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Abstract 
 

The merits, such as high specific capacity, less self-discharge and high storage life, make Zinc (Zn)-air batteries promising to 
serve as energy storage and conversion equipment to effectively solve the energy crisis and environmental pollution caused 
by the rapid increasing global energy consumption, especially the use of fossil energy. However, the applications and further 
deployments of the Zn-air batteries depend on costly noble metal as cathodes and are limited by sluggish electrochemical 
reaction kinetics. As one of the competitive alternatives to noble metals, carbon-based materials such as metal/carbon, 
nonmetal atom/carbon, metal oxide/carbon and metal-metal oxide-heteroatom/carbon materials exhibit the advantages of 
structural diversity, high porosity, excellent volume conversion efficiency and non-toxicity. With the emphases on structural 
improvement and composition optimization, this article summarizes the advances in the development of oxygen reduction 
reaction (ORR) electrocatalyst based on various carbon contained composites for Zn-air battery cathodes. Furthermore, the 
challenges and perspectives of the research directions on the Zn-air battery with carbon contained composites as catalyst are 
discussed in detail. 
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1. Introduction 

As science and technology bring the convenience and benefits 

to modern society, the potential dangers of resource shortage 

and environmental pollution also arise gradually. In order to 

avoid the greenhouse gas emissions, it is necessary and urgent 

to explore clean and renewable energy for reducing the 

consumption of fossil fuels.[1-5] Thus, the application of 

sustainable energy is extraordinarily meaningful for 

alleviating the natural resource shortage and environmental 

crisis. Various advanced energy storage devices, such as 

metal–air batteries, fuel cells, supercapacitors, water-splitting 

for hydrogen generation, redox flow batteries and so on, are 

considered to play an irreplaceable role.[6-8] The ever-

increasing requirement of energy supply, coupled with the 

limited capacity of energy storage equipment, have motivated 

the search for electrochemical energy storage devices with 

improved safety, longer life time and higher capacity. Among 

all kinds of energy storage devices, metal-air battery has 

become one of the most promising candidate for the 

generation with large-scale hybrid transportation facilities and 

electric vehicles due to its advantages of ultrahigh energy 

density, non-toxic, pollution-free and cost effective.[9] Metal-

air batteries usually use metals with negative electrode 

potentials (such as zinc, magnesium, aluminum, and iron) as 

the anode, and oxygen reductive electrode in the air as the 
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Fig. 1 The schematic of the zinc-air battery model (GDF: gas 

diffusion film), reproduced with the permission from [11], 

Copyrights 2019, American Chemical Society. 

 

cathode. Compared with various metal-air batteries, Zn-air 

battery has been widely studied due to the environmental 

benignity, abundance, and low price of Zn.[10] Fig. 1 shows a 

typical Zn-air battery model. It can be seen that the structure 

of the Zn-air battery is simple, mainly including a metal 

electrode, an air electrode, electrolyte, separator and external 

circuitry.[11] For the metal-air batteries, no matter what kind of 

the anode material is the cathodic oxygen reduction reaction 

(ORR) is essential for the electrochemical processes, and the 

electrocatalyst performance of the cathode material dominates 

the comprehensive performance and discharge efficiency of 

the related battery devices.[12,13] Since the metal-air batteries 

were proposed in 1878, scholars have never stopped the 

research on their performance improvement.[14,15] In order to 

use metal-air batteries in daily electronic equipment and large-

scale grid systems instead of staying in the laboratory stage, 

many efforts have been made to meet the requirements of 

safety, long lifetime, high energy density, economic and 

environmental protection. Numerous studies have been carried 

out on battery electrode materials, electrolyte composition and 

selection of separators. Improving the electrochemical activity 

Fig. 2 (a) Various strategies to improve the performance of carbon-based catalysts. (b) different types of the carbon-based ORR 

catalysts (40 wt% Pt/C , reproduced with the permission from [40], Copyright 2003 The Royal Society of Chemistry 2003, the PtNi/C, 

reproduced with the permission from [46], Copyrights 2015 American Chemical Society, the NiCo2O4/CNTs, reproduced with the 

permission from [46], Copyright 2014The Royal Society of Chemistry, the N, P co-doped carbon, reproduced with the permission 

from [47], Copyrights 2014 American Chemical Society, the P-doped carbon dot/graphene, reproduced with the permission from 

[44], Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, the Fe-Ni and N doped carbon hollow spheres, 

reproduced with the permission from [48], Copyright 2020 Elsevier Ltd. 
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of electrode materials is the most direct and effective approach 

to improving the battery performance.[16-18] Since most metals 

will undergo severe corrosion or hydrogen evolution in acid 

electrolytes, alkaline electrolytes are generally used in metal-

air battery electrolytes. The reduction reaction of oxygen on 

the air electrode is usually intricate. In general, the electrode 

reaction of metal-air batteries can be simplified as Equations 

(1) and (2):[15,19,20] 

Metal electrode: M
  
↔ 𝑀n+ + ne−       (1) 

Air electrode: O2 + 4e
−

  
↔ 2H2O + 4OH

−   (2) 

where M and n represent the metal (Zn, Mg, Al, etc.) of the 

anode electrode and electron transfer numbers, respectively. 

Oxygen reduction reaction and oxygen evolution reaction 

(OER) are the core factors affecting the battery performance, 

and the sluggish electrochemical reaction kinetics is the main 

reason hindering the large-scale commercial popularity of the 

metal-air batteries.[21,22] It is undeniable that noble metal-based 

catalysts, such as Pt, Ag and Au, have satisfactory catalytic 

activities for the oxygen reduction, and they have dominated 

the catalysts for a considerable period.[23,24] However, the 

reserves of noble metals in nature are rare and expensive, 

which is difficult to apply to the large-scale energy storage 

applications.[25,26] Exploring new catalyst to replace the noble 

metals partially or completely has gradually become the 

primary option and research hotspot.[27-30] 

Carbonaceous materials have attracted widespread 

attention because of the advantages such as high electronic 

conductivity, strong toughness, high chemical stability and 

high specific surface area, and is acclaimed as one of the most 

promising next generation catalysts to replace the noble metal 

catalysts.[31-35] Nowadays, various strategies have been 

exploited for preparing carbon materials doped or 

incorporated with transition metals, metal oxides nonmetal 

atoms or their compounds.[36] Previous studies have showed 

that the content of noble metal Pt in Pt/C electrodes often 

reaches 60%, and the scarcity of Pt makes it impossible to be 

widely used.[37] Recent researches suggest that carbon 

heterogeneous materials composites reveal ideal ORR and 

OER catalytic activity simultaneously.[38,39]  Combining with 

elements or compounds, such as metal, nonmetal and 

transition metal oxides, carbon materials could form 

coordination complex. Fig. 2a summarizes various strategies 

to improve the performance of the carbon-based catalysts. Fig. 

2b shows the continuous improvement in the composition and 

structure of carbon contained ORR catalysts in the past two 

decades.[40-48] Herein we describes and summarizes the 

catalytic applications of carbon-based materials, including 

metal/carbon, nonmetal atom/carbon, metal oxide/carbon and 

metal-metal oxide-nonmetal atom carbon materials. This 

review also highlights the research progress, performance 

differences and development trends of carbon composites with 

different structures and compositions as the cathode materials 

for metal-air batteries.  

Fig. 3 Carbon composites of various structures, (a) bamboo, reproduced with the permission from [58], Copyright 1999-2019 John 

Wiley & Sons, Inc, (b) nanofibers, reproduced with the permission from [60],Copyright 2017 American Chemical Society, (c) nano 

bowls, reproduced with the permission from [61], Copyright 2019 American Chemical Society, (d) graphene, reproduced with the 

permission from [62],Copyright 2018 American Chemical Society, (e) nanospheres, reproduced with the permission from [63] 

Copyright 2018 American Chemical Society, (f) nanoflowers, reproduced with the permission from [54], Copyright The Royal 

Society of Chemistry 2017, (g) nanosheets, reproduced with the permission from [59],Copyright 2020 American Chemical Society, 

(h) nanotubes, reproduced with the permission from [64], Copyright 2017 American Chemical Society.  
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2. Structure improvement of carbonaceous oxygen 

reduction catalyst 

2.1 Morphology control 

Structure improvement is an important way to enhance the 

performance of carbon based catalysts.[49-51] Fig. 3a-h shows a 

variety of structures of carbonaceous materials, including 

nanospheres, nanosheets, nanoflowers, nanofibers and 

nanotubes, etc.[52-64] Compared with traditional bulk materials, 

the samples with regular morphologies show higher specific 

surface area, lower agglomeration and greater structural 

stability, and thus possess practical application values.[65]  

Generally, the influence of material structures on the 

electrochemical performance of metal-air batteries are 

manifold. For example, the ultra-high specific surface area and 

porosity of the material can ensure excellent dispersion of 

catalyst and provide more reactive sites, and simultaneously 

improve the adsorption rate and diffusion permeability of the 

O2.[66] More critically, carbon materials with special 

morphologies often convey outstanding physical toughness 

and can maintain structural integrity after thousands of charge-

discharge cycles, providing a powerful guarantee of the 

stability and lifetime of the catalyst. 

 

2.2 Porosity engineering 

Except carbon nanotubes (hollow tubes) and graphene (2D 

sheet structure), the structures of conventional carbon 

composite materials are mainly controlled by synthetic 

methods.[67-69] In addition to morphology control, the porous 

design is also an important factor to impact the catalytic 

activity of the carbon-based catalysts. For example, Jiang et al. 

put forward a spontaneous gas-foaming technique to prepare 

nitrogen doped porous carbon composites through one-step 

carbonization process.[70] The selected carbon sources were 

citric acid and NH4Cl, and the obtained samples showed 

distinctive structure at different heat treatment temperatures. 

The sample achieved at a relatively low temperature of 800 °C 

was porous carbon nanosheets, and the cross-linked 3D porous 

carbon networks were generated when the carbonization 

temperature reached 1000 °C. Porosity-rich carbon-based 

materials obtained from the biomass precursors with unique 

structures are considered as an effective strategy. Various 

biomass materials have been selected as the carbon sources, 

and the morphologies as well as structures of the obtained 

samples were entirely different. For instance, carbonaceous 

materials obtained from animal bones and fish scales as carbon 

sources possessed high-defect mesopore-dominated porous 

carbon structure and honeycomb-like structure, respectively.[71] 

Numerous studies have shown that utilizing precursors with 

abundant, wide distribution and low-price resources to 

synthesize novel carbon-based energy storage materials could 

be a feasible strategy.[72,73] This strategy undoubtedly paves a 

unique way to prepare the advanced electrode materials for 

ORR catalysis. 

 
Fig. 4 Samples composed of regular morphology particles. (a) Schematic illustration of the formation process of the Co–Fe alloy/N-

doped carbon hollow spheres. (b, c) SEM images and (d, e) TEM images of the Co–Fe/NC-700 hollow spheres, reproduced with the 

permission from [85], Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, (f, g) SEM images of the N-doped CNTs-tangled 

porous carbon fibers, reproduced with the permission from [87] Copyright © 2019 Elsevier B.V., (h, i) SEM images of the Co-N co-

doped carbon nanotube hollow microsphere, reproduced with the permission from [85] Copyright 2019 Elsevier B.V. 
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2.3 Hybrid structure 

In recent years, novel carbonaceous materials were formed by 

mixing carbon materials of various structures. Forming 

composite materials composed of multiple structures to 

improve the structural stability and catalytic activity supports 

a new and effective method.[74] The prime purpose of structure 

combination is to integrate the advantages of various 

structures, and the most common approach is to combine 

carbon nanotubes with graphene. The ultra-thin graphene 

sheets with high specific surface area and intrinsic electron 

mobility always face the problems of structural collapse and 

π-π stacking interactions, leading to their performance in 

practical applications far below the theoretical 

expectations.[75,76] Song et al. synthesized nitrogen doped 

graphene material with CNTs grown on its surface through an 

easy-to-implement method, and this distinctive structure 

effectively averted the stacking and agglomeration of 

graphene sheets.[77] Furthermore, this composite can also 

increase the density of reactive sites exposed to the outside of 

the material, and such meticulously designed structure could 

support a long-term development in the field of 

electrocatalyst.[78,79] 

Advanced metal–organic framework (MOF) composites 

and unique porous hollow structure materials have been 

extensively employed as nano-catalysts and electrode 

materials because of the advantages of wide buffer space, high 

adsorption rate and structural strength.[80-83] Combining metal 

particle composites derived from the MOF-assisted approach 

with template method gradually becomes a common way to 

prepare porous carbon-based catalysts.[84] For example, Co–Fe 

alloy@N/C hollow microspheres with excellent 

electrochemical performance were successfully prepared by 

Zhang et al.[85] As shown in Fig. 4a, the synthesized Fe-based 

MIL-101 nanoparticles and Co-based ZIF-67 nanoparticles 

were assembled on the surface of monodispersed polystyrene 

(PS) microspheres template by self-assembly process to form 

core-shell structure, and then removed the supporting 

materials and achieved hollow structure electrocatalyst. The 

well-defined hollow spheres of the products and the shell 

composed of regular morphology particles can be clearly seen 

through the SEM and TEM images (Figs. 4b-e). In addition, 

several studies focused on the combination of special 

structural units into integrated morphological complexes, as 

shown in Figs. 4f-i.[86,87] These materials not only exhibited 

high catalytic activity and excellent electron transfer ability of 

the conventional carbon-based materials, but also possessed 

abundant mesopores, sufficient internal void space and high 

dispersibility.[87]

Fig. 5 Catalytic mechanism of different materials. (a) adsorption configuration of catalyst for O2, ORR electrocatalytic process 

equation of (b, c) metal catalysts and (d) metal oxides catalysts, reproduced with the permission from [90], Copyright 2012 The 

Royal Society of Chemistry. 
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3. Metal/carbon composite as ORR electrocatalysts 

Metal/carbon ORR electrocatalyst is developed on the basis of 

noble metal catalyst. Because the orbits in the outermost layer 

of noble metals are not filled or not fully filled by electrons, 

their special electronic arrangement makes them easy to 

adsorb reactant molecules and forms catalytic active 

centers.[88,89] Fig. 5 describes the adsorption configurations of 

ideal catalyst with the oxygen molecule and lists the reaction 

equations of adsorption processes. 

As shown in Figs. 5a-d, although the variety of catalyst 

materials and different configurations for oxygen adsorptions 

led to diversified of the ORR process, the main catalytic 

intermediates were O, OH, 𝑂2
− and HO2

−.[90] Previous studies 

on noble metal/carbon catalysts and density functional theory 

(DFT) calculations showed that noble metals such as Pt can 

break the O=O double bonds of oxygen molecules adsorbed 

on its surface, and the intermediate products can be detached 

from the catalyst surface subsequently, allowing the reaction 

proceed continuously. Therefore, the previous research mainly 

focused on the conventional Pt/C catalyst, for example, Zhou 

et al. prepared the Pt/C electrocatalyst with a nanoscale size 

distribution through a simple modified polyol process and the 

as-synthesized active substance was superior to commercial 

catalyst in the ORR tests.[40] The contradiction between the 

scarcity of noble metals in nature and the heavy demand of the 

catalysts for social development indicates the popularization 

of Pt/C ORR catalysts may be inappropriate for large-scale 

application in the near future. As one of the substitutes of the 

Pt/C catalysts, Pt-metal (Pt-M) alloys have been developed 

and extensively studied. The diameter of the transition metal 

atoms in the Pt-M (M=Fe, Co, Ni, Ag, Au etc.) alloy catalyst 

is smaller than that of the platinum atom and the Pt-Pt atomic 

spacing in formed alloy is shrank (geometric effect).[91-93] 

Simultaneously, the transition metals tend to lose electrons and 

thus change the electronic structure of the alloy surface 

(electronic effect). The synergistic effect of geometric and 

electronic effect facilitates the bidentate adsorption of O2 on 

the catalyst surface and the desorption of reaction products, 

which further improves the catalytic efficiency.[94, 95] In a recent 

report, Wang et al. prepared three carbon supported low-Pt 

content oxygen reduction catalysts including PtFe3, PtCo3 and 

PtNi3 nanoparticles with high activity and stability.[96] Energy-

dispersive X-ray spectroscopy (EDS) and inductive-coupled-

plasma atomic emission spectroscopy (ICP-AES) were 

employed to estimate the element ratio of the prepared 

samples and it was found that the content ratio of Pt to other 

metals in the alloy was about 1: 3, which was significantly 

lower than that of previous Pt-based catalyst.[37,97] 

Replacing Pt with high-reserve, low-refinement transition 

metals in the ORR catalysts for metal-air batteries has 

gradually received widespread attention.[36,98-100] For example, 

Han et al. synthesized a type of Ag/C ORR catalyst with large 

Ag and finer Ag particles, and the electrochemical 

performance revealed that the larger particles of Ag facilitated 

the 4-electron reduction of oxygen and the finer particles of 

Ag promoted the 2-electron reduction of oxygen.[101] On the 

other hand, Core–shell structured FeCo@C microspheres 

were successfully synthesized by Xu et al. via a two-step 

carbonization procedure with the presence of template.[102] The 

catalyst composed of both non-noble metal materials Fe, Co 

and porous carbon shell exhibited better methanol tolerance 

and physical stability than those of commercial 20 wt% Pt/C 

catalyst. Furthermore, the performance of a Zn-air battery with 

FeCo@C microspheres acting as the cathode showed higher 

energy density (639 W h kgZn
−1), specific capacity (503 mA h 

gZn
−1) and charge-discharge cycle stability compared to a 

battery equipped with the mixture of 20 wt% Pt/C and RuO2 

catalysts. 

 

4. Heteroatom doped carbon material as ORR 

electrocatalyst 

Initially the carbon materials play a role of carrier in 

accommodating active materials and provide a reaction 

platform in the catalyst. In order to improve the overall ORR 

catalytic performance and reduce the application of scarce 

noble metals, nano-scale carbon materials with high specific 

surface areas such as graphene and carbon nanotubes were 

selected as support materials.[103,104] However, reducing the 

cost of such high-price carbon materials is still a big challenge 

that cannot be underestimated.  

If the carbon material can serve as the catalyst as well as 

the supporter, it could effectively improve the importance and 

performance in metal-air batteries. Extensive studies have 

discovered that non-metal atoms, such as N, S, P, etc. 

substituted C atoms in pristine carbon materials, can break the 

electrical neutrality on the surface and introduce structural 

defects. It has been demonstrated that high electric 

conductivity could be realized by heteroatoms doping in 

carbon materials, in which the heteroatoms such as F bonded 

to C atoms act as electron acceptors and thus promote the 

charge transfer of the doped carbon matrix.[105,106] For example, 

Gong et al. successfully prepared metal free N-doped CNT 

arrays by chemical vapor deposition method using iron (II) 

phthalocyanine and ammonia as precursors and studied their 

oxygen reduction catalytic performance. Since then, the 

heteroatom-doped carbon materials have been explored as the 

hopeful ORR catalyst for zinc-air batteries.[107]  

In recent years, a variety of state-of-the-art N-doped 

carbon materials, such as N-doped hierarchically porous 

carbons, N-doped graphdiyne-like carbon and N-doped 

porous carbon nanosheets, have been investigated as cathode 

materials for Zn-air batteries.[108-112] For example, Liang et al. 

reported a kind of N-doped carbon nanofiber aerogel prepared 

by pyrolysis of the bacterial cellulose and followed with an 

activation process in ammonia gas.[113] As shown in Figs. 6a-c, 

this N-doped carbon material proved a network structure 

highly similar to the bacterial cellulose and satisfying ORR 

catalytic activity. The zinc-air battery performance using the 

as-prepared carbon composite material and Zn foil manifested 

the specific capacity of 615 mAh g-1, comparable to the battery 
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using commercial Pt/C cathode (630 mAh g-1) (Fig. 6d). It's 

remarkable that among the N-doped carbon nanofiber aerogel 

there are three chemical forms of N on the C matrix surface, 

including the pyridinic N, the pyrrolic N and the graphitic N. 

Although it is still controversial which chemical form of N-

doping contributes the highest catalytic activity, there is no 

doubt that N-doped C material displays excellent ORR 

performance and great potential to replace the Pt/C 

electrode.[114-116] 

 

 
Fig. 6 Preparation and application of the N-doped carbon nanofiber aerogel. (a) synthetic steps of the N-doped carbon nanofiber 

aerogel and model of fiber network, SEM (b) and TEM (c) images of the N-CNF aerogels, (d) long-term galvanostatic discharge 

curves of the Zn-air batteries, reproduced with the permission from [90], Copyright 2014 Elsevier Ltd. 

 

Fig. 7 Synthesis, characterization and performance test of the P-doped carbon dot/graphene (P-CD/G) nanocomposites. SEM (a) and 

TEM (b, c) images of the P-CD/G nanocomposites, (d) schematic illustrating the ORR on the P-CD/G nanocomposite, (e) theoretical 

ORR mechanism, (f) all-solid-state flexible Al–air battery model diagram, (g) plots of voltage and power density versus current 

density, (h) the discharge curves of the batteries, (i) plot of discharge voltages versus current density, (j) discharge curve (at different 

working states) of the all-solid-state Al–air battery, (k) photographs show the open circuit voltage of the solid battery working at 

unfolded and folded states, (l) photographs of LED screen powered by Al–air batteries working at unfolded and folded states, 

reproduced with the permission from [44], Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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In addition to the N element, the doping of P element also 

significantly promotes the ORR activity of carbon materials. 

Wang et al. developed a biomass-deriving method combined 

with a heat treatment process to synthesize phosphorus-doped 

carbon dot and successfully decorated it onto graphene matrix 

and designated as P-doped carbon dot/graphene (P-CD/G) 

nanocomposites.[44] Figs. 7a and 7b shows the morphologies 

and twisted structure of the sample before and after calcination, 

and the yellow arrow in Fig. 7c indicates the carbon dots 

containing P were successfully decorated on the graphene 

matrix. The schematic diagram of ORR process and the 

theoretical model of density functional theory (DFT) are 

shown in Figs. 7d and 7e, respectively. By comparing the 

Gibbs free energy of the intermediate species produced by 

different samples in the ORR process, it can be seen that the 

adsorption Gibbs free energy of the P-carbon dot to the 

intermediate species in each reaction step was relatively low, 

indicating effective promotion and highly preference of the 

ORR reaction. More interestingly, as shown in Figs 7f-l the P-

CD/G nanocomposite catalyst delivered surprising 

performance in a new-style all-solid-state flexible battery. 

 

 

Fig. 8 (a) Periodic table and electronegativity of elements, reproduced with the permission from [44], Copyright © 2015 American 

Chemical Society; (b) schematic illustrations of ball-and-stick model for the proposed nonmetal element doped carbon material, 

reproduced with the permission from [57], Copyright 2018 Elsevier B.V. , reproduced with the permission from [119] and [120] 

Copyright  WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, (c-h) the N, S dual-doped honeycomb-like porous carbon: (c) 

SEM image, (d) schematic of heterocyclic N and S structures in carbon lattice, (e) schematic illustration of two electrode Zn-air 

battery, (f) open-circuit potential (OCP), (g) galvanostatic discharge-voltage curve, (h) polarization curves and corresponding output 

power density of the Zn-air battery, reproduced with the permission from [122], Copyright 2019 Elsevier Ltd. 



Engineered Science                                                                                                            Review article 

© Engineered Science Publisher LLC 2021                                                                         Eng. Sci., 2021, 15, 1-19 | 9 

Generally, more than 10 kinds of elements have been 

demonstrated that can be doped into the carbon matrix (within 

the red line region of Fig. 8a).[117,118] Several studies proved the 

doped carbon materials exhibited higher ORR activity than 

undoped samples. However, the catalytic performance of 

single atom doped carbon materials cannot meet the 

requirement of advanced Zn-air batteries. Recently, Zheng et 

al. proposed double dopants with different electronegativity 

into the carbon matrix to further improve the electrocatalytic 

activity of carbonous material for ORR. They prepared (B, N)-

graphene by two-step doping method and observed enhanced 

ORR performance.[119] Since then, double and even polyatomic 

doping have become a new trend to design novel catalytic 

materials, e.g. N/S-codoped 3D cheese-like porous carbon, (N, 

P)-doped graphene, (N, P, S)-doped graphene and etc.[57,119-121] 

Fig. 8b depicts the skeleton diagrams of the aforementioned 

polyatomic doped carbon materials. Yang et al. reported a N, 

S dual-doped honeycomb-like porous carbon electrocatalyst 

synthesized by hard-template method, and the morphology 

and molecular framework model of the achieved sample are 

shown in Figs. 8c and 8d, respectively.[122] A typical Zn-air 

battery (Fig. 8e) was assembled with the N, S@CM-1000 as 

the cathode and polished Zn plate as the anode and the 

performance was shown in Figs. 8f-8h. The battery displayed 

an open-circuit potential (OCP) of 1.37 V, relatively high 

discharge voltage at about 1.1 V (Compared with Pt/C) and 

maximum power density of 90 mW cm-2. Although the 

discharge voltages of the N, S@CM-1000 cathode at open 

circuit voltage and low current density were slightly lower 

than those of the Pt/C cathode, the discharge voltage at higher 

current density as well as power density of the N, S@CM-

1000 preceded the Pt/C, implying attractive prospects. 

 

5. Metal oxide/carbon materials as ORR electrocatalyst 

The metal oxides have received extensive attention because of 

low-cost, non-toxic and environmental friendliness.[42,123] 

Since the metal oxides may have a variety of configurations 

and morphologies, their catalytic properties are significantly 

different. For example, MnO2 has several crystal forms and the 

catalytic activity order is α-≈δ->γ->λ->β-MnO2.[124] However, 

the metal oxides suffer from low conductivity, low surface 

area and other limitations. Consequently mixing carbon 

material with the metal oxides can improve the electrical 

conductivity as well as forming M-O-C bonds in the metal 

oxide (MO)/C composite, which can promote the adsorption 

and desorption processes of the intermediate species during 

the catalytic reaction.[125,126]  

Recent studies revealed that the metal oxide (especially the 

spinel-type MO) composite was suitable as ORR catalyst 

attributed to their attractive catalytic activity and excellent 

tolerance to alkaline electrolytes. Besides manganese oxides, 

iron, nickel and cobalt oxide are abundant in nature among the 

transition metal compounds, therefore the typical oxides or 

compounds were studied.[123,127,128] For example, Xu et al. 

designed the NiFe2O4 quantum dot/CNTs (NiFe2O4 

(QDs)/CNTs) for both ORR and OER tests, and the results 

indicated the composite materials had superior conductivity as 

well as remarkable catalytic activity.[39] In the composite the 

NiFe2O4 QDs adhered tightly to the surface of the CNTs and 

did not appear to aggregate because of the existence of the 

CNTs. This rational design provided plenty of catalytic sites 

on the surface and overcame the drawbacks of poor 

conductivity and low specific surface area of the intrinsic 

metal oxide. This catalyst exhibited high electrochemical 

activity, reversibility and stability in both Zn-air primary and 

rechargeable battery tests. A homemade Zn-air rechargeable 

battery with the NiFe2O4 (QDs)/CNTs catalyst showed a 

maximum energy density of 275 mW cm−2, significantly 

superior to the battery with the Pt/C+IrO2 (84 mW cm-2) 

catalyst.  

 

6. Metal, metal oxide decorated heteroatom-doped carbon 

materials as ORR electrocatalyst 

 Based on carbon materials, carbon hybrid materials 

integrating metals and their alloys, non-metallic atoms and 

metal oxides have become an important candidate for high-

performance electrocatalysts.[129-133] In recent years, the 

development of metal-air batteries has been greatly 

accelerated with the research on the high-performance ORR 

catalyst, especially based on the decorating metals and metal 

oxides accompanied with heteroatom-doped carbon materials 

(Fig. 9a). Figs. 9b-9d shows a variety of carbon contained 

catalysts in the form of metal atoms-non-metallic atoms-

carbon materials, metal oxides-non-metallic atoms-carbon 

materials, and metal oxides-non-metallic atoms-carbon 

materials.[134-136] As electrode materials, these composite 

materials are both excellent in terms of the electrochemical 

catalytic properties and Zn-air battery performance. In the co-

doped carbon materials, the electron-donating effect of the N 

element and the binding force of the carbon matrix can be 

significantly enhanced the catalytic activity of the composite 

materials. Simultaneously, N element can also increase the 

conductivity of the carbon materials and affect the electronic 

structure of the co-exist metal catalyst. Therefore, many 

catalysts are designed on the basis of N-doped carbon 

materials.[137,138] For example, Kim et al. synthesized N doped 

graphene material with two-dimensional (2D) Co3O4 nano 

polyhedron (Co3O4 grown on Fe, abbreviated the sample as 

NP Co3O4/Fe@C2N) and the samples showed comparable 

Tafel slopes for both ORR and OER to that of commercial Pt/C 

and IrO2 catalysts respectively.[139] Furthermore, the improved 

electrochemical performance of NP Co3O4/Fe@C2N contrast 

to that of NP Co3O4 or Fe@C2N catalyst demonstrated the 

former was an prominent catalyst for metal-air batteries. In 

addition, the results also suggested the interaction between NP 

Co3O4 and Fe@C2N was a key factor for catalytic activity 

enhancement. 

Although the recent reported carbon-based composite 

catalysts show remarkable ORR performance, the 

sophisticated preparation process of the materials is not 
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suitable for large-scale production.[140-142] How to simplify the 

synthetic process of the functional carbon materials and 

multicomponent catalysts drives the researchers to optimize 

the synthetic strategy. Carbonization of the organic 

compounds in inert atmosphere is the most common method 

for the preparation of the carbonaceous components, and 

introducing the metal ions or metal oxides into the organic 

compounds and following calcination is another traditional 

approach to preparing complex component catalysts.[143,144] By 

incorporating the iron and copper ions into the ZIF-8 salts, 

Wang and co-workers successfully synthesized the Cu@Fe-N-

C composite material with high specific surface area, 

bimetallic activity site and high nitrogen doping level, which 

also revealed high durability in acidic and alkaline electrolyte 

as well as inhibited methanol induced corrosion.[145] 

Electrochemical test showed the performance of the Cu@Fe-

N-C was comparable to the Pt catalyst in acidic electrolyte as 

well as superior to Pt in alkaline electrolyte. The Zn-air battery 

assembled with the Cu@Fe-N-C electrode had a peak power 

density of 92 mW cm-2, which was better than that of the Pt/C 

electrode (74 mW cm-2). The galvanostatic discharge results 

revealed only a small activity loss after 50000-second constant 

current discharge at a current density of 20 mA cm-2, implying 

excellent stability. An increasing number of reports verified 

that various organic compounds, such as Ni incorporated 

polyamine, polystyrene spheres and N, N-dimethylformamide 

etc., could be utilized to synthesize novel electrocatalysts with 

outstanding ORR activity comparable to that of noble metal-

based catalysts.[45,146-148] 

 

 

Fig. 9 (a) Composition of compound catalysts, (b) schematic diagram and TEM picture of the PtNi-NC material, reproduced with 

the permission from [134], Copyright 2020 Elsevier B.V., (c) schematic diagram and SEM picture of the Co3O4-NC material, 

reproduced with the permission from [135], Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, (d) Schematic 

diagram and SEM picture of the Co-Co3O4-NC material, reproduced with the permission from [136], Copyright © 2019 Elsevier B.V.  
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With the increasing applications of biomass-derived 

carbon materials in energy storage fields, the employment of 

biomaterials to synthesize hybrid carbon-based 

electrocatalysts has gradually become a hotspot. Discarded 

biomass resources can be utilized to prepare a wide variety of 

carbon materials, such as carbon fiber, activated carbon, 

graphene, etc.[149-151] However, the synthetic processes usually 

combine with treatments such as pyrolysis, chemical vapor 

deposition (CVD) and circulating oxidation, as well as 

participation of the graphitic catalysts.[152-154] The biomass-

derived carbon materials provides novel suggestions for 

designing high-performance catalyst for metal-air battery, 

developing green synthetic process and reducing resource 

wastage.[155,156]  

More importantly, most biomass precursor contains a large 

amount of trace elements, such as N, S and P, etc., which can 

exist in the form of doped heteroatoms among the achieved 

materials.[157,158] Some natural biological materials contain a 

variety of organic components as carbon frameworks 

precursors and metal and nonmetal elements, making them 

ideal for preparing co-doped carbon composites material with 

catalytic activities. As shown in Fig. 10a, Wu et al. synthesized 

N, P, and Fe/carbon mesoporous microspheres (egg-CMS) by 

mixing eggs and ethyl orthosilicate, and followed by a series 

of physicochemical treatments.[159] The SEM images (Figs. 

10b, 10c) of the samples displayed similar microsphere 

morphologies before and after etching process, and the high-

resolution SEM image (Fig. 10d) clearly revealed the surface 

of egg-CMS was covered with plentiful nanoparticles. The 

ORR performance of egg-CMS composite was comparable to 

the Pt-C catalyst with a current density ~4.36 mA cm −2, 

revealing excellent catalytic activity. The Zn-air battery (Fig. 

10e) test was carried out in order to further evaluate the egg- 

CMS catalyst and the results are shown in Fig. 10f-h. With an 

open circuit potential of 1.3 V, the output potential of the 

battery retained to 1.21 V after a long-term discharge for 60 h 

with the current density of 5.5 mA cm−2. The charge-discharge 

profiles at a current density of 2 A g−1 indicated the output 

potential of the rechargeable Zn-air battery was 1.28 V in the 

first cycle and the voltage retention rate could reach 78% after 

30th cycles.  

The functional carbon composites achieved from 

biological products can reduce the waste of resources and 

provide a feasible approach for obtaining high value-added 

catalysts. Plenty of expired milk powders are generated in 

Australia every year. Chen et al. used this expired milk 

powders as pristine material to prepare N, P-doped carbon 

substrate and applied to the rechargeable Zn-air battery after 

loading NiFeOx active material on its surface.[160] The battery 

evaluations showed a specific capacity of 688 mAhg−1 and 

excellent cycling stability over 150 cycles in 75 h.  

 

 
Fig. 10 Carbon based materials were synthesized with eggs and ethyl orthosilicate. (a) Schematic illustration of the fabrication of the 

N, P, and Fe co-doped mesoporous carbon microspheres (egg-CMS). (b, c) SEM images of the egg-CMS with and without silica, (d) 

high resolution SEM image of the egg-CMS, (e) schematic of two-electrode Zn-air battery, (f) discharge curve of Zn-air battery with 

egg-CMS as ORR electrocatalyst, (g) charge and discharge curves and (h) cycling performance of rechargeable Zn-air battery, 

reproduced with the permission from [159], Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Table 1. Electrochemical performance for carbon-based composite catalysts as cathode materials in tested ZAbs. 

No. Sample Onset potential 
Half-wave 

potential (E1/2) 

e− transfer 

number 
Electrolyte type Specific capacity Reference 

1 MnOx/TiC 0.96 V vs RHE 0.80 V vs RHE 3.66-3.96 6 M KOH 769.8 mAh g−1 [163] 

2 NiFe2O4(QDs)/CNTs   3.94 ± 0.02 6 M KOH 801 mAh g−1 [39] 

3 N-C  0.85 V vs RHE 3.97 6 M KOH 360 mAh g−1 [111] 

4 PyN-GDY 1.0 V vs RHE 0.84 V vs RHE 3.75-3.95 6 M KOH 
647 mAh g−1 (OCV 

is 1.5 V) 
[109] 

5 egg-CMS 0.84 V vs RHE 0.69 V vs RHE 3.11   [159] 

6 N-CNF  0.80 V vs RHE 3.97 6 M KOH 
615 mAh g−1 

(operate at 1.25 V) 
[113] 

7 N-CNT-3h 0.95 V vs RHE 0.83 V vs RHE 3.92 6 M KOH 714 mAh g−1 [106] 

8 
2D N-doped carbon 

nanotubes/graphene 
0.92 V vs RHE 0.85 V vs RHE 3.95 

6 M KOH with 

0.2 M ZnAc 
801 mAh g−1

Zn [108] 

9 N, P-CGHNs 0.94 V vs RHE 0.82 V vs RHE 3.9 6 M KOH 712 mAh g−1 [112] 

10 N/S-C 0.948 V vs RHE 0.835 V vs RHE ≈4   [120] 

11 N, S@CM-1000 0.90 V vs RHE 0.76 V vs RHE 3.7-3.9   [122] 

12 NPMCs 0.94 V vs RHE 0.85 V vs RHE 4.0 6 M KOH 735 mAh g−1
Zn [43] 

13 NPS-G 0.96 V vs RHE 0.857 V vs RHE > 3.8 
6 M KOH with 

0.2 M ZnAc 
686 mAh g−1

Zn [57] 

14 Co-N/CNT 0.99 V vs RHE 0.91 V vs RHE 3.85   [164] 

15 Co@hNCTs  0.87 V vs RHE 3.9   [165] 

16 
Co/N doped 

porous carbon 
0.91 V vs RHE 0.81 V vs RHE 3.91   [142] 

17 C-MOF-C2-900  0.82 V vs RHE 3.8-4.0 
6 M KOH with 

0.2 M ZnAc 

741 mAh g−1 

(operate at 1.30 V) 
[143] 

18 3DOM Fe-N-C  0.875 V vs RHE 3.92 6 M KOH 768.3 mAh g−1 [146] 

19 Fe−N/C−700 956 mV vs RHE 840 mV vs RHE 4.02 6 M KOH 727 mAh g−1 [147] 

20 NC-Co3O4 0.91 V vs RHE 0.87 V vs RHE 3.98 
6 M KOH with 

0.1 M ZnAc 

387.2 mAh g−1 

(operate at 1.44 V) 
[135] 

21 PtNi1.3/NC  0.92 V vs RHE 3.94   [134] 

22 Cu@Fe-N-C 1.01 V vs RHE 0.892 V vs RHE 4.0   [145] 

23 CoZn-NC-700 0.98 V vs RHE 0.84 V vs RHE 3.97 
6 M KOH with 

0.1 M ZnCl2 

578 mAh g−1
Zn 

(operate at ≈1.22 V) 
[166] 

24 
meso/micro-FeCo-

Nx-CN 
954 mV vs RHE 886 mV vs RHE    [167] 

25 N-P-Fe-C 957 mV vs RHE 852 mV vs RHE 3.87-3.99 6 M KOH 625 mAh g−1 [161] 

 Pt/C 927 mV vs RHE 826 mV vs RHE 3.88-3.99 6 M KOH 594 mAh g−1  

26 Fe-NiNC-50   3.9 
6 M KOH with 

0.2 M ZnAc 
752.14 mAh g−1 [45] 

 Pt/C+Ir/C    
6 M KOH with 

0.2 M ZnAc 
721.5 mAh g−1  

27 NiFeOx/NP-C-800 0.90 V vs RHE 0.78 V vs RHE 3.86 ± 0.09 
6 M KOH with 

0.2 M ZnCl2 

688 mAh g−1 

(operate at 1.39 V) 
[160] 

28 NPSC-Co2Fe1  0.85 V vs RHE 3.75 
6 M KOH with 

0.2 M ZnAc 
 [168] 

29 SWCNT@NPC  0.85 V vs RHE 3.91 
6 M KOH with 

0.2 M ZnAc 
 [169] 

30 Co3O4/Fe@C2N 0.93 V vs RHE 0.89 V vs RHE  
6 M KOH with 

0.2 M ZnAc 
790.1 mAh g−1

Zn  [139] 

31 Co-Co3O4@NAC 0.935 V vs RHE 0.795 V vs RHE 3.8 
6 M KOH with 

0.2 M ZnAc 

721 mAh g−1 (OCV 

is 1.449 V) 

[136] 
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continued 

No. Sample Onset potential 
Half-wave 

potential (E1/2) 

e− transfer 

number 
Electrolyte type Specific capacity Reference 

32 Fe/Fe5C2@N-C-1000  0.85 V vs RHE 3.84 6 M KOH 
732 mAh g−1

Zn 

(operate at ≈1.1 V) 
[170] 

33 (Zn, Co)/NSC 1.07 V vs RHE 0.893 V vs RHE 3.90   [171] 

34 Fe-MOF@CNTs-G 0.970 V vs RHE 0.873 V vs RHE  
6 M KOH with 

0.2 M ZnAc 
637.4 mAh g−1 [148] 

35 Co@NC/rGO 0.98 V vs RHE 0.86 V vs RHE 3.98-4.0   [141] 

36 FeNi/N-CPCF  0.864 V vs RHE 3.98-4.00 
6 M KOH with 

0.2 M ZnAc 
751 mAh g−1 [87] 

37 CoFe/N-GCT 0.91 V vs RHE 0.79 V vs RHE 3.91   [129] 

 

The waste biomass resources existed in all countries and 

regions. It is believed that sufficient biomass resources can be 

recycled and utilized to promote the novel ORR catalyst and 

further extend to the Zn-air battery.[161] The composition, 

electron transfer number and properties of selected carbon-

based catalysts are shown in Table 1. Most of the carbon-based 

catalysts exhibit comparable electrochemical performance to 

the noble metal-based catalysts. 

 

7. Summary, challenges and perspectives 

Zn-air batteries will undoubtedly attract the interests of 

researchers for a long time in the future because they meet the 

urgent requirements of social development on energy with 

prominent advantages of environmental friendliness and 

desirable energy density. Moreover, the development of 

carbon-based catalysts with low cost and high efficiency is a 

crucial factor in the popularization of this kind of energy 

storage device. In this paper, the research progress of carbon 

composites as ORR catalyst and their performance evaluated 

by the metal-air batteries in recent years have been reviewed. 

The structure improvement, composition optimization, 

synthesis strategy and functionalization of carbon-based 

catalyst have been systematically analyzed. The developments 

of the carbon-based catalysts show following characteristics: 

(i) Initially, the researches of carbon materials mainly 

focused on the graphene and CNTs. Moreover, the structure of 

carbon materials was relatively simple and mostly sheet or 

tube-like. With the selection of carbon sources and the gradual 

diversification of synthesis routes, the structure of carbon 

materials exhibits difference morphologies, such as bamboo 

shape, spherical shape, bowl shape, etc., and hierarchical 

hybrid structure. 

(ii) Various species can replace noble metal Pt. In other 

words, metal atoms, alloys, non-metal atoms and transition 

metal oxides can combine with carbon materials to form 

catalysts with excellent catalytic performance.[162] Pt/C has 

been transformed from the leading role of research to a 

standard for performance comparison. Gradually, metal-free 

carbon-based catalysts and co-doped carbon-based catalysts 

have become the hotspots. 

(iii) The function of carbon materials in the composite 

catalyst has changed obviously. In addition to the supporting 

function, it also reveals the synergistic effect to promote the 

catalytic performance of the ORR. The carbon materials doped 

with nonmetal heteroatoms are promising to provide excess 

catalytic activity.  

(iv) Carbon-based composite catalysts show excellent 

electrocatalytic performance. In addition, the Zn-air battery 

with this kind of cathode shows comparable specific capacity, 

cyclical stability, and corrosion resistance corresponds to 

noble metal-based catalyst cathode. 

Although great breakthroughs in the research of carbon-

based catalysts have been made in recent years, there are still 

some obstacles to achieve the goal of real application or large-

scale production, and the main challenges are as follows: 

(i) At present, there is no unified conclusion for the 

location of catalytic active center in carbon materials doped 

with heteroatom elements, and the fundamentals of improving 

the catalytic performance still need further explorations.  

(ii) Rechargeable battery is considered as one of the main 

research topics. The design of bifunctional carbon-based 

catalyst with high activity, high stability and high 

compatibility for rechargeable Zn-air batteries need to be 

further developed. 

(iii) So far, most of the successful projects of carbon-based 

catalytic materials have been completed in the laboratory, 

relevant studies are urgently required to improve the technical 

maturity for real application or large-scale production in 

factory. 

(iv) It is also important to pay attention to the economical 

and environmentally friendly biomass-derived carbon 

materials. In addition, there is no efficient method until now 

to control the contents of doped or decorated elements in 

biomass carbon materials. 

Although significant progress has been made in the 

development of novel ORR catalysts such as metal/carbon, 

nonmetal atom/carbon, metal oxide/carbon and metal-metal 

oxide-nonmetal atom carbon materials in recent years, it is still 

necessary to optimize the synthetic process and introduce 

more suitable raw materials as well as further understanding 

the mechanism of performance improvement. Doubtlessly, 

reasonable structure design, elements and component 
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optimization and synthetic process simplification will 

overcome the shortage of state-of-the-art carbon-based ORR 

catalysts and apply to the Zn-air battery as well as other energy 

storage devices. 
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