  which  leads  to  the  improvement  in  electrochemical  per-
formance of Li–S batteries.

2.  Experimental

2.1.  Synthesis

The  N-CNFs  with  highly-rough  surface  were  synthesized
by an electrospinning process.  At  first,  the precursor  solution
of  PAN  (Mw =  52  000)  and  PVP  (Mw =  20  000)  was  prepared.
Secondly,  0.6  g  PAN  was  dissolved  in  10  mL  dimethylfor-
mamide  (DMF)  to  form  a  faint  yellow  solution  at  60  °C  un-
der stirring for 2 h. Lastly, 0.4 g PVP was added to the precurs-
or  solution under  stirring  over  24  h  to  obtain  a  mixture  solu-
tion  for  electrospinning.  The  electrospinning  process  is  de-
scribed  below:  The  precursor  solution  was  loaded  into  an  in-
jector  and  a  voltage  of  15  kV  was  applied  by  a  high-voltage
DC  power  supply  unit.  A  distance  of  15  cm  between  the
nozzle  tip  and the  aluminum foil  and a  flow rate  of  0.5  mL/h
was applied to electrospinning.

The  as-collected  nanofibers  were  stabilized  in  air  at
250  °C  with  a  heating  rate  of  5  °C/min  for  2  h,  and  then  the
temperature  was  further  improved  to  450  °C  with  a  heating
rate  of  5  °C/min  to  remove  PVP  in  nanofibers.  Subsequently,
the nanofibers  were  carbonized at  600 °C  in  an Ar  (95  vol%)/
H2 (5 vol%) atmosphere with 2 °C/min for 1 h to obtain N-CN-
Fs  with  highly-rough  surface.  For  comparison,  PAN/PVP  nan-
ofibers  were  synthesized  by  stabilizing  PAN/PVP  nanofibers
in the air  at  250 °C without annealing at 450 °C and then dir-
ectly  carbonized  in  Ar  (95  vol%)/H2 (5  vol%)  atmosphere  at
600 °C.

2.2.  Characterization

The  crystalline  structure  of  the  as-prepared  N-CNFs  were
characterized by X-ray diffraction (XRD) (Empyrean, PANanlytic-
al  B.V.)  equipped  with  Cu  Kα  radiation  (λ  =  0.15406  nm).  The
morphology  and  microstructure  were  observed  by  scanning
electron  microscopy  (SEM,  FEI  Quanta-200)  and  by  transmis-
sion  electron  microscopy  (TEM,  FEI  Tecnai  G2  F20  S-TWIN)
with  an  accelerating  voltage  of  200  kV.  Brunauer-Emmett-
Teller  (BET)  was  used  to  determine  the  specific  surface  area.
The  surface  state  and  electronic  structure  were  tested  by  us-
ing  X-ray  photoelectron  spectroscopy  (XPS)  (Kratos  AXIS  Ul-
traDLD  ultrahigh  vacuum  (UHV)  surface  analysis  system)  us-
ing Al  Ka radiation (1486 eV)  as  a  probe.  A thermal  gravimet-
ric-differential scanning calorimeter (TG-DSC, Q600, TA Instru-

ments) measurement was used to analyze the thermal decom-
position behavior for the N-CNFs in the air atmosphere.

2.3.  Electrochemical measurements

The  CMK-3/S  composite  (70%  S  content)  was  prepared
by grinding CMK-3 and high-purity  S  powder with a  mass ra-
tio  of  3  :  7  for  40  min.  The  active  material  paste  was  pre-
pared  by  mixing  CMK-3/S,  conductive  carbon  black  and
polyvinylidene fluoride (PVDF) with a mass ratio of 7 :  2 :  1 in
a  N-methyl-2-pyrrolidinone solution.  The slurry  after  grinding
was cast  onto an Al  foil  and dried at  60 °C in  a  vacuum oven
for 12 h. The sulfur cathodes and N-CNFs mat were cut into cir-
cular  disks  with  a  diameter  of  12  mm.  The  mass  loading  of
the  sulfur  is  about  1.4  mg/cm2 and  the  weight  of  a  N-CNFs
mat  is  around  0.9  mg.  The  cathode  electrode  and  the  N-CN-
Fs  mat  were  punched  into  circular  discs  with  the  same  size.
The  electrolyte  was  1  M  lithium  bis(trifluoromethanesulfonyl)
imde  (LiTFSI)  in  1,3-dioxolane  and  1,2-dimethoxyethane
(DME-DOL  1  :  1  v/v).  Coin  cells  of  CR2032  were  assembled  in
an  argon-filled  glove  box  with  Li  metal  foil,  polypropylene
separator,  N-CNFs  interlayer  and  CMK-3/S  cathode  electrode
in  sequence.  The  galvanostatic  charge-discharge  tests  were
conducted  on  a  LAND  battery  test  system  (CT2001A).  Cyclic
voltammetry  (CV)  measurements  were  tested  by  using  a  CHI
760E  electrochemical  workstation  (ChenHua  Instruments  Co.,
China).

3.  Results and discussion

Fig.  1(a) illustrates  the  schematic  of  a  Li–S  battery  with
the functional N-CNFs film as the interlayer, in which the inter-
layer  is  sandwiched  between  the  separator  and  sulfur  cath-
ode. The N-CNFs film is utilized to stabilize and trap the poly-
sulfides  moving  from  the  cathode  to  the  anode  by  shuttling
effect,  aiming  to  reducing  their  solubility  in  organic  electro-
lyte and improving the utilization of  the active materials.  The
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Fig. 1. (Color online) (a) Schematic illustration of a Li–S cell configura-
tion with a N-CNFs interlayer inserting between cathode and separat-
or.  (b)  Digital  image of  a  N-CNFs  interlayer.  (c,  d)  SEM images  of  the
as-spun PAN/PVP nanofibers and the final N-CNFs (inset is the SEM im-
age of the final PAN/PVP nanofibers).
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as-obtained  N-CNFs  film  exhibits  excellent  flexibility  under  a
bending  condition,  which  ensures  the  whole  structure  stabil-
ity of the interlayer during cycling processes. The N-CNFs mat
has  the  same  size  as  the  electrode  and  its  diameter  is  about
12 mm, as illustrated in Fig. 1(b). Fig. 1(c) is the SEM image of
as-spun  PVP/PAN  nanofibers.  The  nanofibers  are  continuous
with  a  uniform  diameter  around  200  nm  and  their  surface  is
quite  smooth.  After  stabilization  in  air  and  the  following  car-
bonization,  the  as-obtained  N-CNFs  keeps  the  fibrous  struc-
ture  with  no  distinct  structural  changes  compared  to  the  as-
spun  PVP/PAN  nanofibers  except  for  a  significantly  increased
surface  roughness  as  shown  in Fig.  1(d).  In  contrast,  the  sur-
face of PAN/PVP nanofibers after carbonization is still  smooth
like  the  as-spun  PVP/PAN  nanofibers  (inset).  The  rough  sur-
face of N-CNFs would effectively improve the ability of N-CN-
Fs to intercept and adsorb polysulfides.

The  detailed  microstructures  of  N-CNFs  were  further  ex-
amined  by  TEM.  As  shown  in Figs.  2(a)–2(c),  the  diameter  of
the  N-CNFs  is  150  nm  and  the  grooves  on  the  nanofiber  sur-
face confirm the rough surface. In addition, the high-angle an-
nular-dark-field  (HAADF)  STEM  images  of  a  single  nanofiber
and  element  mappings  for  C  and  N  are  illustrated  in Figs.
2(d)–2(f).  As  shown  in  the  element  mappings,  the  nanofibers
content  C  and  N  elements,  confirming  the  extensive  N-dop-

ing  in  the  CNFs.  The  XPS  measurement  was  also  performed
to  further  identify  the  elemental  composition  of  N-CNFs.
Fig. 3(a) shows the general XPS spectrum of N-CNFs, which re-
veals N doping of the N-CNFs film, corresponding to the TEM
mapping results. Fig. 3(b) shows the C 1s spectrum and the fit-
ting  peaks:  C–C  in  aromatic  rings  at  284.9  eV,  C–N  at  285.8
eV, C–O at 286.7 eV, C=O at 288.1 eV, and O=C–O at 289.1 eV.
Fig.  3(c) reveals  three  N  1s  peaks  at  398.3,  399.9,  and
400.8  eV,  corresponding  to  pyridinic,  nitrile,  and  quaternary
nitrogen,  respectively.  N-doping  is  an  effective  way  to  im-
prove  the  performance  for  Li–S  batteries.  From  the  structure
of  the  N  species  in  the  graphene  layers,  pyridinic  N  and  ni-
trile could be highly chemically active because these N atoms
stay in the edge sites[36]. In addition, these N atoms would im-
mobilize  the  polysulfides  through  Li2Sx–N  bonding  due  to
their electronegative character[37]. N-doping of carbon materi-
als  can also greatly enhance their  electronic conductivity and
induce  n-type  conducting  behaviors  because  N  can  intro-
duce  donor  states  near  the  Fermi  level[38].  Therefore,  N-dop-
ing can improve the electronic conductivity of the CNFs inter-
layer.  In  addition,  the  continuous  1D  N-CNFs  interconnect
with  each other  form a  conductive  3D network  film,  which  is
beneficial  to  fast  electronic  transporting,  contributing  to  im-
proving rate performance for Li–S batteries[39].
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Fig. 2. (Color online) (a–c) TEM images of a single N-CNFs fiber. (d–f) HAADF STEM image and the element mappings for C and N, respectively.
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Fig. 3. (Color online) (a) XPS general spectrum of N-CNFs and the corresponding high resolution spectra of (b) C 1s and (c) N 1s.
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The  structural  features  of  the  N-CNFs  film  were  ex-
amined  by  XRD,  as  shown  in Fig.  4(a).  There  is  a  broad  peak
around  24°  in  the  XRD  pattern,  and  it  should  be  corres-
ponding to the typical (002) peak of graphite[40].  This result is
also  supported  by  the  Raman  spectrum  of  the  N-CNFs  film
(Fig.  4(b)).  Two  broad  peaks  at  1346  and  1585  cm–1 are  re-
lated to  the structural  defects  and disorders  in  the carbon (D
band)  and E2g vibration  mode  of  the  sp2-bonded  carbon
atoms  (G  band),  respectively[41].  In  addition,  the ID/IG ratio  is
about 1.4 indicating its partial graphitization, which is condu-
cive  to  the  transport  of  electrons  between  the  carbon  and
the  sulfur  species.  Furthermore,  the  N2 adsorption/desorp-
tion  isotherms  (BET)  results  indicate  that  the  surface  area  of
N-CNFs  is  larger  than  that  of  PAN/PVP  nanofibers,  which  is
caused by the roughness surface, as shown in Fig. 4(c). Further-
more,  the TGA analysis  was  used to  find a  suitable  annealing
temperature of the PAN/PVP fibers mat though different pyro-
lysis  temperatures  of  the  two  kinds  of  polymers  (Fig.  4(d)).
From  the  TGA  curve,  PVP  with  a  low  pyrolysis  temperature
will  be  decomposed  around  400  °C  in  contrast  to  that  of
580  °C  for  PAN.  Therefore,  heating  the  PAN/PVP  nanofibers
film  at  450  °C  in  the  air  will  remove  the  PVP  and  get  the
highly rough surface N-CNFs, after annealing process in Ar/H2

atmosphere.
The  electrochemical  performance  of  Li–S  batteries  with

or  without  interlayers  are  compared. Fig.  5(a) shows  the
charge/discharge voltage profiles  of  the battery  at  0.1  C rate.
Two  discharge  voltage  plateaus  arise  at  around  2.25  and
2.1  V,  corresponding  to  two  reduction  reactions  during  the
discharge process, respectively. In addition, a long voltage plat-
eau appears around 2.3 V is related to a reverse oxidation pro-
cess.  The  electrochemical  behavior  of  the  Li–S  battery  with
an  N-CNFs  interlayer  is  analyzed  using  CV  method.  The  CV
data  in  the  initial  four  cycles  (Fig.  5(b))  are  characteristics
redox reactions for Li–S batteries. In the cathodic scan, two re-

duction peaks are appeared at around 2.7 and 2.1 V.  The two
peaks are representatively associated with an open-ring reduc-
tion reaction of S8 to long-chain Li2Sn (4 ≤ n ≤ 8) and a success-
ive decomposition of Li2Sn into short-chain Li2S/ Li2S2, respect-
ively.  During the following anodic scan, a distinct sharp peak,
appearing  at  2.65  V,  corresponds  to  the  oxidation  of  Li2S/
Li2S2 to  Li2S8.  The  redox  feature  shows  no  obvious  change  in
the  four  cycles,  indicating  highly  reactive  reversibility  and
good  cyclability  of  the  battery.  The  cycling  performance  of
the Li–S batteries is plotted in Fig. 5(c). Li–S batteries with inter-
layers  show  obvious  capacity  improvement,  comparing  to
the one without interlayer. In detail, all three batteries can de-
liver  an  initial  discharge  capacity  of  about  1200  mAh/g,  but
Li–S batteries  with N-CNFs and PAN/PVP interlayers  can keep
high  capacities  about  785  and  630  mAh/g,  respectively,  after
200  cycles.  In  contrast,  Li–S  batteries  without  interlayers
show  a  serious  capacity  degradation  during  test,  and  a  very
limited  capacity  of  only  20  mAh/g  is  preserved  after  200
cycles. Furthermore, the Li–S battery with N-CNFs exhibits bet-
ter  cycling  stability  than  that  of  PAN/PVP  interlayers.  The  im-
proved  cycling  stability  is  considered  to  be  benefited  from
the  highly-rough  surface  N-CNFs  interlayer  which  holds  a
stronger  ability  to  trap  sulfur  on  the  cathode  side  and  sup-
press the polysulfide solubility in the organic electrolyte, com-
paring to PAN/PVP interlayers. Fig. 5(d) shows rate cycling be-
haviors of the Li–S battery with an N-CNFs interlayer. The bat-
tery  displays  reversible  capacities  of  1204,  986,  900,  821,  741
and  573  mAh/g  at  rates  of  0.1,  0.2,  0.5,  1,  2  and  5  C,  respect-
ively. Particularly, when the rate turns back to 0.2 C, the capa-
city  recovers  to  930  mAh/g,  which  shows  the  battery  has  a
strong capacity stability under wide range of rates.

4.  Conclusion

We use the highly-rough surface N-CNFs film as flexible in-
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Fig. 4. (Color online) (a) XRD pattern of N-CNFs. (b) Raman spectra of N-CNFs. (c) N2 adsorption/desorption isotherms of N-CNFs and PAN/PVP nan-
ofibers. (d) Thermogravimetric analysis of N-CNFs in the air.
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terlayers  and  apply  them  in  Li–S  batteries.  The  highly-rough
surface interlayer provides large surface area to stabilize poly-
sulfides and suppress the solubility  in organic electrolyte.  Be-
sides, N-doping gives the CNFs film good electrical conductiv-
ity,  which  can  improve  rate  capacity  for  Li–S  batteries.  The
Li–S  battery  with  an  N-CNFs  interlayer  displays  a  high  dis-
charge capacity 785 mAh/g after 200 cycles and good rate cap-
ability of 573 mAh/g at 5 C. The enhanced electrochemical per-
formance demonstrates this highly-rough surface N-CNFs inter-
layer  synthesized  by  electrospinning  is  a  promising  method
to fabricate high capability Li–S batteries.
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