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The number of electronic devices with 
flexible, wearable, and portable features 
has risen exponentially in recent years, 
and these devices have received increasing 
attention regarding their promising prac-
tical applications as wearable electronics, 
roll-up displays, intelligent devices, and 
wireless sensors.[1–6] As a result, there is a 
high demand for the development of high-
density, flexible energy storage systems 
to power them. Recently, tremendous 
efforts have been made to develop flexible 
lithium-ion batteries,[7–10] sodium-ion bat-
teries,[11] supercapacitors,[12–14] and solar 
cells.[15–17] However, these systems are still 
limited by low theoretical energy densities. 
To meet the increasing demand for intel-
ligent devices, the development of flexible 
energy storage systems with high energy 
densities is extremely urgent.

Metal-air batteries have been studied 
as promising energy storage systems for 
next-generation wearable devices owing to 
their low cost, environmental friendliness, 
and especially high energy densities.[18–20] 
In particular, Li-air batteries, promising 

systems in the field of metal-air batteries, possess the highest 
theoretical capacity density and have attracted increasing atten-
tion in recent years.[21–25] However, currently, most of the cath-
odes used in Li-O2/air batteries are bulky and rigid and cannot 
meet the required portability and flexibility for the design of 
flexible Li-O2/air battery devices. In response, efforts have been 
made to construct flexible cathodes based on carbon cloth,[26,27] 
carbon fiber,[28] and aligned carbon nanotube (CNT) sheets.[29] 
To a certain extent, these studies have provided feasible 
schemes for the construction of flexible cathodes. Neverthe-
less, the inferior properties, including low mechanical strength 
and poor electrochemical properties, of the available cathodes 
cannot satisfy the requirements of flexible and wearable Li-O2/
air batteries. Furthermore, complex synthetic methods, harsh 
preparation conditions and high prices have prevented them 
from being available on the market. Theoretically, CNTs with 
hierarchical and fibrous structures can serve desired cathode 
materials for Li-O2/air batteries.[30] However, the synthesis of 
CNTs often requires rigorous experimental conditions, and 
the addition of combustible reaction gases (e.g., C2H4 and 
CH4) also leads to serious hidden dangers. In general, CNTs 
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are closely aggregated by a binder in traditional CNT-based air 
electrodes, and such tightly aggregated structures with small 
pore sizes and volumes cannot provide a sufficient amount of 
effective spaces to store large amounts of discharge products. 
Moreover, the lack of interconnected channels and barriers in 
the polymeric binders also lead to a low utilization ratio of the 
CNTs and poor battery performance, including poor rate capa-
bilities and low specific capacities.[31–33] Therefore, it is very 
necessary to design and fabricate a cost-efficient, binder-free, 
and self-supporting flexible CNT cathode with excellent electro-
chemical and mechanical properties via a simple method.

Human blood capillary tissue possesses unique interpen-
etrative structures that can provide sufficient space and a high 
diffusion area to facilitate the efficient transport of oxygen and 
nutrition to organisms. The above structural features are also 
significant for the ability of Li-O2 batteries to store the discharge 
products and realize the fast transport of electrons and gas. 
Herein, inspired by blood capillary tissue, we demonstrate for 
the first time the in situ growth of N-doped CNTs on the surface 
of a stainless-steel mesh (N-CNTs@SS) for the fabrication of a 
self-supporting, flexible air electrode with an interpenetrative 
structure via a facile and scalable one-step strategy. Owing to 
the unique physical properties of the stainless-steel mesh (SS) 
substrate, an electrode with excellent mechanical properties and 
strength was prepared. The hierarchical and controlled porous 
framework of the N-CNTs can provide a sufficient number of 
spaces to accommodate the insoluble discharge products and 
subsequently prevent degeneration of the pores due to the 
discharge products, even during deep discharge. Significantly, 
the interpenetrative networks provide abundant crosslinked 
channels that facilitate the transport of both electrons and gas 
through the cathode. With the synergistic effects of the above 
advantages, the N-CNTs@SS exhibit superior electrochemical 
performance, including a high specific capacity, excellent rate 
capability, and especially good cycle stability. Surprisingly, the 
N-CNTs@SS cathode manifests super hydrophobicity, enabling 
the achievement of a safe and long-life Li-air battery for us in 
humid atmospheres.

The fabrication of self-supporting N-CNTs@SS is illustrated 
in Figure S1 (Supporting Information). Via a simple one-step 
synthetic process, N-CNTs were grown in situ on the SS surface 
using ferrum particles as the precatalyst and melamine as the 
nitrogen and carbon source in an atmospheric pressure tube 
furnace with an Ar gas flow under different temperatures. The 
as-prepared N-CNTs@SS cathode is shown in Figure S2a (Sup-
porting Information) and exhibits superior flexibility even at 
a torsion angle of 360° (Figure S2b, Supporting Information). 
Scanning electron microscopy (SEM) was used to initially char-
acterize the structure and morphological evolution. As shown 
in Figure 1a–c, the final annealing temperature significantly 
affected the morphology of the products and led to a different 
electrode structure. When we maintained the final temperature 
at 700 °C, only carbon particles and very few short irregular 
nanotubes were observed on the SS surface (Figure 1a). Con-
versely, upon increasing the temperature to 750 °C, N-CNTs 
with a uniform morphology dominated the product (Figure 1b). 
The interpenetrative N-CNTs were loosely packed on the SS 
surface and organized in a hierarchical structure with a large 
amount of free internal spaces, which could facilitate both gas 

transport and facile electron transport through the network. 
However, when the temperature was increased to 800 °C, the 
heterogeneous nanotubes exhibited an imperfect structure 
(Figure 1c). The structures of the final products synthesized 
under different temperatures were then investigated by X-ray 
diffraction (XRD). A carbon peak emerged when the tempera-
ture was increased to 750 °C. Upon further increasing the 
temperature, the position and intensity of the carbon peak 
did not distinctly change (Figure 1d). The Raman spectra 
of the N-CNTs@SS samples synthesized under different 
temperatures were also plotted for comparison (Figure S3,  
Supporting Information). All of the spectra consisted of two 
strong peaks at 1351 and 1580 cm−1, corresponding to the D 
and G bands, respectively, of the N-CNTs.[34] Considering the 
above aspects, we selected the N-CNTs@SS synthesized at 
750 °C as the final product. X-ray photoelectron spectroscopy 
(XPS) was performed for the surface elemental analysis of the 
N-CNTs@SS synthesized at 750 °C. The XPS spectrum shown 
in Figure S4 (Supporting Information) clearly reveals that 
carbon, nitrogen, and oxygen were present on the surface of 
the N-CNTs. As shown in the high-resolution C 1s spectrum, 
the peaks at 284.6, 285.2, 287.3, and 289.0 eV can be assigned 
to carbon in the forms of CC (sp3), CN (sp3), CO (sp2), 
and OCO (sp2), respectively (Figure 1e).[35] The high- 
resolution N 1s spectrum was also obtained to confirm the suc-
cessful incorporation of nitrogen and to determine the types 
of nitrogen in the N-CNTs. The N 1s spectrum reveals that the 
typical N groups included pyridinic, pyrrolic, and graphitic N 
species (Figure 1f).[36] The transmission electron microscopy 
(TEM) results reveal a hollow multiwall nanotube structure 
with an inner diameter of 20 nm (Figure 1g). The nitrogen 
adsorption/desorption isotherm illustrates the mesoporous 
features of the N-CNTs, with a Brunauer–Emmett–Teller sur-
face area of 156.7 m2 g−1 (Figure S5, Supporting Informa-
tion). The high-resolution TEM images show a distinct lattice 
spacing of 0.335 nm for the multilayered shell structure, which 
is consistent with the (400) lattice plane of the carbon product 
(Figure S6, Supporting Information).[37] Moreover, energy dis-
persive X-ray spectroscopy (EDS) element mapping confirmed 
that the carbon and nitrogen in the N-CNTs networks were 
homogeneously distributed on the SS surface (Figure 1h).

Considering the good electrical conductivity and high 
mechanical strength of the SS substrate, we then investigated 
the physical and mechanical properties of the N-CNTs@SS 
cathode. Unsurprisingly, the as-prepared N-CNTs@SS cathode 
also had an excellent electronic conductivity of 896.5 S cm−1, 
which is much higher than those of other carbon-based cur-
rent collectors and CNT-based flexible materials, including 
carbon paper (46.73 S cm−1), carbon cloth (33.15 S cm−1), 
macroporous active carbon fiber (MACF) (3.3 S cm−1),[38] self-
assembled multiwall CNTs (2.5 S cm−1), and activated carbon 
nanofibers (0.22 S cm−1) (Figure S7, Supporting Information). 
In addition, for flexible cathodes, high mechanical strength 
is an essential requirement. The as-prepared N-CNTs@SS 
had a very high tensile strength of 68.5 MPa (Figure S8, Sup-
porting Information), which is much higher than those of 
the conventional flexible materials used in Li-O2/air bat-
teries, such as carbon cloth (5.71 MPa) and carbon nanofibers 
(12.0 MPa) (Figure S9, Supporting Information). More 
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importantly, contact angle (CA) measurements show that the 
N-CNTs@SS cathode is super-hydrophobic, with a water CA 
of 150° (Figure S10a, Supporting Information), which is sig-
nificant for most of the nonaqueous energy storage systems, 
such as lithium batteries and supercapacitors.[39] Moreover, 
the super-hydrophobic properties of the N-CNTs@SS cathode 
prevented H2O crossover toward the Li metal anode (Video S1,  
Supporting Information), which endowed the battery with 
resistance against H2O and improved the safety coefficient.[27,40] 
Surprisingly, when the droplets were changed from H2O to 
tetraethylene glycol dimethyl ether, the obtained N-CNTs@SS 
was lipophilic, with a CA of 0° (Figure S10b, Supporting Infor-
mation). The lipophilicity of the N-CNTs@SS caused the for-
mation of uniform solid–liquid–gas regions, ensured the full 
utilization of the active area of the cathode, and in turn facili-
tated the distribution and flux of both the reactants and electro-
lyte during the battery reactions.

Owing to the successful imitation of the superior morphology 
and structure of blood capillary tissue and inspired by the above 
advantages of the N-CNTs@SS, as a proof-of-concept applica-
tion, we utilized the N-CNTs@SS as an Li-O2 battery cathode.  

For comparison, commercial CNTs and N-CNTs were also uti-
lized. At a discharge current density of 500 mA g−1 with a cutoff 
voltage of 2.3 V, the N-CNTs@SS cathode delivered a higher dis-
charge capacity (9299 mA h g−1) than the cathodes synthesized 
at 700 °C (4825 mA h g−1) and 800 °C (5454 mA h g−1), the com-
mercial CNTs (5687 mA h g−1), and the commercial N-CNTs  
(6415 mA h g−1) (Figure 2a). The following rate performance 
investigations show that the discharge voltage plateau of the 
N-CNTs@SS cathode was higher than that of the commercial 
CNT and N-CNT cathodes at each current density (Figure 2b). 
The specific capacities at different current densities are also 
provided to demonstrate the excellent rate capability of the 
N-CNTs@SS cathode (Figure 2c). It is worth noting that the 
achieved superior rate capability was attributed to the following 
synergetic advantages of the N-CNTs@SS cathode: (i) the high 
electronic conductivity and interconnected channels within the 
cathode could provide a “"highway” for charge transfer; (ii) the 
interpenetrative and hierarchical structure could prevent clog-
ging of the channels by the discharge product and ensure the dif-
fusion of Li+ and O2 with high efficiency; and (iii) the doped N 
could promote electrocatalytic activity.[41,42]

Adv. Energy Mater. 2018, 8, 1702242

Figure 1. a–c) SEM images of the N-CNTs@SS samples synthesized at 700, 750, and 800 °C, respectively (insets are enlarged SEM images), d) XRD pat-
terns of the N-CNTs@SS samples synthesized at different temperatures; high-resolution. e) C 1s and f) N 1s XPS spectra of the resultant N-CNTs@SS, 
g) TEM image of an N-CNT (inset is an enlarged image of the tube), h) SEM EDS elemental mapping of C, N, O, Fe, Cr, and Ni of the N-CNTs@SS.
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The discharge–charge overpotentials of the Li-O2 battery 
with the N-CNT@SS cathode (0.62 and 0.35 V, respectively) 
were lower than those of the commercial CNT and N-CNT 
cathodes (Figure 2d). The electrochemical performance of the 
three types of cathodes was further investigated by cyclic vol-
tammetry (CV) at a constant scan rate of 0.1 mV s−1 (Figure 2e). 
The first cycle curve reveals that the N-CNTs@SS cathode 
exhibited a more positive oxygen reduction reaction onset 
potential and a more negative oxygen evolution reaction onset 
potential than the other cathodes. These results reveal that the 
N-CNTs@SS exhibit superior electrochemical performance in 
both the formation and decomposition of the discharge prod-
ucts.[23] After 123 cycles, the terminal discharge voltage was still 
above 2.0 V for the Li-O2 battery with the N-CNTs@SS cathode, 
with the capacity limited to 1000 mA h g−1 at a current den-
sity of 500 mA g−1 (Figure 2f). Furthermore, with the capacity 
limited to 500 mA h g−1, the Li-O2 battery with the N-CNTs@SS 
cathode was stable for up to 232 cycles. In sharp contrast, the 
Li-O2 batteries with the commercial CNT and N-CNTs cathodes 
were only stable for up to 41 and 76 cycles, respectively, under 
the same conditions.

Exploring the formation and decomposition processes of 
the discharge products is crucial for understanding the electro-
chemical behavior of Li-O2 batteries. XRD and Fourier trans-
form infrared (FTIR) spectroscopy were conducted to identify 
the discharge products of the Li-O2 batteries with N-CNTs@SS 
cathodes. Only the characteristic peaks of Li2O2 were observed 
in the XRD pattern after the first discharge process (Figure S11, 
Supporting Information).[43] The characteristic peaks of Li2O2 
were also observed in the obtained FTIR spectra (Figure S12, 
Supporting Information).[44] Furthermore, the galvanostatic 
intermittent titration technique measurement[45] indicated that 
the equilibrium discharge potential of the Li-O2 battery was near 
2.96 V, which is in accordance with the formation potential of 
Li2O2 (Figure S13, Supporting Information).[46,47] Then, we uti-
lized SEM to investigate the morphology and distribution of the 
discharge products on the cathode after the first discharge. The 
toroidal Li2O2 was well distributed along the N-CNTs (Figure 3a) 
and showed that the cathode provided uniform solid–liquid–gas 
regions for reactant diffusion and offered a sufficient number 
of spaces to accommodate the discharge products. More impor-
tantly, the hierarchical and interpenetrative structure of the 
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Figure 2. a) The discharge capacity of Li-O2 batteries with five different cathodes at a current density of 500 mA g−1, b) the rate capability of Li-O2 
batteries with three types of cathodes, c) the discharge capacity of Li-O2 batteries with N-CNTs@SS cathodes at various current densities, d) the first 
discharge–charge curves of Li-O2 batteries with three different cathodes, e) CVs of Li-O2 batteries with three types of cathodes at a constant scan rate 
of 0.1 mV s−1, f) the cycle performance of N-CNTs@SS at a current density of 500 mA g−1 and a specific capacity limited to 1000 mA h g−1, g) the 
terminal discharge voltage of Li-O2 batteries with the three different cathodes at a current density of 500 mA g−1.
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cathode was maintained even after deep discharge (Figure 3a,b). 
After recharging, all of the discharge products disappeared, 
the N-CNTs@SS cathode recovered to its initial state, and the 
surface of the N-CNTs became smooth again (Figure 3c). The 
XRD patterns (Figure S11, Supporting Information) and FTIR 
spectra (Figure S12, Supporting Information) following the 
first discharge and recharge of the N-CNT@SS cathode also 
revealed the formation and decomposition of Li2O2. All of the 
above results demonstrate the high reversibility of the Li-O2 
battery with the N-CNTs@SS cathode. Furthermore, the pris-
tine structure of the N-CNTs@SS cathode was maintained even 
after multiple cycles (20, 40, 60, and 80 cycles) (Figure S14, 
Supporting Information), which demonstrates the good struc-
tural stability of the N-CNTs@SS cathode. In contrast, on 
the surface of the commercial CNTs cathode, the slurry and 
toroidal discharge products exhibited a disordered distribu-
tion (Figure 3d). The insoluble and insulating discharge prod-
ucts substantially blocked the channels and pores (Figure 3e), 
finally leading to destruction of the electrode structure after 
recharging (Figure 3f).

Inspired by the urgent requirement for flexible batteries 
for portable and wearable electronic devices in recent years, 
we fabricated flexible, rechargeable, cable-type Li-air batteries 
using the N-CNTs@SS cathode. With the aim of employing 
this super-hydrophobic N-CNTs@SS cathode to achieve the 
operation of an Li-air battery in a humid atmosphere, a hydro-
phobic gel polymer electrolyte,[27] and ionic liquid-based electro-
lyte (0.5 m LiTFSI dissolved in 1-methyl-3-propylimidazolium 
bis(trifluoromethylsulfonyl)imide) were incorporated. The as-
fabricated cable-type Li-air batteries were intentionally twisted 
and bent into different shapes to investigate their flexibility. 
The red light-emitting diode (LED) display screen remained 
constantly lit under all the testing conditions (Figure 4a). 
Furthermore, the discharge curves and capacity values of the 
Li-air batteries with different shapes were not significantly 
changed at a current density of 200 mA g−1 (Figure 4b). The 
discharge–charge ability of the flexible Li-air batteries after 

thousands of rounds of bending and stretching was investi-
gated to demonstrate the stability of the battery under repeated 
bending (Figure 4c). The open-circuit voltage (OCV) was also 
recorded during consecutive ultimate bending processes. As 
shown in Figure 4d, the OCV remained nearly unchanged 
during bending from 0° to 180°. To explore the efficiency of the 
Li metal anode protection, the fabricated Li-air batteries were 
tested in a humid atmosphere with a relative humidity (RH) 
of 43%. For the Li-air battery with a commercial hydrophilic 
carbon cathode, the anode was seriously corroded with large 
amounts of LiOH on the surface of the Li metal after 30 cycles 
(Figure 4e). In the case of the N-CNTs@SS-based Li-air battery, 
although little LiOH formed (Figure 4f), the Li metal was effec-
tively protected from H2O corrosion. Encouragingly, the as-pre-
pared flexible Li-air battery demonstrated a stable cycling per-
formance for 121 cycles at a current density of 500 mA g−1 with 
a capacity limited to 1000 mA h g−1 under an air atmosphere 
(Figure S15, Supporting Information). All these results indicate 
the excellent mechanical properties, stable electrochemical per-
formance, and superior H2O resistibility of the flexible cable-
type Li-air battery with the N-CNTs@SS cathode.

In summary, a low-cost, binder-free, and self-supporting flex-
ible N-CNTs@SS cathode with a hierarchical structure and super-
hydrophobic properties was successfully designed and fabricated 
for the first time through a simple one-step synthetic process. 
Owing to the successful imitation of the superior shape and struc-
ture of blood capillary tissue, the obtained N-CNTs@SS cathode 
exhibited excellent characteristics, including a suitable hierar-
chical structure, high electrical conductivity, superior mechanical 
strength and structural stability, facile synthesis, and low cost. 
As a proof-of-concept application, an Li-O2 battery was obtained 
using the N-CNTs@SS electrode and showed superior electro-
chemical performance, including a high specific capacity, excel-
lent rate capability, and good cycling performance. Furthermore, 
the N-CNTs@SS cathode-based, flexible, cable-type Li-air bat-
teries displayed excellent mechanical properties, stable electro-
chemical performances, and superior H2O resistibility, making 
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Figure 3. a) SEM image and b) enlarged image of the discharged N-CNTs@SS cathode with a cutoff voltage of 2.2 V, c) SEM image of the recharged 
N-CNTs@SS cathode, d) SEM image and e) enlarged image of the discharged commercial N-CNT cathode with a cutoff voltage of 2.2 V, f) SEM image 
of the recharged commercial N-CNT cathode.
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them promising for use in flexible electronic devices, which are 
severely restricted by the low theoretical energy densities of the 
existing flexible energy sources. We believe that this advanced 
biomimetic electrode design will provide great inspiration for 
further improvement of the electrochemical performance of 
Li-O2/air batteries and other promising power systems.

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