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Abstract   Reasonable construction of high activity and low cost non-noble metal oxygen reduction reaction (ORR) catalyst is of great importance

for  the  wide  application  of  zinc-air  batteries  (ZABs).  Using  bimetallic  MOF  as  a  precursor  combined  with  electrospinning,  high-temperature

carbonization and electrodeposition, we successfully developed a porous carbon nanofiber (Co@Fe-CNFs-1000) with bimetallic active center as

an efficient catalyst for ORR. The successful construction of this special core-shell structure directly explores the synergy between different active

centers. The results showed that the synthesized Co@Fe-CNFs-1000 catalyst exhibited ORR performance comparable to that of Pt/C in 0.1 mol/L

KOH electrolyte, high half-wave potential (E1/2=0.81 V) and limiting current density (JL=5.4 mA·cm−2).  In addition, homemade liquid ZABs with

Co@Fe-CNFs-1000  as  the  air  cathode  showed  excellent  power  density  (155.8  mW·cm−2),  specific  capacity  (780.6  mAh·gZn
−1)  and  long-term

stability (over 100 h at 2 mA·cm−2), surpassing even Pt/C-based batteries. In addition, the flexible solid-state ZABs assembled based on Co@Fe-

CNFs-1000  demonstrates  excellent  flexibility  and  durability.  This  work  provides  a  new  idea  for  constructing  ORR  catalysts  with  high  activity

centers.
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INTRODUCTION

Continuous  energy  consumption  and  environmental  degrada-
tion  have  stimulated  the  development  of  sustainable  energy
storage and conversion equipment.[1−5] Zinc-air batteries (ZABs)
are  attracting  increasing  attention  because  of  their  low  cost,
high  energy  density  and  environmental  friendliness.[6−9]

However,  the  relatively  slow electrocatalytic  reactions  involved
in battery cathodes, including oxygen reduction reactions (ORR),
hinder their direct applications.[10,11] Therefore, it is necessary to
design an ideal electrocatalyst to solve the problem of slow ORR
kinetics.[12] Although  precious  metal  (Pt)  based  catalysts  are
considered as ideal catalysts for ZABs, they have disadvantages
such  as  high  cost,  poor  stability  and  poor  availability,  which
directly  hinder  the  large-scale  application  of  ZABs.[13−15] In  this
context,  the  attention  is  gradually  turning  to  the  design  and
development of  non-precious metal  based catalysts,  which are
essential to promote the high quality development of ZABs.

In  previous  studies,  Fe,  N  co-doped  carbon-based  materi-
als  (Fe-NXC)  often  showed  surprising  ORR  electrocatalytic

activity.[16−18] Among them, the synergistic effect of Fe, N and
C  is  realized  through  element  doping,  which  also  regulates
the electronic structure of the material and further generates
more  abundant  active  sites.[19−21] Fe-NXC  has  been  con-
sidered as one of the promising ORR catalysts, because these
active  sites  enhance  the  adsorption  capacity  of  oxygen  spe-
cies in transition states and reduce the energy barrier during
the  reaction.[22−24] The  common  preparation  strategy  of  Fe-
NXC  is  based  on  the  pyrolysis  of  metal-organic  skeleton
(MOF), because MOF has the advantages of controllable crys-
tal  configuration,  rich  pore  structure,  and in  situ nitrogen
source.[25−27] However, collapse, structural damage and metal
particle  aggregation  often  occur  during  high  temperature
pyrolysis  of  MOF,  which  will  directly  reduce  the  specific  sur-
face  area  and  destroy  the  pore  structure,  thus  affecting  the
electrocatalytic  performance  of  the  catalyst.[26] In  order  to
solve this problem properly, it is an effective reform measure
to arrange MOF on conductive carbon matrix in order before
high  temperature  pyrolysis.[27,28] Electrospinning  carbon
nanofiber materials are considered as effective carbon matrix
because  of  their  large  surface  area  and  excellent  electrical
conductivity.[29,30] This  material  not  only  solves  the  waste
problem  of  inorganic  template,  but  also  provides  a  longer
electron  transport  channel.[31] But  even  so,  these  materials
with only single metal active sites will still show poor durabil-
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ity and low activity.[32]

It  is  well  known  that  introducing  Co  species  to  construct
core-shell structure is an effective means to improve the elec-
trocatalytic  performance  of  carbon-based  materials.  This  is
because bimetallic active sites can be constructed by introdu-
cing Co species, which not only regulates the electronic struc-
ture of carbon atoms, but also the adsorption energy of inter-
mediates,  and  finally  improves  the  performance.[33] Many
studies  also  confirmed  that  there  is  a  synergistic  effect
between iron species  and cobalt  species  in  iron matrix  com-
posites,  which  may  be  through  doping  or  forming  multiple
metal  compounds  to  change  the  electronic  structure  of  the
catalyst.[34] On the one hand, iron species can also exert  par-
tial charge transfer activation effect on introduced cobalt spe-
cies.  On the  other  hand,  the  charge-carrier  density  and elec-
tron conductivity can also be improved with the introduction
of  cobalt  species.[35] Co  species  tend  to  exhibit  good  ORR
activity  either  as  nanoparticles  or  when  they  are  encapsu-
lated in  N/C nanostructures  (such as  carbon nanotubes,  por-
ous carbon structures, etc.).[36] For example, Xue et al. synthe-
sized N-doped porous carbon using MOF as a precursor by in-
situ doping, in which Co nanoparticles and Fe-NX active sites
are  evenly  dispersed  on  the  carbon  substrate.  The  catalyst
CoNP@FeNC-0.05  prepared  by  introducing  Co  particles
showed  excellent  bi-functional  activity.[37] In  the  study  of
Zhao et  al.,  it  was  found  that  porous  carbon  with  bimetallic
active  center  can  be  synthesized  successfully  by  pre-doping
(Co@C/Fe-NC).  Among  them,  Fe  species  can  establish  Fe-NX
active  sites  on  the  substrate  by  means  of  coordination,  and
Co species can not only transform into nanoparticles at  high
temperature,  but  also  induce  carbon  to  transform  into  car-
bon nanotubes.[38] These special structural characteristics are
conducive  to  the  ORR  process.  In  addition,  zinc  species  in
MOF  can  also  act  as  pore-forming  agents  to  disperse  metal-
based materials  in  highly  porous  structures,  which  facilitates
the increase of specific surface area and the full utilization of
metal active sites.[39,40] Therefore,  the ORR activity of carbon-
based  electrocatalysts  can  be  effectively  improved  by  con-
structing bimetallic centers.

For  this  purpose,  Fe-NXC  porous  carbon  nanofiber  sub-
strate was constructed using ZnFe-MOF as precursor, and Co
species were loaded onto the substrate by electrodeposition
technology. Finally, a high performance ORR catalyst contain-
ing  Fe-NXC  active  sites,  Co-NXC  active  sites  and  Co  nano-
particles co-exists in hollow porous carbon fibers (Co@Fe-CN-
Fs-1000). In alkaline electrolyte, Co@Fe-CNFs-1000 has the ad-
vantages of low half-wave potential (0.81 V), nearly four elec-
tron transfer process (3.93), and good stability. Liquid/flexible
solid-state  ZABs  assembled  on  Co@Fe-CNFs-1000  also  have
higher  power  density  and  excellent  stability  compared  to
Pt/C-based  batteries.  This  work  could  provide  a  new  option
for  non-precious  metal  ORR  high  efficiency  catalysts  used  in
sustainable energy storage and conversion equipment.

EXPERIMENTAL

Materials and Chemicals
Zinc  nitrate  (Zn(NO3)2·6H2O),  cobalt  nitrate  (Co(NO3)2·6H2O),
ferrous  sulfate  (FeSO4·7H2O), N,N-dimethylformamide  (DMF),
anhydrous  methanol  (CH3OH),  ethanol  (C2H5OH),  potassium

hydroxide  (KOH),  zinc  acetate  (Zn(CH3COO)2)  and  Nafion
solution  (5  wt%)  were  purchased  from  Sinopharm  Chemical
Reagent Co., Ltd., Shanghai, China. 2-Methylimidazole (2-MeIM),
polyacrylonitrile  (PAN, Mw ~1.5×105)  and  poly(vinyl  alcohol)
(PVA, Mw ~1.95×105)  were  supplied  by  Aladdin  Chemical  Co.,
LTD.  Commercial  Pt/C  (20  wt%)  was  provided  by  Meryl
Corporation.

Synthesis of Electrocatalysts

Preparation of ZnFe-MOF
Generally,  0.8  mmol  FeSO4·7H2O  and  14  mmol  Zn(NO3)2·6H2O
were dissolved ultrasonically in 150 mL of anhydrous methanol
to form mixed solution A; 60 mmol 2-MeIM was dissolved in 150
mL of anhydrous methanol to form mixed solution B. Solution B
is then slowly added to solution A at room temperature, stirring
vigorously. After mixing well, let stand at room temperature for
24  h.  Finally,  the  light  yellow  solid  powder  ZnFe-MOF  was
obtained  by  centrifugation.  After  washing  with  methanol  for
several times, the powder was dried in the oven at 60 °C for 6 h.
The yield of ZnFe-MOF is about 30%.

Preparation of ZnFe-MOF/PAN
ZnFe-MOF  (0.4  g)  was  dispersed  in  DMF  (4.35  g)  by  ultrasonic
action,  and  then  PAN  (0.65  g)  was  added  and  stirred
continuously at room temperature for 36 h. The homogeneous
spinning  solution  was  successfully  prepared.  The  nanofiber
membrane  used  in  the  experiment  was  manufactured  using  a
homemade electrospinning facility consisting of a high-voltage
DC power supply (GAMMA, Washington, DC, USA), an injection
pump (LSP02-1B, Baoding Lange Constant Flow Pump Co., Ltd.,
China)  and  a  drum  receiver.  Typically,  the  spinning  solution  is
inhaled into a 5 mL syringe and a metal receiving roller covered
with  silicone  oil  paper  is  used  to  collect  the  nanofibers.  The
applied  voltage  is  19  kV  and  the  feed  rate  is  22  μL·min−1.  The
receiver  speed,  reception  distance,  rotation  temperature  and
relative  humidity  were  set  at  125  r/min,  20  cm,  25±3  °C  and
45%±3%,  respectively.  In  addition,  the  prepared  nanofiber
membrane was dried in an oven at 60 °C for 1 h before use to
remove  the  residual  solvent  to  obtain  a  light  yellow  solid
nanofiber ZnFe-MOF/PAN. The yield of  ZnFe-MOF/PAN is  close
to 20%.

Preparation of Fe-CNFs
The  black  solid  nanofibers  were  named  as  Fe-CNFs  after
annealing with ZnFe-MOF/PAN and heating under 800 °C argon
for 2 h. The yield of Fe-CNFs is about 35%.

Preparation of Co@Fe-CNFs
Co(OH)2/Fe-CNFs were prepared by electrochemical deposition.
Electrodeposition was performed in a standard three-electrode
system  at  room  temperature.  With  Fe-CNFs  as  the  working
electrode,  the  reference  electrode  and  the  reverse  electrode
were  Ag/AgCl  (3  mol/L  KCl)  electrode  and  platinum  wire,
respectively.  The  electrolyte  was  composed  of  2  mmol
Co(NO3)2·6H2O  dissolved  in  100  mL  of  deionized  water.
Electrodeposition  was  performed  at  −1.0  V  versus  Ag/AgCl  for
100,  300,  500  s.  The  obtained  Co(OH)2/Fe-CNFs  were  then
removed from the electrolyte, rinsed three times with deionized
water and dried at 60 °C. In addition, Co@Fe-CNFs is synthesized
by  pyrolysis  of  Co(OH)2/Fe-CNFs-300s  at  high  temperatures.
Specifically,  Co(OH)2/Fe-CNFs  underwent  a  2  h  carbonization
process  under  800,  900  and  1000  °C  argon,  respectively.  The
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obtained samples at different carbonization temperatures were
named  Co@Fe-CNFs-800,  Co@Fe-CNFs-900,  Co@Fe-CNFs-1000.
For  comparison,  Co(OH)2@CNFs  was  prepared  by  replacing
ZnFe-MOF  with  ZIF-8  by  the  similar  method  described  above,
and Co@CNFs was synthesized by heating under 1000 °C argon
for 2 h. The yield of Co@Fe-CNFs-1000 is close to 85%.

Material Characterization
By scanning electron microscopy (FE-SEM, Regulus8100), energy
dispersive  X-ray  spectroscopy  (EDS,  Super-X),  transmission
electron  microscopy  (TEM,  HT7700),  raman  spectroscopy
(Raman,  HORIBA  Scientific  LabRAM  HR  Evolution),  X-ray
diffraction  (XRD,  Rigaku  MiniFlex600)  characterized  the
morphology and structure of the catalyst. N2 adsorption/desor-
ption  isotherms  were  obtained  using  Quantachrome-EVO
surface area and porosity analyzer. The surface composition and
chemical  state  of  the  samples  were  studied  by  X-ray  photo-
electron  spectroscopy  (XPS).  An  inductively  coupled  plasma
optical emission spectrometer (ICP-OES, Agilent730) was used.

Electrochemical Measurements
Electrochemical  performance  was  tested  using  the  standard
three-electrode  apparatus  of  the  CHI  760E  and  rotating  disk
electrode (RDE). The glassy carbon electrode (4 mm in diameter)
coated with a catalyst sample, Hg/HgO electrode and platinum
wire  as  the  working  electrode,  reference  electrode  and  the
counter  electrode,  respectively.  The  measured  potential  was
corrected by Nernst equation ERHE = EHg/HgO + 0.059pH + 0.098.
In  order  to  prepare  the  working  electrode,  catalyst  ink  is
prepared.  The catalyst  ink was composed of  5  mg of  prepared
catalyst, 485 μL of ethanol, 485 μL of deionized water and 30 μL
of  Nafion  solution  (5  wt%),  which  was  formed  after  ultrasonic
treatment for 60 min. Finally, 5 μL of ink was dropped onto the
polished glass  carbon electrode and air  dried.  Under  the same
conditions, commercial Pt/C (20 wt%) catalyst was prepared for
reference. For ORR tests, samples were tested for the catalyst CV
curve in an N2- and O2-saturated 0.1 mol·L–1 KOH electrolyte of
0−1.2 V versus RHE at a scanning rate of 50 mV·s−1. Linear sweep
voltammetry  (LSV)  curves  were  measured  at  0.1  mol·L–1 KOH
saturated with O2 at a sweep rate of 10 mV·s−1 and analyzed at
speeds  between  400  and  2025  r·min–1.  The  Tafel  slope  can  be
calculated by the Tafel equation:[41]

η = a + blog(j) (1)

where η, j and b represent  overpotential,  current  density,  and
Tafel slope, respectively.

The  number  of  electrons  (n)  transferred  by  oxygen  reduc-
tion can be analyzed by Koutecky-Levich (K-L) equation:[42,43]
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where J is the measured current density, Jk and JL are the kinetic
limit  current  density  and  the  diffusion  limit  current  density
respectively. F is the Faraday constant (96485 C·mol−1), ω is the
electrode speed,  and n is  the  number  of  electron transfers  per
oxygen molecule. D0 is  the diffusion coefficient of O2 (1.9×10−5

cm2·s−1), C0 is  the  volume  concentration  of  O2 (1.2×10−6

mol·cm−3), ν is  the  kinematic  viscosity  of  the  electrolyte (0.1
mol·L–1 KOH, 0.01 cm2·s−1).

The long-term stability of the prepared catalyst was tested
at  0.6  V  versus  RHE  by  constant-current  test  in  O2-saturated
0.1  mol·L–1 KOH at  a  rotational  speed of  1600 r·min–1.  At  the
same time, the methanol tolerance of the samples was tested
by  adding  5%  methanol  to  the  electrolyte  under  the  same
conditions.

The rotating ring-disk electrode (RRDE) test was performed
at  a  scan  rate  of  10  mV·s−1 and  rotation  speed  rate  of  1600
r·min–1 in  O2-saturated  0.1  mol·L–1 KOH.  The  potential  of  the
Pt ring was set to 1.365 V versus RHE to test the ring current
(Ir).  Peroxide  yield  (H2O2%)  and  electron  transfer  number  (n)
can be calculated by the following equations:[44]

n = 4 ×
id

ir
N
+ id

(4)

H2O2 (%) = 200 ×

ir
N

ir
N
+ id

(5)

where id and ir are disk current and ring current respectively, N is
the collection efficiency of ring current (N=0.47).

In  addition,  electrochemical  impedance spectroscopy (EIS)
was  measured  in  the  frequency  range  from  0.01  Hz  to  1000
kHz with an amplitude of 5 mV.

Liquid and Flexible Solid-State ZABs Assembly
Zinc-air  batteries  consist  of  three  parts:  anode,  electrolyte  and
cathode. We have assembled both liquid and flexible solid-state
ZABs.  For  the  liquid  zinc-air  battery,  a  new  polished  zinc  plate
with  a  thickness  of  0.2  mm  was  selected  as  the  anode,  liquid
electrolyte  was  prepared  by  dissolving  6  mol·L–1 KOH  and  0.2
mol·L–1 Zn(Ac)2 in  water.  Air  cathode was  prepared by  coating
catalyst (1 mg·cm−2) on carbon paper/gas diffusion layer mixed
electrode.  Specifically,  200  μL  of  catalyst  ink  was  titrated  on
carbon paper with an area of 1 cm−2. Preparation of catalyst inks
is  the  same  as  in  electrochemical  measurement.  For  flexible
solid-state  ZABs,  thin  and  flexible  zinc  plates  were  selected  as
the  anode,  commercial  carbon  cloth  supported  catalyst  ink  as
the cathode, and PVA gel electrolyte as the solid electrolyte. The
gel  electrolyte  was  prepared  by  adding  2  g  of  PVA  powder  to
20  mL  of  6.0  mol·L–1 KOH  solution  containing  0.2  mol·L–1

Zn(CH3COO)2 and  stirring  at  90  °C  until  the  solution  was
uniform.  Then,  pour  the  above  solution  into  a  square  glass
container,  form  a  film  of  about  1  mm  and  put  it  in  the
refrigerator,  and  thaw  it  at  room  temperature  after  12  h.  As  a
reference,  the  battery  was  assembled using a  commercial  Pt/C
(20  wt%)  catalyst  under  the  same  conditions.  In  addition,  the
open-circuit  voltage  and  power  density  of  the  ZABs  were
measured at  an electrochemical  workstation (CHI  760E),  where
the polarization curve was acquired at a scan rate of 10 mV·s−1.
The specific  capacity was calculated by the zinc plate consum-
ption recorded by the LAND BT2018R multichannel battery test
system  during  continuous  discharge  at  current  densities  of  10
and  2  mA·cm−2,  respectively.  Meanwhile,  the  discharge-charge
cycle  stability  of  the  assembled zinc-air  batteries  was  tested at
the current densities of 2 and 1 mA·cm−2, respectively.

RESULTS AND DISCUSSION

Scheme  1 depicts  a  multi-step  synthesis  strategy  for  Co@Fe-
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CNFs-1000, including ZnFe-MOF synthesis,  electrospinning and
post-processing.  First,  ZnFe-MOF  was  synthesized  by  solution
method,  and  the  crystal  structure  of  the  synthesized  particles
was  analyzed  by  X-ray  diffraction  spectroscopy  (XRD).  The
results  show that the diffraction peaks of  ZnFe-MOF are highly
consistent  with  those  previously  reported  (Fig.  S1  in  the
electronic  supplementary  information,  ESI).[45] Next,  ZnFe-
MOF/PAN was prepared by electrospinning by mixing the PAN
and  the  obtained  ZnFe-MOF  uniformly,  which  successfully
wrapped  ZnFe-MOF  in  PAN  nanofibers.  Selecting  poly-
acrylonitrile (PAN) as the substrate for electrospinning fibers can
maintain  one-dimensional  structure  and  prevent  the
aggregation of nanoparticles during pyrolysis.[46] Then, Fe-CNFs
were obtained by annealing the membrane at 800 °C for 2 h. A
layer  of  Co(OH)2 nanosheets  was  coated  on  the  surface  of  Fe-
CNFs  by  subsequent  electrodeposition  process.  Finally,  the
prepared Co(OH)2/Fe-CNFs were transformed into Co@Fe-CNFs
one-dimensional porous carbon nanofibers (denoted as Co@Fe-
CNFs-Ts, T denotes carbonation temperature) by heat treatment
under argon atmosphere at different temperatures (800−1000 °C)
for 2 h.

The  morphologies  of  the  samples  were  characterized  by
scanning  electron  microscopy  (SEM)  and  transmission  elec-
tron  microscopy  (TEM). Fig.  1(a)  shows  the  morphology  of
PAN fibers, whose surface is smooth and whose diameter is in
the  range  of  200−300  nm.  The  surface  of  the  nanofibers  be-
came rough after the addition of ZnFe-MOF particles (Fig. 1b),
indicating  that  ZnFe-MOF  was  successfully  introduced  into
PAN  fibers  (mean  diameter  of  about  900  nm).  The  uniform
dispersion  of  MOF  in  PAN  nanofibers  promotes  the  uniform
distribution  of  metals  and  nitrogen  in  the  derived  carbon
matrix.[47] SEM  images  of  ZnFe-MOF/PAN  held  in  argon  at
800 °C for  2  h  (Figs.  1c and 1d)  indicate that  Fe,  N co-doped
porous carbon nanofibers (Fe-CNFs) have been prepared suc-
cessfully. It can be seen that the basic morphology of the fiber
is  maintained  after  high  temperature  carbonization,  but  the
fiber diameter shrinks to about 500 nm. At the same time, due
to  the  pyrolysis  of  ZnFe-MOF,  a  large  number  of  pore  struc-
tures  and  carbon  defects  are  evenly  distributed  in  the
fibers.[48]

Then,  a  simple  electrodeposition  method  was  used  to
modify  Co(OH)2 nanosheets  onto  Fe-CNFs.  SEM  images

showed  the  Co(OH)2/Fe-CNFs  synthesized  by  Fe-CNFs  after
different electrodeposition time. If the electrodeposition time
is as short as 100 s, the fiber surface changes little. Because in
such  a  short  electrodeposition  time,  uniform  Co(OH)2 lamel-
lar structure cannot be formed on the fiber surface (Figs. S2a
and S2b in ESI). However, the morphology of Co(OH)2/Fe-CN-
Fs  samples  changes  with  the  increase  of  electrodeposition
time. As the electrodeposition time increases to 300 s (Figs. 1e
and 1f), a uniform and dense nanosheet structure appears on
the  surface  of  the  fibers.  When  the  electrodeposition  time
was continuously increased to 500 s (Figs. S2c and S2d in ESI),
it  is  clear  that  the  nanosheet  size  on  the  fiber  surface  in-
creases due to agglomeration, even covering most of the ori-
ginal  pore  structure  of  the  fiber.  Therefore,  the  Co(OH)2/Fe-
CNFs sample formed at 300 s  electrodeposition time was se-
lected as the main experimental object in the subsequent ex-
periment.

Finally,  the  Co(OH)2/Fe-CNFs  were  transformed  into  por-
ous  carbon  nanofibers  Co@Fe-CNFs-1000  by  high  tempera-
ture treatment (Figs. 1g and 1h). Many uniform nanoparticles
and  a  small  number  of  carbon  nanotubes  were  clearly  ob-
served  along  the  length  direction  of  the  nanofibers.  It  was
preliminarily  confirmed  that  the  Co(OH)2 nanosheets  were
transformed  into  Co  nanoparticles  after  high  temperature
treatment,  and  Co  nanoparticles  could  catalyze  the  forma-
tion of carbon nanotubes at high temperature.[49]

As  shown  in Figs.  2(a)  and  2(b),  TEM  images  clearly  show
that Co@Fe-CNFs-1000 is a hollow nanofiber structure with a
large number of  pores evenly distributed on the surface and
inside of the fibers. It is also confirmed that Co nanoparticles
exist not only on the surface of carbon fiber, but also encased
in  carbon  matrix.  The  average  diameter  of  the  particles  is
about  15  nm.  In  addition,  a  small  number  of  carbon  nan-
otubes  with  a  diameter  of  about  20 nm are  anchored to  the
surface of the fibers. The uniform distribution of cobalt nano-
particles  and  pore  structure  in  Co@Fe-CNFs-1000  improves
electronic and mass conductivity, which effectively promotes
ORR  activity.[50] The  high-resolution  TEM  (HRTEM)  image  in
Fig. 2(c) shows lattice streaks with spacing of 0.204 and 0.342
nm, corresponding to the (111)  plane of  metallic  Co and the
(002)  plane  of  graphitic  carbon,  respectively,  which  is  cata-
lyzed by cobalt  metal  at  high temperatures.[51] The structure
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Scheme 1    Schematic illustration of the preparation for Co@Fe-CNFs-1000.
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of the metallic  Co nanoparticles surrounded by graphite car-
bon  shell  can  prevent  oxidation  and  corrosion  of  Co  nano-
particles.[47] In  addition,  there  is  a  certain  synergistic  effect
between  cobalt  and  graphitic  carbon  in  the  electrocatalytic
process.[50] Notably,  no  lattice  fringe  corresponding  to  the
type of Fe was observed, indicating that Fe atoms did not ag-
gregate to form Fe nanoparticles during the pyrolysis process,
which may be due to the combination of Fe atoms with nitro-
gen.[52] The elemental mapping images show that Co, Fe, C, N
and  O  are  uniformly  distributed  in  the  pyrolysis  product
Co@Fe-CNFs-1000 (Fig.  2d).  In  addition,  the element content
of  Co@Fe-CNFs-1000  was  tested  by  inductively  coupled
plasma optical emission spectrometer (ICP-OES), and the con-
tents of Co and Fe were 4.05 wt% and 2.14 wt%, respectively
(Table S1 in ESI).

As  shown  in Fig.  3(a),  the  Fe-CNFs  and  Co@Fe-CNFs-1000
samples  were  characterized by  X-ray  diffractometer  (XRD)  to
verify their  composition and crystal  structure.  A wide diffrac-
tion peak is observed at about 26.3° for both samples, corres-
ponding to the (002) plane of graphitic carbon (JCPDS No.41-
1487),  indicating  that  the  samples  had  a  good  degree  of

graphitization.[44] In addition, relative to the sample Fe-CNFs,
Co@Fe-CNFs-1000 also shows diffraction peaks at 44.2°, 51.5°
and 76.0°, corresponding to the (111), (200), and (220) planes
of  metal  Co  (JCPDS  No.15-0806),  respectively.[47] The  pres-
ence  of  metallic  Co  nanoparticles  was  again  confirmed.
However,  no  diffraction  peaks  belonging  to  iron  species  can
be  observed  in  the  Co@Fe-CNFs-1000  sample,  which  is  con-
sistent  with HRTEM. Raman spectroscopy was used to evalu-
ate the degree of graphitization of each sample (Fig. 3b). The
results  show  that  all  samples  have  two  significant  broad
bands at ~1350 and ~1580 cm−1,  which represent the defect
induced band (D band) and graphite induced band (G band)
carbon,  respectively.[53] Generally,  the  peak  intensity  ratio
(ID/IG) of D band and G band is used to evaluate the degree of
graphitization of  carbon materials.  In  addition,  the lower the
ID/IG value,  the  higher  the  degree  of  graphitization  of  the
measured  sample.[54] The  results  show  that  the ID/IG value
(1.01)  of  Co@Fe-CNFs-1000  is  lower  than  that  of  other
samples  (Co@CNFs  was  1.08,  Fe-CNFs  was  1.02),  which  fully
indicated  that  the  degree  of  graphitization  of  Co@Fe-CNFs-
1000 was improved. It is beneficial to strengthen the conduct-
ivity  and  corrosion  resistance  of  the  catalyst  in  the  elec-
trocatalysis process, which is consistent with the X-ray diffrac-
tion test results.[51]

The  specific  surface  area  and  pore  structure  of  Fe-CNFs,
Co@CNFs and Co@Fe-CNFs-1000 were evaluated by nitrogen
adsorption-desorption techniques (Fig. 3c). Obviously, the ni-
trogen  adsorptions-desorption  curves  of  Co@Fe-CNFs-1000
exhibit  type  IV  isotherms.  Steep  slopes  at  low  relative  pres-
sures  indicate  that  the  product  has  a  microporous  structure,
while obvious hysteresis curves at relative pressures between
0.4 and 0.9 indicate that the material has a mesoporous struc-
ture.[55] This  conclusion  is  also  proved  in  the  illustration  of
Fig. 3(c).  In addition, Co@Fe-CNFs-1000 has a specific surface
area of 311.8 m2·g−1,  higher than Fe-CNFs (259.9 m2·g−1)  and
slightly  lower  than  Co@CNFs  (376.1  m2·g−1).  Although  the
large  surface  area  and  the  coexistence  of  micropores  and
mesoporous  can  promote  rapid  diffusion  and  mass  transfer
and  accelerate  oxygen  reduction  processes,  the  synergistic
behavior  between  metals  makes  Co@Fe-CNFs-1000  catalysts
dominant in ORR electrocatalysis.[56]
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Fig. 1    SEM images of (a) PAN nanofibers,  (b) ZnFe-MOF/PAN nanofibers,  (c,  d) Fe-CNFs nanofibers,  (e,  f)  Co(OH)2/Fe-CNFs nanofibers
and (g, h) Co@Fe-CNFs-1000 nanofibers.

 

 
Fig.  2    (a,  b)  TEM  images,  (c)  HRTEM  image,  and  (d)  elemental
mapping images of Co@Fe-CNFs-1000.
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The  chemical  compositions  and  valence  states  of  related
elements  in  Co@Fe-CNFs-1000,  Co@CNFs  and  Fe-CNFs
samples  were  analyzed  by  XPS.  The  measured  spectra  show
that Co, Fe, C, N and O species exist in Co@Fe-CNFs-1000. Co,
C,  N and O species exist  in Co@CNFs;  Fe,  C,  N,  and O species
species  are  present  in  Fe-CNFs  (Fig.  S3a  in  ESI).  Fig.  S3(b)  (in
ESI) shows that the high-resolution deconvolved spectrum of
C 1s can be divided into three peaks corresponding to sp2 car-
bon,  C―N/C＝N  and  O―C＝O  bonds,  respectively.  The  cor-

responding binding energies are 284.3, 285.5 and 289.6 eV.[41]

The presence of C―N/C＝N also indicates the successful dop-
ing  of  N.[37] N  1s  spectra  of  all  samples  show  that  the  nitro-
genous  species  consist  of  the  following  four  components:
pyridinic N (398.4 eV),  M―N (399.7 eV),  pyrrolic N (400.7 eV),
and graphitic N (402.8 eV) species (Fig. 3d).[27] It has been sug-
gested  that  these  N  defects  with  strong  coordination  ability
can be used to anchor metal nanoparticles.[24] In high-resolu-
tion Co 2p spectral (Fig. 3e), the two peaks at 778.1 and 793.1

 

20 30 40 50 60 70 80

In
te

n
si

ty

2θ (°)

 Co@Fe−CNFs−1000

 Fe−CNFs

Co (111) Co (200)

Co (220)

C (002)

C   JCPDS No.41−1487

Co JCPDS No.15−0806

a

1000 1500 2000 2500

Raman shift (cm
−1

) 

ID/IG=1.01

ID/IG=1.08

ID/IG=1.02

Co@Fe-CNFs-1000

Co@CNFs

Fe-CNFs

In
te

n
si

ty

D band G bandb

0 0.2 0.4 0.6 0.8 1.0
0

80

160

240

320

c

V
o

lu
m

e
@

S
T

P
 (

cm
3
·g

−
1
)

In
cr

e
m

e
n

ta
l p

o
re

 v
o

lu
m

e
 (

cm
3
·g

−
1
)

Relative pressure (P/P0)

Co@CNFs

Pore diameter (mm)

Co@Fe-CNFs-1000

Fe-CNFs

311.8 m
2
·g

−1

259.9 m
2
·g

−1

376.1 m
2
·g

−10.024

0.020

0.016

0.012

0.008

0.004

0
0.5 1 5 10 50 100

404 402 400 398 396

Binding energy (eV)

In
te

n
si

ty

N 1s

Graphitic N

Pyrrolic N

Pyridinic N
M−Nd

Fe-CNFs

Co@CNFs

Co@Fe-CNFs-1000

805 800 795 790 785 780

Co 2p

In
te

n
si

ty

Binding energy (eV)

Co
2+ Co

3+

Co 2p1/2 Co 2p3/2

Sat

Co
3+

Co
2+Sat

Co
0

Co
0

Co@CNFs

e

Co@Fe-CNFs-1000

735 730 725 720 715 710

Fe 2p

Fe-CNFs

Co@Fe-CNFs-1000

In
te

n
si

ty

Binding energy (eV)

Fe 2p1/2

Fe
3+

Fe
3+

Fe
2+ Fe

2+
Sat

Fe 2p3/2

Sat

f

 
Fig.  3    (a)  XRD  patterns  of  Fe-CNFs  and  Co@Fe-CNFs-1000;  (b)  Raman  spectra  of  Fe-CNFs,  Co@CNFs  and  Co@Fe-CNFs-1000;  (c)  N2

adsorption/desorption  isotherm  of  all  samples,  the  inset  image  displays  the  corresponding  pore  size  distribution  curve;  High-resolution  XPS
spectra of (d) N 1s, (e) Co 2p, and (f) Fe 2p for related samples.
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eV  correspond  to  elemental  Co,  which  verifies  the  existence
of Co element mainly in the form of metallic elemental, which
is very consistent with TEM and XRD test results.[30] The peaks
at 779.8 and 795.4 eV are attributable to Co3+ and are accom-
panied by two satellite belts at 785.4 and 803.2 eV, while the
peaks  at  782.0  and  798.4  eV  correspond  to  Co2+,  indicating
the presence of Co-NXC.[11] In addition, the Fe 2p spectrum in
Fig.  3(f)  can  be  fitted  to  six  peaks,  respectively  ascribed  to
Fe2+ (710.7 and 722.0 eV), Fe3+ (714.0 and 726.7 eV) and satel-
lite peaks (717.6 and 734.6 eV), indicating that Fe atoms in Fe-
NXC are mainly in bivalent and trivalent states.  This  is  due to
the coordination of Fe with N.[7]

To  evaluate  the  ORR  electrocatalytic  performance  of  the
prepared  catalysts,  CV  curves  of  the  samples  were  tested  at
N2-  and O2-saturated 0.1  mol/L  KOH electrolytes  (Fig.  4a).  All
the  prepared  catalysts  showed  obvious  oxygen  reduction
peaks  in  0.1  mol·L–1 KOH  electrolyte  saturated  with  O2,  but
these reduction peaks did not exist in nitrogen environment,
indicating that these catalysts had certain ORR catalytic activ-

ity.[14] In  addition,  the  peak  potential  of  Co@Fe-CNFs-1000
(0.74 V)  is  better  than other catalysts,  which also proves that
Co@Fe-CNFs-1000 has the highest ORR activity among these
catalysts.  Linear  sweep  voltammetry  (LSV)  of  different  cata-
lysts were then obtained at 1600 rpm on a rotating disk elec-
trode (RDE) and compared with commercial  Pt/C catalysts to
further evaluate their ORR activity. As shown in Figs. 4(b) and
4(c),  Co@Fe-CNFs-1000  showed  excellent  ORR  activity,  with
higher Eonset of 0.88 V and half-wave potential of 0.81 V (E1/2).
It is also superior to Co@CNFs (0.84 V, 0.76 V), Fe-CNFs (0.87 V,
0.78 V),  CNFs (0.88 V, 0.75 V),  and comparable to commercial
Pt/C (0.91 V, 0.81 V). At the same time, we found that the ORR
performance  of  Co@Fe-CNFs-1000  was  better  than  that  of
Co@CNFs and Fe-CNFs,  indicating that there is  a  certain syn-
ergistic effect between Co nanoparticles, Co-NXC and Fe-NXC.
In  addition,  the  influence  of  temperature  on  the  catalytic
activity of ORR was also compared (Fig. S4 in ESI).  Compared
with Co@Fe-CNFs-800 and Co@Fe-CNFs-900 catalysts, Co@Fe-
CNFs-1000 showed the best catalytic activity of ORR.
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Fig. 4    (a) CV curves of samples in N2- and O2-saturated 0.1 mol·L–1 KOH electrolyte with 50 mV·s−1; (b) ORR polarization profiles of the samples in
a  0.1  mol·L–1 KOH  solution;  (c)  The  initial  potential  and  half  wave  potential  of  each  sample;  (d)  Corresponding  Tafel  plots;  (e)  Corresponding
Nyquist  plots;  (f)  LSV  curves  of  Co@Fe-CNFs-1000  at  different  rotation  speeds  (400−2025  r·min–1)  and  (g)  the  K-L  plots  at  different  potentials.
RRDE curves (h) and the corresponding electron transfer number and H2O2 yield (i) of Co@Fe-CNFs-1000.
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The reaction kinetics of the prepared catalyst was investig-
ated by calculating the Tafel slope. As shown in Fig. 4(d), the
corresponding  Tafel  slope  of  Co@Fe-CNFs-1000  catalyst  is
87.82 mV·dec−1.  It  is  lower  than Co@CNFs (104.31 mV·dec−1),
Fe-CNFs (129.78 mV·dec−1),  CNFs (118.95 mV·dec−1)  and Pt/C
(108.7  mV·dec−1),  indicating the  best  ORR dynamics.  In  addi-
tion, the reaction kinetics data of these catalysts were charac-
terized by electrochemical impedance spectroscopy (EIS). The
Nyquist  diagram  fitted  using  an  equivalent  circuit  (Fig.  S5  in
ESI) is shown in Fig. 4(e). The sample Co@Fe-CNFs-1000 has a
much  smaller  semicircles  than  the  other  electrocatalysts,
which  means  that  Co@Fe-CNFs-1000  has  a  smaller  charge-
transfer  resistance  than  Co@CNFs,  Fe-CNFs,  and  CNFs.  The
results show that Co@Fe-CNFs-1000 has the strongest charge
transfer  ability  and  the  fastest  electron  transport  kinetics  in
ORR process.

To  further  explore  the  kinetics,  measurements  were  made
using a rotating disk electrode (RDE) in a solution of 0.1 mol/L
KOH  saturated  with  O2.  Linear  sweep  voltammetry  (LSV)  po-
larization  curves  of  the  sample  at  Co@Fe-CNFs-1000  at  vari-
ous  rotational  speeds  from  400  r·min–1 to  2025  r·min–1 were
recorded. Fig.  4(f)  shows  that  the  limiting  current  density  of
Co@Fe-CNFs-1000  increases  with  the  increase  of  rotational
speed,  indicating  that  the  oxygen  reduction  process  is  a  dy-
namic  controlled  process.[13] The  linearity  of  the  Koutecky-

Levich (K-L) curve and the approximate parallelism of the fit-
ting lines indicate the first-order reaction kinetics (Fig. 4g).[43]

The  RRDE  technology  was  used  to  further  explore  the  elec-
tron transfer kinetics and pathways (Figs. 4h and 4i), the elec-
tron transfer number (n) and peroxide yield (H2O2%) were cal-
culated based on the ring current and disk current. The elec-
tron transfer number range of Co@Fe-CNFs-1000 is 3.84−3.96
at  a  potential  of  0.2−0.8  V,  and  the  hydrogen  peroxide  pro-
duction  range  is  1.7%−7.6%,  which  further  proves  that
Co@Fe-CNFs-1000 mainly follows the ideal four-electron path
and the main reduction product is OH−.

In  addition  to  high  electrocatalytic  activity,  the  stability  of
the catalyst  is  another  important  index when considering its
practical application. Fig. 5(a) assesses methanol tolerance of
Co@Fe-CNFs-1000  and  commercially  available  Pt/C  catalysts.
After  methanol  was  injected  into  an  O2-saturated  0.1  mol/L
KOH  solution,  the  current  density  of  Co@Fe-CNFs-1000  re-
mained  basically  unchanged,  while  the  current  density  of
Pt/C catalyst dropped sharply to 58%, indicating that Co@Fe-
CNFs-1000 was more tolerant to methanol than Pt/C. The sta-
bility  of  Co@Fe-CNFs-1000  and  commercially  available  Pt/C
electrocatalysts was evaluated by chronoamperometric mea-
surements  (Fig.  5b).  Co@Fe-CNFs-1000  maintained  a  current
density  of  up  to  94%,  superior  to  the  Pt/C  (20  wt%)  catalyst
(which retained about 82%), showing its excellent stability. In
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Fig.  5    (a) I-t chronoamperometric  response  of  Co@Fe-CNFs-1000  and  Pt/C  with  addition  of  methanol;  (b)  Chronoamperometric  response  of
Co@Fe-CNFs-1000 and Pt/C at 1600 r·min–1 for 20000 s, the inset image displays the SEM image after stability measurement; (c, d) XPS spectra of
Co 2p and Fe 2p for Co@Fe-CNFs-1000 after stability measurement.
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addition,  SEM  images  of  Co@Fe-CNFs-1000  after  long-term
stability  test  were  observed  in  the  illustration  of Fig.  5(b).
After  the  reaction,  the  basic  morphology  of  the  sample  was
maintained,  while  the hollow porous  structure  was  exposed.
To further explore the structural changes, the Co 2p and Fe 2p
XPS  spectra  of  the  samples  were  also  measured  after  long-
term stability tests (Figs.  5c and 5d),  which showed no signi-
ficant changes in sample composition.

Inspired  by  the  remarkable  electrocatalytic  activity  of
Co@Fe-CNFs-1000  catalyst  on  ORR,  we  used  it  to  assemble
ZABs. In Fig. 6(a), a liquid ZAB was assembled using a catalyst
modified carbon paper as an air cathode, a polished zinc plate
as  an  anode  and  a  mixture  of  zinc  acetate  (0.2  mol·L–1)  and
KOH (6.0 mol·L–1) as an alkaline electrolyte to demonstrate its
practical  application. Fig.  6(b)  shows  an  open-circuit  voltage
(OCV) of 1.48 V for the assembled ZABs based on Co@Fe-CN-
Fs-1000,  consistent  with multimeter  tests  and slightly  higher
than for a commercial-Pt/C catalyst driven battery (OCV=1.44

V). As shown in Fig. 6(c), the ZABs assembled with Co@Fe-CN-
Fs-1000  as  the  cathode  catalyst  achieves  a  maximum  power
density  of  155.8  mW·cm−1 at  238.2  mA·cm−2.  Higher  than
those  assembled  using  commercial  catalyst  Pt/C  (129.66
mW·cm−2 at  205.3  mA·cm−2).  We  also  compared  OCV  and
power density with catalysts recently reported for liquid ZABs
(Table  S2  in  ESI).  It  can  be  observed  from Fig.  6(d)  that  the
specific capacity of the Co@Fe-CNFs-1000-based battery is up
to  780.6  mAh·gZn

−1 (based  on  the  consumed  weight  of  the
zinc  plate)  at  a  discharge  current  density  of  10  mA·cm−2,
slightly  better  than  that  of  the  Pt/C-based  battery  (694.6
mAh·gZn

−1). In order to understand how the discharge poten-
tial  changes  with  the  increase  of  current  density,  the  con-
stant current discharge measurement was carried out on the
assembled ZABs. The Zinc-air battery based on Co@Fe-CNFs-
1000 is slightly higher than the Pt/C-based Zinc-air battery at
each  discharge  platform  with  discharge  current  density
(Fig. 6e), indicating that the Co@Fe-CNFs-1000-based battery

 

 
Fig. 6    (a) Schematic diagram of zinc-air battery; (b) Open-circuit voltage curves of ZABs using Co@Fe-CNFs-1000, and Pt/C air cathodes (inset:
photograph of Co@Fe-CNFs-1000-based battery);  (c)  Discharging polarization curves and the corresponding power density curves for batteries
employing  Co@Fe-CNFs-1000  and  Pt/C  catalysts;  (d)  Specific  capacity  curves  of  Zinc-air  batteries  using  Co@Fe-CNFs-1000  and  Pt/C  as  air
electrodes with a galvanostatic of 10 mA·cm−2;  (e)  Discharge curves under different current densities;  (f)  The photograph of a green LED lights
powered by three zinc-air batteries in series with Co@Fe-CNFs-1000 as the air-cathode; (g) Cycling stability of rechargeable zinc-air batteries with
Co@Fe-CNFs-1000 and Pt/C as the air electrode, respectively.
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has better discharge rate performance and good reversibility.
As shown in Fig. 6(f), the LED panel with an operating voltage
of  about  4.0  V  can  be  lit  by  three  Co@Fe-CNFs-1000-based
batteries connected in series. In addition, in order to evaluate
the  stability  of  the  Co@Fe-CNFs-1000-based  battery,  a  cyclic
charge-discharge  test  was  conducted  at  2  mA·cm−2 current
density.  As  shown  in Fig.  6(g),  the  Co@Fe-CNFs-1000-based
battery  maintains  a  stable  voltage  gap  (1.02  V)  throughout
the  100-h  cycle.  However,  the  charging  and  discharging
voltages  of  Pt/C-based  batteries  fluctuate  rapidly  with  the
test  time  under  the  same  conditions.  This  demonstrates  the
strong stability of Co@Fe-CNFs-1000 catalyst,  consistent with
the results of ORR tests.

We  have  also  attempted  flexible  solid-state  ZABs  as-
sembled from a carbon cloth supported catalyst Co@Fe-CNFs-
1000 as an air cathode, a PVA-KOH gel and a zinc plate as an
electrolyte and anode (Fig.  7a).  In Fig.  7(b),  the flexible solid-
state  ZABs  with  Co@Fe-CNFs-1000  catalyst  shows  an  open-
circuit  voltage  of  1.42  V,  slightly  higher  than  Pt/C  (1.37  V).

Fig. 7(c) compares the discharge polarization and correspond-
ing  power  density  curves  of  solid  ZABs  based  on  different
cathodes.  The  peak  power  density  of  Co@Fe-CNFs-1000-
based battery is about 71.5 mW·cm−2 at the current density of
112.7 mA·cm−2,  slightly higher than that of the battery using
Pt/C  as  the  air  cathode  (about  53.5  mW·cm−2 at  the  current
density of 82.9 mA·cm−2).  Then, we compare OCV and power
density with catalysts recently reported for flexible solid-state
ZABs (Table S3 in ESI). As shown in Fig. 7(d), the battery using
Co@Fe-CNFs-1000  as  the  cathode  produced  a  specific  capa-
city  of  258.4  mAh·gZn

−1 at  a  current  density  of  2  mA·cm−2

(when normalized to the total  mass of  Zn consumed),  which
was superior to the Pt/C catalyst (232.1 mAh·gZn

−1). Solid ZABs
based  on  Co@Fe-CNFs-1000  also  show  better  rate  perform-
ance, with a higher and more stable discharge potential when
the  current  density  is  adjusted  (Fig.  7e).  The  stability  of  a
Co@Fe-CNFs-1000-based  flexible  solid-state  ZABs  was  ex-
amined  by  circulating  it  at  a  current  density  of  1  mA·cm−2

(Fig.  7f).  The  voltage  gap  remained  almost  constant  before
 

 
Fig. 7    (a) Schematic illustration of flexible solid-state ZABs; (b) OCV plot of flexible solid-state ZABs based on Co@Fe-CNFs-1000 and Pt/C (inset:
photograph of Co@Fe-CNFs-1000-based battery); (c) Discharge polarization and corresponding power density curves; (d) The specific capacity of
Co@Fe-CNFs-1000  and  Pt/C  air  cathodes  based  rechargeable  at  a  current  density  of  2  mA·cm−2;  (e)  Galvanostatic  discharge  voltage  curves  at
various  current  densities;  (f)  Comparison  of  the  cycling  stabilities  of  the  flexible  solid-state  ZABs;  (g)  Cyclic  stability  of  battery  tested  under
different bending states at 1 mA·cm−2; (h, i) Photograph of three flexible solid-state ZABs in series can drive the fan and the lamp belt to work.
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and  after  20  h  of  operation.  Although  ZABs  with  Pt/C  cath-
odes  can  maintain  a  small  voltage  gap  during  the  first  few
hours  of  the  cycle,  the  voltage  gap  increases  dramatically  at
about 7 h.  To evaluate these practical  aspects of the battery,
such  as  portability  and  flexibility,  a  solid  ZAB  was  folded  at
different bending angles of 0°, 60° and 180° using Co@Fe-CN-
Fs-1000 catalyst,  as  shown in Fig.  7(g).  The results  show that
the battery shows good stability at 1 mA·cm−2, even when fol-
ded  to  180°.  In  addition,  three  separate  Co@Fe-CNFs-1000-
based flexible solid-state ZABs can be connected in series and
easily wrapped around the wrist to provide continuous power
to a red LED strip or fan (LED) (Figs. 7h and 7i).

CONCLUSIONS

In summary, Co@Fe-CNFs-1000 was successfully synthesized by
mixing MOF in PAN nanofibers  by electrospinning technology,
combined  with  high  temperature  carbonization  and
electrodeposition,  and  was  studied  as  a  catalyst  for  cathode
oxygen  reduction  reaction  (ORR)  of  Zinc-air  batteries.  The
catalyst  Co@Fe-CNFs-1000  presents  a  typical  one-dimensional
porous fiber  morphology,  where Co and Fe species are coated
by  carbon  matrix  and  distributed  uniformly  in  the  outer  and
inner  layers  of  the  fiber.  Co@Fe-CNFs-1000  catalyst  showed
relatively  excellent  ORR  activity,  even  comparable  to
commercial  Pt/C,  and  showed  good  stability  and  methanol
tolerance. In addition, when used as an air cathode catalyst for
liquid  Zinc-air  batteries,  it  can  also  provide  high  open-circuit
voltage, excellent power density, excellent specific capacity and
strong charge-discharge stability.  In addition,  the flexible solid-
state Zinc-air battery based on Co@Fe-CNFs-1000 can also show
good  flexibility.  Therefore,  this  work  provides  novel  and
meaningful  thinking  for  the  construction  of  MOF-derived
carbon-based materials for Zinc-air batteries.
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