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 Here, we have developed a mechanically fl exible and highly 
effi cient air cathode based on Ru nanoparticles (Ru NPs) deco-
rated on Co 3 O 4  nanosheet (Co 3 O 4  NS) arrays vertically grown 
on fl exible carbon textiles (CTs). This cathode was prepared by 
a simple two-step process involving electro-deposition (step 1) 
and a subsequent impregnation (step 2) progress, as shown 
in  Figure    1  . First, Co 3 O 4  NSs were directly electrodeposited 
on CTs, and then the obtained Co 3 O 4  NSs were impregnated 
in RuCl 3  solution and calcined in an Ar/H 2  atmosphere. This 
obtained cathode has many tailored properties: i) the applica-
tion of Co 3 O 4  NSs-Ru as cathode materials has remitted the 
problems from carbon oxidation; ii) direct growth of Co 3 O 4  
NSs-Ru on CTs can effectively avoid by-products caused by 
organic binder decomposition and enhance the electronic con-
ductivity; iii) the introduced Ru NPs as an electrocatalyst can 
effectively reduce the overpotential and improve the cycling per-
formance; [ 31,40 ]  iv) the CT substrate endows this cathode with 
excellent fl exible properties, which is one of the main precondi-
tions for the development of fl exible Li–O 2  batteries. 

   Figure    2  a shows that the pristine CTs are woven by carbon 
fi bers with a diameter of ≈10 µm. The morphology and structure 
of the fabricated CTs-Co 3 O 4  NSs-Ru are investigated and dis-
played in Figure  2 b,c, it could be found that Co 3 O 4  NSs-Ru are 
grown vertically on the skeletons of the carbon fi bers, forming 
a free-standing and 3D hierarchical structure. The direct growth 
of active materials on the carbon fi ber skeleton is favorable for 
electron transportation. The open macropores offer suffi cient 
channels to transfer O 2 , electrolyte, and reaction intermediate 
species freely in or out of the inner cathode, which can effec-
tively improve the rate capability of the Li–O 2  battery. Besides, 
the open macropores can accommodate more discharge prod-
ucts, which can improve the battery capacity. What is more, 
the open macropores can effectively remit the volume effect 
caused by the discharge product (Li 2 O 2 ). The N 2 -adsorption iso-
therm and the pore-size distribution are shown in Figure  2 d, 
and a distinct hysteresis loop can be observed with typical IV 
sorption with a high Brunauer–Emmett–Teller specifi c surface 
area of 41 m 2  g −1  and the major size of the pores falls into the 
range of 40–60 nm. Typical TEM images of Co 3 O 4  NSs-Ru are 
exhibited in Figure  2 e; it was found that Ru NPs uniformly 
distribute on the surface of Co 3 O 4  NSs with a size of about 
2 nm. The Ru content is measured to be 6 wt% by induc-
tively coupled plasma–atomic emission spectrometry (ICP-
AES). Due to the small grain size and the low content of Ru, 
we could not fi nd the peaks of Ru through X-ray diffraction 
(XRD) (Figure S2, Supporting Information). Figure  2 f shows an 
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  Rechargeable lithium–oxygen (Li–O 2 ) batteries are emerging 
as one of the most promising electrochemical energy-storage 
technologies and have captured the interest of more and more 
researchers due to thier exceptionally high theoretical energy 
density, 3600 W h kg −1  (2Li + O 2  = Li 2 O 2 , 2.96 V vs Li/Li + ). [ 1–8 ]  
However, research on Li–O 2  is still at the infant stage, and many 
scientifi c and technological challenges need to be overcome 
before it is applied to the next-generation high-energy-storage 
and portable devices. [ 9–13 ]  For example, the cathode design 
should be further optimized to improve the round-trip effi ciency 
and cycling performance, as well as the fl exibility of the Li–O 2  
battery. [ 14–19 ]  Currently, the cathode is usually based on carbon 
materials, including commercial carbon, carbon nanotubes, 
and graphene, etc. [ 15,20–22 ]  However, recent reports found that 
the carbon electrode can react with Li 2 O 2  to form Li 2 CO 3 . [ 23,24 ]  
To avoid this reaction, carbon-free or modifi ed carbon material 
cathodes are proposed. [ 25–31 ]  Adding insult to injury, com-
monly used organic binders (e.g., PVDF) are found to be quite 
unstable in Li–O 2  batteries. [ 32–34 ]  Furthermore, the addition of a 
nonconductive binder inevitably increases the impedance of the 
cell. Therefore, modifi cation of carbon materials and develop-
ment of a binder-free cathode are urgently important, but still 
very challenging. To this end, various noncarbon and/or binder-
free cathodes have been developed. However, it should be noted 
that almost all the cathodes are too rigid and bulky to satisfy the 
requirements of portable, especially fl exible, devices. Thus, it is 
highly desirable to obtain a stable and fl exible cathode that can 
extend the advantage of the very high theoretical energy density 
(much higher than that of state-of-the-art lithium-ion batteries, 
≈300 W h kg −1 ) of Li–O 2  batteries for next-generation fl exible 
electronics. [ 35–39 ]  
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interplanar spacing of ≈0.21 nm, corresponding to the (101) 
plane of the hexagonal Ru. Energy-dispersive X-ray spectro-
metry (EDXS) characterization (Figure  2 g–i) reveals the exist-
ence and homogeneous distribution of the Ru NPs decorated 
on the surface of Co 3 O 4  NSs, which also indicates that the 
CTs-Co 3 O 4  NSs-Ru cathode has been well synthesized. 

  The electrochemical performance of Li–O 2  cells with CTs-
Co 3 O 4  NSs and CTs-Co 3 O 4  NSs-Ru is displayed in  Figure    3  . 
In this work, LiCF 3 SO 3  was dissolved in tetraethylene glycol 
dimethyl ether (TEGDME) as electrolyte, which is stable against 
O 2  − . [ 41–43 ]  To investigate the effect of CTs-Co 3 O 4  NSs-Ru on the 
oxygen reduction reaction (ORR) and oxygen evolution reaction 
(OER) kinetics, the fi rst discharge–charge curves of the Li–O 2  
cells with CTs-Co 3 O 4  NSs and CTs-Co 3 O 4  NSs-Ru cathodes with 
the same current density (200 mA g −1 ) are obtained, which 
are shown in Figure  3 a. The discharge plateau of the cell with 
the CTs-Co 3 O 4  NSs-Ru cathode is higher than that of cell with the 
CTs-Co 3 O 4  NSs cathode by about 10 mV. Surprisingly, the 
charge overpotential of the cell with CTs-Co 3 O 4  NSs-Ru cathode 
is much lower than the cell with CTs-Co 3 O 4  NSs about 550 mV, 
though the CTs-Co 3 O 4  NSs cathode itself possesses electro-
chemical catalysis compared to pure CTs (Figure S3, Supporting 
Information). The round-trip effi ciency of this battery with the 
Co 3 O 4  NSs-Ru cathode can achieve a value as high as ≈80%. 
The negligible background discharge capacity of the Li–O 2  cells 
with pristine CTs, CTs-Co 3 O 4  NSs, and CTs-Co 3 O 4  NSs-Ru cath-
odes, which were tested in an argon (Ar) atmosphere, exclude 
possible electrochemical contributions from intercalation of 
lithium ions (Li + ) (Figure S4, Supporting Information), dem-
onstrating that the discharge capacities of the Li–O 2  cells are 
derived from the oxygen reduction. In order to further inves-
tigate the catalytic activity of the CTs-Co 3 O 4  NSs-Ru, cyclic vol-
tammograms (CVs) of the Li–O 2  cells with CTs-Co 3 O 4  NSs and 
CTs-Co 3 O 4  NSs-Ru cathodes were recorded at a scan rate of 
0.05 mV s −1  (Figure  3 b). In the cathodic scan, both samples 
show typical ORR currents as the potential goes down. In 
particular, the cell with the CTs-Co 3 O 4  NSs-Ru cathode pos-
sesses higher onset potential and larger ORR current than that 
with the CTs-Co 3 O 4  NSs cathode, indicating that CTs-Co 3 O 4  
NSs-Ru has a better ORR catalytic activity. In the anodic scan, 
the characteristic features of the OER can be observed in both 

samples. It should be noted that the Li–O 2  cell with the CTs-
Co 3 O 4  NSs-Ru cathode presents lower onset potentials than the 
Li–O 2  cell with CTs-Co 3 O 4  NSs, which further demonstrates 
the excellent OER electrocatalytic activity of CTs-Co 3 O 4  NSs-Ru 
when used as a Li–O 2  cathode. Both these results match well 
with those from Figure  3 a. The cycling performance of the Li–
O 2  cells with CTs-Co 3 O 4  NSs and CTs-Co 3 O 4  NSs-Ru were then 
investigated as shown in Figure  3 c–e; the cells were tested by 
controlling the discharge depth to 1000 mA h g −1  at a current 
density of 200 mA g −1 . Figure  3 c,d shows the discharge–charge 
curves of the two cells, and their corresponding cutoff volt-
ages are given in Figure  3 e. Surprisingly, it is found that after 
72 cycles, the cutoff voltage of the cell with CTs-Co 3 O 4  NSs-Ru 
cathode is still above 2.0 V, while the cell with the CTs-Co 3 O 4  
NSs cathode could only run for 19 cycles and pure CTs could 
only sustain 12 cycles (Figure S5, Supporting Information). 
This excellent cycling performance can be attributed to a series 
of unique characteristics: the added Ru NPs could effectively 
improve the catalyst kinetics of the cathode; the unique mor-
phology of the discharge product formed on the cathode pro-
vides suffi cient electrolyte–Li 2 O 2  interfaces that promote the 
decomposition of Li 2 O 2  during charge (vide infra). Besides, the 
rate performance is also investigated, as displayed in Figure  3 f. 
Interestingly, the discharge capacity at a current density of 
1000 mA g −1  can still reach as high as 1593 mA h g −1 . Further-
more, the Li–O 2  battery with the CTs-Co 3 O 4  NSs-Ru cathode 
also demonstrates excellent performance compared with those 
in the published literature (Table S1, Supporting Information). 
To demonstrate its practical applications in fl exible energy-
storage devices, a fl exible Li–O 2  battery was assembled via using 
this fl exible CTs-Co 3 O 4  NSs-Ru cathode and used to control 
a commercial red LED, which could work normally, whether 
the battery was in planar or bending condition, as displayed in 
Figure  3 g,h. 

  The morphology variation of the discharged and recharged 
CTs-Co 3 O 4  NSs-Ru cathode and the morphology of the dis-
charge products on the CTs-Co 3 O 4  NSs-Ru cathode were then 
investigated. The capacity was restricted to 1000 mA h g −1  and 
the current density was 200 mA g −1 .  Figure    4  a,b show the 
fi rst discharged morphologies of this cathode, unlike the clas-
sical toroidal morphology formed on the pure CTs (Figure S6, 
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 Figure 1.    Schematic representations for the design and preparation of the CTs-Co 3 O 4  NSs-Ru cathode.
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Supporting Information), [ 44–48 ]  the discharge products formed 
on this cathode are nanosheets that uniformly grow vertically 
onto the CTs-Co 3 O 4  NSs-Ru, which is also different from the 
disordered discharge products formed on the CTs-Co 3 O 4  NSs 
cathode (Figure S7, Supporting Information). It is considered 
that Ru or/and Co 3 O 4  NSs surfaces are to be less “sticky” 
than carbon surfaces riddled with dangling bonds, which can 
weaken the binding of the generated superoxide to the sub-
strate, thus enhancing the diffusion of the superoxide mol-
ecules away from the cathode surface favoring the nucleation 
and crystallization of Li 2 O 2  on the preferred crystal faces, and 
leading to nanosheet-shaped structure growth. [ 14,45 ]  The uni-
formly and loosely distributed nanosheets provide suffi cient 
product–electrolyte interfaces, which can promote subsequent 

charge process and fi nally enhance the electrochemical 
performance of the Li–O 2  battery. Simultaneously, the forma-
tion of nanosheet Li 2 O 2  can also benefi t the structural integrity 
of the CTs-Co 3 O 4  NSs-Ru cathode compared with the toroid 
Li 2 O 2  formed on the CTs cathode. [ 14 ]  After recharging, the dis-
charge product Li 2 O 2  disappeared, revealing the rechargeability 
of the cathode. Fourier transform infrared (FTIR) spectroscopy 
technology is applied to investigate the discharge products 
as displayed in Figure  4 e: it can be found that the dominant 
product is Li 2 O 2 . It should be noted that the discharge product 
can be almost decomposed during the following recharge 
process, which is in agreement with the electrochemical 
impedance spectra (Figure S8, Supporting Information) and 
SEM results (Figure  4 d). For further understanding of the 
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 Figure 2.    a) SEM image and photograph (inset) of pristine-CTs. b) SEM image and photograph (inset) of the obtained CTs-Co 3 O 4  NSs-Ru cathode. 
c) Higher-magnifi cation image of panel (b); the inset photograph displays the fl exible properties of the obtained cathode. d) Nitrogen adsorption–
desorption isotherm and pore-size distribution curves (inset). e–h) TEM image (e) and its corresponding EDS mappings (f–h).
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 Figure 3.    a) First discharge–charge curves of Li–O 2  cells with two different cathodes (CTs-Co 3 O 4  NSs and CTs-Co 3 O 4  NSs-Ru, respectively) at a fi xed 
capacity of 1000 mA h g −1 , b) CVs of Li–O 2  cells with the two kinds of cathodes at a constant scan rate of 0.05 mV s −1 . c,d) Cycling performance of the 
two cells with the capacity limited to 1000 mA h g −1 . e) Variation of voltage on the terminal discharge of the Li–O 2  cells with CTs-Co 3 O 4  NSs (blue) 
and CTs-Co 3 O 4  NSs-Ru cathode, respectively. f) Rate performance of the cell with two kinds of cathodes. g,h) Digital images of the red LED equipment 
turned on with the fabricated fl exible Li–O 2  battery with planar and bent conditions.
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electrochemical behavior in the Li–O 2  battery, the galvanostatic 
intermittent titration technique (GITT) is also applied (Figure  4 f). 
The equilibrium potential of the Li–O 2  battery is near 2.9 V, 
regardless of the state of discharge, and this is the potential for 
formation of Li 2 O 2 . [ 49,50 ]  

  In summary, a fl exible, noncarbon, dominant free-standing 
cathode with Ru-decorated Co 3 O 4  NSs grown on the CTs was 
successfully synthesized. With it directly employed as an O 2  
cathode, the Li–O 2  battery shows a high capacity, improved 
round-trip effi ciency, and enhanced cycling capability. The 
excellent electrochemical performance of this battery is ascribed 
to the reasonable 3D air cathode structure design and the 
homogeneous distribution of Ru NPs modifi ed on the Co 3 O 4  
NSs, which tailors the morphology of the discharged product. 
Besides, due to the fl exible properties of this cathode, a novel 

class of fl exible Li–O 2  battery was also assembled, which makes 
various potential applications possible and opens a door for the 
use of fl exible high-energy-density devices.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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