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Recently, all-solid-state batteries[10] have 
drawn extensive attention for their high 
safety and flexibility compared with bat-
teries with aqueous media. As an alter-
native to aqueous electrolytes, solid-state 
electrolytes combine the merits of both 
the mechanical properties of solids and 
the ion conduction of liquids.[11] The non-
aqueous electrolytes can also act as separa-
tors to prevent the batteries from internal 
short-circuiting, which can further sim-
plify the configuration.[12] Hence, zinc–air 
batteries with solid-state electrolytes have 
become a hot research topic.

A significant bottleneck in the prac-
tical application of zinc–air batteries is the 
sluggish kinetics of the cathodic oxygen 
reduction reaction (ORR) and oxygen evo-

lution reaction (OER).[13] This may lead to a large overpotential 
between the discharge and charge during operation, resulting 
in an undesirable rate capability and a short life span for zinc–
air batteries.[14] Lately, heteroatom-doped porous carbon mate-
rials[15–17] with large specific surface areas, excellent chemical 
and mechanical stabilities, and good electrical conductivity have 
elicited increasing attention for their enormous potential to 
catalyze the oxygen reaction. It has been reported that metal-
organic frameworks (MOFs), constructed by transition metal 
cores and organic ligands, can be converted into porous carbon 
materials via a pyrolysis process.[18,19] The metal nanoparticles 
could tune the electronic structure of the neighboring coordi-
nation environment and vice versa.[20] The synergistic effect, 
in turn, benefits the electrochemical catalysis. Additionally, 
the structure and composition of this new class of composite 
carbon materials can be directly controlled by varying the type 
of metal and organic linker.[21] Thus, MOFs have been widely 
accepted to act as templates for diverse carbon-based functional 
materials.

As for the application of the electrocatalysts, their contri-
butions to zinc–air batteries are still difficult to predict due to 
the varied mechanisms and reaction kinetics of the different 
catalysts, thus negatively affecting the development of zinc–air 
batteries. Recently, there have been several in situ analytical 
techniques being applied to other energy devices,[22–24] but few 
are reported for zinc–air batteries. If appropriately conducted, 
in situ techniques would be very helpful in understanding the 
electrocatalyst reaction mechanisms occurring in zinc–air bat-
teries. Specifically, such analytical techniques could be used to 

Driven by the intensified demand for energy storage systems with high-power 
density and safety, all-solid-state zinc–air batteries have drawn extensive 
attention. However, the electrocatalyst active sites and the underlying mecha-
nisms occurring in zinc–air batteries remain confusing due to the lack of in 
situ analytical techniques. In this work, the in situ observations, including 
X-ray diffraction and Raman spectroscopy, of a heteroatom-doped carbon air 
cathode are reported, in which the chemisorption of oxygen molecules and 
oxygen-containing intermediates on the carbon material can be facilitated 
by the electron deficiency caused by heteroatom doping, thus improving the 
oxygen reaction activity for zinc–air batteries. As expected, solid-state zinc–air 
batteries equipped with such air cathodes exhibit superior reversibility and 
durability. This work thus provides a profound understanding of the reaction 
principles of heteroatom-doped carbon materials in zinc–air batteries.

Zn-Air Batteries

The accelerated development of portable electronic devices has 
stimulated worldwide demand for progressive improvements of 
energy storage systems.[1] Advanced electrochemical technolo-
gies, such as metal–air batteries,[2,3] lithium-ion batteries,[4] and 
supercapacitors,[5] are identified as the most promising candi-
dates for portable and mobile applications to date. Notably, in 
contrast to batteries with closed systems, zinc–air batteries,[6] 
which are made of a half-closed structure to use oxygen from 
the atmosphere as the reactant at the positive electrode, dem-
onstrate high theoretical energy density, as the reactant is 
stored outside the battery.[7,8] Their low cost and environ-
mental friendliness also help establish zinc–air batteries as the 
most promising metal–air system for practical applications.[9] 
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qualitatively study the changes of the specific active sites and 
the chemical transformation of the reaction products. Future 
analytical techniques are expected to quantitatively determine 
the number of active sites and to detect even small differences 
during battery operation due to the changes made to its coun-
terparts. The development of in situ techniques for this use 
could be ideal for obtaining a zinc–air battery with a favorable 
performance.

Here, a hybrid electrode with MOF-derived holey nanocrys-
tals grown in situ on the graphene framework (denoted as GF) 
was produced to obtain a heteroatom-doped carbon material 
for direct use in zinc–air batteries. The resultant material pos-
sesses tremendous exposed N/Co-containing functional active 
sites and delivers a remarkable bifunctional activity in alka-
line media. As expected, the solid-state zinc–air batteries with 
these cathodes illustrate outstanding reversibility and dura-
bility. By using in situ characterization methods including X-ray 
powder diffraction (XRD) and Raman spectroscopy, we show 
the facilitated chemisorption of oxygen molecules and oxygen-
containing intermediates on the carbon material caused by het-
eroatom doping during operation of the zinc–air battery. Spe-
cifically, once dopants were incorporated, the adjacent carbon 
atoms became electron deficient and were modulated by the 
facilitated oxygen chemisorption, which could be beneficial for 
enhancing the oxygen reaction activity for zinc–air batteries. 
Our work provides a deeper understanding of the reaction 
mechanism of heteroatom-doped carbon in zinc–air batteries 
and thus contributes toward a better design of oxygen elec-
trodes for portable electronic devices.

The hybrid electrode was prepared by a two-step strategy 
(Figure 1). First, commercial carbon paper (denoted as CP) 
was modified to generate a specific GF.[25] The scanning elec-
tron microscopy (SEM) image in Figure 2a clearly shows 
that the carbon fiber of untreated CP has a smooth surface 
morphology. After the modification, as seen from Figure 2b, 
graphene-liked carbon lamellae were successfully exfoliated 
from the carbon fiber. The atomic force microscopy image in 

Figure S1 (Supporting Information) illustrates that the thick-
ness of the carbon sheet is ≈3.79 nm, which confirms that a 
specific GF structure is authentically formed. The modifica-
tion process results in a larger surface area of CP, providing 
interfaces of abundant active sites, and further ameliorates the 
mechanical properties. Then, enriched MOFs, composed of Co, 
Zn, and N-containing ligands, were synthesized on the GF sur-
face. After high-temperature thermal treatment at 900 °C, the 
mesoporous CoNC nanocrystal-coated GF (denoted as Meso-
CoNC@GF) was obtained and could be directly used as a 
cathodic electrode. The SEM image in Figure 2c reveals that 
the CoNC nanocrystals are uniformly distributed on the surface 
of GF and could primarily maintain the frame after pyrolysis. 
The CoNC nanocrystals exhibit an average lateral particle size 
of ≈40 nm, as illustrated in the transmission electron micros-
copy (TEM) pattern (Figure 2d) and SEM data (Figure S2, Sup-
porting Information). Furthermore, the detailed nanostructure 
of the CoNC nanocrystals was investigated by high-resolution 
transmission electron microscopy (HRTEM). The well-resolved 
lattice fringe of 0.2 nm in Figure 2e corresponds to the exist-
ence of Co in the carbon skeleton. The dotted lines mark the 
porous structure caused by the introduction of volatile Zn in  
the precursor, and the typical pore size is measured to be 
≈4 nm. The high-angle annular dark-field scanning transmission  
electron microscopy (HAADF-STEM) image (Figure 2f) indi-
cates a concentrated distribution of cobalt in the nanoparticles 
as well as a homogeneous dispersion of nitrogen and carbon 
throughout the whole material. This provides explicit evidence 
that nitrogen is not only involved in the CoNC nanocrystals but 
also successfully doped into the graphene matrix, which is also 
critical to the catalytic activity.

The chemical composition of Meso-CoNC@GF was further 
investigated by X-ray photoelectron spectroscopy. The full-scan 
spectrum in Figure S3 (Supporting Information) indicates the 
coexistence of C, N, O, and Co in Meso-CoNC@GF, and the 
elemental contents are provided in Table S1 (Supporting Infor-
mation). The curve-fitted high-resolution N 1s spectrum shown 
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Figure 1. Schematic diagram for the fabrication and reaction procedure of Meso-CoNC@GF.
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in Figure S4a (Supporting Information) reveals the presence of 
five types of nitrogen species: pyridinic-N at ≈398.1 eV, pyrrolic-
N at ≈400.3 eV, graphitic-N at ≈401.2 eV, oxidized-N at ≈404.0 eV, 
and Co–Nx at ≈399.2 eV. Pyridinic-N and graphitic-N[26] along 
with the specific Co–Nx

[15,26,27] are thought to benefit the ORR 
process. The peaks in the Co 2p spectrum (Figure S4b, Sup-
porting Information) indicate the presence of both the Co2+ and 
Co3+ forms, namely, nitrides or oxides.[28,29] In addition to the 
indication of ORR-oriented Co–Nx, Co3+, on the other hand, is 
generally considered as the active species toward the OER since 
it is more beneficial for the adsorption of intermediates in the 
OER process.[29] Since active species toward both ORR and OER 
can be simultaneously obtained in Meso-CoNC@GF, their 
adequate exposure should be ensured to fully realize the cata-
lytic activity. The catalyzing electrochemical surface area was 
reported to be proportional to the electrochemical double-layer 
capacitance (denoted as Cdl).[30] Hence, cyclic voltammetry was 
performed to measure the Cdl. For comparison, we also fabri-
cated samples using self-assembled CoNC catalytic nanoparti-
cles by drop casting on CP and GF with equal loading amounts, 
and the materials obtained are denoted as CoNC/CP and CoNC/
GF, respectively. As seen in Figure S5a,b (Supporting Informa-
tion), the CP exhibits a very low Cdl of 2.71 mF cm−2, and the 
Cdl of GF of 24.94 mF cm−2 is obviously increased compared 
with that of CP owing to exfoliation. For the drop-cast products, 
CoNC/GF illustrates a considerably larger Cdl (70.69 mF cm−2) 
than CoNC/CP (43.48 mF cm−2). This is mainly because the 
enlarged surface area provides more effective spaces for cata-
lysts to adhere. As expected, the in situ grown Meso-CoNC@
GF delivers the largest Cdl of 153.79 mF cm−2, which is ideal 
for the exposure of active species. The surface area and pore 
structure of the Meso-CoNC@GF were also characterized by N2 
adsorption/desorption measurements (Figure S6a, Supporting  

Information), and the Brunauer–Emmett–Teller surface area 
of Meso-CoNC@GF was much larger than CP and GF. The 
corresponding pore size distribution (Figure S6b, Supporting 
Information) specifically demonstrates a mesopore size of 
≈4 nm, which corresponds to the HRTEM data. The highly 
exposed catalytically active sites, along with the abundant N- 
and Co-functionalized groups, strongly benefit the catalytic 
performance of the Meso-CoNC@GF. For practical applica-
tions, the air cathode should be conductive enough for effi-
cient mass transport. Raman spectroscopy was thus conducted 
to investigate the degree of graphitization of our material. 
Figure S7 (Supporting Information) shows the Raman patterns 
including two major peaks, the D band at ≈1343 cm−1 and G 
band at ≈1594 cm−1. Obviously, GF has a higher ID/IG (1.45) 
than CP (1.34), reflecting the diverse oxygen functional groups 
and defect sites caused by exfoliation. The abundant func-
tional species can also enhance its interaction with N-involved 
ligands, thus setting an ideal foundation for the following in 
situ growth.[30] A desirable graphitic nature can be obtained 
for the carbon sample (ID/IG = 1.00) after the growth of CoNC 
nanocrystals, which mainly results from the partial restora-
tion of the graphitic framework[31] after the annealing progress 
and the incorporation of Co.[32] That is, Meso-CoNC@GF also 
possesses superior conductivity, allowing its direct use as an 
oxygen electrode for smooth electron and mass transfer.

In consideration of the highly desirable characteristics of the 
Meso-CoNC@GF, electrochemical measurements were carried 
out to study its performance in oxygen catalysis (Figure S8, 
Supporting Information). The electrocatalytic activities of the 
as-prepared composites toward ORR were first evaluated by 
linear sweep voltammetry. As seen from Figure S9a,b (Sup-
porting Information), the best ORR activity is provided by 
Meso-CoNC@GF, which delivers an onset potential and a 
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Figure 2. SEM images of a) CP, b) GF, and c) Meso-CoNC@GF. d) TEM image, e) HRTEM image (the dotted lines mark the porous structure), and 
f) HAADF-STEM image of Meso-CoNC@GF.
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half-wave potential of 0.99 and 0.87 V, respectively. Meanwhile, 
it is clear that the yield of peroxide species is less than 10% 
during the measurement and the electron transfer number 
was calculated as ≈3.9 (Figure S10, Supporting Information), 
validating a four-electron pathway. This superior ORR activity 
can be attributed to the tremendous exposed N/Co-containing 
active sites. The much smaller Tafel slope of the Meso-CoNC@
GF (75.7 mV decade−1) against other counterparts (Figure S11, 
Supporting Information) indicates more favorable reaction 
kinetics over the integrated electrode and confirms the smooth 
electron and mass transport derived from the in situ process. 
The results can be further confirmed by electrochemical imped-
ance spectroscopy (EIS) measurements (Figure S12, Sup-
porting Information), in which Meso-CoNC@GF displays the 
smallest initial point and smallest diameter of the semicircle 
among all the samples, confirming its lowest contact resist-
ance and charge transfer resistance, respectively. Apart from 
the superior ORR activity, Meso-CoNC@GF also exhibits excel-
lent stability in alkaline media, as measured by chronoamper-
ometry. Figure S13 (Supporting Information) clearly shows 
that the Meso-CoNC@GF can remain highly efficient for the 
ORR with only 5.7% of its original activity loss observable over 
a long period of operation. Its feasibility of being applied as a 
cathode in zinc–air batteries to increase the service life can thus 
be verified.

The OER activities of the samples were also measured in 
Figure S14 (Supporting Information). Figure S14a (Supporting 
Information) shows the polarization curves of the as-prepared 
electrodes, and their overpotentials at a current density of 
10 mA cm−2 are compared in Figure S14b (Supporting Infor-
mation). The overpotential for Meso-CoNC@GF is as small as 
0.43 V, while the CoNC/GF and CoNC/CP afford larger over-
potentials of 0.53 and 0.61 V, respectively. Additionally, the cor-
responding Tafel slope (Figure S15, Supporting Information) 
of the Meso-CoNC@GF sample is much smaller than those of 
CoNC/GF and CoNC/CP, indicating the higher activity of Meso-
CoNC@GF than CoNC/GF and CoNC/CP for the OER and 
reconfirming the synergistic contribution of the integrated elec-
trode. In the chronoamperometric test, excellent OER stability 
can be obtained in Meso-CoNC@GF, as it can retain 95.4% of 
its normalized current after 20 000 s of operation (Figure S16, 
Supporting Information). Combined with the excellent ORR 
half-wave potential, the noble-metal-free Meso-CoNC@GF 
demonstrates excellent cost performance as a bifunctional cata-
lyst (Figure 3a).

To investigate the practical applicability of Meso-CoNC@
GF as a cathode, homemade liquid primary zinc–air batteries 
(Figure S17, Supporting Information) were fabricated with a 
6 m KOH electrolyte, a polished zinc plate as the metal anode 
and Meso-CoNC@GF as the air cathode.[33,34] For comparison 
purposes, CoNC/CP, CoNC/GF, and coupled commercial Pt/
C+IrO2 catalysts were also tested as the air cathode in aqueous 
zinc–air batteries under the same test conditions. The open-
circuit voltage (Figure 3b) of the zinc–air battery with the 
Meso-CoNC@GF (1.51 V) is higher than that with the Pt/
C+IrO2 (1.49 V). The discharging polarization and the corre-
sponding power density plots shown in Figure 3c demonstrate 
that Meso-CoNC@GF delivers the highest peak power density 
of 154.4 mW cm−2, exceeding that of the Pt/C+IrO2 catalyst  

(139.3 mW cm−2) and other counterparts. The discharge rate 
performance was investigated by galvanostatic discharge meas-
urements at various current densities from 0.1 to 10 mA cm−2. 
As seen from Figure 3d, the initial voltage at a discharge cur-
rent density of 0.1 mA cm−2 is similar between the two sam-
ples, while the zinc–air battery with Pt/C+IrO2 cathode shows 
a sharp decrease as the current density increases. Obviously, 
the discharge rate performance of a zinc–air battery with Meso-
CoNC@GF cathode is better than that with Pt/C+IrO2; in other 
words, the polarization through the discharge process of the 
former is smaller than that of the latter. The discharge stability 
of Meso-CoNC@GF was further tested in O2-saturated condi-
tions at constant currents of 5 and 10 mA cm−2 (Figure 3e,f). It 
naturally exhibits the optimal potentials (≈1.37 V at 5 mA cm−2 
for 20 h and ≈1.34 V at 10 mA cm−2 for 10 h) in line with its 
superior ORR property. Since the rechargeability of zinc–air 
batteries is significantly demanded for energy devices, 0.2 m 
Zn(CH3COO)2 was added to the electrolyte to evaluate the 
discharge and charge performance. The cyclic stability of bat-
tery was first tested at a relatively high current density of 
25 mA cm−2 (Figure S18, Supporting Information) and zinc–air 
battery constructed using Meso-CoNC@GF demonstrated very 
constant operation. In great contrast, when using the conven-
tional Pt/C + IrO2 electrode, both of the discharge and charge 
performance show significant recession, thus highlighting the 
excellent durability of the Meso-CoNC@GF cathode. Impres-
sively, as shown in Figure 3g, the battery also delivers very 
stable potential plateau in the quick discharge–charge test 
at a steady current density of 20 mA cm−2 during long-term 
operation (630 cycles, 10 min for each cycle). As seen from the 
enlarged cycle potential profiles in Figure 3h, the zinc–air bat-
tery with the Meso-CoNC@GF air cathode experienced nearly 
negligible round-trip efficiency drop from 57.6% at the 20th 
cycle to 56.1% at the 200th cycle. After 630 cycles for 105 h, the 
battery could still maintain round-trip overpotential of 0.91 V, 
leading to almost unchanged voltaic efficiency of 55.8%. This 
oxygen electrode exhibits one of the best performances among 
the recently reported aqueous zinc–air batteries using con-
ventional air electrodes, especially regarding the open-circuit 
voltage and durability (Table S2, Supporting Information).

To explore the reversibility of the zinc–air battery and the 
specific role played by the Meso-CoNC@GF air cathode, in situ 
characterization methods were used to capture the structural and 
chemical transformation inside the battery under operating con-
ditions (Figure 4a). Here, an in situ Raman test was first imple-
mented to accurately investigate the chemical changes inside the 
operating zinc–air battery (Figure 4b,c). It is shown that, during 
discharging, no obvious peak can be observed in the first 30 min. 
In this process, oxygen surrounding the cathode was reduced 
into hydroxyl ions via the ORR at the positive electrode, whereas 
the zinc was oxidized into zincate ions.[35] As the concentration 
of zincate ions gradually increased until reaching supersatura-
tion, they spontaneously transformed into ZnO, which can be 
confirmed by an intensifying peak located at 413 cm−1 along 
with battery discharging.[36] In the charging process, the afore-
mentioned reactions were reversed, and an inverse variation 
trend was observed as the ZnO peak disappeared gradually. The 
superior reversibility of our zinc–air battery with Meso-CoNC@
GF air cathode can thus be visually displayed.

Adv. Mater. 2018, 30, 1704898
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To further evaluate the reaction mechanism of the Meso-
CoNC@GF air cathode, in situ XRD spectra were also continu-
ously observed through the whole working process (Figures S19 
and S21a, Supporting Information). For comparison purposes, 
in situ XRD spectra of zinc–air battery with the Pt/C + IrO2 
electrode were also collected (Figures S20 and S21b, Supporting 
Information). In both cases, the original state of the air cathode 
displayed two major diffraction peaks relating to carbon located 
at ≈44° and 54°. Several new peaks representing ZnO (JPCDS 
card no. 36-1451) formed during the discharging process and 
then disappeared with charging. Notably, for the zinc–air bat-
tery with the Meso-CoNC@GF air cathode, the two peaks 
representing carbon weakened gradually during discharging 
(Figure 4d,e), which can be ascribed to the effects of the 
hetero atom dopants on carbon during the ORR process. Spe-
cifically, for nitrogen-doped carbon materials, since nitrogen 
dopants possess higher electronegativity than carbon, their 
incorporation can result in electron deficiencies in the adjacent 
carbon atoms, thus facilitating the adsorption of oxygen mole-
cules and oxygen-containing intermediates with a lower ORR 

overpotential. Moreover, the chemisorption mode of oxygen on 
the carbon surface can also be modulated from end-on (Pauling 
model) to side-on (Yeager model) due to the charge delocaliza-
tion.[37] Over the discharge course, the continuous chemisorp-
tion of oxygen molecules and oxygen-containing intermediates 
through the ORR gradually modulated the carbon and thus 
resulted in two weakened carbon peaks. In contrast, no notice-
able change of carbon peaks can be observed in the Pt/C + IrO2 
sample, demonstrating that the carbon without dopants is less 
active in catalyzing the reaction and may not act as the major 
active sites. Remarkably, the carbon signals in the zinc–air bat-
tery with the Meso-CoNC@GF air cathode can recover to the 
original condition after the charging process, illustrating that 
the variations of the specific active sites are completely revers-
ible. Thus, the superior cycling performance of the zinc–air bat-
tery with the Meso-CoNC@GF cathode does make sense. The 
in situ results clearly evidenced the superior reversibility of the 
zinc–air battery with the Meso-CoNC@GF cathode, in which 
nitrogen-doped carbon played a vital role in catalyzing the ORR 
process during discharging.

Adv. Mater. 2018, 30, 1704898

Figure 3. a) Overpotential between the E1/2 of the ORR and Ej=10 of the OER for all samples. b) Open-circuit plots of zinc–air batteries with different 
as-prepared samples as cathodes in aqueous solution. c) Discharge polarization curves and the corresponding power density plots. d) Rate discharge 
curves (the unit of current density is mA cm−2). e,f) Discharge curves under constant current density of 5 mA cm−2 and 10 mA cm−2. g) Galvanostatic 
discharge and charge performance and h) enlarged cycle voltage profiles of zinc–air battery with the Meso-CoNC@GF cathode.
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Tempted by the current trend of portable devices with high 
safety, all-solid-state zinc–air batteries were further assembled with 
an alkaline polyvinyl alcohol (PVA) gel electrolyte.[38] The sche-
matic representation of the all-solid-state zinc–air battery is shown 
in Figure 5a. When operating in ambient air, the as-fabricated  
battery with the Meso-CoNC@GF cathode exhibits a steady open-
circuit voltage of 1.40 V, higher than that with a Pt/C+IrO2 air elec-
trode (Figure 5b; Figure S22, Supporting Information). The slight 
drop in the general performance compared with the aqueous 
zinc–air batteries is mainly ascribed to a weaker ionic conductivity 
of the solid-state electrolyte. Additionally, the internal resistance of 
the all-solid-state zinc–air battery equipped with a Meso-CoNC@
GF air cathode is smaller than that with the Pt/C+IrO2 electrode 
(Figure 5c). Figure 5d shows the discharge polarization as well 
as corresponding power density curves, and the power density at 
160 mA cm−2 of the battery with Meso-CoNC@GF electrode is as 

high as 85.6 mW cm−2. The cyclic stability was further evaluated 
via a galvanostatic discharge and charge test under a constant cur-
rent density of 20 mA cm−2. As is shown in Figure 5e, the zinc–air 
battery assembled with Meso-CoNC@GF air cathode produces 
an initial charge voltage of 2.09 V, a discharge voltage of 1.05 V, 
and a round-trip efficiency of 51% with no obvious performance 
drop observed after 70 cycles, confirming its superb stability as an 
integrated electrode for practical applications. The performance 
of the all-solid-state zinc–air battery with the in situ grown Meso-
CoNC@GF air cathode in this study is highly comparable to many 
state-of-art solid-state zinc–air batteries reported to date (Table S3, 
Supporting Information). Figure 5f shows that the two series-con-
nected all-solid-state button zinc–air batteries with Meso-CoNC@
GF air cathodes can be directly used to light up an LED candle, 
affirming its realization potential in the field of energy systems 
with high energy density and safety.

Figure 4. a) Schematic diagram of the in situ characterization. In situ Raman b) patterns, c) intensity map and in situ XRD d) patterns, e) intensity 
map of zinc–air battery with Meso-CoNC@GF electrode during discharging and charging.
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In this work, a heteroatom-doped carbon material was pro-
duced via in situ growth of MOF-derived holey nanocrystals on 
GF for direct use in solid-state zinc–air batteries, which exhib-
ited outstanding reversibility and durability. In situ analytical 
techniques including XRD and Raman spectroscopy were uti-
lized to qualitatively study the changes of the specific active 
sites and the chemical transformation of the reaction product. 
The previously proposed theory that heteroatom doping could 
facilitate the chemisorption of oxygen molecules and oxygen-
containing intermediates on the carbon and improve the 
oxygen reaction activity could be realized during the battery 
operation as confirmed by in situ observation and experimental 
results. Thus, the superior performance of the zinc–air battery 
with our advanced air cathode does make sense. Our study 
provides a deeper investigation of metal–air battery and thus 
reveals a new protocol for the future design of such energy 
storage systems.

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