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Abstract   Separator is a pivotal component of lithium-ion batteries (LIBs) and determines the electrochemical performance and safety. However,

with  the  increase  in  energy  density  and  application  scenarios,  commercial  polyolefin  separators  are  increasingly  unable  to  undertake  heavy

responsibility  of  battery  safety  protection.  Herein,  a  new kind of  nanofiber  separator  based on poly(ether  ether  ketone)  (PEEK)  with excellent

thermal  stability,  self-extinguishing,  and superior  electrochemical  properties  is  reported.  Effective  inheritance of  intrinsic  properties  from raw

PEEK materials and optimized hot-pressing operation endows the separator with high robustness and wettability, showing tensile strength of

15.8  MPa  and  a  contact  angle  of  17.2°.  The  high  thermal  stability  of  PEEK  can  ensure  the  separator  to  preserve  the  structural  integrity  and

microstructure at temperatures beyond 300 °C, and the excellent self-extinguishing peculiarity of PEEK capacitates the high safety of LIB. Notably,

benefitting  from  high  porosity  and  polar  surface,  the  PEEK  separator  shows  high  electrolyte  uptake  of  245.5%  and  exhibits  a  wider

electrochemical window and faster lithium-ion transport number than commercial polyolefin separators. Furthermore, cells assembled with PEEK

separator display better performance than the ones with PE separator, and the PEEK LIB has been successfully used to light up a lamp at a high

temperature of 150 °C.
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INTRODUCTION

Lithium-ion  batteries  (LIBs),  the  most  widely  used  secondary
batteries,  have  been  controversial  in  recent  years  due  to  their
safety  problems.[1−5] As  a  constituent  part  of  LIB,  the  separator
located between the anode and cathode plays a crucial  role in
preventing  internal  short  circuit  and  provides  an  electrolyte
reservoir to enable ion transporting.[6−8] Therefore, the separator
is  essentially  responsible  for  the  safety  of  LIB.  Until  now,  the
most  commonly  used  separators  in  LIBs  are  porous  polyolefin
membranes  including  polyethylene  (PE)  and  polypropylene
(PP), which have good physicochemical properties and suitable
microstructure.  However,  the  intrinsically  low  thermal
deformation  temperatures  make  them  suffer  from  large
shrinkage  behavior  and  even  serious  breakage  when  heated.
Consequently, a short circuit might happen and a large amount
of  heat  would  be  generated  inside  LIB,  which  further  causes
accidents  such  as  fire  or  explosion.[9] The  continuous

improvement  of  the  energy  density  and  expansion  of
application  scenarios  of  LIBs  require  new  types  of  separators
with  good  heat-resistant  performance  beyond  polyolefin
separators,  so  the  development  of  LIB  separators  has  been  a
critical and challenging issue.[10−14]

Great  effort  has  been  exerted  to  improve  the  heat-resist-
ance  of  LIB  separators.  The  common  solution  is  to  incorpor-
ate  inorganic  nanofillers  (such  as  Al2O3,[15] SiO2,[16] TiO2,[17]

ZrO2,[18] and  ceramic[19])  onto/into  polyolefin  membranes,
which has been commercialized. Nevertheless, the use of low
thermal stable binders still  affects the performance of LIBs at
high temperatures.[20,21] In  addition,  the  fall-off  of  nanofillers
caused  by  swelling  of  the  binder  in  the  liquid  electrolyte
severely  lessens  the  service  life  of  battery.[22] Last  but  not
least,  adding  inorganic  particles  might  increase  weight  and
deteriorate the mechanical  strength of  separators,  which are
not conducive to the augment of battery energy density and
safety.[23] Besides  the  above-mentioned  coating  separators,
fabrication of separator from high-temperature resistant ma-
terials,  such  as  polyacrylonitrile  (PAN),[24] poly(ethylene  tere-
phthalate)  (PET),[25] poly(vinylidene  fluoride)  (PVDF),[26] and
poly(vinyl  alcohol)  (PVA),[27] is  another  choice.  Considering
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the  key  factors  of  separator  including  light-weight,  stability
and safety, engineering plastics, especially super engineering
plastics with excellent mechanical strength, chemical stability,
heat resistance and electrical insulation could be the optimal
materials for separator.[28−32]

However,  engineering  plastics  possess  excellent  chemical
and  thermal  stability,  which  make  it  tricky  to  match  suitable
solvents for solution processing or directly prepare separator
by  molten  process.  Accordingly,  the  fabrication  of  engineer-
ing  plastic  separator  usually  needs  specific  modification  to
improve  the  solubility  or  indirect  preparation  path,  which
usually  degrade the performance of  engineering plastic  sep-
arators and even the batteries. Liu et al. produced a polyform-
aldehyde  (POM)  separator  by  mixing  POM  with  diluent  (di-
phenylketone) at 180 °C, followed by a series of complex pro-
cesses.[33] The  POM  separator  showed  obvious  color  change
at 140 °C and a thermal shrinkage rate of 4.3% at 150 °C. The
battery with the POM separator exhibited rapid discharge ca-
pacity  decay  and  even  short  circuit.  Zhang et  al. used
poly(amic  acid)  (PAA)  as  the  precursor  solution  and  fabri-
cated  the  polyimide  (PI)  separator  by  nonsolvent-induced
phase  separation  (NIPS).[34] The  electrochemical  impedance
spectroscopy  (EIS)  test  result  of  PI  separator  in  Li-Li  symme-
tric  battery  was as  high as  1200 Ω corresponding to the low
interfacial  compatibility  and  high  Li+ migration  resistance.  Li
et al. manufactured the polytetrafluoroethylene (PTFE) mem-
brane  by  electrospinning  and  sintering.[35] However,  the  re-
sidual carbon and a small amount of poly(vinyl alcohol) (PVA)
after  separator  sintering  affected  the  performance  of  the  as-
sembled battery, and the capacity retention rate decreased to
about  88.3% at  0.2  C  after  only  50  cycles.  Li et  al. chemically
modified  poly(ether  ether  ketone)  (PEEK)  to  increase  solubil-
ity  and  fabricated  porous  membrane  by  phase  separation
method.[36] The  separator  was  in  almost  totally  amorphous
state and led to a thermal shrinkage rate as high as 18.3% at
246 °C. The PEEK separator fabricated by Liu et al. via thermal
induced phase separation (TIPS) method showed obvious col-
or changes at 150 °C and turned seriously yellow and black at

300 °C, which might be due to the existence of a large num-
ber of impurities such as diluent in separator.[37] Therefore, it
is still urgent and challenging to fabricate separators suitable
for LIBs from engineering plastics with the maximum intrinsic
properties.

Here, PEEK as a typical super engineering plastic is selected
to  investigate  the  manufacture  and  characterization  of  the
separator  suitable  for  LIBs.  The  skeleton  of  PEEK  consists  of
aromatic  rings,  which  gives  PEEK  excellent  mechanical  pro-
perties,  chemical  stability,  and  thermal  stability.  In  addition,
abundant polar groups of the PEEK chain, such as ether bond
and carbonyl  group,  make it  have  a  good wettability  for  the
electrolyte.[38,39] We previously realized the nanofabrication of
PEEK  through  a  strategy  containing  procedures  of  coaxial
electrospinning  and  subsequent  treatments  of  annealing  at
low temperatures and removal of the outer sheath, which fur-
nishes a viable basis for the fabrication of engineering plastic
mats  (Fig.  S1  in  the  electronic  supplementary  information,
ESI).[40] As  shown  in Scheme  1,  the  electrospun  PEEK  nan-
ofiber  mat  was  further  fabricated  to  separator  by  hot-press-
ing  above  the  glass  transition  temperature  (Tg),  which  could
increase  the  crystallinity  of  PEEK  nanofiber  membranes  and
improve the mechanical strength to meet requirements of LIB
separator.  Then,  the  electrochemical  performance  and  as-
sembly battery of the PEEK separator were explored and eval-
uated.

EXPERIMENTAL

Materials
PEEK  (G22)  and  poly(butylene  succinate)  (PBS,  TH803S)  were
produced  by  Victrex  Co.,  and  Xinjiang  Blue  Ridge  Tunhe
Sci.&Tech. Co., Ltd.,  respectively. Dichloroformic acid (DCA) and
hexafluoroisopropanol  (HFIP)  were  purchased  from  Shanghai
Aladdin  Co.  Commercial  PE  separator  was  produced  by  Asahi
Kasei  Co.  Li  chip,  LiFePO4 (D3),  normal  liquid  electrolyte  (KLD-
LP02),  and  high  voltage  liquid  electrolyte  (KLD-5V02)  for  linear
sweep  voltammetry  (LSV)  test  only  were  purchased  from

 

 
Scheme 1    Preparation of PEEK separator and assembly of the coin cell.
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Guangdong  Canrd  New  Energy  Technology  Co.,  Ltd.  A
commercial  high-temperature-resistant  liquid  electrolyte  (LX-
081,  Fosai  Chemicals®)  was  used  as  the  working  electrolyte  for
the high-temperature test.

Preparation of PEEK Nanofiber Membrane
PEEK was dissolved in DCA with a mass fraction of 9% by stirring
at 185 °C for 1 h to get a homogeneous solution. PBS was added
in  HFIP  with  a  mass  fraction  of  9%  and  stirred  at  room
temperature for 5 h to obtain a uniform solution. Then, the PBS-
coated  PEEK  (PBS@PEEK)  nanofiber  membrane  was  prepared
through  a  coaxial  electrospinning  process  with  an
electrospinning  machine  (HD-2313,  Ucalery®).  The  optimal
electrospinning  parameters  were  chosen  as  follows:[40] the
dimensions of  the inner  and outer  needles  were 0.26 and 0.90
mm,  respectively.  The  pumping  velocities  of  two  kinds  of
solution  in  the  inner  (PEEK)  and  outer  (PBS)  needles  were  0.20
and 0.53 mL/h,  respectively.  The voltage applied to the needle
and  the  receiving  roller  was  +24  and  −2  kV,  respectively.  The
collecting  distance  between  the  needle  tip  and  the  collector
was  15  cm.  The  as-received  PBS@PEEK  nanofiber  membrane
was first stored at −10 °C for 48 h. Subsequently, the membrane
was soaked in a 50 g/L KOH solution at 80 °C for 48 h to remove
the PBS shell.  Finally, the remaining PEEK nanofiber membrane
was  washed  with  exceed  deionized  water  and  dried  in  a
vacuum oven at 80 °C for 24 h.

Fabrication of PEEK Separator and Cell
Two  layers  of  PEEK  nanofiber  membranes  with  a  thickness  of
50 μm were stacked together and hot-pressed at 160 °C (slight
above  the Tg)  and  16  MPa  for  3  min  in  a  plate  vulcanizing
machine (XLB, Qingdao Yahua®). Following by naturally cooling
down to room temperature, the pressure was released and the
sample was taken out and cut into circular PEEK separators with
a diameter  of  19 mm using a tablet  press  (MSK-T10,  Shenzhen
Kejing®).

LiFePO4,  acetylene  black,  and  PVDF  in N-methyl-2-
pyrrolidinone (NMP) were mixed in a ratio of 8:1:1. The anode
slurry was added with 1.5–2.0 g of NMP to achieve the proper
flow  state  and  stirred  magnetically  for  12  h.  The  slurry  was
coated on one side of the aluminum foil with a coating thick-
ness  of  100  μm  using  an  automatic  thick  film  coater  (MSK-
AFA-IIID,  Hefei  Kejing®)  and dried in  a  vacuum oven at  80  °C
12 h. Then, the electrodes were punched into disks with a dia-
meter  of  12  mm  using  a  tablet  press  (MSK-T10,  Shenzhen
Kejing®).  The amount of LiFePO4 in each disk was 1.0–1.5 mg
(i.e.,  0.88–1.33  mg/cm2).  The  coin  cell  was  assembled  in  the
order  of  anode  can,  positive  electrode,  25  μL  of  electrolyte,
separator,  25  μL  of  electrolyte,  lithium  chip,  stainless  steel
spacer,  stainless  steel  spring,  and  cathode  cap.  The  as-
sembled cell  was sealed using a hydraulic  crimping machine
(MSK-110, Shenzhen Kejing®) with a pressure of 50 kg/cm2. All
processes  were  carried  out  in  an  argon-filled  glove  box  (Su-
per, Mikrouna®) where H2O and O2 content were less than 0.1
ppm.

Characterization
Wide  angle  X-ray  diffraction  (WAXD)  characterization  was
performed  on  a  multifunction  diffractometer  (DX-2700BH,
Haoyuan®)  with  a  scanning  rate  of  5  (°)/min  in  the  range  of
5°−60°. Fourier transform infrared (FTIR) spectra of raw PEEK and

PEEK separator were recorded on an FTIR spectrometer (Tensor
II,  Bruker®)  in  a  wavenumber  range  of  4000−650  cm−1.  The
surface  and  cross-sectional  micro-morphologies  of  the
separator were observed using a scanning electron microscope
(SEM, Quanta 200F, FEI®),  and the cross-sectional samples were
obtained  by  fracturing  PEEK  separators  in  liquid  nitrogen.  The
mechanical  properties  were  tested  on  a  universal  tensile
machine  (AGS-X,  Shimadzu®)  at  a  speed  of  10  mm/min  under
room  temperature.  The  sample  size  is  20  mm  ×  5  mm  ×  0.04
mm. The porosity of the separator was calculated by a soaked-in
n-butanol method with Eq. (1):[41]

Porosity (%) = (W −W0) ρ
ρW + (ρ − ρ0)W0

× 100% (1)

where W0 and W represent  the weight  of  the separator  before
and  after  soaking  in n-butanol  for  8  h,  respectively; ρ and ρ0

represent  the  density  of  separator  material  and n-butanol,
respectively.

The thermal properties of samples were measured by a dif-
ferential  scanning calorimeter  (DSC,  204F1,  NETZSCH®)  using
dry  nitrogen  as  protection  and  purge  gas.  The  temperature
range of the test was set between 25 and 200 °C with a heat-
ing  rate  of  5  °C/min.  The  thermal  stability  of  PEEK  separator
was evaluated on a thermogravimetric analyzer (TGA, DTG-60,
Shimadzu®) by heating the sample from 40 °C to 800 °C with a
heating  rate  of  20  °C/min.  The  dimensional  stability  of
samples regarding temperature was investigated by employ-
ing  a  parameter  called  thermal  shrinkage  rate  (Rts),  which  is
figured out based on Eq. (2):

Rts (%) = S0 − S
S0

× 100% (2)

where S0 and S are the values of separator area before and after
thermal treating at the selected temperature for 1 h.

The contact angle between the electrolyte and the separat-
or was tested by an optical contact angle & interface tension
meter  (SL200KS,  KINO®)  at  room  temperature  under  atmo-
sphere,  which  help  determine  the  wettability  between  the
electrolyte and separator.  The electrolyte uptake rate (Reu)  of
the separator was obtained by soaking separator in the elec-
trolyte  for  8  h  and  then  calculated  by  the  rate  of  weight
change according to Eq. (3):

Reu (%) = Ww −Wd

Wd
× 100% (3)

where Wd and Ww are the weights of the separator before and
after soaking into the electrolyte, respectively.

LSV  was  used  to  measure  the  electrochemical  window  of
the  separator.  The  coin  cell  used  in  the  LSV  test  was  as-
sembled  by  sandwiching  the  electrolyte-soaked  separator
between a Li  chip and a stainless steel  sheet and carried out
from 3.0−5.5 V versus Li/Li+ with a scan rate of 1 mV/s. AC im-
pedance  measurements  were  measured  by  sandwiching  the
electrolyte-soaked  separator  between  two  stainless  steel
sheets  in  a  frequency  range  from  106 Hz  to  1  Hz.  The  ionic
conductivity  of  the  separator  was  calculated  according  to
Eq. (4):

σ = d
S × (R − R0) (4)

where σ is  the  ionic  conductivity; d is  the  thickness  of  the
separator; S is  the  effective  area  of  the  separator; R is  the
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impedance of the separator; R0 is the resistance of the coin cell
shell and the electrodes tested by multimeter, which was set as
the blank sample.

tLi+The lithium-ion transport number ( ) was tested by com-
bining  the  chronoamperometry  (CA)  and  EIS  of  the  as-
sembled  Li/electrolyte-soaked  separator/Li  cells  and  calcu-
lated with Eq. (5):

tLi+ =
Is × (ΔV − I0 × R0)
I0 × (ΔV − Is × Rs) (5)

where I0 and Is are the initial and steady-state currents measured
by  CA,  respectively; R0 and Rs are  the  initial  and  steady-state
resistances obtained by the EIS test, respectively; ΔV is the step
potential  difference (10 mV).  The tests of LSV, CA and EIS were
all performed on an electrochemical workstation (CHI 760E, CH
Instruments®).

The  cycle  performance  and  rate  performance  of  the  cells
were tested by CT2001A cell test instrument (LAND Electron-
ic Co., Ltd., China) in the voltage range of 2.5−4.2 V.

RESULTS AND DISCUSSION

Microstructure and Wettability of PEEK Separator
The PEEK separator  was constructed with stacking electrospun
nanofibers,  which  provided  good  porosity  and  pore  structure.
Fig.  1(a)  shows  the  SEM  microstructure  separator,  in  which
nanofibers were well contacted with each other after being hot-
pressed at 160 °C. Meanwhile, the structural feature of fibers was
hardly affected. Such microstructure would benefit the balance
between  the  mechanical  properties  of  separator  and  the
conduction  of  Li+.  For  comparison,  the  microstructure  of  PE
separator  produced  by  a  wet  process  is  presented  in Fig.  1(b),
which displayed poor porosity and small  pore size.  In addition,
the  cross-section  of  PEEK  separator  (Fig.  1c)  was  much  looser
than  the  PE  separator  (Fig.  1d),  which  could  be  in  favor  of  the
rapid  transport  of  Li+.  The  multilayer  dense  structure  in  PE
separator would bring greater resistance to the shuttle back and
forth between the positive and negative electrodes of Li+ during

the charging and discharging process of the cell.[42,43]

The physical and chemical properties of PEEK separator and
PE separator are tabulated in Table 1. The porosity of the PEEK
separator  was  obviously  higher  than  that  of  PE  separator,
71.2%  versus  40.0%.  In  principle,  for  a  certain  electrolyte,  a
separator with high porosity could help reduce impedance of
the cell.  However, extraordinarily high porosity would deteri-
orate the mechanical strength of the separator, and thus pos-
sibly induces many problems including penetration probabil-
ity of lithium dendrite and self-discharge of the battery. Gen-
erally,  separators  prepared  through  the  electrospinning
method  contain  excessively  high  porosity  and  lead  to  poor
mechanical performance. For example, the electrospun PVDF
separator  showed  a  porosity  of  up  to  84.1%  but  only  dis-
played  tensile  strength  of  3.2  MPa  and  Young’s  modulus  of
38.9  MPa.[44] The  electrospun  sulfonated  PEEK  (SPEEK)  mem-
brane  (with  83.3%  sulfonation  degree)  exhibited  tensile
strength  of  ~4.1  MPa.[45] Here,  the  tensile  strength  of  PEEK
separator increased from 11.4 MPa to 15.8 MPa (Fig. S2 in ESI)
after  hot-pressing,  which  were  much  higher  than  the  repor-
ted  electrospun  separators.[46−50] The  obvious  promotion  of
mechanical  properties  could  be  ascribed  to  the  hot-pro-
cessing,  which  moderately  reduced  the  porosity  and  en-
hanced the inter-fiber adhesion.

The  high  porosity  of  PEEK  separator  led  to  an  excellent
electrolyte uptake rate at as high as 245.5%, which was about
2.7  times  higher  than  PE  separator  of  90.0%  and  remarkably
higher than some of as-reported or as-claimed PEEK-relevant
separators.[36,51,52] In addition, the molecular structure and the
alkali  washing process  could make PEEK fiber  getting higher
polar surface property than PE. Consequently, the PEEK separ-
ator exhibits a much smaller contact angle (17.2°) for electro-
lytes than the PE separator (46.0°),  as  indicated in Fig.  2.  The
higher electrolyte uptake rate and lower contact angle of the
PEEK separator for electrolytes reveal that PEEK separator has
strong adsorption capacity to the electrolyte, facilitating rap-
id  infiltration  and  storage  of  electrolyte  and  thus  providing
support for good performance of the cell.

 

Table 1    Comparison of physical and chemical properties between PEEK separator and PE separator.
 

Separator Thickness
(μm)

Porosity
(%)

Electrolyte
uptake (%)

Ionic conductive
(mS·cm–1)

Li+ transport
number

McMullin
number a (NM)

Tortuosity b
(τ)

PEEK 40 71.2±6.9 245.5±49.4 1.48 0.425 7.66 2.335
PE 25 40.0±5.0 90.0±28.5 0.28 0.198 40.50 4.025

a NM = σo/σs,  where σo is  the ionic  conductivity  of  liquid electrolyte.  The value is  11.34 mS·cm–1  here for  1  mol/L LiPF6 in  EC/DMC=1/1 (V/V). σs is  the ionic
conductivity of liquid electrolyte-filled separator. b τ = (NM × ε)1/2, where ε is the porosity of separator.

 

 
Fig.  1    Microstructure  images  of  the  (a)  surface  and  (c)  cross-section  of  the  PEEK  separator  and  the  (b)  surface  and  (d)  cross-section  of  the
commercial PE separator.
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Thermal Stability and Self-extinguishing Performance
As shown in Fig.  3(a),  the  as-fabricated PEEK separator  did  not
show obvious shape change even at 300 °C,  while the thermal
shrinkage of PE separator is rather serious, severely crimping at
150  °C.  From  the  thermal  shrinkage  curves  in  Fig.  S3  (in  ESI),
PEEK  separator  only  presented  a  thermal  shrinkage  of  3.4%  at
300 °C,  at  which temperature PE separator  had already melted
seriously  and  turned  black.  The  thermal  stability  of  PEEK
separator  here  was  much  higher  than  those  of  many  reported
PEEK-relevant separators (Table S1 in ESI). For instance, the PEEK

separator prepared with sulfuric acid and methanesulfonic acid
as  the  mixed  solvent  by  NIPS  method  showed  a  thermal
shrinkage  rate  as  high  as  37.7%  at  150  °C,[53] where  the  PEEK
chains  had  been  seriously  sulfonated.  The  excellent  thermal
stability of PEEK separator in this study should be attributed to
the  effective  inheritance  of  physical  properties  of  nanofiber
membrane  from  the  bulk.  The  chains  were  not  chemically
modified during separator preparation process,  which retained
the original excellent performance of raw PEEK to the maximum
extent.  X-ray  diffractogram  shown  in  Fig.  S4  (in  ESI)  and  FTIR
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Fig. 2    Contact angles for electrolytes on the surface of (a) PEEK separator and (b) PE separator.

 

 
Fig.  3    (a)  Photographs  of  PEEK  separators  and  PE  separators  after  being  treated  at  different  temperatures;  (b)  DSC  heating  curves  of  PEEK
separator and PE separator; (c) Photographs of ignition test of PEEK separator and PE separator.
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spectra  depicted  in  Fig.  S5  (in  ESI)  confirmed  the  unchanged
structure of PEEK and the absence of impurity.

The  poor  heat  resistance  of  PE  separator  was  not  only  re-
lated  to  the  properties  of  material  itself  but  also  associated
with  fabricating  process.  PE  separator  suffered  a  stretching
process  during  fabrication,  which  made  it  store  remarkable
internal  stress,  and  led  to  significant  shrinkage  when  the  re-
sidual  internal  stress was released during heating.  While,  the
PEEK fiber prepared by coaxial electrospinning was fully solu-
tion-crystallized  inside  the  outer  shell,  where  no  internal
stress could be induced.

It can be seen from the DSC curves in Fig. 3(b) that the PEEK
separator  showed  a  melting  point  as  high  as  367  °C,  which
was close to that of the raw PEEK (Fig. S6 in ESI). However, the
PE separator just displayed a sharp exothermic peak at about
140  °C,  demonstrating  that  the  operating  temperature  of  PE
separator should be lower than 140 °C. In addition, the strong
heat  release  during  the  melting  process  of  PE  separator
would aggravate the thermal escape of lithium ions.  In com-
parison with the un-hot-pressed mat,[39] PEEK separator  pos-
sessed higher melting temperature (367 °C versus 364 °C) and
crystallinity  (47.1%  versus  41.1%).  Hot-pressing  process  at  a
temperature above Tg improved the thermal performance of
PEEK separator.  Furthermore, the self-extinguishing perform-
ance of separator was investigated. Both PEEK separator and
PE  separator  were  ignited  by  a  lighter,  as  shown  in Fig.  3(c).
When the PE separator was moved toward the fire, it severely
curled by heat and almost completely burned out after being
ignited for 1.8 s. Differently, when the PEEK separator was put
to the fire, it could maintain a good shape, and the self-extin-
guishing behavior finished within 0.3 s. The good thermal sta-
bility  and  self-extinguishing  performance  of  PEEK  separator
provided safer opportunity for LIBs.

Electrochemical Characterization
As shown in Fig. 4(a), the maximum stable voltage of the system
of  PEEK  separator  and  electrolyte  determined  from  the  LSV
curve  is  4.7  V,  which  is  0.6  V  higher  than  that  of  PE  separator
system. So, PEEK separator could meet the operating conditions
of  most  LIBs.  The  higher  electrochemical  stability  of  PEEK
separator revealed the good performance inheritance from raw
PEEK. According to Nyquist plots in Fig. 4(b), the calculated ionic

conductivity  of  the system of  PEEK separator  and electrolyte is
1.48  mS·cm–1,  which  is  5.3  times  higher  than  that  of  the  PE
separator system (0.28 mS·cm–1) and 2.1 times higher than that
of the lithiated PEEK separator system via lithiation of PEEK and
TIPS  method  below  the  melting  point.[51] The  high  ionic
conductivity value originated from the good wettability of PEEK
separator  with  polar  electrolytes,  which  facilitated  the
movement of ions in electrolytes.

However, the ionic conductivity of a cell is composed of an-
ions and cations. In other words, high ionic conductivity does
not  necessarily  and  directly  reveal  the  high  transport  effi-
ciency  of  Li+.  Hence,  the  Li+ transport  number  was  further
used  to  evaluate  the  transport  efficiency  of  Li+.  The  CA  test
curves  are  presented  in Fig.  5(a).  The  initial  and  stable  cur-
rents of PEEK separator system are all higher than those of the
PE  separator  system,  indicating  a  lower  impedance  in  PEEK
system, which can also be found from the impedances of the
PEEK  separator  system  before  and  after  polarization  in Fig.
5(b).  The  lower  impedance  value  of  the  Li  symmetrical  cell
manifested that PEEK separator has better interfacial compat-
ibility  with  the Li  electrode than the PE separator,  which be-
nefited  the  rapid  transport  and  uniformed  deposition  of  Li+.
The  Li+ transport  number  of  the  PEEK  separator  system  was
0.425, which was more than twice of PE separator system (i.e.,
0.198).  Therefore,  when  PEEK  separator  was  used  instead  of
PE  separator,  the  transport  efficiency  of  Li+ could  be  obvi-
ously  promoted.  The  polar  surface  of  the  PEEK  chain  be-
nefited interaction between separator and electrolytes, which
would weaken the solvation of Li+. As a result, more Li+ could
migrated less constrainedly, and thus, the Li+ transport num-
ber increased.

Cell Performance
As presented above, it is expected that PEEK LIBs would perform
better  than  PE  LIBs.  So,  the  cycle  performance  of  the  cell  was
investigated. As shown in Fig. 6(a),  the initial  discharge specific
capacity  of  the  cell  with  PEEK  separator  is  127.6  mAh·g–1 at  a
rate  of  1  C.  The capacity  gradually  decreases  to  100.9  mAh·g–1

after  150  cycles.  The  capacity  retention  rate  was  79.1%.  For
comparison,  the  initial  discharge  specific  capacity  of  the  cell
with PE separator was just  115.0 mAh·g–1 under 1 C condition,
and  the  value  declines  to  90.8  mAh·g–1 after  150  cycles,
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Fig. 4    (a) LSV curves and (b) the Nyquist plots of the PEEK separator and PE separator.
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equaling a capacity retention rate of 79.0%. The cell with the PE
separator shows a rapid drop in the first 20 cycles, which might
be due to the interface impedance problem caused by the weak
polarity  of  PE  separator,  while  the  PEEK  cell  exhibited  a
smoother  process.  Moreover,  the  Coulombic  efficiency  of  the
cell  with  PEEK  separator  in Fig.  6(a)  shows  an  upward  trend  in
150 cycles, but that of PE separator displays a downward trend.
The  Coulombic  efficiency  of  PEEK  cell  at  the  150th cycle  was
97.4%, which was higher than that of PE cell (96.3%). Therefore,
the cell with PEEK separator exhibited better cycle performance
than that with PE separator.

Furthermore,  the  discharge  behaviors  of  cells  at  different
rates from 0.1 C to 5 C were systematically studied. The initial
discharge curves of cells with PEEK separator and PE separat-
or  are  shown  in  Fig.  S7  (in  ESI).  Inspiringly,  the  initial  dis-
charge  specific  capacity  of  PEEK  cell  was  always  higher  than
the  PE  cell  under  each  discharge  condition,  that  is,  161.0
mAh·g–1 versus 158.0 mAh·g–1 at  0.1 C,  153.7 mAh·g–1 versus
144.7 mAh·g–1 at 0.2 C, 140.3 mAh·g–1 versus 129.7 mAh·g–1 at
0.5  C,  122.0  mAh·g–1 versus  116.3  mAh·g–1 at  1  C,  105.0
mAh·g–1 versus 103.8 mAh·g–1 at 2 C, and 90.0 mAh·g–1 versus
86.7 mAh·g–1 at 5 C. The discharge specific capacities and the
capacity  retentions  of  PEEK  cell  were  basically  higher  than
that  of  PE  cell  at  each  all  rate,  except  sometimes  at  2  C  rate

(Fig. 6b). After cycling at various rates, the PEEK cell exhibits a
good capacity retention of 99.1% at 0.1 C rate in comparison
with  95.6%  for  PE  cell.  The  better  high-rate  performance  of
cells  with PEEK separators was primarily due to the excellent
porosity and wettability of the electrolyte, which enabled rap-
id  Li+ transport.  Moreover,  the  good  interface  compatibility
between the PEEK separator and lithium anode made Li+ suf-
fer  small  interface  impedance  during  transport,  which  was
conducive to the rapid charging and discharging of cells.

To  explore  the  high-temperature  performance of  cell  with
PEEK  separator,  the  assembled  cell  with  commercial  high-
temperature-resistant  liquid  electrolyte  was  first  cycled  3
cycles at 0.1 C rate and room temperature to ensure the nor-
mal  cell  conditions  before  subjecting  to  high-temperature
measurements.  Afterward,  the  cell  was  placed  at  150  °C  for
1 h and tested with cycle performance at a charge-discharge
rate  of  0.1  C  after  naturally  cooling  down  to  room  tempera-
ture. Fig.  7(a)  illustrates  the  cycle  performance  after  150  °C
treatment. The PE cell lost its performance at room temperat-
ure after thermal treatment, which could be due to the melt-
ing and closed pores of the PE separator (Fig. S8a in ESI). The
Li+ transportation was blocked. However, the PEEK cell could
still  run  relatively  steadily  after  thermal  treatment.  The  mor-
phology  of  PEEK  separator  after  experiencing  the  measure-
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Fig. 5    (a) The CA test curves of the PEEK separator and PE separator; (b) The impedance curves before and after polarization.
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ment process of Fig. 7(a) is shown in Fig. S8b (in ESI). The mi-
crostructure of PEEK separator kept almost unchanged, which
guaranteed  the  cell  performance.  To  confirm  the  availability
of cell  with PEEK separator working at high temperature, the
cell  was used to light  up a  3  W LED lamp at  150 °C (Fig.  7b),
demonstrating the distinguished thermal stability of the PEEK
separator  and  the  great  potential  for  its  application  in  high-
temperature-related  scenes,  such  as  oil  and  gas  exploration,
aerospace  and  aviation.  Therefore,  the  PEEK  separator  with
high-temperature  resistance  and  good  surface  structure  is  a
promising  candidate  for  LIBs  working  at  high  temperatures.
Certainly,  the  PEEK  separator  could  be  expected  to  work  at
temperatures  much  higher  than  150  °C  by  referring  to  its
thermal properties and shape stability, when electrolytes with
higher boiling points could be involved.

CONCLUSIONS

In  this  work,  we  fabricated  a  pristine  separator  of  PEEK  with
excellent  thermal  stability,  self-extinguishing,  and  superior
electrochemical  properties,  which  displayed  high  porosity  of
71.2% and tensile strength of 15.8 MPa. Meanwhile, it exhibited
good  wettability  with  a  contact  angle  of  17.2°  and  electrolyte
uptake  of  245.5%,  resulting  in  conspicuous  ionic  conductivity
(1.48 mS·cm–1) and a Li+ transport number (0.425). The cell with
the PEEK separator revealed an initial discharge specific capacity
of  127.6  mAh·g–1 at  1  C  and  remains  79.1%  of  them  after  150
cycles. In addition, the PEEK cell was further used to light up a 3
W  LED  lamp  at  150  °C,  indicating  a  promising  application  in
advanced LIBs. Considering that the as-prepared PEEK separator
owns  thermal  stability  of  up  to  300  °C,  the  operating
temperature  of  cells  with  PEEK  separator  could  be  further
enhanced  if  a  non-liquid  electrolyte  is  used,  which  would
broaden  the  application  scenario  of  lithium  secondary  battery
limited by temperatures, such as oil and gas exploration.
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