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with excellent mechanical strength and superior electrochem-
ical performances is obtained. More importantly, based on this 
strategy, a foldable Li–O 2  battery pack is also assembled which 
greatly saves the occupation space and inevitably improves the 
volume energy density. 

  Figure    1  a shows a schematic of a facile strategy for fabri-
cating a fl exible air cathode. Briefl y, the brush is fi rst dipped 
into an ink and then drawn on commonly used paper. Though 
various characters/patterns can be drawn, as a proof-of-concept 
experiment, we only draw rectangles with various breadths 
in this work. Due to the different loading and distribution of 
active material on each rectangle, theoretically, the output 
energy/power density could thus be tuned (Figure S1, Sup-
porting Information). After drawing, a quick wetting of the 
ink can be observed due to the unique dynamic wetting pro-
cess of the paper. Finally, the drawn painting is dried in air 
at 120 °C and a paper-ink (PI) cathode is thus obtained. This 
strategy for the synthesis of a PI cathode holds many advan-
tages: (1) the low cost of paper and ink greatly decreases the 
cost of the cathode compared with other conventional cathode 
materials (e.g., carbon nanotubes) and cathode substrates 
(e.g., carbon paper); (2) the synthesis method is very facile and 
effective, and no tedious fabricated process is needed; (3) the 
active material could homogenously adsorb onto the paper 
skeleton without the help of any additional binder or solvent, 
which ensures the formation of a freestanding structure; [ 38–41 ]  
(4) the integrated cathode inevitably endows the Li–O 2  battery 
with fl exible properties. Scanning electronic microscope (SEM) 
images of Figure  1 b reveal the macroporous structures of paper 
sheet which can absorb ink easily. More importantly, the fl ex-
ible property of the paper sheet is retained after deposited by 
ink as displayed in Figure  1 c. Figure  1 d reveals that the ink fi lm 
is composed by carbon nanoparticles with size about 50 nm 
and form a porous morphology, which freely absorb on paper 
sheet and form a freestanding cathode. This structure is in 
favor of the mass transfer in the process of the electrochemical 
reaction. Figure  1 e reveals the X-ray diffraction (XRD) pattern 
of the obtained PI cathode and no other characteristic peaks are 
found except carbon peak, which demonstrates that the main 
material is carbon. Figure  1 f shows Raman spectrum of the 
obtained cathode and two prominent peaks at about 1336 and 
1557 cm −1  can be assigned to the D band and G band, respec-
tively. The intensity ratio of band and G band ( I  D / I  G ) could be 
used to estimate the disorder degree of carbon materials. [ 42 ]  The 
intensity ratio in this material ( I  D / I  G  = 0.87 < 1) indicates that 
the number defects are low, which is helpful for increasing the 
stability of cathode and enhance the cycling performance of 
Li–O 2  batteries. [ 43–45 ]   

  The worldwide demand for fl exible electronics continues to 
grow rapidly because of their favorable advantages in terms 
of being bendable, portable, rollable, and foldable, [ 1–6 ]  wherein 
high performance power device is a necessary key component. 
However, conventional energy storage/conversion devices are 
too bulky and rigid to be integrated into fl exible electronics. 
In response, several inspirational prototypes, including fl ex-
ible solar cells, [ 7–10 ]  rechargeable batteries, [ 11–13 ]  and super-
capacitors, [ 14–20 ]  etc., have been developed. However, the low 
theoretical energy density of these new concept power devices 
would intrinsically limit their wide application in next-genera-
tion fl exible devices. Fortunately, non-aqueous Li–O 2  batteries 
have been developed due to its extremely high energy density, 
3600 Wh kg −1  (2Li +  + O 2  + 2e −  � Li 2 O 2 , 2.96 V vs Li/Li + ), 
which is nearly 10 times that of conventional lithium-ion bat-
teries. [ 21–32 ]  Therefore, the development of fl exible Li–O 2  bat-
teries is urgently desirable to meet the high energy density 
requirements of next-generation fl exible electronic devices. 
However, as still in infant stage, it is still very challenging to 
develop a high performance conventional Li–O 2  battery, to say 
nothing for fl exible and foldable ones. 

 Chinese brush painting and writing is an ancient art form 
that developed in China hundreds of years ago and continues 
to fascinate contemporary artists all over the world. Inspired by 
the fact that the main component of painting ink is carbon and 
the paper is composed of fi bre and thus could be fl exible and 
inexpensive, [ 33–37 ]  a paper-ink cathode is prepared. Interestingly, 
when the obtained novel electrode is employed as both a new 
concept cathode and current collector to replace the conven-
tional rigid and bulky counterparts, highly fl exible Li–O 2  battery 
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 The thermal stability and the amount of absorbed elec-
trolyte of the cathode are two key important parameters for 
the air cathode of Li–O 2  battery. The regeneration of the PI 
cathode is illustrated in Figure S2 (Supporting Information) 
and direct combustion test in air is applied. Firstly, ethanol is 
easily infi ltrated into the PI cathode and found that the mass 
of immersed ethanol is 4–5 times of the PI cathode, which fur-
ther indicates the porous structure of the PI cathode and this 
structure is thus favorable for mass transfer. Interestingly, the 
mass of PI cathode after combustion returns to the initial value, 
indicating the excellent thermal stability of this PI cathode. 
To further demonstrate the thermal stability and absorption 
properties, extended experiment of absorption/combustion is 
carried out. It can be found that even after 10th cycle, the mass 
of the PI cathode does not decrease and the absorption proper-
ties remained as initially. Furthermore, the mechanical stability 
of the PI cathode is another crucial parameter for its application 
in energy storage devices. As displayed in Figure S3 (Supporting 
Information), a stress–strain curve of the PI cathode is tested. 
And it is found that this PI cathode can endure strain as high 
as about 19 MPa. To further investigate the mechanical sta-
bility, this cathode is bended 1000 cycles and then tested its 
stress–strain curve. Remarkably, it is found that the mechanical 
strength is almost not changed. All these results demonstrate 
the excellent mechanical stability of the PI cathode, which 
would be benefi cial for its electrochemical performances (vide 
infra). 

 A fl exible Li–O 2  battery is then assembled as illustrated in 
 Figure    2  a, which is composed of a fl exible PI cathode, glass 
fi ber membrane, and a lithium foil as anode. It should be noted 
that, to exclude the possible electrochemical contributions from 
intercalation reactions with PI cathode, the electrochemical per-
formance of Li–O 2  battery is fi rst tested in pure argon atmos-
phere (Figure S4, Supporting Information). The discharge 
capacity is found to be negligible (99.4 mAh g −1 ), demon-
strating that the electrochemical capacity is derived from Li–O 2  
battery reaction. Figure  2 b shows that the assembled Li–O 2  bat-
tery can power commercial red LED equipment in both planar 
and bended conditions. As fold condition would inevitably 
infl uence the electrochemical performance, folding endurance 
is thus an important parameter for practical fl exible device. 
Figure  2 c displays the fi rst discharge curves of the Li–O 2  battery 
with PI cathodes before and after bending 1000 cycles, wherein 
a high capacity of ca. 6500 mAh g −1  can be obtained at a cur-
rent density of 200 mA g −1 . Furthermore, the rate performances 
of the Li–O 2  batteries with these two cathodes are almost the 
same (Figure  2 d), which is consistent with the discharge-charge 
profi les of Li–O 2  batteries (Figure  2 e). Furthermore, the cycling 
performances of these two batteries with PI cathodes before 
and after bending 1000 cycles can still reach about 50 cycles 
with the capacity restricted to 1000 mAh g −1  at a current density 
of 200 mA g −1  (Figure  2 f; Figure S5, Supporting Information). 
It should be noted that the electrochemical cycle performance 
is not from the fl exible batteries but from the electrode.  
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 Figure 1.    a) Schematic representations for the design and preparation of the PI cathode. b) SEM image of pristine paper. c) Photograph of the obtained 
fl exible PI cathode. d) Enlarged image of (c). e) XRD pattern and f) Raman spectrum of the obtained PI cathode.
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 The morphology variation of the PI cathode is then tracked 
along the discharge and charge processes ( Figure    3  ). As shown 
in Figure  3 a, b, the pristine PI cathode is composed of carbon 
microspheres with an average diameter of ≈50 nm, forming 
a porous morphology (Figure  1 d). After the fi rst discharge 
process, toroidal products are found on the PI cathode with 
size about 500 nm (Figure  3 c,d), which is consistent with the 
reported results. [ 46–51 ]  After the recharge procedure, the toroidal 
product is almost disappeared (Figure  3 e,f), demonstrating the 
rechargeability of this novel PI cathode. The X-ray diffraction 
(XRD) technique is then employed to identify the discharge 
products of Li–O 2  battery with the PI cathode. Compared to the 
XRD pattern of the pristine cathode, new diffraction peaks at 
32.9°, 35°, and 58.7° emerged (Figure  3 h), which could be rea-
sonably assigned to the (100), (101), and (110) peaks of Li 2 O 2 , 
showing that Li 2 O 2  dominates the discharge product. The dis-
appearance of Li 2 O 2  peak after the subsequent charge process 
indicates that the decomposition of the discharge product, 
which demonstrates the rechargeability of this PI cathode 

again. To further confi rm this point, electrochemical impedance 
spectra (EIS) technique is then applied. As shown in Figure  3 i, 
it is found that after the fi rst discharge process, the impedance 
of the Li–O 2  cell increases signifi cantly, which is due to the 
poor electronic conductivity of discharge products generated at 
the cathode side. [ 52 ]  Interestingly, after subsequent recharging 
process, the impedance of the Li–O 2  cell could almost recover 
its initial value, indicating that the insulated discharge products 
can be fully decomposed during charge process, which is con-
sistent with the SEM images and XRD patterns discussed 
above, highlighting again the good rechargeability of Li–O 2  
battery with PI cathode.  

 To further improve the electrochemical performance of 
the Li–O 2  battery with the PI cathode, as a proof-of-concept 
experiment, Ru nanoparticles are added to PI cathode (labeled 
PI–Ru cathode) via a simple impregnation method ( Figure    4  a). 
After immersing the PI cathode in ethanol solution containing 
10 × 10 −3   M  RuCl 3 , the obtained cathode is then dried in air and 
fi nally calcined in a tube furnace under Ar/H 2  atmosphere for 
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 Figure 2.    a) Schematic illustration of an Li–O 2  battery assembly composed of PI cathode, glass fi ber (separator) and lithium foil (anode). b) Digital 
images of the fabricated fl exible Li–O 2  battery with planar and bent conditions turning on red LED equipment. c) First discharge curves of Li–O 2  battery 
with the PI cathode (pristine and 1000 folding cycles) at a current density of 200 mA g −1 . d) Rate capability of the Li–O 2  device with the two kinds of 
cathodes (pristine and 1000 folding cycles) at different current densities. e) First discharge–charge curves and f) cycling performance of Li–O 2  batteries 
with the two kinds of cathodes (pristine and 1000 folding cycles) with a fi xed capacity of 1000 mAh g −1 .
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 Figure 3.    SEM images of the PI cathode at different stages: a,b) pristine, c,d) discharged, and e,f) recharged XRD patterns of the PI cathode at different 
stages (h). i) EIS of the cell with pristine, fi rst discharge and recharge conditions. 

 Figure 4.    a) Schematic representation of the design and preparation of the PI–Ru cathode. b) Photograph of the obtained fl exible PI–Ru cathode. 
c) SEM image of the obtained PI–Ru cathode and its corresponding EDXS maps. 
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2 h at 250 °C. Interestingly, the as obtained PI–Ru cathode also 
maintains excellent fl exible properties (Figure  4 b). Figure  4 c 
displays the SEM image of the obtained PI–Ru cathode, and 
the morphology is almost the same with that of PI cathode. 
Energy-dispersive X-ray spectrometry (EDXS) characterization 
(Figure  4 c) reveals the existence and homogeneous distribution 
of the Ru NPs decorated on the surface of PI cathode, which 
also indicates that the PI–Ru cathode has been well synthe-
sized. To verify the effect of Ru modifi cation, electrochemical 
performances of Li–O 2  cells with PI–Ru cathode are displayed 
in  Figure    5  . Figure  5 a displays the fi rst discharge–charge curves 
of the cells with PI and PI–Ru cathodes at a current density 
of 200 mA g −1  with a limited capacity of 1000 mAh g −1 . The 
charge voltage of the cell with PI–Ru cathode is signifi cantly 

lower than that with PI cathode by about 200 mV, showing the 
superior catalytic performance of Ru. Furthermore, the cycling 
life of the Li–O 2  cell with PI–Ru cathode can also be improved 
(Figure  5 b,c). 

   Encouraged by the facile and effective fabrication strategy, 
a foldable Li–O 2  battery pack is fabricated for the fi rst time 
( Figure    6  ). Figure  6 a schematically shows the fabrication and 
work of foldable Li–O 2  battery pack. This proof-of-concept of 
Li–O 2  battery pack also demonstrates two unique properties 
compared to conventional Li–O 2  battery: (1) the inexpensive 
fl exible paper has been served as substrate of cathode, separator 
as well as the outer package, and thus the assembled battery 
can be foldable and bendable; (2) the lithium anodes wrapped 
into the paper could be shared by two cathodes, which can 

 Figure 5.    a) First discharge–charge curves of Li–O 2  cells with PI and PI–Ru cathodes at a fi xed capacity of 1000 mAh g −1 . b) Discharge–charge curves 
of Li–O 2  cells with PI–Ru cathode and c) its corresponding cycling performance. 

 Figure 6.    a) Schematic of the fabrication and working mechanism of a foldable Li–O 2  battery pack. b) Photograph of a foldable Li–O 2  battery pack 
turning on a red LED. c) Open-circuit voltage of this battery packs. d) Discharge voltage versus time and discharge current versus time, inset is the 
mass of the assembled foldable Li–O 2  battery pack. 
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effectively improve the utilization of lithium metal anode and 
reduce the total mass of this battery. These two advantages 
could improve both the mass energy density and volume energy 
density. Signifi cantly, the feasibility of the practical application 
of this battery pack has also been demonstrated (Figure  6 b,c; 
Videos S1 and S2, Supporting Information). Simultaneously, 
this lightweight battery pack can also be operated normally as 
shown in Figure  6 d.  

 In summary, we propose and demonstrate a facile, effective 
and scalable strategy to fabricate a fl exible and freestanding 
cathode for Li–O 2  batteries. When used in Li–O 2  batteries, 
a novel fl exible Li–O 2  battery is successfully fabricated that 
demonstrates excellent mechanical strength and superior 
electrochemical performance. More importantly, a foldable 
Li–O 2  battery pack consisting of several paralleled cells is also 
successfully assembled, which effectively improves both the 
mass energy density and volume energy density of the Li–O 2  
battery. Undoubtedly, the proposed fabrication strategy of fl ex-
ible cathodes with lightweight and cheap materials (ink and the 
commonly used paper), and the design of fl exible Li–O 2  battery 
(packs) have demonstrated their feasibility in the Li–O 2  fi eld, 
which would also be easily extended to other important energy 
storage and conversion devices.  
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