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Review on Air Cathode in Li-Air Batteries
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Abstract: Lithium-air (Li-air) battery is a promising electrochemical system with unprecedented high energy density.
However, many problems and challenges prevent its wide scale application and commercialization. Low oxygen diffusion
rates and large voltage gap are two of the main problems in Li-air battery. These two problems are related to the
materials used in the air cathode such as porous carbon materials and metallic catalysts. This review seeks to discuss
various materials used in the air cathode for Li air batteries. Mechanism of reaction in air cathode will be elucidated and

discussed.
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1. INTRODUCTION

Li-air (Li-air) battery was firstly developed in 1976.
Nevertheless, it only started to gain popularity and
recognition in the late 2000s with advances in materials
technology and growing demand for non-fossil fuel
energy sources [1]. Li-air batteries (Figure 1) generate
energy through oxidation of lithium at the anode and
reduction of oxygen at the cathode. Theoretically, it has
10-fold higher energy densities as compared to the
current state-of-art lithium-ion batteries. Depending on
the types of electrolytes, Li-air batteries can be divided
into four categories: aprotic [2, 3], aqueous [4], solid
state [5] and mixed aqueous/aprotic [6, 7]. Rapid
development of Li-air battery in the past decade
resulted in quite a number of sinificant publications on
all aspects of Li-air battery, including anode [8],
cathode [9, 10], electrolyte [11] and overall review [12].

The cathode of Li-air battery is the key in enhancing
Li-air battery’s performance. It consists of three
components namely porous carbon material, binder
and catalysts. It is where oxygen reduction reaction
(ORR) takes place [13]. The mechanism of ORR s still
poorly understood because of its complexity. However,
there is a commonly accepted viewpoint [14] for aprotic
Li-air cells which is now the prevailing category.
Mechanism of ORR in aprotic Li-air battery is depicted
in Figure 2. Firstly, oxygen molecule O, undergoes a
one-electron redox process (r; in Figure 2) resulting in
formation of superoxide anion radical (O;). In the
presence of Li", LiO, is formed (rs in Figure 2). This is
followed by a disproportionation reaction to form lithium
peroxide (r, in Figure 2). In case of insufficient of
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oxygen supply and abundant of Li" cation, lithium oxide
(r7 in Figure 2) will be formed instead which severely
affect the cyclability of Lithium air cells as lithium oxide
is not easily decomposed even under very high
potential. Thus, oxygen transport and discharge
potential have great impact on energy generation and
capacities [15]. Employing proper porous carbon
materials and catalysts in the cathode will ensure
proper oxygen transport, charged and discharged
potential. This paper attempts to provide a
comprehensive review on porous carbon materials and
catalysts of the cathode of Li-air battery.

2. POROUS CARBON MATERIAL

Porous carbon material is an indispensable
ingredient in the cathode of a Li-air battery. It is used
as a substrate to load catalysts and discharge
products. The specific surface area (SSA) of the
porous carbon materials is the vital parameter to
indicate its electrochemical performance. Porous
carbon material with high SSA contains high amount of
small pores which act as “highways” for air diffusion.
However, a high SSA does not necessary lead to high
specific capacity as smaller pores may not function
properly [16]. In the following section, the commonly
used carbon materials and criteria as a good carbon
support will be reviewed.

2.1. Commercial Porous Carbon Material

Commercial porous carbon materials usually have
high surface area (1~3><103 mzlg) and demonstrate
excellent performance when utilized in the cathode of
Li-air battery.

M-30 is a porous carbon material produced by
Osaka Gas Chemicals Co. Ltd. It has a very high SSA
of 2500 to 3200 m’ g'l. When used as an active
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Figure 1: The charged and discharged process of Li-air batteries. Reprinted from ref. [1].
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material for air electrode without other catalysts, it
produces a capacity of over 1500 mAh/g with a current
density of 0.05 mA cm?in the presence of 0.2 M Li-salt
of LiISO3;CF; (dissolved in a 1:3 weight ratio mixture of
propylene carbonate and 1, 2-dimethoxyethane). This
is considerably lower than other carbon porous material
with lower SSA [17]. A new air electrode model was
established by Zheng et al. to explain this
phenomenon. According to air-electrode model, the
pores in carbon material are divided into three
categories: micro-pores, macro-/meso- pores and inter-
particle pores (Figure 3). M-30 is mostly constituted by
micro-size pores and macro-/meso- pores which can
easily block oxygen diffusion when filled with liquid
electrolyte. In addition, these two kinds of pores can
also be easily blocked by precipitation of reaction
products (such as Li,O,) [9, 18]. Thus, it can be
concluded that the majority of the specific capacity is
contributed by inter-particle pores.

Inter-particle pored

Micro-pores

Macro-/Meso-pores

Figure 3: Types of pores in air cathode of Li-air batteries.
Reprinted from ref. [16].

Super P; a product of Timcal, is a conductive
carbon black widely used as additives in primary Zinc-
carbon and lithium batteries. Although its SSA is
relatively low, its electrochemical performance is
excellent. For instance, Freunberger et al. constructed
a Li-air battery using Super P/Kynar as porous
cathodes in an ether-based electrolytes which
generated a capacity of ca. 3000 mAh/g at a current
density of 70 mA/g in the first cycle [19]. This is much
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higher than most kinds of amorphous carbon even
those with have higher SSA. To demonstrate the
impact of SSA on formation of discharge products, they
replaced Super P with two other carbons having higher
surface area: Ketejen Black (Product of Akzonobel with
a surface area of 1400 m2/g), and Black Pearls 2000
(Product of Cabot with a surface area of 1369 m2/g).
They examined the discharged products by powder x-
ray diffraction (PXRD), Fourier transform infrared
spectroscopy (FTIR), and nuclear magnetic resonance
(NMR) spectroscopy; and found most of the reaction
products are identical with only slight difference in
ratios. However, polyethers and esters can only be
found when Black Pearls are used as carbon substrate.
The fact that two different kinds of carbon materials
with similar specific surface area resulting in different
discharge products indicates morphology of carbon
materials is also a critical factor.

Ketejen Back (KB) EC600JD, a product of
Akzonoble, also has an excellent electrochemical
performance. A specific capacity of 5813 mAh/g under
a current density of 0.1 mA/cm? can be reached without
the use of catalysts [20]. The air cathode was prepared
by mixing KB and polyvinylidene fluoride (PVDF) in a
40:60 ratio (w/w) and tested in an electrolyte of 0.9 M
LiPF; in ethylene carbonate (EC): propylene carbonate
(PC) 1:1 (w/w). They also found that increased carbon
loading lead to decreased porosity of the electrode
which resulted in a negative impact on specific
capacity.

Commercial carbon black material doped with
nitrogen can also be used to make air electrode.
Nitrogen atoms provide additional electrons to the
carbon lattice [21]. Thus, reducing the energy gap
between the highest-occupied and lowest-unoccupied
molecular orbitals. This facilitates electron transfer from
carbon material to adsorbed oxygen species [22, 23].
Kichambare et al. found that the N-doped carbon
materials has 0.2 V higher discharge potential and
almost doubled capacity than those of pristine carbon
materials [24]. However, a research conducted by Li et
al. shown that the discharge specific capacity is closely
related to the specific surface area of mesopores and
have little thing to do with the atoms doped [25].

2.2. Carbon Nanotube/Nanofiber

Carbon nanotubes (CNT) have high electronic
conductivity and specific surface area, which make
them suitable materials for air cathode. N-doped CNTs
perform even better due to its improved electronic

conductivity [26] and its catalytic role. Li et al. prepared
an air cathode by mixing N-CNTs and PVDF in a ratio
of 9:1 (w/w) and demonstrated an initial discharge
capacity of 866 mAh/g at a current density of 75 mA/g
which is about 1.5 times as much as that of CNTs (590
mAh/g) [27]. The N-CNTs electrode also showed an
average discharge plateau of 2.51 V, which is 0.1 V
higher than that of pristine CNTs electrode. These
results indicate electro-catalytic activity of N-CNTs
facilitates the cathodic reactions during discharge [24].

CNT can also be modified to achieve high
gravimetric capacities. Zhang et al. produced
CNT/carbon nanofiber or buckypapers using a mixture
of single-walled carbon nanotube (SWCNT) and carbon
nanofiber (CNF) at the ratio of 1:3 (w/w) [28].
Entanglement of SWNTs and CNFs in the buckpapers
ensured good mechanical property which prevents
pulverization during charge-discharge cycles (Figure
4). For CNT buckypapers, thickness of the air electrode
affects the discharge capacity. Thin air electrode with a
thickness of 20 um generates a specific capacity of
2550 mAh/g at a discharge current density of 0.1
mA/cm®. However, the capacity decreased rapidly to
1580 and 350 mAh/g when the thickness of the
electrode was increased to 66 and 220um,
respectively. This may indicate easier blockage of
pores in thicker air cathode due to a longer pathway.

Figure 4: SEM image of a buckypaper surface. SWNTs and
CNFs are entangled together to increase the strength of
buckypaper. Reprinted from ref. [26].

Freestanding CNF electrodes can be fabricated by
atmospheric pressure CVD method on porous
anodized aluminium oxide (AAQ) substrates coated
with two thin layers of Ta (30 nm in thickness) and Fe
(2 nm in thickness) (Figure 5) [29]. Due to the unique
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Figure 5: (a) Cross-sectional (70°-tilt) SEM micrograph of the porous anodized aluminium xide (AAO) filter Inset: schematic
presentation of the electrode after deposition of metal thin films (Ta 30 nm, Fe 2 nm) onto one side of the AAQO filter. (b) Cross-
sectional (70°-tilt) SEM image of the AAO filter after nanofibergrowth. Inset: schematic representation of the electrode after

catalyzed growth of carbon nanofibers. Reprinted from ref. [27].

structure of this material, different structures of Li,O,
were formed during different depth of discharge. At the
beginning of the discharge, discrete spherical particles
with an average diameter of ca.100 nm were found on
the CNF sidewalls. After that, toroidal-shaped particles
with an average diameter of ca.400 nm appeared. At
the end of discharge, the discrete particles merged to
form a monolithic Li,O, mass which blocks oxygen
transport. At a current density of 63 mA gc'l, an
outstanding discharge capacity of 7200 mAh gc'l can
be achieved.

2.3. Mesocellular Carbon Foam

Mesocelluar carbon foams (MCF-C) can also be
implemented as air cathode [30]. MCF-C can be
prepared by using sucrose as carbon source and
mesocelluar foam silica (MCF) as removable template
It has well-defined spherical cell pores with a uniform
inner diameter of ca. 28 nm and outer diameter of ca.

38 nm (Figure 6). These ultra-large mesopores are not
easily blocked by liquid electrolyte and discharge
products: thus, making it favorable for oxygen diffusion
and subsequently superior specific capacity. In the
electrolyte of 1M LiClO4/propylene carbonate, MCF-C
with a specific surface area of 824 m*/g can deliver a
discharge capacity of 2500 mAh/g at a current density
of 0.1 mA/cm?, which is about 40% higher than that of
Super P.

2.4. Graphene

Graphene is a two dimensional material consisting
of a single layer of carbon atoms arranged in a
honeycomb or chicken wire structure. It has high
electrical conductivity and other outstanding electrical
properties making it suitable for energy generation and
storage [31]. Theoretically, single-layer graphene sheet
has the highest specific surface area of 2630 m?/g.
However, graphene derived from microwave- and

Figure 6: TEM image of (a) MCF-silica and (b) MCF-C. The structure of MCF-C is not exactly the same as that of its template
(MCF-silica), but the framework was still maintained. Reprinted from ref. [28].
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thermally-exfoliated graphene oxide can achieve a
specific surface area up to 3100 m2/g due to KOH
activation [32].

Graphene nanosheets (GNSs) can be used in
production of air electrode [33]. They have lower
voltage gaps, better cyclabilities and 30% higher
specific capacities as compared to that of Vulcan XC-
72, a carbon black product of Cabot, which is often
used as carbon substrate for air cathodes. These
improvements might be attributed to presence of
carbon vacancies and defects on the synthesized
GNSs surface. GNSs can also be doped with nitrogen
for better electrochemical performance [34]. N-doped
GNSs has ca.0.2V higher ORR potential than pristine
ones. Li et al. also demonstrated that the doping of
nitrogen atoms can lead to a higher specific capacity
[35].

To further improve its performance, Xiao et al.
prepared a functionalized grapheme nanosheet (FGS)
with ideal bimodal porous structure by thermal
expansion method [18, 36]. The bimodal porous
structure of FGSs contained large tunnels and small
pores. During discharge, the robust large tunnels can
function as “highways” to supply oxygen to the interior
parts of air electrode. Meanwhile, the small pores on
the walls provide triphase regions (solid-liquid-gas)
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required for oxygen reduction. These functionalized
graphene nanosheets (FGSs) has a C/O ratio of ~14
and ~100. FGS with a C/O ratio of ~14 (specific
capacity of about 15000 mAh/gcamon) had a better
performance than FGS with a C/O ratio of ~100
(specific capacity of about 9000 mAh/gcamon) in 0Xygen
(2atm) (Figures 7a and 7d). FGS with higher C/O ratio
has less lattice defects and/or functional groups in
grapheme resulting in lower electrochemical
performance of the cell. In ambient environment, the
specific capacity still exceeded 5000 mAh/gcarpon at the
same current density (Figure 7c). Then they used DFT
calculation to further confirm their discoveries. These
calculations were performed by Vienna ab initio
simulation package (VASP). The results demonstrated
that the binding energy of Li,O, (-0.26eV) monomer
become much stronger at the vicinity of 5-8-5 defect
site (-0.70eV) and even stronger with a —COOH group
associated (-0.90ev). This indicates that Li,O, particles
tended to nucleate and grow around defect sites.
Another calculation showed that aggregation of (Li,O,),
clusters are energetically unfavorable and the clusters
tended to be isolated rather than growing larger. The
result is that the air tunnels will not be easily blocked,
thus induce a higher specific capacity.

Free-standing graphene in nickel foam can be
synthesized through in situ sol-gel method and can be
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Figure 7: The discharge curve of different Li-air cells in different environment. (a) The discharge curve of a Li-air cell using FGS
(C/O =14) as the air electrode (Po2 = 2 atm). (b) The same Li-air cell as in (a) tested in pure argon. (c) The discharge curves of
pouch-type cell (as the inset shows) using the same FGS as mentioned above tested in the ambient air. (d) Discharge curve of
Li-air cell using FGS (C/O=100) as air cathode (Po2=2 atm). Reprinted from ref. [17].



298 Journal of Technology Innovations in Renewable Energy, 2013 Vol. 2, No. 4

Zhaet al.

used as current collector without addition of binder [37,
38, 39]. Modified nickel foam was made from treating
pristine nickel foam in a growth solution containing Ni
salt. GO dispersion was then treated with organic sol-
gel method and casted onto the nickel disks. Due to the
weak acid, part of the nickel foam was etched and
dissolved in the solution forming NiOOH which acts as
a binder between the precursor gel and the nickel
foam. The dry gel embedded in the nickel foam was
carbonized in N, forming free-standing hierarchically
porous carbon (FHPC) electrodes which were used as
cathodes for Li-O, batteries. This battery demonstrated
a remarkable performance for the discharge capacity
(11060 mAhg'l) at a current density of 0.2 mAcm 2
(280 mAg ™).

In short, carbon materials can act as air diffusion
tunnel. However, their catalytic activities are relatively
weak. Carbon materials only are incapable of
diminishing the voltage gap between oxygen evolution
reaction (OER), the charge reaction of Li-air batteries,
and oxygen reduction reaction (ORR), the discharge
reaction of Li-air batteries resulting in lower round-trip
efficiency. Catalysts such as metallic catalysts can be
used to reduce the voltage gap between OER and
ORR.

3. METALLIC CATALYSTS

Metallic catalysts reduce the voltage gap between
OER and ORR by lowering the voltage plateau of OER
and alleviating that of ORR, which results in a high
round-trip  efficiency. Chemical properties and
nanostructures of the catalysts have major impacts on
the cell performance. In addition, it affects the
reversibility of Li-O, battery by altering the discharge
product ratio of Li,O, and Li,O. Li,O, is a favorable
discharge product for specific capacity. Meanwhile,
Li,O is electrochemically inactive. Accumulation of Li,O
causes the attenuation of the discharge capacity.
Catalysts can also promote oxygen reduction reaction
in the cathode by assisting the cleavage of di-oxygen
bond and formation of Li,O,. The following section
details various catalysts used in Li-air batteries.

3.1. Metal Oxide

The mechanism of metal oxides -catalyzed
electrochemical reaction in Li-air battery remains
unclear. Nevertheless, research shows metal oxides
can accelerate oxidation of lithium metal. These metal
oxides may also accelerate the electrochemical
reaction in ORR and assist decomposition of lithium
oxide in OER.

Manganese oxide (MnOy) is one of the frequently
used metal oxides for Li-air batteries. a-MnO, has a
high discharge voltage plateau of 2.7-2.9 V with fair
capacity of 545 mAh gcmyst'l at a current density of
0.025 mA/cm’ [40]. The superior performance of a-
MnO, is mainly due to the bifunctional catalytic
activities of a-manganese oxide which lead to high
decomposition rate constant (0.53+0.03 st g'l) [41].

Various modifications have been attempted on
MnO, to further improve its electrochemical
performance. For example, Cao and his coworkers
grew a-MnO, nanorods in situ on graphene as
catalysts for Li-air batteries [42]. The a-MnO,/GN
hybrid demonstrated an exceptional high reversible
specific capacity of 11520 mAh gcarbon'l at a current
density of 200 mA gcarbon'l. It also reduced the voltage
gap between charging and discharging to 1.0 V. A
relatively good capacity retention was demonstrated
when the discharge depth was controlled at 2900
mAh/g. The hybrid exhibited considerably low charge
voltage for the OER process at about 3.85 V, which is
comparable to that of catalysts based on noble metals
(Figure 8). The superior performance of the hybrid was
attributed to presence of larger pore volume on the
hybrid catalyst [42].
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Figure 8: Charge and discharge curves of Li-air batteries
based on different catalysts. The hybrid perform much better
than these two kinds of mixture. Reprinted from ref. [39].

Carbon-supported manganese oxide (MnO;) is
another type of modified manganese oxide used as a
catalyst for Li-air batteries [43]. It is synthesized by
uniformly distributing MnO, nanoparticles (20-50 nm)
on carbon matrix (Figure 9). Cathodes containing these
MnO, nanoparticles were assembled into a Swagelok
cell with 1M LiPFg in propylene carbonate electrolyte.
The discharge capacity was about 4150 mAh gcarbon'l
with the discharge potential of 2.5 -2.7 V (Figure 10).
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This nanocatalyst has higher electrochemical
performance in comparison to electrolytic manganese
dioxide (EMD) which can be further enhanced by
thermal treatment.

A Catalyst
100 nm

Figure 9: TEM image of the Norit carbon-supported

manganese oxide. MnO; nanoparticles are uniformly

dispersed on carbon substrate. Reprinted from ref. [40].
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Figure 10: Voltage—capacity curves of the first cycle of Li-air
batteries using EMD, MnOy with or without heat treatment at
a current density of 200 mA gcarbon'l. Reprinted from ref.
[40].

Li et al. coated MnO, nanoflakes onto multi-walled
carbon nanotubes (MWNTs) as catalyst for an
optimized air cathode [44]. This battery delivers a large
capacity of 1768 mAh/gcamon at a current density of 70
MA/gcarbon IN Oz, While the charge voltage potential was
3.8 V [45]. This phenomenon may be attributed to the
chemical bonds between MWNTs and MnO.,.

To increase and stabilize the porosity of air cathode,
Ida et al. prepared manganese oxides with card-house-
like structure [46]. The molar ratio (e /Oy) in the
discharge reaction was approximately 2, which means

almost only Li,O, was produced. This in turn indicates
that Manganese oxide with this kind of structure has a
higher catalytic activity than that of EMD.

Lee et al. synthesized Nag44MnO, nanowire with a
tunnel-type crystal structure by a hydrothermal method
and used it as air cathode [47]. An excellent specific
capacity of ~5700 mAh/g can be reached in 1.0 M
LiPFs in tetraethylene glycol dimethoxyethane
(TEGDME). To further improve the performance, they
treated the pristine samples with nitric acid to prepare
acid-leached Nag44MnO, nanowires to induce more
structural defects. An extraordinary specific capacity of
~11 000 mAh /g at a rate of 70 mA/g of carbon was
reached in the first cycle, almost double than that of the
pristine Nag 44MnO, (~5700 mAh/g). Both pristine and
the acid-leached Nag.sMnO, show much better
performance than a-MnO; (2300 mAh/g).

In addition to MnO,, Co30, is another typical type of
metal oxide. Cui et al. designed a free-standing-type air
cathode by growing CozO4 nanorods on Ni foam [48]. It
has a discharge and charge voltage of 2.95 V and 3.44
V, respectively at a specific capacity of 4000 mAh/g
(the mass of the cathode includes carbon, binder and
catalyst). This extraordinary performance is due to the
bifunctional catalytic activities of Co30,4[49].

Liang and his coworkers loaded Co30,4 nanocrystals
onto graphene nanosheets by a modified Hummers
method [50]. They found that these Co03;0, and
graphene hybrids, especially Coz04/N-rmGO, exhibited
surprisingly high ORR activities which is comparable to
that of fresh commercial Pt/C. Oxygen reduction
polarization  curves shows 10,000-25,000s of
continuous operation with little decay. It also
demonstrated higher stability and durability.

In short, metal oxide can sustain constantly altering
current during charging and discharging process.
Batteries using these catalysts have excellent
recyclabilities.

3.2. Noble Metal Catalyst

Although not as stable as metal oxide, pure metals
have higher conductivity and cells utilize them as
catalysts have outstanding cyclability. Noble metals are
resistant to corrosion and oxidation in moist air.
Ruthenium, rhodium, palladium, silver, osmium, iridium,
platinum, and gold are common noble metals. They are
widely used as catalysts in cathodes for fuel cells in the
past decades [51]. Nowadays, their application has
been widened to include catalysts for Li-air batteries.
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Lu et al. synthesized PtAu bifunctional
electrocatalyst to reduce voltage gap and achieve high
round-trip efficiency [52]. The Pt element in PtAu
bifunctional electrocatalyst significantly decreases OER
potential; meanwhile Au element in PtAu bifunctional
electrocatalyst increases ORR potential [53, 54, 55].
The high ORR catalytic performance and low OER
catalytic performance of noble metal catalysts such as
Pt and Au nanoparticles are probably due to the strong
anti-bonding o*(2p;) level of metal substrate in the
Li,O, conduction and low coupling level of metal
substrate in the Li O, bulk states [56].

Yang et al. used platinum nanoparticle-loaded
graphene hybrids as cathode catalysts for Li-air
batteries [57]. Compared with free-standing graphenen
nanosheetsthe PiNP-GNS showed a decreased
voltage gap and an increased specific capacity.

In addition to the noble metal catalyst, electrolyte
solvent decomposition causes a major problem in
electrochemical reaction. McCloskey and his coworkers
compared the catalytic activities of four different
materials namely Vulcan XC72, 40 wt% Au/XC72 and
40 wt% Pt/XC72 anda-MnO, nanowires in 1PC:1DME
[58]. Figure 11a shows Pt/XC72 has excellent voltage
gap reduction. Nevertheless, Figure 11b and 1lc
depicts high amount of CO, was evolved and low
amount of O, during the charge-discharge procedure
which indicated Li,O, decomposition. Thus, the voltage
gap reduction was not due to the improvement of ORR.
Instead, it was due to the decomposition of electrolyte
solvent. When electrolyte solvent 1DME was used
instead of 1PC:1DME, only Pt/XC72 showed voltage
gap reduction property (Figure 12). Thus, “superior”
performance of Pt/XC72 is probably due to its ability to
catalyze decomposition of DME , which must be
alleviated as much as possible.

Cheng et al. compared the catalytic performance of
metals (Pt,Pd and Ru) and their oxides [59]. They
concluded that metal oxide catalysts have better
stability and underwent a smaller surface change; thus,
better capacity retention.

Pt nanoparticles also were loaded onto mesoporous
carbon nitride (MCN) as a bifunctional air electrode for
a solid-state lithium air cell [60]. The Pt@MCN
electrode delivered high round-trip efficiency up to 87%
with a high discharge voltage at around 2.87 V and a
very low charge voltage at about 3.30 V. When the
carbon substrate was changed to acetylene black (AB),
the Pt@AB showed a similar OER voltage indicating Pt
nanoparticles are responsible for the OER kinetics.
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Figure 11: (Left) Gas evolution fromcells employing
1PC:1DME. (a) Discharge-charge voltage curves, and
corresponding O2 (b) and CO2 (c) evolutionduring charging
of cells using various cathode catalysts. Reprinted from ref.
[55].

3.3. Multi-Metal Oxide

Trahey et al. implemented lithium-metal oxides with
a high formal Li;O content [61], such as LisFeO,
(5Li,O*Fe,03) and a Li;MnOzeLiFeO, composite
(<Li,0*MnOy><Li,0OFe,03>) as electrochemical catalysts
for air cathode, because they thought the Li,O
extraction process will favor an outstanding
performance of Li-air cells. LisFeO, shows a much
better electrochemical activity after the first charge.
Acid treated Li,MnOseLiFeO, also demonstrates a
better electrochemical performance than that of the
pristine one. This proved that these materials can be
activated after Li,O removed. From all these results,
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they believed that they are extending a promising
approach to ensure the reversibility of lithium air
batteries from the extraction and accommodation of
Li,O with the catalysts.

mA/g. Besides this, the cell showed an average
discharging voltage of about 2.95 V and an average
charge voltage of 3.75V in pure oxygen, which means
the voltage gap is only 0.8V. These results proved a
covalently coupled MnCo,0,—graphene hybrid material
is an active, stable and low-cost cathode catalyst for
Li—O, batteries.

Zhang and his coworkers utilized hollandite
AgoMngOy¢ as catalyst for Li-air batteries [64]. The
catalyst was prepared by solid-state chemical method.
Li-cell with AgoMngO,6 catalyst had a higher specific
capacity and discharge voltage platform than that
without catalyst (Figure 13).
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Figure 12: (Right) Gas evolution from cells employing DME.
(a) Discharge- charge voltage curves, and corresponding O»
(b) and CO: (c) evolution during charging of cells based on
diverse cathode catalysts. Reprinted from ref. [55].

Multi-metal oxides containing Co and Mn elements
have bifunctional catalytic activity. Wang et al. grew
CoMn,04 spinel Nanoparticles on graphene as catalyst
[62]. RDE measurement confirmed the bifunctional
catalytic activity of the material.

MnCo,0,—graphene hybrid can also be utilized in
air electrode [63]. The cells demonstrated a specific
capacity of 3784 mAh/g based on the total mass of the
MnCo,0,—graphene hybrid at a current density of 100

0.0

0 100 200 300 400 500

Discharge capacity / mAh-g"
Figure 13: Discharge curves of Li-air cells with or without the
catalyst Ag-MngOs¢ at a current density of 0.2 mA/cm™. The

curves proved catalytic activity of this product. Reprinted from
ref. [61].

3.4. Metal Organic Compounds and Metal Nitrides

Metal nitrides and metal organic compounds are
also used as catalyst in Li-air batteries. Zhang et al.
used FeCu-phthalocyanine (FeCuPc) complexes as the
catalyst [65]. In this experiment, they adopt a special
electrolyte using 7:3 (wt.) propylene carbonate
(PC)/tris(2,2,2-trifluoroethyl)  phosphate (TFP) as
solvent, which proved to be superior to other
carbonate-based electrolytes [66, 67]. The FeCu/C
material was then prepared by absorbing FeCuPc
complex onto Ketjenblack EC-600JD carbon black and
subsequently heated. FeCu/C also demonstrated a
lower impedance and lower current in comparison with
control cell with pristine carbon. Considering the fact
that metal oxide will form at a high temperature, they
concluded that the 0.3V higher open-circuit voltage was
due to the catalyst itself. In the consecutive discharge
test, the FeCu/C cell shows about 0.2V higher
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Figure 14: (a) at the current density of 0.08 mA cm’?; (b) CV curves at a scan rate of 1ImV st (c) discharge curves of MON/NGS
at different current densities; gd) cycle performance of MON/NGS cathode based Li-air batteries with capacity restriction at a
current density of 0.08 mA cm™ (red) and the resulting cutoff voltage of discharge (black). Reprinted from ref. [65].

discharge voltage than the control cell. But if we do not
take the capacity of the second voltage plateau of 1.7
V, which is due to the catalyst-induced solvent
decomposition [68], into account, the specific capacity
of the FeCu/C cell is a little lower than that of pristine
carbon cell. Similar results could also be obtained from
intermittent discharge. They subsequently designed an
experiment to prove that the FeCu/C not only
accelerates the formation of Li,O,, but also catalyzes
the non-redox Li,O, disproportionation, although its
activity on this reaction not so effective as its activity on
the formation of Li,Os.

Dong et al. utilized molybdenum nitride as catalyst
[69]. MON/NGS were synthesized through a
hydrothermal reaction followed by ammonia annealing.
SEM and TEM images showed that MoN nanoparticles
was dispersed homogeneously on the thin layer of
GNS. As depicted in Figure 14, the specific capacity of
1000 mAh/g at a current density of 0.08 mA cm? did
not seem a high capacity, but voltage plateau between
3.2 and 3.0 V was even higher than that of PtAu/C
(around 2.8V) [52].

Zhang et al. prepared a multi-metal nitride CozMo3N
as catalyst by nitriding a cobalt molybdate hydrate
(CoMo00O,) precursor [70]. As depicted in Figure 15, the
catalyst could not dramatically enhance the initial
specific capacity. However, it displayed excellent
bifunctional electrocatalytic activity for ORR/OER.
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Figure 15: Li-air cell discharge/charge profiles of super P and
CosMosN-based electrode at the current density of 0.1 mA
cm 2 for (a) the first cycle and (b) the second cycle. From
these discharge curves, the catalyst showed an apparent
bifunctional catalytic activity with a decreased voltage gap
Reprinted from ref. [66].
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Preparing mesoporous oxides without using hard
scaffolds is an important progress [71]. Si Hyoung Oh
and his coworkers implemented a metallic mesoporous
pyrochlore as a catalyst for air cathode [72]. The cell
using mesoporous pyrochlores as catalyst exhibited
high reversible capacity of 10000 mAh/g (electrode
weight including the discharge product) by the third
cycle at a current density of 70 mA/g of carbon.

4. CONCLUSIONS AND PERSPECTIVES

The use of porous carbon-based materials as air
cathode substrate helps the diffusion of oxygen. Pores
on micrometer length scales acts as “highway” for
oxygen transport. Catalysts loaded onto porous carbon
materials increases the rate of OER and ORR and
maintains a balance between oxygen diffusion and the
two reactions to enhance the performance of the
batteries. They also decrease the voltage gap between
two reactions to achieve high round-trip efficiency.

Air cathode of Li-air batteries should have carbon
material with proper pores diameter in order to have
sufficient air diffusion. It should also contain catalysts
with suitable nanostructures to enhance electrical
transport. As pores of air cathode are always blocked
by discharge products which severely affect the
cyclability of Li-air batteries, it will be crucial to control
the deposition of the discharge products to ensure
highways for air diffusion will not be blocked. In
addition, the mechanism of electrocatalysis is still
poorly understood. Thus, it will be difficult to design
suitable nanostructures for the catalysts. Finally, it is
also necessary to design a mechanism to prevent CO,
and H,O invasion on air cathode as this will severely
deteriorate the performance of air cathode.
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