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oOver their 150-year histO ry, 
new twists on metal–air batteries have 
continued to emerge up to the pres-
ent day. in this article, we present the 
fundamentals and recent advances in 
nonprecious electrocatalysts for metal–
air batteries. the catalysts for oxygen 
reduction reaction (Orr) and oxygen 
evolution reaction (Oer) in lithium 
(Li)–air and zinc (Zn)–air batteries, 
including transition-metal oxides, 
inorganic–organic hybrid materials, 
and metal-free materials, are summa-
rized. Both aqueous and nonaqueous 
systems are also considered. We briefly 
introduce the mechanism and challenges 
of oxygen electrochemistry and provide 
a perspective on the design and develop-
ment of nonprecious electrocatalysts.

OVERVIEW OF METAL–AIR 
BATTERIES
the increasing importance of energy stor-
age in the 21st century will bring about 
a revolution in energy-storage technolo-
gies. a few technologies, such as wind, 
solar, pumped hydroelectric, compressed 
air, flywheels, rechargeable batteries, and 
molten salt-based thermal storage, will 
be vital to meet the growth in energy 
demand and achieve the decarbonization 
transition [1]. Of these technologies, bat-
teries are perhaps the most versatile. their 
diverse applications range from portable 
electronics to emerging electric vehicles. 
among batteries, metal–air batteries have 
attracted much attention because of their 
extremely high specific energy density 
compared to that of other rechargeable 
batteries [2], [3] and the interesting open 
structure of air electrodes with gaseous 
active materials [4].

Compared to traditional batteries, 
the most signif icant characteristic of 
metal–air batteries in the components 
is the air-breathing electrode, which Fundamentals and recent advances.
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admits the supply of the cathode active 
material (oxygen) continuously from an 
external air source. the metal–air bat-
tery is composed of a metal electrode 
that can be Li, Zn, aluminum (al), 

sodium (Na), magnesium (Mg), calcium 
(Ca), and iron (Fe) [5]; an air electrode; 
and a separator soaked in metal-ion con-
ducting electrolyte [6], [7]. electricity 
is generated through redox (reduction 

and oxidation) processes between metal 
and oxygen. During discharge, metal 
cations react with dissolved oxygen and 
electrons to form a metal-oxide or met-
al-hydroxide discharge product. During 
charge, the discharge phase is decom-
posed back to oxygen and dissolved 
metal cations [8]. Metal–air batteries 
have notably higher theoretical energy 
densities than traditional batteries, such 
as lead-acid, nickel–cadmium (Ni-Cd),  
and Li-ion batteries (LiBs) [9], and 
some are even close to the value of gaso-
line, as shown in Figure 1.

in the meta l–a ir fami ly, Li–a ir 
and Zn–air batteries are emerging as 
promising candidates for commercial 
technologies because Li is the most 
electronegat ive and l ightest metal, 
while Zn is highly abundant, low cost, 
and environmentally compatible [3], 
[10]. as a result, they are the focus of 
this article.

LI–AIR BATTERIES
Modern rechargeable Li–air batteries with 
nonaqueous electrolytes were invented 
in 1996 [11]. they were given a great 
deal of attention by Ogasawara et al. in 
2006 because their performance of tens 
of charge/recharge cycles was promising 
for practical applications [12]. Further-
more, Li–air could release an extreme-
ly high theoretical specif ic energy of 
~11,700 Wh/kg (based on the mass of 
Li alone, and the electrode oxygen is not 
stored in the system), nearly equivalent 
to that of gasoline [2], [13] (Figure 1). 
For nonaqueous Li–air batteries, upon 
discharge, the Li-metal anode is oxi-
dized, releasing Li+ and electrons. spe-
cifically, oxygen is thought to react with 
Li+ present in the electrolyte to form Li 
oxides (typically Li O2 2 ) [14], [15]. On 
charge, the chemical reaction reverses to 
evolve oxygen gas [6], [13]. however, the 
 previously formed  discharged products 
must be removed, as they may clog the 
pores of the air electrode after a few dis-
charge/charge cycles, degrading the bat-
tery performance [16], [17]. the reaction 
processes are ,2 2Li O e Li O2 2 2++ ++ -  
as shown in Figure 2. that redox mech-
anism is inherently different from the 
intercalation/deintercalation reaction 
mechanism in LiBs.
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FIGURE 1 The theoretical energy densities of rechargeable batteries compared to gasoline.
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FIGURE 2 The typical discharge and charge processes in nonaqueous electrolyte-based  
Li–air batteries.

Metal–air batteries have attracted much 
attention because of their extremely high 

specific energy density compared to that of 
other rechargeable batteries.
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the Li–air batteries can be catego-
rized into four architectures based on 
the type of electrolytes: nonaqueous 
electrolyte, aqueous electrolyte, hybrid 
aqueous/nonaqueous electrolytes, and 
solid-state electrolyte [18]. their con-
figurations are shown in Figure 3 [3]. 
For nonaqueous Li–air batteries, simi-
lar to LiBs, carbonate-based electro-
lytes, such as propylene carbonate, and 
other carbonate mixtures have been 
widely used due to a wide electrochem-
ical window, low volatility, and wide 
liquid temperature range from −50 to 
240 °C [2], [19]. however, carbonate-
based electrolytes are susceptible to 
nucleophilic attack by the superoxide 
radical formed upon discharge, thus 
having limited anodic oxidation sta-
bility [20]–[25]. Other organic sol-
vents, such as ethers [17], acetonitrile 
[26], [27], dimethyl sulfoxide [28], 

and ionic liquids [29]–[34], also were 
investigated. Furthermore, nonaque-
ous electrolytes could determine the 
fundamental electrochemistry to some 
degree, e.g., the discharge/charge re -
actions, parasitic side reactions, and 
 battery performance. 

Compared to nonaqueous electro-
lytes, the aqueous electrolytes do not 
limit the battery performance and avoid 
the unsafe problem of battery burning 
[35]. however, the main disadvantage 
of aqueous electrolytes is the relatively 
low decomposition voltage (its theo-
retical potential is only 1.23 v), which 
leads to a certain rate of self-discharge 
above that potential [4]. in addition, 
an Li electrode usually reacts excessive-
ly with water and corrodes. thus, it is 
necessary to set an artificial solid elec-
trolytic interface (sei), typically Li-ion- 
conducting ceramic or glass, such as Li 

superionic conductor (LisiCON)-type 
[ ( ) ]e.g., LiM PO2 4 3  or Na superionic  
conductor (NasiCON)-type materials  
( )e.g., Li Al Ti Si P Ox y x y1 2 3 12x y+ + - -  [36]– 
[45] to encase the Li electrode. how-
ever, the thickness of these membranes 
usually reaches a few hundred microm-
eters, and it causes a large ir voltage 
drop at higher currents and therefore 
limits power density. Furthermore, the 
brittle nature of sei may result in barrier 
cracks upon charge–discharge cycling 
and lead to parasitic reactions at the elec-
trode surface [13]. thus, thinner and 
mechanically stable protective layers for 
preventing the corrosion of Li metal by 
water remain a great  challenge in aque-
ous systems [46]–[48]. 

hybrid aqueous/nonaqueous elec-
trolyte-based Li–air batteries merge 
benefits with aqueous electrolyte-based 
batteries to al leviate the problems 
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of nonaqueous systems, e.g., the det-
rimental side reactions at metal elec-
trodes [49]–[51]. the two types of 
electrolytes are separated by an Li+- 
conducting membrane (LisiCON-type 
and  NasiCON-type). But its low Li+ 
conductivity and instability in both 
strong acidic and strong basic solutions 
are currently the bottlenecks for hybrid 
and aqueous Li–air batteries [36], [52]. 
another challenge is the formation of 
Li dendrite that occurs upon cycling, 
as it further reduces and damages the 
NasiCON-type materials by contacting 
Li [52], [53]. 

solid-state electrolytes involve inor-
ganic Li+  ion conductors [e.g., Li1 x+  

( ) ]Al Ge PO2 4 3x x-  and sol id organic 
electrolytes [e.g., poly(ethylene oxide)-
LiX (X, anion) polymer composite] 
[54]. they have wide electrochemical 
windows, and they are relatively stable 
compared to the organic liquid electro-
lyte. Furthermore, the solid-state elec-
trolyte membrane in the system could 
prevent the Li electrode from reacting 
with H O2  and CO2  in air due to its 
nonpermeability of humidity and .CO2  
however, the interfacial charge-transfer 
process is the major resistance [54].

Zn–AIR BATTERIES
Zn–air batteries, with the advantages of 
low cost, excellent safety, environmental-
ly friendly properties, and flexibility and 
stretchability, have received much atten-

tion [55], [56]. their theoretical energy 
density is 1,350 Wh/kg, approximately 
three times higher than that of the cur-
rent LiBs [55]–[57].

in a Zn–air battery, pure Zn metal 
acts as the active electrode material, and 
the most widely used electrolyte is alka-
line media, such as potassium hydroxide 
(typically 30 wt %) [58]–[62] and NaOh 
[63]–[65]. in the alkaline electrolyte, the 
following anode reactions (1), (2), (3) 
occur upon discharge: 

 ,  2Zn Zn e2
" ++ -  (1)

 ,  4Zn OH Zn OH2
4
2

"++ - -^ h  (2)

. 2Zn OH ZnO H O OH4
2

2" + +- -^ h
(3)

solid powders (ZnO) act as an insu-
later and lead to the formation of den-
drites in the charge–discharge cycling 
process, thus degrading the perfor-
mance [3] [66], [67] and even making 
the battery diff icult to recharge [68]. 
therefore, the issue of Zn dissolution 
is the principal limitation for recharge-
able Zn electrodes. experimental evi-
dence shows that additives, such as 
potassium fluoride and surfactants (e.g.,  
tetra-alkyl ammonium hydroxides), could 
significantly inhibit the growth of Zn 
dendrite [69]–[73].

studying how to improve the elec-
trochemical performance of a Zn anode 

is a good strategy of improving the bat-
tery performance. the major effects 
carried out are alloying or coating the 
Zn active materials. One approach is to 
increase the surface area of Zn particles, 
such as Zn/MnO2  and Zn/NiOOh 
[69], [74]. however, more effects should 
be focused on understanding the chem-
istry and behavior of the zincate ions 
in alkaline electrolyte [75]–[79]. some 
research suggests that the ph of the 
electrolyte greatly affects the diversity 
of possible zincate ions. ( )Zn OH 4

2- 
is the principal species in the strong 
alkaline solution with ph ≥ 13. With 
the value of ph between 9.3 and 12.3, 
the intermediate species Zn(OH)2 y

y
-  (y 

varies from 0 to 4) is formed [80], [81]. 
a simple Pourbaix diagram is shown in 
Figure 4 [82].

Flexible batteries in portable elec-
tronic devices are becoming favor-
ites of the modern market. however, 
typical liquid electrolytes are not suit-
able for f lexible Zn–air batteries due 
to issues of evaporation and leakage 
[57]. the solid-state electrolyte, e.g., 
gelatin-based gel-polymer electrolyte 
[57] or hydrogel-polymer electrolyte 
[55] with conformable shape, could 
be utilized in f lexible and wearable 
devices. specif ically, a porous-gelled 
poly(vinyl) alcohol (Pva) polymer elec-
trolyte membrane and electrode with 
high f lexiblity could be used to fab-
ricate a portable and wearable Zn–air 
battery (Figure 5) [56]. Furthermore, 
a nanoporous alkaline-exchange elec-
trolyte membrane has been used as the 
solid-state electrolyte for rechargeable 
Zn–air batteries [83]. the performance 
of the existing Li–air and Zn–air bat-
teries is limited by similar challenges, 
such as low power density, sensitivity to 
contaminants from air (e.g., CO2 ), and 
electrolyte evaporation due to the open 
structure of air electrodes [84].

RELATED RECENT REVIEWS
several reviews related to metal–air 
batteries, including Li–air batteries, 
Zn–air batteries, electrolyte, air elec-
trodes, and their electrocatalysts have 
been published [2], [3], [5]–[7], [13], 
[19], [52], [54], [82], [84]–[97]. in 
1979, Blurton and sammells  published 
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a review that concentrated on compar-
ing Li, al, Mg, Zn, and Fe/air bat-
ter ies w ith a par t icu la r emphasis  
on the suitability of each system for 
electric vehicle propulsion [5]. in 2010, 
Girishkumar et al. at iBM published 
a perspective on Li–air batteries that 
summarized the promise and challenges 

facing development of practical Li–air 
batteries and the current understand-
ing of their chemistry [13]. in 2011, 
Lee et al. provided a comprehensive 
list of Li–air and Zn–air batteries [3]. 
Cao et al. outlined some advancement 
in  nonprecious Orr electrocatalysts 
for Li–air and Zn–air batteries in 2012 

[84]. Christensen et al. published a 
review on the most critical challenges 
to develop robust, high-energy Li–air 
batteries and suggested future research 
directions to understand and overcome 
these challenges [90]. 

in 2012, Cheng and Chen published 
a review on oxygen electrochemistry 
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FIGURE 5 (a) A schematic image of the solid-state, flexible, and rechargeable Zn–air battery. (The upper-left inset shows the flexibility of the cell, 
while the lower-left inset shows the cross-sectional scanning electron microscope (SEM) image of the laminated structure of the battery.] The 
optical pictures of (b) the freestanding Zn electrode film, (c) the bifunctional catalytic air electrode film using lanthanum Ni trioxygen (LaNiO3)/
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and electrocatalysts [6]. Bruce et al.  
 provided a critical review on Li–air 
( )O2  and Li-s batteries. the article 
outlined the hurdles of energy stor-
age and operation in nonaqueous and 
aqueous Li–air batteries [2]. Black et al. 
published a review on the electrocata-
lysts for Orr and Oer and electrode 
and electrolyte materials for nonaque-
ous and hybrid Li–air batteries [89]. 
shao et al. discussed the fundamental 
understanding of oxygen electrocataly-
sis in nonaqueous electrolytes and the 
status and challenges of oxygen elec-
trocatalysts and provided a perspective 
on the design and development of new 
electrocatalysts in Li–air batteries [92]. 
 Capsoni et al. published an article on 
the development of battery compart-
ments in Li–air batteries [97]. in 2013, 
Wang et al. described electrocatalysts 
in metal–air batteries with aqueous or 
nonaqueous electrolyte [7]. Li et al. 
published a review discussing the cur-
rent status, challenges, and perspec-
tives of solid-state Li–air batteries [54]. 
another review also provided by Li et 
al. presented the challenges in electro-
lyte, catalysts, and anodes of nonaque-
ous Li–air batteries [98]. rahman et al. 
provided a comprehensive overview of 
the advances and challenges of metal–
air batteries, including air cathode, 
electrolyte, and anode [85]. shao et al. 
reported on the status and materials 
challenges for nonaqueous rechargeable 
Li–air  batteries [19].

in 2014, Li et al. published a per-
spective on the development of nano-
structured carbon-based electrocatalysts 
for nonaqueous Li-O2  batteries [96]. 
in 2015, Manthiram and Li published 
a review on hybrid and aqueous Li–air 
batteries [52]. Wen et al. discussed the 
structure design of air electrodes in Li–
air batteries [99]. in 2016, Mainar et al. 

provided a complete overview of Zn–air 
batteries, which focused on the alkaline 
aqueous electrolytes [82].

ELECTROCHEMICAL REACTIONS  
OF AIR ELECTRODES

ORR
the air electrode allows the oxygen 
from outside air to access the metal 
electrode continuously. it is usually 
composed of porous and electronically 
conductive support and high-surface-
area catalysts for both Orr and Oer 
and for the functional binder. the bat-
tery performance, including charge–
discharge rate, capacity retent ion, 
energy efficiency, and cycling life [84], 
is strongly associated with the air elec-
trode [93], [100] due to the electro-
catalytic oxygen reaction (Orr/Oer), 
which occurs at a three-phase contact 
zone between air, liquid electrolyte, 
and solid catalyst [101]. in particular, 
it involves Orr during discharge and 
Oer during charge.

Orr involves complex steps, and 
the mechanisms may vary with different 
electrolytes and catalytic materials. in 
aqueous electrolyte, the Orr is asso-
ciated with multistep electron transfer 
and complicated oxygen-containing spe-
cies, such as O, Oh, ,O2

-  and HO2
- 

[102]–[104]. Furthermore, with alkaline 
electrolyte and metal catalysts, the relat-
ed cathode reactions are thought to be 
described as follows [6]:

 
2 4 4 , 

[4e pathway],
O H O e OH2 2 "+ + - -

 
(4)

 
2 , 

[2e pathway],
O H O e HO OH2 2 2"+ + +- - -

 (5)

 2 3 ,HO H O e OH2 2 "+ +- - -  (6)

or

 2 2 . HO OH O2 2" +- -  (7)

the Orr under these conditions may 
proceed via a four-electron (4e) pathway 
(4) or a two-electron (2e) pathway (5). 
the direct 4e oxygen reduction is desir-
able due to its higher energy efficiency, 
while the 2e pathway produces peroxide 
species that can corrode and cause pre-
mature degradation of the battery [104]. 
the 2e pathway may be followed by either 
another further 2e reduction of perox-
ide (6) or a chemical disproportionation 
of peroxide (7). these processes can be 
described as a serial 2 × 2e pathway [102], 
[103]. in fact, the 4e and 2e pathways may 
occur  concomitantly and compete with 
each other [6].

the Orr in nonaqueous electrolyte 
for Li–air batteries is receiving consid-
erable attention. Laoire and coworkers 
found that Orr proceeds through a one-
electron reversible process with O /O2 2

- 
redox coupled with large cations of 
 tetrabutylammonium and tetraethylam-
monium [28].

OER
Oer is also the core reaction in Li–air 
and Zn–air batteries. almost all Oers 
operate in alkaline conditions. the Oer 
pathways are extremely complex. the 
elementary steps are believed to involve 
adsorbed Oh and O species on the 
surface )( ) according to the following 
scheme [105]:

 ,OH OH e")+ +)- -  (8)

 ,OH OH O H O e2"+ + +) )- -  (9)

 ,  O O O2"+) )  (10)

 ,O OH OOH e"+ +) )- -  (11)

. OOH OH O H O e2 2"+ + +) - -  (12)

the evolution of O2  is thought 
to involve one of the two pathways, 
including the direct reaction (10) and 
two-step reactions of (11) and (12). Fur-
thermore, the latter pathway is thought 
to occur more easily because the ther-
modynamic barrier for reaction (10) is 
always larger by theoretical investiga-
tions [106], [107].

Bajdich and colleagues studied the Oer 
of cobased oxide surfaces experimentally, 

ORR involves complex steps,  
and the mechanisms may vary with  

different electrolytes and catalytic materials.
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and the theoretical investigations show 
that b -CoOOh is the active phase 
where the Oer occurs in alkal ine 
media. they further calculated the 
relative surface stabilities and adsor-
bate coverages of the most stable low-
index surfaces of b -CoOOh: (0001), 
( ),0112  and ( ) .1014  at low applied 
potentials, the ( )1014  surface is the 
most stable, while the ( )0112  surface 
is the more stable at higher potentials 
[105]. trasatti reported that the enthal-
py of transition from the next lower 
oxide to the nominal oxide could be 
used as the Oer activity descriptor 
[108]. Bockris and Otagawa measured 
the Oer on 18 substituted perovskites 
containing f irst-row transition-metal 
ions. they found the electrode kinetics 
increase with the decrease of the enthal-
py of formation of the transition-metal 
hydroxides and with the increase in the 
number of d electrons in the transition-
metal ions [109]. 

rossmeisl et al. investigated the 
trends in the electrocatalytic properties 
of surfaces of three rutile-type oxides, 
including ruthenium oxide ( )RuO ,2  
iridium oxide ( )IrO ,2  and titanium 
dioxide ( )TiO ,2  using discrete Fou-
rier tranform calculations [110]. they 
established that rutile oxide surfac-
es obey linear relations between O)  
binding energy and the binding energy 
of two other species relevant to HO)  
and *.HOO  Furthermore, it is pos-
sible to describe trends in the Oer 
activity through a volcano curve show-
ing the activity as a function of the 
binding energy of O to the surface 
[110], [111]. although some Oer 
activity descriptors were proposed, 
identifying the efficient electrocata-
lysts for Oer remains a key challenge 
in metal–air batteries.

OXYGEN ELECTROCATALYSTS FOR 
LI–AIR AND ZN–AIR BATTERIES

TRANSITION-METAL OXIDES
transit ion-metal oxides are consid-
ered as an alternative to traditional 
noble-metal electrocatalysts for metal–
air battery appl icat ions because of 
reasonable act iv ity and stabil ity in 
alkaline electrolyte, low cost, wide-

spread availability, and environmental 
friendliness [88], [112].

among them, MnOx  with good Orr 
activity has attracted the most research 
interest in nonaqueous Li–air batteries 
[113]–[115]. since the first report of an 
MnO2  catalyst for Orr in the early 
1970s [116], many efforts have been made 
to promote the development of highly 
active MnOx-based catalysts involving 
the structure, morphology, composi-
tion, valence, and electrical conductivity 
[117]–[119]. the catalytic performance of 
MnO2  strongly associates with the crys-
tallographic structure, following a decreas-
ing order of a -2 b -2 c -MnO2  [120]. 
Moreover, the morphology of MnO2  also 
affects the catalytic activity. Débart et al. 
found that the use of a-MnO2  catalyst 
with nanowire morphology in an oxygen 
cathode for rechargeable Li-O2  batter-
ies could deliver the higher capacity of 
3,000 mah/g of carbon over that of the 
bulk a-MnO2  (see Figure 6 [121]). Mao 
et al. and Brenet investigated the compo-
sition’s effect on the performance in the 
Orr, following the sequence of Mn O5 8

Mn O Mn O < MnOOH3 4 2 31 1  [117], 
[122], [123].

another key factor in control-
ling the catalytic performance of Orr 
is valence. the MnOx  catalysts with 
higher Mn valence often exhibit bet-
ter catalytic activity [124]. suntivich  
et al. demonstrated that the Orr activ-
ity of oxide catalysts primarily corre-
lates to s) -orbital occupation and the 
extent of B-site transition-metal-oxygen 
covalency, which serves as a secondary 
activity descriptor (Figure 7). they fur-
ther found that increase of hybridiza-
tion positively affects Orr activity, as 
shown in Figure 8 [125]. to further 
improve the performance, some mul-
tivalence transition metals, e.g., cobalt 
(Co), were doped into the MnOx-based 
catalysts [93], [126]–[129]. Further-
more, more transition metals, such as 
al, Fe, chromium (Cr), and lanthanum 
(La),  were doped into MnOx and lead 
to the formation of mixed-metal oxides 
on a spinel, perovskite, and pyrochlore 
structure. spinels are a group of oxides 
with the general formula A B O2 3 2+ + -

2 4  
(a = Mg, Fe, Co, Ni, Mn, or Zn; B = al, 
Fe, Co, Cr, Mn; and so on) [7], [130]. 
spinel-typed oxides usually could provide 
mixed valence in the cations, act as the 
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70 mA/g in one atmosphere of O .2  Capacities are per gram of carbon in the electrode. Lower 
cutoff potential 2 V. (Image from [12], used with permission.)
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acceptor/donor chemisorption sites for 
oxygen, and assist the electron transfer 
to exhibit electric conductivity or semi-
conductivity [131], [132]. it promotes 
the performance of Orr and Oer in 
alkaline medium [133]–[139]. 

Zhao et al. obtained spinel Mn–Co 
oxide nanoparticles partially embed-
ded in the nanotubes by concurrently 
rupturing nitrogen-doped (N-doped) 
carbon nanotubes (CNts) and oxidiz-
ing Co and Mn nanoparticles. the 
catalyst shows high dual activity for oxy-
gen reduction and evolution, surpass-
ing that of carbon-supported platinum 
(Pt) (Pt/C), RuO ,2  and IrO2  [140]. 
Li et al. reported a general synthesis 
of ultrasmall CoMn spinels with tai-
lored structural symmetry and compo-
sition through a facile solution-based 
oxidation-precipitation and insertion-
crystallization process in modest condi-
tions. the as-synthesized c-CoMn /C2  
composite shows superb electrocatalytic 
activity and stability for Orr and Oer. 
the assembled primary Zn–air batteries 
exhibit stable galvanostatic discharge 
curves, giving a high energy density 
of ~650 Wh kg−1 at 10 ma cm−2 nor-
malized to consumed Zn anode. the 
average voltage of discharge platform 
decreases by 8.5% after 155 cycles, half 
that of Pt/C (Figure 9) [141].

innovative technologies to prepare 
high-performance catalysts are of great 
importance. Cheng et al. have developed 
a rapid methodology at room tempera-
ture based on reduction-recrystallization 
of amorphous MnO2  precursors in 
an aqueous solution containing Co2+ 
ions to selectively synthesize the spinel 
nanocrystalline Co Mn O3 3 4X-  as a high 
active bifunctional catalyst in Orr and 
Oer. the Orr performances of the 
four spinel samples were comparable with 
the benchmark Pt/C catalyst. Further-
more, the most active CoMnO-P was 
used to construct a Zn–air battery, which 
delivered a stable galvanostatic discharge 
curve and considerable specific energy 
densities [142]. 

another structure of bifunction-
al catalysts in alkaline electrolytes is 
perovskite-type oxides that have the 
general formula ABO ,3  where a is the 
larger cation, such as a rare earth or an 
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alkaline earth element, and B is gen-
erally a transition metal with smaller 
size [143]. the catalytic activity can be 
tuned by partially or fully substitut-
ing a and B cations with other metals 
[144], [145]. the substituted perovskites 

have an A A B B O1 1 3x x y y- -l l  formula. in 
general, the substitution of a site and 
B site mainly affects the stability and 
activity of adsorbed oxygen, respectively 
[7], [146]. in LaNi Mg O. .0 92 0 08 3  and 
LaNi Mg O. .0 85 0 15 3  catalysts, Du et al. 

reported that the partial substitution of 
Ni with Mg improved the Orr perfor-
mance compared to LaNiO3  catalyst in 
nonaqueous Li–air batteries [145].

Besides the Orr, transition-metal 
oxides are of particular interest due to 
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their intrinsic activities comparable to the 
gold standards of Oer catalysts, such as 
IrO2  and RuO ,2  which are highly active 
but precious. among the catalytically non-
precious metal oxides, MnOx  films as 
Oer catalysts have been extensively stud-
ied in neutral and alkaline solutions [147]–
[151]. robinson et al. systematically 
compared the eight synthetic oxide struc-
tures containing Mn(iii) and Mn(iv) and 

found the catalytic activities decrease in 
the series Mn O Mn O2 3 3 42 & m-MnO2  
[150]. however, the first-row transition-
metal oxides, especially of Ni, Co, and 
Mn, are typically considered to be of lower 
activity [152]–[166]. the inherent and 
not very good conductivities of most of 
the transition-metal oxides limit their 
activities for the Oer, because the M–O 
bond strength is either too strong or too 

weak, thereby slowing the rate-limiting 
step [111]. to improve the activity, tran-
sition-metal oxyhydroxides of the same 
elements were investigated. 

Zou et al. and subbaraman et  al. 
have used well-characterized M2 d+  

( )O OH 2
d

d- /Pt(111) catalyst surfaces 
(M = Ni, Co, Fe, Mn) to establish clear 
trends in activity for the Oer of a com-
plex oxide system. they reported the 
OHad-M2 d+  interaction could be used 
as the primary descriptor of the activ-
ity for Oer for these 3-d -M hydr(oxy)
oxide systems, which follow the order Ni 
> Co > Fe > Mn (Figure 10) [147], [167]. 
Bediako et al. studied the Ni-borate film 
catalysts for Oer by in situ X-ray absorp-
tion spectroscopy and found evidence for 
the formation of such metal hydroxides. 
Furthermore, they reported the clear 
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Transition-metal oxides are of particular interest 
due to their intrinsic activities comparable to the 

gold standards of OER catalysts.
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correlations of the b-NiOOh structure 
to Oer activity [168].

Other reports indicate that mi x -
ed transition-metal oxides are also 
the material choice as nonprecious 
Oer cata lyst s [88], [109], [156], 
[169]. Boettcher et al.  invest igated 
the Oer act ivit ies of thin f i lms of 
NiO ,CoO , Ni Co O , Ni Fe O ,. .1 0 9 0 1x x y y x x-  
IrO , MnO ,x x  a nd FeO .x  and the  
Ni .0 9 Fe O.0 1 x  was found to be the 
highest activity with 10 ma cm−2 at 
an overpotential of 336 mv in basic 
media [170]. Lu et al. demonstrated a 
method for electrochemical Li tuning 
of catalytic materials by continuous-
ly extracting  Li-ions out of LiCoO2  
and other cobased compounds. they 
studied several mixed metal oxides 
and found the activity of delithiated 
LiCo Ni Fe O. . .0 33 0 33 0 33 2  shows the best 
Oer performance with onset potentials 
of ~1.47 v at 10 ma cm−2, as shown in 
table 1 [253]. the nanocrystalline spinels, 
mainly composed of manganese [171], 
[172] or Co [173] and perovskites [174], 
[175], are usually considered as the more 
active Oer electrocatalysts.

a fundamental understanding of 
the links between materials proper-
ties and catalytic activity can assist 
the design and development of high-
ly active oxide catalysts [125], [176]. 
sunt ivich et a l. demonstrated that 
the Oer activity exhibits a volcano-
shaped dependence on the occupancy 
of the 3-d  electron with an e g  symme-
try of surface transition-metal cations 
in an oxide. Furthermore, the peak 
Oer activity was predicted to be at 

an e g  occupancy close to unity, with 
high covalency of transit ion-metal–
oxygen bonds. this design principle 
helps the prediction of highly active  
Ba Sr Co Fe O. . . . d0 5 0 5 0 8 0 2 3-  catalyst, and 
the experimental Oer activity is at 
least one order of magnitude higher 
than that of the state-of-the-art iridium 
oxide catalyst in alkaline media (see 
Figure 11) [174].

Development of bifunctional elec-
trocatalysts remains a great challenge 

[6], [91], [177]. yoon et al. exploited 
two types of double-wal led RuO2  
and Mn O2 3  composite f ibers as the 
bifunctional catalyst. they show en -
hanced overpotential characterist ics 
and  stable cyclability over 100 cycles 
in the Li–O2  battery [178]. Pyrochlore 
is a family of oxides that reduces the 
active overpotentials both in Orr and 
Oer [179] with the general formula 
A B O O2 2 6 1 d-l  (a = Pb, Bi; B = ru, ir) 
[180]. its unusual framework links to 

SamPlE

PotEntIal at 
0.1 ma cm−2 
(V VERSUS RhE)

PotEntIal at 
5 ma cm−2 (V 
VERSUS RhE)

taFEl 
SloPES 
(mV DEc−1) SamPlE

PotEntIal at 
0.1 ma cm−2 
(V VERSUS RhE)

taFEl 
SloPES 
(mV 
DEc−1)

De-LiCoO2 1.525 ± 0.01 1.61 ± 0.01 50 ± 3 LiCoO2 1.59 ± 0.01 48 ± 5

De-LiCo0.5Ni0.5O2 1.52 ± 0.01 1.6 ± 0.01 42 ± 4 LiCo0.5Ni0.5O2 1.56 ± 0.01 50 ± 3

De-LiCo0.5Fe0.5O2 1.5 ± 0.01 1.565 ± 0.01 40 ± 4 LiCo0.5Fe0.5O2 1.56 ± 0.01 47 ± 5

De-LiCo0.33Ni0.33Fe0.33O2 1.47 ± 0.01 1.525 ± 0.01 35 ± 3 LiCo0.33Ni0.33Fe0.33O2 1.55 ± 0.01 45 ± 4

De-LiCo0.33Ni0.33Mn0.33O2 1.54 ± 0.01 1.625 ± 0.015 48 ± 4 LiCo0.33Ni0.33Mn0.33O2 1.57 ± 0.01 45 ± 5

20 wt Ir/C 1.46 ± 0.01 1.545 ± 0.01 46 ± 4

De: delithiated. (Table courtesy of Macmillan Publishers Limited.)

a summary of the oER activities of the various catalysts electrocatalytic parameters  
of li transition metal oxides before and after electrochemical tuning and 20 wt Ir/c catalysts.
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the properties. For Pb Ru O O ,2 2 6 1 d-l  
e.g., metal oxygen octahedra (RuO )6  
form cages that provide facile electronic 
conduction paths and result in metal-
lic conductivity up to 1 × 103 s cm−2. 
special oxygen atoms ( )Ol  are located 
in Pb-Ol-Pb bridges. the complete 
or partial absence gives rise to oxygen 
nonstoichiometry, which is accommo-
dated by variable metal valence [181]–
[184]. according to these factors, Oh 

et al. developed a novel metallic pyro-
chlore oxide with a composit ion of 
Pb [Ru Pb ]O. . .2 1 6 0 44 6 5  as the bifunc-
t ional cata lyst. it has high perfor-
mance of reversible capacit ies up to 
10,300 mah g−1 in Li–air batteries 
(Figure 12) [181].

the electrocatalytic potential of most 
transition-metal oxides is impaired by 
their poor electronic conductivity. how-
ever, it may be improved by doping the 

oxides with electron donors or by sup-
porting the nonconducting materials.

INORGANIC–ORGANIC  
HYBRID MATERIALS
to improve the conductivity of transi-
tion-metal oxides, one of the strategies 
is the development of metal-oxide– 
carbon hybrid materials in which the 
oxide catalysts are f irmly combined 
with highly conducting substrates for 
oxygen electrochemistry [112], [185]–
[187]. these materials include transi-
tion-metal macrocycles, transition-metal 
polymer composites, transition-metal 
nitrides, and metal-oxide–nanocarbon 
hybrid materials.

since 1964, N4 -chelate complex 
with a Co metal center was reported as 
the Orr catalyst, and much research 
on transition-metal macrocycles with 
the feature of transition-metal centers 
(Co, Fe, Ni, or Mn) coordinated to 
some surrounding nitrogen atoms (sim-
ply labeled as M-Nx/C, x is normally 2 
or 4) has been done [112], [188]. the 
active sites of these materials for Orr 
are believed to correlate with the tran-
sition-metal centers that transfer the 
electron to O2 pO2

)  orbital, weaken 
the O–O band, and further improve 
the Orr performance [187]–[193]. 
Furthermore, the stability as well as 
activity of transition-metal macrocycles 
for Orr catalysis could be significant-
ly improved by heat treatment [194], 
[195]. Jahnke and coworkers found 
that all of the heat-treated carbon-sup-
ported Cota a (dihydrodibenzotet-
raazaannulene) catalyst showed better 
stability and activity than untreated 
samples [196]. 

Masa et a l. embedded Mn O3 4  
Co O3 4  nanoparticles into the nitrogen-
doped carbon by selective prolysis and 
mild calcination of manganese and Co 
N4  complex. and the Mn O /NCx y  
and Co O /NCx y  showed much lower 
overvoltages of the Oer and Orr 
compared to those of the state-of-the 
art catalysts RuO , IrO ,2 2  and Pt/C. 
as shown in Figure 13, a number of 
species were proposed that result from 
the heat treatment of Co and manga-
nese N4 -metallomacrocyclic complexes, 
such as M-Nx  moieties, metal, metal 
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oxides, and nitrogen-functionalized car-
bon groups. the exceptional efficiency 
of Orr and Oer was attributed to the 
nitrogen-functionalized carbon groups 
and the spinels of the respective met-
als [197]. Plasma thermal treatment 
method as a new heat treatment technol-
ogy was developed to suppress particle 
aggregation and increase surface area of 
macrocycle catalysts during the synthe-
sis process. Furthermore, it also could 
improve the activity [198].

Besides the heat treatment, enor-
mous efforts have been devoted to the 
design and synthesis of new structural 
macrocycles, including sigle macro-
cycle [199] and cofacial macrocyclic 
dimers [200]–[202], among others. Liu 
et al. developed a carbon-supported 
[CoN ]4 3  catalyst in which triangular 
trinuclear metal-N4 complexes were 
combined with a planar conjugated 
macrocycle, and it showed much bet-
ter electrochemical activity and long-
term stability than the commercially 
available Pt/C catalyst in alkaline elec-
trolytes [203]. several multimetallic 
nitrides supported on N-doped carbon 
materials were designed and synthe-
sized to improve the Orr performance 
[204]–[207]. 

in Orr performance, there is often 
a tradeoff between the catalytic activ-
ity and stability. easton and cowork-
ers have investigated the composition 
effect for the activity and stability of 
M C Ny1x x y- -  catalysts (M = v, Cr, Mn, 
Fe, Co, and Ni). they found that the 
activity could be tuned by the transition 
metals. For example, in acid solutions, 
the activity follows the order Fe > Co 
> Cr > Ni, and N element increases 
the activity [208], [209]. among them, 
the C NCr y1x x y- -  catalysts show good 
stability of corrosion resistance [210]. 
the results indicate that the tradeoff 
relationship could be optimized by the 
adjustment of the metal centers.

Conductive polymers [polyaniline 
(PaNi), Py, Pt, and derivates] and 
oxidized metallic particles deposited 
on carbons tend to enhance the per-
formance [211]. Pyrolized metal por-
phyrins with the precursors of Co 
and Fe porphyrins have attracted the 
most attention over the years. the 

Co-polypyrrole composite catalyst (Co-
PPy-C) synthesized via a pyrolysis-free 
process delivers high Or r act ivity 
without any notable loss [212]. Prabu 
et al. reported that the metal nitrate/
polyacrylonitrile (PaN) and metal acet-
ylacetonate/PaN could be used as the 
precursor, and one-dimensional (1-D) 
NiCo O2 4  (NCO) na nos t r uc t u re s 
(Figure 14) were prepared by using 
a simple electrospinning technique. 
the NCO catalyst shows extraordi-
nary bifunct ional catalyt ic act ivity 
toward both Orr and Oer in Zn–air 
batteries with the low overpotential 
of 0.84 v. the Orr onset potential 
is 0.93 v [versus standard hydro-
gen electrode (she)], and the Oer 
 performance displays a current density 
of −10 ma cm−2 at 1.62 v [213]. the 
heteroatom polymer, PaNi, as both 
the nitrogen and carbon source pro-
cess was graphitized with the catalysis 
of a Co species. Moreover, the PaNi 
facilitates the graphitization and forms 
N-doped graphene-sheetlike structures. 
the prepared graphene-rich catalysts 
(Co-N-MWNts) exhibit superior Orr 
activity in nonaqueous Li-O2  battery  
systems [214].

transition-metal nitrides are well-
known catalysts in Orr in aqueous 
electrolytes [93]. to further improve 
their activity, conductive carbon sub-
strates, such as activated carbon, CNts, 
or graphene, are incorporated to the 
metal nitrides [96] or metal oxides. Chen 
et al. designed CCBC that consists of 
lanthanum nickelate centers supporting 
N-doped CNts for rechargeable Zn–
air batteries (see Figure 15). after full-
range degradation tests, CCBC retained 
excellent activity of three and 13 times 
greater current densities of Orr and 

Oer upon comparison to state-of-the-
art Pt/C, respectively [215]. 

another type of bifunctional elec -
t rocata ly s t  wa s developed ba sed 
on two- to three-wal led CNt-gra-
phene complexes. the outer walls of 
the CNts were part ia l ly unzipped 
to create nanosca le sheets of gra-
phene attached to the inner tubes. 
a nd the n it rogen impur it ies and 
extremely small amounts of Fe in the 
sheets were benef icial for the cata-
lyt ic sites and boosted the activity. 
the inner walls remained intact and 
reta ined their electr ical conduct iv-
ity, which faci l itated charge trans-
port during electrocatalysis. in acidic 
solutions, the catalyst exhibits high 
Orr activity and superior stability, 
and in a lkal ine solut ions, its Or r 
activity closely approaches that of Pt 
(Figure 16) [216].

Wang et  a l .  s y n t h e s i z e d  t he 
MnCo2O4-graphene hybrid materi-
al by direct nucleation and growth of 
MnCo O2 4  nanoparticles on reduced 
graphene oxide. the hybrid material 
with inherited excellent catalytic activ-
ity shows lower overpotentials and lon-
ger cycle lives than that of Pt catalyst in 
Li–air batteries [217]. 

Using the same synthesis method, 
the MnCo O2 4  nanopart icles were 
grown on the N-doped reduced gra-
phene oxide (N-rmGO). this revealed 
that the C-O-metal and C-N-metal 
bonds afforded much greater activity 
and durability than the physical mix-
ture of nanoparticles and N-rmGO 
in alkaline solutions [127]. they fur-
t her improve Or r per formance 
of the little-active Co O3 4  nanopar-
t icles by growing the nanoparticles 
on N-rmGO. the hybr id exhibits 

Metal-organic frameworks are a new type of 
functional material featuring high surface area, 

tunable pore sizes, structural diversity, and 
designable functionality.
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FIGURE 14 (a) The bright field TEM image of NCO-A1 shows the 1-D structure morphology; (b) the overlay image and the corresponding EDX maps 
depict the distribution of constituting individual elements within the nanostructure as shown in (c)–(f). The images correspond to the (c) Ni-K edge 
(Ni-KA), (d) Co-K edge (Co-KA), (e) oxygen-K edge (O-KA), nitrogen-K edge (N-KA), and (f) carbon-K edge (C-KA). (Photos courtesy of the Royal 
Society of Chemistry.) 
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FIGURE 15 The design and application of the core-corona structured bifunctional catalyst (CCBC) toward metal–air battery. (a) A schematic of 
Zn–air battery and the reactions taking places on the electrodes. The CCBC catalyst is applied to the positive electrode, which catalyzes the ORR 
and OER reactions. (b) The SEM and TEM of the CCBC illustrating the N-doped CNT on the surface of the core particle. (Image and photo courtesy 
of American Chemical Society.)
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comparable Orr catalytic activity to 
a commercial Pt/C catalyst and supe-
rior stability and could act as a new 
bifunct ional cata lyst for Or r and 
Oer [218]. Furthermore, the authors 
developed a CoO/CNt hybrid Orr 
cata lyst and Ni-Fe-layered double 
hydroxide (LDh) Oer catalyst in a 
Zn–air battery, as shown in Figure 17. 

these catalysts showed higher catalytic 
activity and durability in concentrated 
alkaline electrolytes than precious Pt 
and ir catalysts. the Zn–air batter-
ies exhibited an unprecedented small 
charge–discharge voltage polarization 
of ~0.70 v at 20 ma cm−2, high revers-
ibility, and stability over long charge 
and discharge cycles [58].

Metal-organic frameworks (MOFs) 
are a new type of functional material 
featuring high surface area, tunable 
pore sizes, structural diversity, and 
designable functionality [219]–[222]. 
MOFs or their derived nanostruc-
tures are one of the hottest research 
points in electrocatalysts [223], [224]. 
Zhang et al. reported the doped carbon 
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FIGURE 16 The electrochemical characterization of the CNT-graphene ORR catalyst. (a) The cyclic voltammetry measurements of commercial 20% 
Pt/C (black) and CNT-graphene (NT-G) (red) catalysts in O2-saturated (solid) or argon-saturated (dotted) 0.1 M HClO4. (b) The rotating ring-disk 
electrode (RRDE) polarization curves and peroxide yield of Pt/C (black) and NT-G (red) in O2-saturated 0.1 M HClO4. (c) The kinetic current densi-
ties versus the potential derived from the mass transport correction of the corresponding RRDE disk currents in (b). (d) The RRDE polarization 
curves and peroxide yield of Pt/C (black) and NT-G (red) in O2-saturated 0.1 M KOH. NT-G exhibits high ORR electrocatalytic activity in both acidic 
and alkaline electrolytes. For all the RRDE measurements, the loading of catalysts is 16 mgPt cm−2 for Pt/C and 0.485 mg cm−2 for NT-G. The elec-
trode rotation speed, 1,600 r/min; scan rate, 5 mV s−1. Pt data are collected from anodic sweeps. (Images from [216], used with permission.) 
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nanofibers could be used as Orr elec-
trocatalyst using 1-D zeolitic imidazo-
late framework (ZiF)-8 nanofibers as 
the precursors. they exhibited excel-
lent electrocatalytic activity of an onset 
potential of ~−0.07 v, half-wave poten-
tial of ~−0.161 v, and long-term dura-
bility in alkaline media [225]. 

Zhong et al. developed graphene-
based N-doped porous carbon sheets 
cata lyst by in s itu growing two-
dimensional (2-D) sandwichlike ZiF 
on graphene oxide. it shows compa-
rable onset potential, higher current 

density, and superior durability in the  
Orr [226]. 

Ma et al. designed and prepared 
the hybr id Co O3 4 -carbon porous 
 nanowire arrays electrocatalyst by car-
bonization of the MOF directly grown 
on copper (Cu)  foil under an N2 atmo-
sphere. it affords the current density of 
10 ma cm−2 at 1.52 v, better than that 
of /IrO C2  and most of the Co-based 
transition-metal electrocatalysts during 
Oer process [227]. 

Xia et al. reported the direct syn-
thesis of N-doped CNt frameworks 

derived from ZiF-67 as an active and 
stable bifunctional electrocatalyst, as 
shown in Figure 18. the exception-
al electrocatalytic activity might be 
mainly attributed to chemical composi-
tions and the robust hollow structure 
composed of interconnected crystalline 
N-doped CNts [228].

METAL-FREE MATERIALS
successfully achieving performance and 
durability targets will provide enor-
mous cost advantages to commercial-
ization efforts of metal–air batteries 
[85], [91]. as an alternative strategy, 
metal-free catalysts, such as conducting 
polymers and carbon-based materials, 
greatly  promote the design and screen-
ing of nonprecious electrocatalysts.

the heterocyclic conducting poly-
mers, such as poly(3,4-ethylenedioxy-
thiophene) (PeDOt), polypyrrole 
(PPy), and PaNi, have been intensively 
investigated in oxygen electrochemistry 
due to their low cost, high electrical 
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NiFe LDH Plates

NiFe LDH Plates
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FIGURE 17 The ORR and OER electrocatalysis. Strongly coupled inorganic/CNT hybrids for ORR and OER electrocatalysis with low overpotentials. 
(a)–(c) The schematic structure, SEM, and TEM images of the CoO/N-CNT hybrid. (d)–(f) The schematic structure, SEM, and TEM images of the 
NiFe-LDH/CNT hybrid. The scale bars are 200, 5, 200, and 20 nm, respectively, in (b), (c), (e), and (f). (Images and photos courtesy of Macmillan 
Publishers Limited.) 

Successfully achieving performance  
and durability targets will provide enormous 

cost advantages to commercialization  
efforts of metal–air batteries. 
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conductivity, and abundant function 
[212], [229]. Winther-Jensen et al. 
developed an air electrode coated with 
PeDOt in a Zn–air battery, as shown 
in Figure 19. the PeDOt that acts 
as the electrocatalyst for Oer exhibits 
respectable durability, as it could con-
tinuously operate for 1,500 h without 
material degradation or deterioration in 
performance [230]. PPy with the char-
acter of high conductivity and hydro-
philic properties could be used as the 
support and catalysts for the cathode of 
nonaqueous Li–air batteries. Cui et al. 
designed the nano-PPy tubes cathode 
with tubular morpholoy, and its abun-
dant gas diffusion channels and reac-
tion space greatly improved the capacity, 
cycling stability, and especially the rate 
performance of the batteries [231]. 

PaNi is a conducting polymer with 
the structure of conjugated aromatic 

rings connected via nitrogen-containing 
groups that is similar to graphite. the 
pyrolysis of PaNi could facilitate the 
integration of N-containing active sites 
into the carbon matrix [231]. Zhang 
et al. reported the pyrolysis of PaNi 
aerogels method to obtain a three-
dimensional (3-D) N and P codoped 
mesoporous nanocarbon (NPMC) foam 
whose precursor was prepared from a 
template-free polymerization of aniline 

in the presence of phytic acid (Fig-
ure  20). the NPMCs that act as met-
al-free bifunctional electrocatalysts for 
Orr and Oer in a primary Zn–air bat-
tery show good stability of 600 cycles 
for 100 h of operation. Furthermore, 
they exhibit an open-circuit potential 
(OCP) of 1.48 v, a specific capacity of 
735 mahg Zn−1, a peak power density 
of 55 mW cm−2, and stable operation for 
240 h after mechanical recharging [232]. 

Co

Carbon Shell

200 nm

0.36 nm

(a) (b) (c)

(d) (e) (f)

FIGURE 18 The morphology and structural characterization of N-doped CNT frameworks obtained at 700 °C in the presence of H2. (a)–(c) Field-
emission scanning electron microscope images. (d) A TEM image. (e) and (f) High-resolution transmission electron microscopy (HRTEM) images. 
In (f), 0.36 nm refers to the lattice spacing indicated by the white dashed lines on the carbon (002) plane. The arrows in (e) and (f) indicate the 
direction of the graphitic layers. The inset of (a) is a digital photo, and the scale bar is 1 cm. The other scale bars are (a) 10 nm, (b) and (c) 1 nm, 
(d) 500 nm, and (e) and (f) 5 nm. (Photos courtesy of  Macmillan Publishers Limited.)

Graphene and functionalized graphene  
as novel ultrathin 2-D carbon materials  
have received a great deal of attention  

as metal-free electrocatalysts.
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FIGURE 19 (a) A schematic representation of the PEDOT/Goretex air electrode. (b)–(d) SEM images. (b) The Goretex membrane coated with gold 
(Au). The scale bar is 5 mm. (c) The PEDOT/Goretex structure. The scale bar is 5 mm. (d) The cross section of the electrode with thickness mea-
surements of the PEDOT layer. The scale bar is 20 mm. (Image and photos courtesy of American Association for the Advancement of Science.) 
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Besides the compounds, a fully organic 
N(5)-ethylf lavinium ion was found to 
function as an Oer electrocatalyst with 
a high overpotential of −0.73 v (versus 
she) [233].

the traditional carbon materials 
applied as catalysts in Li–air batteries 
were investigated in early work [234]–
[237]. Zhao et al. found that nitrogen-
doped graphite nanomaterials exhibit 
highly efficient Oer activity in alkaline 
media exceeding those of traditional elec-
trocatalysts. they generate a current den-
sity of 10 ma cm−2 at the overpotential 
of 0.38 v [238]. shinde et al. reported 
a scalable strategy for the fabrication of 
a 3-D carbon nanoparticle sandwiched 
P and s codoped carbon nitride sponge  
(P, s-CNs) by polymerization of ami-
noguanidine (Figure 21). it shows out-
standing bifunctional electrocatalytic 
performance of the Orr and Oer 
and superior stability over 500 cycles in 
rechargeable Zn–air batteries [239].

CNt, one of the most important 
ca rbon-based mater ia ls , has been 
widely explored as the electrocat-
alyst for Orr and Oer. its use as 
the metal/metal oxides-catalyst sup-
port has been previously demonstrat-
ed. the metal-free CNt with doping 

creates net charges on carbon atoms, 
thus showing Orr activities [240]. 
Gong et al. first reported the vertically 
aligned (va) N-doped CNt could be 
applied as the metal-free Orr cata-
lyst. the superb performance shows 
a steady-state output potent ia l of 
−80 mv and a current density of 4.1 
ma cm−2 at −0.22  v [241]. Further-
more, CNts containing both B and N 
atoms (BCN nanotube) are attractive 
materials as electrocatalysts because 
the band gap can be tunable [242], 
[243]. Wang et al. demonstrated that  
va-BCN nanotube shows the highest 
Orr activities among the va-CNt, 
B-doped va-CNt (va-BCNt), and 
N-doped va-CNt (va-NCNt), such 
as its more positive half-wave potential 
of 0.25 v, and the higher diffusion cur-
rent density as well as the kinetic cur-
rent density (Figure 22) [240].

Graphene and functionalized gra-
phene as novel ultrathin 2-D carbon 
materials have received a great deal of 
attention as metal-free electrocatalysts 
[244], [245]. Many achievements of 
graphene-based metal-free electro-
catalysts for metal–air batteries have 
been obtained by heteroatom doping 
[246]–[248]. yang et al. designed a 

3-D graphene nanoribbon network 
with the doping of nitrogen (N-GrW), 
and further experiments identified that 
the electrodonating quaternary N sites 
and the electron-withdrawing pyridinic 
N moieties were responsible for Orr 
and Oer, respectively. the assembled 
Zn–air battery with the N-doped gra-
phene-based air electrode shows an 
OCP of 1.46 v, a peak power density 
of 65 mW cm−2, a specif ic capacity of 
873 mah g−1, and excellent charge/
discharge cycling stability, as shown in 
Figure 23 [249]. 

a more complex act ive s ite of 
Cu(i)-N within graphene-based air 
elect rode in a Zn–air battery was 
ident if ied by the Cu-K edge X-ray 
absorption near edge structure spec-
tra and the extended X-ray absorption 
f ine-structure spectroscopy. Further-
more, it shows the current density of 
142  ma  cm−2 at 1.0  v and the peak 
power density of 210 mW cm−2 with 
an extreme low catalyst loading of  
0.4 mg cm−2 [250]. to fully exploit 
the high-performance electrocalyst, 
graphene integrated with CNts was 
demonst rated as an ef fect ive way 
because it could prevent the stacking 
[251]. By using this strategy, yang 
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et a l. conf i rmed the speci f ic sur-
face area and electric conductivity of  
N, P codoped graphene/CNts could 
be signif icantly increased, and thus 
an excellent performance of Zn–air 
battery with the specif ic capacity of 
684 mah g−1 was obtained [252].

SUMMARY AND OUTLOOK
in this article, we summarized the recent 
progress in nonprecious catalysts for Li–
air and Zn–air batteries. the electro-
catalysts ranging from transition-metal 
oxides and inorganic–organic hybrid 
materials to metal-free materials were 
discussed with the demonstration of syn-
thetic methods, electrocatalytic mecha-
nism, and performance. transition-metal 
oxides, in particular, Mn-based oxides, 
mixed Ni-Fe or Ni-Co oxides, and 
perovskites, have been intensely investi-
gated both in Orr and Oer because 
of their high activity and durability in 
alkaline electrolytes. the catalytic per-
formance could be tuned through 
morphology, structure, composition, 
transition-metal valence, and innovative 
synthetic strategy. 

some fundamental understanding of 
the catalytic mechanism was also dis-
cussed. inorganic–organic hybrid mate-
rials with higher conductivity than that 
of transition-metal oxides have attracted 
much attention. to improve the activ-
ity and stability of these materials, 
heat treatment has been a widely used 
method. Beyond that, integration of car-
bon materials with active metal oxide 
or nitrides to form hybrid materials is 
attracting more interest. 

MOFs highlight promising elec-
trocatalysts in Li–air and Zn–air bat-
teries because of their high specif ic 
surface area and various architectures. 
Metal-free electrocatalysts,  including 
conduct ing polymers, CNts, and 

 graphene-based carbon mater ia ls , 
appear to be the rising types of elec-
trocatalytic materials in Li–air and Zn–
air batteries. heteroatom doping has 
been demonstrated as an effective way 
to improve the catalytic performance 
through tuning the active sites, elec-
tronic structure, and defects. We also 
brief ly introduced the background of 
Li–air and Zn–air batteries, and some 
electrocatalytic mechanisms of Orr 
and Oer are mentioned.

Li–air and Zn–air batteries with high 
specific energy densities hold promise as 
the next-generation battery technolo-
gies. the electrocatalysts play a key role 
in realizing that potential. some points 
for developing high-performance non-
precious catalysts are the following:

1) the precise microstructural con-
trol of electrocatalysts (e.g., 2-D 
graphene and MOFs) for expos-
ing more active sites and obtain-
ing high specific surface area still 
needs more investigation.

2) the design of special structure 
and morphology of hybrid or 
metal-free materials are beneficial 
in understanding and improv-
ing the catalytic activity and bat-
tery performance.

3) More fundamental understanding 
of the electrocatalytic mechanisms 
of Orr and Oer in carbon-
based electrocatalysts through 
advanced characterization tech-
nologies and theoretical investiga-
tions is needed.
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