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promising and relatively mature energy 
technology.[3] Attractively, the Zn-air bat-
tery is low cost, resource abundant, non-
toxic, eco-friendly, and safe to handle, due 
to the aqueous electrolyte and less-reactive 
Zn metal.[4] Therefore, intensive research 
interest has been attracted most recently 
to explore flexible solid-electrolyte Zn-air 
batteries, including 1D cable/yarn[5] and 
2D sandwich/textile planar types.[6]

Nevertheless, the as-obtained flexible 
Zn-air batteries still suffer from limited 
energy efficiency and cycling stability, 
low output power density, and unsat-
isfactory discharge voltage plateaus, 
which are dominantly hindered by the 
sluggish kinetics and poor durability of 
oxygen reduction reaction and oxygen 
evolution reaction (ORR/OER) on the 
air electrode. Highly active, durable, and 
earth-abundant bifunctional catalysts 
for ORR/OER are urgently required to 
replace precious metal catalysts (such 
as Pt for ORR and Ir/IrO2 for OER) and 
improve the performance of Zn-air bat-
teries.[7] To date, various bifunctional cata-
lysts with high activity and low cost have 

been developed, such as metal oxides/hydroxides/sulfides/
nitrides, nanocarbon materials, and their hybrids.[8] Among 
them, heteroatom-doped nanocarbon materials are attracting 
ever-growing interest for bifunctional catalysis and Zn-air 
batteries, contributed from their high activity, excellent flex-
ibility, low cost, and versatile design.[9] The excellent activity 
of metal-free carbon materials is dominantly attributed to 
the altered charge[10] or spin distribution[11] in the sp2 carbon 
matrix. Additionally, intrinsic defects on the surface of carbon 
catalysts have been gradually demonstrated to be critical to the 
electrocatalytic activities.[9e,12] Furthermore, the introduction  
of transition metal species, even in a trace amount, is demon-
strated to significantly enhance the activity and render carbocat-
alysts more promising.[13] The coordination between metal and 
heteroatoms in the carbon matrix, especially the Co/Fe–Nx–C 
moieties, can effectively modify the local electronic structure 
and thereby optimize the intermediate adsorption, leading 
to a superior activity comparable to precious metal cata-
lysts.[14] Specific heteroatom-doping and metal coordination  
at defective edges are suggested to be the most favorable active 
sites.[9e] Despite the exciting achievements, it still lacks effec-
tive and versatile synthetic methodology to controllably fab-
ricate catalysts with targeted active sites at atomic precision, 

Rechargeable flexible solid Zn-air battery, with a high theoretical energy 
density of 1086 Wh kg−1, is among the most attractive energy technolo-
gies for future flexible and wearable electronics; nevertheless, the practical 
application is greatly hindered by the sluggish oxygen reduction reaction/
oxygen evolution reaction (ORR/OER) kinetics on the air electrode. Precious 
metal-free functionalized carbon materials are widely demonstrated as the 
most promising candidates, while it still lacks effective synthetic method-
ology to controllably synthesize carbocatalysts with targeted active sites. This 
work demonstrates the direct utilization of the intrinsic structural defects 
in nanocarbon to generate atomically dispersed Co–Nx–C active sites via 
defect engineering. As-fabricated Co/N/O tri-doped graphene catalysts with 
highly active sites and hierarchical porous scaffolds exhibit superior ORR/
OER bifunctional activities and impressive applications in rechargeable Zn-air 
batteries. Specifically, when integrated into a rechargeable and flexible solid 
Zn-air battery, a high open-circuit voltage of 1.44 V, a stable discharge voltage 
of 1.19 V, and a high energy efficiency of 63% at 1.0 mA cm−2 are achieved 
even under bending. The defect engineering strategy provides a new concept 
and effective methodology for the full utilization of nanocarbon materials 
with various structural features and further development of advanced energy 
materials.

Zn-Air Batteries

Modern flexible electronics have emerged rapidly to revolu-
tionize our daily life toward high-tech design, multifunctional 
experience, and friendly use interface in the last few years, such 
as roll-up displays, bendable smart phones, implantable biosen-
sors, wearable devices, etc.[1] It is increasingly attractive but still 
in infancy stage with great challenges ahead to develop effective 
flexible energy conversion and storage devices, which should 
meet the particular requirements for flexible devices including 
high energy and power density, safe operation, nontoxic, shape-
conformability, excellent flexibility, and durability.[2] Among 
various candidates, the Zn-air battery with a theoretical energy 
density as high as 1086 Wh kg−1 has been identified as the most 
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such as heteroatom dopants, topological defects, and metal–
nitrogen–carbon moieties.

In this contribution, we directly utilize the intrinsic struc-
tural defects in nanocarbon to generate atomically dispersed 
Co–Nx–C active sites via defect engineering. The as-obtained 
Co/N/O tri-doped graphene mesh (denoted as NGM-Co herein-
after) exhibits a hierarchical porous structure with high density 
of active sites derived from Co–Nx–C moieties, nitrogen-doping, 
oxygen functional groups, and topological defects, rendering 
remarkable bifunctional electrocatalytic activities for both 
ORR and OER in alkaline. Impressively, when integrated into 
a rechargeable flexible solid Zn-air battery, a high open-circuit 
voltage (1.44 V), a small charge/discharge voltage gap (0.7 V at 
1.0 mA cm−2), and high energy efficiency (63% at 1.0 mA cm−2) 
are achieved. The as-assembled flexible solid Zn-air battery also 
displays excellent cycling durability, with a stable discharge 
voltage as high as 1.19 V under bending, suggesting a prom-
ising application in wearable electronics (Figure 1). This work 
provides fresh insights into the utilization of defects in nano-
carbon materials and promotes their applications in the field of 
materials science and energy conversion.

The NGM-Co was prepared via the direct carbonization 
of a powdery mixture of gelatinized amylopectin, melamine, 
cobalt nitrate, and in situ generated Mg(OH)2 nanoflakes (see 
details in the Supporting Information). A metal-free counter-
part was also prepared under otherwise identical conditions 
without cobalt nitrate (denoted as NGM). The morphology 
of as-obtained NGM-Co was characterized by scanning elec-
tron microscopy (SEM) and transmission electron microscopy 
(TEM), as shown in Figure 2a–d. The graphene flakes are domi-
nantly few-layered with a lateral size of ≈200 nm and abundance 
of in-plane nanoholes (Figure 2c). They are self-assembled into 
a hierarchical framework with interconnected large pores, pre-
cisely replicating the scaffold of MgO templates (Figure 2a; 
Figure S1, Supporting Information). The NGM sample fab-
ricated without cobalt nitrate addition possesses the similar 

structure, suggesting the predominant role 
of MgO templates on graphitization and 
morphology replication (Figures S2 and S3,  
Supporting Information).[12b,15] The struc-
tural porosity was further characterized by 
nitrogen sorption experiments. As revealed in 
Figure S4 (Supporting Information), a high 
specific surface area (SSA) of 541.5 m2 g−1 
is obtained for NGM-Co, nearly twice that 
of NGM (271.6 m2 g−1). Besides, the total 
pore volume of NGM-Co is calculated to be 
1.36 cm3 g−1, which is ≈30% higher than that 
of NGM (1.03 cm3 g−1). More specifically, the 
micropores and mesopores below 5.0 nm 
are obviously increased for NGM-Co with 
respect to the contributions for pore volume 
and SSA (Figure S5, Supporting Informa-
tion). Besides, a relatively higher ID/IG ratio 
is obtained from the Raman spectrum for 
NGM-Co (Figure S6, Supporting Informa-
tion), indicating more defective sites due to 
the increased micropores and mesopores. 
The distinct porosity and structural features 

can be rationalized by the catalytic and etching effect of cobalt/
cobalt oxide nanoparticles during high-temperature carboniza-
tion (Figure S7, Supporting Information). Therefore, with the  
joint roles of MgO templates and cobalt-based nanoparticles, a 
hierarchical porous graphene material can be facilely obtained 
with abundant micro/mesosized nanopores in plane and 
macrosized strutted spaces between sheets, which is beneficial 
for the mass transfer during triple-phase reactions. In addi-
tion, it was theoretically revealed that the metal–N4 clusters 
were more energetically feasible to form at graphitic edges.[16] 
Hence, it is believed that the Co species tend to coordinate with 
the nitrogen dopants at defective edges or pores of graphene, 
which are abundant in NGM, leading to a facilely achieved 
atomic dispersion and superior catalytic performances.

Notably, no obvious nanoparticle in TEM images 
(Figure 2b,c) or characteristic peaks in X-ray diffraction (XRD) 
spectroscopy (inset of Figure 2c) can be found corresponding to 
any cobalt species in NGM-Co, suggesting the thorough disso-
lution of metallic Co or cobalt oxides after harsh acid treatment 
(Figure S7, Supporting Information). However, the energy dis-
persive spectroscopy (EDS) mapping of NGM-Co indicates a 
weak-signal but uniform distribution of Co, completely super-
imposed with N and C (Figure S8, Supporting Information). 
Additionally, the dark field high-resolution TEM image pre-
sents a number of highly dispersed bright spots, most likely 
ascribed to the highly dispersed Co atoms survived (Figure 2d; 
Figure S9, Supporting Information). To determine the trace 
amount of cobalt accurately, inductively coupled plasma optical 
emission spectrometer was conducted, and a low bulk Co con-
tent of ≈1.23 wt% was detected. These results strongly suggest 
a high dispersion of Co atoms in the porous NGM layers with 
configurations such as Co–Nx–C.

Furthermore, X-ray photoelectron spectroscopy (XPS) was 
performed to analyze the chemical features in detail. As shown 
in Figure S10 (Supporting Information), the XPS survey spectra 
reveal high amounts of nitrogen and oxygen in both NGM-Co 
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Figure 1.  Schematic illustration of the flexible solid Zn-air battery. a) A schematic illustration 
of the hierarchical Co/N/O tri-doped graphene catalyst (NGM-Co). The grey atom represents 
for carbon, blue atom represents for nitrogen, yellow atom represents for oxygen, and red 
atom represents for cobalt. b) A flexible solid Zn-air battery using NGM-Co as the air-cathode 
catalyst.
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and NGM samples (N: 2.31 at% for NGM-Co and 4.42 at% for 
NGM; O: 3.22 at% for NGM-Co and 2.04 at% for NGM), while 
no significant Co 2p peak can be detected due to its ultralow 
content (≈0.18 at%), nearly under the detection limit of XPS. It 
has been widely demonstrated that N, O, or N/O dual-doping 
plays a crucial role in catalyzing both ORR and OER by altering 
the electronic distribution of adjacent carbon atoms and facili-
tating the intermediate adsorption.[9a,d,17] It is notable that a 
new peak around 399.3 eV has to be included when decom-
posing the N 1s spectrum for NGM-Co in contrast to NGM 
(Figure 2e; Figure S11 and Table S1, Supporting Information). 
It is claimed as the pyridinic N bound to Co (Co–Nx–C), with 
≈1 eV upshift from pristine pyridinic N (≈398.4 eV).[18] More-
over, the C–N shoulder in the C core spectrum of NGM-Co 
noticeably shifts to higher binding energy (Figure 2f), which 
can be rationalized by the strong electron-withdrawing effect 
of Co coordinated with the nitrogen in Co–Nx–C moieties. The 
decreased electron density of adjacent C atoms is expected to 
facilitate the adsorption of ORR/OER intermediates and pro-
mote the electron transfer for an enhanced kinetics.

The above characterizations reveal the facile and successful 
synthesis of a graphene catalyst via defect engineering, exhib-
iting a hierarchical porosity and C/N/O tri-doped features. The 
Co–Nx–C moieties are controllably generated at atomic preci-
sion owing to the abundant defective edges for the anchor of 
Co species and lower formation energy. Along with abundant 
nitrogen-doping, oxygen functional groups, and topological 

defects, the NGM-Co catalysts are suggested to be promising 
for bifunctional ORR/OER electrocatalysis and flexible Zn-air 
batteries.

The electrocatalytic activity was first investigated by cyclic 
voltammetry (CV) and linear sweep voltammetry (LSV) meas-
urements on a rotating disk electrode (RDE) in 0.10 m KOH 
with a mass loading of ≈0.25 mg cm−2. As shown in Figure 3a, 
distinct cathodic peaks are observed for NGM-Co and NGM 
in O2-saturated electrolyte. The ORR peak current density for 
NGM-Co is obviously larger and the peak potential is ≈60 mV 
positively shifted compared with NGM. LSV curves further 
reveal a much higher limiting current density of 4.75 mA cm−2 
for NGM-Co than NGM (Figure 3b). Besides, the half-wave 
potential for NGM-Co is ≈50 mV more positive than NGM, 
indicating a much better ORR activity with the presence of Co 
species. Moreover, the Tafel slopes determined from Figure 3c 
are 58, 119, and 59 mV dec−1 for NGM-Co, NGM, and Pt/C, 
respectively, suggesting the NGM-Co as an excellent ORR 
catalyst with fast kinetics comparable to Pt/C. Compared with 
metal-free NGM, the NGM-Co catalyst exhibits similar mor-
phology and types of active sites, merely except for the trace 
amount of Co–Nx–C species. Notably, the nitrogen content for 
NGM-Co is nearly half that of NGM, which is widely recog-
nized as the main active origin and positively correlated with 
the catalytic activity for nanocarbon catalysts. However, the 
ORR performance of NGM-Co is significantly superior to NGM 
with a higher limiting current density and lower overpotential, 
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Figure 2.  Morphology and composition characterization of NGM-Co catalysts. a) SEM image and b,c) TEM images showing the hierarchical porous 
framework of NGM-Co. No metal-based nanoparticle can be found. The inset of (c) represents the XRD pattern of NGM-Co without any characteristic 
peak of cobalt species. d) Dark-field high-resolution TEM image showing highly dispersed Co atoms in graphene layers. XPS spectra of e) N 1s and  
f) C 1s for NGM-Co, indicating the formation of Co–Nx–C configurations.



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1703185  (4 of 7)

www.advmat.dewww.advancedsciencenews.com

highlighting the critical role of Co–Nx–C species on ORR cata-
lytic activity. The distinct Tafel slope values for NGM-Co and 
NGM in similar potential ranges further reveal that the reaction 
mechanism and rate limiting step are changed due to the incor-
poration of Co–Nx–C active sites.[19]

To elucidate the superior ORR activity of NGM-Co, elec-
trochemical impedance spectroscopy was performed at 
0.79 V versus reversible hydrogen electrode (RHE). As shown in 
Figure 3d, the substantially smaller semicircle in the medium-
frequency region clearly reveals a decreased charge transfer 
resistance for NGM-Co compared with NGM. In addition, the 
electrochemical active surface area (ECSA) was determined via 
the scan-rate dependent CV measurements within a potential 
window of 1.00–1.05 V versus RHE. As revealed in Figure 3e, 
NGM-Co exhibits a larger ECSA represented by the double-
layer capacitance, about 16% higher than NGM. It is contrib-
uted from the much higher SSA, enriched micro/mesopores, 
and improved hydrophilicity for NGM-Co (Figure S12, Sup-
porting Information).

The OER catalytic activity of NGM-Co was also measured in 
0.10 m KOH at 1600 rpm. As shown in Figure S13 (Supporting 
Information), the NGM-Co displays a lower onset potential and 
much higher current density than Pt/C. Figure 3f clearly repre-
sents the good ORR/OER bifunctional activities for NGM-Co, 
with a low potential difference around 0.95 V between the OER 
potential for 10.0 mA cm−2 and ORR potential at half-wave. 
Unexpectedly, the OER LSV curves of NGM-Co and NGM 
are nearly overlapped. There is only 20 mV difference on the 
overpotential required for a current density of 10.0 mA cm−2. 

In contrast to the distinct ORR activities, the similar OER per-
formance for NGM-Co and NGM suggests that the optimal 
active sites for ORR and OER are different. The Co–Nx–C spe-
cies are demonstrated to be remarkably favorable for ORR, 
while their effect on OER activity is substantially limited. 
Therefore, the OER activity is dominantly determined by the 
nitrogen and oxygen doping,[17a] leading to a similar OER per-
formance between NGM-Co and NGM (Figure S13, Supporting 
Information).

To evaluate the utility of bifunctional NGM-Co catalysts for 
flexible solid-state Zn-air batteries, a rechargeable liquid Zn-air 
battery was first assembled. A Zn foil was used as the anode, 
and the catalyst-loaded carbon cloth as air-cathode, with a cata-
lyst loading of ≈0.50 mg cm−2. 0.20 m ZnCl2 was added into the 
6.0 m KOH aqueous electrolyte to ensure the reversible anode 
reactions and rechargeable operation.[3b] The commercial state-
of-the-art Pt/C for ORR and Ir/C for OER were mixed together 
as the control catalyst for Zn-air batteries (denoted as Pt/C + 
Ir/C). As shown in Figure 4a, a much higher discharge cur-
rent and a notably shrunken charge–discharge voltage gap are 
obtained for the Zn-air battery catalyzed by NGM-Co in com-
parison with Pt/C + Ir/C, suggesting the superior activity and 
rechargeability. The maximum power density of the former is 
determined to be as high as 152 mW cm−2, triple that of Pt/C + 
Ir/C and among the best performances ever reported (Table S2, 
Supporting Information).[9b,c,f,20] As an impressive exemplifica-
tion for practical applications, one Zn-air battery as-assembled 
based on NGM-Co can power a toy car to drive quickly for some 
distance (Figure 4b; Movie S1, Supporting Information). When 
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Figure 3.  ORR performance and bifunctional activities of NGM-Co catalysts. a) CV curves of NGM-Co and NGM in O2-saturated 0.10 m KOH with 
a scan rate of 100.0 mV s−1. b) IR-corrected LSV curves for ORR in O2-saturated 0.10 m KOH at 1600 rpm (10.0 mV s−1), and c) corresponding Tafel 
plots. d) Nyquist plots of the impedance for NGM-Co and NGM at a potential of 0.79 V versus RHE. e) Charging current density differences plotted 
versus scan rate for NGM and NGM-Co. f) LSV curves of different catalysts (10.0 mV s−1), showing the bifunctional ORR/OER catalytic activity. The 
catalyst loading was ≈0.25 mg cm−2 for all tests.
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galvanostatically discharged at 20.0 mA cm−2, the Zn-air bat-
tery catalyzed by NGM-Co delivers a stable discharge voltage 
around 1.12 V without any obvious degradation (Figure 4c). 
The specific capacity at 20.0 mA cm−2 is calculated to be as 
high as ≈750 mAh g−1 normalized to the mass of consumed 
Zn (≈91.4% utilization of the theoretical capacity 820 mAh g−1), 
corresponding to a high energy density of ≈840 Wh kg−1 based 
on Zn (≈77.3% of the theoretical energy density 1086 Wh kg−1). 
These remarkable metrics are the best results ever reported 
based on precious-metal-free catalysts (Table S2, Supporting 
Information), and even superior than the precious metal coun-
terpart (Figure 4c), demonstrating the outstanding ORR/OER 
activities of NGM-Co under working conditions.[9c,f,20b,c,21]

Both rechargeability and cyclic durability are critical for the 
practical applications of Zn-air batteries. When cycled at a con-
stant current density of 5.0 mA cm−2, the Zn-air battery based 
on NGM-Co catalysts delivers an initial discharge potential of 
1.07 V and a charge potential of 2.19 V (Figure 4d). After 12 cycles 
(about 10 h), the performance is unexpectedly improved, 
with a small decrease in the charge/discharge voltage gap by 
30 mV. Importantly, the voltage gap can be further decreased 
by 30% and a high round-trip energy efficiency of 53% can be 
obtained, if the electrolyte and zinc foil are replaced with fresh  
ones, revealing the remarkable cycling stability and rechargea-
bility of NGM-Co catalyst itself. By contrast, the Pt/C + Ir/C air-
cathode suffers from obvious activity decay during the cycling, 
probably due to the oxidation and loss of precious metals under 
the positive charge potential. Furthermore, a long cycling test 
at a current density of 2.0 mA cm−2 was performed using the 
NGM-Co air-cathode. As shown in Figure 4e, the discharge 

voltage is stable for more than 60 h, while the charge voltage 
can be recovered with the electrolyte and Zn refreshed. This 
strongly indicates a high bifunctional activity and excellent sta-
bility of NGM-Co catalysts, which is prerequisite for flexible 
Zn-air batteries.

On the basis of the promising catalytic activity and liquid bat-
tery performance present above, a rechargeable flexible Zn-air 
battery was fabricated using the NGM-Co coated carbon cloth 
as air-cathode (catalyst loading: 1.50 mg cm−2), flexible zinc foil 
as anode, alkaline gel electrolyte, and pressed nickel foam as 
current collector (Figure 1b). The alkaline poly(vinyl alcohol) 
(PVA) gel electrolyte is fabricated with KOH, ZnCl2, and PVA 
in deionized water (see details in the Supporting Information), 
which is flexible, bendable, and stretchable (Figure S14, Sup-
porting Information), delivering considerable ionic conductivity 
and mechanical flexibility for flexible Zn-air batteries. The open-
circuit voltage is measured to be as high as 1.439 V (Figure 5a). 
Figure 5b shows the charge and discharge polarization curves 
of the rechargeable flexible Zn-air battery, with a small voltage 
gap comparable to the liquid battery, suggesting the excel-
lent performance in solid-state batteries as well. As shown in 
Figure 5c, flat charge/discharge voltage plateaus are achieved at 
a constant current density of 1.0 mA cm−2, showing prominent 
activity and utility for flexible solid Zn-air batteries compared 
with previous reports.[9c] Moreover, the flexible solid Zn-air bat-
tery can be cycling charged/discharged at stable potentials for 
a long time, even when bended to different angles (Figure 5c). 
It is notable that an impressively low voltage gap of 0.7 V and a 
high energy efficiency of 63% can be achieved (discharge poten-
tial of 1.19 V and charge potential of 1.89 V) for the prepared 
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Figure 4.  Application of NGM-Co in rechargeable liquid Zn-air batteries. a) Charge and discharge polarization curves. b) Photograph of a toy car pow-
ered by one Zn-air battery based on NGM-Co catalyst. c) Discharge curves of Zn-air batteries assembled from the NGM-Co and Pt/C + Ir/C catalysts 
at 20.0 mA cm−2 discharging rate. d) Galvanostatic discharge–charge cycling curves at 5.0 mA cm−2 of the rechargeable Zn-air batteries. e) Long time 
cycling test at 2.0 mA cm−2. The electrolyte and zinc foil were replaced for a subsequent cycling as the arrows noted in (d) and (e).
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flexible Zn-air battery. These results reveal that the as-obtained 
NGM-Co catalyst has attractive potential in the recharge-
able and flexible solid Zn-air batteries and wearable devices, 
bridging the fundamental materials science and practical device 
integration toward more sustainable, flexible, and smart energy. 
Notably, in addition to the optimization of cathode catalysts, 
intense efforts are also urgently required to develop stable Zn 
anodes, flexible and highly ionic conductive electrolytes, and 
device components for the practical applications.

The impressive Zn-air battery performances based on 
NGM-Co are contributed from the unique structural and chem-
istry features of such precious-metal-free catalyst. The effective 
MgO-templated carbonization process renders a hierarchical 
porous graphene scaffold with abundant micro/mesosized 
nanopores in plane and macrosized strutted spaces between 
sheets. This structural hierarchy, together with an improved 
surface hydrophility, is favorable for the mass transfer during 
catalysis process. Moreover, the abundant defective edges in gra-
phene facilitate the coordination of cobalt atoms with pyridinic 
N, leading to highly dispersed Co–Nx–C species. Consequently, 
the charge distribution on the sp2-conjugated carbon matrix is 
effectively modified by Co–Nx–C, N-doping, and oxygen func-
tional groups, toward optimal chemisorption of intermediates 
and facilitated electron transfer, leading to expected catalytic 
activities and promising applications in Zn-air battery. Further 
work is undergoing to optimize the metal–nitrogen–graphene 
catalysts at atomic precision via as-proposed defect engineering 
strategy and improve the resultant activity and durability. The 
as-obtained electrocatalyst is also important for other emerging 
next-generation batteries (e.g., Li-O2 batteries,[4] Li-N2 bat-
teries,[22] and so on).

In summary, a Co/N/O tri-doped gra-
phene catalyst was facilely fabricated with 
atomically dispersed Co–Nx–C active sites via 
defect engineering strategy. The as-fabricated 
catalyst exhibits good ORR/OER bifunc-
tional activities and impressive performances 
in rechargeable Zn-air batteries. The ORR 
catalytic activities for NGM-Co are compa-
rable to Pt/C, with a high limiting current 
density (4.75 mA cm−2) and low Tafel slope 
(58 mV dec−1). Rechargeable liquid Zn-air 
batteries are assembled using NGM-Co as 
cathode catalysts, delivering a maximum 
power density as high as 152 mW cm−2 and 
a stable discharge voltage around 1.12 V at 
20.0 mA cm−2. Furthermore, the NGM-Co 
is integrated into a rechargeable flexible 
solid Zn-air battery showing impressive per-
formances. A high open-circuit voltage of  
1.44 V, a small charge/discharge voltage 
gap of 0.7 V, a high energy efficiency of 
63% at 1.0 mA cm−2, and a stable discharge 
voltage of 1.19 V even under bending can be 
achieved. This work provides novel concept of 
defect engineering to prepare atomically dis-
persed Co–Nx–C active sites in nanocarbon 
catalysts, which is instructive for the utiliza-
tion of structural defects in nanocarbon and 

other materials, and further development of advanced materials 
in various applications. The demonstration in rechargeable 
liquid and flexible solid Zn-air batteries also paves a new way for 
the development of high-efficient, cost-effective, and environ-
mental-friendly flexible energy conversion and storage devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5.  Application of NGM-Co in rechargeable flexible solid Zn-air batteries. a) Photograph 
of the solid Zn-air battery, showing an open-circuit voltage of 1.439 V. b) Charge and discharge 
polarization curves. c) Galvanostatic discharge–charge cycling curves at 1.0 mA cm−2 under 
bending.
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