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Lithium/air is indeed a fascinating energy storage system. The effective exploitation of air as 

a battery electrode has been the long-time dream of the battery community. Air is in principle 

a no-cost material gifted by a very high specific capacity value. In the particular case of the 

lithium/air system, energy levels approaching that of gasoline have been postulated. It is then 

not surprising that in the course of the last decade great attention has been devoted to this 

battery by various top academic and industrial laboratories worldwide. This intense 

investigation, however, has soon highlighted a series of issues that prevent a rapid 

development of the Li/air electrochemical system. Although several breakthroughs have been 

achieved recently, the question on whether this battery will have an effective economic and 

societal impact remains. In this review, a critical evaluation of the progress achieved so far is 
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made, together with an attempt to propose future R&D trends. A forecast on whether Li/air 

may have a role in the next years’ battery technology is also postulated. 

 

1. Introduction 

The car industry is currently facing a crisis in the developed world, due to the rising costs 

associated with car ownership and a growing environmental awareness among the population. 

New shared mobility concepts like car sharing and car pooling are being developed and 

offered to people living in densely populated urban areas to counteract the rising costs of oil 

and gas. At the same time, the penetration of renewable energy sources has opened up the 

possibility to create a CO2-neutral mobility system, where electric vehicles are powered by 

wind, hydro and solar energy. 

Broad financial efforts are being made at a governmental and industrial level to fund research 

into new areas of energy storage. The U.S. Department of Energy has allocated $20M to 

energy storage research in 2012 and $15M the following year, while the German government 

has committed itself to €200M between 2011 and 2018;
[1]

 similar schemes are also being 

promoted in Japan by NEDO. The EU-backed “Horizon 2020” program aims at funding 

research into energy storage technologies, a field where the European Union lags behind the 

U.S. and East Asia.
[2]

 

The lithium-ion technology has established itself as a reliable energy storage chemistry over 

the past 20 years, first being used in camcorders, then mobile phones, laptops and more 

recently electric cars. However, as the size of the battery pack increases, so does the belief 

that its cost per kWh and its energy density are not suitable for practical vehicle applications. 

The Tesla Model S, which sports a 400 km driving range, does so with a whopping 85 kWh 

battery pack that alone has up to twice the price of a standard economy car. With a current 

cost higher than 400 $ kWh
-1

, electric cars have so far only entered a niche, high-end market 

where users are willing to pay a premium. Resizing the battery pack, and so the total cost of 
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an electric car, results in a limited driving range (typically 100-150 km) that automatically 

restricts the use for long-haul journeys and triggers the so-called “range anxiety” feeling. For 

these reasons, the need to develop energy storage technologies that enable at least a 500 km 

driving range, while retaining the same battery pack volume at an affordable price, is of 

primary interest for governments and car manufacturers. 

 

1.1 A brief history of lithium/air batteries 

Over the years, the scientific community has focused its interest on advanced lithium-ion and 

fuel cells with only incremental improvements being made. The lithium-ion technology in 

particular is predicted to reach an asymptotic limit in specific energy of 250 Wh kg
-1

,
[3]

 due to 

its intrinsic features. This falls quite short of the 1750 Wh kg
-1

 tank-to-wheel value that is 

currently achieved with gasoline in the U.S.,
[4]

 therefore it is imperative to look elsewhere for 

a solution. Primary metal/air batteries were at the center of attention already a few decades 

ago, with the first review by Blurton and Sammells dating back to 1979.
[5]

 At the time, the 

authors did not see practical vehicle applications for the Li/air cell chemistry, as opposed to 

the then more promising Zn/air batteries. They did however recognize the high power density 

that could be achieved with such a system, thanks to the 3 V open circuit voltage, as well as 

the very high theoretical gravimetric energy density that could be reached with Li2O as 

discharge product (at the time, the optimistic value of 11148 Wh kg
-1

 was provided). The 

interest in the subject was renewed in the mid-90s, when Abraham et al. reported 

rechargeability for a Li/O2 system where a lithium metal anode, a carbonate-based PVdF gel 

electrolyte and a carbon substrate for the O2 cathode were employed.
[6]

 The two reactions 

postulated to take place were: 
[7]
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Qualitative analyses led to the identification of Li2O2 as the main product present in the 

discharged electrodes. Remarkable specific capacities around 1600 mAh g
-1

carbon were 

obtained and a first observation was made on the importance of the air electrode’s surface 

area. Interest in the subject grew steadily with the use of liquid organic electrolytes 
[8,9]

 among 

which ether-based electrolytes were proposed as a solution to the limited O2 solubility and 

diffusivity by Read et al.;
[10]

 in fact, these two parameters had been found to be a bottleneck 

for the O2 electrode in most electrolytes 
[11,12]

. In 2006, Bruce and coll. 
[13]

 demonstrated the 

reversibility of Li2O2 formation, by making use of a liquid organic electrolyte combined with 

MnO2 as catalyst. Since then, the Li/air technology has quickly gained a prominent position 

among the electrochemical energy storage technologies that are deemed to provide a solution 

to the low energy density conundrum 
[14,15]

. Many researchers are now focusing on the 

development of advanced catalysts and cathode substrates to improve efficiency and cycle life 

using mostly organic electrolytes. Materials used as cathode supports comprise porous 

carbon,
[16–19]

 graphene,
[20]

 carbon nanotubes (CNT) or carbon nanofibers (CNF)
[21,22]

 with 

catalysts such as metal oxides (MnO2,
[23–26]

 Co3O4
[27,28]

), noble metals,
[7,29–31]

 and others.
[32,33]

 

At an industrial level, in 2009 IBM launched the “Battery 500” project, which had the 

ambitious aim of developing a Li/air battery that could ensure a 500 mile driving range,
[34]

 

and it was thought that soon enough this technology would make it to practical applications. 

However, initial excitement soon dwindled down, as scientists realized that the subject was 

more complex than initially prospected.  

 

2. An academic perspective 

Despite having been in the making for the past 40 years, with a steep acceleration in R&D 

efforts in the last decade, Li/air batteries have to be considered as still in their infancy. Several 

optimistic claims have already been downsized, while the technology roadmap has been 
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extended to a 20 years window because of some yet unresolved challenges, summarized in 

Figure 1. One aspect not to be overlooked is rate capability. So far, only limited current 

densities have been demonstrated, generally one or two orders of magnitude lower than those 

exhibited in commercial Li-ion batteries. If higher current densities cannot be achieved, 

alternative solutions must be found to meet the high flow of O2 needed for transport 

applications. 

Moreover, it has to be stated that the term “Li/air batteries” is often optimistically adopted to 

describe devices that in fact are Li/O2 cells, since oxygen (and not dry air) is supplied to the 

system in most lithium/air battery studies. The major constituents of ambient air are N2 (78%) 

and O2 (21%) with other gasses making up the rest. CO2 and moisture in the ambient air can 

significantly influence the electrochemical performance of a lithium/air cell with a negative 

impact over cyclability, even in small amounts.
[35–37] 

For instance, lithium metal can react 

with H2O traces in the air and generate LiOH and H2. Aurbach et al.
[35,36]

 reported that CO2 

also reacts with the Li
+
 ions forming Li2CO3 on the electrode surface, while Takechi et al.

[37]
 

demonstrated that Li2CO3 could form from the reaction between CO2 and Li2O2. The higher 

energy density that can be achieved, if oxygen were harvested from air at a low energy cost, 

provides with a significant incentive to develop ways to filter out unwanted components, 

which is why O2-selective membranes are currently under intense development.  

 

2.1 Electrolytes 

So far, the focus of researchers in the academia has mostly revolved around aprotic Li/air 

cells, where the main discharge product is Li2O2. However, the Li/O2 battery family also 

comprises “solid-state”, “aqueous” (sometimes referred to as hybrid) and “dual electrolyte” 

cells,
[4,38]

 whose main features are portrayed in Figure 2.  

 

2.1.1 Solid-state electrolytes 
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The all-solid-state lithium/air battery was developed by Kumar et al..
[39–42]

 The electrolyte 

used in this case was based on lithium aluminum germanium phosphate (LAGP) mixed with 

polyethylene oxide (PEO). The carbon electrode was made of N-doped Ketjen black and 

calgon activated carbon.
[41]

 This battery exhibited a high discharge potential and a low charge 

potential corresponding to 2.8 V and 3.6 V respectively, at an operating temperature of 75 °C. 

Zhou et al.
[43]

 also investigated the solid-state lithium/air battery using a Li/CE (ceramic 

electrolyte)/LAGP@CNT (carbon nanotube) configuration. Recently, Lu et al. 
[44,45]

 

developed an all solid state lithium/air battery using a lithium phosphorous oxynitride 

(LiPON) electrolyte with a lithiated Li4Ti5O12 (LLTO) anode and a vanadium oxide (V2O5) 

cathode substrate. This study confirmed that Li2O2 was the main discharge product.  

 

2.1.2 Aqueous electrolytes 

Aqueous lithium/air batteries have many advantages compared to non-aqueous systems, 

namely a high discharge potential, a high round-trip efficiency, the absence of solid discharge 

products that cause electrode pore clogging, and the absence of corrosion of the lithium metal 

by air moisture. Furthermore, there is no need to use expensive Li salts in the catholyte, as 

dissociation, solubility and conductivity are higher than the non-aqueous counterpart. Another 

advantage is that there are known non-noble catalysts, which allow a four-electron transfer at 

the cathode, leading to: 

 

             
             (   ) 

       
                  (   ) 

 

Depending on the pH, a potential of ca. 3.4-4.3 V vs Li metal can be reached.
[11]

 The cathode 

operates in an aqueous catholyte, separated from the Li anode by additional inorganic and/or 

organic electrolyte layers. This category was first investigated in the 70’s at Lockheed.
[46,47]

 In 
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this system, a lithium metal anode is immersed into a concentrated LiOH aqueous solution 

and leads, during discharge, to the formation of LiOH, which is partially soluble in the 

electrolyte:
[48–51]

  

 

     
 

 
                    ( ) 

 

LiOH then precipitates with crystalline water when its concentration exceeds 5.2 M, therefore 

aqueous Li/air cells face an intrinsic limitation of 477 Wh kg
-1

 in theoretical specific 

energy,
[52]

 although they might be able to compete with their non-aqueous counterpart in 

volumetric terms. The solubility of LiOH can be increased if an acidic solution is used,
[53–55]

 

which also allows a 3.4 V discharge voltage and ultimately a specific energy of 700 Wh kg
-1

. 

Alternatively, the specific energy can be increased by storing and/or precipitating the lithium 

hydroxide in a reservoir as the cell discharge progresses.
[56]

 Of course, another factor that has 

to be taken into account when designing such cells is the reactivity of lithium in an aqueous 

environment. In the first attempts made to passivate the Li electrode, the system suffered from 

corrosion as well as H2 generation and was soon after abandoned. The development of the 

aqueous system became possible after Visco et al. developed the lithium conducting solid 

electrolyte in 2004. 
[57–60]

 This electrolyte consists of a lithium-ion conductive interlayer - 

either lithium nitride (Li3N) or LiPON - between the lithium-conducting electrolyte and the 

lithium metal anode, and prevents the reaction of lithium metal with water to form LiOH and 

hydrogen gas. However, the conductivity of this protective solid electrolyte decreases 

significantly during operation due to the increase of pH of the electrolyte from the dissolution 

of LiOH. Imanishi et al. addressed this issue by effectively lowering the pH of the aqueous 

electrolyte, thereby stabilizing the glass-ceramic protective electrolyte (LATP) they used.
[61]

 

The addition of LiCl in a saturated aqueous solution of 5.12 M LiOH decreased the pH value 
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Li+ + e- 

to 8.14 and the stability of LATP in aqueous solution was enhanced by a high concentration 

of Li
+
 ions. Although reducing the alkaline concentration in the aqueous solution has 

minimized reactivity with LATP, this solid electrolyte still suffers from degradation in the 

presence of lithium metal anode. For this reason, PEO-based polymer electrolytes have also 

been employed 
[62,63]

 as the first electrolyte in contact with Li metal, whose flexibility also 

avoids the loss of contact caused by the volume changes that occur during cycling. To further 

enhance the performance of lithium/air, Visco et al. 
[57]

 and Wang et al.
[64]

 investigated a dual 

electrolyte configuration. Wang et al.
[64]

 used an ethylene carbonate/dimethyl carbonate 

electrolyte to separate Li metal and lithium-conducting electrolyte. However, if much higher 

current densities were reached at the cathode, the system as a whole would present some 

obvious Li
+
 mass transport limitations due to the three electrolyte layers used. Although this 

system has some benefits, its fabrication process is complicated and challenging.  

 

2.1.3 Non-aqueous electrolytes 

In aprotic electrolytes, the mechanism of the oxygen reduction process leads to lithium 

peroxide via a sequence of intermediate steps that include the formation of the oxygen radical 

O2
-[65]

: 

  ⁄          ⁄    

  
              
→       

  
               
→                                                                       ( ) 

 

     
                   
→               

This species is highly reactive and, although short-lived, it is active long enough to 

decompose most of the common electrolytes, such as the organic carbonate solutions 

commonly used in conventional lithium-ion batteries. These esters, having a very strong 

electrophile carbonyl group are in fact easily attacked by the nucleophile peroxide and 
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superoxide species resulting in the opening of the heterocycle and the subsequent formation of 

linear carbonates. Indeed, early attempts to operate lithium/air batteries using carbonate 

electrolytes led to cell failure after a few cycles, due to the overall process being dominated 

by electrolyte decomposition.
[23,66]

 For this reason, common organic carbonate electrolytes 

have been now totally abandoned. Consequently, the choice of a suitable, stable electrolyte 

has been a major challenge in Li/air battery technology. Many solvent systems, whose results 

are summarized in Table 1, have been investigated to reach this goal. Among them, a popular 

choice is presently lithium triflate (LiCF3SO3), dissolved into tetraethylene glycol dimethyl 

ether (TEGDME), due to the poor electrophilic characteristics of glymes, which assure 

resistance to nucleophilic attacks while the persulphonate salt contributes to the chemical 

stability.  

 

2.1.4 Carbonate-based electrolytes 

The large polarization caused by the oxygen evolution reaction (OER)
[19,22–24,26,27,30] 

and the 

modest cycling performance of lithium/air batteries have so far made it difficult to reach 

round-trip efficiencies comparable to lithium-ion batteries. Mizuno et al.
[67]

 reported that the 

discharge product of lithium/air using organic electrolytes was mainly Li2CO3 and lithium 

alkylcarbonate (RO━(C=O)━OLi) rather than Li2O2. These products were mostly the result of 

the decomposition of the propylene carbonate-based electrolyte. Following this study, several 

researchers were able to determine the mechanism by which carbonate-based electrolyte 

decomposition occurs.
[66,68–72]

 For example, Zhang et al. carried out density functional theory 

(DFT) calculation and determined that the ring opening of PC in the presence of solvated 

species such as O2
–
, LiO2, LiO2

–
, and Li2O2 has no energy barriers (Figure 3). As a result 

Li2CO3 and lithium alkylcarbonate can be easily formed. These materials were confirmed by 

Fourier transform infrared (FT-IR) and X-ray photoelectron spectroscopy (XPS).
[72]

 Bruce et 
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al.
[66]

 also identified the discharge products of the lithium/air cell using a PC electrolyte to be 

Li2CO3, C3H6(OCO2Li)2, CH3CO2Li, HCO2Li, CO2 and H2O by using FT-IR, nuclear 

magnetic resonance (NMR) and surface-enhanced Raman spectroscopy (SERS), together with 

differential electrochemical mass spectrometry (DEMS). Zhang and co-workers
[71]

 used X-ray 

diffraction (XRD) and DEMS to confirm the formation of Li2CO3 during the discharge 

process and the evolution of CO2 during charging. 

 

2.1.5 Ether-based electrolytes 

After the confirmation of the decomposition of carbonate-based electrolytes, research efforts 

were directed to find other stable electrolytes for non-aqueous lithium/air batteries. Among 

the organic solvents investigated, ether-based electrolytes were found to be the best 

candidates. In 2006, Read
[10]

 used an ether-based electrolyte in a non-aqueous lithium/air 

battery for the first time, while Bryantsev et al.
[73]

 used density functional theory to calculate 

the stability of a range of organic solvents against an attack by the O2
-

 radical. The 

calculation showed ether-based electrolytes to be more suitable than carbonate-based ones. 

Nevertheless, a number of scientists reported mixed results with ether-based electrolytes, with 

some showing enhanced electrochemical and cycling performance (100 cycles)
[72,74–78]

 and 

others showing decomposition of the electrolyte. McCloskey et al.
[79]

 reported the 

decomposition of a dimethoxy ethane (DME) electrolyte in a lithium/air cell during cycling. 

In their study, CO2 gas evolution was detected by DEMS analysis over the 4 V region. Other 

researchers also presented evidence of the decomposition of this class of electrolytes.
[80–83]

 

Freunberger et al.
[80]

 studied the decomposition of DME during the discharge process using 

XRD and FT-IR analysis and proposed a decomposition mechanism where a progressive 

formation of Li2CO3 takes place. Xu et al.
[82]

 demonstrated the decomposition by using XRD, 

DEMS, NMR, and XPS. In spite of the possible decomposition of ether-based electrolytes, 

they are still the most studied so far in non-aqueous lithium/air systems,
[84–87]

.  
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2.1.6 Other non-aqueous electrolytes 

Several other non-aqueous electrolytes batteries have been reported for lithium/air, such as 

acetonitrile (ACN),
[88,89]

 dimethylformamide (DMF),
[90]

 tri(ethylene glycol)-substituted 

trimethylsilane (1NM3),
[72]

 N-methyl-2-pyrrolidone (NMP),
[91]

 dimethyl sulfoxide 

(DMSO),
[92–94]

 N,N-dimethylacetamide (DMA),
[95]

 sulfolane,
[96]

 ionic liquids.
[97–102]

 Among 

these organic electrolytes, DMSO was thoroughly investigated by Feng et al.
[93]

, who 

demonstrated that a solution of 0.1 M LiClO4 in a DMSO electrolyte could give a very stable 

electrochemical performance. The main discharge product with a DMSO-based electrolyte 

was Li2O2 without any noticeable electrolyte decomposition after 100 cycles. However, the 

instability of the DMSO electrolyte in the presence of Li2O2 has recently been confirmed by 

in-situ IR and XPS measurements.
[103,104]

  

 

2.2 The anode 

 

Due to its high electrochemical values, i.e. a plating voltage of -3.05 V vs. SHE, a capacity of 

3.86 Ahg
-1

 and 2.06 Ah cm
-3

, lithium metal is in theory an ideal electrode material. However, 

its practical use is barred by its tendency to deposit irregularly, resulting in the formation of 

dendrites that may eventually grow across the cell, ultimately posing a serious safety hazard. 

It has been shown that both the separation of surface lithium flakes and the continuous growth 

of an unstable solid electrolyte interphase (SEI) layer lead to reduction in capacity during 

cycling.
[36,53,105–109]

 Therefore, unless properly protected 
[4,110]

 and/or combined with a suitable 

electrolyte, lithium metal cannot be proposed as an electrode for battery manufacturing. This 

holds true for lithium/air batteries too. Furthermore, a gradual degradation of the surface of Li 

metal can also take place due to O2 crossover, which promotes electrolyte decomposition 

during charge at the anode and results in the formation of LiOH and Li2CO3.
[111]

 Quite 

surprisingly, this matter is generally ignored since most of the work in the field is still based 
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on systems using lithium as anode, and while there are many papers addressing the challenges 

related to electrolytes and cathode supports, relatively few studies have been conducted on the 

anode. An attempt to solve this issue has been recently reported by Hassoun et al.,
[112]

 who 

proposed the replacement of lithium metal with a lithiated silicon-carbon composite, LiSi-C, 

demonstrating one of the rare cases of a “lithium-ion-air battery” configuration. The battery 

operates reversibly at a capacity of 1,000 mAh g
-1

carbon for about 15 cycles to then decay, 

likely because of O2 crossover with the consequent Si-C composite electrode deterioration 

(see Figure 4).
[112]

 Indeed, oxygen crossover is a serious drawback on the anode side that has 

so far been underestimated. An obvious solution would be that of protecting the anode with a 

membrane that is not permeable to oxygen.
[111]

 However, this approach may lead to unwanted 

additional problems, such as increase in the overall cell resistance and the associated power 

losses. As an alternate approach, gel-polymer electrolytes have been applied to suppress the 

Li dendrite formation 
[113–115]

 which, however, can still occur and lead to the penetration of the 

polymer film, to a poor cycling behavior and ultimately cell failure. Aleshin et al.
[116]

 tried to 

solve this problem by coating the lithium metal anode with a protective ceramic layer 

composed of lithium–aluminum–germanium–phosphorus (LAGP) glass–ceramics. This layer 

was considered to stabilize the lithium/air performance by preventing anode and electrolyte 

degradation. However, the cell performance was only tested for ten cycles, making it hard to 

verify the long term impact of a ceramic protective layer. 

 

2.3 The cathode substrate 

The high energy density of lithium/air batteries partly stems from the low mass of its positive 

electrode, typically composed of conductive substrate, catalyst and binder, as opposed to 

lithium-ion batteries, where heavy transition metal oxides are used as active materials. 

Theoretically, the specific capacity of the lithium/air battery is determined by the amount of 

lithium peroxide (Li2O2) formed by the combination of reduced oxygen and lithium ions 
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during discharge. In practice, the discharge capacity is far lower than the theoretical value in 

all investigations that have been done to date, and the rate capability is inferior to that of other 

energy conversion systems. The Li/O2 cathode structure is typically made up of a porous 

carbon substrate, a binder and a gas diffusion layer (GDL), usually carbon paper. With this 

type of substrate and the use of a stable electrolyte (e.g., LiCF3SO3-TEGDME) the cell can 

operate well in the discharge step, namely the oxygen reduction reaction (ORR), leading to 

the formation of Li2O2.
[76]

 A pronounced overvoltage is instead usually detected in the 

opposite charge step, or oxygen oxidation reaction (OER), which results in a poor energy 

efficiency. Hence, attention is being directed at this issue, through the search for catalysts that 

can lower the OER overvoltage. To reach this goal, various materials have been tested (see 

Table 2); however, none of them is the ultimate choice and a real effective OER catalyst has 

still to be identified. Another serious concern at the cathode is the corrosion of carbon 

occurring during the charging process, with the evolution of CO2 that ultimately leads to cell 

failure. 
[117–119]

  

A drawback, still associated with the cathode and so far unsolved, is the low power capability 

of the cell, which is closely correlated to the low current densities attainable, typically in the 

order of 0.1 mA cm
-2

.
[74,93,120]

 Alternative, nanostructured carbon configurations, such as 

graphene, tubes, foams, and nanofibers might bring a solution to this, since their large surface 

and high electronic conductivity are expected to enhance the kinetics of the electrochemical 

process.
[75,121]

 On the other hand, this approach may contribute to further decrease the 

volumetric energy density of the Li/O2 battery, already considered to be low with the standard 

carbon substrates. 

The reaction at the positive electrode of lithium/air batteries revolves around a triple-phase 

interaction between the electrode substrate (the solid phase), the lithium ions in the electrolyte 

(the liquid phase) and molecular oxygen (the gas phase). However, the situation is more 

complicated for non-aqueous lithium/air cells due to the nature of the discharge products. The 
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mechanism of the formation/decomposition of Li2O2 has not yet been established with 

certainty.
[122–127]

 The non-conductive solid Li2O2 precipitate 
[11,81,127,128]

 can accumulate on the 

porous substrate structure, causing blockage of the available surface area for further formation 

of Li2O2. The transfer pathway for oxygen gas and lithium ions can also be clogged by Li2O2 

precipitate, resulting in an increase in cell resistance.
[6,129,130]

 When the pore size is too small, 

such as in micropores (≤ 2 nm), the pore entrance easily becomes blocked, rendering the 

electrochemically active sites located deeper into the cathode substrate inaccessible. As 

consequence, poor specific capacities are reached, despite the large surface area.
[16]

 o further 

complicate things, the performance of lithium/air batteries is not solely determined by the 

surface area, porosity, or pore size of the air electrode, but by a more complex interplay 

between these components.
[131]

 Therefore, it remains difficult to determine the most critical 

parameters that affect performance in lithium/air batteries. In the following sections, we 

discuss the different materials that have been used at the cathode.  

 

2.3.1 Porous Carbon  

The various structures and allotropes of carbon are notable for their low cost, high 

conductivity, high pore volume, large surface area and facile processing. Carbon is therefore 

well suited to solve the abovementioned problems, which is why it has become the main 

choice as substrate and catalyst for the positive electrode. Besides, the catalytic effect of 

carbon, observed on the ORR and ascribable to its defects, suggests that an additional catalyst 

for the oxygen reduction may not be necessary.
 [88,132]

 Different commercial forms of carbon 

black (e.g., Super P,
[8,10,24]

 Ketjen Black,
[17,18]

 and Vulcan carbon 
[133]

) have been used as 

substrates for the positive electrode in lithium/air batteries. Due to the limited success of 

commercial carbons, many researchers have tried to develop new carbon structures to 

improve performances. Yang et al. 
[17]

 reported that mesocellular carbon foam (MCF-C) with 

large pore volumes and large mesoporous structures exhibited a higher discharge capacity 
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than commercial carbon black. Zhai et al.
[127]

 showed that two kinds of discharge products, 

e.g. Li2O2 and LiO2, were formed on pores of the activated carbon and emphasized that the 

latter can reduce the charge potential. Guo et al.
[134]

 highlighted the ability of ordered 

mesoporous channels to improve the electron transfer process and facilitate Li
+
 diffusion. In 

their structure, macropores, surrounded by ordered mesoporous channels, can provide a space 

for O2 diffusion and Li2O2 formation/decomposition as shown in Figure 5. Carbon nanotubes 

(CNT) and their derivatives
[135,136]

 have been considered for use in lithium/air batteries 

because of their unique properties (e.g. high surface area, conductivity, catalytic activity and 

stability in oxidation).
[137–139]

 Mitchell et al.
[121]

 reported carbon nanofibers (CNF) to display 

an efficient ORR catalytic activity and a high discharge capacity. The fiber was directly 

grown on a porous substrate using a CVD method, with no need for a binder. CNFs exhibited 

an exceptionally high discharge capacity of 7200 mAh g
-1

 and gravimetric energies up to 

2500 W h kg
-1

. Treated CNTs showed even better results; for instance, Li et al.
[138]

 applied 

partially cracked CNTs (1513 mAh g
−1

) to the substrate and found its capacity to be almost 

twice as large as that of non-cracked CNTs (800 mAh g
−1

). Mi et al.
[139]

 found that the 

application of nitrogen-doped CNTs to the substrate increased the capacity in both carbonate-

based (PC/EC) and ether-based (DOL/DME) electrolytes beyond that of CNTs. Recently, a 

hierarchical-fibril carbon electrode was developed by orthogonally organizing individual 

sheets of aligned CNTs.
[140]

 By promoting efficient mass transport in the open framework, this 

electrode could deliver a high capacity of 1000 mA h g
-1

 with good cycling performance up to 

70–80 cycles. Liu and co-workers manufactured a freestanding electrode by applying a 

hierarchically porous CNT film fabricated via colloidal template-assisted vacuum filtration 

and post annealing.
[141]

 Although the loading amount of carbon is 7–50 times higher than that 

reported previously for other free-standing carbon electrodes,
[121,140]

 this electrode still 

exhibited a high capacity of 4683 mA h g
-1

 and a gravimetric energy of 12830 W h kg
-1

. On 

another note, CNTs have been particularly useful in visually analyzing the Li2O2 morphology 
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in a clear and distinguishable way. Shao-Horn and co-workers 
[122,142] 

investigated the 

formation and morphological evolution of Li2O2 during discharge, confirming the relationship 

between the Li2O2 morphology and the electrochemical performance of lithium/air batteries. 

Another attractive candidate, graphene, has also received wide consideration especially thanks 

to its excellent electrical conductivity (higher than that of CNT), high specific surface area, 

and excellent mechanical strength, resulting from its unique two-dimensional structure. Li et 

al. showed that graphene nanosheets (GNS) could deliver a higher discharge capacity (8,706 

mAh g
-1

) compared to BP-200 (1,909 mAh g
-1

) and Vulcan XC-72 carbon (1,054 mAh g
-

1
).

[143]
 Sun et al. confirmed an improved catalytic effect of GNS for the OER as well as for the 

ORR, compared to Vulcan XC-72 carbon.
[144]

 In this case, the discharge capacity of GNS is 

2,332 mAh g
-1

, which is higher than that of a Vulcan XC-72 carbon electrode (1,645 mAh g
-1

). 

Moreover, the potential difference between the discharge and charge processes of the GNS 

electrode was 1.22 V, which was significantly lower than that of a Vulcan XC-72 carbon 

electrode (1.69 V). A 3D hierarchically porous structure with functionalized 2D graphene 

nanosheets was applied as a porous carbon electrode. The 3D structure which contains inter-

connected pore channels on both the micro- and nanometer length scales delivered an 

exceptionally high capacity of 15,000 mAh g
-1

 (although in good part irreversible) with a 

plateau at around 2.7 V. Moreover, a DFT calculation revealed that defects and functional 

groups on graphene would be able to facilitate the formation of isolated nanosized Li2O2 

particles and therefore help prevent air blocking in the air electrode. 
[75]

 

 

2.3.2 Carbon Decomposition 

Although carbon exhibits great potential as substrate material at the cathode, its suitability is 

being disputed due to chemical stability issues. By employing a carbon-13 isotope (
13

C) 

electrode, McCloskey et al.
[117]

 showed that oxidation of the carbon electrode contributes to 

the formation of Li2CO3, although electrolyte decomposition is the major source. During 
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discharge, the reaction of Li2O2 with the carbon electrode causes the formation of Li2CO3 

layer on the carbon surface. Theoretically, this Li2CO3 layer can lead to a 10−100 fold 

decrease in the exchange current density. Thotiyl et al.
[119]

 also reported on the stability of the 

carbon electrode and a non-aqueous electrolyte upon attack by Li2O2. They found carbon to 

be relatively stable below 3.5 V during both the discharge and the charge processes, 

especially in the case of hydrophobic carbon, but unstable above 3.5 V in the presence of 

Li2O2, which decomposes to form Li2CO3. Therefore, the stability of the electrode and the 

electrolyte cannot be considered separately, and careful consideration is needed if carbon is to 

be used in a practical lithium/air battery. To avoid stability issues related to carbon, Peng et al. 

used nanoporous gold material as an alternative substrate in lithium/air batteries.
[93]

 Although 

Au is almost 10 times heavier than the carbon electrode, and not suitable for practical use due 

to its high cost, it demonstrated improved cycling with 95% capacity retention after 100 

cycles with no side reactions. As a result, search for carbon-free electrodes has been actively 

pursued recently.
[28,145–149]

 Among others, Li et al.
[147]

 used a ruthenium nanoparticle/indium 

tin oxide (Ru/ITO) composite as a carbon free electrode in a lithium/air battery. The Ru/ITO 

electrode showed much lower charging overpotentials and better cycling behavior than both a 

Super P (SP) electrode and an SP electrode loaded with Ru nanoparticles (Ru/SP), as shown 

in Figure 6. The necessity and the side effect of carbon electrodes is still under debate 
[150]

. 

Whether carbon-free electrodes are practically viable is not yet clear, considering the negative 

weight contribution of the proposed metal oxides. Parallel studies on the advanced carbon-

free electrodes and the way of avoiding side effect of carbon should be performed at this stage. 

 

2.3.3 Catalysts 

Although many kinds of carbon electrodes have shown catalytic ORR activity, the relatively 

low catalytic activity of carbon in the OER encouraged the use of additional catalysts for the 

reversible dissociation of Li2O2, some of which have also been used for the reactions at both 
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electrodes. While the use of catalysts could enhance the reaction kinetics of lithium/air 

batteries (i.e. increasing the capacity, lowering the potential gap during discharge-charge 

cycles and improving the rate capability), it remains unclear whether a catalyst would actually 

improve the overall performance of lithium/air batteries, due to the possible problem of 

electrolyte decomposition. Some studies argue that it is not the Li2O2 formation-

decomposition reactions that are catalyzed during the discharge and charge processes, but 

rather the Li2CO3 formation-decomposition and electrolyte decomposition reactions. 
[76]

 

Nevertheless, there are many effective electrocatalysts that are currently being used in non-

aqueous lithium/air batteries. The use of soluble mediators or “redox shuttles” has also been 

recently proposed to mediate the electron transfer during ORR,
[151]

 OER,
[152]

 or both.
[153]

 In 

the case of ORR mediators, a clear advantage is that the soluble mediator is reduced at the 

electrode and then diffuses, avoiding pore clogging by delocalizing the formation of Li2O2. 

Moreover, the diffusion distance for O2 is shortened, as the shuttle diffuses faster than O2 and 

the O2 reduction occurs closer to the O2/electrolyte interface. The advantage of OER 

mediators is the increase in rechargeability and rate, as Li2O2 is easily accessible by the 

soluble mediator. However, the use of redox shuttles can result in parasitic “shuttling” 

between the two electrodes, with the associated self discharge; thus, this promising new 

approach still requires further studies, also in terms of cell engineering. 

 

2.3.4 Metal Oxides  

To date, metal oxides have been the preferred catalysts for both the ORR and the OER. 

Manganese oxide, in particular, has attracted great interest because of its good ORR activity 

based on its high specific capacity and low cost.
[8,13,23,25,27,154–156]

 Bruce and co-workers 

compared the effectiveness of various crystal structures of manganese oxide and reported α-

MnO2 to have the best catalytic effect for oxygen decomposition and lithium ion 

coordination.
[23]

 Moreover, they found the catalytic properties of the α-MnO2 nanowires to be 
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superior to those of spherical MnO2, the latter being comparable to the porous carbon 

substrate. However, one has to be very careful regarding the catalytic behavior of different 

MnO2 structures, as most of the studies were made in presence of PC-based electrolytes, 

which are now known to decompose. Many works have reported on the use of other metal 

oxides as catalysts in lithium/air batteries (e.g. cobalt oxide,
[28,157–159]

 copper oxide,
[27]

 iron 

oxide,
[160,161]

 palladium oxide,
[30]

 and others 
[71,87,162]

). More recently, ruthenium oxide
[163–165]

 

and iridium oxide,
[163,166]

 have received attention due to their excellent ability to catalyze the 

OER when used in combination with carbon or other substrate materials. 

 

2.3.5 Metals  

Since Lu et al.
[29]

 demonstrated the superior catalytic properties of bi-functional platinum-

gold nanoparticles (Pt0.5Au0.5 supported on Vulcan carbon XC-72), the usage of noble metal 

catalysts in lithium/air batteries has increased considerably. The same group screened the 

ORR activity of palladium, platinum, ruthenium, and gold and compared the results with 

those obtained with glassy carbon (GC).
[167]

 The ORR activity was found to decrease in the 

order: Pd > Pt > Ru ≈ Au > GC. This trend is consistent with the discharge overpotential in 

lithium/air batteries, as shown in Figure 7. They also observed enhanced oxygen adsorption 

energy on the surface of these metal catalysts, which resulted in an improved ability to 

influence ORR activities in lithium/air batteries. Due to their excellent ORR catalytic effects, 

palladium and platinum have been the preferred choice for catalysts,
[168–170]

 either in the pure 

form or combined with other catalysts (metals
[171,172]

 or metal oxides
[173–175]

). Recently, in an 

attempt to prevent electrolyte decomposition on the carbon surface, Lu et al. used a catalyst 

consisting of palladium nanoparticles on a carbon surface partially coated with alumina to 

passivate the carbon defect sites.
[132]

 Non-precious metal catalysts have been studied too. Ren 

et al.
[33]

 tested Cu-Fe metal catalysts supported on Ketjen black carbon. These catalysts 

exhibited an ORR catalytic effect with a significant increase in the discharge voltage and an 
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improved rate capability. However, they only analyzed the ORR catalytic effect during the 

discharge process without determining the performance during charge. In addition to these 

examples, there have been many other studies involving the use of metal catalysts in 

lithium/air batteries.
[86,176–178]

 As mentioned above, the side reaction such as catalytic 

electrolyte decomposition can occur in ether based as well as in carbonate-based 

electrolytes.
[79]

 Further studies are still needed to find suitable ways to develop stable and 

selective catalysts for desired reactions.  

 

3. A technology perspective 

Researchers working on Li/air batteries cannot overlook the end result of their work, namely 

the development of a stable and functional chemistry for vehicle applications. Therefore, it is 

important to assess whether the Li/O2 couple can actually reach this goal, or if research on 

other technologies should be pursued in this respect and other uses be envisioned for the “holy 

grail” of batteries, i.e. Li/air. 

 

3.1 Defining a cell prototype 

Given the fact that the Li/air technology sits somewhere in between Li-ion batteries and fuel 

cells, several cell designs proposed so far heavily draw inspiration from both fields, in an 

effort to create a hybrid that can benefit from the lessons learnt in the two branches. In fact, 

on the one hand there is the need, inherent to Li batteries, to ensure high electrochemical 

stability to a series of very reactive chemicals; on the other, typical engineering aspects, such 

as a uniform and optimal reagent feed, have to be taken into account, which represents a 

central field in fuel cell research. The lack of a standard cell for testing has triggered the 

creation of a series of designs with the main scope of addressing, from time to time, the issues 

incurred in the experimental phase. The main problem lies in making a system that is 

sufficiently shielded from the external while ensuring an oxygen flow in and out of the device 
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at the same time. The first design by Abraham et al. 
[6]

 consisted of a pouch cell where a small 

aperture on the cathode side allowed for uniform oxygen flow. Others have resorted to a 

modified CR 2032 coin cell design, by perforating the cathode metallic cover with a series of 

pinholes and then enclosing the cell in an oxygen-filled plastic bag.
[179]

 A similar concept has 

been applied to Swagelok
©

 cells, where oxygen is provided into the system by flowing it 

through a perforated cathode.
[13]

 The first problem with such designs is the volatility of the 

electrolyte, which is free to evaporate during cycling and storage. Secondly, the use of such 

electrolytes brings up the safety hazard posed by the coexistence of reactive lithium and a 

pure oxygen atmosphere in contact with a flammable organic electrolyte. Cell drying has to be 

prevented at all costs, lest the risk of exposing lithium to a strongly oxidizing atmosphere. For 

this purpose, in addition to their favorable Li cycling performances, alternatives like SPEs,
[17]

 

glymes 
[76,180]

 and ionic liquids (IL) 
[99]

 have been proposed. Glymes and ILs in particular can 

sport a good ionic conductivity, a wide electrochemical stability window, a negligible vapor 

pressure, low flammability, good stability versus lithium metal cycling and versus the oxygen 

superoxide anion.
[76,181,182]

 The flammability risk can be further controlled by feeding the cell 

with atmospheric air by means of an O2-selective membrane, which limits the amount of 

combustive agent present at any time.
[183,184]

 This was also the reason behind the development 

of a Li/O2 flow cell, where an oxygen-saturated IL electrolyte is circulated through the 

electrochemical cell;
[12,185]

 cell operation is ensured by the satisfactory O2 solubility and 

diffusivity reached in the IL electrolyte, thanks the forced convection provided by a peristaltic 

pump.  

If progress made on Li-ion batteries can be used to control the chemical aspects, previous 

research on fuel cells can give a desirable engineering edge over many details. This is 

particularly true when it comes to ensuring a sufficient oxygen feed that can increase the 

current density output and guarantee an even and reversible deposition of the discharge 

products. Researchers at Ford Motor Company have modelled a bipolar plate system based on 
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PEM fuel cells,
[186]

 where they show that a flow-field plate located on the cathode side can 

solve some of these problems, at the expense of energy density. This option has been further 

investigated by the company AVL for an ionic liquid-based circulating electrolyte,
[187]

 

showing that electrodes a few millimeters thick and operating current densities of ca. 10 mA 

cm
-2

 are needed in order to reach a sufficient power density.
 

Considerable efforts are currently being dedicated to the design of air cathodes, in order to 

ensure a uniform supply of O2 throughout discharge. The problem here is that lithium 

peroxide is an electronic insulator and no current can virtually flow through it once its 

thickness is above 10 nm.
[81]

 If the pores that make up the cathode substrates are smaller than 

this size, they will eventually be clogged and block the O2 flow, thus hindering the total 

discharge capacity (Figure 8). The formation of the discharge products also displaces 

electrolyte from the pores and recharge is then limited to the regions where Li
+
 ions are able 

to access. Considering the contact losses that might occur during charge, these deposits are 

often non-rechargeable, therefore two objectives have to be pursued in this respect, namely (a) 

controlling the discharge product morphology and (b) engineering a cathode structure that 

allows for extended cycling. Concerning the second point, improvements can be made on the 

gas diffusion layer (GDL), on the carbon itself, or on both. The most widely used GDLs are 

carbon fiber mats already found in fuel cells, given their light weight, low thickness and high 

gas permeability. In addition, such mats are generally treated with a PTFE hydrophobic layer, 

which prevents the cathode substrate from being flooded thereby increasing the contact area 

between oxygen and the electrolyte. GDLs can be further teflonized to make them almost 

impermeable to the electrolyte, thereby allowing current densities up to 2.4 mA cm
-2

 and 

extended lifetime.
[188]

 Other materials used are carbon cloths,
[94]

 stainless steel and Ti mesh 

[93,189]
, inks and slurries directly cast on the separator,

[190,191]
 aluminum foil,

[27]
 graphene 

nanosheets 
[192]

 and porous Ni mesh/foam,
[17,26]

 although the latter has been reported to lead to 

the electrocatalytic decomposition of the carbonate-based electrolyte.
[193]

 Ein-Eli et al. have 
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proposed an interesting approach of enhancing the O2 transport by impregnating the GDL 

with perfluorocarbons;
[194]

 this class of chemicals can dissolve a significant amount of oxygen 

while not mixing with the electrolyte, due to their low polarity. The emulsion was proposed to 

allow for a synergistic enhancement of both O2 and Li
+
 transport, thus improving the pore 

utilization (Figure 9). Control over the degree of wetting by similar means was also carried 

out by impregnating a GDL with a high/low vapor pressure solvent mixture and then 

evaporating the former.
[195]

 Finally, carbon nanotubes have also been embedded in an ionic 

liquid-based gel matrix to create a cross-linked network gel, where O2 can enter selectively.
[98]

 

Free-standing electrodes. i.e. where the cathode support also acts as GDL, have been 

developed too
[28,121,141]

. The mass loadings reported for such materials are generally very low 

(0.1-0.5 mg cm
-2

), therefore making them appealing for high specific energy applications. 

However, often these cathode substrates have to be considered as binder-free and not as 

freestanding electrodes, as heavy metallic substrates are required for the deposition of the 

carbon. 
[121]

 In other works, mass loadings as high as 8 mg cm
-2

 are achieved with metal 

oxides 
[28]

, which might provide with an advantage in volumetric terms, but do not yield good 

performances if they are not combined with a porous substrate like Ni foam. 

This brings us back to the need for a deeper understanding of the charging and discharging 

mechanisms, a topic that encompasses catalytic and material aspects, e.g. degree of defects on 

the air electrode,
[196]

 O2 access to the pores,
[188]

 morphology and stoichiometry of the 

discharge products.
[122,197,198]

 Li/air hybrid cells perform better in this respect, since more 

conductive electrolytes can be used on the cathode side, and current densities of 5 mA cm
-2

 

have already been reported.
[56]

  

 

3.2 Theoretical vs. practical specific energy 

It is often enthusiastically stated that burning lithium can provide, on a Wh kg
-1

 level, a 

similar amount of specific energy to gasoline (11680 Wh kg
-1

 vs.13000 Wh kg
-1

, 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

24 

 

respectively).
[4]

 The reasoning then follows the principle that internal combustion engines are 

highly inefficient, since less than 15% of the energy content of gasoline goes into the 

propulsion of the vehicle, leading to the already mentioned figure of merit of 1750 Wh kg
-1

 

for conventional fuel. Electric motors, on the other hand, can sport a typical energy efficiency 

of 90%, which means that a Li/air battery could in theory largely outperform a gasoline 

engine. The calculations are however a bit more complex, as Christensen et al. have 

summarized.
[128]

 First of all, looking at the cathode, a purely insulating Li2O2 electrode cannot 

be used, therefore a conductive support has to be factored in, together with a binder and the 

oxygen consumed during discharge. Secondly, an O2-permselective membrane should also be 

added to ensure that no contaminants enter the cell. The main characteristics the latter should 

have are (a) a high permeability to O2, (b) blockage of water vapor and CO2, and (c) 

electrolyte containment within the cell.
[199]

 After adding electrolyte, O2 supply and the 

inactive components, this value quickly drops to around 1000 Wh kg
-1

, which is definitely an 

improvement over both the state-of-the-art and possible future Li-ion batteries (150 and 250 

Wh kg
-1

, respectively 
[3]

), but still lower than gasoline. To further complicate things, open 

Li/air batteries have the peculiarity of increasing in weight while decreasing in volume as the 

discharge goes on, therefore two values can be given according to the state of charge. The 

volume variation for a practical cell can be as high as 30%,
[200]

 since lithium peroxide has 

more than four times the specific weight of lithium metal. Luckily, these drawbacks can be 

partially offset by the smaller size of electric motors (the BMW i3 has a 650 cc motor). 

Concerning the need to separate O2 from unwanted components in air, this can currently only 

be done temporarily with porous membranes, while allowing a low dry air flow.
[183,199,201]

 

Crowther et al.
[184]

 investigated the effectiveness of oxygen selective membranes in 

lithium/air batteries. They protected the cell using Teflon coated fiberglass cloth (TCFC) on 

the outside of the cathode support, thereby preventing volatilization of the electrolyte and 

oxidation of the lithium metal by H2O. In order to keep the cell under constant pressure, the 
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weight and volume contribution of a gas compressor has to be factored in. For an open system, 

its function would mostly be that of harvesting O2 and provide a sufficient pressure inside the 

cell during operation, but such a device would also negatively contribute to the pack’s specific 

energy. There is speculation as to whether membranes should be abandoned in favor of the 

addition of an O2 tank for practical purposes. This would definitely solve the problems 

deriving from O2 harvesting, e.g. filtration and purification together with high flow for vehicle 

uses, but closing the system to the external would add safety concerns (the O2 has to be stored 

onboard at high pressures) and lower the practical specific energy .
[128]

 Finally, on the anode 

side, the low coulombic efficiency typically exhibited by lithium metal electrodes implies that 

this material has to be added in excess to the cell, further intensifying the decrease in 

volumetric energy density.  

Keeping these parameters and constraints in mind, target values around 500 Wh kg
-1

 and 570 

Wh L
-1

 are expected to be met by non-aqueous cells even if they included an O2 tank, while 

aqueous cells might fall short of such requirements, despite the higher operational voltage.
[200]

  

 

3.3 Electric vehicle requirements 

Having practical parameters in place, it is now possible to estimate how a hypothetical Li/air 

battery will look like in an electric vehicle (EV). Provided that high energy densities can be 

reached, the first figure of merit would be the driving range. The “range anxiety” is the 

feeling triggered into drivers once the indicator in the fuel gauge reaches the bottom, although 

typically gasoline-powered cars still have enough fuel to drive for another 100 km after this 

stage. This value coincides currently with the maximum driving range of most Li-ion EVs; 

hence, the energy content of the battery pack has to be increased by at least a factor of five. 

With 140 kWh and a specific energy of 500 Wh kg
-1

,
[200]

 it is reasonable to expect a non-

aqueous battery pack that will weigh not more than 300 kg, ancillaries included, and that will 

drive the vehicle for at least 500 km. In volumetric terms, this amounts to ca. 250 L, which is 
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well below the combined boot and tank capacity of a regular city car; even if an O2 tank were 

added, the volume restrictions would not be too severe. However, reaching 500 Wh kg
-1

 at the 

pack level is not trivial as postulating 3 Ah g
-1

of carbon substrate and a 2.7 V discharge 

voltage leads to a maximum specific energy of ca. 2 kWh kg
-1 

related to Li and carbon 

substrate only.
[181]

  

Concerning power density, the first step to ensure fast kinetics is the establishment of a triple-

phase boundary within the cathode pores, where O2, the electrolyte and the carbon substrate 

coexist at the nanoscale. If, for instance, all the porosity in the support were filled with 

electrolyte, the reaction rate will be limited by the low solubility of O2 into the solvent, 

strongly hampering the discharge depth.
[8]

 A “flooded” configuration would be helpful, on the 

other hand, if the O2 solubility were sufficiently high, because the deposition of the discharge 

products would be homogeneous and not limited to the triple-phase boundary interface. 

However, contrary to Li-ion and Li-metal polymer batteries, which mainly include electrolyte, 

separator, current collector(s) and packaging as inactive components at the stack level, the O2 

flow required for a use in automotive applications implies additional weight per cell surface 

area. Indeed, a 500 km range implies a 5h discharge time, corresponding to a consumption of 

967 mol of O2. This amounts to an O2 flow of ca. 1.2 L s
-1 

if all the O2 were to be consumed. 

However, much higher flows are expected to be needed, if we take into consideration that 

oxygen only makes up about one fifth of the earth’s atmosphere and that its effective 

harvesting could be as low as 20%. For this reason, each cell needs to bear an extra weight in 

the form of a flow-field plate to feed O2 to the cathode substrate, as it is already the case with 

fuel cells. While the solution is realistic for the latter category, where the evacuation of the 

reaction product (H2O) from the cell provides with unlimited capacities per cell surface area, 

this does not hold true for Li/air batteries, as the capacity is limited by the weight of Li and of 

the Li2O2 deposition substrate. Hence, cell inactive components (GDL, flow-field plate, etc.) 

and the devices able to provide a high O2 flow must not account for more than 75% of the 
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pack weight. Li/air batteries for automotive solutions require lightweight inactive materials, as 

well as electrodes with thicknesses in the millimeter range, and, accordingly current densities 

in the 1-10 mA cm
-2

 range. Thus, it is unlikely that a Li/air battery, operating in 'breathing 

mode” (i.e. fed by simple O2 diffusion through perfluorinated hydrophobic membranes), 

would enable reaching any significant power. At an engineering level, some mid-term 

solutions can be envisioned: small current densities are acceptable for cruising speeds, and the 

peak load shortcomings can be met by the addition of a small Li-ion/supercapacitor pack 

besides the main Li/air powertrain, as it has already been proposed for fuel cells.
[202]

 In any 

case, such an improvement in current density might not prove sufficient for keeping up with 

the increase in battery pack size. Li-ion batteries are already lagging behind gasoline when it 

comes to charging (refueling) times; with a five-fold increase in capacity, overnight charging 

will not be sufficient to replenish the battery. An intense infrastructure development in terms 

of fast-charging stations would still not solve the problem, if higher current densities were not 

concomitantly achieved.  

The final concern that ultimately determines the viability of a Li/air electric vehicle is safety. 

The presence of a lithium metal anode is definitely the first aspect that comes to mind, since  

dendritic deposits can form onto the metal’s surface, grow through the separator and finally 

create a short circuit in the cell. This risk is often overstated, since a natural self-recovery 

mechanism can take place if the dendrites are small enough, with high local currents turning 

them into electrochemically inactive; also, the use of solid polymer electrolytes has shown to 

delay their onset.
[203]

. Another risk is related to the handling of oxygen in the cell: if an O2 

tank is stored onboard, venting systems need to be devised to prevent pressure buildup; also, 

the materials chosen for the tank have to withstand several hundred bars, while being as 

lightweight as possible. 

 

3.4 Performance comparison with other technologies 
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As already stated, the main objective behind current research on Li/air batteries is the 

development of an electrochemical energy storage technology that has a comparable power 

density to Li-ion batteries and a specific energy close to that of tank-to-wheel gasoline. With 

the same scope in mind, other cell chemistries and storage technologies are being investigated 

alongside, such as fuel cells, lithium/sulfur and fluorine batteries (Table 3).  

The first category encompasses a broad family of electrochemical devices, including proton 

exchange membrane (PEM), direct alcohol and solid oxide fuel cells. For EV applications, the 

first two are viable options, and companies like Honda and Toyota have already increased 

their efforts towards the deployment of commercial vehicles by 2015. According to the car 

manufacturers, a 480 km driving range can be expected,
[204]

 i.e. comparable with the Li/air 

target; however, the real advantage would lie in the extremely short refueling times (3 

minutes), almost two orders of magnitude below that of a battery. The disadvantages comprise 

the need to use pricey Pt as catalyst and H2 as fuel, which is still more expensive than regular 

electricity and cannot boast a comparable distribution infrastructure. Finally, while fuel cell is 

a clean technology at the tailpipe, the H2 supply chain is only as clean as its source, which 

currently relies on natural gas. 

Lithium/sulfur batteries have a similar chemistry to Li/air, since they share the same anode 

(lithium metal) and a conversion reaction as working principle. They are, on the other hand, 

much closer to commercialization, with companies like Polyplus, Sion Power and Oxis 

Energy having demonstrated working devices with a practical specific energy of 350 Wh kg
-

1
.
[205,206]

 The rate capability is however comparable to that of Li/air, therefore it is hard to 

foresee any clear advantages in this chemistry. 

 

3.5 Neighboring metal/air chemistries 

If Li/S cells share the same anode with Li/air, a remark can be made by having a look at what 

is being done by academics if the air cathode remains fixed and the lithium anode is replaced. 
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As already stated in the introduction, initial efforts focused on zinc/air batteries, due to their 

theoretical specific energy (1084 Wh kg
-1

) and their enhanced tolerance to corrosion.
[207]

 

Zn/air cells are however still primary and can only be recharged by mechanically replacing 

the zinc metal anode at the end of discharge.  

Al/air batteries sport a higher OCV as well as a higher oxidation number, which together 

result in a theoretical specific energy of 8135 Wh kg
-1

.
[208]

 Like Zn/air, this technology only 

exists in a primary configuration; however, aluminum is the most widespread metal on the 

earth’s crust, therefore it might be economically feasible to develop an infrastructure where 

the spent anodes are recycled. Both Zn/air and Al/air cells require in most cases a corrosive 

aqueous electrolyte to avoid passivation, as the layer that forms tends to be impermeable to 

large cations. 

Looking at secondary metal/air cells, sodium has attracted attention for its use in Na/air 

batteries. Sodium is the closest relative to lithium, having the second lowest standard potential 

after lithium itself and a relatively small ionic radius. Moreover, it is abundant, equally 

distributed across the globe and allows for the use of cheaper current collectors. It is not 

surprising then that growing research is being carried, especially after the recent 

breakthroughs made in the intercalation chemistry.
[209]

 Sodium has a higher flammability and, 

unlike Li metal, suffers from its larger weight and higher deposition potential, but Na/air 

batteries can overcome a series of unresolved issues, such as charge/discharge overpotential 

and current density. A theoretical specific energy of 1980 Wh kg
-1

 can be reached if we 

assume Na2O to be the stable discharge product.
[210]

 Na2O2 has also been indicated to 

form.
[211]

 Unfortunately, the formation of sodium peroxide in carbonate-based electrolytes 

results in decomposition products.
[212]

 Although not thermodynamically favored, sodium 

superoxide can also form as a stable compound during discharge, through a one-electron step. 

This is what Adelhelm et al. 
[211]

 observed when using NaCF3SO3 in DEGDME at room 

temperature, together with a low overpotential during charge (200 mV) at a current density of 
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0.2 mA cm
-2

. Moreover, the conductive nature of NaO2 enables, in theory, a good cyclability. 

Even though the specific energy achievable in this way (1108 Wh kg
-1

) is much lower than 

that of Li/air, switching to sodium/air is still a reasonable avenue for electric vehicles because 

it can bring down the cost per kWh, while ensuring a higher specific energy than Li-ion 

batteries.
[213]

  

Research on magnesium-based batteries has been going on and off for the past 40 years, with 

early reports deprecating the high self-discharge rate.
[5]

 However, the advantages of 

magnesium over lithium (widespread availability, low cost, low toxicity 
[214]

), similarly to 

those of sodium, have kept interest on the subject afloat, to the point that research on Mg-ion 

batteries has also been undertaken by companies like Toyota.
[215]

 It is of no surprise then that 

researchers have looked into Mg/air batteries as well, especially considering the high cell 

voltage (3.1 V) and theoretical specific energy (6800 Wh kg
-1

).
[216]

 However, this cell 

chemistry is still restricted to a primary configuration, and problems like Mg corrosion and 

use of Pt for the ORR have already fuelled research into Mg alloys and non-expensive 

catalysts, as well as non-aqueous electrolytes that enable rechargeability.
[217]

 

Another recent prospect in the metal/air family is represented by potassium/air. With a 

voltage gap of only 50 mV between charge and discharge, this battery chemistry exhibits a 

remarkable round-trip efficiency of 95%, better than any other metal/air cell.
[218]

 This is 

possible thanks to the relatively high electronic conductivity of KO2. Unlike Li/air, where 

LiO2 is thermodynamically unstable, the authors state that with the appropriate cut-off voltage, 

KO2 can be cycled reversibly. With a theoretical specific energy of 935 Wh kg
-1

, K/O2, has 

the potential to become a strong competitor for Li-ion batteries. 

 

4. Conclusion 

In this review, we have shown the most recent and promising advancements on Li/air batteries. 

Nearly 20 years in the making, most optimistic claims about their specific energy have been 
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slashed down, and scientists worldwide have adopted a problem-solving strategy to address 

all the shortcomings as they appeared. Although substantial progress has been achieved in the 

last few years, the research in this fascinating but intriguing electrochemical system is far 

from complete and various aspects have not been answered yet. First, substantial research 

efforts should be devoted to develop lithium/air batteries that offer superior performance in 

terms of capacity and cycle life to those of conventional systems. Optimistically, a 500 Wh/kg 

battery can be envisioned, although this would only be 2-3 times better than advanced Li-ion, 

a technology that is already streamlined and on the market. From an academic point of view, 

carbon has established itself as the elective cathode substrate, but alternative allotropes like 

carbon nanotubes are gaining ground thanks to their favorable properties. On the anode side, 

lithium is still the most widely used electrode, yet its practical applicability is far from viable, 

mostly due to longstanding safety concerns. As a result, a convincing, fully efficient 

alternative anode material has not yet been reported. As for the electrolyte, organic carbonates 

have been abandoned, and more stable alternatives like DMSO, TEGDME and ILs are under 

intense scrutiny. Particular attention should be placed to the goal of increasing the energy 

efficiency of the battery. In this respect, the need for catalysts to improve the OER and ORR 

reactions is debated, and no effective catalyst has been developed yet for the OER charge 

process, although redox shuttles are an interesting approach. Additionally, the rate capability 

is not high enough yet. Proper applications for electric vehicles require that charge and 

discharge rates have to be raised to the 10 mA cm
-2

 level, namely about two orders of 

magnitude higher than presently. The solution to this issue is not straightforward since it may 

lead to electrode configurations with a low tap density and a far too large surface area, thus 

affecting both cell volumetric energy density and safety. Finally, most of the work so far 

reported is on cells using pure oxygen at the cathode and obvious practical reasons would 

require its replacement with air. The difficulty here is in feeding the cell with dry air since 

moisture, even in traces, attacks the lithium metal electrode, thus seriously affecting the 
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reliability, safety and cycle life of the battery. Carbon dioxide is also an unwanted impurity. 

The goal may be achieved with the support of ancillary scrubbing elements, however at the 

cost of the overall cell energy density. A valid alternative is the adoption of cathode-protected 

designs involving the use of a membrane that exhibits selective and fast O2 permeability while 

at the same time blocking the diffusion of organic solvents out of the cell. Efforts on 

protecting the lithium metal anode from O2 crossover must also be pursued. With these views 

in mind, it is clear that a straightforward solution is all but trivial and that a holistic approach, 

rather than an issue-based one (as it has been done so far) can bring the greatest 

improvements. Alternative cell chemistries are being evaluated, and even though few of them 

can compete with the promises held by Li/air, research in these fields can bring a fresh insight 

into new chemicals to be used, as well as a deeper understanding of the reaction mechanisms 

that govern metal/air electrochemical cells. 
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Figure 1: graphical summary of challenges currently faced by Li/air batteries 
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Figure 2: Schemes of  a (a) non-aqueous lithium-air battery, (b) aqueous/dual electrolyte 

lithium-air battery, (c) solid-state lithium-air battery. 
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Figure 3: Calculated decomposition pathway for propylene carbonate molecule by LiO2
-
 from 

density functional theory. The first step A→B is barrierless. The enthalpy of activation is 23.6 

kcal mol
-1

 for C→D but is much below the starting reactants. Note that the addition of Li
+
 

either in position (a) or (b) results in the formation of structure C. 

 

 

Redrawn with permission 
[72]

 2011, American Chemical Society 
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Figure 4: Voltage profiles of the lithiated-silicon/carbon-oxygen battery at room temperature 

in a TEGDME-LiCF3SO3 electrolyte. Cycling current: 200 mA g
-1

carbon. 

 

 
 

Redrawn with permission 
[112]

 2012, American Chemical Society. 
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Figure 5: Schematic illustration of O2/Li2O2 conversion in an ordered hierarchical 

mesoporous/macroporous carbon catalyst. 

 

 
 

Redrawn with permission 
[134]

 2013, Wiley.  
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Figure 6: First discharge-charge curve of Ru/ITO and Super P with an identical limiting 

capacity of 1.81 mAh cm
-2

 and a 2.3‒ 4.65 V potential window.  

 

 
 

Redrawn with permission 
[147]

 2013, American Chemical Society. 
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Figure 7: Nonaqueous Li+-ORR potentials at 2 μA cm
-2

 real as a function of calculated 

oxygen adsorption energy, ΔEO (per oxygen atom relative to an atom in the gas phase), 

relative to that of Pt. 

 

 
Redrawn with permission 

[167]
 2011, American Chemical Society  
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Figure 8: Scheme of the effect of discharge products on the oxygen flow path upon discharge 

 
 

Redrawn from 
[219]

 2013, The Electrochemical Society. 
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Figure 9: Proposed distribution of perfluorocarbons (yellow) and electrolyte (blue) within the 

carbon substrate porosity. 

 
 

Redrawn with permission. 
[194]

 2013, Wiley.  
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Table 1. List of common solvents in relation to their use as electrolyte media in Li/O2 cells.  

 

Solvent Stable Unstable Ref. 

DMSO   
[88]

 

ACN   
[88]

 

TEGDME   
[76]

 

PEGDME   
[220]

 

PEO   
[65]

 

EC   
[66]

 

PC   
[66]

 

DMC   
[66]

 

EMC   
[66]

 

DME   
[221]

 

DOL   
[80]
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Table 2. List of materials investigated as catalysts for the OER in Li/O2 cells. 

 

Material ηcharge (V) Discharge depth 
(mAh g

-1
) 

Cycling interval (V) Current density 
(mA g

-1
) 

Ref. 

Pt 0.8 800 2 – 4 250 
[7]

 

Fe2O3 1.3 2700 2 – 4.3 70 
[27]

 

Fe3O4 1.3 500* 2.3 – 4.5 100 
[161]

 

CuO 1.3 1000 2 – 4.3 70 
[27]

 

Pt-Au/C 0.8 1200 2 – 3.8 100 
[29]

 

Nanoporous Au 0.3 - 1 300 2.3 – 4 500 
[93]

 

α-MnO2 wires 1.1 3000 2 – 4.15 70 
[23]

 

Ru-rGO 0.7 5000 2.5 – 4.5 500 
[164]

 

Nanocrystalline pyroclore 1 10000 2 – 4.5 70 
[77]

 

RuO2/CNT 0.6 1700 2.4 – 4.5 10 
[165]

 

MnCo2O4/graphene 1.1 3000 2.4  – 4.3 200 
[222]

 

Co3O4/Ni 0.7 1000 2 – 4.5 12.5 
[28]

 

* specific capacity indicated as per gram of carbon+catalyst 
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Table 3. Summary of alternative cell chemistries to Li/air for EV applications. 

 

Chemistry Discharge reaction Cell voltage (V) Theoretical energy  

density (Wh kg-1) 

Fuel cells H2 + ½ O2 → H2O 1.23 1,000 

Li/S 2 Li + S    Li2S 2.1 2,567 

Zn/air 2 Zn + O2 → 2 ZnO 1.65 1,084 

Al/air 4 Al + 3 O2 + 6 H2O → 4 Al(OH)3 2.71 8,135 

Na/air 4 Na + O2   2 Na2O 

2 Na + O2   2 Na2O2 

Na + O2   NaO2 

1.95 
2.33 

2.27 

1,691 
1,605 

1,108 

Mg/air 2 Mg + O2 + 2 H2O → 2 Mg(OH)2 3.1 6,800 

K/air K + O2   KO2 2.48 935 

Li/air 2 Li + O2   Li2O2 2.96 3,458 
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Prof. Dr. Stefano Passerini 

After graduating from Sapienza University in Rome, he acquired a 

wide international experience in the lithium battery field as senior 

scientist at the University of Minnesota and at ENEA in Italy, and as 

visiting scientist in Japan (Waseda University) and Brazil 

(University of Sao Paulo). His research efforts have focused on the 

understanding and development of ionic liquids, polymer 

electrolytes and electrode materials for lithium batteries. He is co-author of over 240 peer-

reviewed publications, several book chapters and patents. He is European Editor of “Journal 

of Power Sources” and is now Full Professor at the Helmholtz Institute Ulm. 

 

 

Prof. Dr. Bruno Scrosati 

Formerly Full Professor at Sapienza University, he has been 

Visiting Professor at the Universities of Minnesota, Pennsylvania, 

Hanyang and at the Helmholtz Institute Ulm. He has received 

honorary degrees from the Universities of St. Andrews, Chalmers 

and Ulm. Formerly President of the Italian Chemical Society and of 

the Electrochemical Society, European Editor of “ ournal of Power 

 ources”, he is presently member of the Editorial Boards of various international journals and 

affiliated with the Italian Institute of Technology. Professor Scrosati is author of more than 

500 scientific publications; 30 books and book chapters, and 18 patents. His H-index is 61. 
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Prof. Dr. Yang-Kook Sun 

Yang-Kook Sun received his M.S. degree and Ph.D. degree from 

Seoul National University. He was principal researcher at Samsung 

Advanced Institute of Technology and contributed to the 

commercialization of the lithium polymer battery. Professor at 

Hanyang University in Korea since 2000, his research interests are 

the synthesis of new electrode materials for lithium-ion, Na-ion, Li-

S, Li-air batteries and supercapacitors. He has been Senior Visiting Scientist in the Argonne 

National Laboratory, U.S.A. He has published more than 332 reviewed papers and has 170 

registered patents in the field of batteries and electrochemistry. He is Associate Editor of 

“ ournal of Power  ources”. 

 

 

Dr. Jusef Hassoun 

Jusef Hassoun is presently Assistant Research Scientist at the 

Chemistry Department of Sapienza University in Rome. After 

graduating in Chemistry in 2001, he worked in an industrial 

company for 3 years before returning to academia and obtain a PhD 

in the field of advanced lithium ion batteries. He has been visiting 

researcher at Hanyang University and supervised activities on 

lithium/sulfur and lithium/air batteries. Jusef Hassoun has been co-author of more than 70 

papers in international journals in the field of material science, electrochemistry and energy 

storage systems that allowed him to gain an h-index of 24. 
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The recent, large-scale deployment of electric vehicles has fuelled research into high 

energy density electrochemical storage. However, the question remains as to whether Li/air 

cells, often termed as the “Holy Grail of batteries”, can already put up with the automotive 

industry requirements. This review will address the matter from an academic and a 

technological standpoint. 

 

Lithium/air, metal/air, energy storage, electric vehicles. 
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The Lithium/air battery: still an emerging system or a practical reality? 
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