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the commercialization of rechargeable Zn-air batteries. [ 9 ]  Recent 
studies indicated that metal-free heteroatom-doped carbons are 
promising ORR and OER bifunctional catalysts for recharge-
able metal-air batteries, including Zn-air batteries. [ 7,10,11 ]  With 
abundant carbon sources and their excellent electrochemical 
properties and mechanical fl exibility, [ 12 ]  these carbon-based 
metal-free catalysts could act as desirable low-cost, fl exible, and 
highly active ORR and OER bifunctional catalysts for fl exible 
Zn-air batteries. As far as we are aware, however, the possible 
use of heteroatom-doped carbon nanomaterials as the metal-
free ORR and OER bifunctional catalyst in fl exible Zn-air bat-
teries has not been realized. Retaining fl exibility and excellent 
bifunctional electrocatalytic activity for an air-cathode is still 
challenging for constructing fl exible Zn-air batteries. 

 In this study, we found that the newly-developed nano porous 
carbon nanofi ber fi lms (NCNFs) with large specifi c surface 
area were fl exible and showed, when used as the air-cathode in 
a liquid Zn-air battery operating in ambient air, excellent per-
formance with a high open-circuit voltage (1.48 V), maximum 
power density (185 mW cm −2 ), and energy density (776 Wh kg −1 ). 
The corresponding rechargeable liquid Zn-air battery exhibited 
a small charge-discharge voltage gap (0.73 V @ 10 mA cm −2 ) 
and high reversibility (initial round-trip effi ciency = 62%) and 
stability (voltage gap increased ≈0.13 V after 500 cycles). More 
interestingly, fl exible all-solid-state rechargeable Zn-air batteries 
with the NCNF air-cathode displayed an excellent mechanical 
and cycling stability with a low overpotential (a high discharge 
and low charge voltage of ≈1.0 and ≈1.78 V @ 2 mA cm −2 , 
respectively) as well as a long cycle life (6 h, which can be 
recharged by mechanical replacement of the Zn anode) even 
under repeated bending conditions. Four of the newly-developed 
fl exible all-solid-state rechargeable Zn-air batteries based on the 
NCNF air-cathode were integrated in series to power commer-
cial light-emitting diodes (LED, 3 V) worn on a human hand, 
exemplifying the feasibility for practical applications as fl exible 
power sources in wearable optoelectronics. 

 The NCNFs were prepared by high-temperature pyrolysis 
of electrospun polyimide (PI) fi lm under Ar atmosphere 
( Figure    1  a). PI is a kind of promising engineering polymer with 
outstanding thermal, mechanical, and dielectrics properties, 
and can be scaled-up to produce large-area homogenous fi lms 
by solution casting or nanoprous fi ber fi lms by electrospin-
ning (Figure S1a, Supporting Information). [ 13 ]  After pyrolysis, 
the yellow PI fi lm turned into black while its structural integ-
rity was largely retained (Figure  1 a; Figure S1b, Supporting 
Information). The as-prepared NCNF-1000 (pyrolyzed at 

  With the rapid development of fl exible and wearable opto-
electronic devices, there is an urgent demand for fl exible 
high-density energy storage devices as the power source. [ 1 ]  Tre-
mendous efforts have recently been made to develop fl exible 
lithium-ion batteries and supercapacitors, which, however, 
are still suffered from not only the low energy density but also 
the limited cycle life. [ 2,3 ]  Since metal-air batteries were predi-
cated to possess high energy capacities, [ 4 ]  they are promising 
energy storage devices for the next generation of wearable opto-
electronics. Of particular interest, Zn-air batteries have received 
intensive research and development focus because of their high 
energy density, low cost and safety. [ 5 ]  However, most of the air-
cathodes currently used in Zn-air batteries are heavy and bulky, 
which seldom meet the specifi c requirements for fl exible Zn-air 
batteries. Furthermore, it is still a big challenge to develop 
highly effi cient bifunctional electrocatalysts for both oxygen 
reduction reaction (ORR) and oxygen evolution reaction (OER) 
to be used in fl exible rechargeable Zn-air batteries, [ 6 ]  though 
important progresses have recently been made for traditional 
Zn-air batteries. [ 5 ]  

 Effi cient ORR and OER bifunctional catalysts are required 
for rechargeable Zn-air batteries, in which the kinetics is mainly 
limited by the key discharge (ORR)/charge (OER) reactions 
taken places at the air-cathode: O 2H O 4 4OH2 2 e+ + ← →⎯

− −. [ 7,8 ]  
In traditional metal-air rechargeable batteries, Pt and Ir or Ru 
based catalysts are often used for ORR and OER, respectively, 
but their high cost, scarcity, and poor durability have impeded 
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1000 °C) is highly fl exible (Figure  1 b) and mechanically strong 
with a tensile strength of 1.89 MPa and a tensile modulus of 
0.31 GPa (Figure S2, Supporting Information), presumably 
arising, at least partially, from the polar interactions associ-
ated with the constituent oxygen, nitrogen, and/or hydrogen 
atoms along the polymer backbone (Figure  1 c) before and after 
the carbonization. The scanning electron microscopy (SEM) 
images (Figure  1 d,e) and atomic force microscopy (AFM) 
images (Figure S3, Supporting Information) show a typical 3D 
randomly entangled fi brous network structure for the electro-
spun PI fi lm before and after pyrolysis. The pyrolysis caused 
a reduction in the fi lm thickness from about 80 µm for the 
electrospun PI fi lm to about 60 µm for the NCNF-1000 (insets 
of Figure  1 d,e). Enlarged views of the NCNF-1000 on SEM 
(Figure  1 f) and high-resolution transmission electron micro-
scope (HRTEM, Figure  1 g) show a diameter of ≈300 nm for 
the constituent fi bers. The observed mechanical fl exibility 
could be directly attributed to the open-pore network structure 
of the NCNF, in which the free space between the constituent 
fi bers can effectively attenuate the bending stress without dam-
aging the fi bers. [ 14 ]  A HRTEM image of a single NCNF-1000 
fi ber under higher magnifi cation is given in Figure  1 h, which 
shows an amorphous carbon structure consisting of randomly 

orientated graphitic domains. The energy-dispersive X-ray 
(EDX) spectrum confi rms the presence of C, N, O elements 
(Figure S4, Supporting Information) while the STEM images 
and the corresponding elemental mapping images reveal a uni-
form distribution for C, N and O atoms within the NCNF-1000 
fi ber (Figure  1 i). 

  The low graphitization degree with a defective structure in 
the NCNF fi bers observed by HRTEM (Figure  1 h) was further 
confi rmed by our Raman spectra ( Figure    2  a) with a relatively 
high  I  D (1345 cm  −1  ) / I  G (1595 cm  −1  )  ratio (≈1.0) and the corresponding 
X-ray diffraction (XRD) patterns (Figure  2 b) with a broad (002) 
diffraction peak at 23.4°. The chemical compositions of the 
NCNF were investigated by elemental analysis (EA) and X-ray 
photoelectron spectroscopy (XPS). As expected, the XPS survey 
spectra show three peaks corresponding to C1s, O1s, and N1s in 
the NCNF (Figure S5a, Supporting Information). Compared to 
the C1s peak, both the nitrogen and oxygen contents decreased 
with increasing pyrolysis temperature with an atomic N con-
tent of 2.36% for NCNF-900, 1.55% for NCNF-1000, and 0.96% 
for NCNF-1100 (see also Table S1 in the Supporting Informa-
tion). The curve-fi tted high-resolution XPS N1s spectra given in 
Figure  2 c show three distinguished nitrogen species, including 
pyridinic-N (398.5 eV), pyrrolic-N (400.2 eV), and graphitic-N 
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 Figure 1.    a) Schematic representation of the fabrication procedure toward the NCNF. b) Photographs of the resultant fl exible NCNF. c) Chemical 
structure of PI polymer. SEM images of d) the pristine PI fi lm and e,f) NCNF-1000. g,h) HRTEM, i) STEM images and corresponding elemental map-
ping images of C, O, N of NCNF-1000.
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(401.3 eV), whose contents also changed with the pyrolysis tem-
perature. As shown in Figure  2 c and Figure S5b (Supporting 
Information), the graphitic-N became the dominant component 
with increasing pyrolysis temperature, due, most probably, to 
the decomposition of unstable pyridinic-N and pyrrolic-N into 
the graphitic-N. [ 15 ]  Due to the stable aromatic structure of PI, 
the removed nitrogen occurs over a high temperature of 
≈550–800 °C in the form of nitrogen-containing gaseous com-
pounds, such as HCN and NH 3  (Figure S6, Supporting Infor-
mation), which could be served as the source for N-doping 
and activation of the resultant carbon material. [ 16 ]  In order to 
enhance the likelihood of N-doping and in situ activation, [ 17 ]  we 
have deliberately increased the residence time for the evolved 
gases (HCN, NH 3 , H 2 O) by reducing the fl ow rate of the inert 
carrying gas in this study. In addition to the N-doping, the 
NCNFs also contain oxygen-containing groups, mainly ketonic 
C O and C O (Figure S5c, Supporting Information), to intro-
duce defect sites into the adjacent carbon atoms. [ 18 ]  

  We also performed N 2  adsorption measurements to deter-
mine the specifi c surface area and pore structure of the NCNFs. 
It was found that the BET surface area was 756 m 2  g −1  for 
NCNF-900, 1249 m 2  g −1  for NCNF-1000, and 2149 m 2  g −1  for 
NCNF-1100 (Table S2, Supporting Information). All the NCNF 
samples show a typical type I pattern for the N 2  adsorption with 
a steep climbing increase at low relative pressure (P/P O  < 0.1), 
implying the presence of microporous structures (Figure  2 d). 
This can be further confi rmed from the pore diameter distri-
bution plots (Figure  2 e), which show a sharp peak at <2 nm. 
Clearly, therefore, fl exible N-doped carbon nanoprous fi brous 
fi lms with a large surface area and a 3D network structure have 
been synthesized by pyrolysis of polymer fi lms consisting of 
electrospun nitrogen-containing PI nanofi bers. 

 The N-doping in coupled with the 3D nanoporous carbon 
network structure makes the NCNF attractive as metal-free 
electrocatalysts. [ 8 ]  In this context, the high electrical conduc-
tivities of the NCNFs (41-150 S m −1 , depending on the pyrol-
ysis temperature) measured by four-probe method (Table S1, 

Supporting Information) provide an additional advantage for 
electrocatalytic application. [ 3 ]  To evaluate the electrocatalytic 
performance of the NCNF, we performed cyclic voltammetry 
(CV) and linear sweep voltammetry (LSV) measurements in 
0.1  M  KOH solution. As shown in  Figure    3  a, a cathodic peak 
for ORR is observed for the NCNF-1000 in O 2 -saturated KOH 
solution, but not in N 2 -saturated KOH solution, as is the case 
with Pt/C. The oxygen reduction peak of NCNF-1000 appears 
at about 0.80 V, which is slightly less positive than that of 
commercial Pt/C (0.83 V). However, the reduction current 
density for NCNF-1000 (1.39 mA cm −2 ) is obviously higher 
than that of Pt/C (1.09 mA cm −2 ). Decreasing pyrolysis tem-
perature to 900 °C or increasing to 1100 °C would result to 
decreased ORR performance in the terms of reduction poten-
tial and current density (Figure S7a,d, Supporting Informa-
tion), as a result of the combined effects of the surface area 
and dopant content. Generally speaking, both a higher surface 
area and higher N-doping level could lead to a larger catalytic 
activity. [ 11 ]  By increasing the pyrolysis temperature from 900 to 
1000 °C, the surface area of the NCNF increased from 756 to 
1249 m 2  g −1  (Table S2 Supporting Information), whereas the 
N-doping level decreased from 2.36 to 1.55% (Table S1, Sup-
porting Information). 

  Figure  3 b reproduces the LSV curves measured on a 
rotating disk electrode (RDE) at a rotating speed of 1600 rpm 
in an aqueous solution of 0.1  M  KOH, with a comparable onset 
potential (≈0.97 V) for NCNF-1000 to that of Pt/C, along with a 
higher limiting current density for NCNF-1000 (4.7 mA cm −2 ) 
than that of Pt/C (4.4 mA cm −2 ), NCNF-900 (3.3 mA cm −2 ), 
and NCNF-1100 (3.4 mA cm −2 ). These results indicate that 
NCNF-1000 is the best ORR electrocatalyst and even better than 
Pt/C. RDE measurements at various rotating speeds were also 
performed to gain insights into the ORR kinetics (Figure  3 c; 
Figure S7b,e,h, Supporting Information). The current density 
shows a linear increase with increasing rotating speed, implying 
a fi rst-order reaction toward oxygen reduction (Figure S7c,f,i, 
Supporting Information). The number of electron transfer per 
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 Figure 2.    a) Raman spectra, b) XRD patterns, c) curve-fi tted high-resolution XPS N1s spectra, d) N 2  adsorption-desorption isotherms, and e) pore size 
distribution curves for NCNF-900, NCNF-1000, and NCNF-1100.
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O 2  for NCNF-1000 was calculated from Koutecky–Levich (K-L) 
plots (see inset of Figure  3 c) to be about 4 in the potential range 
from 0.55 to 0.65 V, comparable to that of Pt/C (Figure S7i, 
Table S3, Supporting Information), suggesting an effective 
four-electron pathway for ORR. 

 The OER catalytic activities of the NCNF and Pt/C were also 
characterized by LSV curves measured on RDE at 1600 rpm. 
As shown in Figure  3 d, the NCNF-1000 displays a lower onset 
potential (1.43 V) and higher catalytic current than Pt/C. Com-
pared to the state-of-the-art IrO 2 , the NCNF-1000 also exhibits a 
lower onset potential, though a lower catalytic current density 
over a large potential range above the onset potential. Mean-
while, the NCNF-1000 electrode exhibits a smaller Tafel slope 
(274 mV/decade) than that of Pt/C, suggesting a better kinetic 
process (Figure  3 e). Figure  3 f clearly shows excellent ORR 
and OER bifunctional activities for the NCNF-1000, which can 
be judged by the potential difference between OER and ORR 
(i.e., � E  =  E  j = 10  –  E  1/2 , with the OER potential being taken 
at a current density of 10 mA cm −2  while the ORR potential 
being taken at half-wave). The lower the � E  value is, the better 
bifunctional activity the catalyst has. [ 19 ]  Table S4 (Supporting 
Information) shows that the � E  value for NCNF-1000, along 
with its other performance parameters, are comparable with 
other reported state-of-the-art ORR and OER bifunctional elec-
trocatalysts, including those based on metal oxides. 

 The possible catalytic active sites for ORR and OER were elu-
cidated. It is known that the doped N atom in carbon frame-
work can introduce uneven charge distribution and make the 
nearby carbon atoms positively charged, due to the electronic 
affi nity of the nitrogen atom. [ 7a ,   10a ]  The positively charged 
carbon atoms would favor the oxygen adsorption, thus pro-
moting ORR. Thus, the positively charged carbon atoms 

introduced by adjacent nitrogen are considered as the catalytic 
active sites for ORR. For the OER process, the adsorption of 
OH −  on catalyst surface become easily, as well as the transfer 
of possible intermediates such as O 2  

2−  and O 2− , resulting in 
improved OER activity. [ 20 ]  In addition to the doped nitrogen 
atoms, the existence of oxygen atoms confi rmed by high resolu-
tion XPS O1s spectra (Figure S5c, Supporting Information) and 
element mapping (Figure  1 i) might also introduce positively 
charged carbon atoms as active sites for OER, due to the larger 
electronegativity of oxygen (3.44) than that of carbon atoms 
(2.55). [ 18 ]  [ 20b ]  It is probable that the dual active sites originating 
from nitrogen and oxygen atoms are responsible for the elec-
trocatalytic activity toward OER. In summary, we consider that 
the active sites resulted by nitrogen doping are responsible for 
the excellent ORR activity, while the dual active sites originating 
from nitrogen and oxygen doping are probably responsible for 
the good OER activity in our NCNF materials. 

 To evaluate the utility of NCNF as catalyst in Zn-air bat-
teries, a primary Zn-air battery was fi rst built, in which a zinc 
plate was used as the anode and the NCNF-1000 catalyst-loaded 
porous electrode as the air-cathode (Figure S8, Supporting 
Information). The air-cathode was prepared by rolling carbon 
black mixed with polytetrafl uoroethylene (PTFE) on one side 
of a stainless steel mesh (mesh 40 × 40, type 304) to be the 
gas diffusion layer, followed by coating the NCNF-1000 catalyst 
slurry on the other side of the stainless steel mesh (Figure S9, 
Supporting Information).  Figure    4  a reproduces the polariza-
tion and power density curves for the liquid primary Zn-air bat-
teries with the NCNF catalysts. The open-circuit voltage (OCV), 
maximum power density of the Zn-air battery using NCNF-
1000 catalyst were determined to be as high as 1.48 V and 
185 mW cm −2 , respectively, exceeding those of the Pt/C-based 
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 Figure 3.    a) CV curves of NCNF-1000 and Pt/C, in O 2 -saturated (solid line) and N 2 -saturated (dotted line) 0.1  M  KOH. b) LSV curves of different 
catalysts for ORR in O 2 -saturated at 1600 rpm. c) LSV curves of NCNF-1000 for ORR at different rotating speeds, and the inset is K-L plots of NCNF-
1000 at different potentials including the calculated number of electron transfer ( n ) per O 2 . d) LSV curves of different catalysts for OER at 1600 rpm in 
0.1  M  KOH. e) Tafel slopes derived from (d). f) LSV curves of different catalysts for both ORR and OER in 0.1  M  KOH at 1600 rpm (scan rate 5 mV s −1 ). 
The catalyst loading was 0.1 mg cm −2  for all catalysts.
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counterpart. The galvanostatic discharge voltage plateaus 
decreased with increasing current densities (Figure  4 b). At the 
discharge current densities of 5 and 10 mA cm −2 , the battery 
with the NCNF-1000 air-cathode showed voltage plateaus of 
≈1.27 and ≈1.24 V, respectively, with specifi c capacities of 660 
and 626 mAh g −1  when normalized to the weight of consumed 
zinc electrode (Figure S10a, Supporting Information). The cor-
responding energy densities were 838 and 776 Wh kg −1 , respec-
tively. These values are comparable or even higher than other 
reported results [ 5f ,   9e ,   21 ]  due, at least partially, to the large sur-
face area of the NCNF-1000. Furthermore, no obvious voltage 
drop was observed after discharge for about 16 h (Figure S10b, 
Supporting Information), indicating an excellent durability for 
NCNF-1000 toward ORR. 

  We also constructed a rechargeable Zn-air battery (Figure  4 c) 
with the same confi guration as that of the primary counter-
part (Figure S8, Supporting Information), but using 6  M  KOH 
with 0.2  M  zinc acetate as the electrolyte. Figure  4 d shows the 
discharge and charge polarization curves for Zn-air batteries 
with NCNF-1000 as the ORR and OER bifunctional catalyst in 
comparison to Pt/C. Compared to a Zn-air battery with a Pt/C 
air-cathode, a slightly lower charge-discharge voltage gap was 
observed for the Zn-air battery with the NCNF-1000 air-cathode, 
indicating a better rechargeability. When cycled at the constant 
current density of 10 mA cm −2 , the Zn-air battery based on 
the NCNF-1000 air-cathode produced an initial charge poten-
tial of 1.93 V and discharge potential of 1.20 V, with a small 
voltage gap of 0.73 V and a high round-trip effi ciency of 62% 
(Figure  4 e). After 500 cycles (about 83 h), the NCNF-1000 air-
cathode showed a slight performance loss with a small increase 

in the voltage gap by 0.13 V, whereas Pt/C demonstrated a 
signifi cantly higher increase in the voltage gap (0.38 V) under 
the same condition. The observed performance decay for the 
NCNF-1000 is due, most probably, to the inevitable exposure to 
positive potential during OER to cause the carbon catalyst oxidi-
zation and the loss of active sites. [ 9c ,   21 ]  The Pt/C air-cathode was 
suffered from not only the carbon support corrosion but also 
the subsequent detachment of Pt nanoparticles from the carbon 
support and particle agglomeration. Therefore, the Zn-air bat-
tery using the NCNF-1000 air-cathode showed a much better 
cycling durability than that of its counterpart based on the 
Pt/C, and many other state-of-the-art Zn-air batteries reported 
to date (Table S5, Supporting Information). Multiple Zn-air bat-
teries with the NCNF-1000 air-cathode thus prepared can be 
integrated into circuits to meet specifi c energy/power needs 
for various applications, as exemplifi ed by Figure  4 f showing 
two series-connected Zn-air batteries based on the NCNF-1000 
air-cathode being used to power a blue light-emitting diode 
(LED, 3.0 V) with an excellent operation stability (e.g., without 
obvious change in brightness for 12 h). 

 To demonstrate potential applications in fl exible/wearable 
optoelectronics, we have further developed fl exible all-solid-
state Zn-air batteries composed of a free-standing NCNF-1000 
air-cathode, zinc foil anode, alkaline poly(vinyl alcohol) (PVA) 
gel electrolyte, and pressed (for strengthen conductivity) nickel 
foam current collector ( Figure    5  a,b; Figure S11, Supporting 
Information). Compared to those liquid batteries discussed 
above, the all-solid-state battery displayed a relatively poorer 
charge–discharge performance due to the poor ionic conduc-
tivity of the PVA gel electrolyte and the high contact resistance. 
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 Figure 4.    a) Polarization and power density curves of the primary Zn-air batteries with different catalysts. b) Galvanostatic discharge curves of the 
primary Zn-air battery with NCNF-1000 as catalyst at different current densities, which was normalized to the area of air-cathode. c) Schematic represen-
tation of the rechargeable Zn-air battery. d) Charge and discharge polarization curves. e) Galvanostatic discharge–charge cycling curves at 10 mA cm −2  
of rechargeable Zn-air batteries with the NCNF-1000 and Pt/C as catalyst, respectively. f) Photograph of a blue LED (≈3.0 V) powered by two liquid 
Zn-air batteries with the NCNF-1000 air-cathode connected in series.
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However, the newly-developed all-solid-state battery exhibited a 
good fl exibility and cycling stability. As shown in Figure  5 c, the 
all-solid-state battery exhibited stable charge (1.78 V) and dis-
charge (1.0 V) potentials at the current density of 2 mA cm −2  
for 6 h even when the device was bended to a large angle or 
folded back to front. Furthermore, no apparent changes of the 
structure and morphology of NCNF-1000 were observed, after 
48 cycles (Figure S12, Supporting Information). The calculated 
specifi c capacity and energy density of this all-solid-state battery 
were 378 mAh g −1  and ≈378 Wh kg −1 , respectively. Three all-
solid-state Zn-air batteries integrated into a series circuit could 
be used to power a blue LED (≈3.0 V), even under the bending 
condition (Figure  5 d). 

  Apart from the good fl exibility, the electrode design offers 
additional advantages to eliminate the polymer binder and to 
simplify the fabrication procedure, compared to the reported 
fl exible Zn-air batteries. [ 5c ]  Unlike the air-electrodes prepared by 
conventional drop-casting method, our NCNF electrode having 
the 3D nanoporous carbon network structure with a large spe-
cifi c surface area can provide short and fast electron/ion paths 
and abundant channels for gas diffusion. Besides, the robustly 
fl exible and highly conductive NCNF could be used as a self-
supporting electrode and/or current collector to minimize the 
cell size and cost. Figure  5 e shows an all-solid-state Zn-air 
micro battery without binder and current collector, in which the 
carbon fi lm was placed next to zinc foil coated by PVA gel and 
exposed to ambient air. A high OCV of 1.26 V was obtained. 
Series-connected all-solid-state Zn-air micro batteries could 
be used to power a blue LED (3.0 V) without obvious perfor-
mance decay even when the cells were bent by human hand 
movements (Figure  5 f; Figure S13, Supporting Information), 

indicating possibilities for the all-solid-state Zn-air micro 
batteries based on the NCNF to be used in fl exible and wear-
able optoelectronic devices. 

 In summary, we have developed a facile method for scalable 
synthesis of nanoporous carbon nanofi ber fi lms (i.e., NCNFs) 
simply by high-temperature pyrolysis of electrospun polyimide 
fi ber fi lms. The resultant NCNFs are fl exible and possess a 
large specifi c surface area (1249 m 2  g −1 ), high electrical con-
ductivity (147 S m −1 ), moderate tensile strength (1.89 MPa), 
and tensile modulus (0.31 GPa). They were revealed to 
show excellent bifunctional electrocatalytic activities toward 
ORR (onset potential = 0.97 V vs RHE; limiting current 
density = 4.7 mA cm −2 ) and OER (onset potential = 1.43 V vs 
RHE, potential = 1.84 V @ 10 mA cm −2 ). Primary liquid Zn-air 
batteries based on the NCNF air-cathode were demonstrated to 
show high maximum power density of 185 mW cm −2 , specic 
capacity of 626 mAh g −1 , and energy density of 776 Wh kg −1 . 
Furthermore, rechargeable liquid Zn-air batteries based on 
the NCNF air-cathode were also constructed to exhibit a small 
charge–discharge voltage gap (≈0.73 V @ 10 mA cm −2 ) and 
high reversibility (initial round-trip effi ciency = 62%) and sta-
bility (voltage gap increased ≈0.13 V after 500 cycles), outper-
formed most of the recently reported Zn-air batteries. More 
importantly, fl exible all-solid-state rechargeable Zn-air bat-
teries with the NCNF air-cathode were also demonstrated to 
exhibit a high discharge voltage (≈1.0 V @ 2 mA cm −2 ), low 
charge voltage (≈1.8 V @ 2 mA cm −2 ), high energy density of 
378 Wh kg −1 , along with an excellent mechanical and cycling 
stability. These fl exible Zn-air batteries could be integrated as 
the power source into fl exible and wearable optoelectronics 
(e.g., LEDs) and many other systems.  

 Figure 5.    a) Schematic represention and b) photograph of the all-solid-state rechargeable Zn-air battery. c) Galvanostatic discharge-charge cycling 
curve at 2 mA cm −2  for the all-solid-state rechargeable Zn-air battery with NCNF-1000 as catalyst, applying bending strain every 2 h. d) Photograph of a 
blue LED (≈3.0 V) powered by three all-solid-state Zn-air batteries in series. e) Photograph of an all-solid-state Zn-air micro battery with an open circuit 
voltage of 1.26 V. f) Photographs of a blue LED (3.0 V) powered by four all-solid-state Zn-air micro batteries in series.
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