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Abstract 
 

In the last decade, Li–O2 batteries have been a research focus due to its ultrahigh energy density as 

chemical power sources and being rechargeable through oxygen reduction and evolution reactions. 

Besides catalyzing the oxygen reduction and evolution, the rationally designed air-cathode to 

accommodate the insoluble discharge products and allow efficient transfer of reactants is critical for Li–O2 

batteries. To date, the development of a wide variety of electrocatalyst has driven the application-directed 

research in Li-O2 batteries. This review provides a comprehensive overview of the O2-electrodes for Li-O2 

batteries, with an emphasis on the O2-electrodes synthesis, working mechanism, and overall performance 

evaluation. The aim of this review is to afford a better understanding of Li-O2 cathodes and to provide 

guidelines for researchers to design and construct high-performance, easy-to-use cathodes for Li-O2 

batteries.   

 

Key words: oxygen electrocatalysis, O2-electrode, fuel cell, Li-O2 battery 

 

 

  



  

 

3 

 

Introduction 

 

The global energy consumption is increasing rapidly driven by economic development and 

population growth. With the emerges of applications that require energy storage devices with specific 

energies beyond that of Li-ion batteries, researchers are currently putting increasing efforts in 

developing post-lithium-ion batteries to act as the next generation batteries for applications such as 

mobile devices, electric vehicles, and the energy storage of intermittent energy from the wind or 

solar power. Metal-air batteries are among the candidates for such system with greatly increased 

specific energy compared to that of Li-ion batteries. Since one of the reactants (O2) is not stored in 

the cell but accessed from the environment, the energy density of metal-air batteries is significantly 

higher than that of Li-ion batteries.[1] Metal-air batteries can be classified according to the 

electrolyte into two types, one is aqueous electrolyte systems such as Zn-air batteries, and the other 

one is organic electrolyte systems, such as Li-O2 batteries. Lithium is the lightest metal element, 

combining with the fact that Li-O2 cells have the highest theoretical voltage out of all metal-air 

batteries currently being studied, gives Li-O2 batteries a high theoretical energy density of 

approximately 11 680 Wh kg
-1 

(based on the Li electrode alone), nearly equal to gasoline. The high 

theoretical capacity has led to extensive studies on Li-O2 batteries. Typical Li-O2 batteries are 

composed of a Li metal anode, a separator soaked in ionic conducting electrolyte, and an air cathode. 

During discharge, the Li anode is oxidized, forming dissociated metal ions and releasing electrons to 

the external circuit. On the air cathode, O2 from the air diffuses through the porous carbon electrode, 

accepts the electrons generated from the anode, and is reduced to an oxygen-containing compound in 

the presence of catalysts. The process reverses during charging: the metal recovers at the negative 

electrode while oxygen is regenerated, evolving at the positive side.  

The O2-cathode is generally considered the dominating factor affecting the performance of Li-O2 

batteries. The sluggish oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) 

together with the limited reactant diffusion to the catalytic active sites lead to a high polarization of 
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the cell, which means the cell voltage drops quickly with increasing current density. Therefore, many 

research efforts have been dedicated to the investigation of catalytic active materials for ORR and 

OER, cathode reaction mechanism, the design of electrode structure for efficient mass/charge 

transport in hope of developing rechargeable Li-O2 batteries with low charge/discharge polarization, 

high discharge capacity, high round-trip efficiency, good rate capability and high-power output.  

One of the most profound effects of using aprotic electrolytes is that Li
+
 ions migrate to the cathode 

during discharge, forming insoluble discharge products. Hence, besides catalyzing the 

electrochemical reduction and evolution of O2 (ORR and OER), the porous air cathode also acts as 

the reservoir for the insoluble discharge products. A cathode with suitable pore structure for the 

reversible deposition of discharge products and O2 permeation is highly desired since the number of 

insoluble discharge products stored in the O2-electrode determines the overall capacity and energy 

density of the cell.[2] Although ORR and OER can take place on porous carbon-based cathode 

without catalysts, they are both sluggish, leading to high polarization and thus low specific power 

density. Efficient catalysts for the O2-electrode are essential in improving the Li-O2 battery 

performance.  

The cathode of Li-O2 batteries is one of the most expensive cell components, and a key factor 

determining its performance. An effective cathode is crucial to maximizing the performance of a 

Li-O2 battery. There have been several excellent reviews on Li-O2 batteries in the past few years, 

including general reviews on Li-O2 batteries,[3, 4] fundamental understanding of the OER and ORR 

electrochemistry,[5] electrocatalysts,[6, 7] solid-state Li-O2 batteries,[8] carbon cathodes[9-11] and 

other nanomaterial cathodes,[12] Li metal anodes,[13]  non-aqueous electrolytes,[14] and their 

comparison with Li-S batteries[15], Zn-air batteries.[16], and Na-O2 batteries[17]. Therefore, we will 

not repeat these works but instead, focus on reviewing recent progress of the hierarchical Li-O2 

cathodes, including O2-electrodes synthesis, working mechanism and overall performance evaluation. 

In this paper, we intend to review the fundamentals and the most recent and significant research 
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progress in the development of hierarchically structured air-cathodes for Li-O2 batteries, which have 

thus far received the most attention. We will begin with the reaction mechanism of O2-cathode and 

the operating principles of the catalyst of O2-electrodes. The design and optimization of O2-cathode 

by adopting hierarchical and free-standing structures will then be discussed. Finally, the current 

challenges and outlook of the hierarchical O2-cathodes will be presented. The aim of this review is to 

afford a better understanding of Li-O2 cathodes and to provide guidelines for researchers to design 

and construct high-performance, easy-to-use cathodes for Li-O2 batteries.   

2. Battery configuration and O2-cathode construction principle 

A Li-O2 battery is made of a Li anode, a porous catalytic air cathode, and an electrolyte. Although 

aqueous Li-O2 or Na-air battery can be made using specially designed water-resistive protection layer 

on Li or Na to avoid the reaction with water, the mainstream of Li-O2 battery research is focused on 

the nonaqueous Li-O2 battery due to the advantages of energy density (3212 Wh kgLi2O2
−1 

for Li-O2
[18]

 

vs.1677 Wh kg
−1

for Na-O2), and moderate equilibrium potential (2.96V for Li-O2 vs 2.3V for Na-O2), 

[19] cycle life and rechargeability over aqueous systems. The first Li-O2 battery was fabricated in 

1996 by Abraham and Jiang, utilizing a Li metal anode, a carbon composite cathode, a Li
+
 

conductive organic polymer electrolyte membrane, and a non-aqueous electrolyte.[20] The effect of 

electrolyte and O2-electrode construction on an aprotic Li-O2 cell performance was later investigated 

by Lead et al,[21] and then Bruce et al. in 2006 demonstrated the cyclability of Li-O2.[22, 23] Metal 

oxides have been identified as effective cathode catalysts, such as Fe2O3, Co3O4, CoFe2O4,[24] and 

MnO2.[25] As Li metal is highly reactive with water and oxygen dissolved in the electrolyte, hence 

studies on Li-O2 battery mainly focus on cells using aprotic electrolytes, similar to that of 

conventional Li-ion batteries. However, in 2004, Polyplus Battery Co. demonstrated that Li-O2 

battery could also be operated in aqueous electrolytes with a protective water-stable glass or 

glass-ceramic thin layer (LiSiCON, LiM2(PO4)3) coated on the Li electrode which could chemically 

isolate electrochemically active Li metal from the aqueous electrolyte and atmospheric 
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contaminations.[26-28] The aqueous design can avoid the clogging of the porous carbon cathode 

because the reaction products are generally water-soluble unless high discharge rate or very low state 

of charge was achieved, in which case lithium hydroxide monohydrate may precipitate. The aqueous 

electrolyte system is usually composed of artificial solid electrolyte interface (SEI) protected Li 

metal anode, aqueous electrolyte, and the air cathode, with the reaction mechanism different from 

non-aqueous Li-O2 batteries. The artificial SEI placed between the Li and the aqueous electrolyte is 

highly conductive to Li ions but impervious to liquids and gases. A hybrid electrolyte Li-O2 battery 

was further developed by Wang and Zhou,[29] who utilized a Mn3O4-catalysed O2-electrode in the 

aqueous alkaline electrolyte as the cathode and a Li metal in the non-aqueous electrolyte as the anode. 

The cathode and anode were separated by a water-stable, Li super-ionic-conducting (LISICON) 

ceramic film. The pure solid-state Li-O2 battery was first developed in 2010 by Kumar et al. It 

consisted of a Li metal anode, a high surface area carbon-composite air cathode, and a highly Li-ion 

conductive solid electrolyte membrane laminate fabricated from glass-ceramic and polymer-ceramic 

materials.[30] Although this cell prototype had high thermal stability and rechargeability in the 

temperature range of 30-105 
o
C, its ionic conductivity in the glass-ceramic electrolytes is much lower 

than that of liquid electrolytes. In the following sections of this review, the focus will be put on the 

aprotic Li-O2 battery due to the different requirements of the cathode materials and battery chemistry 

between aprotic and aqueous systems. Hybrid cell construction is out of the scope of this review.  

Abraham et al. proposed a reaction mechanism for the aprotic Li-O2 system in their 1996’s work, 

in which O2 was reduced during discharging to form Li2O2 or Li2O, while the lithium oxides were 

electrochemically decomposed to Li and O2 during charging. Further studies showed that the 

reduction of O2 at the cathode is complex, proceeding in stepwise manner:[31, 32] 

     
                                              Eq. 1 

 

followed by   
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                                                    Eq. 2 

and/or  

       
                                             Eq. 3 

 

 

It is also possible that O2
2– 

is fully reduced to O
2-

: 

         
                                            Eq. 4 

   

In Eq. 1, the O2 is irreversibly reduced to form LiO2 through a one-electron process, which either 

disproportionate to form Li2O2 and O2 (Eq. 2) or is further reduced to form Li2O2 (Eq. 3). The major 

discharge product at the cathode side is Li2O2 with a small portion of Li2O is also formed as a 

possible ultimate product, as indicated in Eq. 4. However, it is not favored kinetically, as it requires 

the full cleavage of O–O bond[33], which is sluggish and causes a large overpotential. Therefor in 

many cases, Li2O2 is regarded as the final discharge product and the oxygen chemistry in Li-O2 cells 

are not involving the breaking and formation of O–O bonds.[4, 34]. Furthermore, the reduction of 

Li2O2 to Li2O gives high polarization due to the electrically insulating property of Li2O2.[35]  

The reduction of O2 in non-aqueous electrolytes occurs via the formation of superoxide O2
- 
(Eq. 

1-3). The process is facile with low (~0.3V only) over-potential since the process does not involve 

the cleavage of the O-O bond while the weakly adsorbed O2
- 

species can dissolve in organic 

electrolyte easily. In this case, the electrode may work mainly as an electron transfer media and 

hence the ORR activity is catalytically active on Pt, Au, or carbon electrodes.[36] However, the OER 

process is much slower than the ORR, with a rather high over-potential over 0.5V even in the 

state-of-the-art Li-O2 battery as shown in Figure 1. The high voltage may cause the decomposition 

of propylene carbonate electrolyte and a low energy efficiency for the cell. The round-trip efficiency 

(η=Vcharge/Vdischarge) is ˂75 % for Li-O2 battery, significantly lower than that of Li-ion batteries (> 

90%). Reducing the energy loss and increasing the round-trip efficiency through reducing the OER 



  

 

8 

 

overpotential is one of the most important objectives for Li-O2 battery. It is worth to note that, no 

significant improvement in OER kinetics was observed even on precious transition metal catalyst. 

 

Figure 1. Typical discharge/charge profiles, round-trip efficiency and involved battery reactions of a 

Li-O2 battery.
[37]

 

Although a complete reduction of O2 to Li2O yields the largest capacity, Li2O2 is the most 

frequently observed discharge product in literature because it is the thermodynamically favored 

product. Formation of Li2O2 as the final discharge product reduces the energy density of Li-O2 from 

5200 Wh kg
-1

 (with Li2O as the final reduction product) to 3600 Wh kg
-1

.[38] Crystalline Li2O2 is 

essentially insulating. However, the partial delithiation states, or Li
+
 deficiency with ~0.1V 

overpotential result in an order of magnitude increase in conductivity.[39] Therefore Li2O2 is 

electrochemically reversible and decomposes directly into Li
+
 and O2 during charging, while Li metal 

is deposited on the anode.[2, 40] It may also lead to the blockage of the pores of the carbon cathode, 

prohibiting the intake of O2. There are two forms of the primary discharge products, e.g. Li2O2. One 

is insoluble film on cathode surface, and the other is Li2O2 particles or intermediates distributed in 

solution. The Li2O2 particles in solution which disproportionate from soluble LiO2 lead to high 

capacity and preventing cell death. In order to realize producing of discharge products in solution, 

the employment of solvents or salts with high donor numbers that dissolve LiO2 intermediates are 

highly recommended.  Thus, the intermediate product that dissolved in the electrolyte gave high 
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round trip-efficiency and better cycle performance than the product that deposited on cathode 

surface.  

 

 

Figure 2 (a) Li-anode and air-cathode potentials vs Li
+
/Li of a three-electrode Li-O2 cell at 0.2 mA 

cm
-2

.[41] The distribution of electrolyte inside cathode pores for fully-saturated (b) and fully-wetted, 

partially saturated (c).[42]  

In most cases, the performance limitations of Li-O2 cell such as discharge power and capacity 

come from the cathode side. As shown in the potential distribution of Li-O2 cell (see Figure 2a), the 

voltage of anode is maintained at ~ 0.02 V vs. Li
+
/Li, while the most of the voltage drop comes from 

the air cathode part.[41] Like other energy storage and conversion devices based on similar principle, 

the limiting factor in Li-O2 batteries is the sluggish cathode reaction, whose power capability is 

determined by the diffusion and reduction kinetics of O2. The coverage of the catalyst surface and the 

pore clogging by the discharge products (Li2O2 and Li2O) usually lead to the increase of the 

impedance of the O2-electrode progressively with cycle numbers, which can be the limiting factor of 

the capacity of a Li-O2 cell if the cell contains excess Li metal anode. For aqueous electrolytes, the 

O2-electrode remains partially dry and a three-phase interface system is formed, which has balanced 

hydrophobicity and hydrophilicity. The nonaqueous Li-O2 battery also requires the formation of 
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triple-phase boundaries, which optimize the electrolyte distribution and transport of reactants 

(Figure 2b).[42] The O2 diffuses through gas-filled hydrophobic pores into three-phase boundary 

reaction zones where ORR reaction occurs. The three-phase boundaries within partially-wetted 

cathode is able to reach a discharge capacity 60% higher than that of a conventional fully saturated 

cathode. The fully wetted electrode will limit transport of oxygen from air side to separator side, the 

cathode pores in air side are more easily clogged by Li2O2 product due to the accumulation and 

favorable ORR reaction in oxygen abundant air side. Therefore, high performance cathode surface 

should have uniform concentration distribution of both oxygen and Li ions. The fully-wetted cathode 

surface is partially-saturated in microstructure, which facilitate gaseous oxygen transport from the air 

side to the inner side. Shortening diffusion distance of the O2 in the liquid phase is critical to 

improving the battery’s power density while the pores partially saturated so the O2 can diffuse 

quickly through the gas pathway. On the other side, the insoluble discharge products i.e. Li2O2 or 

Li2O particles, as large as 100-1000 nm, which aggregate the O2-electrode can easily block O2 

diffusion and gradually shut off the battery reactions. Therefore, cathode materials must be optimum 

microstructure with a well-defined pore structure to host discharge products.  

The ultimate target for developing Li-O2 batteries should be Li-O2 batteries which can breathe O2 

from the environment. Except for the O2 fuel, the other constituents of air such as N2, Ar, H2O, and 

CO2 have different effects on the operation of the Li-O2 battery. The conventional cathode voltage of 

~ 3V does not activate the electrochemical reactions of N2 and Ar with Li. Lim et al., reported that 

the CO2 has high solubility in organic solvents easily activated by the high dielectric electrolyte and 

yield Li2CO3, which can be reversible over multiple cycles.[43] However, other report indicated that 

in ambient air, water molecules in the air can permeate through the O2-electrode to react with Li2O2 

and generate LiOH, which then reacts with CO2 to form Li2CO3. The capacities of Li-O2 batteries 

increased with the growth of humidity value, but greatly aggravates the cyclic ability and rate 

performance due to the formation of LiOH, Li2CO3 and morphology change of the discharge 
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products.[44] The Li2CO3 is more chemically stable than Li2O2, and its accumulation accelerates the 

failure of the Li-O2 battery. Therefore, most of the studies of Li-O2 batteries work in pure oxygen, 

and is more reasonable to be described as “Li-O2” batteries. Recently, Wang et al., reported Li-O2 

battery with 610 cycles operated in ambient air with low-density polyethylene film to prevent water 

erosion and a gel electrolyte containing LiI.[45] Therefore, in this review, the Li-O2 batteries and 

O2-electrode are referred for those Li-O2 batteries measured with pure oxygen or dry N2/O2 as 

feeding gas, unless mentioned. 

The stability of Li anode is another challenge in the development of Li-O2 batteries. Li dendrite 

growth may cause short current and severe safety issues, while parasitic reactions and unstable SEI 

will deplete the Li metal and reduce the cycling performance. Methods such as the adoption of 

nanostructured alloy anodes, surface-modified films, electrolyte additives, ion-selective separators 

and membranes/scaffolds, [46] inorganic[47] and polymer protection layer[48], and solid electrolytes 

[49] have been investigated by many researchers. Recently, Qiu et al. found that the growth of Li 

dendrites can be suppressed by cycling in the O2-rich electrolyte to form mechanically strong solid 

electrolyte interphase layers.[50] However, improvement of the Li metal anode is out of the scope of 

this review. 

3. Reaction mechanism in O2-cathode 

The OER and ORR are both multi-electron complex processes which are very sluggish in the 

absence of a catalyst. The use of efficient catalysts for the O2-electrode can greatly improve Li-O2 

batteries’ performance. The electrocatalysts for air cathode can be roughly classified into the 

following four categories: (1) noble metals and their alloys, for example, Pt, Au, and Pt3Ni; (2) 

transition metals and metal macrocycle complex such as Ni and FeCu-phthalocyanine;[51, 52] (3) 

single or binary, ternary metal oxides,[52] sulfides,[53, 54] such as Co3O4, NiCo2O4, La0.6Ca0.4CoO3 

and (4) heteroatom-doped carbon nanomaterials,[55] including nanostructured carbons and doped 

carbons.[56] 
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There are two models proposed for the formation of discharge product, one involves the formation 

of toroidal Li2O2 particles from chemical disproportionation of the intermediate LiO2 from solution 

phase, the other describes the production of film-like Li2O2 on the electrode surface.[57-59] Under 

recharging at the electrode/electrolyte interface, oxygen anions are effectively pushed out of the 

reaction layer, which associate with solvated Li
+
-ion and subsequently disproportionate with LiO2 

yielding Li2O2.[60] Raman spectroscopy provides evidence that the disproportionation mechanism 

occurs during discharge, and the toroids are made up of outer LiO2-like and inner Li2O2 regions, 

which lead to oxygen-rich LixOy stoichiometries (i.e., x<y).[61] These two mechanism models are 

driven by the stability of the superoxide anion in solution, which in turn depends on solvent donor 

number (DN),[62, 63] electrolyte cation Lewis acidity,[64] and applied current/overpotentials.[63, 65] 

Bruce et al.[57] proposed the reaction pathway depends on the DN of electrolyte, which could be 

positively correlated with the solvating property of electrolyte for the Li
+
 and Li

+
-containing species. 

LiO2 formed by a one-electron reduction exists in both electrolyte and electrode surface, which obey 

the equilibrium of LiO2*↔ Li
+

( sol) + O2
-
( sol) + ion pairs + higher aggregates (LiO2* represents 

surface-adsorbed LiO2). The high DN solvents contribute to strong solvation of Li
+
 and 

Li
+
-containing species, the dissolving free energy change (ΔG°) will be less than zero, which move 

the equilibrium to the right, yielding solution-dominated LiO2. On the contrary, in low-DN solvents, 

the solvation is decreased and the equilibrium moves to the left (ΔG° > 0), making most of the LiO2 

precipitate on the cathode surface (Figure 3a). 
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Figure 3. (a) The proposed ORR mechanism of the Li-O2 battery.[57] (b) Schematic illustration of 

discharge mechanisms in different solvents with high and low DN.[66] 

 

Film-like Li2O2 formed on the electrode surface when the second-electron reduction of LiO2* occurs. 

The toroidal Li2O2 particles form when soluble LiO2 disproportionate in the electrolyte and 

undergoes continuous precipitation on the electrode surface (see Figure 3b), which is denoted as a 

solution-mediated pathway. Notably, these two mechanisms can affect the morphologies of the Li2O2 

and the discharge capacity of the Li-O2 battery.[66] The film-like Li2O2 easily passivate the active 

regions of the electrode surface during the discharge, which rapidly increases the battery resistance 

and eventually decreases the cell capacity. The toroidal type Li2O2 grown in high-DN electrolyte 

delivers an increased capacity in Li-O2 cells (see Figure 3b). The low DN solvents and hard Lewis 
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acid cations, like free Li
+
 ions, facilitate the surface mechanism, and superoxide disproportionate to 

form film-like peroxide. The super-concentrated solutions not only provide improved O2 solubility 

but also favors the solution formation of Li2O2 during discharge.[67] Recently, Sharel et al. utilizing 

scanning electrochemical cell microscopy reveal that the Li2O2 oxidation occurs at lower onset 

potential (~2.77 VLi/Li+) with a 9 times higher peak current density for oxidation process for the 

the-toroidal-structured electrode, compared with the Li2O2 layered structure (onset potential of 3.25 

VLi/Li+).[68] 

In order to achieve a high energy density, the cathode of Li-O2 can be substantially filled with 

Li2O2 after discharge. Therefore, the capacity of Li-O2 battery is determined by the amount of 

discharge products that can be hosted by the cathode. However, the ostensibly insulating Li2O2 may 

constrain the capacity and rate capability of Li-O2 cells. The Li2O2 in very thin film allow electron 

tunneling through, while this mechanism is not applicable for the dense films of Li2O2 or large 

particles above 5 nm.[69] In many experiments shown the discharge particles have a diameter over 

100 nm, and high capacity values have been achieved. First-principles calculations indicate Li
+
 

vacancies introduce holes in the valence band, and there present metallic states in or on the surface of 

Li2O2 during charge.[70] Therefore, although crystalline Li2O2 is insulating, the electron transport 

through Li2O2 during Li-O2 operation is not a rate-limiting step. The Li2O2 delithiate during charging 

and continuously increase the conductivity with each overpotential increment of ~0.1 V increase the 

conductivity by an order of magnitude (Figure 4).[39] Radin et al. further identified Li
+
 vacancies 

and small hole polarons are the dominant charge carriers and lead to the increase of conductivity of 

Li2O2.[39] The thin Li2O2 product decomposes at low potentials via electron tunneling, and thick 

deposits decomposing at moderately high potentials via polaron hopping.[71] The morphology, 

particle size and distribution of Li2O2 in the cathode side has a significant effect on the round-trip 

efficiency, and high overpotentials are required to recharge thick Li2O2 particles. As high capacities 

inevitably produce a large amount of Li2O2, minimizing charging overpotential while maximizing 
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capacity will require the control over the structure of air-cathode electrode, avoiding the generation 

of bulk Li2O2, producing multiple grain boundaries and nanostructuring with amorphous regions,[72] 

etc.  

 

 

Figure 4. The two-stage recharge mechanism for a Li-O2 cell.[39]  

 

The electrocatalyst does affect ORR and OER kinetics and activity. However, proper pairing with 

non-aqueous electrolyte is essential to maximize those benefits.[73] Although ether-based 

electrolytes do form Li2O2 during the first discharge, they also decompose and lead to capacity 

fading upon cycling.[74] Some other solvents, such as dimethylformamide (DMF), 

dimethylacetamide (DMA), N-methyl-2-pyrrolidone (NMP) and acetonitrile reacts with Li metal and 

causes unstable anode-electrolyte interface. Most of these solvents react chemically with superoxide 

species[75-77] and Li2O2,[78] as demonstrated in experimental and theoretical studies. Organic 

carbonate-based electrolytes (e.g., LiPF6 in propylene carbonate) have been the most widely used in 

Li–O2 cells to date. However, they tend to decompose during discharge to form Li2CO3, 

C3H6(OCO2Li)2, CH3CO2Li, HCO2Li, CO2, and H2O; while the oxidation of these compounds during 

charging are not fully reversible.[79-83] The accumulation on Li anode, and in the cathode side 
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result in capacity fading and eventually cell failure. The tetra(ethylene) glycol dimethyl ether 

(TEGDME) and dimethyl sulfoxide (DMSO) are more stable to reduce O2 species than organic 

carbonates.[43, 73, 84-86] When paired with noble metal catalyst, the DMSO solvent yielded higher 

ORR onset potentials than TEGDME and DME.[73] Pt, Pd, and Cu(II) oxide catalysts catalyzed 

TEGDME and lithium triflate, and carbon cathode decomposes as evidenced by CO2 evolution.[85] 

Pt and Pt-graphene hybrids have been reported to induce electrolyte decomposition in 

LiCF3SO3-TEGDME electrolyte.[86] DMSO can increase the solubility of reaction intermediates to 

provide reversible formation of Li2O2, however, it also reacts with Li2O2 and forms LiOH, leading to 

the morphology change from toroidal or dis-like to flake-like particles.[78] Superoxide also reacts 

with polyvinylidene difluoride (PVDF) binder, which highlights the importance of having 

free-standing cathodes.[87, 88] The decomposition of unstable nonaqueous electrolytes leads to the 

formation of an insulating coating on the electrode surface that increases the overpotential. That 

would in turn accelerate the decomposition of electrolytes and the vicious circle continues till the 

end.  

Selection of additives could enhance the performance of the Li-O2 battery. McCloskey et al. found 

that adding lithium nitrate (LiNO3) to the electrolyte can change the morphology of the Li2O2 to the 

toroidal shape in the solution-mediated pathway due to the presence of NO3
- 
which increases the 

donicity of the solution.[89] Small amount of water in the electrolyte can dissolve the LiO2 on the 

electrode surface,[58] and further enhance the Li-O2 cell performance.[44, 90, 91] However, Kwabi 

et al. suggested the water may reduce the nucleation rate of the Li2O2, and produce large crystal of 

Li2O2.[90] Very recently, Zhou et al. demonstrated the addition of water can convert the intermediate 

from high active O2
-
 to the moderate HO2

-
 species, which efficiently inhibits side reactions.[91] 
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Figure 5. The structure of ORR discharge product as a function of current density. Cell discharged at 

25 µA cm
-2 

then charged at different rates from 5 to 100 µA cm
-2

 (black, blue, red, green and pink 

color are 5, 10, 25, 50 and 100 µA cm
-2

 respectively). Comparison of a cell fully discharged at 100 

µA cm
-2

 (pink) then charged at 10 µA cm
-2

 with a cell discharged at 25 µA cm
-2

 to a similar capacity 

(red dotted curve) and charged at 10 µA cm
-2

.[65] 

The redox mediator (RM), also called soluble catalyst, could mediate the electrochemical reaction 

in the electrolyte and has been reported in recent years. During the discharge, the ORR RM would 

preferentially accept electrons from the cathode to form the RM
-
, and further chemically reduce the 

O2 in the electrolyte to O2
-
, which then involves the next reactions mentioned above.[37] Because the 

redox potential of the couple of RM/RM
-
 are higher than the O2/O2

-
, the discharge voltage of a Li-O2 

cell can be controlled and upshifted with the aid of proper RM. An ideal RM is expected to have an 

oxidation potential slightly above the equilibrium potential of Li2O2 formation (2.96V) and fast 

charge-transfer kinetics with Li2O2, together with good stability and high diffusion coefficient. The 

tetrafulvalene (TTF),[92, 93] LiBr,[94] tris[4-(diethylamino)-phenyl] amine,[95] 
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5,10-dimethyphenazine[96] 2,2,6,6-tetramethylpiperidinyloxyl[97, 98] have been reported as 

efficient RMs. These RMs effectively decrease the charge potential from 4.3-4.5V vs. Li/Li
+
 to 

3.3-3.6V vs. Li/Li
+
.[94] Yang et al. investigated the formation and decomposition of Li2O2 in the 

presence of TTF mediator by real-time and real-space scanning transmission electron microscopy. 

They propose the TTF originally oxidized at the exposed electrode surface and the resultant TTF
+ 

molecules diffuse into the neighboring Li2O2, not necessarily in Li2O2/electrode interfaces, but from 

the exposed electrode/electrolyte interface near the uncovered electrode surface.[99] That explains 

why the Li-O2 battery can not operate at fully discharging mode practically. The electrode will be 

completely passivated and unable for recharging if the electrode surface is fully covered with Li2O2. 

The partially covering of electrodes with Li2O2 has reserved electrode/electrolyte interfaces, which 

benefit the subsequent redox-mediated Li2O2 oxidation. As the solution mechanism of discharging 

tends to form large toroidal Li2O2 particles, the electrodes with a high surface area for 

accommodation of Li2O2 without fully covering the surface are highly desirable.     

 

 

Figure 6. The proposed OER mechanism of the Li-O2 battery.
[100]

 

 

Based on the net electrochemical reaction 2Li 
+
+ O2 +2e

-
   Li2O2 with a thermodynamic 
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potential of U0=2.96V from Nernst equation.[101] As widely reported in earlier reports, 

overpotentials at the cathodes are typically ~0.3V on discharge, but high as 1-1.5V on charge.[102] 

The high overpotentials for ORR and OER process, together with the formation of chemically 

reactive intermediates are the main reason for battery instability. To lower the OER overpotentials, 

many efforts have been dedicated to improving the kinetics of ORR process,[103] which governs the 

structure of the Li2O2 product and determines the OER characteristics. The physical and chemical 

properties of the Li2O2 product strongly depend on the discharge depth, overpotentials,[103] current 

densities,[65] etc. For example, the fast discharging process produces quasi-amorphous peroxide film 

and slow discharge rate product crystalline toroid morphologies from solution phase (Figure 5 a).[65] 

In their experiments, at a current density higher than 25 µA cm
-2

, no toroid are observed. The Li2O2 

as-generated are mostly located on electrode surface in poorly crystalline form. They found these 

quasi-amorphous peroxides film is easily oxidized than crystalline toroid Li2O2. On one side, the 

presence of Li
+
 deficiencies yield p-type conductivity;[39] on the other side, the thin film in 

nanometer scale (<5nm) allows electron tunneling to enhance the charge transfer. The high active 

surface area with an improved conductivity that can support peroxide quasi-amorphous film 

formation will enable better rate capability and lower charge overpotential (Figure 5b and c). 

Increasing the solubility of Li2O2 by selection of electrolyte and using of additives to inhibit 

passivation of cathode surface are other valuable directions to reduce the OER overpotential.[47, 58, 

92, 104] Liu et al., operated time-resolved OER for Ru/MnO2 using operando synchrotron radiation 

powder X-ray diffraction. They found the OER in a cell with the 2 wt% Ru/MNT charged at 4.3 V 

run even faster than that with home-made Ru nanoparticles. The cell charged at 4.3 V exhibited the 

fastest OER kinetics (k4.3V=11.6391 h
-1

), compared to those charged at 4.1 V (k4.1V=2.4217 h
-1

) and 

4.5V (k4.5V=6.6829 h
-1

).[105] Therefore, the charge potential is important to meet the kinetic 

requirement of OER and restrain side reactions. 

Large grains of discharge products can improve discharge capacity and power, but the regions of 
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large discharge products particles far from electrode surface are difficult to be oxidized efficiently. 

With large discharge product particles decomposing at higher overpotentials it will be challenging to 

achieve both high capacities and high round-trip efficiency simultaneously.[39] Li-O2 recharge 

process observed under in-situ TEM showed that the oxidation of Li2O2 started from the MWCNT/ 

Li2O2 interface within individual particles, not at the Li2O2/electrolyte interface. This indicated that it 

is the electronic but not the Li
+
 transport that governs the recharge behavior of Li-O2 batteries 

operating at the high rates.[106] At low overpotentials, both transport process and surface electron 

transfer kinetics influence the oxidation rates. The OER process of the Li-O2 battery is very complex, 

with three stages associating with different electrochemical reactions (see Figure 6). The low 

overpotential (<400 mV) may be ascribed to the deintercalation process via a solid-solution route 

from the Li2O2 to form LiO2-like species on the surface (Li2O2 → LiO2 + Li
+
 + e

-
). The LiO2 like 

species further disproportionate to evolve O2 (2LiO2 →Li2O2 + O2), yielding an overall 2e
-
/O2 OER 

process (Li2O2 → 2 Li
+
 + O2 + e

-
) with large flat potential plateau via a two-phase transition (Figure 

6).[100] The oxidation of the bulk of Li2O2 particles to evolve O2 via a two-phase transition process 

is also supported by in-situ differential electrochemical mass spectrometry study and the evolution of 

O2 with the flat charge plateau was observed with carbon catalysts.[83] The potential rises sharply 

toward the end of charge (stage III) are likely related to the decompositions of both carbonate-type 

byproducts and electrolyte to evolve CO2 at a potential of ~ 3.8 V. The stage II is characteristic for 

Li-O2 batteries, which can be influenced by several factors, such as charging rate, depth of discharge, 

the presence of catalyst, selection of electrolytes and etc. For example, the electrochemical oxidation 

kinetics of Li2O2 can be significantly promoted by Pt and Ru catalysts in electrode preloaded with 

Li2O2.[107] Increasing the discharge capacity and charging rate led to the increase in charging 

voltages in this stage, which can lead to the formation of the thicker Li2O2 layer, and the structural 

changes at different rates, respectively. 

It is worth to note that the OER process is less affected by the catalysts. However, the charge 
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voltage, the discharge capacity, and the capacity retention of the OER process are substantially 

dependent on the catalyst.[24] The lowest OER charge potential is 3.44 V for the Co3O4 catalyst 

supported on nickel foam.[108] On the contrary, MnO2 was reported to be effective for ORR, but less 

effective for OER.[109] Similarly, Pt and Au were effective at decreasing the polarization of ORR 

and OER, respectively.[110, 111] Reier et al. used surface-sensitive CV and found the Ru 

nanoparticles has intrinsic higher OER activity than Pt nanoparticles. However, the former suffers 

from strong corrosion at applied OER potentials.[112] Ir-based nanoparticles provide high potential 

as OER catalyst. Fabrication of noble metal nanoparticles is commonly used for reducing the cost of 

the catalyst, which also increases the oxophilic nature of noble metals and leads to cell 

deactivation.[86] The OER in a cell with 2 wt% Ru/MnO2 charged at 4.3 V run even faster than that 

with home-made Ru nanoparticles. This provides a design principle and a promising strategy to 

develop highly active bifunctional catalysts for Li-O2 batteries by placing noble metal catalyst atoms 

(such as Pt and Au) on the surface of transition metals substrate. [105] 

The severe polarization of Li2O2 is too high for practical applications. Two approaches are 

possible to alleviate this problem: increase the solubility of Li2O2, and formation of poorly 

crystallined Li2O2, or the incorporation of a RM. The mediator acts as an electron-hole transfer agent 

between the electrode and solid Li2O2. The use of mediators to reduce O2 remote from the electrode 

was reported,[96, 113] and mediators were also shown to be efficient as catalyst for OER process.[94, 

99, 114, 115] The OER RMs would be oxidized first during the charge to form RM
+
 species, which 

then oxidizes the Li2O2 at the liquid-solid interface and lead to the regeneration of RM. Under the 

catalysis of the soluble RMs, the charge overpotentials can be significantly decreased, and can 

effectively suppress the side reactions at high rates,[94] owing to fast charge-transfer kinetics of the 

RMs. Therefore, RMs is effective to enhance the round-trip efficiency, rate capacity and cyclability 

of Li-O2 cells. Various OER RMs have been found in recent years, such as TEMPO 

(2,2,6,6-tetramethylpiperidinyloxyl),[116] LiI,[117] MPT (N-methylphenothiazine).[118] Recently, 
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Taylor et al.[115] proposed a novel and eco-friendly heme molecule based-RM, which can serve as 

not only the electron transfer carrier but also the oxygen shuttle. The Fe
3+

centre in heme can accept 

any available superoxides(O2
-
) produced from the oxidation of the LiO2 or Li2O2 and form the 

heme(Fe
2+

)-O2 complex, which further transfer the electrons to the electrode and recover the state of 

heme(Fe
3+

).  

4. Design and optimization of O2-cathode 

4.1 Nanostructured carbon materials 

Due to the diversity of bond types and verified functional groups which can affect the wetting, 

adsorption, electron transfer kinetics and electrocatalysis, carbon materials have quite a complex 

surface chemistry.[35] For Li-O2 batteries, the reduction of O2 on discharge leads to the formation of 

solid Li2O2, which must be stored in porous and conducting electrode. An ordered porous electrode 

material containing micropores (<2 nm), mesopores (2-50 nm), or macropores (>50 nm) can have 

various advantages such as i) better charge transport ability, ii) better gas diffusion and mass 

transportation of solvated ion, and iii) improved mechanical toughness. The increased reactant 

diffusion and high utilization of catalyst clusters are essential for a high-performance gas diffusion 

electrode, which can be achieved by careful design and engineering of cathode with a hierarchical 

structure in terms of pore volume, pore size distribution,[119] pore structure,[120-122] and 

elementary composition. 

4.1.1 Heteroatoms doped carbon 

The basal plane of graphite has poor electrode kinetics than the edges, and the reduction of O2 to 

O2
- 
and HO2

- 
are far lower on the basal plane than that on glassy carbon.[123] Density functional 

theory predicted the basal plane of graphite and curved nanotube does not stabilize the LiO2 

intermediates, which limit the reversible potential of complete O2 reduction. However, the armchair 

edge and di-vacancy are very catalytically active and can be oxidized at ambient conditions.[124] 
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The oxidized carbon structure can serve as active sites for catalyzing O2 reduction, as LiO2 can be 

chelated and stabilized by neighboring oxygen ligands.[123, 124] Recently, Alina et al. investigated 

the ORR on different carbon surface structure, and found the first electron transfer from carbon to 

oxygen molecule (O2+ e
-  O2

-
) does not involve oxygen chemisorption. The surface defects in 

glassy carbon electrodes stabilize LiO2 and prevent them from surface-mediated disproportionation 

and a further reduction to Li2O2. The defects of carbon electrodes inhibit superoxide-to-oxide 

conversion by capture the LiO2. However, it promotes the carbonate formation, which is rather a 

slow reaction rather than transforming to peroxide product.[35]  

Except for O-functionalities, heteroatoms doping, such as N,[120, 125-129] S,[130] P,[131] and 

B[132, 133] has been reported to have better electrocatalytic activity in Li-O2 battery. The strong 

electronic affinity of N atoms imparts high positive charge density on the adjacent carbon atoms, 

favoring the adsorption of O2 and weakening the O-O bond, which facilitates the reduction of O2 

molecules through the 4e
- 
pathway. The pyridinic N has been confirmed to be responsible for the 

creation of active sites.[134] Unlike N-doped carbon where O2 is adsorbed on the carbon atoms 

neighboring the N dopant, heteroatoms, such as boron dopant is less electronegative and is positively 

charged which facilitate the chemisorption of O2 on B sites.[135] Jiang et al.,[133] and Ren et 

al.,[131] found B-doping was more catalytically active than other heteroatoms doping for OER in 

Li-O2 batteries. Ren et al. investigated the catalytic activity of X-doped graphene (X = B, N, Al, Si, 

and P) materials, and found P-doped graphene has the highest activity in reducing the charge voltage 

by 0.25V, while B doped graphene reduced the OER barrier by 0.12 eV.[131]  In addition to the B 

and N doped carbons, S, P, halogen doping was demonstrated to be advantageous for graphitic 

carbon materials to achieve higher electrocatalytic activity. Nevertheless, the degradation of the 

carbon, as well as the electrolyte due to the high operation voltage, may limit the benefit of the ORR 

active carbon nanomaterials.[136-138] Their discharge products, such as Li2O2 and Li2CO3, also do 

not fully dissociate during charge/discharge and tend to accumulate with successive cycles, which 
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further lead a very limited cycle life. Therefore, the capacity of Li-O2 batteries depends only on the 

accessible mesopores, while, the micropores are too small to accommodate Li2O2.[119] 

4.1.2 3D carbon nanomaterials 

Carbon materials with 3D porous texture are widely studied for various energy applications since 

they are able to facilitate fast ion and electron transport by providing smaller electrical resistance and 

shorter ion diffusion pathways. Various carbon materials have been synthesized and applied as 

cathode catalyst in Li-O2 batteries, including 3D-ordered meso/macroporous carbon,[139-141] 

free-standing carbon nanotubes,[142-145] carbon membrane,[140] microporous carbon derived from 

different carbon sources, and different forms of graphene, such as porous graphene,[146-149] 

graphene/mesoporous carbon,[130] graphene paper,[150-152] etc. The carbon microstructure has a 

significant effect on the performance of Li-O2 batteries, which will be explained in detail in the 

following sections. 

Compared with the conventional carbon black-based air cathode, the 3D interconnected bimodal 

porous structure is advantageous. The mesoporous channels can effectively improve the electrolyte 

immersion and facilitate Li
+ 

diffusion and electron transfer, while the macropores provide space for 

O2 diffusion and facilitate reversible Li2O2/O2 conversion.[153] Template-based methods are popular 

and effective in engineering porous carbon structures. Fabrication of bimodal porous carbon foam 

composed of uniform mesopores and macropores/ultra large mesopores has been reported using 

polystyrene (PS) spheres and silica particles based template methods.[153, 154] During gradual 

drying of monodisperse PS spheres and silica nanoparticles, the PS spheres tend to self-assemble into 

an ordered lattice, with the smaller, mesoscale silica nanoparticles pack closely at interstices between 

the PS spheres.[154] The three-dimensionally interconnected carbon foam with macropores and 

mesoporous walls could be obtained after heat treatment and the removal of silica particles which 

was lined on the wall of macropores. Guo et al. utilized PS sphere array and silica as a template to 

synthesize ordered meso/macroporous carbon microsphere arrays (MMCSAs) (Figure 7e).[121] The 
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catalyst has both macropores around 60 nm in size and mesopores around 8nm in size. The 

MMCSAs based air-cathode at 10-30 wt% has the highest cycling capability, with stable discharge 

voltage plateau at ~2.5V at a current density of 1000 mA g
-1

 (Figure 7f). Polarz et al. [155] 

developed novel porous carbon monoliths with gradient pore-structure by the in-situ assembling of 

PS and a resorcinol formaldehyde sol using ultracentrifugation. In this design, selection of PS within 

a large size range can form bimodal or even trimodal porosity, and the structure and the direction of 

the gradient were crucial to the performance of the battery. Sun et al. used MnCO3 nanocube as a 

template which transformed to nanoporous MnO after annealing and further deposited with carbon 

layer by a CVD method. Carbon nanocubes with many interconnected macropores and mesopores 

were formed.[156] Polyimide coating[156, 157] has been reported to be effective in suppressing 

unwanted reactions between the carbon substrate and Li2O2 or the electrolyte, thus enhance cycling 

performance of the Li-O2 cell. The carbon fibre with polyimide coating does not show apparent 

accumulation of irreversibly deposited reaction products after 50 cycles. 

Doped carbon materials have been demonstrated to have excellent ORR and reasonable OER 

activity on many occasions, and have been popular choices for Li-O2 battery air cathode. Zhao et al. 

reported the preparation of 3D porous N-doped graphene aerogels (NPGAs) with interconnected 

nanocages aided by PS sphere and polydopamine, as shown in Figure 7g and h. Higher 

electrochemical performance than those of Super P and general graphene aerogels (GA) has been 

achieved (Figure 7i) for NPGAs, and a capacity of 5978 mAh g
-1

 at 3.2 A g
-1

 and gravimetric energy 

density of 2400 W h kg
-1

at a power density of 1300 W kg
-1

 were delivered in Li-O2 batteries.[158] 

Chen et al.[159] developed 3D bicontinuous porous graphene with N and S co-doping via a CVD 

process using nanoporous Ni as the catalyst and porous template, which delivered a discharge 

capacity of 10400 mAh g
-1

 and a reversible capacity of 3000 mAh g
-1

 for over 50 cycles. Zhang et al. 

synthesized N-doped carbon with mesopores and macrochannels by a sol-gel method using citric 

acid as carbon precursor and urea as N source. Majority of N existed in pyridinic N form, which can 
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attach Li
+
 and an electron, forming strong O2 adsorption and activation sites, and thus catalyze 

electrochemical reactions.[120] Su et al.[160] synthesized N-doped, onion-like carbon (N-OLC) with 

mesopores by a two-step annealing method using ultradispersed nanodiamond powder as carbon 

precursor and nitric acid as N source. Combining multi-layer lamellar structure of OLC has high 

electron conductivity, which eventually improves the cycle life of Li-O2 batteries. Xu et al.[125] 

reported the preparation of N-doped three-dimensional graphene (N-3DG) through a facile simple 

hydrothermal induced self-assembly followed by thermal annealing. As a free-standing cathode, the 

N-3DG air-cathode based Li-O2 battery delivered a high specific capacity of 7300 mAh g
-1

 and 

longer cycle capacity over 21 cycles than 3DG (2250 mAh g
-1

, 8 cycles). Kim et al. developed 

Co-embedded bamboo-like N-doped carbon nanotube bundles on carbon microspheres with initial 

discharge capacity and round-trip efficiency of 28 968 mA h g
−1

 and 78.2%, respectively at a current 

density of 200 mA g
−1

. Over 200 cycles with limited specific capacities have been achieved. The 

authors proposed that the synergetic effect of a large amount of active sites in the N-doped CNTs and 

the porous and hierarchical structure which enables uniform deposition of the discharge product is 

the cause of the good performance.[161] Li et al. developed a MnO2/well-aligned CNTs composite 

with a discharge capacity of 2930 mAh g
−1 

at a current density of 0.05 mA cm
−2

. The 

one-dimensional pores were found to significantly decrease the oxygen diffusion resistance 

compared with conventional O2-electrode with random pore structure. However, this also increases 

the corrosion of Li metal anode.[162] 

4.1.3 Graphene-based O2-cathode 

Among the carbon materials investigated, graphene is widely used as the cathode material in 

nonaqueous Li-O2 batteries due to its lightest weight (∼2g cm
-3

), ultrahigh surface area (theoretical 

value of 2630 m
2
 g

-1
), and good chemical stability. Graphene nanosheets have demonstrated higher 

round-trip efficiency than other carbon-based materials when applied as air-cathodes, due to the 

presence of carbon vacancies and defects on the nanosheets, such as edges, holes, wrinkles, etc. Jiang 
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et al. performed a first-principles study of graphene, nitrogen-, boron-doped graphene, and co-doped 

graphene as the potential catalyst for Li-O2 battery, and found boron-doped graphene exhibits the 

lowest discharge and charge overpotentials.[133] Graphene-based materials with larger pore volume 

and wider pore size distribution in the mesoporous range are advantageous for formation of suitable 

diffusion channels for the ions and O2.[157] The pore volume density, pore diameter, and the number 

of defects in the graphene nanoplatelets have critical effects on the electrochemical performance of 

the air-cathodes. Larger pore volume accommodates discharge products during discharging, and 

mesopores facilitate the electrolyte and Li-ions diffusion.[149] Kim et al. compared the 

electrochemical properties of graphene flakes with Ketjen black and CNTs in an ether-based 

electrolyte, and Li2O2, Li2O, and Li2CO3 were identified as the main discharge products. The 

LiRCO3 was additionally formed on Ketjen Black and carbon nanotubes during the first discharge. 

However, LiRCO3 was not found in graphene flakes, indicating the potential superiority of 

graphene-based electrodes.[80] Xiao et al. used a colloidal micro-emulsion approach to synthesize 

hierarchically porous graphene with a large amount of hydroxyl, epoxy, and carboxyl functional 

groups and lattice defects on the surface (Figure 7 a and b).[146]  The lattice defect sites on the 

functionalized graphene are critical for the formation of small nanometer-sized discharge products 

(Li2O2), and large Li2O2 particles were grown on less defective graphene, with high C to O atomic 

ratio of 100.[146] Although the defects and functional groups of graphene are proven to have a 

positive effect on controlling the morphology of discharge product to achieve high reversibility 

(Figure 3c), the high reactivity of these defects with the electrolyte needs to be considered, especially 

under high operating voltage. Sun et al.[163] reported the synthesis of vertically aligned graphitic 

carbon nanosheet arrays (VAGN) on Ni foams from G-O. They prepared the VAGN films by 

hydrothermal and subsequent thermal annealing with the aid of “tailoring” agent of ammonium 

peroxopolymolybdate ((NH4)2Mo2O11), which built connections between the VAGN and the Ni 

substrate by molybdenum dioxide. The VAGN films as the cathode in the Li-O2 battery delivered a 



  

 

28 

 

capacity of 6500 mAh g
-1

 and discharge/charge voltages of 2.6 V/3.6V at a current density of 100 

mA g
-1

. Very recently, Connell et al.[164] prepared an air-cathode by compression-moulding of holey 

graphene materials in minutes without any solvent and binder. Because of unique dry compressibility 

related to in-plane holes on the graphene sheet, the Li−O2 batteries with O2-electrode of high mass 

loadings of 10 mg cm
-2

 delivered ultrahigh areal capacity (as high as ∼40 mAh cm
-2

) and a better 

cycling stability for ultra-thick electrode even compared to their thinner counterparts. Lu et al. 

developed a 3D boron-doped GO (B-rGO) with hierarchical porous structure by freeze-drying 

followed by calcination.[132] The boron-oxygen function groups connected to the carbon surface or 

edge greatly activate the electrons in the carbon π system to facilitate fast charge under large current 

density, which delivered a high discharge capacity and good rate capacity. At a current density of 100 

mA g
-1

, the B-rGO delivered a discharge capacity of ∼18000 mAh g
-1

, significantly higher than that 

of rGO (∼10000 mAh g
-1

). 

Besides the graphene surface modification, the integration of graphene with other porous carbon 

materials also has been vastly reported for Li-O2 batteries. Liang et al. synthesized N-doped ordered 

macro-mesoporous carbon/graphene hybrid with PS particles and tri-block polymeric surfactant 

(F127) as a template for macropores and mesopores, respectively. Tafel plots clearly show enhanced 

mass transport inside the hierarchical pores, which explains the excellent catalytic activity in 

combining with the fact that the hierarchical structure exposes the largest number of active sites.[165] 

Kubo et al. prepared graphene/activated carbon (G/AC) composite materials with numerous 

mesopores and micropores, which further produce homogeneously dispersed Li2O2 in small size (~10 

nm) rather than large size toroidal particles (100~200nm) formed on that of pristine graphene 

cathode, and eventually led to a better cyclability. [166] 
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Figure 7. Schematic illustration (a) and SEM image (b) of bimodal porous graphene electrode, and 

discharge curve (c) of the pouch-type Li-O2 cell.[146] TEM images of MMCSAs (d-e), 

discharge/charge curves (f) of a Li-O2 battery using 30 wt% MMCSAs with super P to form air 

cathode.[121]SEM (g) and TEM (h) images of NPGA, and the initial discharge/charge curves (i) of 

NPGA, GA, and Super P electrodes at a current density of 200 mA g
-1

.[158] 
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Table 1 Recent reports of non-metal catalyst for Li-O2 batteries 

O2-electrodes Synthesis method Capacity Discharge/charge 

plateau 

Meso/Macroporous carbon[121] PS and silica template 1000 mAh g
-1
 at 200 mA g

-1
 based on the carbon 

mass ( super P + MMCSAs ) 

2.5V/--@1000 mA g
-1

 

Hierarchical C-N 

composite[120] 

Sol-gel method 3200 mAh g
-1
 at 50 mA g

-1 
based on the active 

materials 

2.62V/--@100 mA g
-1

 

Macro/mesoporous N doped 

carbon[156] 

Soft template, NH3 activation 26100 mAh g
-1 

at 200 mA g
-1 

based on the 

cathode catalysts  

2.68V/--@200 mA g
-1

 

N-doped bicontinuous 

nanoporous graphene[159] 

CVD, nanoporous Ni template 10400 mAh g
-1

 at 200 mA g
-1

 based on the 

free-standing cathode 

 

Gradient porous carbon 

monolith[155] 

In-situ assembly, PS template   

N doped onion-like carbon[160] Annealing method 15000 mAh g
-1
 at 0.3 mA cm

-2
 based on the 

whole mass of the active material, super P and 

the binder 

 

N doped 3D graphene[125] Hydrothermal, annealing 7300 mAh g
-1
 at 50 mA g

-1 
based on the 

free-standing cathode 

2.67V/--@50 mA g
-1

 

Vertically aligned graphitic Hydrothermal, annealing 6500 mAh g
-1
 at 100 mA g

-1 
based on the mass of 2.6V/3.6V@100 mA g

-1
 

mailto:2.5V/--@100
mailto:2.62V/--@100
mailto:2.68V/--@200
mailto:2.67V/--@50
mailto:2.6V/3.6V@100
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carbon nanosheet arrays[163] the VAGNs film on Ni foam  

Dry-pressed holey 

graphene[164] 

Compression-molding method 40 mAh cm
-2

 at 0.2 mA cm
-2

 (the mass loading of 

the holey graphene on stainless steel mesh: 10 mg 

cm
-2
 ) 

 

Macroporous B doped rGO[132] Freeze-drying method 18000 mAh g
-1
 at 100 mA g

-1  
based on the mass 

of the B-GO on carbon paper  

 

Grapheme/activated carbon 

composite[166] 

Chemical method 1800 μAh cm
-2

 at 50 μA cm
-2

 (the mass loading 

of the G/AC on carbon paper: 1 ± 0.2 mg cm
−2

) 

2.7V/--@50 μA cm
-2
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4.2 Transition metal-based materials 

Transition metal oxides have long been considered as good non-precious metal catalysts for OER 

and ORR due to their low-cost and environmental friendliness. Rationally designed catalysts can 

achieve similar performance as that of noble metals and their oxides. Several metal oxide catalysts 

(Pt, Pd, PdO, RuO2, and MnO2) have been evaluated as air cathode material for the Li-O2 battery and 

MnO2 was found to be especially promising with higher discharge capacities and 

cyclability.[167-169] Co3O4 is also a promising bifunctional ORR/OER catalyst with high 

electrocatalytic activity and tunable composition. Doping of Co3O4 with NiO, CuO, and Mn3O4[170] 

can lead to higher electrical conductivity and improved ORR/OER activity. Mixed metal oxides on 

perovskite structure are also well known good bifunctional catalyst for both ORR and OER. 

Molybdenum disulfide (MoS2) has been reported as a promising new type of air cathode catalyst in 

Li-O2 batteries, with good catalytic performances for OER, comparable to Au, Pt and perovskite 

nanoparticles catalysts. It performs remarkably well in Li-O2 battery in the ionic liquid (IL) 

1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4) with high round-trip efficiency, small 

discharge/charge polarization gap.[53] 

Xie et al. used atomic layer deposition (ALD) method to coat a thin FeOx layer on 3D ordered 

mesoporous (3DOM) carbon, which was further decorated with Pd nanoparticles (Figure 4a to 4b). 

Incorporation of noble metals into a transition metal catalyst can achieve efficient oxygen 

electrocatalytic activity without significant increase in the cost. The FeOx/Pd/C cathode delivered a 

capacity over 6000 mAhgcarbon
-1

 and four-fold extended longer cyclability than that for bare 

mesoporous carbon electrode. The 3D mesoporous carbon structure allows for control the size of 

deposited Li2O2, the FeO coating enables concealing the carbon surface from reactive intermediates, 

while Pd nanoparticles assist complete decomposition of Li2O2.[171] Bare 3DOM carbon showed 

high recharge overpotential for OER (Figure 8c), adding FeOx and Pd led to a decrease as both FeOx 
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and Pd is effective OER catalyst. It is also confirmed in the paper that capacity of a Li-O2 cell 

depends only on the accessible mesopores but not the micropores in the carbon walls, as the 

micropores (<2nm) are too small to support Li2O2. The volumetric capacitance values of 3DOm are 

2000 and 1700 mAhLpore
-1

for pore size of 12 and 35 nm respectively. β-FeOOH on carbon hydrogel 

prepared by a hydrothermal method has a capacity of 10230 mAh g(carbon+catalyst)
-1

 at 0.1 mA cm
-2

, 

with a discharge voltage of 2.75 V. However, in most cases, the aerogel-based free-standing 

composite still needs standard air-cathode fabrication process due to the difficult to control the 

thickness of aerogel.[172] 

The surface modifications of transition metal oxides-based air-cathode catalysts, such as 

introducing covalent coupling with carbon (MnCo2O4),[170] surface fictionalization of MoS2 with 

the ionic liquid,[53] can promote the specific capacity. The ionic liquid modifications of MoS2 

prevented the oxidation of MoS2 edges and facilitated the dissolution of O2
- 
to form of Li2O2.[53] 

The OER current of MoS2 nanoflakes at 4.2 V is 5.04 mA cm
-2

, significantly higher than Au (0.3 mA 

cm
-2

) and Pt nanoparticles (0.5 mA cm
-2

).[53] Very recently, Yang et al.[54] synthesized 3D 

metastable MoSSe solid solutions with severe local lattice distortion to act as O2-electrodes for Li-O2 

battery. The lattice modulation can modify the surface atomic structure, which facilitates the fast 

transport of Li
+
 ion. 

Various mixed transitional metal oxides have been extensively studied as air-cathode for Li-O2 

cells in recent years, such as NiCo2O4,[173] CoFe2O4,[174] CoMoO4,[175] CuCo2O4,[176] 

MnCo2O4,[170, 177] etc. Jung et al. [174] synthesized 3DOM CoFe2O4 catalysts using colloidal PS 

template, and the performance if the O2-electrodes can be optimized by controlling the diameters of 

the PS. Chen et al.[175] reported porous CoMoO4 nanorods as a cathode catalyst via a hydrothermal 

method followed by a calcination process.  

The low round-trip efficiency and poor cycling stability of Li-O2 batteries are related to the large 

overpotential in the charging process, which results from sluggish OER process in the cathode. In 
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recent years, perovskite oxides have been extensively studied and proposed as potential non-noble 

metal OER catalysts due to their unique structural and electronic properties. Perovskite oxides have 

the general formula of ABO3 in which A is a rare-earth or alkaline-earth metal atom and B is a 

transition metal usually serving as the catalytic active center. Recent studies show that the ORR 

activity increases with greater hybridization of the B–O bond. The best catalysts LaMnO3, LaNiO3, 

and LaCoO3 have intrinsic ORR activity comparable to state-of-the-art Pt/C.[178] Many 

perovskite-type bifunctional composite catalysts have been explored for Li-O2 batteries. For example, 

Li et al.[179] prepared a composite cathode composed of La0.8Sr0.2Co0.8Fe0.2O3 (LSCF8282) and 

N-rGO, in which the LSCF nanoparticles were dispersed uniformly onto the surface of N-rGO. The 

Li-O2 battery with the LSCF@N-rGO cathode showed better performance than the pure N-rGO 

cathode. Yuan et al.[180] developed a hierarchical macro-mesoporous air-cathode consisting of 

graphene/meso-LaSrMnO sandwich-like nanosheets, which have capacity values of 6515 and 3349 

mAh g
-1

 when the current densities are 100 and 1000 mA g
-1

, respectively. Porous graphene foam 

was first prepared by hydrothermal method and then coated thin meso-LaSrMnO layers via a 

dip-coating and evaporation-induced self-assembly process.  

Zhang et al. found that a large number of mesopores is beneficial to the oxygen reduction.[181] In 

a later study, the researchers prepared NiFe2O4-CNF films via electrospinning with a large amount of 

mesopores and channels to benefit the diffusion of O2 and electrolyte. A capacity of 5.5 mA h at 0.1 

mA cm
−2

 was achieved. It was found out that the cathode built with NiFe2O4-carbon composites with 

polymer binders only delivered about 1.3 mA h at 0.1 mA cm
−2

 and could sustain only 7 cycles while 

NiFe2O4-CNF could sustain 40 cycles under the same condition. It suggests that the binder-free 

design plays a crucial role in enhanced performances.[182] 

4.3 Noble metals and alloys 

Noble metal and/or their oxides are commonly known as exceptional electrocatalysts, for example, 
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Pt/C for ORR, IrO2 for OER are both the benchmarks in respective regions. To reduce the cost of the 

catalyst and to fully utilize the catalytic activity of the noble metals in Li-O2 cell, composite 

materials have been developed by using carbonous or transition metal oxides as the support for noble 

metals, include RuO2,[183-185] Ru,[186] Pt,[187] Pd,[188] and Au[189]. 

Sun et al.[184] synthesized RuO2 nanoparticles supported on MnO2nanorods (np-RuO2/nr-MnO2) 

by a two-step hydrothermal method. Due to the excellent ORR and OER bifunctional catalytic 

activities and the one-dimensional structure that would facilitate the diffusion of oxygen and the 

storage of Li2O2 in the discharge process, the as-prepared O2-electrode present excellent 

electrochemical performance. The np-RuO2/nr-MnO2 base Li-O2 battery has a capacity of 4000 

mAhg
−1

 at a current density of 200 mA g
−1

. Mesoporous amorphous binary Ru-Ti oxides were 

synthesized as bifunctional catalysts by a facile in-situ sol-gel precipitation route by Jung et al.[185] 

The introduction of amorphous TiO2 to amorphous RuO2 contributed to enhanced kinetics toward 

both ORR and OER, thus, the Li-O2 battery exhibited a greatly high capacity of 27100 mAh g
−1

 and 

cycle stability up to 230 cycles. 

Noble metals not only catalyze both the ORR and OER process but also tune the morphology and 

crystal structure of the discharging product, which is critical for the Li-O2 battery. Thin Li2O2 sheets, 

rather than large Li2O2 particles were generated on nanostructured porous RuO2/MnO2, which was 

different from that for noble metal free air-cathodes.[183] The sheet-on-sheet structured Li2O2 grown 

on MnO2/RuO2 can be easily decomposed upon charging, leading to low polarizations and reduced 

side reactions. At a high current density of 3200 mA g
−1 

(or ∼1.3 mA cm
−2

), the RuO2/MnO2 

catalyzed Li–O2 batteries can sustain stable 800 cycles at a capacity of 500 mA h g
−1

. Zhuang et 

al.[188] synthesized graphene film by CVD, and then electrodeposited with Pd nanoparticles (Pd/G). 

The Li2O2 deposited on the Pd/G electrode was a thin film formed by worm-like amorphous 

nanoparticles, while the one on the graphene film was composed of bulk crystals. The charging 

potential of Pd/G cathode was ~ 3.08 V, 1060 mV lower than that for graphene film cathode. In a 
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Li-O2 battery with graphene electrode, the weak interaction between LiO2 and electrode surface leads 

to nucleation of LiO2 on the defects of graphene which continues to grow to form bulk crystals on 

the cathode surface. The strong bonding of LiO2 and Pd/G wetted the air-cathode surface and further 

form Li2O2 through electrochemical reduction with enhanced growth kinetics to form well-dispersed 

nanoparticles with low crystallinity. Amine et al.[187] developed 3D porous hollow graphene 

nanocages (HGNs), which was activated by concentrated HNO3 for deposition of ultrasmall Pt 

nanoparticles (~1 nm). The HGNs have two types of pores, dominating ultrasmall nanopores (~2 nm) 

and a few mesopores (~2-10 nm), which provide adequate active regions for ORR and sufficient 

volume for rapid oxygen diffusion, respectively. The Pt nanoparticles on the surface of the HGNs not 

only served as the catalyst but also work as additional “active seeds” for the deposition of the 

discharging product, which led to the formation of smaller and amorphous Li2O2 during the 

discharge. The Pt-HGNs electrode-based Li-O2 cell has a charge voltage plateau of 3.2 V at a current 

density of 100 mA g
−1

, and even retain below 3.5 V when the current density is 500 mA g
−1

. Tang et 

al., developed a two-dimensional IrO2/MnO2 composite with a large discharge capacity of 16 370 

mAh g
−1

 while the cell with bare MnO2 cathode exhibited only 8024 mAh g
−1

. The hierarchical 

structure was proposed to provide numerous catalytic sites and promote electrolyte penetration and 

oxygen gas transportation[190]. Huang et al. fabricated a Li-O2 cell based on the RuO2/CNT hybrid 

electrode and LiO2-soluble DMSO electrolyte, which had energy and power densities up to 1897 W h 

kg
-1

 and 1396 W kg
-1

 and good cycle life. It was proposed that the 2D RuO2 nanosheets served as 

both catalyst and additional electron transfer pathway while the porous structure of RuO2/CNT 

enhances mass transports and facilitate uniform discharge product deposition[191]. Song et al. 

carbonized and activated wood as a host for accommodating Ru catalyst. The active wood has 

aligned microchannels which facilitate the impregnation by electrolyte, oxygen, and supply as sites 

for efficient oxygen reduction (Figure 9a). CA-wood/Ru cathode (thickness: ≈700 µm) shows a high 

specific capacity of 8.58 mA h cm
-2

 at 0.1 mA cm
-2

. After the first discharge, the poorly crystalline 
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Li2O2 is gradually formed on the wall of the microchannels and covers the Ru nanoparticles, which 

can be completely decomposed during charging (Figure 9 b-f).[192] RuO2 nanoparticles deposited 

on CNTs walls catalyze the formation of poorly crystalline Li2O2, which can be smoothly 

decomposed with a stable recharge charge potential of 3.86V. [193] Rather than toroidal particles, the 

Li2O2 discharge product for Pt-decorated carbon nanofiber (Pt/CNF) has a film-like structure. The 

film-like Li2O2 on Pt/CNF is more reversible during charge/discharge than that of CNF (Figure 9 

h-k).[194]  

 

 

 

Figure 8. TEM images of 3DOM, FeOx/3DOM and FeOx/Pd/3DOM (a). The decomposition of Li2O2 

can be complete when the FeOx coating (OER catalyst) is combined with Pd (ORR catalyst) (b). 

Charge/discharge curves of 3DOM, FeOx/3DOM, Pd/3DOm and FeOx/Pd/3DOM (c).[171] 
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Figure 9. Schematic diagram of the Li-O2 batteries with the CA-wood/Ru cathode (a). The 

CA-wood/Ru cathode has open and aligned microchannels which are well preserved after 

carbonization and activation. b) Schematic diagrams showing Li2O2 reversible formation on the 

microchannel walls. (c-d) SEM images showing the microchannels after first discharge. Li2O2 is 

formed on the microchannel walls and then vanished during charging (e-f).[192] Schematic 

illustration of the Li2O2 formation process in CNT and RuO2/CNTs(g).[193] SEM images (h) of CNF 

and (j) CNF@Pt cathodes after discharge to 1000 mAh/gc, and (i and k) the corresponding TEM 

images.[194] 
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Table 2. Recent reports of non-noble metal and noble metal catalyst for Li-O2 batteries 

O2-electrode Synthesis method Capacity Discharge/charge plateau 

MnCo2O4-graphene[170] Solution method ~2743 mAh g
-1

 at 800 mA g
-1

 based on the loading mass of 

the MnCo2O4-graphene 

~2.95V/3.75V@200mA g
1
 

CuCo2O4nanocrystals[176] Urea combustion 7962 mAh g
-1 

at 50 mA g
-1 

based on the whole mass of the 

cathode 

 

Mesoporous Co3O4[195] Solvothermal 6110 and 1730 mAh g
-1 

at 0.1, and 0.3 mA cm
-2

 based on 

the mass loading of the catalyst 

2.65V/--@0.1 mA cm
-2

 

α-MnO2/Graphene[196] In-situ growth 11520 mAh gcarbon
-1

 (2304 mAh gelectrode
-1

) at 0.06 mA cm
-2 

based on the whole mass of the hybrid 

2.8V/3.9V@0.09 mA cm
-2

 

RuO2@N-graphene[197] CVD 8700 mAh g
-1

 at 200 mA g
-1

 based on the whole mass of 

the hybrid cathode 

 

CoFe2O4/rGO[198] Solvothermal 2116 mAh g
-1

 at 50 mA g
-1

 based on the mass of the 

CoFe2O4 and rGO 

 

Ru/carbon nanocube[156]   2.82V/3.1V@200 mA g
-1

 

Pd/FeOx/porous carbon[119] ALD 6000 mAhgcarbon
-1

 at 100 mA gcarbon
-1 

based on the mass 

loading of porous carbon 

2.76 V/--@100 mA gcarbon
-1

 

Au/Pt nanoparticles[110] Chemical method 500 mAh gcarbon
-1

 at 0.04 mA cmelectrode
-2

 based on the mass 

loading of the carbon 

2.7V/~ 3.6V@50 mA gcarbon
-1

 

ZnCo2O4[199] Hydrothermal 1322 mAh gcarbon
-1

 at 0.1mA cm
-2

 based on the mass of the 

carbon presented in the cathode 

 

MoS2/ionic liquid[53] Liquid exfoliation 500 mAh g
-1

 at 0.1 mA cm
-2

(the mass loading of  MoS2 

nanoflakes on the collector: 0.2 mg cm
-2

) 

2.69V/3.49V@0.1 mA cm
-2

 

La0.5Sr0.5CoO3‑x 

nanotube[200] 

Electrospinning 4291 mAh g
-1

 at 0.025 mA cm
-2

 based on the catalyst and 

Ketjenblack carbon 

2.73V/3.87V@0.025mA cm
-2

 

mailto:V/--@0.1
mailto:V/3.49V@0.1
mailto:V/3.87V@0.025mA
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MnO2 on Super P carbon[201] Chemical method 1400 mAh g
-1

 at 100 mA g
-1

 based on the total mass of the 

carbon and the catalyst 

2.62V/-@100 mA g
-1

 

NiCo2O4nanorod[173] Hydrothermal 9026 mA h g
−1

 at 500 mA g
−1

 based on the total mass of the 

carbon black and the catalyst 

 

RuO2 nanoparticles on 

MnO2nanorods[184] 

Two-step hydrothermal 4000 mAh g
-1

 at 200 mA g
-1

 based on the total mass the 

acetylene black and the catalyst 

 

Mesoporous amorphous Ru-Ti 

oxides[185] 

In situ sol-gel method 27100mAh g
-1 

with a overpotential of 1.2 V based on the 

total mass the super P and the catalyst 

2.8V/3.7V@100 mA g
-1

 

La0.8Sr0.2Co0.8Fe0.2O3@N-rGO

[179] 

Sol-gel method 9587 mAh g
-1

 at 400 mA g
-1 

based on the active material on 

the carbon paper 

 

G/meso-LaSrMnO[180] Soft chemistry method 6515 mAh g
-1

 at 100 mA g
-1

 based on the whole cathode 2.77V/3.8V@100 mA g
-1

 

Pd/graphene film[188] Electrodeposition   

Pt@HGNs[187] Chemical method 5600 mAh g
-1

 at 100mA g
-1

 based on the mass of the 

catalyst 

2.75V/--@100 mA g
-1

 

Ru quantum dots/N-holey 

graphene[186] 

Annealing   

3D metastable MoSSe[54] Hydrothermal 708.24 mAh g
-1

 at 50 mA g
-1

 based on the active material  

Microporous CoFe2O4[174] Templating method 6583.1 mAh g
-1

 at 400 mA g
-1

 based on the total mass of 

the electrode materials 

 

Porous CoMoO4[175] Hydrothermal 4680 mAh g
-1

 at 0.04 mA cm
-2

 based on the total mass of 

the electrode materials 

2.8V/--@0.04 mA cm
-2

 

CA-wood/Ru[192] Activated wood 8.58 mA h cm
-2

 at 0.1 mA cm
-2

 based on the areas of the 

cathode 

 

Hierarchical porous 

MnCo2O4[177] 

Hydrothermal 4771 mAh g
-1

 at 1 mA  cm
-2
（the mass loading of the 

catalyst:  0.5-0.8 mg cm
-2
） 

2.8V/--@0.1 mA cm
-2
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5. Free-standing O2-cathode for Li-O2 batteries 

There is currently no established method to fabricate commercial Li-O2 battery cathodes, but that 

of commercial aqueous metal-air batteries can be used as a reference. The commercial air-cathode is 

usually manufactured using a hot-press method from a mixture of organic binder, catalyst, and 

activated carbon. Organic binder materials tend to decompose and form LiOH and LiF in organic 

electrolytes under charging conditions, which severely reduce the cyclability of Li-O2 

batteries.[202-204] Porosity, pore size, pore volume and the usable surface area of the carbon 

composites have been found to play significant roles in the performance of Li-O2 batteries.[205] The 

interconnected macropores in the substrate are important for O2 gas diffusion which can improve the 

reaction rates. The hierarchical porous structure has interconnected large tunnels facilitate continuous 

O2 flow into the electrode while the nanoporosity provides large interfaces for electrocatalysis and 

charge storage. Combined with the experimental results, Zhang et al.[206] presented a theoretical 

correlation between the cathode porosity and discharge capacity and assumed that the normal 

porosity of a carbon O2-electrode was about 2.8-3.4 mL g
-1

 and the gravity densities of Li2O2 and 

Li2O were 2.140 and 2.013 g cm
-3

, respectively, corresponding to a maximum capacity ranged from 

7000 to 12 000 mA h
-1

g
-1

carbon. 

Due to the drawbacks of conventional O2-electrode, the fabrication of the binder-free and 

free-standing [142, 148, 151, 207, 208] cathodes has been proposed as a promising strategy to 

mitigate the binder-induced problems such as the increase of inactive electrode material, the blocking 

of the pores, the reduced electric conductivity and side reactions. Cathodes for Li-O2 batteries also 

need to host discharge products since they are not soluble in the electrolyte. The amount of discharge 

products that can be reversibly grown on the electrode is the key factor determining the electrode’s 

capacity.  

The air-cathodes with free-standing, conductive, porous and mechanically robust gas diffusion 

electrodes have been demonstrated by several groups, including free-standing graphene paper,[150] 
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graphene@gC3N4composite,[151] graphene paper,[209] microporous graphene paper,[210] activated 

carbon fiber,[211] and carbon cloth.[212] The good adhesion of catalyst on the substrate can reduce 

the detachment of catalyst particles from the aged electrode and agglomeration of the catalyst 

particles during cycling, thus prolonging the service life of the electrode. Most free-standing 

air-cathodes reported have hierarchical and porous structures which provide not only large catalytic 

active surface area but also mass-diffusion highways for the ions in electrolyte and oxygen to reach 

the large catalytic active sites.  

5.1 Carbon-based free-standing O2-cathodes 

CNTs film has advantages of high electrical conductivity, robust mechanical integrity which 

makes it a particularly attractive for binder-free air-cathodes. Lim et al. reported that the morphology 

of discharge product was influenced by the O2-electrode.[213] Bead-like particles were found on 

interwoven CNTs mesh, while larger particles which can completely clog the pores were found on 

randomly distributed CNTs, indicating the advantage of an aligned CNT structure.[213] The density 

control of CNTs and their effect on the performance as air-cathode for Li-O2 batteries has been 

studied by Li et al. A low CNTs loading of only 0.016 mg cm
-2

is helpful to achieve facile 

accessibility of O2 when building the hierarchical-fibril carbon electrode, which in turn largely 

reduced the specific capacity and energy of the cell due to Ni mesh taking up a large portion of the 

electrode mass.[148] 

Kim et al. reported the synthesis of microporous graphene paper by introducing macropores within 

the paper using PS colloidal particles as a sacrificial template (Figure 10 a-d). The reversible 

formation and decomposition of discharge product Li2O2 were found within the macropores.[210] 

Liu et al.[142] prepared a porous CNTs film in a colloidal template-assisted vacuum filtration 

method (Figure 10 e-f). The CNTs film possesses high porosity of 81% relative to bulk graphite, and 

high total pore volume of 0.71 cm
3 

g
-1

 and pore size over 200 nm. A gravimetric energy of 

5540-12830 Wh kg
-1

 at a power of 136-1250 W kg
-1

has been achieved for this porous CNTs film, 
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corresponding to an energy of 1870 -2570 Wh kg
-1

 including Li2O2. The macroporous graphene 

paper with PS colloidal as the template has a high specific capacity of up to 12000 mAh g
-1

 at 200 

mA g
-1

.[210] 

Pyrolysis of organic templates is another popular fabrication method of free-standing electrodes. 

Zhu et al.[214] reported a binder-free nitrogen-doped carbon paper electrode (NCPE) for Li-O2 

battery, which was derived from a polypyrrole (PPy)/cellulose-chopped carbon filaments (CCFs) 

composite. At a current density of 0.1 mA cm
-2

, the Li-O2 can cycle stably for over 30 cycles and the 

1st discharge capacity reached 8040mAh g
-1

 with a voltage around 2.81V. Maune et al.[215] reported 

the fabrication of porous MWCNT films as a free-standing cathode using cultured, harmless bacteria 

as porogens. The bio-template method not only creates porous structure easily with much cheaper 

price than conventional porogens but also can modulate the pore morphologies by using different 

bacteria which can better accommodate the solid discharge product volumes with good 

interconnectivity. They found the cylindrical pores promoted the distribution of Li2O2 over the entire 

cathode instead of only at the electrode surface compared with the spherical pores, thus facilitated 

the electrochemical process with lowered kinetic barriers. At a current density of 2 A ge
-1

, it delivered 

a specific capacity of 3463 mAhge
-1

, while the pristine MWCNT films only achieved the capacity of 

2534 mAhge
-1

.  

Electrospinning is a popular method to fabricate free-standing electrodes. Zhang et al.[211] 

developed a free-standing thin web of active carbon nanofibers (ACNF) through CO2 activation 

assisted electrospinning. The as-prepared ACNF based cathode has both micropores and mesopores. 

Besides, the mesopores introduced by CO2 activation served as additional nucleation sites for 

discharge product crystallization and reduced the size of Li2O2. At a current density of 200 mA g
-1

, 

the ACNF cathode activated at 1273 K delivered a high discharge capacity of 6099 mAh g
-1

.  
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Figure 10. Schematic illustration (a) of the procedure for the fabrication of the mp-GP, top-view 

SEM image (b), and cross-sectional-view with low (c) and high magnification (d).[210] Schematic 

illustration of the formation of FHP-CNT films (e), the SEM images indicate the presence of 

interconnected pores in CNT films (f).[142] 

Construction of hybrid carbon-based free-standing O2-electrodes utilizing different allotropes of 

carbon is advantageous to tune the microstructure of the electrodes. Layer-by-layer assembly of 

O-containing graphene oxide and CNTs through filtration followed by ammonia treatment produced 

N,O-dual doped graphene-CNT hydrogel film of several centimeters in size and ~ 12 µm thick 

(Figure 11 a-c). In the hydrogel film, graphene sheets and CNTs interconnect each other and was 

highly hydrated containing 92.7wt% of water and 7.3% of the hybrid material[216]. Kim et al. 

utilized vacuum filtration to prepare flexible and free-standing graphene nanoplates (GNP)/G-O 

paper. The growth of Li2O2 particle inside the GNP/GO paper was observed, and the electrode was 

expanded up to 15 times of its initial thickness after discharge, which was proposed to be the primary 

reason for its degradation after cycling.[150] The hydrogel film show OER activity in both acid and 
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an alkaline electrolyte. Hydrothermal reactions have widely been applied to fabricate graphene 

aerogel which has macroporous structure. Metal-free g-C3N4/graphene prepared by the hydrothermal 

method has a discharge capacity of 17300 mAh g
-1 

with Li2O2 mainly hosted in the macropores 

(Figure 11 d-f). The g-C3N4/graphene nanosheets have 0.48 V lower charging plateau and 0.13 V 

higher discharging plateau than g-C3N4.[151]  

Lim et al.[213] reported interwoven mesh of CNTs formed by alternately layering sheets of CNTs 

orthogonal to each other on a Ni mesh current collector and created a high surface area and 

free-standing electrode (Figure 11 g-i). By virtue of the efficient mass transport and large surface 

area for the deposition of discharge products in the open framework of woven CNTs, a capacity of 

3000 mAh g
-1

and long cycle life has been achieved. The CVD method has long been reported to be 

an effective method to grow well-aligned CNTs on various substrates. MWCNT paper prepared by a 

floating catalyst CVD method has a capacity of 34600 mAh g
-1

 at a current density of 500 mA g
-1

 

when employed as an air cathode for non-aqueous Li-O2 batteries. However, structural deformation 

of MWCNTs caused by Li2O2 accumulation can lead to cell damage, as analyzed by EIS 

measurements.[217] This phenomenon indicates the dense population and inter-tube distance should 

be tuned, as most reports of aligned CNTs grown in CVD method may be not appropriate for gas 

diffusion and discharge product accommodation. Xing et al. electroplated Ni catalysts on carbon 

paper, then used PECVD method to grow sparse CNTs array with population densities as low as 

10
7
CNTs per cm

2
 (Figure 11 j-k),[209] and a discharge capacity of 710 mAh g

-1
 and specific energy 

of 2057 Wh kg
-1

, with an areal power density of 10.4 mW cm
-2

 at 5.0 mA cm
-2

 has been achieved. 

Stable charge-discharge cycling at 0.5 mA cm
-2

 showed an average potential difference of 1.35 V, 

high round-trip efficiency 71% and power density of 10.4 mWcm
-2

.[209] It is worth to note that the 

total thickness of air cathode is ~ 120 microns, with ~100 microns of backing carbon paper, and only 

1.77% of the carbon fiber paper is covered by CNTs. 

Although aerogel has been extensively studied for the construction of hierarchically structured 
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electrodes, it is challenging to directly use graphene aerogel as free-standing electrodes for 

air-cathodes due to the difficulties in thickness control and poor mechanical strength in reduced form. 

Zhang et al. developed free-standing, hierarchically porous carbon by the coating of G-O gel in Ni 

foam (Figure 11 l), and the intrinsic COOH groups from G-O was found critical to be free-standing. 

The larger pores in the Ni foam facilitate continuous O2 flow into the air-cathode, while the smaller 

pores accommodate Li2O2 deposition, thus delivering a high capacity. The maximum specific 

capacity was as high as 11060 mAh g
-1

 at a current of 0.28 A g
-1

, corresponding to the specific 

energy of 29.2 kWh kg
-1

.[148] 

 

 

Figure 11. Synthetic process of NG-CNT (a). Typical morphological characterization of NG-CNT: 
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SEM (b) and TEM images (c);[216] SEM image of g-C3N4 (d), SEM images of the cathode before (e) 

discharge and at the end of discharge (f) at the current density of 0.4 mA cm
-2

;[151] The CNTs sheets 

fabricated by plying individual sheets of aligned CNTs (g and h). SEM image of CNT fibrils after 100 

cycles (i).[213] SEM images of CNT arrays with a site density of ~ 108 cm
-2

 (j) and cross-section 

view of CNTs on carbon paper (k).[209] SEM image of graphene-based porous carbon by sol-gel 

method using G-O as the precursor (l).[148] 

5.2 Transition metal and noble metal-based free-standing O2-cathodes 

While transition metal oxides are promising catalysts for both ORR and OER, the electrode 

structure can affect the deposition of the reaction product, leading to drastic different capacity and 

cycle life when applied as Li-O2 battery cathodes. Therefore, the nanostructure of these catalysts 

must be carefully engineered. Hu et al.[218] utilized oxygen-bubble from water electrolysis as a 

template to electrochemically deposited porous MnO2 on Ni foam, and a high discharge capacity of 

5700 mAh g
-1

 at 100 mA g
-1 

has been delivered. Vertically aligned Co3O4 nanowire arrays directly 

grown on Ni-foam (Co3O4 NW@Ni-foam) reported by Park et al. has a capacity of 4531 mAhg
-1 

(based on Co3O4 alone) while air cathodes prepared using the conventional method only have a 

capacity of 2724 mAh g
-1

.[218] The pores created by the vertical alignment of the nanowires have 

short oxygen and ion transport pathways. However, the inhomogeneous deposition of Li2O2 along 

the Co3O4 nanowires was observed, which led to the pointed-tip-brush-like aggregation of NWs and 

further cell degradation.[219] The electrochemical deposited Co3O4 films produced a large number 

of mesopores after calcination at 300 
o
C, and a capacity of 2460 mAh g

-1
 was delivered at 200 mA 

g
-1

.[220] Liu et al. reported the deposition of TiO2 nanowire arrays onto carbon textiles (NAs/CT) as 

free-standing air-cathode and their electrochemical performance can be well maintained even under 

stringent bending or twisting conditions (Figure 14 a-b).[221] TiO2 with diameters of about 50 nm 

was homogeneously deposited on carbon fiber, when used as a cathode, the Li-O2 battery has higher 

discharge capacity than pristine carbon textile electrode (3000 mAh g
-1 

vs. 770 mAh g
-1

), with 
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enhanced cycle life as well. The TiO2 NAs/CT base Li-O2 battery has robust flexibility, and the 

discharge voltage of the 360
o
 twisted device was 2.52 V after 100 charge/discharge cycle at 100 mA 

cm
-2

. It is worth to note that at torsion angles of 90
o
, 180

o
, 360

o
, the terminal discharge-charge 

voltage remains almost constant with a neglectable decrease of discharge voltage (Figure 14 c).[221] 

TiO2 NAs/CT facilitate the formation of amorphous Li2O2 which has reduced charge overpotential, 

while pristine carbon textiles turn to form conventional toroidal morphology of discharge products 

(Figure 14 d).  

Hydrothermal method is effective to synthesize meso/microporous structured transition metal 

oxides. The Co3O4 ultrathin nanosheets on Ni foam synthesized by hydrothermal method delivered a 

capacity of 11 882 mAh g
-1

 at 100 mA g
-1

. The Li2O2 discharge product formed on the 

Co3O4nanosheets has thin film morphology, and the hierarchically structured transition metal-based 

catalyst is advantageous for Li-O2 batteries for reversible deposition of Li2O2.[208] Similarly, Cui et 

al. reported Co3O4 nanorods grown on Ni foam, in which Li2O2 discharge product form uniform 

nanoparticles on Co3O4 nanorods (Figure 12 a-b). This air-cathode has a capacity of 4000 mAh 

g
-1

cathode as a primary cell and reversible capacity of 1880 mAh g
-1

cathode after deep cycling.[109] CoO 

mesoporous nanowire array grown on Ni foam delivered capacity of 4800 mAh g
-1

 at 20 mA g
-1

 with 

a potential gap below 1.25V, which is superior to that of Super-P based cathode.[222] The 

branch-like growth of the discharge product on CoO nanowires was observed, rather than the 

sheet-like growth on Super P. Co3O4 nanosheets grown on graphene foam/Ni foam delivered a 

discharge capacity of 2453 mAh g
-1

, higher than that of pure 3D graphene foam at 0.1 mA cm
-2

.[222] 

The Li-O2 battery with Co3O4 micro-trepangs grown on Ni foam as O2-electrode has a voltaic 

efficiency of 73.3% after 300 cycles, higher than that of Pt/C + IrO2 mixed catalyst (65.8% after 40 

cycles).[156, 222] Mitchell et al.[223] reported the growth of hollow carbon fibers with diameters of 

around 30 nm on a ceramic porous substrate for binder-free air-cathode (Figure 12 c-d), and a high 

gravimetric energy of 2500 Wh kg
-1

 has been achieved. Although the formation of Li2O2 on 
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nanofiber surface was reversible, increasing of depth-of-discharge from 350, 1880 and 7200 mAh g
-1 

produced Li2O2 particle sizes of 200nm, 400 nm, and 1 μm respectively. Chang et al. reported the 

electrodeposition of RuO2 on TiN nanotube arrays to construct coaxial RuO2/TiN as carbon-free 

free-standing air cathode (Figure 12 e-f), which avoided the reaction of carbon with Li2O2 or other 

intermediates to form Li2CO3.[224] Recently, Yan’s group[225] prepared three shapes of nanoarrays 

on Ni foam including nanowires, rectangular nanosheets and hexagonal nanosheets by hydrothermal 

method. They found Co3O4 rectangular nanosheets exhibited the best electrocatalytic performance 

among the above-mentioned catalysts because the nanostructure has better pore structure, larger 

specific surface area and the highly active exposed plane that can facilitate the mass transport and the 

reversible formation and decomposition of discharge products. Li et al.[226] developed a novel 

three- dimensional Co3O4/CNTs/CFP composite by an in-situ method. The Co3O4nanosheets were 

coated directly on the CNTs by electrochemical deposition which was deposited on CFP through 

CVD. The composite with hierarchical 3D microporous architecture for the cathode of Li-O2 battery 

delivered a specific capacity of 7196.5 mAh g
-1

 (CNTs+ Co3O4) at a current density of 200mAg
-1

 and 25 

stable cycles with 1000mAh g
-1

 (CNTs+ Co3O4). 

Binary transition metal oxides, such as NiCo2O4 has been demonstrated as a highly effective 

bifunctional catalyst by several groups.[173, 212, 227, 228] Riaz et al, reported the growth of 

NiCo2O4 on Ni foam, without the assistance of any carbon, and a capacity of 2372 mAh g
-1

 has been 

delivered. No remarkable increase in charge-discharge voltage gap was observed during 250 cycling, 

which was ascribed to the carbon-free hierarchical nanoneedle structure.[229] Zhou et al.[230] 

reported the growth of mesoporous NiCo2O4 nanowires arrays on carbon textile via a hydrothermal 

process followed by thermal annealing, and the NiCo2O4 arrays-based free-standing cathode 

delivered a high capacity of 4221 mAh g
-1

 and excellent cycling stability of 200 cycles without any 

obvious increase in charge-discharge voltage gap. The microstructure, including the morphology and 

pore volume of the NiCo2O4 change with the hydrothermal time, which can affect the specific 
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discharge capacity of the final product.[231] Zhang et al.[232] developed ultrafine NiO/CoO 

catalysts by electrochemical pre-lithiation of pristine NiCo2O4 (NCO) nanowires. The pre-lithiation 

of NiO/CoO nanowires with diameters of 20-30 nm produced nanocatalyst with a domain size of ~2 

nm. A Li-O2 battery using the NCO nanowires/CF pre-lithiated at 0.50 V as the free-standing cathode 

demonstrated an initial capacity of 29280 mAh g
-1

, and also significantly enhanced cycling stability 

for 100 cycles with a specific capacity of over 1000 mAh g
-1

. 

Three-dimensional hierarchically porous web-like MnCo2O4 nanowire bundles on Ni foam were 

fabricated recently by Sun et al.[177] The interconnected web-like structured MnCo2O4 with 

mesopores/macropores showed a high discharge capacity of 12919 mAh g
-1

 at 0.1mA cm
-2

. More 

importantly, the battery with the electrode can still cycle over 200 cycles after 2 months of 

continuous cycling. They also suggested that the cathode is not the main reason for the degradation 

of Li-O2 cells, while the volatilization and decomposition of the electrolyte should receive more 

attention. 

Noble metal catalysts are so far still among the most catalytically active materials towards ORR 

and OER. In order to utilize the high catalytic activity, a well-engineered electrode structure to 

provide conductivity and host discharge products is required. However, it is challenging to handle the 

non-continuous membrane composed of aggregated noble metal nanoparticles to achieve real 

free-standing without any support. Therefore, most recent reports on noble metal-based air-cathodes 

were integrated with carbon nanomaterials by thin-film casting or through in-situ growth on 

free-standing substrates. Li et al.[150] deposited Ru nanoparticles on MWCNT paper for 

rechargeable Li-O2 battery, and a charge potential of 3.74V vs. Li
+
/Li with a stable capacity of 5000 

mA h g
−1

 over 20 cycles has been achieved. Xu et al.[233] reported the synthesis of free-standing 

honeycomb-like palladium-modified hollow spherical carbon (HSC) which further deposited on 

carbon paper (Figure 13 a-c) by the electrophoretic method and applied as a cathode for Li-O2 

battery. The Pd-HSC has open hollow spherical macropores of ~500 nm in diameter and ~9 nm in 
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wall thickness, with monodisperse Pd nanoparticles with a diameter of 10-15 nm (Figure 13 c-d). 

Although the Li2O2 products on SP, HSC, and Pd-HSC were crystalline, those on SP and HSC have 

toroidal shape and were irregularly dispersed (Figure 13 e-f), while those on the Pd-HSC composed 

of uniform nanosheets (Figure 13 g). The latter gave not only higher capacity, but also longer cycle 

life. A high capacity of 5900 mAhg
-1

 at a current density of 1.5 A g
-1

 was delivered for Pd-HSC, Pd 

nanoparticles on the wall within the hollow carbon shells facilitated the formation of small diameter 

Li2O2 (<10 nm) nanosheets, thus resulting in a stable electrochemical Li-O2 reaction. Kang’s 

group[234] reported the preparation of a composite that highly branched Pd nanodendrites (PdNDs) 

on graphene nanoplatelets (GNPs) (PdNDs-GNPs) via a simple wet-chemical process, followed by 

vacuum- filtration to obtain flexible PdNDs-GNP/GO paper. The PdNDs facilitated the formation of 

amorphous Li2O2 nanosheets during the discharge, which easily decomposed during the charging 

process, thus a better cyclability and energy efficiency than those of battery using GNP/GO paper 

electrode can be achieved. Yang et al.[189] proposed a unique construction of cracked carbon 

submicron tube (CST) arrays with Au nanoparticles decorated on inner walls. The incorporation of 

Au nanoparticles improved electrode conductivity and guided thin-layered Li2O2 to grow inside the 

cracked CST, which help easy decomposition of Li2O2 and prevents carbon tube electrode from rapid 

deactivation and the pores from blockage. The Au@CST-based Li-O2 cell has a capacity of 

1208mAh g
-1

 at a current density of 1000mA g
-1 

with a capacity retention of 500 mAh g
-1

after 112 

cycles at 400mA g
-1

. Tu et al. grown mushroom-like Au/NiCo2O4nanohybrid on 3D graphene/Ni, 

they found the Au induces the growth of Li2O2 into the fluffy, thin-film form, while larger Li2O2 and 

Li2CO3 particles accumulated on NiCo2O4 surface in the absence of Au.[228] Air cathode with a 

RuO2 catalyst can significantly reduce overpotentials for both charge and discharge process, and the 

RuO2 encapsulated by graphene has charge potential of 3.85V, which is 0.45 V lower than that of 

RuO2/N-graphene without further graphene encapsulation due to the stabilization of RuO2 

nanoparticles by graphene encapsulation.[197] Lim et al. reported that Pt loaded CNT fibril electrode 
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has higher reversibility compared with CNT fibril, with a reversible capacity of 1000 mAh g
-1

 even 

at a high current rate of 2 A g
-1

.[235] The discharge products formed a uniform thin-layer coating on 

the Pt/CNTs surface, while large bead-like discharge product particles were grown on CNTs fibril. Li 

et al. designed Ni foam-supported Pt nanoparticles coated on self-standing CNTs, and a reversible 

capacity of 4050 mAh g
-1

 at 20 mA g
-1 

was delivered, corresponding to an energy density of ~ 3000 

Wh kg
-1

.[236] Noble metal catalysts, even with small mass loading can substantially reduce the 

charge polarization, and promote the homogeneous formation of amorphous discharge products, 

which can then be decomposed easier during the subsequent charging process. 

 

 

Figure 12. Schematic configuration of Pt/CNTs-Ni electrode, (a) SEM images of Co3O4@Ni(b)[109], 

SEM image of porous anodized aluminum oxide (AAO) filter after thin film deposition using E-beam 

evaporation of 30 nm Ta, and 2nm Fe (c), the SEM image after grown with carbon nanofibers 

(d).[223]Schematic illustration of interface reaction on RuOx (yellow layer)/TiN NTA (blue layer) 
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electrode (e), and the top-view SEM image of RuOx/TiN NTA (f).[224] 

 

 

 

Figure 13. The design and preparation of the Pd-modified hollow spherical carbon deposited onto 

carbon paper cathode (a). SEM (b and c) and HRTEM (d) of Pd-modified hollow spherical carbon. 

FESEM image of the super P cathode after discharged when the discharge capacity was limited to 

3000 mAh g
-1

(e). The FESEM images of hollow spherical carbon without (f) and with (g) Pd 

nanoparticles.[233] 
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Figure 14. Schematic illustration of the fabrication of TiO2 nanoarrays/carbon textile (a), and the 

cell configuration of the Li-O2prototype (b). A photo showing the flexibility of the cell (c) 

Galvanostatic charge-discharge pulse cycling as a function of bending angles at a current density of 

250 A L
-1

(50 A kg
-1

) with each cycle being 20 min (10 min discharge followed by 10 min charge) 

(c).SEM images of discharge products on pristine carbon textile (d), TiO2 nanoarrays/carbon textile 

(e).[221] 
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Table 3 Recent reports on free-standing air-cathode based Li-O2 batteries. 

O2-electrodes Synthesis method Capacity Discharge/charge plateau 

Graphene paper[150] Vacuum filtration 3600 mAh g
-1

 at 500 mA g
-1 

based on the whole 

mass of the cathode 

 

CNTs fibril sheet[213] Orthogonally plying MWCNTs 

sheets 

2100 mAh g
-1

 at 4000 mA g
-1

 based on the loading 

mass of the CNT fibrils (the mass loading of the 

CNT fibrils on Ni mesh: 0.016 mg cm
−2

) 

 

Graphene paper[210] Soft-template 12200 mAh g
-1

 at 200 mA g
-1

 based on the whole 

mass of the cathode 

2.6V/3.99V@500 mA g
-1

 

activated carbon 

nanofibers[211] 

Electrospinning 6099 mAh g
-1

 at 200 mA g
-1

 based on the loading 

mass of the ACNF 

 

N-rich polypyrrole 

(PPy)/cellulose-chopped carbon 

filaments[214] 

Cellulose template Polymerization 4759 mAh g
-1

 at 0.2mA cm
-2

 based on the loading 

mass of the NPCE 

 

CoO/Ni foam[222] Hydrothermal 4800 mAh gCoO
-1

 based on the loading mass of the 

CoO 

2.6V/3.9V@250 mA g
-1

 

Au/NiCo2O4/ 3D graphene[228] Hydrothermal 1275 mAh g
-1

 at 42.5 mA g
-1

 based on the loading 

mass of the Au/NiCo2O4/3D graphene (the mass 

loading of the Au/NiCo2O4/3D graphene on Ni 

foam: 2.0 mg cm
−2

) 

2.65V/4.0V@170 mA g
-1

 

NiCo2O4/MnO2/Ni foam[229] Hydrothermal 2372 mAh g
-1

 at 50 mA g
-1

 based on the loading 

mass of the NiCo2O4/MnO2(the mass loading of the 

2.6-2.8V/ 3.8~3.9V@50 mA g
-1
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NiCo2O4/MnO2 on Ni foam: 0.6 mg cm
−2

) 

RuO2/graphene foam[197] Chemical plating 3750 mAh g
-1 

at 200 mA g
-1 

based on the whole 

mass of the cathode 

2.65V/3.86V@200 mA g
-1

 

PdNDs-GNP/GO[234] Chemical method 3000 mAhgc
-1 

based on the whole mass of the 

cathode 

 

Au@CST[189] Sputtering, template 5488 mAh g
-1

 at 400mA g
-1

 based on the loading 

mass of the Au@CST(the mass loading of the 

Au@CST on Ni foam: 0.2mg cm
−2

) 

2.74V/3.78V@400mA g
-1

 

Pt/CNTs fibrils/Ni mesh[235] Sputtering   

Pt/CNT/Ni foam[236] Sputtering 4050 mAh g
-1

 at 20 mA g
-1

 based on the loading 

mass of the Pt/CNT(the mass loading of the 

Pt/CNT on Ni foam: 0.9 mg cm
−2

) 

2.7V/4.0V@160 mA g
-1

 

B-FeOOH/carbon[172] Hydrothermal 6110 mAh g
-1

 at 0.5mA cm
-2

 based on the total 

mass of carbon and catalyst 

 

MnO2/Ni foam[218] Electrochemical 5700 mAh g
-1

 at 100 mA g
-1

 based on the mass 

loading of the deposited oxides 

 

g-C3N4-Graphene[151] Hydrothermal 7100 mAh g
-1

 at 0.4 mA cm
-2

 based on the whole 

mass of the cathode 

2.67 V/--@0.2mA cm
-2

 

MWCNTs paper[217] Floating catalyst 34600 mAh g
-1

 at 500 mA g
-1

. based on the mass of 

the cathode 

 

NiCo2O4 /carbon cloth[173] Hydrothermal 11860 mAh g
-1

 at 200 mA g
-1

 based on the whole 

mass of the cathode 

 

NiCo2O4 NS/Ni[237] Electrochemical deposition 7004 mAh g
-1

 at 40 mA g
-1

 based on the loading 

mass of the NiCo2O4 NS(the mass loading of the 

NiCo2O4 NS on Ni foam: 0.45g cm
−2

) 

--/<3.6V@40 mA g
-1
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NiCo2O4nanoarrays/carbon 

textile[230] 

Hydrothermal 4221 mAh g
-1

 at 200 mA g
-1

 based on the loading 

mass of the NiCo2O4 nanoarrays 

~2.70V/~3.56V@200 mA g
-1

 

NiCo2O4@Ni[231] Hydrothermal 1682 mAh g
-1

 at 30 mA g
-1

 based on the loading 

mass of the NiCo2O4(the mass loading of the 

NiCo2O4 on Ni foam: 1.8mg cm
-2

) 

 

Pre-lithiation NiCo2O4 

NWs/carbon fabric[232] 

Electrochemical 29279 mAh g
-1

 at 0.1 mA cm
-2

 based on the 

loading mass of the NCO NWs 

 

Co3O4/Ni foam[220] Electrodeposition 2460 mAh g
-1

at 200 mA g
-1

 based on the mass 

loading of the deposited oxides 

 

Co3O4/Ni foam[208] hydrothermal 11 882mAh g
-1 

at 100 mA g
-1

 based on the loading 

mass of the Co3O4 

2.8V/3.7V@100 mA g
-1

 

Co3O4 nanosheets/Ni foams[225] Hydrothermal 1380 mAh g
-1

 at 50 mA g
-1

 based on the loading 

mass of the Co3O4(the mass loading of the Co3O4 

on Ni foam: 1.6 mg cm
-2

) 

2.7V/3.9V@50 mA g
-1

 

Co3O4/CNTs/CFP[226] Electrodeposition 7196.5 mAh g(CNTs+Co3O4)
-1

 at 200mA g
-1

 based on 

the loading mass of the Co3O4 and CNTs 

~2.8 V/--@200mA g
-1

 

VA-CNTs film[238] CVD 1200 mAh g
-1

 at 250 mA g
-1

 based on the loading 

mass of the VA-CNTs 

2.5V/3.6V@250 mA g
-1

 

Porous CNTs film[142] Colloidal template 4683 mAh g
-1

 at 50 mA g
-1

 based on the loading 

mass of the porous CNTs film 

2.73V/--@50 mA g
-1

 

Porous MWCNTs films[215] Biotemplate 3463 mAhge
-1

 at 2 A ge
-1

 based on the mass of the 

cathode 
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6. Perspective 

In summary, the cathode is crucial for the performance of Li-O2 batteries. An effective cathode 

should have low electrical resistance, short ion diffusion pathways and a large surface area. The 

effective O2-electrode should have high conductivity, good mass transport properties, good catalytic 

activity and relatively stable at high potentials and with the discharge products. 3D hierarchical 

structures are crucial for Li-O2 battery cathodes since it is able to offer both high surface area and 

mass diffusion channels simultaneously. Larger electrochemically effective surface areas were shown 

to be favorable for the performance of the cell since it has more active sites to improve the reaction 

kinetics and offers more surface area for the formation of discharge product. On the other hand, the 

ORR during discharging highly depends on mass transport. However, the discharge products may 

block pore channels, which is especially significant if the cathode is composed of mainly small pores. 

Studies have found that the capacities normalized to electrochemically effective surface areas are 

greatly affected by the morphology of the sample, with the samples having macropores performing 

much better than those with only smaller pores.[239] The larger three-dimensionally interconnected 

macropores can provide efficient reactant/product transportation channels which are not easily 

clogged by the solid reaction products while the smaller mesopores provide a large surface area for 

active sites for the ORR and OER reactions.  

The state-of-the-art specific powers of Li-O2 batteries are still lower than that of 

commercially-available Li-ion batteries. Besides reducing the conductivity and taking up dead space 

and mass, the organic binders may react with organic electrolytes, forming lithium compounds such 

as LiOH and LiF. The side reactions with electrolytes should receive more research attention, which 

are the concerns for the poor cycle life. The deposition of noble metal-containing layers (e.g. 

FeOx/Pd), even in atomic layer level could effectively prevent the formation of by-products, such as 

LiOH and Li2CO3. The presence of small amount of noble metals can substantially reduce the charge 
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polarization and promote the homogeneous formation of amorphous discharge products, which can 

then be decomposed easier during the subsequent charging process. 

The fabrication of "binderless", "binder-free", and "free-standing” cathode consisting of 

conductive, porous and mechanically robust gas diffusion electrodes holds great promise for future 

Li-O2 batteries. These include, but are not limited to free-standing graphene paper, carbon texture, 

and metal foam. Catalyst nanoparticles directly grown on a free-standing conductive substrate have 

good contact with the substrate, which can enhance the electron transfer rate and reduce the internal 

resistance, thus prolonging the service life of the electrode. Selection supporting electrodes with 

optimal pore structure and preferential interaction with the catalysts, affording high mechanical 

strength to accommodate the deposition of intermediate products remains to be a hot research topic.   

A high-performance rechargeable Li-O2 battery needs to achieve high round-trip efficiency 

besides high specific capacity, good rate capability, and excellent cycling performance. Thus, 

bi-functional catalysts which can significantly reduce the over-potentials for both ORR and OER are 

popular research topics. In this regard, binary or ternary transition metal oxide catalysts and their 

associated cathodes with optimized structure and element composition should receive more attention 

in the future. Perovskite-type oxides such as La0.6Ca0.4CoO3and Ba0.5Sr0.5Co0.8Fe0.2O3-δ are 

considered to be the most promising bifunctional catalyst, with OER activity significantly higher 

than the state-of-the-art IrO2 catalyst. MoS2 is a promising new type of bifunctional air cathode 

catalyst, with ORR and OER performance comparable to Au, Pt, and perovskite nanoparticles 

catalysts. Particularly, it performs remarkably well in the ionic liquid electrolyte, with high 

round-trip efficiency. 

To summarize, favorable structure for Li-O2 cathode requires  interconnected bimodal mesopores 

and macropores, with high conductivity and a large specific surface which can maximize the 

Li2O2/electrode interfacial area, and act as mass transport highways. In ddition,  binder-free or 

free-standing design is especially beneficial to Li-O2 batteries because binders in the cathode are 
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among the main sources of side reactions and will greatly hinder the cycle life of the cell. Finally, 

highly active bi-functional catalysts are also essential to achieve high round-trip efficiency.  
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Graphical abstract: 
 

Besides catalyzing the oxygen reduction and evolution, the catalyst structure of O2-electrodes plays an important role in 

the mass transfer and reversible conversion of the discharge products. This review provides a comprehensive overview of 

the O2-electrodes for Li-O2 batteries, with an emphasis on the electrodes synthesis, working mechanism and overall 

performance evaluation. 

 

 

 




