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Lithium-Air Batteries
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Abstract: Rechargeable lithium air (Li-air) batteries, especially the non-aqueous type, are
considered the most promising energy storage and conversion device candidates for use in
future electric vehicle applications due to their ultrahigh energy density. The air cathode has
been identified as a key factor affecting the overall performance of Li-air batteries. The
current low level performance of air cathodes is the major challenge hindering commercial
applications of Li-air batteries. In the past decade, a great many cathode materials, structures
and fabrication processes have been developed and investigated with the goal of enhancing
cathode performance. This paper reviews, the role of the cathode in non-aqueous Li-air
batteries including the cathode reaction mechanisms and the properties and morphologies of
cathode materials, followed by approaches to optimize cathode performance. The most
recently published global progress and the main achievements in the field of Li-air batteries
are also systematically and critically reviewed in terms of cathode materials, structures and
fabrication processes, with the objective of providing some state-of-the-art information.
Technical challenges are analyzed, and insights into future research directions for
overcoming these development challenges of rechargeable non-aqueous Li-air battery

cathodes are also identified in this review paper.
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1 Introduction

With increased demand from mobile (wireless) energy applications, the global effort to
improve the lifetime, energy and power densities, and energy efficiency of electrochemical
energy storage and conversion technologies, such as batteries, fuel cells, and supercapacitors,
has become dramatically more extensive in recent years.'® Among these electrochemical
energy devices, rechargeable lithium air batteries (Li-air batteries) are considered one of the
most attractive energy storage and conversion devices due to their extremely high potential
energy density as discussed below.”?

Li-air batteries, sometimes called Li-O, batteries, realize the reversible transport
between chemical and electric energy by electrochemical reactions of lithium at the anode

and air (O,) at the cathode, respectively.*”*!""!° As early as 1976, Littauer and Tsai'"'®

proposed the concept of Li-air chemistry in an aqueous system. After that, Abraham et al.'**
reported in 1996 the first study on a non-aqueous Li-air battery system based on an organic
polymer electrolyte. However, Li-air batteries failed to attract significant attention during the
next decade because of the technical difficulties involved in achieving high amounts of
energy density and extended cycle-life. Li-air batteries recaptured scientific interest in the last
ten years owing to its ultrahigh potential specific energy densities from 1000 to 2000 Wh kg™
depending on the types of electrolyte, membrane, and cathode design and materials used.”' In
general, the specific potential energy density of a Li-air battery is several times higher than

72226 and can even match that of 1700 Wh

that of state-of-the-art Li-ion battery technology
kg™ for a gasoline energy system (Fig. 1).2*"?° Therefore, Li-air batteries are considered to
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be the most promising of rechargeable battery technology,’*”'

which may be capable of
providing enough energy storage capability for electric vehicles to drive more than 500 miles
(per charge), which is comparable to the range of gasoline vehicles.”

In respect to the different types of Li-air batteries, there are four major architectured
systems: 1) aprotic,19’32'36 2) aqueous,”'54 3) all-solid-state®> > and 4) hybrid66'82 systems,
each classified by the electrolyte used, as shown in Fig. 2. Among them, the non-aqueous
system has attracted considerably more attention due to its potentially higher energy density
and rechargeablity.”"* Several representative research groups on non-aqueous Li-air batteries
include: a) the USA Army Research Laboratory who are focussing on the discharge
mechanism, electrode materials and electrolyte composition;'"**** b) the University of St.
Andrews (UK) who are focussing on the catalyst, electrolyte, charge-discharge reversibility
and cycling-ability;'***%9+1% and, ¢) Massachusetts Institute of Technology(MIT) (USA)
who are focussing on development of catalysts to enhance both the oxygen reduction reaction
(ORR) and the oxygen evolution reaction (OER)."'*'!" Recently, several exciting advances
in respect to non-aqueous Li-air batteries have been made and widely communicated to the
worldwide research and development community. For example:

a) Peng et al.” prepared a reversible and high-rate Li-air battery using nanoporous gold
electrode (NPQG) as the cathode and dimethyl sulfoxide (DMSO) as the electrolyte, which
were able to achieve an capacity retention of 95% after 100 cycles.

b) Jung et al.''? fabricated a Lithium/tetracthylene glycol dimethyl ether (TEGDME)-
LiCF3S03/O, battery with enhanced performance. Their battery was operated under a
capacity of 5000 mAh geuwon ' for 30 cycles with a sustained discharge voltage of 2.7 V at a
current density of 500 MA geubon . Furthermore, their battery could also operate efficiently

with limited charge-discharge polarization even at high current density of 3000 mA gcarbon'l.
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¢) Lu et al.'” reduced the charge overpotential to 0.2 V by using nanoscale components
in the cathode which was assembled using atomic layer deposition of palladium nanoparticles
on a carbon surface with an alumina coating for passivation of carbon defect sites (Fig. 3).

d) Lim et al.'"* employed Lil as a soluble catalyst, the resulting battery exhibited a
charge overpotential of 0.25 V and ran stably for more than 900 cycles with a discharge depth
of 1000 mAh gcarbon'l at a current density of 2000 mA gcarbon'l.

e) Thotiyl et al'” found that TiC could exhibit a better reversible
formation/decomposition of Li,O, with more than 98% capacity retention after 100 cycles,
owing to the prevention of side reactions from electrolyte decomposition and electrode
degradation with carbon mateials.

Despite the above achievements, Li-air battery technology is still at an early stage of
development at this time. Although the theoretical energy density of Li-air batteries is
impressively high, in practice, there still remain many challenges to realize this advantage of
high energy performance. For example, the achieved capacity and energy density of Li-air
batteries are still relatively low. In addition, other challenges such as a lack of high-rate
dischargability, insufficient capacity sustainability and low round-trip efﬁciency,7’24’“6'119
have also been observed, all of which hinder practical applications of Li-air battery

technology. Among various issues affecting Li-air battery performance generally, the low

level of performance of the air cathode has been identified as the dominating factor.'*® At the

121-132 133-145

same time, improvements to any or all of the Li anode, operating atmosphere,

146,147 148-155 156-166

binder, solvents, and lithium salts, would also make meaningful
contributions to enhanced overall battery performance.
The cathode oxygen reduction reaction (ORR) in a Li-air battery is much slower than

that of the anode Li oxidation reaction (the cathode reaction overpotential is much higher
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than that of the anode reaction, as shown in Fig. 4),”' thus dominating the overall rate of
charge/discharge of the battery.'®”'®® As a result, the cathode in Li-air batteries has captured
much more attention than the anode, resulting in numerous worldwide research and
development projects. Great progress has been made in recent years even though no
significant breakthroughs have yet been achieved.'®® To facilitate the continuing effort on this
important subject, this article will review, identify and discuss:

a) Working principle of the cathode in a non-aqueous Li-air battery including the
cathode reaction mechanisms;

b) Nature and morphology of the cathode reaction products and their effect on battery
performance;

c) Approaches to design and fabricate a high-performing cathode using advanced
materials; and

d) Pending challenges and future research directions to overcome the technical hurdles.

2 Overview of non-aqueous Li-air batteries and their associated

cathodes

2.1 Electrochemical reactions in non-aqueous Li-air batteries

In general, the performance of a Li-air battery is greatly affected by the actual products
generated at the cathode during charge-discharge processes. The major discharge product at
the cathode is lithium peroxide (Li,O,) with a small portion of lithium oxide (Li,O). The
discharge reactions of Li-air batteries with Li,O, as the product can be described as Equations

(1), (2) and (3) in a non-aqueous electrolyte, respectively:*"'7*!7

Lie Li'+e, E°=-3.05V vs. SHE (Anode oxidation) (1)
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O, +2Li" +2e < Li,0,,, E!=-0.09V vs. SHE (Cathode oxygen reduction) (2)
2Li+ 0, o Li,0,,, Ej., =2.96 V (Overall battery reaction) (3)

where E’, E’ and E,,., are the thermodynamic anode potential, cathode potential and Li-air

battery open circuit voltage (OCV) at standard conditions (25 °C, 1.0 atm) if Li,O, is the
product, respectively. For discharge product of Li,O, the overall reaction can be expressed as
Reaction (4):

4Li+0, < 2Li,0,, Ej., =291V (Overall battery reaction) (4)

where E,, is the thermodynamic open circuit voltage (OCV) of Li-air battery at standard

conditions (25 °C, 1.0 atm) if Li,O is the product. It seems that Reaction (4) is not desirable
because it is not very reversible, being not be fully rechargeable back to Li and O,.'%*!'®!7¢
Therefore, Li,O, is considered the ideal discharge product at the cathode. However, this half-
cell reaction (Reaction (2)) is actually not a simple reaction, it contains several elemental
reactions which will be discussed later. For example, some researchers found an oxygen-rich

177-181 \which exhibited a disproportionation to LiyO;

superoxide-like component in Li,O,
during the discharge process and could give a much lower overpotential during the charge

process than Li,O,.

2.2 Theoretical specific energy density of Li-air batteries

Regarding the theoretical specific energy density of Li-air batteries without considering
the electrode structure/mass, electrolyte/membrane, current collectors and other accessories,
thereby meaning considering only the weight of reactants, there are several expressions as

follows:

(1) Theoretical specific electrochemical capacity of Lithium (C,,, Ah kg'l). C) is used
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to express the amount of electrons which can be released when one kilogram of Li metal is
oxidized according to Reaction (1) (for anode). For theoretical specific electrochemical
capacity, it can be normally calculated using Equation (5):

cr -t 5)

Wi

where n,, is the electron number per Li atom when it is oxidized (n,,=1), F'is the Faraday’s
constant (96487 As mol' or 26.802 Ah mol™), and w,, is the weight of one mole of Li metal
(6.941x107 kg mol™). The obtained theoretical specific electrochemical capacity for Li metal
is 3861 Ah kg™

(2) Theoretical specific electrochemical capacity of oxygen (CSV2 , Ah kg™). ng is used
to express the amount of electrons which can be adsorbed when one kilogram of O, is
reduced according to Reaction (2) (for Cathode). For theoretical specific electrochemical
capacity of O,, it can be calculated using Equation (6):

n, F
Cg’z —_% (6)

WO2

where 7, is the electron number per O, molecule when it is reduced (7, =2), F has the same

meaning as in Equation (5), and w,, is the weight of one mole of O, (3.2x10™ kg mol™). The
obtained theoretical specific electrochemical capacity for O, is 1675 Ah kg'l.

(3) Theoretical specific energy density of Lithium, O,, and a Li-air battery (£}, ESVZ , and
B

L—air >

Wh kg). Regarding the theoretical specific energy density of Lithium, it is only

meaningful and calculated when it is combined with a cathode reaction such as Reaction (2).
This means that when using different cathode reactions for Li batteries, the theoretical

specific energy density of Lithium are different. When Reactions (1) and (2) are combined to
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form a battery with a theoretical open circuit voltage ( E)., =2.96 V), the theoretical

specific energy density of Lithium can be expressed as Equation (7):

o n lF o
EZ = CZ'EOCV :L_EOCV (7N

Li
Using Equation (7), the theoretical specific energy density of Lithium can be calculated to be

11776 Wh kg when O, is used as the cathode reactant. In a similar way, the theoretical

n
specific energy density of O, (E, = chz ES, =—2—ES.,) when Li is used as the anode
2 W,

reactant can be calculated to be 4958 Wh kg™

w

The theoretical specific energy density of a Li-air battery (£}, , ) can be calculated

i—air

with the theoretical open circuit voltage of Reaction (3) using Equation (8):

0
. InFES, |

E, = 8
Li—air 2WU +W02 ( )

Where n is the battery reaction electron number (n=2). The calculated theoretical specific
energy density for a Li-air battery is 3458 Wh kg’l. Sometimes, due to the O, coming from

outside the battery device, the battery’s theoretical specific energy density excluding O, mass

(w, = 0 in Equation (8)) can be calculated to be 11428 Wh kg which is much higher than
0, q g g

the majority of metal-air batteries. Note that the theoretical specific energies calculated above
are for non-aqueous electrolyte solution. If the Li-air battery uses an aqueous electrolyte
solution, the resulting electrode reactions and products are different and likewise the
theoretical specific energy densities of non-aqueous Li-air batteries have different values
from those of aqueous ones. Furthermore, the other expression for energy density is to use
volume of the reactant/device and the unit of the energy density would be Wh L™ rather than
Wh kg'. Both units can be converted if the densities of reactant/device masses (kg L) are
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known. It should be noted that Equation (8) only considers the masses of reactants, but does
not count the contribution from the actual device’s masses including electrode (cathode)
reaction layer, electrolyte/membrane, current collector and other accessories. When one
considers these masses, the specific energy density of a Li-air battery is much less than the

values mentioned above.?!

Wh kg ). The value of E" " can be

Li—air

(4) Practical specific energy density (EZV’ !

estimated by counting the masses of reactants, device, discharging overpotentials, and voltage

w, P

drop caused by the battery’s internal resistance. The value of E;," , is normally lower than

i—air

the theoretical E”

Li—air

. The expression may be written as Equation (9):

EZ;QI; _ ‘nFECell _ ‘HF(ESCV =1, 1. —iR)‘ o

Weenr w, +w. +w, +w +w,

el/m

Where E_,, is the battery cell voltage during discharge, w.,,, w,, w., w.., W,

cc el/m and Wac are
the weight of the battery, anode, cathode, current collector, electrolyte/membrane, and

accessory, respectively, 77, 1., i and R are the anode overpotential, cathode overpotential,

load current, and battery internal resistance, respectively. It can be seen that in order to
improve the Li-air battery’s energy density, one has to accelerate the battery’s reaction
kinetics to reduce the anode and cathode overpotentials, decrease the voltage loss induced by
the internal resistance, as well as decrease the battery weight by reducing the material
weights of anode, cathode, electrolyte/membrane, current collector, and accessory. Regarding
the electrode overpotentials, cathode overpotential is the dominating one because the cathode
oxygen reduction reaction is much slower than anode lithium oxidation. Therefore, cathode

research is a major focus of Li-air battery development.
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2.3 Li-air battery cathode reaction mechanisms and the effect of possible

side reactions on battery performance

2.3.1 Cathode reaction mechanism

As mentioned above, the cathode reaction in non-aqueous Li-air battery can produce a
mixture of Li oxides although lithium peroxide, Li,O,, is considered to be the desired one. In
the specific formation and decomposition of Li,O; during charge-discharge processes, several
different mechanisms have been proposed in the literature based on theoretical calculation as

. 36,99,111,173,182-188
well as experiments.” "

Two major discharge reaction mechanisms for the ORR
on cathode material surface have been proposed as follows:

Discharge reaction Mechanism I:

O0,+e >0, (10)
20, < 0, + 0;” (11)
0; +2Li* — Li,0, (12)

Discharge reaction Mechanism II:

0,+e >0, (10)
0, +Li* — Li0, (13)
2Li0, — Li,0, + 0, (14)

For the charge process, there are two major reaction mechanisms:

Charge reaction Mechanism I:
Li,O, > LiO, + Li* + e (15)
LiO, > O,+Li" +e” (16)
Charge reaction Mechanism II:

10/105
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Li,O, > O, +2Li" +2e (17)
There are also some other proposals for the reaction mechanism in the literature. For
example, Hummelshgj et al.'”? proposed the discharging reactions at the cathode might

sk

involve Reactions (18) and (19) where denotes a surface site on Li,0, where the growth

proceeds:
Li"+e +0,+*— LiO, (18)
Li" +e + LiO; — Li,O, (19)

For the charging reaction on a pyrochlore catalyst surface, Oh et al.'"®” believed the cathode

mechanism could be:

Li,0, = 2Li" + 0} (20)
0; >0, +e 1)
0; >0, +e” (22)

In addition, Laoire et al.'” showed the reduction and subsequent oxidation of O, in
acetonitrile-based electrolytes was strongly influenced by the cation type of the conducting
salts used.

In fact, no commonly accepted consensus on the cathode mechanism for non-aqueous
Li-air batteries has been achieved to date. The reported mechanisms are mainly acquired by
theoretical conjecture or calculation, and most of the characterizations used to study the
mechanism are ex-situ, which can not reveal the exact reaction paths in the charge-discharge
process. Therefore, more in-situ characterizing technologies should be well developed in the

future to clarify the exact cathode mechanisms for non-aqueous Li-air batteries.

2.3.2 Effect of possible side reactions on battery performance

It is worthwhile to note that for non-aqueous Li-air batteries, organic carbonate-based
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electrolytes such as LiPF¢ in propylene carbonate (PC) or ethylene carbonate (EC) and
(dimethyl carbonate) DMC (1:1, v/v) have been widely used.'” In these cases, the
electrolyte decomposition between oxygen and electrolyte forming irreversible organic and
inorganic carbonate species (i.e. lithium alkylcarbonates and Li,CO;) during discharge, rather
than the desired Li,0,, could limit the cycle life of the battery. More specifically, the Li,CO;
produced at the cathode could be regarded as a “destroyer” of the Li-air battery.lgl’192 Support
for this view comes from extensive research which has revealed the high polarization in
charge-discharge process of Li-air batteries can be attributed to the formation and
decomposition of Li,COj5 rather than Li,O,, and the fast degradation of battery capacity with
cycles can also be caused by the generation of Li,COs3, since the decomposition potential of
Li,CO; (~4.2 V) is obviously higher than both those of Li,O and Li,O; (~3.3-3.4 V) as shown
in Fig. 5."

In order to more fully understand the cathode processes in non-aqueous Li-air batteries
and their effect on the overall battery performance, a variety of in-situ and/or ex-situ
characterization techniques have been widely employed in recent years. These techniques
have included: X-ray Diffraction (XRD),189’194'197 Raman, ??*'%%1% " Differential

Electrochemical Mass Spectrometry (DEMS),**'!  Scanning Electron Microscope

(SEM),"#19419 " Transmission  Electron Microscope (TEM),*™ X-ray Photoelectron

201 202-205

Spectroscopy (XPS),”" Fourier Transform Infrared Spectroscopy (FTIR), , Nuclear
Magnetic Resonance (NMR),**® and Atomic Force Microscopy (AFM).*272% The results
revealed the cathode products are closely related to the type of electrolytes used, including
the solvents and lithium salts as well as the carbon materials and other components from the

cathode reaction layer.

(1) Effect of the type of solvent on battery performance

12/105
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The solvents used in the electrolytes for non-aqueous Li-air batteries can be classified
into carbonates, ethers, sulfones, amides and ionic liquids as listed in Table 1 along with their
physical properties. In general, the solvent with low vapor pressure has low vaporization
during the cycling of a battery. The solvents with high donor number (DN) such as DMSO
could help the stability of intermediate discharge product such as LiO, while those with low
DN such as TEGDME could promote the formation of Li,O, and Li,O. Generally, light
solvents are preferred for Li-air batteries due to the promotion of energy density for the
whole battery device.

As mentioned above, carbonate based solvents, mainly including pC,?98210211 g 33212
DMC,*"? ethyl methyl carbonate (EMC)*"* and diethyl carbonate (DEC),¥*1>21¢ were the

earliest solvents used for non-aqueous Li-air battery.154

In general, the solvents are mixtures
of several single carbonate solvents with specific proportions to achieve good
electrochemical performance.”’” However, this kind of solvent is not stable to the superoxide
radicals and could be decomposed during the charge-discharge process, leading to fast
degradation and termination of the battery.'®*"* Several researchers detected the carbonate
species, such as LiyCOs, lithium alkyl carbonate (RO-(C=0)-OLi), lithium propyl
bicarbonate (C3Hg(OCO,Li),), Li formate (HCO,Li), Li acetate (CH3CO,Li) and alkoxides,
at the cathode after cycle-life tests, confirming the decomposition of carbonate-based
electrolytes due to the superoxide radicals as discharge reaction intermediates.''-19%*!1-220-223
Furthermore, during recharging, evolved CO, gas was also detected at the cathode as a

224 1t has therefore been confirmed

consequence of the decomposition of carbonate species.
that the decomposition of solvents can lead to large overpotentials and poor cycling

performance for Li-air batteries using electrolytes with carbonate based solvents.*'® As a

result, it seems carbonate based solvents have been essentially abandoned by scientists
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worldwide, and many efforts have been conducted to find alternatives.

Currently, the most common solvents used in non-aqueous Li-air batteries are ethers and
sulfones based solvents, which have been proven to have long-term chemical stability even in
the presence of the superoxide radicals.'”*****® These ethers and sulfones based solvents
mainly contain TEGDME,*%!61:27 triethylene glycol dimethyl ether,”® 1,2-dimethoxyethane
(DME),36’1OO’229'23 2 DMSO**** and tetramethylene sulfone (TMS).23 6 With these solvents,

Li,O; has been found to be the predominant discharge product at the cathode. For example,

210 237 238 20
L., L, L., 1.

Huff et al.,”*® Tsiouvaras et a Leskes et a Limeta and Wen at al.*’ confirmed
the Li,O, being the essential discharge products at the cathode by using NMR, XRD, XPS
technology as well as on-line mass spectrometer, respectively. However, many articles have
also observed by-products other than Li,O, in Li-air batteries using ethers and sulfones based
solvents. For example, Huff et al.*® found the polymer with a chemical formula of -
[OCH,OCO,CH,CH,0CO,CH,CH,OCO,CH,0],..  Tsiouvaras et al?'® detected the
formation of other oxygen-containing discharge products which could only be oxidized at

high potential to form CO,. Assary et al.>*

reported the interface between Li,O, having Li-O-
Li sites with high spin on the surface and ether solvents might have a hydrogen abstraction,
leading to the production of oxidized species, such as aldehydes, carboxylates and LiOH.

Ryan et al.**

observed that TEGDME could participate in the charging process, even at
moderate voltages in the absence of O,. Barile et al.'”' studied the stability of the ether
electrolytes using DEMS technology, and revealed that the amount of O, evolved during the
charging process was significantly less than that expected for complete Li,O, formation and
decomposition, regardless of the catalyst employed. The investigations of Trahan et al.”** and

Xu et al.* on Li-air batteries with sulfone based solvents detected LiOH formation through a

chemical reaction of the superoxide with the electrolytes. Younesi et al.**' found some lower

147105
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oxidation state oxygen and S compounds at the cathode, such as LiOH (compared to Li,O,)
and lithium sulfides (compared to DMSO), respectively, which are attributed to the reaction
between DMSO and Li,O,. Xu et al.** studied sulfoxide based Li-air batteries and found the
predominant product was Li,CO3 but not Li,O,. Gallant et al.?*? found the accumulation of
Li,COs; in the cathode of Li-air batteries with DME as solvent during the discharge process.

Amide based solvents are another type of solvents with long-term chemical stability in
the presence of superoxide radicals. The most thoroughly studied ones in non-aqueous Li-air
batteries are N,N-dimethylformamide (DMF),**** N,N-dimethylacetamide (DMA)'® and
N,N-dimethyltrifluoroacetamide (DMTFA)**. For example, Walker et al.'®’ studied the cycle
life of a Li-air battery with DMA as the solvent in the electrolyte, and did not observe
significant CO, production over even 80 cycles of charge-discharge cycling. With a
DMA:DMTFA (98:2, v/v) electrolyte, Bryantsev et al.** found O, is a dominant recharge
product within the normal oxidation potential window of 3.6-4.2 V, and the small spike in
CO; could only be observed at potentials above 4.0 V and didn’t increase on cycling, thus
indicating negligible accumulation of HCO,Li and CH3;CO,Li at the cathode. However, Chen
et al.** found some electrolyte decomposition into Li,O,, Li,COs, HCO,Li, CH;CO,Li, NO,
H,0 and CO, and the accumulation of Li,CO; at the cathode during the cycling process of
Li-air batteries utilizing dimethylformamide as the solvent in the electrolyte.

In addition, the application of ionic liquids as solvents in non-aqueous Li-air batteries is
attracting more and more attention due to their high boiling point and saturated steam
pressure.245'249 The main ionic liquids that have been investigated includes: 1-ethyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide (EMITFSI),250 N-methyl-N-
propylpiperidinium  bis(trifluoromethansulfonyl)amide (PP13TFSA),251 N-methyl-N-

propylpiperidinium-bis(trifluoromethanesulfonyl)imide (PP13TFSI),'*® N-methyl-(n-butyl)
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pyrrolidinium  bis(trifluoromethane  sulfonyl) imide (PYRI4TFSI),*"** I-butyl-1-
methylpyrrolidinium  bis(trifluromethylsulfonyl) imide  ([C4mpyrr][NT£]),"*® 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl) imide ([C4smim][NTf]),"** and 1-butyl-3-
methylimidazolium tetrafluoroborate [C4mim][BF4]).13 ¥ For example, with PP13TFSA as the
solvent, Mizuno et al.”' identified the cathode discharge product as Li,0O,, and only a minor
by-product of Li,CO; was observed on the cathode surface near O, gas. Herranz et al.2?®
showed that PYR14TFSI was more stable than PC with rotating ring-disk electrode transient
measurements, and Elia et al.”>® found that the discharge product was amorphous Li,O, when
PYRIATFSI was used as the solvent. However, Xu et al.’** observed a large amount of
Li,CO; produced from the oxidation and decomposition of PYR14TFSI.

(2) Effect of the type of lithium salts on battery performance

Besides the solvents, lithium salts in the electrolyte also have significant influence on
the cathode performance of non-aqueous Li-air batteries. In early studies, lithium
hexafluorophosphate (LiPF¢) was employed as the lithium salt along with a mixture solvent
containing PC, EC and polyacrylonitrile (PAN) to serve as the electrolyte in Li-air

. 1920
batteries,

and the cathode products were determined to be LiO, using Roman
spectroscopy. However, many researchers in the studies which followed found LiPFg in this
electrolyte was unstable during charge-discharge cycles of the batteries, leading to

deteriorated performance and fast shutdown of the battery.>*>>

More recently, extensive
research has shifted to explore reasonable couples of lithium salts and the solvents in order to
improve the overall battery performance. To date, the lithium salts that have been studied in
non-aqueous Li-air batteries mainly include: LiPF6,257 lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI),”**’ lithium triflate (LiCF3SO3),"" lithium

tetrafluoroborate (LiBF,),'™ lithium perchlorate (LiC104),**** lithium nitrate (LiNO;),2***!

16 /105
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and lithium bis(oxalate) borate (LiBOB).61 However, decomposition of lithium salts during
the charge-discharge process has been observed to be a major challenge. For example,
Nasybulin et al." showed that LiBF, and LiBOB could decompose to form LiF, lithium
oxalate, and lithium borates, whereas LiTFSI, LiCF3SO; and LiPF¢ had minor decomposition
in the solvent of tetraglyme. They also found that LiBr and LiClO4 exhibited the best stability
during the discharge process. Chalasani et al.** found that LiPFs could react rapidly with
Li,O, to generate OPF,OLi and LiF in EC/DEC/DMC (1:1:1, v/v/v ), PC, tetraglyme and
acetonitrile (ACN), whereas LiBF,4, LiBOB and LiTFSI had excellent stability in the presence
of LiO, in both PC and DME. Therefore, they suggested that LiPF¢ is a poor salt for
rechargeable Li-O, battery, and the interaction between Li,O, and LiPF¢ in carbonates could
result in a dramatic decrease in the thermal stability of the electrolyte. In recent studies, more
and more researchers incline that the stability of lithium salts should be strongly dependent
on the solvents used. For example, Du et al.'>® found LiPFs could decompose in tri(ethylene
glycol)-substituted trimethylsilane (1NM3) electrolyte forming HF whereas no tracks could
be detected in TEGDME. They also found both LiTFSI and LiCF;SO3; were very stable in
both INM3 and TEGDME solvents. Younesi et al.'® demonstrated that both LiClO4 and
LiBOB could decompose in PC while there was no decomposition in EC/DEC solvent.

(3) Effect of carbon materials and other compositions of cathode reaction layer on
battery performance

In addition to the electrolyte, carbon materials, as the basis of porous cathodes and the
catalyst support for non-aqueous Li-air batteries, can also affect the formation of cathode
products owing to its instability during the charge-discharge process.231’263 For example, Itkis
et al.*** showed carbon materials containing activated double bonds or aromatics could be

easily attacked through nucleophilic reactions by superoxide radicals to form epoxy-groups
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which were further converted into carbonates during the discharge process, thus limiting the
rechargeability of Li-air cells. While for carbon materials with a low amount of functional
groups and defects, a better stability keeping the carbon will-o’-the-wisp lit for lithium-air

battery could be observed. Ottakam Thotiyl et al.'”!

studied the carbon electrode in a Li-O,
battery with DMSO and tetraglyme-based electrolytes, and revealed the behavior of carbon
material was dependent on the hydrophobicity/hydrophilicity of its surface, and both the
electrode potential dependent carbon decomposition and electrolyte decomposition could be
promoted by the carbon surface. Normally, hydrophobic carbon is relatively stable with little
or no decomposition when compared to that of hydrophilic carbon. With hydrophilic carbon,
Li,COj; accompanied by lithium carboxylates (HCO,Li and CH3CO;Li) could be formed and
accumulated on the carbon surface. This is because the carbon surface’s decomposition and
reaction with the intermediate products such as LiO; and LiO; and the enhanced electrolyte
decomposition, leading to a rapid polarization, electrode passivation, and capacity fading on
cycling. With respect to this, Gallant et al.**? considered that the Li,COs-like species might
be associated with the reactivity between carbon and Li,O, or other reaction intermediates.

Besides carbon materials, other compositions in cathode reaction layer such as binders
(Kynar and Teflon) may also participate in the discharge reaction to form cathode side
products such as LiF.2**20>-26¢

In summary, although the ideal cathode product for non-aqueous Li-air battery is only
Li,0,, the side products produced in cathode during the charge-discharge process including
Li,0, Li,COs, LiF and many others seem to be unavoidable, which are strongly dependent on
the types of electrolytes (Li salt + solvent), carbon materials, catalysts and binders. Therefore,
the synergy between them should be given more attention in order to design and develop

practical Li-air batteries. 101.267.268
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2.4 Properties and morphology of lithium peroxide and their influences on

Li-air battery performance

As the ideal cathode product in non-aqueous Li-air batteries, Li,O; is an insulator with a

172,269
As a result,

calculated band gap of 4.9 eV and is also insoluble in organic electrolytes.
the cathode reaction kinetics could be partially limited by the electrical and ionic transport
properties of the bulk Li,O,, particularly when the Li,O, particle size or film thickness is
increased.””® With these potential constraints in mind, the properties and morphology of
Li,O, are expected to be important parameters influencing Li-air battery performance in
terms of charge-discharge polarization, discharge capacity, round-trip efficiency, rate
capability and cycle—ability.”&271

In general, understanding of the insulative property of Li;O; is mainly based on
experimental measurements and theoretical/mathematical calculations. It seems the insulative
properties of Li,O, can be modified to improve its electrical conductivity. For example,
Radin et al.>”**” found the stable surface of Li,O, was half-metallic which might mitigate
electrical passivation through the growth of Li,O,, leading to some enhanced reversibility of
Li,O, during recycling of the battery. Garcia-Lastra et al.*”* postulated the polarons (both
hole and electron) could be formed on the surface of Li,O,, and the hole polarons had a much
higher mobility than the electron polarons during the growth of Li,O,. This would result in
the Li,O, having a certain electrical conductivity coming from the presence of polarons. Ong
et al.*” also found the formation of hole polarons, and reported the migration barriers for the
free polarons were between 68 and 152 meV. In their opinion, the electrical conductivity of
lithium peroxide was likely to be determined by the vacancy diffusion. Additionally, a

number of theoretical predictions suggested some surfaces of lithium peroxide had unpaired

spin states that could play a role in the electrical conductivity of the discharge
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172:273.275-277 despite the fact bulk lithium peroxide has a large band gap. Lau et al. >’

products,
reported the high spin states were more stable in high stoichiometric lithium peroxide clusters
((Li202)y), thus promoting the formation of superoxide-like structures which could facilitate
important conductivity mechanisms on the surface of Li,O,. For example, the triplet spin
state was favoured over a closed shell singlet spin state for a dimer ((Li,O;),), trimer
((Li205)3), and tetramer ((Li,O;)s) of lithium peroxide, and the quintet spin state was
presented in (Li,O,)16, while the closed shell singlet was strongly favored in the lithium
peroxide monomer ((Li,05);).

Furthermore, the kinetics of oxygen evolution reaction (OER) during the charge process
has been proposed to be highly dependent on the surface orientation of lithium peroxide. Mo
et al.’s study with first-principle calculation”” revealed the OER processes were kinetically

limited by the high energy barrier for the evolution of oxygen molecules, and the rate of OER

was highly dependent on the surface orientation of LiyO,, that is, the rate of OER was slow
on the abundant surfaces, such as the (1150) and (0001) surfaces, while it was fast on the

high energy surfaces.

The morphology of Li,O, also has a significant influence on the performance of Li-air
batteries.”*” The morphology change of lithium peroxide in the cathode during the charge-
discharge process can generally be described as: the Li,O; first nucleates with the initiation of

discharge, then grows during the discharge process, and finally decomposes in charge

process.zgl’282 To date, a variety of LiO, morphologies, such as toroidal-
shaped,189’194’196’198’283’284 spherical pa1rticles,84’285'287 elongated particles,zgg’289 close-packed
nanosheets,”*>*% rough thin films (thick layer)204’291’292 and porous ball-like,*” in the

discharged cathode have been reported in literature (Fig. 6).

Regarding the specific growth of Li,O, during discharge process of Li-air battery, there
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are many different viewpoints, probably because of different materials used and different

methodologies. For example, Jung et al.?®?

presented that the amorphous spherical particles of
Li,O, with size in the range of several hundreds of nanometers could be formed at first, and
then the crystalline Li,O, primary particles started to nucleate on the pre-existent amorphous
particle surface toward the end of discharge. Thus, lithium peroxide particles with several
different morphologies could be observed on the surface of the discharged cathode, as shown
in Fig. 7. The authors assumed the hollow spherical structure of lithium peroxide formed in
the discharged cathode could be attributed to the simultaneous formation on the outer surface
and decomposition on the inner surface. However, Fan et al.®' and Zhai et al.'”’ proposed the
Li,0, particles could grow from the small round solid at the beginning of discharge, and then
the initial Li,0; tiny deposits evolved into abacus-ball-shaped particles with increasing depth
of discharge (Fig. 8). Mitchell et al.?’ reported the Li,O, particles could change into a toroid-
shape while the particle size was increased up to 1 um with increasing the depth-of-discharge.

Normally, the morphology of lithium peroxide is significantly dependent on the current
density governing the electrochemical charge-discharge process.””* Mitchell et al.** reported
Li,0, particles were formed first as some stacked thin plates with thickness of about 10 nm,
which then spontaneously splayed so the secondary nucleation of new plates eventually
developed into a particle with a toroidal shape at low discharge rates. It was discussed that
since LiyO, crystallites had large (001) crystal faces which were consistent with the
theoretical Wulff shape, it could grow by a layer-by-layer mechanism at high discharge rates.

Similarly, Adams et al.'”

revealed large toroidal morphologies of Li,O, rose at low current
densities in the range of 5-25 mA cm™ while the thin-film morphologies appeared at higher

current densities (50 and 100 mA ¢cm™). Furthermore, Li* ion concentrations in an electrolyte

solution could also tailor the morphology of discharge products at the cathode surface. In Liu
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et al.’s study,296 it was revealed the discharge products existed in the form of about a 10 nm
layer at a Li' concentration of 107 M, while they changed into large chunks at a Li
concentration of about 2-3 M.

The distribution of Li,O, across the cathode thickness has also been investigated to
obtain their effect on the battery performance. A non-uniform distribution was reported by
Nanda et al.,*”’ they found the concentration of lithium species near the edge of the air
electrode was higher and also relatively more uniform than in the center of the cathode. They
assumed the origin of such anomalous behavior could be due to the competition between the
transport of lithium and oxygen and the accompanying electrochemical reaction. Zhang et
al.****® found the surface at the air side was covered almost completely by the discharge
products, while the surface at the membrane side had some clear open pores. Another
investigation by Zhang et al.”' revealed the deposition of discharge products on both sides of
the air cathode was dependent on the status of electrolyte-filling. For the electrode containing
insufficient electrolyte, more discharge products were deposited on the separator side, but the
denser deposition was on the air side for an electrolyte-flooded cathode. Therefore, they
proposed the discharge products could be evenly deposited throughout the air cathode by
adjusting electrolyte-filling status. Similarly, Ren et al.”’ observed the discharge current
density had a significant influence on the deposition and distribution of Li,O; particles inside
the air cathode, an increase in current density could lead to a shift of Li,O, from the
electrolyte interface to the air/cathode interface.

Cathode catalysts for ORR and OER have also been reported to influence the growth,
morphology, distribution and particle size of the discharge product Li,O,. Density Functional
Theory (DFT) calculations revealed the discharge products mostly preferred to nucleate and

grow around the defective sites on the cathode.”™ Li et al.””” demonstrated with experiments
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that the morphologies of Li;O, on the surface of the cathode catalyzed by the GNSs
(graphene nanosheets) and N-GNSs (Nitrogen-doped graphene nanosheets) were significantly
different from each other. The formed diameters of the Li,O, particles were about 600-1000
nm when GNSs was used as the catalyst and 200-500 nm with N-GNSs, respectively. The
distribution of Li,O, was more uniform on N-GNSs than it was on GNSs, while the Li,O,
particles could aggregate into large clusters on GNSs and some surface was free of coverage.

Similarly, Lee et al.'”

reported the entire surface of the cathode with acid-leached
Nap44MnO, as catalyst was uniformly covered with Li,O, toroids, whereas only the outer
edge of the cathode with pristine Naj4MnO, as catalyst and the carbon electrode without a
catalyst was covered with Li,O; (Fig. 9).

Although a number of studies have reported different Li,O, morphologies formed during
discharge and their effects on battery performance, a consistent understanding, particularly of
their effect on OER kinetics and pathways during the recharge process, has not yet been
reached. Gallant et al.'”® found the cathode producing small Li,O, particles less than 20 nm in
diameter showed a different current-voltage profile from the cathode producing disc/toroid
Li,O, particles with a diameter ranging from 50 to 200 nm. According to the research in ref.
177, different morphological evolutions of cathode products during discharge (Fig. 8) and
charge (Fig. 10) processes suggest different formation-decomposition mechanisms and the

formation of disproportionate superoxide which was identified in the grain boundaries and

outer parts of the toroids.

2.5 Approaches for achieving ideal cathodes for non-aqueous Li-air

batteries

A high-performing rechargeable non-aqueous Li-air battery needs to possess at least
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four characteristics' >

as shown in Fig. 11: (1) High specific capacity; (2) High round-trip
efficiency; (3) Good rate capability; and (4) Excellent cycling performance. Actually, these
characteristics originate largely from the cathode of the battery. Thus, in the following

paragraphs, the crucial approaches for creating an ideal cathode, to achieve the high level of

desired performance in non-aqueous Li-air batteries, are discussed in details.

2.5.1 Improving specific capacity

As generally known, the discharge product of Li,O, does not dissolve in the organic
electrolyte of the non-aqueous Li-air battery, but accumulates in the pores of the cathode
during discharge process. Therefore, the capacity of Li-air battery is actually determined by
the amount of discharge products that can be accommodated in the cathode. It has been
observed the discharge process can be suddenly terminated by the blocking of the pores in the

cathode, preventing further oxygen diffusion to the reaction sites.’”'>"

Normally, using
highly-active catalysts and optimum catalyst loadings, in combination with making a uniform
distribution of electrode materials, will improve the structure of the cathode. This in turn will
enhance the utilization of the pore structure in the air electrode, thereby improving the
specific capacity of the battery.3 04305 1n addition, there is unavoidable passivation along with
the growth of Li,O, which would promote degradation of the battery due to the insulator
characteristics of Li,O, during the discharge process, therefore the adaptive property and

morphology of Li,O, could improve the discharge capacity.’**"’

2.5.2 Improving round trip efficiency

The charge-discharge processes of non-aqueous Li-air batteries generally proceed with
two reactions, ORR for discharge and OER for recharge. Due to the slow kinetics of both
reactions, there is often an unusual deviation between the charge and discharge voltages of

Li-air batteries even at low current density, leading to low round-trip efficiency even though
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the columbic efficiency (charge in/charge out) may be close to 100%. Using a bi-functional
catalyst which has catalytic activities for both ORR and OER on the cathode could reduce the
overpotentials during the charge-discharge processes by increasing the discharge voltage and
decreasing the charge voltage through accelerating the kinetics of ORR and OER, thus
increase the round-trip efficiency.94’95’105’110’3 08310

It was found that the overpotential increase during the discharge process with the growth
of lithium peroxide was owing to LiO;’s insulativity which could lead to a decreased
discharge voltage.®”” As a result, the charge voltage could also exhibit at a higher value.
Therefore, the round-trip efficiency of Li-air batteries can be enhanced by modifying the

nucleation and growth of Li,O, as well as optimizing its morphology, particle size and

distribution in the cathode.

2.5.3 Improving rate capacity

In addition to quick diffusion of oxygen and a high rate transfer of both electrons and
ions inside the air celthode,3“’312 fast ORR and OER reaction rates on the cathode are also of
great importance for enhancing the rate capability of Li-air batteries.”® In this regard,

employing highly-active catalysts is both very important and necessary.

2.5.4 Improving cycling performance
In general, ORR/OER catalysts play an important role in promoting the cycle-ability of

Li-air batteries. An efficient catalyst would not only drive the formation of desired reversible

Li,O, as a discharge product, while at the same time reduce the generation of by-products

from electrolyte decomposition and the corrosion of the electrode materials. Such a catalyst

would also enhance the reduction rate of Li,O, during the charge process, thereby resulting in
. . 19,83,94,110,313 .

an improved overall cycling performance. At the same time, a stable cathode

fabricated from porous materials is favorable to achieving excellent cycling performance
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through facilitating oxygen diffusion and improving electrolyte wettability, leading to the fast
accumulation and decomposition of the discharge products of Li;O, in the pores of the
cathode during the cycling process of the Li-air battery.zg’314 In addition, passivation of the

d396315316 and the electrode materials should not

electrode materials should be well controlle
scale off from the substrate topography during cycling of the battery.

Overall, the electrical conductivity of the cathode must be sufficient to achieve high
battery performance.”® To obtain high conductivity, the ratios among the electrode materials,
such as carbon materials, catalysts, conductive agents and binders, the substrate and current
collector should be comparatively optimized. Furthermore, fast ion transfer within the
interface between electrode and electrolyte, which is mainly determined by the wettability of

28317 In addition, the cathode and its

the electrolyte on the electrode, is also very important.
materials must have a durable porous structure in order to facilitate the diffusion and
transport of oxygen.zg’m’3 04318 Nevertheless, the wettability of electrolyte and the diffusion of
oxygen are mutually contradictory3 ¥ due to the limited solubility of oxygen in organic
electrolytes320. Therefore, a trade-off strategy should be reached by optimizing the electrode
materials and cathode structure.**!

In the following contents of this review paper, the progress and knowledge garnered in
recent years about the cathode for non-aqueous Li-air batteries will be summarized from the
aspects of: cathode materials, cathode structure and cathode fabrication process along with a

discussion about the remaining challenges and research directions required to facilitate the

future development of non-aqueous Li-air batteries.

3 Cathode materials

As discussed above, the cathode materials used in non-aqueous Li-air batteries should
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have a durable porous structure in order to store discharge products and provide channels for
oxygen diffusion. They should also possess high electrolyte wettability to satisfy the
requirement of ionic transfer during the charge-discharge process. More importantly, the
cathode materials including the catalyst should have the ability to accelerate the kinetics of
both ORR and OER. The ideal cathode material with optimum structure/morphology/crystal
forms can not only provide more space for the storage of discharge products but also to

311,321

facilitate both the diffusion of oxygen and the formation of electrode wettability, while

also enhancing its catalytic performance towards both ORR and OER due to the introduction
of defects and vacancies.”***

At the current state of technology, a huge number of cathode materials, including some
successfully used in fuel cells, Li-ion batteries and metal-air batteries,”**>* have been
explored for incorporation into non-aqueous Li-air batteries. In this section, these materials

are summarized as four main groups: carbon materials; metal and/or metal oxides; composite

materials; and others.

3.1 Carbon materials

Carbon materials have been widely used as catalyst support, conductive agents and
electrode material in fuel cells, lithium-ion batteries and electrochemical supercapacitors due

to their excellent electrical conductivity and large surface areas.”***

In recent years, the
application fields of carbon materials have been extended to Li-air batteries as cathode
materials with growing interest worldwide because of their favourable properties. In non-
aqueous Li-air batteries, carbon materials generally act as electrode materials to fabricate a

porous cathode, and they can also work as catalysts towards ORR as well as OER.'®

In general, carbon materials that have been explored for non-aqueous Li-air batteries can
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be classified into three groups: (1) commercial carbon materials; (2) functional carbon
materials; and (3) N-doped carbon materials, all of which will be given a detailed discussion

in the following sub-sections.

3.1.1 Commercial carbon materials

Almost all commercially available carbon materials, such as Super P, Ketjen black (KB)
(normally EC600JD and EC300JD), Activated carbon, Vulcan XC-72, Black pearl (BP 2000)
and so on, have been explored as cathode materials for non-aqueous Li-air batteries.***>*
The reported discharge capacity of various commercial carbon materials are summarized in
Table 2. As can be seen, the discharge capacities of the same types of carbon materials differ
greatly from each other in different reports even at the same discharge current density. This
indicates the discharge capacity can also be influenced by some other factors in addition to
the cathode materials themselves.

Hayashi et al.*!’

reported there was a rough correlation between the discharge capacity
and the surface area of carbon materials, particularly the nano-sized pores such as mesopores
on the carbon were able to serve as active sites for cathode reactions. They found that carbon
materials with higher surface areas and larger number of mesopores could deliver higher
discharge capacities. Meini et al.»! also reported there was a strong correlation between the
surface areas of carbon materials and their discharge capacities. For example, the carbon
materials of Vulcan XC72, KB EC600JD and BP 2000 with surface areas of 240, 834 and
1509 m? g'1 could display the discharge capacities of about 183, 439 and 517 mAh gcarbon'l,

respectively. Similarly, Cheng et al.’s study’”®

revealed the discharge capacities of Norit
(4400 mAh gcarbon'l) , acetylene (3900 mAh gcarbon'l) and Super P (3400 mAh gcarbon'l) were in

accordance with the relativity of their surface areas, i.e. 800, 75 and 62 m? g'l for Norit,

Acetylene and Super P carbon black, respectively. Thus, the authors concluded larger surface
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area of carbon materials should be beneficial for fabricating a cathode with higher discharge
capacity. Xiao et al.**® showed KB EC600JD could exhibit the highest discharge capacity of
851 mAh gcarbon'l at a current density of 0.05 mA cm” among the commercial carbon
materials of BP 2000, Calgon, Denka and KB EC600JD, owing to its high mesopore volume

that could store more discharge products and absorb more electrolyte. Beattie et al.”®

reported
the KB-based cathode with a carbon loading of 1.9 mg cm™ exhibited a discharge capacity of
5813 mAh gcarhon'1 at a current density of 0.1 mA cm'z, while the capacities of 3378 and 404
mAh gcarbon'1 could be achieved for the cathode with a carbon loading of 4 and 12.2 mg cm'z,

respectively. In another study by Gao et al.,>**

it was demonstrated the Super P electrode
displayed the highest discharge capacity among activated carbon SYTC-03, KB EC600JD,
Vulcan XC-72 and Super P at a current density of 0.1 mA cm™. In Sun et al.’s investigation
on Super P based cathodes,”® however, a very poor cycling performance was observed. The
initial discharge capacity was 964 mAh gcarbon'l, but the cell died after only 13 cycles at a
current density of 100 mA gcarbon'l.

Although Li-air batteries with commercial carbon materials based cathodes are feasible,
many issues, such as low discharge voltage, high charge voltage, low round-trip efficiency,
poor rate capability and cycling performance, resulted from the poor catalytic activity of

. . 13595311312
commercial carbon materials,”””

should be well addressed before their practical
applications. Regarding the round-trip efficiency, the gaps between the charge and discharge
potentials (AV) of Vulcan XC-72 and KB EC600JD-based cathodes were reported to be as
wide as 1.69 V** and 1.323 V,** respectively. The capacity retention of an acetylene carbon
black electrode was only 37.07% when the current density was increased to 0.5 mA cm™

from 0.1 mA cm™’'"" The discharge capacities of Norit, Acetylene and Super P based

cathodes could be decreased from 4400, 3900 and 3400 mAh gcarbon'l (the I cycle) to 1150,
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730 and 200 mAh gcarbon'l, respectively, after fifty cycles at a current density of 70 mA gearbon’
! 3% Therefore, in most recent studies, commercial carbon materials are usually used as

conductive agents and/or catalyst support rather than for reaction sites in the cathode of non-
aqueous Li-air batterjes. "%

3.1.2 Functional carbon materials

Different from the commercial carbon materials, functional carbon materials, such as

78,339,350,353 175,204,289,338 354-356

graphene, mesoporous carbon, carbon nanotubes (CNTs), carbon

nanofibers (CNFs),287’292 and carbon microfibers,”***! have some unique functions in battery
cathode reactions in non-aqueous Li-air batteries, due to their unique structures and greater
number of defects/vacancies.

Graphene is a monolayer of carbon atoms packed into a dense honeycomb crystal

357-359

structure. It has attracted great attention as a carbon candidate since its discovery by

Novoselov et al.**® in 2005. With the merits of high electron transfer rate, large surface area,

357,361,362

high conductivity as well as thermal and chemical stability, graphene has been

363:3% and anode materials in

widely used as catalyst support or metal-free catalyst in fuel cells
Li-ion batteries.**>*% Recently, graphene has been tested as a promising cathode material for
Li-air batteries due to its extremely high discharge capacity and high round-trip efficiency.
These merits have been attributed to its ideal 3D 3-phase electrochemical area and the
diffusion channels for electrolyte and oxygen as well as its unique structure, #39-370-353.367-369
although detailed mechanisms for the ORR/OER on graphene in non-aqueous Li-air batteries
are still unclear at this time. The graphene nanosheets (GNSs) based electrode was employed

1.%% in non-aqueous Li-air batteries, showing a discharge capacity of 8705.9 mAh

by Li et a
gcarbon'1 at a current density of 75 mA gcarbon'l, which was much higher than that of the

electrode with commercial carbon materials of BP 2000 and Vulcan XC-72 (Fig.12a). They
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claimed the active sites at the edge of graphene could significantly contribute to the superior
electrocatalytic activity towards ORR (Fig. 12b-¢). Wang et al.*’® showed the GNSs based
electrode had a discharge capacity of 2000 mAh gcarbon'l, a discharge voltage of 2.80 V and a
charge voltage of 3.90 V at a current density of 50 mA gcarbon'l. Similar to the study of Li et
al.*" on GNSs based electrodes, the authors attributed the good round-trip efficiency of the
graphene-based electrode to the presence of dangling o-bonds (sp3 carbon atoms) at the edges
and defects of graphene. The high electric conductivity was also considered to be another
contributor. In a comparative study by Sun et al.*** on both GNSs and Vulcan XC-72 carbon
based electrodes, the former exhibited a significantly lower AV and a much better cycling
performance than the latter. Liu et al.>’' synthesized graphene directly on the skeleton of
porous nickel foam (3D-G electrode) by chemical vapor deposition (CVD) method, and
achieved a discharge capacity of 970 mAh gcarbommlys{l at a current density of 0.083 mA cm’
2 The highest discharge capacity to date (15000 mAh gcarbon'1 at a current density of 0.1 mA
cm'z) of a graphene-based cathode was reported by Xiao et al.?® using a novel hierarchical
arrangement of structural and functionalized graphene sheets. The authors reported oxygen
can spread rapidly in the microporous channels of the hierarchically porous graphene due to
the unique bimodal porous structure. Meanwhile, the highly connected nanoscale could offer
a high density of reactive sites for Li/O, reactions, and the defects and functional groups on
graphene could promote the formation of the isolated nanosized Li,O, particles to prevent air
blocking in the cathode.

Mesoporous carbon, mainly referring to the carbon with pore sizes ranged from 2 to 50

nm, can be classified into two categories: the ordered mesoporous carbon (OMC) and the
disordered mesoporous carbon (DOMC), according to the structure and morphology.*’* The

former (OMC), which is normally synthesized with a template of mesoporous silica, such as
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SBA-15, M41S and MCM-48, etc.,’”>" is normally preferred as cathode material for non-
aqueous Li-air batteries due to its high specific surface area, excellent electrical conductivity
and fast mass transport. Sun et al.**® demonstrated that the unique ordered mesoporous
structure of CMK-3, a mesoporous carbon synthesized by using mesoporous silica SBA-15 as
the template, could facilitate the infiltration of the electrolyte and the diffusion of oxygen in
the cathode. The discharge voltage of a CMK-3 electrode (about 2.6-2.7 V) was slightly
higher than that of Super P, while the charge voltage (about 4.15 V) was apparently lower
than that of Super P, and the CMK-3 electrode could demonstrate a higher discharge capacity
and better cycling performance than the Super P cathode. The initial discharge capacity of the
CMK-3 electrode was about 1324 mAh gmrbon'1 and could sustain 521 mAh gcarbon'l at the
15th cycle, while the Super P electrode could not survive more than 13 cycles at 100 mA
gcarhon'l. Yang et al.'” assumed the enhancement in discharge performance of mesocellular
carbon foam (MCF-C), prepared by using mesocellular foam (MCF) silica as template, could
be attributed to its large pore volume and ultra-large mesoporous structure which allowed
more lithium peroxide deposits during the discharge process when compared to Super P (Fig.
13). Guo et al.>’ prepared some ordered hierarchical mesoporous/macroporous carbon sphere
arrays (MMCSAs) with monodisperse polystyrene spheres as a template. The electrode
fabricated with 50 wt% MMCSAs displayed a discharge capacity of 7000 mAh gcarbon+catalyst_l
at a current density of 50 mA gcarbon+catalyst_l-

Carbon nanotubes (CNTs), including single wall carbon nanotubes (SWCNTs)*”” and

multiwall carbon nanotubes (MWCNTS),378 have recently been investigated as cathode
materials for non-aqueous Li-air batteries because of their high chemical and thermal stability,
high elasticity, high tensile strength and high conductivity resulting from their unique

1.379

structures. For example, Yoon et a reported the pure CNTs electrode could exhibit a
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discharge capacity of about 800 mAh gelectmde'l at a current density of 0.4 mA cm™. Shen et
al.** presented the specific capacity and discharge voltage of pure CNTs sponge was 6424
mAh g and 2.45 V, respectively, at a current density of 0.05 mA cm™. In Mi et al.’s study,
the CNTs prepared using CVD method could give the discharge capacities of 2079 and 3483
mAh gcarbon'l in carbonate and ether based electrolytes, respectively, at a current density of
100 mA gcarbon'1.3 81 1 et al.>®* showed the partially cracked CNTs electrode delivered a
capacity of 1513 mAh gcarbon'1 at a current density of 0.01 mA cm'z, which was higher than
that of 800 mAh gcarhon'1 obtained from MWCNTs electrode. Cui et al.!® demonstrated the
vertically aligned carbon nanotubes (VACNTSs) based cathode had discharge capacities of
around 3500 mAh gcarbon'l and 1000 mAh gcarbon'l, at the current densities of 0.1 mA cm™ and
0.3 mA cm>, respectively, at the temperature of 60 °C. The authors also reported the initial
columbic efficiency of 79% at 0.1 mA cm'z, 74% at 0.2 mA ¢cm™ and 71% at 0.3 mA cm™ for
the studied VACNTs cathode. Wang et 1 prepared a freestanding carbon nanotubes
(CNTs) based electrode via a facile impregnation method, and attained a discharge capacity
of about 8300 mAh gcarbc,n'1 and a discharge plateau of about 2.75 V at a current density of 0.1
mA cm”. When the discharge rates are increased to 0.2 and 0.5 mA cm”, the discharge
capacities of about 8000 mAh gcarbon'1 and 2000 mAh gcarbon'l can be achieved, respectively.
In Lim et al.’s study,’® a hierarchical-fibril CNTs electrode with 10 sheets of the CNT fibril
was fabricated from dense carbon forests on a Ni-mesh current collector, and a discharge
capacity of about 2500 mAh gelectrode'l was obtained at a current density of 2000 mA gelemode'l,
which could be sustained after about 20 cycles. Nakanishi et al.*** prepared cup-stacked-type
carbon nanotubes (CSCNTs) and the heat-treated CSCNTs based cathodes, the discharge
capacities of 195 and 122 mAh gelectrode'l, respectively, were obtained at a current density of

0.02 mA cm™. Chen et al.*® prepared the multi-walled carbon nanotube paper (MWCNTP)
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by the floating catalyst method and achieved a discharge capacity of 34600 mAh gcarbon'l ata
current density of 500 MA geuwon ', Which was probably the highest discharge capacity
reported till now. The authors attributed the enhanced performance to large amount of void
space in the MWCNTPs for storage of Li,O, and the interpenetrating MWCNT networks for
facile electron transport.

In addition to graphene, mesoporous carbon and CNTs, some other functional carbon

materials, such as Carbon nanofibers (CNFs) and Carbon microfibers (CMFs), have also

been employed to fabricate cathode for Li-air batteries. Zhang et al.*** prepared a cathode
with CNFs combined with CNTs, an initial discharge capacity of about 1500 mAh gcarbon'1
was observed, but the recharge capacity was only 120 mAh gcarhon'l at a current density of 0.2
mA cm™. The activated carbon microfiber (ACMF) electrode exhibited a discharge capacity
of 4116 mAh geubon and a charge voltage of 4.3 V at a current density of 0.025 mA cm™>>"
The all-carbon-fiber electrode prepared by Mitchell et al 287287 yielded a gravimetric energy
of about 2500 Wh kg™

Recently, several novel carbon frames, such as carbon spheres, carbon nanoballs (CNB)
and honeycomb-like carbon (HCC), were also introduced into Li-air batteries as cathode

materials. Park et al.*%¢

prepared carbon spheres using a modified hydrothermal synthesis,
and used them as the cathode materials in a non-aqueous Li-air battery. A discharge capacity
of 4200 mAh gelectrode'l was observed. However, the charge capacity is only 13% of the
discharged capacity in the voltage range from 4.35 to 2.35 V at a current density of 200 mA
gelectrode'l. Kang et al*®’ prepared the CNB by a solution plasma process and found a CNB
based electrode could obtain a discharge capacity of 3600 mAh gcarbon'l at a current density of

about 67 mA gcarbon'l, which was approximately 30% higher than that of KB carbon. The

authors attributed the enhanced performance to the high pore volume and meso-macro
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structure of the CNB material. Soavi et al.**® prepared a meso-macroporous carbon using
colloidal silica as a template, and employed this material as a catalyst-free cathode for a Li-
air battery. In their work, a discharge capacity of 2500 mAh gcarhon'l, a discharge voltage at
2.6 V and a charge potential of about 3.8 V were displayed at a current density of 0.05 mA

cm™. Yang et al.*® prepared a diamond like carbon thin film electrode by radio frequency

sputtering, a discharge plateau around 2.7 V and a discharge capacity of 2318 mAh gcarbon'1

204
1.

were demonstrated at a current density of 220 mA gcarbon'l. Lin et a prepared the

hierarchically porous HCC with silica templates in different diameters (Fig. 14), the obtained
cathode yielded a specific capacity of 3912 mAh geron - and a discharge voltage plateau of

2.75 V at a current density of 0.05 mA cm™. In addition, a much higher discharge capacity of

128

5862 mAh gcarbon'1 was achieved by Lieta ? at a current density of 30 mA gcarbon'1 with the

micron-sized HCC electrode.

3.1.3 N-doped carbon materials

Many studies have demonstrated carbon materials doped with a certain amount of non-
metallic elements, such as nitrogen, can exhibit some improved electrochemical properties
because the doped heteroatoms can change the chemical and electronic nature of carbon-
based materials®">%? leading to the formation of defects and functional groups.299 For

example, nitrogen-doped (N-doped) carbon materials have been widely used in fuel cells as

393-398

well as electrochemical supercapacitors. The general synthetic routes for N-doped

carbon materials mainly include: heating carbon materials in a nitrogen-rich atmosphere
(such as NHj);* heating the composite of carbon materials and nitrogen contained

materials (such as macrocyclic compounds of porphyrin and phthalocyanin and conductive

399,400

polymers of polypyrrole, polyaniline and melamine) in an inert atmosphere; nitrogen

403,404 405-408

401,402
C and so on

plasma treatment; VD with nitrogenous compounds . In recent
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years, N-doped carbon materials have attracted more and more attention for use as cathodes
in Li-air batterjes.?***412

With their excellent electro-catalytic activity towards ORR in fuel cells,”**** N-doped
GNSs have also been counted to act as a simple and effective catalyst in the cathode of Li-air
batteries.”***"* Yan et al.’s DFT investigation on the activity of graphene and N-doped
graphene towards oxygen adsorption and dissociation showed N-doping could not only
enhance the adsorption of oxygen atoms but also decrease the energy barrier of O,
dissociation from 2.39 eV to 1.20 eV, leading to better catalytic activity toward O,

. . . . 414
dissociation reaction.

The first introduction of N-doped GNSs into Li-air batteries was
conducted by Li et al.*® in 2012. They prepared N-doped GNSs by heating the pure GNSs
under an atmosphere composed of high purity ammonia mixed with argon, thus obtaining a

N-doped GNSs based cathode which exhibited the discharge capacities of 11660, 6640 and

3960 mAh gcarbon'l at the current densities of 75, 150 and 300 mA gcarbon'l, respectively, much

higher than the electrode with pure GNSs (Fig.15). Higgins et al.”’ also showed that a 20 wt%

N-doped graphene containing electrode could give a discharge capacity of 11746 mAh gcarbon

! which was about 42% higher than a pure KB electrode at a current density of 70 mA gcarbon'l.

Similar to N-doped graphene, N-doped CNTs, carbon fiber and mesoporous carbon have
also been considered to be candidates for cathode materials in Li-air batteries. The electrode
with N-doped CNTs synthesized by a floating catalyst chemical vapor deposition (FCCVD)

d**” could deliver a discharge capacity of 866 mAh gcarbon'1 in an PC/EC (1:1 weight

metho
ratio) electrolyte containing 1 M LiPFs, which was about 1.5 times higher than that of CNTs
(590 mAh geamon') at a current density of 75 mMA geamon . When the current density was
increased to 150 and 300 mA gcarhon'l, the N-doped CNTs electrode could attain the discharge

1.415

capacities of 525 and 374 mAh gcarbon'l, respectively. Similarly, Lin et a reported the N-
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doped CNTs@Ni electrode prepared by FCCVD method displayed the discharge capacities
of 779, 472 and 337 mAh geuwen ' in an DMSO electrolyte containing 1 M LiPFg at the
current densities of 0.05, 0.1 and 0.2 mA cm™, respectively. In another research study on the
N-doped CNTs synthesized with FCCVD method,*®' however, much higher discharge
capacities of 2991 and 4237 mAh gcarbon'l were achieved in carbonate (1 M LiPF4 in PC/EC)
and ether (1 M LiTFSI in 1,3-dioxolane/DME) based electrolytes, respectively, at a current
density of 100 mA gearwon . Shui et al.*'® prepared some vertically aligned N-doped coral-like
carbon fiber (VA-NCCF) arrays by CVD method, the VA-NCCF electrode demonstrated a
discharge capacity as high as 40000 mAh gelecm,de'l and ran stably for 150 cycles with a
limited capacity of 1000 mAh gelemode'1 at a current density of 500 mA gelectrode'l, the gap
between the discharge and charge voltages at a current density of 100 mA gelemmde'1 was only
0.3 V. The authors believed the special continuously coating layer of Li,O; could fill up the
entire interbranch space which would enhance the contact between the electrode and Li,O;
when compared to isolated individual particles, leading to a low overpotential. Nie et al.’
reported the discharge voltage plateau of nitrogen-enriched mesoporous carbon prepared by
the hard template method was 100 mV higher than that of BP 2000, and its discharge
capacity of 4500 mAh gcarbon'l could be achieved, which was about 1.73 times higher than

that of the BP2000 cathode (2600 mAh gcarbon'l) at a current density of 30 mA gcarbon'l.

3.2 Metals and/or Metal oxides

Metals and/or metal oxides have been widely used in cathodes of Li-air batteries as
catalysts to reduce the electrode overpotential during the charge-discharge process and
improve the overall performance of the battery. To date, the studied metals and/or metal

oxides as catalysts can be classified into: (1) precious metals and/or their oxides; (2)
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manganese oxides; (3) transition metals and/or their oxides; and (4) perovskite and

perovskite-related oxides.

3.2.1 Precious metals and/or their oxides

Precious metals and/or their oxides are generally considered to be the best catalysts for
chemical reactions, no matter whether they are in industrial catalysis or electrocatalysis
processes. However, the studies on precious metals and/or their oxides used in Li-air batteries
are rarely reported, probably because of their expensive price and scarce reserves. Up to now,
the main precious metals that have been investigated in cathode catalysis of Li-air batteries
include Pt 7105107110418 » () 97.105,107.110230418 p g 107 ) 107368 ) 4 419

Lu et al.'®!'1% 1! have systematically investigated the roles of Pt and Au on ORR as
well as OER in Li-air batteries. They found Pt nanoparticles were catalytically effective
towards OER while Au nanoparticles were effective for ORR (Fig. 16). The electrode
overpotentials of a Pt-Au nanoparticles hybrid catalyst supported on Vulcan XC-72 could be
reduced by about 150-360 mV (discharge) and 900 mV (charge) when compared to those of a
pure carbon electrode during the charge-discharge processes, respectively.110 Yin et al.*'®
prepared PtAu/C catalysts with various compositions, alloying degrees and phase
segregations by a modified two phase method followed by a thermal treatment under
controlled conditions. They comparatively investigated their catalytic performance to Au/C
and Pt/C catalysts in the cathode of non-aqueous Li-air batteries (Table 3). Different from Lu

105
et al.,

they found the discharge voltage of Au/C was similar to or slightly lower than that of
pure carbon while the discharge voltage of Pt/C was clearly higher than that for pure carbon.
Moreover, it was also observed that both the loading and nanoscale structural characteristics

including the catalyst’s size, composition, alloying degree and phase segregation had

significant effects on the catalytic performance. Increasing loading of Pt/C could lead to
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improved discharge capacity, increased discharge voltage and decreased charge voltage. The
particle size of Au/C could also influence the charge/discharge voltages and discharge
capacity, and there was an optimal size for achieving improved performance. The fully and
partially alloyed PtAu/C catalysts exhibited some increased discharge voltage and decreased
charge voltage, leading to improved round-trip efficiency. In addition, the phase segregation
like that in an Au-enriched shell/alloyed core PtAu/C catalyst tended to enlarge the difference
between the charge and discharge voltages. Furthermore, fully and partially alloyed PtAu/C
catalysts could display higher discharge capacities than that of the catalyst with phase

1.*° synthesized PtAu nanoparticles by pulse electrodepositing on

segregation. Zhang et a
carbon to make a cathode. Their comparative investigation found that the PtAu nanoparticles-
based electrode exhibited a marked lower charge plateau and an apparently higher discharge
capacity than the electrode fabricated with pure carbon without catalyst. Kim et al.*!
prepared carbon-supported Pt3Co alloy nanoparticles with a diameter of 3 nm (Pt;Co/KB),
and an outstanding activity towards OER was observed. At a current density of 100 mA
gcarhon'l, the Pt;Co/KB based electrode showed only 135 mV of overpotential while the Pt/KB,
o-MnO,/KB, and KB based electrodes showed overpotentials of 635, 1150, and 1085 mV,
respectively. The authors believed that the enhanced performance should be associated with
the reduced adsorption strength of LiO; on the outermost Pt catalytic sites. Meanwhile, the
alloy catalyst could also impel the generation of amorphous Li,O, around the catalyst,
leading to easier decomposition during the recharge process. Similarly, a series of Vulcan
XC-72 carbon supported Pt,Coy alloy nanoparticles (Pt4Co/C, Pt,Co/C, PtCo/C and PtCo,/C)
were prepared by Su et al. through a chemical reduction method. At a current density of 100

mA g'l, the PtCo,/C based electrode exhibited the highest discharge capacity of 3040 mAh g

1, compared to those of 2000, 2300, 2500, 1197 and 965 mAh g'l, respectively, for Pt4Co/C,

39/105



Energy & Environmental Science

Pt,Co/C, PtCo/C, Pt/C and bare Vulcan XC-72 carbon based electrodes.*? Lei et al.>¥’
prepared Super P carbon supported nanostructured Pd catalyst (Pd/C) through atomic layer
deposition (ALD) method (the samples obtained after 1, 3 and 10 cycles of Pd ALD were
donated as 1c-ALD Pd/C 3c-ALD Pd/C and 10c-ALD Pd/C, respectively) and used as the
cathodes for Li-air battery. They found that the amount of Pd had a great influence on the
discharge capacity as well as the OER activity. At a current density of 100 mA gcarbomcatalys{l,
the 3c-ALD Pd/C electrode exhibited the highest discharge capacity of 6600 mAh
gcarbon+catalys{1 and the 10c-ALD Pd/C electrode displayed the lowest charge voltage of 3.4 V.

Sun et al.*®

synthesized Ru nanocrystals supported on Super P by a surfactant assisting
method, and the cathode with this catalyst exhibited an excellent performance, including a
capacity as high as 9800 mAh gerbon ' a charge-discharge voltage difference as low as 0.37 V
and an outstanding cycleability up to 150 cycles with a curtaining capacity of 1000 mAh
gcarhon'l at a current density of 200 mA gcarhon'l (Fig. 17). Ke et al**? synthesized Pt/C, Ir/C
and Pt-Ir/C catalysts by ethylene glycol reduction method, and evaluated their performance as
cathode catalysts in Li-air battery using a pure carbon electrode as the baseline for
comparison. Although some slightly decreased discharge capacities were observed, all the
three catalysts could apparently decrease the charge overpotential from that of the carbon
electrode, and the discharge voltage was not affected. Among them, Pt-Ir/C demonstrated the

lowest charge voltage plateau and the highest discharge capacity. Ko et al.*"

prepared
various carbon-supported metal and metal-alloy (Pt, Pd, Ir, Ru, Pt-Pd, Pd-Ir and Pt-Ru)
catalysts with an impregnation-reduction method, and used them as the cathode catalysts for
Li-air batteries. They found the Ru catalyst showed the highest capacity and the lowest

charge-discharge overpotential among the studied metal catalysts. The initial discharge

capacities of Pt-Ru, Pt-Pd and Pd-Ir were observed to be 346, 153 and 135 mAh gelectrode-la
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respectively, at 0.2 mA cm™. Therefore, they reported different metal alloy catalysts could
generate different characteristic behaviors from those of the pure metal catalysts.
Other than precious metals and their alloyed catalysts, several precious metal oxides

have also been investigated as cathode catalysts for Li-air batteries. Thapa et al.'”

employed
the oxides of RuO; and Ir,Oj3 in the cathode, and the initial discharge capacities of 317 and

345 mAh gelectrode'l were observed, respectively, at a current density of 0.025 mA cm'z, and

the capacities were sustained at 330 and 354 mAh gelectrode'l at the fifth cycle, respectively.

3.2.2 Manganese oxides

As the most successful catalyst used in earlier studies on cathodes for Li-air batteries,
manganese oxides could not only improve the round-trip efficiency of battery, but also

. . . . 83,94,134,196,214,291,424,425
increase the specific discharge capacity.”” "~ 7>~ 5"

In recent studies, manganese
dioxide are usually used as a reference to screen highly-active catalysts and are also
employed as cathode catalysts in the studies on cathode mechanisms” as well as electrolyte

211,267

performance. Furthermore, manganese dioxide can also play an important role in the

composite electrodes. 04

Ogasawara et al. introduced electrolytic manganese dioxide (EMD) into the cathode of
Li-air batteries in 2006, and then the same group comparatively investigated the
performance of several manganese oxides as cathode catalysts, such as commercial EMD,
both a-MnQO; and f-MnQO; in bulk and nanowire forms (Fig. 18a), y-MnO,, 2-MnO,, Mn,03,
and Mn;0,.”* Among them, a-MnO, nanowire could deliver the highest discharge capacity of
3000 mAh gcarbc,n'1 at a current density of 70 mA gcarbc,n'1 (Fig. 18b) with a discharge voltage
at around 2.6 V and a charge voltage at about 4.0 V versus Li/Li" (Fig. 18¢).”* After that, a

vast amount of researches have been conducted on manganese oxides as cathode catalysts in

Li-air batteries.
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Manganese oxides generally exist in many crystallographic forms, such as 1D tunnel,
2D layered structure, 3D spinel phase and so on. Some intensive studies in the published
literature have proven the performance of electrochemical devices can be strongly affected by
the crystalline phase and morphology of the manganese oxides used. As the most widely
studied manganese oxides in Li-air batteries, MnO, in various crystalline phases and with
diverse morphologies has been extensively evaluated as the cathode catalysts. For example,

1.4%8 synthesized a-, f- and y-MnQO; nanowires, a-MnQO; nanorods, a-MnO;

Oloniyo et a
nanospheres and carbon-supported a-MnQO; nanowires (a-MnQO,/C), and compared their
performance as cathode catalysts in non-aqueous Li-air batteries. In the electrolyte of 1 M
LiPF¢/PC, all the unsupported catalysts demonstrated similar discharge capacity of around
2000 mAh gelectmde'l, while the carbon supported a-MnO, nanowires displayed a greatly
promoted discharge capacity as high as 11000 mAh gelectmde'l. In 1 M LiTFSI/TEGDME,
however, the f-MnO; nanowires exhibited the highest discharge capacity of 2600 mAh
gelectrode'l, while the a-MnO,/C only delivered a capacity less than 1300 mAh gelectrode'l. The
authors attributed the different capacities to the difference in the surface area as well as in the
specific characteristics of the electrolyte used. Song et al.*? prepared a-MnQO; with various
morphologies of nanoparticles, nanotubes and nanowires. The electrodes delivered a similar
discharge voltage plateau, but the a-MnQO; nanowires displayed an apparently lower charge
voltage plateau, a much higher discharge capacity of 11000 mAh geamon at a current density
of 200 mA gcarbon'1 and a super rate capability of 4500 mAh gcarhon'l at a current density of
5000 mA gcarbon'l, while the capacities of the other electrodes were as low as about 1000 mAh
gcarbon'l at 5000 mA gcarbon'l. The authors believed the superior performance of a-MnO,

nanowires should be mainly associated with their relatively large amount of Mn** exposed on

the surface, suggesting the surface oxidation states could be the dominant factor impacting

427105
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the deposition mechanism of discharge products and ORR/OER catalyst performance. They
claimed the surface modification in combination with nano-architecture tailoring should be
an efficient strategy for achieving high-power Li-air batteries. Similarly, Park et al*®
compared the performance of a-MnO, nanowires and a-MnO, nanopowders as cathode
catalysts for Li-air batteries. The former exhibited a discharge capacity of 511 mAh g'1
compared to that of 273 mAh g'1 for the latter at a current density of 10 mA cm™. However,

Truong et al.*°

observed single-crystalline a-MnQO; nanotubes could exhibit a much better
capacity retention than both a-MnQO; nanowires and 0-MnQO; nanosheets. They considered the
higher crystalline and surface area of a-MnO, nanotubes should be the reason for the
enhanced performance. In order to further improve the performance of MnO, as a cathode
catalyst for Li-air batteries, some morphology/structure modifications as well as elemental
substitutions have been developed and explored. For example, a hierarchically structured
porous a-MnQO, reported by Zeng et al.®! exhibited a discharge capacity of 900 mAh
gcarbon+cata1ys{l at a current density of 0.1 mA cm™. A polythiophene mesoporous birnessite
MnO, nanocomposite with a submicron-sphere/nanosheet hierarchical structure, prepared by

Thapa et al.*?

using a modified inorganic/organic interfacial route, exhibited a discharge
capacity of 345 mAh g, a discharge voltage of 2.74 V and a charge voltage of 3.66 V at a
current density of 0.13 mA cm™. Zahoor et al.** synthesized a- and 5-MnO, with different
morphologies like urchins and flowers, respectively, by a low temperature hydrothermal
synthesis, and compared their performance in Li-air battery application. They found the a-
MnO, electrode could deliver a discharge capacity as high as 6125.5 mAh g at a current
density of 0.1 mA ¢cm™ compared to that of 3674 mAh g™ for the 5-MnO, electrode. However,

both of them were much higher than that of about 2200 mAh g'1 for a pure KB electrode. Hu

et al.*** demonstrated an electrode of sponge-like &-MnO, could grow directly on Ni foam by
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electrodeposition, and the formed electrode displayed a considerable high-rate capability
(discharge capacity of 6300 mAh gcatalys{l at a current density of 500 mA gcmlys{l) and an
enhanced cycleability (exceeding 120 cycles) without controlling the discharge depth. The
authors attributed the superior performance to the 3D nanoporous structures and abundant
oxygen defects as well as the absence of side reactions related to carbon based conductive
additives and binders. Zhang et al.** showed that a-MnO, nanoneedle-based hollow
microspheres displayed the discharge capacities of 1090, 700.0 and 203.9 mAh g at the

current densities of 0.1, 0.2 and 0.5 mA cm?, respectively. Oh et al.****®

prepared manganese
oxide nanowires (MONW) using M13 virus as a template, the obtained MONW cathode
showed a discharge capacity of 9196 mAh gmrbon'1 at a current density of 400 mA gcarbon'l
which was much higher than that of 6545 mAh gcarbon'l for manganese oxide nanoparticles
(MONP). Moreover, the MONW cathode showed decreased discharge and charge
overpotentials than the MONP electrode, the discharge voltage of MONW was about 2.68 V
compared to that of 2.60 V for MONP, and the charge voltage of MONW was about 3.65 V
compared to that of 3.77 V for MONP. Zhang et al.®’ improved the reversibility of charge-
discharge capacity from 34.1% to 100% using a-MnO; hollow clews prepared via a redox
reaction of manganese sulphate and potassium permanganate instead of commercial EMD.
Similarly, Jin et al.*** prepared titanium containing y-MnO, (TM) hollow nanospheres using
titanium cations as the structure-directing agents. The obtained TM hollow nanospheres were
composed of nano-flakes with an average thickness of about 15 nm, and there were also some
broken lattice fringes corresponding to structural defects and distortion of -MnO,. The Li-air
battery with the TM nanospheres as cathode catalyst exhibited an average capacity of around

2182 mAh gebon at a current density of 0.15 mA cm™. Thapa et al.*** developed an ordered

mesoporous f-MnO, with small microparticles of 0.1-0.3 um, the battery with this material as
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cathode catalyst could attain a discharge capacity of 513 mAh gcmlys{l, a discharge voltage of
2.8-2.9 V and a charge voltage of 3.7 V at a current density of 0.025 mA cm™. Ida et al.*'®
synthesized a card-house-like structured manganese oxide by exfoliating layered K¢ 4sMnO,,
the obtained catalyst displayed excellent activities towards both ORR and OER, the cathode
with this material as catalyst exhibited a discharge voltage of 2.7-2.8 V, a charge voltage of
3.8 V and a discharge capacity of 1562 mAh gcatalys{l at 0.05 mA cm'z, which was about 4.7
times higher than that of EMD electrode. Trahey et al.** fabricated a dual-functioning MnO,
electrode with a-MnQO,/ramsdellite-MnQO,, and a capacity of about 5000 mAh gelectmde'l with
non-optimized air electrode was delivered at 0.024 mA cm™. It is worthwhile to note that the
amount of MnO, used in the cathode has also been found to be one of the key factors
determining the discharge capacity as well as the cycleability of Li-air batteries. For example,
Chung et al.*** prepared the cathode with various contents of MnO, (5, 10 and 15 wt%,
respectively) and found that the 15 wt%-MnO; electrode possessed the best capacity retention
while the 5 wt%-MnO, electrode exhibited the highest capacity which might be attributed to
the largest surface area.

Several other forms of manganese oxides different from MnO, have also been employed
and studied as cathode catalysts in non-aqueous Li-air batteries. For example, Kavakli et
al.*? showed nanosized Mn3Oy4 could give a higher discharge capacity than all the MnO, in
-, f- and J- phase. Minowa et al.’s comparative evaluation**" found that Mn,O; could
exhibit a larger discharge capacity, a smaller charge-discharge potential difference and a
better cycle-ability than both MnO and MnOs,. In order to further improve the performance of
Li-air batteries employing Mn,Os3 as the cathode catalyst, the authors substituted the Mn site
with several other transition metals to form doped catalysts of Mn; gM,03 (M=Fe, Mn, Ni,

Co) by an amorphous malate precursor method. The results showed a 20% substitution of Mn
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with Fe could apparently improve the catalytic performance by increasing the discharge
capacity and decreasing the charge-discharge overpotential, while those doped with Ni and
Co would deteriorate the activity. The authors attributed the decreased performance of
Mn, §C0¢p,0;3; and Mn;gNig,0O3; to the impurities while a pure Mn,gFe(,0; phase was
responsible for the enhanced activity. Furthermore, the authors optimized the Fe substitution
content (x=0, 0.2 and 0.4, respectively) and the calcination temperature (500-950 °C) of the

Mn,<Fe O; catalyst, and found that the Mn, gFe(,0; heat-treated at 500 °C had the best

performance and comparatively most stable cycling characteristics with a capacity loss of 25%

after 10 cycles.

In addition to MnQOy, another member of manganese oxides, y-MnOOH, has also been
investigated as a cathode catalyst in Li-air batteries. Zhang et al.*! synthesized y-MnOOH
nanowires (MNWs) by a simple one-step hydrothermal method, and found a discharge
voltage slightly higher than that of pure KB by about 30 mV and a charge voltage
substantially lower (by 300 mV) than that of pure KB. Furthermore, significant
improvements in discharge capacity, cycle stability as well as rate retention have also been
achieved, and the authors attributed the entire enhancement to both the high catalytic

efficiency and the high porosity in the cathode (Fig. 19).

3.2.3 Transition metals and/or their oxides

In addition to manganese oxides, several other transition metals and their oxides have also
been widely studied as cathode catalysts in Li-air batteries and also demonstrated promising
activity towards both ORR and OER.**** For example, Thapa et al.'”® investigated the
performance of various metal oxides including Co3;04, NiO, Fe;03;, CuO, V,0s, MoO; and
Y,0; as cathode catalysts for Li-air batteries. As listed in Table 4, all the metal oxides

basically displayed improved discharge capacity after five cycles. V,0s and CuO
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demonstrated higher capacities than all the other oxide catalysts including MnO, after five
cycles, while all the metal oxides can give good reversibility of the electrode reaction.

However, the study by Barile et al.'”’

on CuO as a cathode catalyst for Li-air batteries with
differential electrochemical mass spectrometry observed that CuO was detrimental to battery
performance because it could catalyze solvent or carbon cathode decomposition as evidenced
by CO; evolution. As for V,0s, many researchers have also studied its performance as
cathode catalysts for Li-air batteries. For example, the V,0s5 cathode in Xiao et al.’s
investigation3 37 delivered a discharge capacity of above 800 and 400 mAh gcarbon-%—catalyst_l at
the current densities of 0.1 and 0.2 mA cm™, respectively. Lim et al.*** synthesized a ALLOs-
supported V,0s5 catalyst via a wet impregnation method, the Li-air battery using this material
as the cathode catalyst showed a lower charge overpotential and a higher discharge capacity
than that with either carbon supported V,Os or pure carbon cathodes, and the battery with a
50 wt% V,05/Al,0; electrode delivered a discharge capacity of 2875 mAh geaon at the first
cycle and reached a maximum of 3250 mAh gcarbon'1 at the second cycle at a current density
of 100 MA Zearbon” -

Co304 is another transition metal oxide that has been widely studied as a cathode
catalyst in Li-air batteries. Park et al.*®® fabricated a cathode consisted of commercial Co0304,
and a discharge capacity of nearly 2000 mAh gelectmde'l at 200 mA gelectmde'l was delivered,
but only about 34% of the discharged capacity could be charged back in the voltage range
from 2.35 to 4.35 V. Kim et al.** investigated the performance of cube-type, flower-type and
villiform-type Co3;04 nanoparticles. All three catalysts showed similar charge-discharge-
voltage differences of about 1.6 V. Nevertheless, the influence of morphology on discharge
performance was apparently observed. The villiform-type Co3;04 exhibited the highest

discharge capacity of approximately 2900 mAh gcarbon'l, while those of the flower-type and
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cube-type Co3;04 were about 1800 and 2600 mAh gcarbon'l, respectively, at a current density of
0.4 mA cm™. Moreover, both the villiform-type and cube-type nanoparticles maintained their
shape while the flower-type particles broke into nanorod type during the discharge process.
Riaz et al.**® prepared Co304-only electrodes with morphologies of nanosheets, nanoneedles
and nanoflowers via an electrodeposition-conversion process, and found the performance was
strongly dependent on the architecture of the Co3;O4 cathode. The discharge capacity was
increased in keeping with the order of nanosheets (1127 mAh gcatalys{l) < nanoflowers (1930
mAh gcatalys{l) < nanoneedle (2280 mAh gcatalys{l) at a current density of 20 mA gcatalys{l. It
was also observed that among the three catalysts, the nanoneedles Co;0, electrode had the
best long-term cycleability, although all three catalysts had closely similar discharge voltage
of about 2.75 V and charge voltage as low as 3.85 V vs. Li/Li" (Fig. 20). Ming et al.*’
fabricated a dense hollow porous Co30j4 electrode and thus achieved an obvious performance
improvement when compared to those of both mesoporous Co3z04 and Co3;04 nanoparticles.
The hollow porous Co304 cathode exhibited a low charge potential of about 4.0 V, a high
discharge voltage of about 2.74 V and good cycle-ability greater than 100 cycles with a fixed

1.2 prepared a carbon-free

capacity of 2000 mAh gcatalys{l at 200 mA gcatalys{l. Cui et a
electrode with free-standing type Co3;Os catalyst directly on nickel foam (Co3;O04@Ni), the
resulting cathode showed a higher discharge voltage (2.95 V), a lower charge voltage (3.44
V), a higher specific capacity (4000 mAh gelectrode'l) and less capacity fading than the
conventional carbon supported cathode. In Zhao et al.’s study, they also fabricated a carbon-
free Co304@Ni electrode by electroplating directly the hierarchical porous Co3;04 film with
free-standing hollowed flakes on Ni foam and then calcined at various temperatures in Ar

atmosphere. The performance of the Li-air battery with the Co3O4 film as cathode catalyst

demonstrated apparent calcination temperature dependence. The film calcined at 300 °C
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exhibited the highest discharge capacity of 2460 mAh gelemode'l at a current density of 200
mA gelmmde'l while capacities of about 2000, 700 and 450 mAh gelemmde'l were displayed for
the films calcined at 250, 350 and 450 °C, respectively.**® Anandan et al.**’ partially
substituted Co in Co304 with Mn, and prepared the catalysts of Mng 5Co,504, MnCo0,04 and
Mn,; 5C0;504 to be used in the cathode of the Li-air battery. In battery testing, all three
catalysts exhibited the same discharge voltages and slightly lower discharge capacities than
the Co30y4 catalyst. However, their recharge voltages were apparently lower than that of the
the Co30y4 catalyst. In addition, another substituted Co304, namely NiCo,04, was also studied
by many researchers as a cathode catalyst for Li-air batteries. The mesoporous NiCo,04
nanoflakes exhibited much higher ORR onset potential (2.9 V) and discharge capacity (1560
mAh gcarbon'l) and much lower recharge overpotential when compared to those of the pure
carbon cathode.”® Similarly, the hierarchical NiCo,O,4 nanorods-based cathode delivered
discharge capacities of 13250 and 5700 mAh geumon * at the current densities of 200 and 1000
mA gcarbon'l, respectively,283 which were much higher than that of the carbon black electrode.
Meanwhile, this hierarchical NiCo0,04 nanorods-based cathode also displayed lower charge
over-potential and better cycling stability than the carbon black electrode. In Li et al.’s

0 some ordered mesoporous NiCo,O4 using KIT-6 as the hard template was

study,
synthesized, and the effects of NiCo,0O4 amount on the battery performance was
comparatively studied. They found the cathodes with a NiCo,04 amount of 20%, 45% and 70%
could display discharge capacities of 4357, 4120 and 1881 mAh gcarbon+cm1ys{l, respectively,
at a current density of 0.1 mA cm™. Besides, the charge voltages of these cathodes could also
be influenced by the amount of NiCo,04. It could be decreased from about 4.0 V to 3.75 V

when the content of NiCo0,04 was increased from 20% to 70%, while the discharge voltage

plateaus exhibited similarly at about 2.75-2.80 V. The electrode with 45 wt% of NiCo,04
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gave a terminal voltage as high as 2.4 V after 20 cycles under a limited discharge capacity of
1000 mAh gcarbomcatalys{l, while it was decreased to 2.0 V at 12 cycles for pure KB EC600JD
electrode.

As a special member of transition metal oxides, iron oxyhydroxide of f-FeOOH has also
been studied as a cathode catalyst in Li-air batteries. Jung et al.**' prepared f-FeOOH
nanorod by ultrasonic-irradiated chemical synthesis, the resulting cathode with this material
as catalyst delivered a high discharge capacity of 7183 mAh geron = along with a promoted
round-trip efficiency of 74.8% which was higher than 62.5% for the pure carbon electrode.
This oxide also had a lower charge potential for oxygen evolution from Li,O, than pure
carbon. The authors attributed the enhanced performance to the high fraction of surface
defect active sites in the metallic oxide and its unique morphology and variable oxygen

stoichiometry in this material.

3.2.4 Perovskite and Perovskite-related oxides

The representative crystal structure of perovskite oxide with the archetypal formula of
ABOs; is shown in Fig. 21a as cubic.***> The larger A cations and the oxygen form a face-
centered cubic (fcc) lattice while the B cations occupy octahedral sites in this fcc lattice and
are surrounded only by nearest oxygen neighbors. These B cations share corners with each
other facing with the dodecahedra surrounding the A cations. The A and B cations are
shielded from one another by the oxygen ions. Perovskite and perovskite-related oxides have
been widely used in solid-oxide fuel cell (SOFC),”**’ superconductors*®** and
semiconductor-based gas sensors.*® These oxides generally have good catalytic activity
towards both ORR and OER at high temperature®®' or in aqueous systems especially in

108,462-469

alkaline conditions for low temperature metal-air batteries In recent years,

perovskite oxides have also attracted much attention in non-aqueous Li-air batteries to
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facilitate the kinetics of ORR as well as OER, '%%312:470-475

Fu et al®”

prepared nano-sized perovskite oxides of g-LaggSroo,MnO; and s-
La gSro,MnO; with high purity by sol-gel and solid-state reaction method, respectively, and
made a scrutiny into Li-air batteries as cathode catalysts. The battery with g-Lag gSro,MnOs
demonstrated a discharge capacity of 1900 mAh gcarbon'l at a current density of 0.1 mA cm'z,
compared to 1200 mAh gcarbon'l for the battery with s-LaggSrgoMnO;. Moreover, the
discharge voltage of g-LaggSrooMnO; was 0.2 V higher than that of s-LaggSro,MnOs. The
authors assumed the surface morphology of the nanostructures might be the major factor
enhancing the electrochemical property of the cathode materials. Xu et al.*'? prepared
perovskite-based porous Lag7551g2sMnOs; (PNT-LSM) nanotubes with the electrospinning
technique followed by heat treatment at high temperature and studied its performance as a
cathode catalyst in non-aqueous Li-air batteries. Compared to the pure carbon cathode, the
as-prepared Lag75S1925MnO; nanotubes could significantly suppress the ORR and especially
OER overpotentials and thus improved the round-trip efficiency. Furthermore, the synergistic
effect of the high catalytic activity and the unique hollow channel structure of the PNT-LSM
catalyst facilitated the battery with a high specific capacity, superior rate capability and good

cycle stability (Fig. 22). Zhao et al.*”

synthesized hierarchical mesoporous perovskite
Lag sSt9sC00,9; nanowires with a facile multistep microemulsion followed by a slow
annealing method. The cathode with this material as catalyst displayed a capacity of 11059
mAh gcatalymcarbon'l at a current density of 50 mA gcatalyst+carbon'l. Kalubarme et al.*’® prepared
some nickel-doped lanthanum cobaltite perovskite oxides of LaNixCo; 035 (x=0, 0.25, 0.5,
0.75 and 1) by a solution combustion method, and studied their catalytic activity for Li,O,

oxidation in Li-air batteries. Among the studied catalysts, LaNig25Co¢ 7503 exhibited the best

performance with its lowest charge voltage of 3.76 V and highest discharge capacity of 7720
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mAh gelemode'l. The authors presumed that the synergistic effect of the fast kinetics of
electron transport provided by the carbon support and the high electro-catalytic activity of the
perovskite oxide should be the major contributor to the excellent performance of

LaNig»5C00750;. Yuasa et al.*”’

presented that the carbon-supported LaMngg¢Fe40;
nanoparticles prepared via a reverse homogeneous precipitation method exhibited a discharge
capacity of about 200 mAh gelectrode'l at a current density of 0.5 mA cm™. Meng et al 47848
prepared Ce-incorporated LaFeysMnsO3 catalysts with the increasing Ce/(La+Ce) ratios (0,
0.05, 0.1 and 0.5) with both co-precipitation (CP) and micro-emulsion (ME) methods, and
used them as catalysts in a cathode of Li-air batteries. They found Ce had a low solubility in
LaFeysMngs0O; perovskite lattices and the as-prepared materials actually formed as
LaFe sMngsO3;-CeO, composite. The order of discharge capacity with respect to the
Ce/(Lat+Ce) ratio is that of 0.05 > 0.1> 0.5 > 0 regardless of the preparation method. The
results also indicated the catalyst prepared with the CP method could deliver higher capacity
than that with the ME method at a specific Ce content, and a highest discharge capacity of
about 4700 mAh gcarbon'l and a discharge voltage of 2.75 V could be obtained by the CP-
prepared composite catalyst with a Ce content of 0.05 at a current density of 100 mA gcarbon'l.
The authors attributed the increased capacity to the enhanced oxygen storage/release
capability and the increased conductivity with the incorporation of CeO,. Jin et al.*”’ found
that the Bay9CogsFeg4Nbg 03 perovskite oxide electrode delivered a discharge capacity of
1235 mAh gelectrode'l in a dry gas mixture composed of 80 vol.% pure N, and 20 vol.% pure
O, at a current density of 50 mA gelectrode'l. Han et al.*** investigated the porous perovskite
CaMnOs synthesized by a citric acid assisted sol-gel route and used it as a cathode catalyst
for Li-air batteries. The CaMnO; electrode presented a discharge-recharge voltage gap of

0.98 V which was about 620 mV lower than that of the pure carbon cathode with a controlled
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discharge depth of 500 mAh gcarbon'l at a current density of 50 mA gcarbon'l. In addition, a
stable cycleability over 80 cycles with a discharge plateau higher than 2.35 V was observed
while the pure carbon electrode could merely sustain less than 25 cycles at a current density
of 100 mA gcarbon'l with a controlled discharge capacity of 500 mAh gcarbon'l.

Furthermore, Oh et al.'®

synthesized metallic mesoporous pyrochlore, lead ruthenate,
and the nanocrystalline expanded pyrochlores by using liquid-crystal templating and
subsequent oxidation, and used them as catalysts in a cathode of Li-air batteries. The results
showed the metallic mesoporous pyrochlore could form a high-performance cathode with
reversible capacity up to 10400 mAh gcarbon'l, which was much higher than that of 6920 mAh
gcarbon'1 for the nanocrystalline expanded pyrochlores electrode at a current density of 70 mA
gcarhon'l. The authors attributed the ultrahigh capacity of mesoporous pyrochlore to its tailored
properties, which were vital to catalytic reactions, including a high fraction of exposed
oxygen vacancies, porosity that enabled good diffusion to the active sites, and a nanoscale
conductive network with metallic conductivity.

Although perovskite oxides have attracted certain attention for incorporation into Li-air
batteries, the effects by partial substitution in both cation sublattices have not been
comparatively studied and the mechanisms are still unclear. Furthermore, the perovskite-
related oxides other than ABOj, such as double perovskite oxides (A;B2Og, as seen in Fig.
21b)*®! and layered perovskite oxides (Fig. 21¢)*™** have rarely been investigated as
cathode catalysts in Li-air batteries. Therefore, much more systematic research on perovskite-

type catalysts should be conducted in detail in the future to improve the catalytic performance

towards ORR as well as OER and to promote the development of Li-air batteries*.

3.2.5 Other metals and their metal oxides

In addition to the metals and metal oxides discussed above, there are still some other
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metals and their metal oxides which could also demonstrate good properties as catalysts of
the cathode in Li-air batteries.'"**° For example, Kalubarme et al.* prepared ceria based
catalysts of Ce;xZryO;, (x=0-0.5) by a solution combustion technique, the CegsZr,0,-based
cathode could attain a maximum discharge capacity of 1620 mAh gcarbon'1 at a current density
of 80 mA gcarhon'l due to its high surface area and porosity. An improvement of approximately
12% in discharge capacity was also achieved on the electrode with 50 wt% Ceg3Zr,0, and
50 wt% MnO;.

Lithium-containing binary or ternary metal oxides have also been used as cathode
catalysts in Li-air batteries. For example, Trahey et al.'” prepared LisFeOy (by heat-treating
the mixture of LiOH-H,O and nanosized Fe,O;) and Li,MnQOj;-LiFeO, (by sol-gel method
with the lithium-, manganese- and iron acetates as precursors). They found the LisFeO4 and
Li;MnOj-LiFeO,, as cathode catalysts in Li-air batteries, could be electrochemically or
chemically activated by acid-treatment to remove Li;O. The activated LisFeO4 and
Li;MnO;-LiFeO, electrodes could provide discharge capacities of 2680 and 2516 mAh g

Carbon'l, respectively, at a current density of 70 mA gcarbon'l.

3.3 Composite materials

As discussed above, the insoluable discharge products are generally deposited in the
pores of the cathode in Li-air batteries. Therefore, the cathode materials must have a large
surface area and huge porous volume to store more discharge products. Moreover, improving
energy efficiency of the battery requires a catalyst not only effective to ORR but also
efficient towards OER. Unfortunately, it is difficult to have any mono-material that can meet
all these requirements completely. Therefore, hybrid electrodes with composite materials

have become a trend to improve the performance of Li-air batteries.*"’
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Metal and their oxides hybridized with functional carbon materials seem to be good
choices to meet the requirements of cathode materials for Li-air batteries.*? The functional
carbon material plays an important role in the composite. It can not only provide a high
surface area for storing the discharge products, but also facilitates the dispersion of catalyst
particles on the surface to enhance their catalytic performance. Furthermore, it has some
intrinsic catalytic activity towards the cathode reactions because of the vacancies and defects.

As a type of superior functional carbon material, graphene is widely used for hybrid
electrodes with metals or metal oxides. Yang et al.”> prepared a hybrid electrode of highly
dispersed platinum nanoparticle-graphene nanosheets (PtNP-GNSs) by liquid phase pulsed
laser ablation, and a discharge capacity of about 4820 mAh gelemmde'l was obtained at 70 mA
gelectrode'l. It was discussed that the ORR proceeded at two different types of catalytic active
sites induced by Pt nanoparticles and GNSs, leading to two discharge voltage plateaus at 2.88
V and 2.52 V, respectively, and the average charge voltage was at 4.07 V. In a similar study
by Wang et al.’™® on PINP-GNSs prepared by ethylene glycol reduction using H,PtClg as Pt

1. showed

precursor, a much lower charge voltage of 3.58 V was demonstrated. Jung et a
the Ru-rGO and Ru0O,-0.64H,O-rGO synthesized by depositing metallic ruthenium and
hydrated ruthenium oxide, respectively, on reduced graphene oxide (rGO) could significantly
reduce the average charge potential of 4.3 V for rGO to about 3.9 and 3.7 V at 500 mA
gelectrode'l under the capacity-controlled regimes of 5000 mAh gelectmdgl (Fig. 23). The
covalently coupled MnCo,04-graphene hybrid prepared by reducing the mixture of graphene
oxide and Mn(OAc), and Co(OAc), via solvothermal method*”’! displayed a discharge
voltage as high as 2.95 V and a charge voltage as low as 3.75 V at a current density of 100

mA gcmlys{l, which was among the lowest overpotentials (similar to a Pt/C catalyst) reported

so far using the similar electrolyte at comparable gravimetric current density. The MnCo,04-
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graphene hybrid also demonstrated a better cycle-ability than Pt/C as the cathode catalyst.

Cao et al.*?

synthesized a-MnO, nanorods on graphene via the redox reaction, and showed
that the a-MnO,/GNSs exhibited a discharge capacity of 11520 mAh gcarhon'l at a current
density of 200 MA geabon > Which was much higher than 7200 mAh geuben for a-MnO, and

GNSs mixture. Kalubarme et al.***

also found that the MnO,/GNSs composite obtained by
solvothermal oxidation of the Mn-precursor on a graphene surface could give enhanced
discharge capacity, promoted oxygen reduction, and accelerated Li,O, oxidation when
compared to the pristine GNSs. Yang et al.**® studied the MnO,-GNSs composite prepared by
mixing aqueous GNSs colloids and aqueous MnQO, dispersions, with a MnO, ratio of 30, 50
and 70 wt%, as cathode materials for Li-air batteries. The 30 wt% MnO,-GNSs electrode
exhibited the highest discharge capacity of 11235 mAh gelemode'1 at a current density of 75
mA gelectrode'l, which were much higher than 9719, 7723 and 4852 mAh gelemmde'l for pure
GNSs, 50 wt% and 70 wt% MnO,-GNSs electrodes, respectively. In addition, the 30 wt%
MnO,-GNSs electrode also demonstrated a slightly higher discharge voltage (2.55 vs. 2.51 V)
and an apparently lower charge voltage (3.95 vs. 4.25 V) than the GNS electrode, indicating

1.*° immobilized

its better catalytic performance towards ORR especially OER. Ryu et a
Co304 nanofibers onto nonoxidized graphene nanoflakes and the obtained cathode exhibited
a large discharge capacity of 10500 mAh gelectmde'l at a current density of 200 mA gelectrode'l
and also run stably for about 80 cycles with a limited capacity of 1000 mAh gelectrode'l. Zhang
et al.**® prepared some Fe,03 nanocluster-decorated graphene cathodes, and found that the
Fe,Os/graphene hybrid electrodes with 10.7, 29.0 and 52.1 wt% of Fe,Os3 could deliver
discharge capacities of 6420, 8290 and 7920 mAh gcarbon'l, respectively, which were all
higher than 5100 mAh gcarbon'1 for the pure graphene electrode at 100 mA gcarhon'l. Wang et

al.’”® mixed LagsCeosFeopsMngs03; and GNSs during the cathode slurry preparation, and
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observed that this cathode could give a discharge capacity of 1200 mAh gcarbommlys{l at a
stable nominal discharge voltage of 2.8 V and a charge voltage of 3.8 V at a current density
of 50 mA gcarhonmmlym'l. This cathode also exhibited 100 cycles with a charge voltage less
than 4 V and with a total efficiency of about 70%. Ahn et al.*’ investigated the zirconium
doped ceria and graphene mixture (ZDC/GNSs) as catalyst for oxygen reduction in non-
aqueous Li-air batteries. The ZDC/GNSs electrodes containing ZDC weight contents of 5%,
10%, 20%, 30% and 40% achieved capacities of 2751, 3254, 3159, 2179 and 2109 mAh
gelectrode'l, respectively, which were all higher than 996 mAh gelectrode'l for the bare GNSs
electrode. The authors assumed the excellent performance of this blend catalyst could be
attributed to the fast kinetics of electron transport provided by both the graphene support and
the high electro-catalytic activity provided by the ZDC. Selvaraj et al.**® showed a reduced
graphene oxide-polypyrrole composite (rGO-PPy) could deliver a discharge capacity of 3358
mAh g'1 at a current density of 0.3 mA cm™ and the gap between discharge and charge
voltages was 1.06 V which was greatly lower than that of 1.41 V for the pure reduced
graphene oxide (rGO) at the capacity of 50 mAh g'l.

In addition to graphene, many other functional carbon materials also play an important
role in composite cathode materials. San et al.’s study with first-principle theory®” indicated
a Pt-doped CNTs had a higher catalytic activity towards ORR than both N-doped CNTs and
Pt-adsorbed CNTs, and increasing the concentrations of Pt doping could enhance its catalytic
activity towards ORR. Shen et al.”® reported a Pd coated CNTs sponge (Pd-CNTs) cathode
synthesized by electrochemical deposition of Pd on the CNTs sponge delivered a capacity as
high as 9092 mAh gelemode'l and a discharge voltage of 2.65 V at a current density of 0.05 mA
cm™. In Li et al.’s study, they prepared a RWMWCNTP catalyst via a wet chemical method,

and found that this catalyst could decrease the charge voltage by about 0.68 V compared to
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the pure MWCNTP electrode.”® Yilmaz et al.”® found that the ruthenium oxide
nanoparticles dispersed on multiwalled carbon nanotubes (RuO,/MWCNTs) prepared by
solvothermal method could display a recharge voltage of 3.48 V which is lower than 3.91 V
for pure MWCNTs at a current density of 0.05 mA cm?, although it exhibited a similar
discharge voltage (about 2.68 V) and slightly lower discharge capacity (around 1800 mAh
gcarbon'l) when compared to pure MWCNTSs with a discharge cut-off voltage at 2.4 V. The
authors considered that the RuO; nanoparticles could promote the coating of poorly
crystalline lithium peroxide on MWCNTs, and make it easy for lithium peroxide to
decompose at low potential, indicated by that only large Li,O; particles could be formed on
the pure MWCNTSs. Similarly, Jian et al.’* found the core-shell-structured RuO,@CNT
composite prepared by sol-gel method could display a very good performance in Li-air
batteries. Compared to the gap between the discharge and charge voltages of 1.81 V which

was corresponding to a round-trip efficiency of 59% for pure CNT cathode, the RuO,@CNT

composite electrode exhibited a voltage difference of 0.72 V and a round-trip efficiency of 79%

at a current density of 385 mA gcarbon'l. Furthermore, the RuO,@CNT composite cathode
could deliver a discharge capacity of 4350 mAh gcarbon'1 which was much higher than 3258
mAh gcarbon'l for the pristine CNTs. The discharge and charge voltages of this RuO,@CNT
composite cathode were 0.11 V higher and 0.98 V lower than those of the pristine CNTs,
respectively, indicating its promoting effect on both ORR and OER. The NiO/MWCNTs
electrode prepared by a chemical bath deposition displayed a much higher discharge voltage

346346 Eom et al.>” prepared

and drastically lower charge voltage than the MWCNTs cathode.
MnO,/MWCNTs nanocomposites electrode by hydrothermal method, and a discharge

capacity of 3428 mAh gcarhon'l was delivered with a cut-off voltage at 2.3 V at a current

density of 0.2 mA cm™. Yoon et al.’” showed that the charge voltage of Co3;04/CNTs
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prepared by a hydrothermal method displayed at a much lower value than the pure CNTs
cathode, although their discharge voltages were closely similar to each other. Zhang et al >?
reported the composite cathode of a-MnO,/CNTs/CNFs prepared by filtering the mixed
suspension of a-MnO,, CNTs, and CNFs could give much lower charge voltage and

1.2 showed a-

improved cyclability than the cathode without a-MnO,. Etacheri et a
MnQO,/ACM hybrid prepared by electrodepositing a-MnO, on ACM exhibited a higher
discharge capacity of 9000 mAh gcarbon'1 which was much higher than 4116 mAh gcarbon'l for
the ACM cathode. A lower charge voltage of 3.75V compared to that of 4.3 V for the ACM
electrode at a current density of 0.025 mA cm™ was also observed. The authors attributed the
promoted performance to the extremely high surface area, hierarchical microstructure and
efficient ORR catalysis of a-MnO; nanoparticles. Huang et al>™ reported the nanofibrous
MnNi/CNFs, a composite prepared via electrospinning technique followed by a carbonization
process using polyacrylonitrile (PAN), manganese acetate and nickel acetate as raw materials,
displayed a discharge capacity of 3850 mAh g'1 and a discharge voltage plateau of 2.71 V at

0.1 mA cm?, which were much better than the pristine CNFs cathode. Sun et al.>*®

reported
the CoO/CMK-3 composite prepared by the wet impregnation method could give a much
lower AV than that of the only CMK-3 electrode since CMK-3 carbon might facilitate the
diffusion of oxygen while the CoO nanoparticles could significantly reduce the charge
overpotential. The authors also found the CoO/Super-P electrode showed a much lower
charge overpotential than that of an only Super-P electrode. Park et al.**® reported the carbon-
sphere/Co304 prepared by calcinating the mixture of cobalt nitrate and carbon spheres in N,
atmosphere exhibited a slightly lower discharge capacity than the pure carbon sphere

electrode, but its discharge and charge voltages were much higher and lower, respectively,

than that of both the carbon sphere and commercial Co3;0O4 nanopowders. The discharge
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capacities of carbon-sphere/Co304 electrodes achieved at 7000, 3400 and 2100 mAh gelemmde'l

395 it was

at current densities of 100, 200 and 400 mA gelemode'l, respectively. In another paper,
found the Co304/RuQ,/carbon-sphere nanocomposite prepared by the same method could
deliver higher discharge capacity and voltage, lower charge voltage and better cycleability
than the KB cathode, and its discharge capacities could achieve about 6600, 4000 and 2900
mAh gelectrode'l at the current densities of 200, 400 and 600 mA gelectrode-l, respectively. The
porous carbon supported core-shelled Fe;O4/Fe nanocomposite prepared by a wet-chemistry
approach displayed a discharge voltage at 2.73 V and a total specific capacity of about 4000
mAh gcarboﬁcmlys{l with the voltage cut-off at 2.3 V at a current density of 100 mA
gcarhoﬁcmlys{l, which were much better results than those of the bare carbon cathode and the
electrode made from mechanically milled same carbon and pre-synthesized Fe;04/Fe.”” Wu

et al.>"’

prepared the porous iron-carbon based nanofiber catalyst by electrospinning method,
and found that this catalyst exhibited a higher ORR onset potential when compared to both
glassy carbon and Pt disk electrodes in O,-saturated 1.0 M LiPF¢ in TEGDME. Liu et al?”
prepared 3D NiCo,04 nanowire array/carbon cloth (NCONW/CC) by solvothermal method
followed by calcination process and integrated it into Li-air batteries as the cathode catalyst.
The NCONW/CC electrode displayed a discharge capacity of 980 mAh gcatalys{l at 18 mA
gcatalys{l which was much higher than 500 mAh gcarbon'1 for pure carbon cloth electrode,
although they could deliver the same discharge and charge voltages at about 2.6 V and 4.2 V,
respectively. The discharge capacities of such an electrode could be attained at 1577 and 730
mAh gcmlys{l at the current densities of 4 and 150 mA gcatalys{l, respectively.

The composite materials hybridized by metals and metal oxides also exhibit excellent

capability as cathode materials of Li-air batteries.*'®#27%510 Eor example, Thapa et al. mixed

Pd with mesoporous a-MnO, " and achieved a higher discharge capacity (545 vs. 365 mAh

60/105

Page 60 of 140



Page 61 of 140

Energy & Environmental Science

gcatalys{l) and lower charge/discharge voltages difference (0.6 vs. 0.8 V) than the cathode with
only mesoporous a-MnO, at a current density of 0.025 mA cm™. Similarly, they also

dispersed a small amount of Pd on ordered mesoporous f-MnO,**

and achieved a capacity
promotion (817 vs. 513 mAh gcatalys{l) and also a charge potential decrease (3.6 vs. 3.7 V)
compared to the mesoporous f-MnO; only cathode. The Pd/EMD-PTFE-coated acetylene
black electrode exhibited a discharge capacity of 257 mAh g'1 repeatedly for over 20

193
cycles

. The authors also synthesized Pd and Au/Pd nanoparticles loaded mesoporous f-
MnQO, (Pd/f-MnO, and Au/Pd/f-MnQO;) with hydrothermal process using a silica KIT-6
template, and used as catalysts in Li-air battery. At the current density of 0.13 mA cm™, the
Pd/f-MnQO,; electrode displayed a discharge capacity of 576 mAh gelecmde'l and a discharge
voltage of 2.7-2.9 V, while the Au/Pd/f-MnO, electrode exhibited a significantly higher
discharge capacity of 775 mAh gelem,de'1 and recycled with a stable charge/discharge capacity
of 714 mAh geieetrode for 12 times in the voltage range from 2.0 to 4.0 V. When the current
density was increased to 0.63, 1.91, and 2.55 mA cm?, respectively, the discharge capacities
could reach at 545, 259, 169 mAh geleotmde'l. With these results, the authors discussed that
loading of Au-Pd nanoparticles on the mesoporous f-MnQO; was effective for decreasing the

17 Thapa et al.*** found the electrode with a small

charge potential to its theoretical value.
amount of Pd dispersed on polythiophene mesoporous birnessite MnO, showed a discharge
capacity of 487 mAh g, a discharge voltage at 2.71 V and a charge voltage at 3.58 V at a
current density of 0.13 mA cm™, all of which were much better than those without Pd
particles. Zhang et al.*> showed a-MnO, nanoneedle-based hollow microspheres coated with
Pd nanoparticles exhibited higher discharge capacity and voltage, lower charge voltage and

better cyclability than the cathode without Pd. Discharge capacities of 1220, 921.4 and 419.3

mAh g'1 at current densities of 0.1, 0.2 and 0.5 mA cm'z, respectively, were obtained, and a
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value of 567.6 mAh g'1 after 13 cycles at 0.1 mA cm™ could be maintained. Oh et al.**
studied the effects of incorporating metal (Pd and Au) nanoparticles onto MONW on the
performance of Li-air batteries. They firstly incorporated poly acrylic acid (PAA) around the
MONW to form PAA-MONW, and then nucleated the metal nanoparticle on PAA-MONW.
The resulting PA/PAA-MONW electrode (about 3 wt% Pd) could deliver a capacity of 13350
mAh gcarbon'1 at 400 mA gcarhon'1 and a stable cycle life up to 50 cycles with a fixed capacity of
4000 mAh gcarhon'1 atl A gcarbon'1 compared to that of 9930 mAh gcarbon'1 for the AuW/PAA-MO
NW (1.7% Au). Guo et al.’"! synthesized the composite of y-MnO, (fusiform nanorods) and
hydrous RuO, (nanoparticles) (Mn-Ru binary oxide) by a hydrothermal method. At a current
density of 0.1 mA cm?, the oxide based electrode with 45 wt% catalyst displayed a discharge
capacity of 6500 mAh geon ', Which were much higher than 5100 and 3500 mAh gearbon
respectively, for the electrodes with 20 wt% catalyst and pure KB carbon. Furthermore, the
charge voltage of such an electrode was about 500 mV lower than that of the cathode with
KB, and could run stably for 50 cycles without sharp decay under a limited discharge depth
of 1100 mAh gcarbon'l. Ishihara et al.’'? prepared mesoporous Co30O4 with mesoporous silica
(KIT-6) as a template and mixed it with PdO to form a catalyst for the cathode of a Li-air
battery. A discharge capacity of 481 mAh gcatalys{l, a discharge potential plateau of 2.8-2.7V
and a charge voltage of 3.75 V at a current density of 0.1 mA ¢cm™ were achieved. Choi et
al.’"® found PdCu nanoparticles (PdCu NPs) mixed with disordered face-centered cubic (fcc)
and ordered body-centered cubic (B2-type) phases could greatly enhance the rateability of the
battery and also the kinetics of oxygen reduction/evolution reaction by significantly reducing
the overpotentials, leading to a super round-trip efficiency of about 80%. The PdCu NPs
electrode obtained a discharge capacity of 12000 mAh gcarbon'l at a current density of 200 mA

gcarhon'l and attained 8000 and 1689 mAh gcarbon'l, respectively, when the current densities
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were increased to 2000 and 5000 mA gcarbon'l, which were much better than the electrode with
only Pd nanoparticles as catalysts. In Gomez et al.’s study,510 the binder-free Co-Mn
composite oxide electrode was prepared through a combination of electroless method (co-
precipitating of Co and Mn metal directly on the carbon substrate) and electrolytic step
(electro-oxidating co-deposited metal thin film substrate to form Co-Mn composite oxide).
This electrode yielded an initial specific capacity of up to 2000 mAh gcatalys{l at a current
density of 0.1 mA cm™. To avoid battery performance deterioration from the decomposition
of carbon materials induced by discharge produtcs and electrolyte to form Li,COs, much
attention is paid to carbon-free cathode and their corresponding composite materials in non-

1317 Bor example, Li et al.’'® fabricated a carbon-

aqueous Li-air batteries in recent years.
free electrode of Ru/ITO by depositing Ru nanoparticles directly on indium tin oxide (ITO)
and found that this electrode could decrease the charge overpotential by about 200 and 600
mV compared to the Super P and Ru/Super P electrode, respectively, at a current density of
0.025 mA cm™. The authors pointed out that the absence of carbon, which could react with
Li;O; to form Li,COs, should be a reseason for the enhanced performance of Ru/ITO
electrode except the good activity of RwITO to ORR and OER. Similarly, Zhao et al>"
prepared a carbon- and binder-free electrode with Pt/Cos;O4 flake arrays by electroplating
Co304 directly on Ni foam forming flake arrays on which Pt nanoparticles were deposited by
cool sputtering method. Although the obtained Pt/Cos;04 flake arrays electrode delivered a
much lower discharge capacity than the only Co3;04 flake arrays containing electrode (1000
vs. 3000 mAh Eejectrode - at 0.1 A Eeieetrode ), it could run stably for about 40 cycles which was
much better than 10 cycles for the Co;0,4 flake arrays electrode at a current density of 0.2 A

gelecm,de'l. In addition, it was also found that the addition of Pt nanoparticles could lead to a

much lower overpotential (3.2 V) in charge process than the pristine Co;0O4 flake arrays
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electrode (4.0 V).

The compounds with transition metals coordinated to heterocyclic N (such as Fe/N/C,
Co/N/C etc.) are another group of composite materials which can exhibit good catalytic
activity towards both ORR and OER.'?77:212399520321 - The  heat-treated  FeCu-
phthalocyanine/KB EC600JD carbon complexes showed at least 0.2 V lower discharge
overpotential at a current density of 0.2 mA cm™ than that of the pure carbon electrode.”’
Shui et al.”*? showed the atomically dispersed Fe/N/C composite prepared by pyrolyzing and
the subsequent acid-leaching of the mixture of 1,10-phenanthroline, iron acetate and carbon
could reduce the charge and discharge overpotentials and also significantly improve the
battery lifespan when compared to the well-studied a-MnQO,/XC-72 and its unmodified
carbon only counterpart. In addition, using this Fe/N/C catalyst, only oxygen could be
detected during charge process, whereas CO, was also detected when a-MnQO,/C or carbon-
only cathode was used, suggesting this catalyst could promote the decomposition of lithium
peroxide. Yu et al.’ 2 modified the graphene sponge (GS) with Fe-N-C catalyst (Fe-N-GS) by
pyrolysis, the thus obtained cathode delivered a discharge capacity of 6762 mAh gelectmde'l
which was about two times higher than that of 3474 mAh gelectmde'l for the GS electrode at a
current density of 0.1 mA c¢cm™. Furthermore, the Fe-N-GS electrode could also reduce the
charge plateau to about 3.9 V which was almost 450 mV lower than that of 4.35 V for the GS
electrode. Li et al.”** demonstrated a Fe-based catalyst (N-Fe-MOF) dominated by nitrogen-
doped graphene/graphene-tube nanocomposites prepared by heat-treating Cage-Containing
Metal-Organic Frameworks (MOF), and found that this catalyst could exhibit a discharge
voltage of about 2.80 V which was higher than 2.51 V for carbon black, 2.62 V for the MOF-
free N-Fe material, and 2.71 V for the Pt/C catalyst. A highest discharge capacity of 5300

mAh gcatalys{l at a current density of 50 mA gcatalys{l could be achieved, and this electrode
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could also run stably for 16 cycles without capacity loss using 2.5 V as the discharge cut-off
voltage (Fig. 24). Wang et al.>* found the Co(phenanthroline),/C catalyst prepared by
pyrolyzing the cobalt(Il) phenanthroline (phen) chelate and BP2000 carbon black mixture in
an inert atmosphere could deliver the discharge capacities of 4870, 3353 and 3220 mAh
gcatalys{l at 0.05, 0.1 and 0.15 mA cm'z, respectively, much higher than that of the BP2000

only cathode at the same current density. Zhang et al. %

prepared the Co nanoparticles highly
dispersed on N-rich carbon substrates (Co-C composite) by sol-gel method, and found that
Co-C composite was a promising electrocatalyst for Li-air battery. The Co-C composite
electrode displayed a discharge capacity of about 5000 mAh geamon - Which was much higher
than 3000 mAh gcarbon'l for the pure KB electrode at a current density of 300 mA gcarbon'l.
Besides, the Co-C composite electrode could run stably for about 50 cycles with a small
increase in gap between the discharge and charge voltages under a limited capacity of 600

mAh gcarhon'l at a current density of 200 mA gcarbon'l (Fig. 25). Wu et al*¥

reported the Co-N-
MWCNTs catalyst prepared by graphitization of polyaniline under the catalysis of a cobalt
species using multiwalled carbon nanotubes (MWCNTSs) as a supporting template displayed
significantly higher discharge voltage and capacity than those of the Co-N-KJ catalyst (a
catalyst prepared using the ketjenblack as supporting template), metal-free N-C material and
even Pt/C catalyst at 50 mA gcatalys{l, and it also demonstrated excellent capacity retention for
20 cycles without significant capacity loss.

In addition, composites consisting of nitrogen-doped carbon materials and molybdenum
nitride or Mn oxides have also been introduced into non-aqueous Li-air batteries as the

cathode catalysts. For instance, Dong et al.*t

synthesized the molybdenum nitride/nitrogen-
doped graphene nanosheets (MoN/NGNSs) through a hydrothermal reaction of graphene

oxide (GO) and molybdic acid followed by annealing in ammonia, a specific capacity of
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1490 mAh gcarbon+catalyst'l at a current density of 0.04 mA cm™ was achieved. Similarly, Zhang

et al.?®

reported that the molybdenum nitride/N-doped carbon nanospheres (MoN/N-C)
synthesized by a hydrothermal method and subsequent ammonia annealing showed a
discharge capacity above 1400 mAh gelectrode'l at 0.1 mA c¢cm? in the first charge-discharge
process and sustained at 790 mAh gelectmde'l after 10 cycles. The MnO, nanotubes/nitrogen-
doped exfoliated graphene hybrid prepared by heating the GO in Ar/NH3 mixed gases and
then mixed with MnO; nanotubes exhibited an ORR onset potential of 2.92 V, which was
very close to the theoretical value of 2.96 V, and a power density of 15.8 W gcarbon'l at a

current density of 100 mA gcarbon'l.527

3.4 Other cathode materials

Except the carbon materials, metals/metal oxides and composite materials discussed
above, some other materials have also been used as cathode materials for non-aqueous Li-air
batteries. For example, Li et al>?® reported sulphur-doped graphene (S-GNS), prepared by
pyrolyzing the mixture of GNS and p-toluenesulfonic acid, had an initial recharge capacity of
4100 mAh gcatalys{l, which was much higher than 170 mAh gcatalys{l for a pristine graphene
electrode at a current density of 75 mA gcatalys{l, although its initial discharge capacity
displayed at 4300 mAh gcatalys{l which was dramatically lower than that 8700 mAh gcatalys{l
for the pristine graphene electrode. Moreover, the discharge capacity of the S-GNS electrode
attained 3500 mAh gcatalys{l at the second cycle while the pristine graphene electrodes only

529
1.

had a retention of 220 mAh gcatalys{l. Tian et a reported a fluorinated carbon nanotube

(CF,) showed capacities of 1007 and 676 mAh geawon - at the current densities of 30 and 100
mA gcarhon'l, respectively, which were higher than 682 and 188 mAh gcarbon'l for the pristine

1.337

CNTs. The CFy as cathode was also investigated by Xiao et a and the attained capacities
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were approximately 950 and 521 mAh gelectmde'l at the current densities of 0.1 and 0.2 mA
cm™, respectively, which were about two times higher than those of the pure KB electrode.

Zhang et al ®

prepared a mesoporous cobalt molybdenum nitride (Co3Mo3N) using a co-
precipitation method followed by ammonia annealing treatment, and the obtained catalyst
displayed a discharge capacity of about 1300 mAh gelectrode'l at a current density of 0.1 mA
cm™. Li et al.”” showed that a n-TiN/VC-based (nano-sized TiN nanoparticles supported on
Vulcan XC-72 carbon) electrode exhibited a discharge capacity of above 6000 mAh gcarbon'l
at 500 mA gcarbon'l and a discharge-recharge voltage gap of 1.05 V at 50 mA gcarbon'l, which
were 390 and 450 mV lower than that of m-TiN/VC (micro-sized TiN supported by Vulcan
XC-72) and Vulcan XC-72, respectively. In addition, the coaxial platinum/titanium nitride

1.7 as cathode catalyst in non-aqueous Li-

nanotube arrays were also explored by Dong et a
air batteries and produced a better performance than the commercial Pt/C catalyst (with 20 wt%
Pt).

Because of the unique metallic/semiconductor characteristics and their potential usage in

520531533 olectronics™® and biosensors,”’ conjugated heterocyclic conductive

electrochemistry
polymers have received more and more attention since the late 1970s. Polypyrrole (PPy),
poly(3,4-ethylenedioxythiophene) (PEDOT) and polyaniline (PANi) have recently been
proven to have certain activity when they are used in the cathode of Li-air batteries.’' %%
For example, Cui et al.’'' synthesized some tubular polypyrrole nanotubes (TPPy) with a
self-degraded template for cathode materials of Li-air batteries, and compared their
performance with those of acetylene carbon black (AB) and granular PPy (GPPy) (Fig. 26).
At a current density of 0.1 mA cm™, the discharge voltage of TPPy electrode was consistently

higher than that of a GPPy electrode by about 100 mV and that of a AB electrode by about

300 mV, while its charge voltage was substantially lower than that of GPPy by 100 mV and
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AB by 600 mV, respectively. The TPPy electrode also exhibited both much better rate
capability and cycling performance than the GPPy and AB electrodes. A discharge capacity
of 1764 mAh gcmlys{l was delivered at 0.5 mA cm™ by the TPPy electrode, which was
comparable to that of 1982 mAh gcatalys{l at 0.1 mA cm'z, implying a capacity retention of
89.0%, while the GPPy and AB electrodes only exhibited the capacity retentions of 71.27%
and 37.07%, respectively. The authors attributed the better performance of TPPy electrode to
both the abundant gas diffusion channels and reaction sites. Zhang et al.”*® found PPy could
exhibit both higher capacity and better cycling performance than carbon materials owing to
its high catalytic activity towards ORR as well as OER. Moreover, they demonstrated that the
electrochemical performance of PPy could be significantly influenced by the dopants, and
that the PPy doped with Cl" exhibited higher capacity and more stable cyclability than that
doped with ClO4". Nasybulin et al.>’ prepared PEDOT by in-situ chemical polymerization of
3,4-ethylenedioxythiophene monomer in a carbon matrix, and showed that the PEDOT could
significantly reduce the overpotential by 0.7-0.8 V during the charging process of the Li-air
battery in addition to its apparent improvement in discharge capacity. The authors attributed
the positive effect of PEDOT to its redox activity, and believed that PEDOT could act as a
mediator in electron transfer during the charge-discharge process. The nonfibrous PANI,
synthesized by a chemical route of miniemulsion polymerization technique,”* demonstrated
a discharge capacity of 1380 mAh gcmlys{l at 0.05 mA cm'z, however, it dropped fast to less
than 100 mAh gcmlys{l when the current density was increased to 0.5 mA cm? within the
voltage rang of 1.75-4.2 V. In order to promote the performance of PANi as a cathode
material in non-aqueous Li-air batteries, Lu et al.>* modified the synthesis route and
prepared a water dispersed conducting PANi nanofiber material by doping phosphate ester as

an anion, the resulting electrode could deliver discharge capacities as high as 3260 mAh
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Seatalyst . and 1000 MAh geaaryst > at current densities of 0.05 mA cm™ and 0.5 mA cm?,
respectively. After an initial degradation from 3260 to 2320 mAh gcatalys{l after three cycles at
0.05 mA cm?, its discharge capacity kept relatively stable in the next 27 cycles with only a 4%
loss. Therefore, the authors claimed that this procedure could provide a new choice for
fabrication of high-capacity rechargeable Li-air batteries. Moreover, conductive polymers can
also act as binders to improve the electrical conductivity of cathodes in non-aqueous Li-air
battery. The earlier usage of PPy as a functional binder in air cathodes was conducted by Cui

et al.>*!

using a self-assembly process. The obtained PPy/C electrode exhibited the discharge
capacities of 2626.3 and 1816.4 mAh gelemmde'l at current densities of 0.1 and 0.5 mA cm'z,
respectively, which were much higher than 1005.8 and 345.6 mAh gelecmde'l for the cathode
with PVDF as a binder. They also found that the contacts between electrode materials and the
distribution of the discharge products in the cathode could be optimized by using PPy as a
binder, leading to the reduction of overpotential in the charge-discharge process as well as an
increase in battery round-trip efficiency.

In general, both catalysts and discharge products (Li,0O,) are in solid states and thus it is
difficult to bring the catalyst into homogeneous contact with the formed reaction products,
i.e., some portion of the solid reaction products could block the catalyst activity during the
discharge process. Meantime, the solid-solid interface between catalyst and discharge
products also limits the efficiency of catalyzed formation and decomposition of discharge
products (Fig. 27a), leading to difficulty in the discharge process with increasing discharge
depth, and resulting in high cathode overpotential during the charge process. Two possible
approaches have been proposed to alleviate these issues. One is to increase the solubility of

Li,0,™* so that its oxidation could take place primarily in solution at the electrode surface,

and the other is to incorporate a redox mediator (M,4) which is a soluble molecule in
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solution. %%

In this way, during the charge process, the M4 could be oxidized directly at
the electrode surface to form its oxidized form (M,x), which then oxidizes the Li,O, particles
and itself is reduced back to Mq. Actually, this mediator acts as an electron-hole transfer
agent between the solid electrode and solid Li,O, (Fig. 27b). A suitable redox mediator must

meet three characteristics:'*''*

(1) the redox potential (oxidation/reduction) of My should
be compatible with that of Li,O, formation, that is, the oxidation potential needs to be
slightly higher than the equilibrium potential of the Li,O, formation; (2) My should be
capable of efficiently decomposing Li,0;; and (3) the redox mediator must not react with the

electrolyte or Li metal anode, and should be highly dissolvable in the electrolyte. In recent

years, several researches on redox mediators have been reported in literature in the effort to

544 103
1.

enhance the performance of non-aqueous Li-air batteries.” Chen et a employed
tetrathiafulvalene (TTF), ferrocene (FC) and N,N,N’,N’-tetramethyl-p-phenylenediamine
(TMPD) as redox mediators in non-aqueous Li-air batteries, and found FC and TMPD were
unstable during the charge process although they could oxidize the solid Li,O,, while TTF
enabled the recharging at rates that were impossible for the cell without a mediator. The
battery with the TTF mediator demonstrated a dramatically lower charge potential than the

one without TTF, and ran stably for 100 cycles. In Kim et al.’s study,zsgzsg

they
systematically investigated the effects of Lil concentration on the performance of battery with
carbon or Co;04 as catalyst. The results showed that the battery with both solid Co;04 and
dissolved Lil outperformed all the others with only carbon, only Co3O4 or only Lil as the
catalyst. It was also found that the increase in Lil concentration could lead to a decreased
charge voltage and also an enhanced electrochemical reversibility of the electrode. In
addition, the redox mediator of ethyl viologen ditriflate was also used to catalyze an oxygen

1.545

reduction reaction during the discharge process by Lacey et a and some improvement in
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overall battery performance was observed.

In addition to the materials summarized above, organic materials are gradually attracting
attention as cathode materials, especially as the catalysts in Li-air batteries, due to their merits
of being inexpensive, renewable and even self—repairing.546’547 Metal-organic frameworks
(MOFs) are good examples. The large mesopores in the frameworks can not only provide
channels for electrolyte and oxygen diffusion but also supply spaces for product deposition.
Wu et al.>*® synthesized the MOFs of MOF-5, HKUST-1, Mg-MOF-74, Mn-MOF-74 and
Co-MOF-74 and prepared the cathodes with the combination of MOFs and Super P as the
electrode materials. These MOFs could deliver discharge capacities of 1780, 4170, 4560,
9420 and 3630 mAh gcatslyst+carbon'l, respectively, whereas the pure Super P electrode only had
a discharge capacity of 2170 mAh gcatslyst+carbon'l at a current density of 50 mA gcatslysﬁcarbon_l
(Fig. 28). Other than MOFs, Weng et al.>¥ prepared polyethylenimine (PEI) supported
anthraquinone (AQ) by the Riedl-Pfleiderer process as a cathode catalyst for Li-air batteries,
and found the PEI-AQ based electrode could increase the discharge voltage by about 70 mV
from that of a pure Super P electrode, and could also run stably for about 20 cycles compared

to less than 10 cycles for the latter.

4 Cathode Structures and Processes

In addition to storing the discharge products, the cathode structures of Li-air battery can
also affect the utilization of electrode materials,”” the morphology of discharge products,’'®
oxygen transport,”>' wettability, ionic transfer and electric conductivity of the whole
cathode.’’> All of these factors can play very important roles on the overall battery
performance. Therefore, an ideal cathode should be developed via an optimized process to

achieve a perfect cathode structure using appropriate cathode materials.
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As discussed above, the discharge products in non-aqueous Li-air batteries are insoluble
in the electrolyte, and can deposit on the surface or in the pores of the cathode, preventing
oxygen from diffusing to the catalyst surface. Therefore, an ideal cathode®***** should
remain partially dry so that air/oxygen can diffuse smoothly in the gas phase throughout the
electrode porous channels, and then be reduced on the oxygen-catalyst-electrolyte interface.
Another preferred ideal cathode structure’’ is that all the surface in the cathode is completely
wetted with a very thin film of liquid electrolyte in order to maximize the reaction area, but
the pores in the electrode are not flooded with liquid electrolyte so that oxygen can diffuse
quickly through the gas phase. Thus, the porous structure of the cathode should be well
controlled and developed to achieve high-performing Li-air batteries.

The porosity, pore size, pore volume and the usable fraction as well as surface area of
the cathode have been found to play significant roles on the performance of Li-air
batteries.””>>% Zhang et al.”! presented a theoretical correlation between the cathode
porosity and discharge capacity. Combined with the experimental results, they assumed the
normal porosity of a carbon air electrode was about 2.8-3.4 ml g'1 and the gravity densities of
Li,O; and Li,O were 2.140 and 2.013 g cm>, respectively. Thus, they considered the carbon
cathode could provide a maximum capacity ranged from 7000 to 12000 mAh gcarbon'l, as
shown in Fig. 29. Cheng et al.’*® found post heat-treatment on the MnO,/C cathode could
lead to a great improvement in the discharge capacity as well as cycling performance owing

1.7 prepared Li-air batteries using

to increased porosity in the electrode. Gbolahan et a
phenol-formaldehyde based activated carbon with different mesopore volumes and found the
discharge capacity could be increased with increasing mesopore volume, and a highest
capacity of 1852 mAh g'1 at a current density of 70 mA g'1 can be obtained with a pore

1.116

volume of 1.8717 ecm’® g”. Kraytsberg et a considered the pore volume in the cathode

72/105

Page 72 of 140



Page 73 of 140

Energy & Environmental Science

would not be completely filled with discharge products when the discharge was terminated,
and the fraction of usable pore volume was different in the studies carried out by different
researchers.”****33 For example, it was about 47% with a carbon loading of 1.96 mg cm?,
but only 3% when the loading was increased to 12.57 mg cm™.*® The probable reason for this
discrepancy should be, at least in part, due to the different processes used to prepare the
electrode as well as the different materials used and their various characteristics such as
morphology/structure, surface area, particle size and pores.

It is generally believed the cathode with a high surface area is beneficial for obtaining a
high discharge capacity induced by the increased number of electrochemical active sites
available to form lithium oxides and also enlarged space for accommodating the discharge

products.3 o

However, the surface area does not have a simple positive relationship with
overall battery performance because some other performance-determining factors, especially
pore size and the distribution in the electrode, can also make contributions. When the pore
size is too small, such as micropores, the entrance of the pores is easily blocked, thus the
inner part of the pores cannot be utilized, resulting in lower discharge capacity.558 Nimon et
al.*® reported the discharge capacity of a cathode could be limited by the volume of small
mesopores with radii up to 10 nm, observed by their standard contact porosimetry method.
Ma et al.”® depicted mesopores were more effective in the utilization of pore volume than
micropores. The cathode prepared with mesoporous carbon aerogel showed at least ten times
higher discharge capacity than that with microporous activated carbons. Chervin et al.”*****
studied the influence of pore size in free standing, binder-free carbon nanofoam papers on
their discharge capacity when used as cathode materials in Li-air batteries. They found the

capacity tracked the average pore size distribution in the carbon nanofoam cathode, rather

than the specific surface area of the nanoscale carbon network or its total pore volume. The
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macroporous nanofoams could yield a higher discharge capacity than the mesoporous
nanofoams, even though the macroporous foams had lower specific surface areas. Based on
these observations, they proposed a cathode design strategy that incorporated macropores,
particularly at the O,-facing boundary of the electrode, might be beneficial in cathodes for Li-
air batteries, as they are less susceptible to blockage by discharge products than cathodes
incorporating mesopores. In other words, they concluded that gradients of pore size with
larger pores at the O, side of the electrode tapering to smaller pores near the electrolyte (O;-
diffusion-limited region) might ultimately be desirable to achieve an optimal combination of
surface-to-volume ratio as well as a more uniform discharge product distribution. Similarly,
Zhang et al.’" found pores with diameters of 10-300 nm were more suitable for the
deposition of solid products than those with diameters less than 10 nm. However, Lin et al?®
found the HCC electrodes with pore sizes of 100 nm (HCC-100) had a better performance
than those with pore size of 400 nm (HCC-400), based on the initial discharge capacity and
cycleability as well as the associated volumetric energy density.

Several novel cathode structures have been developed in recent years and each of them
has demonstrated feasibility. Zhang et al.*> employed SWCNTs and the ionic liquid (IL) of
[C,C1im][NTf;] to prepare a cross-linked network gel (CNG) of SWCNTSs/[C,Cim][NTT;]
using an ultrasonic method followed by grinding and subsequent centrifugation (Fig. 30). The
SWCNTs/[C,Ciim][NTTf;] CNG based electrode exhibited a discharge capacity of 5930 mAh
gcarbon'1 at a current density of 200 mA gcarbon'1 while the SWCNTSs/IL mixture obtained by
direct centrifugating the suspension of SWNTs and [C,C;im][NTf,] by ultrasonic dispersion
without grinding only delivered a capacity of 950 mAh geupon . Furthermore, the CNG
electrode could give capacities of about 4000 and 2000 mAh geamen * at the current densities

of 1000 and 2000 mA gcarbon'l, respectively. The authors attributed the outstanding
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performance of the CNG cathode to the superior three-dimensional tricontinuous passage of
electrons, ions, and oxygen, which was able to expand the conventional three-phase reactive
interface to the whole cross-linked network. They believed the three-phase interfacial
reaction was only confined by the dissolved oxygen in a conventional air electrode. In their
novel cathode, however, the SWNTs were untangled by a n-cation/z-electron interaction with
the imidazolium cation of [C,C,im]’, forming physical gels with cross-linked networks in
which [NTf;]" ions were anchored through electric neutrality, oxygen could fill the entire
cross-linked network gel, electrons could conduct along the carbon nanotubes, transport of
lithium ions from the ionic liquid electrolyte outside into the cross-linked network gel could
become coordinated by the inside-anchored [NTf,] ion, oxygen in the cross-linked network
could incorporate with the lithium ions and electrons along the SWNTs, then turning into the
discharge products. Similarly, Balaish et al.> developed a three-phase reaction zone cathode
by employing two immiscible solvents of perfluorinated carbon liquids (PFC) and TEGDME
which undertook the diffusion of oxygen and Li ion, respectively (Fig. 31). They placed a
small drop of PFC solvents (perfluoro-n-octane, perfluoro(decahydrophtalene), perfluoro-n-
nonane or 1-bromoperfluoroheptane) on the carbon side of the cathode surface to impregnate
the cathode meso-pores by PFC, and then assembled the batteries using LiPFs-TEGDME as
the second electrolyte. All the PFC-contained batteries displayed increased discharge
capacities and improved discharge voltages from that of the pure TEGDME battery,
demonstrating the PFC-treatment had positive effects on overall battery performance.
Considering the insufficient oxygen solubility and diffusivity in the electrolyte of
conventional non-aqueous Li-air batteries employing a flooded cathode which could lead to a
non-uniform deposition of Li,O;, and incomplete utilization of cathode volume, Xia et al >

developed a partially flooded cathode by evaporating diethyl ether from the electrolyte
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allowing gaseous oxygen to penetrate quickly into the interior part of the porous cathode for
electrochemical reaction. The effective electrode area for oxygen reduction was, thereby,
increased to enhance the cathode kinetics. Using typical cathode materials, the partially
wetted cathodes yielded a 60% higher discharge capacity and one magnitude higher rate
capability than the flooded cathode. Lim et al.>! prepared a hierarchical air electrode by
cross-weaving ten sheets of CNT fibrils layer-by-layer on a Ni mesh followed by embedding
Pt nanoparticles. At a high rate of 2 A gcarbon'l, this electrode performed stably for over 130
cycles with a fixed capacity of 1000 mAh gcarbon'1 and for 100 cycles with full charge-
discharge in the voltage range from 2.0 to 4.7 V, which were much better than 70 and 30
cycles, respectively, for the bare CNTs electrode (ten sheets of CNT fibrils layer-by-layer).
The authors attributed the outstanding performance of the novel cathode to its aligned carbon
structure with a hierarchical micro-nano-mesh which could ensure a facile accessibility of
reaction products and provide the optimal catalytic conditions for the Pt catalyst. Liu et al >
prepared a free-standing, hierarchically porous carbon nanotube film electrode by virtue of
the unique bimodal design for porosity and a discharge capacity of 4683 mAh gelectrode'l at 50
mA gelectrode'l was observed. A gas diffusion electrode (GDE) with a double-layer structure
(gas diffusion layer and catalyst layer), similar to that in proton exchange membrane fuel
cells, has also been used as the cathode in Li-air batteries.** A Super P electrode prepared by
this method could acquire a high specific discharge capacity of 6587 mAh gearbon - at a current
density of 0.15 mA cm™ with a 2.077 mg cm™ of carbon loading, which was dramatically
higher than that of a conventional cathode with Super P carbon materials. Cheng et al>®
showed the nanoporous three-dimensional GDE with carbon-supported MnO, catalyst could
display higher discharge capacity and discharge voltage, lower charge voltage and better

1.190

cycleability than the composite electrode. Similarly, Yang et a prepared a double-layer
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structural air cathode consisting of diamond like carbon (DLC) active layer and CoOy
catalytic layer, showing a significant improvement in discharge/charge electrochemical
performance.

The loading of cathode materials is another considerable parameter influencing the
battery performance as well as the utilization of the materials.”'**** Gao et al.*** found the
best carbon loading was 2.08 mg cm™ in a range from 2.08 to 6.00 mg cm™ according to the
fact that the discharge capacity decreased with increasing carbon loading. Similarly, Park et
al.**® displayed the carbon-sphere/Co30y4 electrode with a materials (catalyst + carbon +
binder) loading of 1.1 mg cm? could deliver about 4500 mAh gelectrode'l at 200 mA gelectrode'l,
while the discharge capacity was decreased to ~3400 and ~2900 mAh gelectmde'l, respectively,
as the loading was increased to 1.3 and 1.9 mg cm?. Park et al.,214 however, believed there
was an optimal carbon loading to achieve best performance. They studied the cathode with
various carbon loadings in the range from 0.61 to 5.91 mg cm™ and found the electrode with
a carbon loading of 2.96 mg cm™ on the nickel foam displayed the highest discharge capacity.
The authors assumed the carbon particles adhered to the nickel foam structure instead of
agglomerating themselves, which could reduce the pore volume for depositing Li,O and/or
Li,O; under this optimal value. On the contrary, however, the excess carbon would close the
open structure of the foam thus impeding the flow of oxygen, leading to reduced discharge
capacity.

The thickness of the cathode also plays an important role on the battery performance in
terms of the charge-discharge capacities and the uniform distribution of lithium peroxide in
the interior and on both sides of the electrode.””® Chervin et al.*** showed that an increase in
electrode thickness could lead to a decreased capacity. The carbon nanofoam paper electrodes

with thicknesses of about 180, 360, and 530 um could yield the discharge capacities of 890,
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590, and 360 mAh gelectmde'l, respectively, at a current density of 0.3 mA cm™. Similarly,
Zhang et al.*”® found SWCNTs/CNFs bucky papers with a thickness of 19.7 um could deliver
a capacity as high as 2500 mAh gelmmde'l at a current density of 0.1 mA cm™, but only 1600
and 400 mAh gelectrode-l could be achieved for the electrode with a thickness of 65.5 and 219.2
um, respectively.

The process employed to construct a cathode can also significantly influence the
structure of the obtained electrode, resulting in different performance. Normally, an ideal

cathode structure should be built with proper process. So far, the main processes reported in

49,336 299,367,564

literature to fabricate a cathode include rolling, spreading,*”” casting,

110,230

coating or spraying’® the slurry made from cathode materials such as catalyst,

336,409,565

conductive agent and binder onto a substrate such as nickel foam (NF), aluminum

83,904,566 112,334
d,

carbon paper and even separator (i.e. glass fiber),135 and each of them has

gri
their own inherent characteristics. However, only very few researchers have conducted
comparative investigation on the effects of cathode process as well as the substrate on the

performance of Li-air batteries. Ma et al>®

prepared cathodes by rolling, coating and
spraying the cathode materials onto carbon paper and nickel foam substrates, and
systematically compared the morphologies, discharge characteristics and high rate
dischargeablity of the obtained cathodes. The results indicated nickel foam was a preferred
substrate for a cathode prepared with a spraying method owing to its skeletal porous structure,
and the spraying method along with the nickel foam substrate seemed to be the best approach
to fabricating Li-air batteries with high performance. The intermediate pressing process could
improve the performance of the cathode prepared with the coating method which might be
attributed to the establishment of sufficient paths for oxygen diffusion. In Shui et al.’s

416

study,” they found the VA-NCCF arrays supported on stainless steel (SS) cloth could
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deliver a gap of 0.55 V between the discharge and charge voltages, which was apparently
lower than that on carbon paper.

In addition to the general fabrication processes discussed above, several novel processes
have recently been proposed and explored to enhance the performance of non-aqueous Li-air
batteries.”**®” For example, Beattie et al.”® demonstrated an ultrasonic immersion method of
encouraging the cathode slurry to penetrate into the structure of nickel foam through
sonication followed by removing the solvent using heat treatment. Nevertheless, it seems
very difficult to control the loading of the materials in the electrode. Crowther et al.’*
presented a novel “mineral spirits” approach. They produced a dough of electrode materials
with a small amount of mineral spirits and then pressed the dough onto a substrate at a certain
temperature to establish composite cathodes. The resulting electrode acquired a high porosity
of about 85%.

For most of the cathode processes discussed above, the electrode materials are usually
physically mixed into slurry and then loaded onto the substrate. The as-prepared cathode
sometimes has a low conductivity because of the poor interaction between conductive agent
(usually carbon) and catalyst due to the using of a binder. According to Younesi et al.’s

555

study,™” the discharge capacity can decrease with an increased amount of binder owing to its

blocking effect on the pores on the carbon with a width below 300 A, Cheng et al.’®®
presented there was an optimal additive amount of binder to achieve the balance between the
requirement for good adhesion, acceptable conductivity and access for oxygen. In order to
overcome this challenge, many methods have fortunately been developed in recent years to
prepare the binder free cathode to improve the interaction between catalyst and conductive

agent.287’568 Zhang et al >? suspended a-MnQO; into DMF with ultra-sonication and then

mixed it with CNTs and CNF followed by filtering to get a a-MnO,/CNT/CNF composite

797105



Energy & Environmental Science

paper. The obtained cathode exhibited great advantages over the general binder-used
processes, indicated by a much lower electrical resistance probably because the materials
could be held together by van der Waals forces, resulting in a highly reproducible process. In
their study, the variations of the specific surface area and porosity of composite papers could
be controlled to less than 5%. A discharge capacity of 3120 mAh gcatalys{l at a current density
of 0.2 mA cm™ was achieved with this electrode, which was significantly higher than all the

308
1.

reported capacity values for the binder-contained MnO, electrodes. Cheng et a and Li et

al.>® individually prepared the Norit carbon supported MnO, (MnO,/NC) and the multi-
walled carbon nanotubes supported MnO, nanoflakes (MnO,/MWCNTs), respectively, by in-
situ redox reaction. The MnO,/NC electrode demonstrated a better dispersion and connection
between the catalyst and carbon matrix than the conventional cathode prepared with
physically mixed carbon and commercial EMD. A discharge capacity of 3700 mAh gcarbon'l
was attained which was higher than 2700 mAh gcarhon'l for the conventional cathode at 70 mA
Searbon -~ The MnO,/MWCNTSs electrode enhanced the kinetics of both ORR and OER,
thereby effectively improved the energy efficiency and reversible capability. It exhibited a
low charge potential of 3.8 V and a considerable capacity of 1768 mAh gcarbon'l at a current

1.°%7 created a new facile approach allowing effective

density of 70 mA gcarhon'l.564 Yoon et a
interaction between the carbon materials (CNTs) and catalyst (CO304) by introducing a
polydopamine layer as a reacting assistant. The resulting electrode produced a discharge
capacity of 6300 mAh gelectrode'l at a current density of 200 mA gelemode'l. Wang et al.>® drew
an electrode on a ceramic state electrolyte with pencil, obtained a discharge capacity of 950
mAh gcarbon'1 at a current density of 0.1 A gmrbon'1 and good reversibility without obvious

capacity loss after 15 full cycles with a cut-off voltage at 2.0 V. Qin et al.*®! fabricated a

porous-carbon-supported a-MnO, nanorods cathode by in-situ depositing MnO, onto carbon,
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a resulting discharge capacity of 1400 mAh gcarbomcmlys{l and a charge voltage as low as 3.5-
3.7 V were demonstrated at a current density of 100 mA gcarbommlys{l. Wang et al.?*
prepared a graphene oxide gel-derived free-standing hierarchically porous carbon (FHPC)
electrode which exhibited discharge capacities of 11060 and 2020 mAh gcarbon'l at a current
density of 0.2 mA cm™ (280 MA geamon ') and 2 mA cm™ (2.8 A Zearbon ), respectively.

177 also prepared the freestanding and binder free MnO,@carbon

Similarly, Zhang et a
papers electrode wherein the carbon papers not only acted as reducing agents, but also as a
substrate for the reaction as described by Equation 23. This electrode displayed the discharge
and charge voltages of 2.68 V and 4.15 V, respectively, and the discharge capacity was
sustained at about 1000 mAh gcatalys{l after 80 cycles at a current density of 0.1 mA cm™,

These results were much better than the 50 mAh gcmlys{l after 20 cycles for the mixed MnO,

electrode.
4MnO; +3C+ H,0 <> 4MnO, + CO;” +2HCO; (23)

In order to avoid the undesired surface passivation (identified as dense Li oxide film) on
carbon surface in the cathode, which could reduce the discharge capacity and terminate the
lifespan of the battery early,571 during discharge process, Tran et al.””! modified the carbon
surface with long-chain hydrophobic molecules by soaking in an aqueous solution containing
5% of an active fluoroaliphatic polyoxyethylene compound under vacuum for 30 minutes.
The resulting cathode achieved a substantially increased discharge capacity (more than 3
times greater.). The conjecture as to the cause of this result was that the carbon surface
modification delayed the formation of dense Li oxide layers and thus kept the discharge

capacity at a high level.
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5 Challenges and research directions

Li-air batteries are becoming one of the most promising energy storage and conversion
technologies because of their ultrahigh energy density.’” They are, however, still in the
infancy stage of development. There are many challenges needing to be overcome before

their practical commercial application.*>>7

These challenges include the low round-trip
efficiency, low discharge capacity and practical energy density, poor cycle-ability, and low
rate capability, as well as many others. These challenges seem to be caused by the low-
performing air cathode of the Li-air battery. Therefore, seeking new cathode materials and
designing/fabricating specific structures to reduce the cathode overpotential, especially
during the charge process, are the primary future tasks related to the cathode of rechargeable
non-aqueous Li-air batteries.

Several future directions for developing cathodes of non-aqueous Li-air batteries can be
suggested as follows:

(1) Exploring new cathode materials including catalysts and new cathode structures for
both ORR and OER through innovative synthesis, characterization, design and fabrication as
well as performance validation. The solution-phase catalysis might be a direction for

developing new cathode catalysts.””’

Building the electrode with different pore
size/distribution/structure to meet the multiple purposes of electrolyte wettability and oxygen
transfer could be a good choice for optimizing the cathode structure and fabrication.

(2) Significantly reducing the large cathode overpotentials during charge-discharge
processes by developing highly active and stable catalytic materials such as bi-functional

catalysts towards both ORR and OER. The developed catalysts should have insignificant

promoting effects on the decomposition of the electrolyte.3 37578 In this regard, the carbon
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supported catalysts and composite catalysts with optimized structure and uniform particle
distribution seem attractive, and are worthy of further optimization in terms of both catalytic
activity and stability. However, considering the instability of carbon materials,'*"+'8°7
carbon-free catalysts and their associated cathodes should receive more attention in the
future.” "%

(3) Efficiently controlling and optimizing the formation/decomposition of Li,O; in terms
of morphology and distribution as well as its interaction with the cathode materials/catalysts.
This is because the morphology and distribution of discharge products has a significant
influence on the cathode overpotentials during Li-air battery charge-discharge processes.

(4) Optimizing the cathode structure and its fabrication process. In the literature, very
few researchers have systematically conducted studies to compare the effects of cathode
structure and fabrication on overall battery performance. Therefore, the optimization of
cathode structure and fabrication process (such as cathode preperation, loading of cathode
materials and son on) seems to be very urgent in order to promote the performance of Li-air
batteries up to a practical application level.

(5) Optimizing and standardizing the weight ration of electrolyte to cathode. The
contact between cathode and electrolyte is a key factor for building a high-performing Li-air
battery. This involves many aspects, such as oxygen diffusion channels and the weight ratio
of the electrolyte/cathode.”®'”®* At this stage, researchers have realized the significant role of
oxygen diffusion channels in cathode toward cell peformance, but they have not been able to
fully answer the questions how the oxygen diffusion channels can be optimally built.”*
Therefore, the optimization and standardization of the weight ration of electrolyte to cathode

is a very important task before the commerical application of Li-air batteries can be realized.

(6) Further fundamental understanding of the reaction mechanisms of Li-air batteries is
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required. This is especially true for those mechanisms related to ORR and OER in terms of
cathode material, catalysts and cathode structures, and fabrication processes and their effects
on Li-air battery performance.g’l17’232’584'586 Based on these fundamental understandings,
cathode materials/catalysts, structures and their fabrication processes can be down-selected
and optimized with respect to the overall battery performance.

(7) Mechanical properties of Li-air battery components should be given more attention.
Currently, most of the research interests are mainly focused on fundamental asepcts of Li-air
batteries, such as the cathode catalyst, structure and mechanisms, but the mechanical
properties and their influence on Li-air battery cathode components have not been given

sufficient attention, particularly for flexible Li-air batteries.
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Table 1

Table 2

Table 3

Table 4
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Table Captions

Physical properties of solvents commonly used in electrolyte for non-aqueous Li-
air batteries

Reported capacities of commercial carbon materials in non-aqueous Li-air batteries
Summary of the composition, size, phase properties, charge-discharge voltages and
discharge capacities of the carbon-supported bimetallic gold-platinum
nanoparticles with different alloyed phase structure. Reprinted from [ref. 418]
Discharge capacity of cycles 1 and 5 based on various metal oxides. Reprinted

from [ref. 193]
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7
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Figure Captions

Specific energy densities (Wh kg') for various types of rechargeable batteries
compared to gasoline. For Li-air, the practical value is just an estimate. For gasoline,
the practical value includes the average tank-to-wheel efficiency of cars.

Schematic of the four different architectures of Li-air battery.

Schematic of the nanostructured cathode architecture (a); voltage profile during
discharge-charge of cells (to 1000 mA h gcarbon+cata1ys{l) based on Super P carbon,
Super P carbon coated with Al,O3 (Super P carbon+3c ALD Al,O3) and ALOs-
coated Super P carbon further coated with Pd nanoparticles (Super P carbon+3c
ALD Al,O3+3¢ ALD Pd) (b); voltage profile during cell discharge-charge (to 500
mA h gcarbon+cata1ys{l) based on Al,Os-coated Super P carbon further coated with Pd
nanoparticles (c). Reprinted from [ref. 113].

Voltages of Li anode and air cathode in Li-air battery at a current density of 0.2 mA
cm™. Reprinted from [ref. 91].

Cyclic voltammograms of Li,O- (a), Li,O;- (b), and Li,COs- (c) on supported MnO,
catalyst electrodes for Li-air battery in an O, atmosphere at 25°C. Scan rate was 10
mV s™'. Reprinted from [ref. 193].

SEM images of various morphologies of lithium peroxide in discharged cathode.
Toroidal-shaped (a) [ref. 198], spherical particles (b) [ref. 285], elongated particles
(c) [ref. 288], close-packed nanosheets (d), [ref. 290] rough thin films (e) [ref. 291],
and porous ball-like (f) [ref. 293].

TEM images of different parts of the oxygen electrode discharged at 10000 mAh
gcarbon'l (0.5 mA cm™ current, 1 mg cm™ carbon loading). Image (a) shows the
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Fig. 8

Fig. 9
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electrode morphology characterized by a mixture of amorphous solid Li,O, particles
combined with perfect spherical hollow particles having wall thickness of about 50
nm; Image (b) shows a Li;O; particle covered by 10 nm size crystalline primary
nanoparticles; Inset images of (a and b) show selected area electron diffraction
patterns of the particles; the high-resolution TEM image (c) shows the crystalline
nature of the primary particles. Reprinted from [ref. 282].

Morphologic growth process of discharge products at different discharge capacities
of pristine (a, b), 150 (c), 200 (d), 250 (e), 300 (f), 400 (g), 500 (h), 600 (i), 800 (j),
1000 (k), and 1300 mA h gcarbon'1 (1). Reprinted from [ref. 177].

SEM images showing spatial distribution of Li,O, toroids on the surface of different
catalyst-containing electrodes as a function of where the image is collected, area (1)
represents the periphery of the electrode, (2) the intermediate region, and (3)
represents the central area as shown in the accompanying diagram; for (a) pristine
Nag44MnO,/carbon, (b) carbon with no catalyst, and (c) acid-leached
Nag44MnO,/carbon. The center image is the schematic showing the electrode region
sampled. The scale bar of 1 mm refers to all of the micrographs shown. Reprinted

from [ref. 196].

Fig. 10 Morphologic decomposition process of discharge products at different charge

capacities after a discharge capacity of 1000 mA h gcarbon'l: 200 (a), 400(b), 600 (c),
750 (d), 900 (e) and 1000 mA h gcarhon'l (f). Voltage profile during reversible charge
after discharge and the red dots represent different charged capacity (g). Reprinted

from [ref. 177].

Fig. 11 Approaches to build up an ideal cathode for non-aqueous Li-air battery.

Fig. 12 Charge-discharge performance of Li-air battery with GNSs, BP-2000 and Vulcan
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XC-72 cathodes at a current density of 75 mA g'l (a); SEM and TEM images of
GNS electrodes before (b and c) and after (d and e) discharge. Reprinted from [ref.
350].

Fig.13 Schematic graphs of Super P carbon black (a) and MCF-C (b) after discharge, the
discharge curves of MCF-C (solid) and Super P carbon black (dash) at various
current densities (¢). Reprinted from [ref. 175].

Fig. 14 FESEM images of HCC-400 (a, b) and HCC-100 (c, d); TEM images of HCC-100 (e,
f); discharge characteristic of Li-air battery at the current density of 0.05 mA cm™ (g)
and various current densities (h). Reprinted from [ref. 204].

Fig. 15 TEM images of GNSs (a) and N-doped GNSs (b); XPS spectra of GNSs and N-
doped GNSs, the inset is N 1s spectra of two samples (c); Voltage profiles of GNSs
and N-doped GNSs electrodes at various current densities (d). Reprinted from [ref.
299].

Fig. 16 First charge/discharge profiles of carbon at 85 mA gcarbon'l and of Au/C, Pt/C, and
PtAu/C at 100 mA gcarbon'l (a); Charge/discharge profiles of carbon (black, 85 mA
gcarbon'l) and PtAu/C (red, 100 mA gcarbon'l) in the third cycle at 0.04 mA emsjectrode
(b). Reprinted from [ref. 110].

Fig. 17 Schematic illustration of the synthesis process of Ru-carbon (a); TEM image and
crystal size distribution of Ru nanocrystals (b); Charge-discharge curves of the first
two cycles for Ru-carbon (solid line) and carbon electrode (dash line) (c); Cycling
performance of the Li-air battery with Ru-carbon catalyst at 200 mA gcarbon'1 with a
curtaining capacity of 1000 mAh gcarhon'l (d). Reprinted from [ref. 423].

Fig. 18 TEM/SEM images of bulk and nanowire forms of a- and f-MnO, polymorphs

showing their morphologies and surface areas (a); Variation of discharge capacity

102/ 105



Page 103 of 140

Energy & Environmental Science

with cycle number for several porous electrodes containing various manganese
oxides as catalysts at a current density of 70 mA gcarbon'1 in 1 atm of O, (b); the 2nd,
3th and 5th cycle discharge-charge curves of a-MnQO; nanowires electrode at a rate

of 70 MA gearvon* (¢). Reprinted from [ref. 94].

Fig. 19 SEM (a) and TEM (b) image, SAED pattern (inset b) of MNWs; Charge/discharge

curves with a restricting capacity at a current density of 100 mA g'1 (c); Discharge
capacities at different current densities (d); Variation of discharge capacity with

cycle number at a current density of 0.05 mA cm? (e). Reprinted from [ref. 441].

Fig. 20 SEM micrographs of nanosheet (a-c), nanoneedle (d-f) and nanoflower (g-i) Co304;

Fig. 21

Fig. 22

Fig. 23

Charge-discharge profiles of the carbon-free Co3;04 cathodes at a current density of
20 mA gcatalys{l (j); Plots of capacity vs. cycle number for the Co3O4-only cathodes
(k). Reprinted from [ref. 446].

Cubic perovskite structure (a) Reprinted from [ref. 453], Double perovskite structure
(b) Reprinted from [ref. 481], and layered perovskite structure (c) Reprinted from
[ref. 483].

FESEM (a, b) and TEM (c, d) images of PNT-LSM catalyst; Cyclic performance,
charge/discharge specific capacity and coulombic efficiency of Li-air battery with
(e,f) and without (g,h) PNT-LSM catalyst at a current density of 0.025 mA cm?;
Voltage of the terminal discharge vs. the cycle number for Li-air battery with and
without PNT-LSM catalyst at a current density of 0.15 mA cm™ (i). Reprinted from
[ref. 312].

Microstructural analysis of Ru-rGO and RuO,-0.64H,0-rGO hybrids: SEM image
and SEM-EDX (inset) of porous Ru-rGO hybrid (a); TEM images of Ru-rGO hybrid

(inset: HRTEM image) (b); particle size distribution of Ru-rGO hybrid (c); SEM
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Fig. 25

Fig. 26

Fig. 27
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image and SEM-EDX (inset) of porous RuO,-0.64H,O-rGO hybrid (d); TEM
images of RuO,'0.64H,O-rGO hybrid (inset: HRTEM) (e); and particle size
distribution of RuO,-0.64H,O-rGO hybrid (f); Charge-discharge cycles of Li-air
cells using rGO, Ru-rGO hybrid, and RuO,-0.64H,0-rGO hybrid under a limited
specific capacity of 5000 mAh g'1 at a current density of 500 mA g'lz Voltage
profiles of fifth cycle (g) and following cycles of Ru-rGO hybrid (h) and
Ru0,-0.64H,0-rGO hybrid (i). Reprinted from [ref. 368].

SEM (a) and TEM (b) images of the N-Fe-MOF catalysts; Initial discharge
performance for various catalysts in Li-air battery tests at a current density of 50 mA
gcmlys{l (c); Cycling test of the N-Fe-MOF catalyst at a current density of 400 mA
gcmlys{l with voltage cutoff at 2.5 V (discharge) and 4.1 V (charge) (d). Reprinted
from [ref. 524].

SEM (a) and TEM (b) images of Co-C composite; the initial discharge curves of Co-
C and pure KB electrodes at a current density of 300 mA gcarbon'l (c); Curtailing
capacity of 600 mAh gcarbon'1 at a current density of 200 mA gcarbon'l (d). Reprinted
from [ref. 526].

SEM images of TPPy (a) and GPPy (b); Charge/discharge curves of AB, GPPy and
TPPy supported Li-air battery at 0.1 mA ¢cm™ in oxygen (c), at 0.1 mA cm™ in argon
(d) and at 0.5 mA cm™ in oxygen (e); Cycling performance of AB, GPPy and TPPy
supported Li-air battery at current densities of 0.1 and 0.5 mA cm™, respectively, ().
Reprinted from [ref. 311].

Schematic mechanism of the dissociation of Li,O, (a) using an air electrode
composed of carbon and oxide catalyst and (b) using an air electrode and an

additionally dissolved catalyst (Lil) as redox mediator. Reprinted from [ref. 259].
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Fig. 28

Fig. 29

Fig. 30

Fig. 31
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Schematic illustration of a Li-air battery using MOF-Super P composite as the air
electrode, where oxygen molecules relative sizes are reduced for clarity (a);
Discharge profiles of the Li-air battery using MOF-Super P composites or Super P
only under O, atmosphere with a current of 50 mA gcatalysmarbon'l at room
temperature (b). Reprinted from [ref. 548].

Maximum specific capacity of a porous carbon air electrode. Reprinted from [ref.
91].

Schematic representations comparing the conventional air electrode with the
SWNT/[C,Cim][NTf,] CNG air electrode. (a) Air electrode using a conventional
carbonaceous material such as acetylene black; (b) SWNT/[C,C,im][NTf;] CNG; (c)
Three dimensional tri-continuous passage of electrons, ions, and oxygen. SWNTs:
gold; [C,C,im]": green; [NTf,]: purple. Reprinted from [ref. 355].

[lustration of the proposed mechanism realizing the formation of an artificial three-
phase reaction zone in Li-air cathode: Channels inside the pristine porous carbon (a);
Channels are flooded with an organic electrolyte (in blue) thus, only dissolved
oxygen is participating in the reduction reaction (b); Different possibilities of two
distinct subsystem channels, Gppc (in yellow) and Gij.on, formed as a result of the

PFC treatment (c,d). Reprinted from [ref. 559].
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Table 1 Physical properties of solvents mostly used in electrolyte for non-aqueous Li-air batteris

Vapor
Dielectric Dipole Donor . . Oxygen Boiling/melt P Density
Molecular Viscosity n . . . pressure 4
Solvent . Structure Constant &€ | moment number solubility ing point (gem™,
weight 4 (cP) (25 °C) 3 (kPa,
(25°C) (W (kcal mol™) (mM cm™) (°C) 25°C)
25°C)
CHy
' 4.94 0.160
PC 102 o_ o 64.92 15.1 2.53 3.2 241.7/-48.8 1.1951
he (18°C) (55°C)
(o}
S 89.78 4.87 1.930 3.371
EC 88 T 16.4 1.71 248.2/36.4 1.3383
i (40°C) (25°C) (40°C) (95.21°C)
Carbonate
DMC 90 )oL 3.107 17.2 0.59 7.29 91/4.6 2160 1.063
Hsc\o O/CHS ' ’ (20°C) ) ' .
o
EMC 104 PN 2.958 0.65 7.95 110/-53 0.89 1.006
HsC o OCH3
0 2.820 0.90 1.3
DEC 118 PN 16 0.748 7.92 126.8/-74.3 0.96926
HC” 0T 0T ek (20°C) (25°C) (23.8°C)
TEGDME 222 HBC%O\/ﬁ\OCHS 7.79 16.6 4.05 4.43 275/-30 <1.33 1.009
Ether .
HCO 1.71 6.4
DME 90 ° \/\OCH3 7.2 20 0.455 9.57 84.5/-58 0.86370
(25°C) (20°C)
i 4.06
DMSO 78 S 46.45 . 29.8 1.991 2.1 189/18 56 1.1
HC” CH, (25°0)
Sulfone i >
TMS 120 S 1.59 285/28 1.33 1.261
I\
o ©
o
M e 3.24
DMF 73 H N 36.71 26.6 0.802 153/-61 0.49 0.94387
| (25°C)
CHs
Amide S
3.71 0.93633
DMA 87 Hzc)kN/C”s 37.78 27.8 0.927 166.1/-20 0.17
| (30°C) 7
CHs
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Ionic

liquid

C4mim e S .
L L 41036 R e 44 /-1 1.429
Ntf2]
CH,
CH,
N/*
/ BF,
. N
[C4mim][
226.02 92 /71 1.26
BF4]
CH,

Table 2 Reported capacities of commercial carbon materials in non-aqueous Li-air batteries

Carbon materials Capacity(mAh g')/Current density(mA cm?) Refs.
2120/0.05 84
2825/0.05 85
989/0.05, 528/0.2, 248/0.5 204
>4000/0.02, 1400/0.05 341
1800/0.1 133
1736/0.1 175

Super P 1000/0.1 214
4254.7/0.1, 6587/0.15 334
2300/0.1 345
~1000/0.2 88
400/0.2 90
3400/70 mA g 308
1500/100 mA g 347

KB EC600ID 2700/0.025 346
850/0.05 336
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800/0.05 342
1000/0.05 343
5813/0.1 (1.9 mg cabon loading), 3378/0.1 (4 mg 28
cabon loading), 404/0.1 (12.2 mg cabon loading)
2600/0.1 214
3374.4/0.1 334
400/0.1 337
800/0.2 90
3000/0.2 340
3214/30 mA g 289
1200/0.04 110
762/0.1 175
Vulcan XC-72 1705.7/0.1 334
1645/0.1 339
1053.8/75 mA g’ 350
Super § 1000/50 83
850/70 95
Black Pearls 2000 201005 : 336
1909.1/75 mA g 350
KB EC300JD 2200/0.1 214
Graphite 560/0.1 19
250/0.1 175
210/0.05 150
Darco G-60 280/0.05 342
170/0.05 343
180/0.05 344
Norit carbon black 4400/70 mA g 308
Calgon activated black 80/0.05 336
Ensaco 250G 550/0.1 214
Chevron activated black 1410/0.1 19
Activated Carbon SY TC-03 2310.9/0.1 334
Activated carbon M-30 2120/0.05 91
Denka 750/0.1 214




Energy & Environmental Science Page 140 of 140

25/0.05 336 |

Table 3 Summary of the composition, size, phase properties, charge-discharge voltages and discharge capacities of the carbon-supported bimetallic gold-platinum

nanoparticles with different alloyed phase structure. Reprinted from [ref. 418]
. Lattice parameter (a) Dsicharge Difference
Treatment Particle - Charge
Catalyst . extracted from XRD Comments Vonset Vgischarge Capacity AV(V.-Vy)
temp. (°C)  size (nm) r Veharge (VL)
data (nm) (VLi) (VLi) (mAh Learbon ) (V)
C — — — — 2.7 2.6 1022 4.5 1.9
Pt/C — 2-3 a(Pt)=0.392 (E-tek catalyst) 2.7 2.5 605 39 1.4
Au,,Pt5/C(a) 300 4.2+0.4 a(AuPt)=0.397 Partial alloy 2.8 2.7 1104 4.0 1.3
Au,,Pty5/C(b) 500 5.6+£0.8 a(AuPt)=0.397 Alloy 2.8 2.7 1093 3.9 1.2
a(Au)=0.406 Au-rich shell,
Auy,Pt;/C(c) 700 6.5+1.0 2.7 2.4 630 4.4 2.0
a(AuPt)=0.396 alloy core
AuyyPts,/C 400 4.5+2.2 a(AuPt)=0.395 Alloy 2.8 2.7 1329 4.0 1.3
Au/C 280 3.7£0.6 a(Au)=0.408 — 2.6 2.4 1237 4.0 1.6

Table 4 Discharge capacity of cycles 1 and 5 based on various metal oxides. Reprinted from [ref. 193]

Capacity (mAh g™)

Catalyst " " Capacity retention per cycle (%)
1" cycle 5" cycle

MnO, 262 653 248
Co304 199 304 152

NiO 298 362 121
Fe,04 264 285 108

CuO 292 658 225

V,05 216 829 383
MoO; 152 152 100

Y,04 238 213 89

1? Electrolyte decomposition



