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Oxygen electrocatalysts in metal—air batteries:
from aqueous to nonaqueous electrolytes

Zhong-Li Wang, Dan Xu, Ji-Jing Xu and Xin-Bo Zhang*

With the development of renewable energy and electrified transportation, electrochemical energy
storage will be more important in the future than it has ever been in the past. Although lithium-ion
batteries (LIBs) are traditionally considered to be the most likeliest candidate thanks to their relatively
long cycle life and high energy efficiency, their limited energy density as well as cost are still causing a
bottleneck for their long-term application. Alternatively, metal—-air batteries have been proposed as
a very promising large-scale electricity storage technology with the replacement of the intercalation
reaction mechanism by the catalytic redox reaction of a light weight metal-oxygen couple. Generally,
based on the electrolyte, these metal-air batteries can be divided into aqueous and nonaqueous
systems, corresponding to two typical batteries of Zn—air and Li—air, respectively. The prominent feature
of both batteries are their extremely high theoretical energy density, especially for nonaqueous Li-air
batteries, which far exceeds the best that can be achieved with LIBs. In this review, we focus on the
major obstacle of sluggish kinetics of the cathode in both batteries, and summarize the fundamentals
and recent advances related to the oxygen catalyst materials. According to the electrolyte, the aqueous and
nonaqueous electrocatalytic mechanisms of the oxygen reduction and evolution reactions are discussed.
Subsequently, seven groups of oxygen catalysts, which have played catalytic roles in both systems, are
selectively reviewed, including transition metal oxides (single-metal oxides and mixed-metal oxides),
functional carbon materials (nanostructured carbons and doped carbons), metal oxide—nanocarbon
hybrid materials, metal-nitrogen complexes (non-pyrolyzed and pyrolyzed), transition metal nitrides,
conductive polymers, and precious metals (alloys). Nonagueous systems have the advantages of energy den-
sity and rechargeability over aqueous systems and have gradually become the research focus of metal-air
batteries. However, there are considerable challenges beyond catalysts from aqueous to nonaqueous
electrolytes, which are also discussed in this review. Finally, several future research directions are
proposed based on the results achieved in this field, with emphasis on nonaqueous Li—air batteries.

the so-called renewable and “green” electricity generated from
natural sources, such as solar or wind, is intrinsically fluctuant

Energy and the environment are among the most important
issues of the twenty-first century. The global demand for energy
has been increasing rapidly and continuously.'” It is projected
that the primary energy demand will easily double within the
next 15 years. However, until now a significant portion (over
80%) of the total energy supply comes from fossil fuels, such as
coal, oil, and natural gas, causing a dramatic build-up of green-
house gases in the atmosphere, and even more seriously, it is
unsustainable there are finite reserves.” In response, energy
conversion from renewable sources has been considered as a
promising solution to significantly reduce the dependence on
fossil fuels that cause large amount of carbon dioxide. However,
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and intermittent because of the variety of weather conditions,
which thus essentially requires large-scale energy storage devices
to counterbalance its variability.® Among the various electrical
storage technologies, secondary electrochemical batteries are one
of the most efficient, simplest and reliable systems, which could
convert electrical energy directly into chemical energy or vice versa
by reversible electrochemical oxidation-reduction reactions.”
Rechargeable lithium-ion batteries are traditionally considered
as the most promising storage technology due to their relatively
long-cycling life (>5000 cycles) and high-energy efficiency (>90%).
On charging, lithium ions are deintercalated from the layered
LiCoO, intercalation host, passed across the electrolyte, and are
intercalated between the graphite layers in the anode. Discharge
reverses this process. There is little side reactions occurring
during the charge-discharge process. However, the insufficient
energy density of lithium jon batteries (theoretical value is
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~400 W h kg™") limits their long-term applications.>*® More-
over, even with optimization of this technology, using currently
available materials, it is still hard to meet the high energy
demands of large-scale electricity storage for renewable energy and
electric automotive vehicles."" The conventional intercalation reac-
tion mechanism almost limits the energy density of LIBs. In this
context, the exploitation of high-energy density storage technol-
ogies is urgently required. Fortunately, an alternative approach in
battery technology, is the replacement of the intercalation material
at the cathode with a catalytically active oxygen reduction reaction
(ORR) and an oxygen evolution reaction (OER) electrode. These
batteries, named as metal-air batteries, such as Zn-air batteries
and Li-air batteries, have attracted much attention due to their
extremely high energy density, low cost, and environmentally
friendly operation. Metal-air batteries generate electricity through
a redox reaction between the metal and the oxygen in air.
They are featured with an open cell structure, which admits
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the supply of the cathode active material (oxygen) continuously
and almost infinitely from an external source (air). Due to the
fact that the cathode oxygen is from air and not stored in the
cell, the metal-air family has a notably higher theoretical
energy density, compared with other traditional batteries such
as the primary Zn-MnO, (Zn-Mn), rechargeable lead-acid,
nickel-metal hydride (Ni-MH) and LIBs.'> Among metal-air
batteries, Zn-air batteries have been studied for many years and
the theoretical specific energy density of Zn-air batteries can
reach 1084 W h kg™ '.** They have many advantages such as a
flat discharge voltage plateau, high safety, low cost, and long
shelf life."*'® Recently, many efforts have been devoted to
Li-air battery research. Due to the nonaqueous reaction mecha-
nism and the lightest metal element of lithium, its theoretical
energy density is approximately 11680 W h kg™, nearly equi-
valent to gasoline.'” Undoubtedly, Li-air batteries are potential
next-generation energy storage devices.
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Fig. 1 Schematic structure of a metal-air battery (aqueous Zn-air and
nonaqueous Li—air) composed of a metal as the anode and a porous air
electrode as the cathode.

The structure of a metal-air battery is schematically shown in
Fig. 1, which is composed of a metal anode, an air electrode, and a
separator soaked in metal-ion conducting electrolyte. In a dis-
charge process, the metal anode is oxidized and releases electrons
to the external circuit. At the same time, oxygen accepts the
electrons from the anode and is reduced to an oxygen-containing
species. The oxygen-reduced species or dissociated metal ions
migrate across the electrolyte and combine with the counterpart
to form metal oxides. Conversely, the charge process is reversed,
with metal plating at the anode and oxygen evolving at the
cathode. Typically, metal-air batteries are divided into two types
according to the electrolyte: one is a cell system using an aqueous
electrolyte such as Zn-air and the other is a water-sensitive system
using organic electrolyte such as nonaqueous Li-air."*'® The
aqueous electrolyte configuration is widely used in Zn-air
batteries and has prominent virtues of low cost, wide availability,
and high ionic conductivity. However, for a light metal such as
Li, the theoretical value of the Li/Li* couple voltage is fairly
negative, leading to violent reactions between lithium and water
and making metallic lithium unsafe to operate directly in an
aqueous environment. As a result, the aqueous Li-air system
requires a specially designed water-stable layer or membrane to
protect the Li anode,"** which would add to the complexity of
the batteries. In contrast, the introduction of a nonaqueous
electrolyte significantly suppresses the anode corrosion and also
enhances the metal-air cell voltage.> In the nonaqueous system
it has been proved that the reduction products can be reversed
into the original reagents and is advantageous for the recharge-
ability. Moreover, the theoretical energy density of a nonaqueous
Li-air battery system is higher than that of an aqueous Li-air
battery system because of the water or acid being involved in the
reactions in the aqueous system. To date, the nonaqueous
configuration has attracted the most effort worldwide compared
to other electrolyte systems in Li-air batteries.

7748 | Chem. Soc. Rev., 2014, 43, 7746-7786

View Article Online

Review Article

In practice, energy conversion in an electrochemical processes
is often limited by high-activation barriers, which requires extra
energy to overcome them. The extent of the barrier is defined by
the overpotential or faradic efficiency. A high overpotential or
low faradic efficiency will lead to the waste of energy as heat.
Electrocatalysts are thus always applied to modify an electrode, in
order to lower the activation energy and increase the conversion
rate. The performance of an electrocatalyst could limit the
properties of an electrochemical system, such as energy effi-
ciency, rate capacity, lifetime, and cost, which makes it a key
component of efficient electrochemical conversion.” The funda-
mental reactions of Zn-air and Li-air batteries are as follows:
Zn + O, — ZnO and Li + O, — Li,0,, respectively. The reaction
process is similar to fuel cell with H, oxidation at the anode. In
these reactions, the common issue involves the oxygen electro-
chemistry. During the development of the above energy devices, it
was found that the main issue is the sluggish kinetics of the
oxygen electrochemical reactions, resulting in a limited practical
energy density. A typical discharge-charge loop is schematically
shown in Fig. 2. The overpotentials from both ORR (i discharge)
and OER (n charge) significantly diminish the power output and
round-trip efficiency of metal-air batteries. So the critical element
in the pursuit of this quest is the discovery of efficient and cost-
effective catalysts for use in electrochemical energy conversion
processes, such as the ORR and OER, which are central to the
efficiencies of fuel cells and metal-air batteries.® Due to the
similarity of principle between low-temperature fuel cells and
metal-air batteries, most of the catalytic materials are universal.

Great challenges still exist in oxygen electrocatalysts for metal-
air batteries, as mentioned in the previous reviews.»'*26731
Electrocatalysts for the oxygen reduction reaction and oxygen
evolution reaction play a key role and determine the power,
energy density, and energy efficiency of metal-air batteries,
especially for Li-air batteries. For example, current Li-air
batteries can only be discharged-charged at a current density
of 0.1-0.5 mA cm ™ ? (in comparison, >10 mA cm > for a Li-ion
battery, >1500 mA cm ™ for polymer electrolyte membrane fuel
cells), and the voltage gap between the charge and discharge is
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Fig. 2 A typical discharge—charge loop for a metal—-air battery.
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larger than 1.0 V, which results in a low voltage efficiency of <70% (in
comparison with >90% for a Li-ion battery).”® These can be largely
attributed to the poor performance of the air (oxygen) electrode
because of the sluggish kinetics for oxygen reduction/evolution. To
achieve the rational design of efficient catalysts for the ORR and
OER, it is also necessary to gain critical insights into the detailed
mechanisms of the ORR and OER at air electrodes. Although the
understanding of oxygen electrocatalysts in aqueous systems has been
developed over the last few decades, this process is just beginning for
nonaqueous Li-air cells, and the design principles for a good ORR or
OER catalyst are not yet established. Recent work by Giordani et al.
shows a strong correlation between the ability of the catalysts to
decompose hydrogen peroxide and the charging potential of Li-air
cells, and a relationship has been tentatively constructed among the
catalytic activity of a series of materials toward aqueous oxygen
electrocatalysis and nonaqueous electrocatalysis.>***

In this review, we will focus on the applications of oxygen
reduction and evolution electrocatalysts in metal-air batteries and
summarize the development of metal-air batteries from a material
chemistry point of view. Specifically, we will review the status and
challenges and provide a perspective of oxygen electrocatalysts for
aqueous and nonaqueous metal-air batteries. The content is orga-
nized as follows: (1) fundamental understanding of oxygen electro-
catalysis in aqueous and nonaqueous electrolytes, (2) current
electrocatalysts under investigation for metal-air batteries, (3) chal-
lenges from aqueous to nonaqueous electrolytes, and (4) concluding
remarks. Through this review, it will be emphasized that one catalyst
can simultaneously play catalytic roles in aqueous and nonaqueous
systems. Previous research mainly focued on aqueous systems, such
as fuel cell and Zn-air batteries, and the development of oxygen
catalysts in aqueous systems has made great progress recently.
However, for the nonaqueous Li-air batteries, the oxygen catalysts
are still in the early stages of development. Since the fundamental
features of the ORR and OER processes in aqueous and nonaqueous
electrolytes share similarities, what is learnt from aqueous systems
can promote the development of nonaqueous systems. The simila-
rity in both systems will provide some guidance for the development
of new electrocatalysts when we shift from aqueous to nonaqueous
systems. The discussions and insights provided in this review reflect
the most recent approaches and directions for oxygen electrocatalyst
developments and they will be directly applicable for the under-
standing and improvement of other oxygen conversion systems.
It should be noted that most Li-air batteries are tested in pure
oxygen in order to avoid contaminants from air, so ‘“Li-air” or
“Li-O,” are usually used without differentiation.

2 Oxygen electrochemical reactions

In this section, the basic oxygen electrochemical reactions in
metal-air batteries are discussed separately on the basis of
aqueous and organic electrolytes.

2.1 Oxygen electrochemistry in aqueous electrolyte

Alkaline solutions are commonly applied for aqueous metal-air
batteries because metal anodes are relatively stable and materials
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problems are less serious. On the contrary, the acidic electrolyte
is inappropriate for practical applications due to violent reac-
tions with the metal anode, leading to severe anode corrosion.
However, alkaline media also have some drawbacks when air is
used as the combustant, as carbonate ions accumulate in the
liquid electrolyte over time. To circumvent this drawback, it is
necessary to feed purified air or to employ a selective membrane
that is permeable to O,.

In aqueous electrolyte, the electrochemical reaction kinetics of
oxygen is generally rather slow, when without any catalysts. The
presence of an oxygen electrocatalysts can accelerate the ORR or
OER process. The ORR process in the air electrode of a metal-air
battery includes several steps: oxygen diffusion from the outer
atmosphere to the catalyst surface, oxygen absorption on the
catalyst surface, transfer of electrons from the anode to the
oxygen molecules, weakening and breaking of the oxygen bond,
and the removal of the hydroxyl ion product from the catalyst
surface to the electrolyte.>® The OER in a metal-air battery during
charging involves the reverse process of the ORR. However, the
electrochemistry of oxygen is very complicated and difficult to
describe due to its strong irreversibility, and the reaction process
contains a series of complex electrochemical reactions which are
involved in multi-step electron-transfer processes.>*’ Different
catalysts may correspond to different reaction mechanisms.
Metals and metal oxides are two types of classical oxygen catalysts
and their related mechanisms have been intensively studied. On
the surface of metal catalysts, a four-electron pathway or a two-
electron pathway may proceed for the ORR, depending on the
adsorption type.***® There are two adsorption types: bidenate
O, adsorption (two O atoms coordination with the metal) and
end-on O, adsorption (one O atom coordination perpendicularly
to the surface), corresponding to the direct 4e pathway and the
2e pathway (with generated peroxides), respectively. For the
bidentate type, the reactions are as follows:

0, + 2H,0 + 2¢~ — 20H,q, + 20H™
20H,qs + 26 — 20H

Overall: O, + 2H,0 + 4e~ — 40H™
For the end-on manner, the reactions can be given as:

0, + HyO + ¢~ — OH, g5 + OH ™
OH, g5 + € — OH,~

Overall: O, + H,O + 2e” — OH,” + OH™

The 2e oxygen reduction may be followed by either a further
2e reduction of peroxide or the chemical disproportionation of
peroxide:

HO,  + H,O +2e — 30H

or 2HO, — 20H + O,

In the case of metal oxides, the ORR pathways at the surface
follow the same principle, but with a different charge distribution.

Chem. Soc. Rev., 2014, 43, 7746-7786 | 7749
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The surface cations of stoichiometric oxides are not fully coordi-
nated with oxygen atoms. In aqueous solution, anion coordination
is completed by the oxygen of a water molecule. Consequently,
reduction of a surface cation by an electron from the external
circuit is charge-compensated by protonation of a surface oxygen
ligand.*® The corresponding pathways could be briefly given as:

2M™-0%" + 2H,0 + 2~ — 2M" D"_OH~ + 20H"
02 te - Oz,ad57

oMV OH™ + 0,445 + € — 2M™-0>" + 20H~
or more probably

M™-0*>" +H,0 +e~ —» M™ V"_OH™ + OH~
Oy te = Ozaas
MV OH™ + 0y04s — M™-0-0>" + OH™
M™-0-0> "+ H,0 +e~ - M"™ Y"-0-OH + OH"

M D*_0-OH +e —» M™—-0*> + OH~

The ORR pathways and mechanisms may vary with the cata-
lytic materials and electronic structure. Recent findings reflect the
critical influence of the o* orbital and the metal-oxygen covalency
on the competition between 0,> /OH™ displacement and OH™
regeneration on the surface of transition-metal ions as the rate-
limiting steps of the ORR, and thus highlight the importance of
the electronic structure in controlling the oxide catalytic activity.*°

The reaction pathways involved in oxygen evolution are also
rather complex. Oxygen is generally evolved from an oxide phase,
rather than the bare metal.**?” Thus, the mechanisms are also
likely to change depending on the electrode materials and the
site geometry of the metal cation. The changeable valance state
of the metal ion is important for oxygen evolution catalysis
because the catalysis reaction is induced from the interaction
between metal ions and oxygen intermediates and the formation
of a bond by changing the valence state. The metal cation site
geometry can affect the catalysis process and it changes not
only the adsorption energy of the oxygen species, but also the
activation energy for the verification of the cation oxidation
state and the related coordination number.*®*°™** For a recharge-
able metal-air battery, a bifunctional catalyst on the cathode is
necessary and the most promising bifunctional catalysts are
oxides containing surface reactions M™'-0*~ = M" V"-0~
biased toward the right-hand side. The oxygen evolution reaction
(OER) in alkaline solution is then accessible as:

M™-0> + OH — M D*-0-OH +e~
M D"_0_OH™ + OH™ —» M™-0-0%>" + H,0 + e~

2M™-0-0*" - 2M™"-0* + 0,

As the typical oxygen evolution catalysts, RuO, and IrO, have
very high activity benefiting from their relatively low redox
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potentials (ca. 1.39 and 1.35 V vs. RHE, respectively)**> and the
high conductivity of their oxide films. Nickel is also widely used
as an electrocatalyst for oxygen evolution in alkaline electrolytes.
However, at high potentials, lower conductivity phases involving
Ni*" are formed which will reduce the performance. Some
transition metal oxides are other kinds of efficient catalysts
for oxygen evolution. This is particularly the case in some spinel
type oxides, such as NiC0,0,.%’

For a Zn-air battery, oxygen is reduced to hydroxyl ions
and zinc ions from the anode and can combine with hydroxyl
ions to form zincate ions (Zn(OH),>"), which may decompose
to produce ZnO. The battery reactions can be described as
follows:

Cathode: O, + 2H,0O + 4e~ < 40H "
Anode: Zn + 40H™ — 2e~ «> Zn(OH),*"

Overall: 2Zn + O, + 2H,0 + 40H~ « 2Zn(OH),>~

It is challenging to make an electrically rechargeable zinc-
air battery because the reversibility of the zinc anode is difficult.
In the charge-discharge cycling process, zinc metal undergoes
shape changes, such as the formation of dendrites.** The stable
existence of zincate ions Zn(OH),*> (aq) in alkaline solution
is a prerequisite for developing a secondary zinc electrode.
However, Zn(OH),* (aq) will reach a saturation point in the
hydroxide electrolyte during discharge. After exceeding this
point, zincate ions are decomposed to ZnO, a white solid powder
that acts as an insulator, making the rechargeability difficult. The
reaction involved is: Zn(OH),>" — ZnO + H,0 + 20H . To realize
the rechargeability, the important issue is to understand the
behavior of the zincate ion in an alkaline electrolyte and increase
the solubility.*>*¢

2.2 Oxygen electrochemistry in nonaqueous electrolytes

As widely investigated in aqueous media, oxygen reduction in
nonaqueous solvents has been studied for several decades.”’ ™"
Previous electrochemical studies on the oxygen reduction reac-
tion (ORR) in organic solvents demonstrated that it is possible to
reduce molecular oxygen to superoxide (O*7) in a nonaqueous
environment. Today, the ORR and OER in nonaqueous Li"
electrolytes are receiving considerable attention because they
are the reactions on which the operation of a high-energy
density Li-air (O,) battery depends.’>>® It is crucial to under-
stand the O, reaction mechanisms in nonaqueous electrolytes.

Much effort has been devoted to clarify the Li*-0, electro-
chemical reactions. For example, Laoire et al. explored the
cation effect on the ORR and OER and found that the cathode
reaction proceeds through a one-electron reversible process
with the O,/O,~ redox couple in electrolytes with large cations,
such as tetrabutylammonium (TBA") and tetraethylammonium
(TEA"), whereas in the Li'-containing electrolyte, the oxygen
reduction reactions proceed in a stepwise fashion to form O,
0,>” and O as products and these reactions are kinetically
irreversible or quasi-reversible processes.>**> Such significant
changes in the ORR thermodynamics between large cations and
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smaller metal cations can be rationalized using the hard soft
acid base (HSAB) theory. According to HSAB, TBA', a soft acid,
can effectively stabilize the soft base, O, (due to its relatively
large radius and low charge density), preventing further reac-
tivity. However, alkali metal cations such as Li*, which are hard
acids, cannot effectively stabilize O, . Therefore, disproportio-
nation to Li,O, from the unstable LiO, is favored in the
presence of lithium ions. The strong ionic bond between Li"
and the superoxide ion results in their precipitation on the
electrode surfaces, which would passivate the electrode and
shuts down the reduction, making the reaction irreversible.
In contrast, the TBAO, is soluble in the electrolyte, and the
redox reaction is reversible. Recently, the same group further
applied HSAB to study the ORR and OER processes with a series
of cations with increasing Lewis acidity (i.e., cation hardness):
TBA® < PyR" < EMI' < K' < Na* < Li" (Fig. 3).>° It was found that
the superoxide ions can be effectively stabilized by TBA", PyR", EMI"
and K" cations without disproportionating to form peroxide, which
enables the reversible one-electron reactions. In contrast, hard
cations such as Li" and Na' promote the disproportionation of metal
superoxide to form metal peroxide, yielding an irreversible two-
electron (per O,) process. Interestingly, the nonaqueous K-O, and
Na-O, batteries are demonstrated to be much more reversible than
Li-O, batteries.””*® A solvent effect is also observed in the non-
aqueous system and the polarity of the nonaqueous solvents
influences the ORR process due to the acid-base interaction.>
It can be found that an identified distinction between the
use of nonaqueous and aqueous electrolytes is that in aqueous
electrolytes the preferred reduction product is water or hydrogen
peroxide, corresponding to a four- or two-electron reduction of
0,, respectively, as opposed to the formation of superoxide in
organic electrolytes. The reaction process does not involve the
cleavage of the O-O bond, which is a notoriously sluggish
process that usually requires precious metal catalysts. Another
feature is that O,  is a weakly adsorbed radical®® and is highly
soluble in electrolyte, and the electrode may work as only an
electron transfer media; so a catalytically insensitive phenomenon

1.0 1
& 051
L
E
= 0.0+
L +
o EMI™ (neat)
3 —— +
305 4 TBA
— K+
— Na+
-1.0 1 — Lt

1.5 2.0 25 3.0 35 4.0 45
Volts vs Li/Li*

Fig. 3 Cyclic voltammogram of neat EMITFSI along with various salts at
0.025 M concentration on a GC electrode at 100 mV s~*. Reprinted with
permission from ref. 56. Copyright 2012, American Chemical Society.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Chem Soc Rev

in oxygen reduction is observed on Pt, Au, Hg, and carbon
electrodes in nonaqueous electrolytes with large cations.*”®" Com-
pared with the above mentioned catalyst-indispensable cathode
reactions in aqueous electrolytes, the oxygen reduction can proceed
with only carbon catalysts in nonaqueous electrolytes containing
Li". Carbon has sufficient ORR catalytic activity at low current
density, and the kinetics of the ORR process is much faster than the
counterpart OER process.

To further illustrate the process, Bruce and co-workers studied
the ORR/OER in Li'-containing acetonitrile by using in situ surface-
enhanced Raman spectroscopy (SERS) and provided direct
evidence that LiO, is indeed an intermediate of O, reduction in
nonaqueous solvent, which then disproportionates to peroxide
Li,0,.%%> However, in the reverse charging process, LiO, and other
intermediates are not detected from the spectroscopy data, which
means that Li,O, oxidation does not follow the reverse pathway
to reduction and decomposes directly in a one-step reaction to
evolve O,. On the basis of the experimental observation, they
concluded that the ORR and OER pathways in Li'-containing
nonaqueous electrolyte are as following:

ORR: O, + e~ — 0O,
0, +Li" - LiO,
2Li0, — Li,O, + O,

OER: Li,0, — 2Li" + O, + 2e~

The thermodynamic potential (U,) of Li-O, batteries with
nonaqueous electrolytes can be calculated to be 2.96 V from the
Nernst equation.®*®* Generally, the Li-O, batteries presented a
modest overpotential for discharge (~0.3 V) but much higher
overpotentials (~1.0-1.5 V) for charging. This large voltage gap
results in a low round-trip efficiency of <70%, meaning that
more energy is required to charge the battery than released
during discharge. This is contrast with >90% in LIBs.*'

For the OER process in nonaqueous electrolyte, a new two-
stage decomposition process of Li,O, was proposed by Shao-Horn
and Lu as depicted in Fig. 4.°°> The first OER stage occurs at
low overpotentials (<400 mV) with a slopping voltage profile,
whose kinetics are relatively insensitive to charge rates and
catalysts. This stage could be attributed to the delithiation of
the outer part of Li,0,, forming a LiO,-like species (Li,O, —
LiO, + Li* + €7) via a solid-solution route, which chemically
disproportionates to evolve O, (LiO, + LiO, — Li,0, + O,),
yielding an overall 2e~/O, OER process (Li,O, — 2Li" + O, + 2e7).
This hypothesis is supported by the work of McCloskey et al.,
showing that molecular O, was evolved during the sloping
charging step (with DME solvent) with an overall 2e” /O, OER
process.®®®” The second stage takes place at high overpotentials
(400-1200 mV), whose kinetics are sensitive to charge rates and
catalysts, which can be ascribed to the oxidation of bulk Li,O,
particles to form Li" and O, via a two-phase transition. This
reaction is associated with nucleation and growth type processes
and requires the overcoming of a significant reaction barrier. The
dependence of charge voltage on the catalysts is in agreement
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68-70

with the reported results. Lastly, a sharply rising charge
voltage was assigned to the decomposition of carbonate-type
byproducts and electrolyte, possibly generated during discharge,
which was predicted from the evolution of CO,.”"”* The pro-
posed mechanism in Fig. 4 agrees with the insensitivity of
charge overpotential to catalysts at the initial charge stage and
the dependence of charge overpotential on catalysts beyond the
initial stage.*"

Oxygen electrochemistry in practical Li-air batteries is a
very complicated process. The ORR and OER processes can be
influenced by electrolytes, electrode materials, oxygen pressure,
and even electrochemical stressing.”*”® In addition, the inter-
mediates generated in the cathode reactions are less dissolv-
able in the organic electrolyte and lead to the accumulation of
solids in the cathode, which may clog the pores of the air
electrode, block the catalyst surface, and electrically passivate
the battery. The charge transfer and mass transport at the
interface of the cathode are hence limiting factors that affect
battery performance.”* Thus, the specific capacity of a Li-air
battery correlates intimately with the character of the cathode,
such as porosity, conductivity, stability, catalytic activity and so
on. Moreover, the intermediates in the Li-O, electrochemical
reactions, for example, 0,”, 0,>", and LiO,/LiO,”, are very
reactive.>® They can easily decompose most organic solvents.
This leads to Li-air battery discharge products of Li,COj3, LiOH,
and lithium alkyl carbonates, instead of only the desired
product (Li,O,), in which such side reactions make the Li-air
battery unrechargeable.”®*®" Recent work has shown that the
oxidation of Li,O, may produce highly reactive singlet oxygen
during the charging process, which is 0.98 eV higher in energy
than the ground-state triplet O, and could also readily react
with the electrolyte.®”

3 Oxygen electrocatalysts for metal—-air
batteries

Oxygen electrocatalysts have been demonstrated to be crucial
for improving the power density, cycling capability, and energy
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conversion efficiency of metal-air batteries. In recent years,
great efforts have been made in the development of electro-
catalysts for both primary and rechargeable metal-air batteries.
Even though recent reports have questioned the true electro-
catalytic effect in Li-air batteries,®” the research results can still
provide some guidance for future investigation on oxygen
electrocatalysts. Furthermore, due to similar principles, most
of the catalytic materials applicable to fuel cells could also serve in
metal-air batteries, and so could the strategies and techniques to
enhance the cathode efficiency. The electrocatalysts can be roughly
classified into the following seven categories: (1) transition metal
oxides, containing single-metal oxides and mixed-metal oxides;
(2) functional carbon materials, including nanostructured carbons
and doped carbons; (3) metal oxide-nanocarbon hybrid materials;
(4) metal-nitrogen complex, including non-pyrolyzed and pyro-
lyzed; (5) transition metal nitrides; (6) conductive polymers;
(7) noble metals, alloys and oxides, for example, Pt, Ag, PtAu,
and RuO,. We will summarize the applications of such catalysts
in aqueous and nonaqueous metal-air batteries, focusing on
the most recently reported progress. Through this review, it will
be emphasized that one catalyst can simultaneously play catalytic
roles in aqueous and nonaqueous systems, and what is learnt
from aqueous systems can be used to promote the development
of nonaqueous systems.

3.1 Transition metal oxides

Transition-metal oxides represent a large family of oxygen
electrocatalysts, including single-metal oxides and mixed-metal
oxides. As an alternative to noble metals, transition-metal oxides
have many advantages such as high abundance, low-cost, easy-
prepared, environmental friendliness and so on. Transition
metal elements possess multiple valences, resulting in a variety
of oxides with different crystal structures. In this section, we will
discuss four type of oxide electrocatalysts according to their
composition and structure.

3.1.1 Single-metal oxides. Manganese oxides have received
intensive attention because of their variable valences and abundant
structures, giving rise to rich redox electrochemistry. Manganese
oxides can simultaneously serve in catalytic ORR and OER
reactions, thus making them attractive as bifunctional catalysts
for oxygen electrochemistry. MnO, was first reported in the
early 1970s for the ORR,*® since then many research efforts
have been contributed to evaluate and optimize the MnO,-based
catalysts for the air cathode.***" The chemical composition,
texture, morphology, oxidation state, and crystalline structure
have been examined as functions of the electrocatalytic proper-
ties. For example, Chen and co-workers found that the catalytic
activities of MnO, depend strongly on the crystallographic
structure, following an order of a- > B- > y-Mn0,.*” The change
is attributed to a combined effect of their intrinsic tunnel
(interspace in the stack of [MnOs] octahedron) size and electrical
conductivity. Meanwhile, the morphology is another important
influential factor on the electrochemical properties. Among the
same phase, a-MnO, nanospheres and nanowires outperform
the counterpart microparticles, due to their smaller size and
higher specific surface areas. Recently, the same group has
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Fig. 5 (a) Structure of rutile-type MnO, with oxygen vacancies. (b) XRD
patterns of different oxides. The symbols * and + denote MnzO, and
MnOOH, respectively. From top to bottom: H,/Ar-350-2h, Ar-350-2h,
Air-350-2h, pristine. (c) and (d) HRTEM images of pristine 3-MnO, (c) and
B-MnO, heated in Ar (d), the insets show the FFT patterns. Reprinted with
permission from ref. 91, copyright 2013, Wiley-VCH.

investigated the defect effect on the activity of rutile-type
B-MnO, by introducing native oxygen defects without modifica-
tion by foreign additives (Fig. 5a).”* As shown in Fig. 5b, heat
treatment in Ar and air leads to oxygen nonstoichiometry,
which is compensated by the reduction of Mn** to Mn**. More
interestingly, two domains can be observed after heat treatment
in Fig. 5d, which is indicative of a typical pyrolusite lattice and a
new structure that corresponds to oxygen-vacancy-induced struc-
tural variations of MnO,. The results show that oxygen-vacancy-
bearing oxide enables a more positive potential, larger current
and lower peroxide yield for the ORR electrocatalysis process,
and also favors OER catalysis. DFT computational studies further
reveal the presence of oxygen vacancies enhances the inter-
action between oxygen-containing species and MnO, surfaces
and reduces the kinetic barrier.

Doping of a low-valent element can enhance the catalytic
activity of MnO, toward the ORR. MnO, doped with a variety of
elements (e.g., Ni, Mg and Ca) exhibited higher activity than
non-doped materials.”* > The results from Roche et al. show
doping the MnO,/C electrocatalysts directs the ORR toward the
four-electron pathway.’® The first electrochemical step of the
4-electron ORR mechanism is probably the quasiequilibrium
proton insertion process into MnO, leading to MnOOH, while
the second electron transfer, consisting of the electrosplitting
of the O,,.q5 species (yielding O,4s and hydroxide anions), is the
rate determining step. The presence of doping metal cations may
stabilize the intermediate Mn"™/Mn"" species, which assists this
second charge transfer to oxygen adatoms. As a result, the ORR
rate is enhanced for doped MnO,/C electrocatalysts. The chemical
composition is also an important factor that affects the catalytic
activity. Ohsaka’s group found that the peak current changed
greatly depending on the kind of MnO, species incorporated
into the MnO,/Nafion modified gold electrodes, following the
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sequence of Mns0g < Mn;O, < Mn,0; < MnOOH.**** More-
over, optimization of the composition combined with rational
nanostructures will further enhance the activity. An typical
example, inspired by nature’s catalyst for water oxidation, Jaramillo
and Gorlin developed a thin-film analogue consisting of a nano-
structured Mn(m) oxide.’® This nanostructured Mn(m) oxide
demonstrates bifunctional activity and its OER activity is on par
with the best reported Mn oxide OER catalyst, while its ORR
activity matches or surpasses the activities of the best reported
Mn oxide ORR catalysts. More importantly, its bifunctional
activity is comparable to that of precious metals. Recently,
in situ X-ray absorption spectroscopy has been applied to study
the active sites of the bifunctional Mn,O, catalyst by the same
group. It was found that a disordered Mn;"™"™™Q, phase
contributes to the ORR, while a mixed Mn™" oxide is pertinent
to the observed OER activity.””

Cobalt oxide (Co30,) is another kind of promising candidate
of non-precious bifunctional ORR/OER catalysts in alkaline
media owing to its high electrocatalytic activity and tunable
composition.’®°® Two valences of Co*" and Co®>" ions co-existed
in the Co30, crystal structure. In general, the ORR is a surface-
structure sensitive reaction on electrodes and the reaction takes
place at active sites associated with the cations at the oxide
surface in a higher oxidation state."” So the exposed active sites of
Co’ ions on the Coz0, electrocatalyst play a determinant role in
the performance for the ORR, in which these cations would act as
donor-acceptor reduction sites, with the donor electronic proper-
ties with respect to the species in solution and acceptor character
with respect to the solid by capture of electrons.'®" To enhance the
catalytic activity for the ORR, an effective approach is to increase
the exposed Co®" ions through nanostructures of Co;0,. Recently,
Zhao et al. developed a solvent-mediated method to control the
morphology of Co;0, nanostructures. The rod and spherical
nanostructures were produced by adjusting the mole ratio of water
and dimethylformamide in the mixed solvent.'® Interestingly,
it was found that Co;0, nanorods exhibited the highest catalytic
activity for the ORR among all the catalyst samples prepared under
different conditions and even a higher catalytic activity for the ORR
than the noble palladium catalyst does, indicating that the num-
ber and activity of the surface exposed Co®* ions can be tailored by
the morphology of the cobalt oxides.

Besides aqueous systems, single-metal oxides such as MnO,
have also been extensively studied as oxygen electrocatalysts in
nonaqueous systems. For example, using o-MnO, nanowires as
a catalyst, Bruce et al. demonstrated a capacity of 3000 mAh g~*
(based on carbon) and 10 cycles with good capacity retention in
nonaqueous Li-air batteries.'®® Similar to that in aqueous
electrolyte, the morphology of MnO, in the nonaqueous electro-
Iyte is also an important factor that affects the catalytic activity of
MnO, in Li-air batteries and the authors found that the MnO,
nanowire exhibited higher catalytic activity than bulk MnO, in
both the o- and B-phase. Since the first application of MnO, by
the Bruce group, significant efforts have been devoted to the
investigation of the catalytic activity of MnO, in nonaqueous
Li-air batteries.'®*™""* Suib and co-workers compared the cata-
Iytic activity of a-MnO, catalysts with different morphologies in
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both aqueous and organic electrolytes.'” Among various morphol-
ogies, pure nanorods prepared from a solvent-free method displayed
the highest ORR catalytic activity due to the low average oxidation
state of manganese, small crystallite size, high surface area, and
large pore volume. It was also found that the o-MnO, nanorods
doped with Ni showed improved catalytic activity over the undoped
counterpart, despite decreased pore size and volume. Truong et al.
reported another interesting phenomenon about the morphology
controlled catalytic activity. The authors synthesized uniform
8-MnO, microflowers consisting of assemblies of nanosheets,
a-MnO, nanowires, and a-MnO, nanotubes with open ends by a
microwave-assisted hydrothermal method."*® As an oxygen catalyst
in Li-air batteries, single-crystalline «-MnO, nanotubes exhibited
much better stability than o-MnO, nanowires and 3-MnO,
nanosheet-based microflowers in both the charge and discharge
processes, indicating that the morphology and crystallinity of the
MnO, nanostructures indeed influence the performance of the
Li-air batteries. Recently, our group synthesized high aspect ratio
y-MnOOH nanowires by a simple one-step hydrothermal
method.'™ Due to the advantageous combination of the intrin-
sically high catalytic activity and unique structure, the super-long
nanowires greatly improve the discharge capacity, cycle stability,
and rate retention in rechargeable nonaqueous Li-air batteries.
Structural defects are demonstrated to have a major effect on
the catalytic activity of materials in nonaqueous electrolyte."**
Nazar and co-workers demonstrated the defect effect in manganese
oxides by acid leaching Na, 44,MnO, nanowires, as shown in
Fig. 6.°% Through the interaction between A,MnO, (A = alkali or
alkali-earth cations) manganese oxide and acid, A ions were
exchanged by acidic protons and Mn*" ions was disproportioned
into Mn*" ions remaining in the solid material and Mn>" ions
dissolved into solution, leading to the formation of vacancy
defects in both the A-ion and Mn-O framework sublattices.
Compared to the original Nay44MnO,, open-tunnel ‘“sodium
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Fig. 6 (a) Crystal structure and (b) SEM images of the pristine Nag 44MnO,
nanowires. (c) Initial voltage profiles and (d) voltage profiles for 1st and 2nd
cycles for pristine (P-Z-MnO,/KB), acid-leached Nag44MnO, (AL-Z-
MnO,/KB), a-MnO, (P-a-MnO,/KB) and carbon (KB) electrodes. Reprinted
with permission from ref. 68, copyright 2012, Royal Society of Chemistry.
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deficient” Nag 44 H,MnO, nanowires doubled the reversible
capacity and lowered the OER potential (Fig. 6¢ and d) due to the
structural defects and vacancies formed in the material upon acid
leaching. Chemical modification of the tunnel structured manga-
nese oxides may open new horizons in the understanding and
design of effective cathode systems for Li-air batteries. Similarly,
Trahey et al. synthesized an a-MnO,-ramsdellite-MnO, composite
by acid treatment of Li,MnO,;."*® This material provided an
exceptionally high reversible capacity up to 5000 mA h g~ *
(carbon + catalyst) during the early cycles and significantly
reduced polarization during the initial charge voltage profile in
the first couple of cycles. The reversible insertion reactions of
lithium, lithium peroxide (Li,O,) and lithium oxide (Li,O) in the
tunnels of o-MnQO,, and the reaction of lithium with ramsdellite-
MnO, were investigated by first principles density functional theory
calculations. From the experimental and theoretical results, it is
speculated that a Li,O-stabilized and partially-lithiated electrode
component, 0.15Li,0-0-Li,MnO,, that has Mn*"** character
may facilitate the Li,O,-Li,O discharge-charge chemistries
providing dual electrode/electrocatalyst functionality.

Besides MnO,, other metal oxides such as Fe,O,, NiO, CuO and
Coz0, also have intrinsic activity for the electrochemical oxygen
reaction and have been applied in nonaqueous systems."*®**°
For example, Wen and co-workers designed a free-standing-type
cathode through chemically depositing Co;O, on a Ni-foam
without carbon and a binder.""” The new air electrode delivered
a high specific capacity up to (4000 mA h gehoae ', Where
“cathode” means Cos;0, catalyst) and exhibited a small over-
potential with a high discharge voltage (2.95 V) and the low
charge voltage (3.44 V). The excellent performance was attributed
to the abundant available catalytic sites of the particularly
structured air electrode, the intimate contact of the discharge
product with the catalyst, the effective suppression of the volume
expansion in the electrode during subsequent deposition-decom-
position of the discharge products, and the open pore system for
unrestricted access of the reactant molecules. Recently, the same
group synthesized another mesoporous cobalt oxide by hard-
template method as a cathode with carbon in Li-O, batteries.""
It was found that cobalt oxide with a large pore diameter, pore
volume, and BET surface area exhibited a high round-trip
efficiency of 81.4% (discharge and charge plateau is at ~2.85
and ~3.5 V, respectively) and a large specific capacity of
2250 MA h Zearbon - The results further illustrate that a porous
structure can contribute to fast ions or O, transport and
increases the utilization of catalyst in nonaqueous electrolytes.

3.1.2 Mixed-metal oxides. Mixed-metal oxides on a spinel,
perovskite, or pyrochlore structure are largely used for ORR and
OER catalysts and their performances are discussed in this section.

3.1.2.1 Spinel-type oxides. Spinels are a group of oxides with
the formula AB,0,, where A is a divalent metal ion (such as Mg,
Fe, Co, Ni, Mn, or Zn) and B is a trivalent metal ion (such as Al,
Fe, Co, Cr, or Mn). Spinel oxides with mixed valencies exhibit
electrical conductivity or semiconductivity, enabling their direct
use as electrode materials, and the electronic transfers take place
with relatively low activation energies between the cations of
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different valencies by hopping processes. Metal oxides posses-
sing the spinel structure show good performances in oxygen
evolution and reduction in alkaline solutions.'?°™* In the spinel
structure, A>* and B** cations occupy part or all of the tetrahedral
and octahedral sites, respectively, and the content of the A>* or
B*" cations in the formula can be varied to adjust the catalysis
performance. For example, Rios et al. studied the change of
electrocatalytic activity in Mn,Co;_,O, with Mn content x.
Mn,Co;_,O, has a high electrical conductivity and ORR/OER
activity."* It was found that Mn,Co;_,O, has the Mn*"/Mn**
redox couple located in the octahedral sites. Changes in the
Mn*"/Mn*" content, as a function of x, were correlated to the
activation energy of the conductance and the electrocatalytical
capabilities of the ORR and OER. Interestingly, the catalysis of
the ORR can be increased with the Mn content and probably
more precisely with the amount of Mn**~-Mn>" pairs. In contrast,
regarding the OER, surface Co®>" cations were commonly viewed
as the active sites, and it appears that Mn strongly inhibits the
oxidation of OH " ions. It should be noted that Co;O, belongs to
the normal spinel crystal structure, based on a close-packed face
centered cubic configuration of the O, ions, in which Co** ions
occupy one-eighth of the tetrahedral A sites, while Co** ions
occupy one half of the octahedral B sites.

Besides the composition, the nanostructure of the catalyst
also greatly influences the activity. Wu and co-workers reported
self-standing mesoporous Ni,Co;_,O, nanowire arrays and
their electrocatalytic performance in the OER."”* The nanowire
arrays were grown on Ti foils in an aqueous solution containing
metal nitrate wvia ammonia-evaporation-induced growth
(Fig. 7a-c). The nonuniform spatial distribution of elemental
Ni is manifested by its EDX line profile across one piece of the
microtomed cross-section in Fig. 7d. The mesoporous nature of
the nanowires is also clearly evident in the HRTEM image as
shown in Fig. 7e. There are two structural advantages of
nanowire arrays grown directly on conductive substrates: firstly,
the direct contact of the conductive substrate with the open
space between the nanowires ensures that each nanowire
participates in the reactions; secondly, the large surface areas
associated with their mesoporous structures facilitates the
diffusion of the active species and accelerates the surface
reaction. From the electrochemical results (Fig. 7f and g), it was
found that the introduction of Ni dopants modifies their physical
properties, such as a larger roughness factor, better conductivity,
higher active site density, and an enhanced electrochemical
performance of the nanowires. For example, at the same over-
potential, NiCo,0, showed an approximately six times larger
current density than pure Coz;0,. Lin et al. also demonstrated
that the core-ring structured NiCo,0, nanoplatelets exhibited
high electrocatalytic properties for the oxygen evolution reaction
in alkaline solution, with an overpotential of 0.315 V at a current
density of 100 mA cm ™2,

The exploitation of novel synthesis technology is another impor-
tant strategy for high-performance catalysts. Chen and co-workers
have developed a facile and rapid room-temperature synthetic
methodology for achieving highly active Co,Mn;_,0, spinels."*®
The preparation is based on the reduction-recrystallization of
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Fig. 7 SEM images of nanowire arrays grown on Ti foils: pure CozOy4 (a),
NiC0,04 (b, NCO-1), and Ni; sCo;1504 (c, NCO-2) with different doping
levels. Nanowires became increasingly thicker and rougher with Ni doping.
(d) Scanning transmission electron microscopy (STEM) image of the
microtomed cross-section of NiCo,04 with the associated EDX line profile
of Co (triangles) and Ni (circles) along the dotted white line. () HRTEM
image of NiCo,0O,4 showing the highly mesoporous nature. (f) Polarization
curves and (g) cyclic voltammograms of pure CozO4, NCO-1, and NCO-2.
The insert of (g) magnifies the redox peaks of pure CozO4. Polarization
curves were iR compensated and the scan rate for cyclic voltammograms
was 5 mV s~1. Reprinted with permission from ref. 124, copyright 2010,
Wiley-VCH.

amorphous MnO, precursors in aqueous solution containing
divalent metal ions, such as Co>*. Two representative nano-
crystalline Co,Mn;_,O, spinels, tetragonal and cubic, were
synthesized using NaH,PO, and NaBH, as the reductants,
respectively. As shown in Fig. 8a and b, the tetragonal phase
has a reticular and porous texture, while the cubic phase has a
dense morphology with large particle; the difference of which
may be related to their crystal structures (Fig. 8c and d). With
the preserved morphology resembling the parent precursor, the
prepared Co,Mn;_,O, nanocrystalline spinels possess high
surface areas, numerous defects and abundant vacancies, and
manifest a remarkably higher activity towards the ORR/OER as
compared to their counterparts synthesized at high tempera-
ture. Interestingly, it is found that the cubic spinel outperforms
the tetragonal phase in intrinsic ORR catalytic activity (Fig. 8e),
but the tetragonal spinel surpasses the cubic phase for the OER
(Fig. 8f), due to the dissimilar binding energies of the oxygen
adsorption on cobalt and manganese defect sites, as evidenced
from both experimental and computational analysis. As an air
electrode, the active Co,Mn;_, 0, spinel oxide delivered a stable
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Fig. 8 SEM images and crystal structures of cobalt—manganese spinel
oxides: (a) and (c) tetragonal-phase spinel hanostructures (RT-t-spinel); (b)
and (d) cubic-phase spinel nanostructures (RT-c-spinel) synthesized at
room temperature. Voltammograms of the (e) ORR and (f) OER recorded
on different catalysts. Comparisons are also given to the counterpart
cubic-phase (HT-c-spinel) and tetragonal-phase (HT-t-spinel) bulk spinels
synthesized using a high-temperature ceramic method. Reprinted with
permission from ref. 126. Copyright 2010, Nature Publishing Group.

galvanostatic discharge curve and considerable specific energy
densities in a coin-type Zn-air battery.

The dispersion of the electrocatalyst in the polymer matrix
provides a three-dimensional repartition of the electrocatalytic
sites accessible to the reactant, maintaining good charge trans-
port conditions throughout the polymer. Gautier et al. demon-
strated the feasibility of multilayered polypyrrole (PPy)-Ox
composite electrodes with the structure GC (glassy carbon)-
PPy-PPy(Ox)-PPy for the ORR in neutral and acid electrolytes.
Ox was a spinel oxide of Ni,Co; ,O, (x = 0.3 and 1) or
Cuy 4Mn,; ¢0,.°""" The polymer layers could stabilize the
spinel catalyst in acid or alkaline electrolytes. With the assis-
tance of PPy, the catalyst Ni, 3C0, ,0, shows an ORR activity of
j=1.85mA cm at —0.6 V (SCE) in an oxygen saturated 2.5 mM
KOH + 0.8 M KCI solution at room temperature. The other
spinel Cu; 4Mn; ¢0,-PPy-based composition showed good ORR
activity in acidic solutions as well. Similarly, the spinel
CoFe,0,~PPy showed a stable performance of j = —1.5 mA cm >
at E=—0.5 V (SHE) over 8 h in an oxygen saturated 5 mM KOH +
0.5 M K,SO, electrolyte at T = 25 °C."**

Spinel oxides have also been successfully applied in non-
aqueous systems. For example, Cui’s group reported mesoporous
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NiCo,0,4 nanoflakes as electrocatalysts for rechargeable Li-O,
batteries."*® The as-prepared NiCo,0, has a specific nanostructure
with numerous catalytic active sites. The battery with a NiCo,0,-
based cathode exhibited an improved performance, including a
lower overpotential than pure carbon, reasonable specific capacity
(1560 mA h g~ "), and enhanced cyclability with 10 stable cycles.
The superior electrocatalytic behavior of NiCo,0, towards both
ORR and OER is attributed to its inherently electronic structure
and favorable electronic transport capability. Moreover, the meso-
porous and nanoflake structure also plays a crucial role in the
electrochemical performance, which not only provides more
electrocatalytic sites but also promotes mass transport (oxygen
and ions) in the electrolyte, and eventually improves the capacity
and cyclability.

3.1.2.2 Perovskite-type oxides. Perovskite-type oxides have
the general formula ABOj;, which have been investigated exten-
sively for their bifunctional catalytic abilities in alkaline electro-
lytes. Their properties can vary over a wide range by partially
replacing A and B cations with other metals. The cubic perovskite
crystal lattice is a rather rugged host for a variety of mixed
transition metal oxides. The structure can even adapt to distortions
from the basic cubic symmetry, giving rise to interesting proper-
ties. Generally speaking, A-site substitution mainly affects the
ability of adsorbed oxygen, whereas B-site substitution influences
the activity of the adsorbed oxygen."**"*> Substituted perovskites
can generally be described by the formula A, _,A’,B;_,B',05, where
A or A’ is a rare-earth or alkaline-earth metal and B or B’ is a
transition metal. The activity of the transition metal oxide catalysts
can be correlated with the ability of the cations to adopt different
valency states, particularly when they form redox couples at
the potential of oxygen reduction/evolution. Therefore, different
perovskite type oxides with various replacements have been con-
ducted as bifunctional catalysts."****® Recently, Sunarso et al.
investigated the oxygen reduction reaction activity of La-based
perovskite oxides in alkaline medium."*® The authors found that
for LaMO; (M = Ni, Co, Fe, Mn and Cr), the ORR performance is
enhanced in the order of LaCrO;, LaFeO;, LaNiO;, LaMnQO;, and
LaCoO3, while for LaNi, sM, 503, the ORR current performance is
enhanced in the order of LaNi, ;Fe, 503, LaNi, 5C0g 503, LaNi 5
Cry50;, and LaNi,sMn,s0;. Moreover, substituting half of the
nickel with cobalt, iron, manganese, or chromium translates the
ORR to a more positive onset potential, suggesting the beneficial
catalytic effect of two transition metal cations.

Perovskite-type oxides of the composition La; ,Ca,MO; (M = Ni,
Mn, Co) have attracted considerable attention because of their
reasonable electrocatalytic activities and corrosion resistance.*%'%!
Among these candidate materials, LaysCa,4C00; can be found
in many demonstration batteries and can potentially replace
noble metals in alkaline medium."**'** It simultaneously
shows good ORR and OER catalytic activities and is considered
to be the most promising bifunctional catalyst.'**™*¢ Interest-
ingly, the electrocatalytic properties can be tuned by altering
the oxidation state of cobalt. Narayanan et al. found that the
binding energy of the cobalt 2p;z, level increased with the
annealing temperature in the X-ray photoelectron spectroscopy

This journal is © The Royal Society of Chemistry 2014


https://doi.org/10.1039/c3cs60248f

Published on 23 September 2013. Downloaded by Changchun Institute of Applied Chemistry, CAS on 1/2/2020 11:43:36 AM.

Review Article

(XPS) measurements and this observation correlated with the
activity of the catalyst toward oxygen evolution."*” The results
indicate that the higher the oxidation state of a surface site, the
greater its ability for oxygen catalysis. Additionally, the increase
of phase purity and decrease of crystallite size also enhance the
activity. Further work led to catalyst materials of the general
composition La; _,A,Co;_,B,0; (A = Ca; B = Mn, Fe, Co, Ni, Cu)
synthesized by the different methods.'***°® A strong composi-
tion dependence on catalyst performance was observed for both
A and B-site doping. For example, Sr-substitution showed better
performance at oxygen evolution, whereas, the Ca substituted
material showed slightly better performance upon oxygen
reduction. As an alternative catalyst of LagCay4C003, Zhu
and Velraj demonstrated that Sm, 5Sr, 5C00;_s also exhibited
high bifunctional catalytic activity with long cycle lifetime."”
At the same time, Sun et al. applied Srq ¢5Ce05C00;_; loaded
with copper nanoparticles as a bifunctional catalyst for
aqueous Li-air batteries. The high round-trip efficiency and
excellent long-term stability were achieved due to the synergetic
effect of perovskite oxide and copper.'>® Recently, a series of
calcium-manganese oxides (Ca-Mn-O) were prepared through
thermal decomposition of carbonate solid-solution precursors by
Chen’s group and investigated as electrocatalysts for the ORR. The
catalytic properties of the series of Ca-Mn-O compounds were
found to be closely correlated with the surface oxidation state of
Mn and the crystallographic structures, which affects the extent of
0, activation. Among the Ca-Mn-O compounds of perovskite-type
CaMnO;, layered structured Ca,Mn;Og, post-spinel CaMn,0, and
CaMn;0g, the perovskite CaMnO; with open tunnels and multi-
valences exhibited the highest activities, where the current density
and electron transfer number were comparable to those of the
benchmark Pt/C."*°

Identifying a catalyst design principle that links the material
properties to the catalytic activity can accelerate the search for
highly active and abundant transition-metal-oxide catalysts.*®6
Based on the molecular orbital principle, Suntivich et al. demon-
strated that the ORR activity for perovskite oxide catalysts
primarily correlates to c*-orbital (e,) occupation (egfilling
having a value of ~1 for maximum activity) and the extent of
B-site transition-metal-oxygen covalency (Fig. 9), which serves
as a secondary activity descriptor.*® The rate-limiting 0,> /OH ™~
exchange and the regeneration of OH™ on the surface depend
on the energy gained by transferring a single c*-antibonding e,
electron of the B-OH™~ bond to the O,>” adsorbates, thereby
stabilizing the displacement. Based on these findings, the
intrinsic ORR activity of perovskite oxides exhibits a volcano
trend as a function of the e filling of B ions. It is interesting to
note that oxides such as LaMnOs,; and LaNiO; have intrinsic
ORR activity comparable to state-of-the-art Pt/C.*>'*

Soon after, the same group reported a distinct OER activity
design principle established by systematic examination of more
than 10 transition metal oxides.'®* The results showed that the
intrinsic OER activity also exhibits a volcano-shaped dependence
on the occupancy of the 3d electron with an e, symmetry of the
surface transition metal cations in an oxide and the peak OER
activity was predicted to be at an e, occupancy close to unity,
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Fig. 9 (a) Volcano trend of ORR activity for perovskite-based oxides. (b)
The proposed ORR mechanism on perovskite oxide catalysts. Reprinted
with permission from ref. 39. Copyright 2011, Nature Publishing Group.

with high covalency of the transition metal-oxygen bonds.
The high activity of Bag 5Sr,5C00 sFey 2035 was predicted from
the design principle and, experimentally, the OER activity is
really at least an order of magnitude higher than that of the
state-of-the-art iridium oxide catalyst in alkaline media. The
two works provide a promising strategy for the development of
highly active non-precious-metal-containing oxide catalysts for
oxygen reduction by tuning the surface electronic structure
features such as transition-metal e,-filling and covalence.

For the type of perovskite, there is also a subclass of perovskite
oxides with the general formula A,BB’Og for the oxygen electro-
catalysts, known as “double perovskites”, where A is an alkaline-
earth atom such as (Sr, Ba or Ca), and B and B’ are transition
metal atoms. In the ideal crystal structure of these transition-
metal oxides, there is a regular arrangement of corner-sharing
BOg and B'Og octahedra. The properties of such perovskites as
electrocatalysts are generally determined by the nature, oxidation
states and relative arrangement of the B-site cations.'®>'®®
In a recent study, Cheriti and Kahoul investigated two double
perovskite oxides, Sr,CoMoOs and Sr,FeMoOg, supported on
carbon Vulcan XC-72 and found that the former electrocatalyst
exhibited a relatively higher activity for ORR than the latter."®®
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More recently, Takeguchi et al. reported that Ruddlesden-
Popper-type layered perovskite, RP-LaSr;Fe;04, (n = 3), could
function as a reversible air electrode catalyst for both the ORR
and OER at an equilibrium potential of 1.23 V with almost no
overpotentials.'®”

The catalytic properties of perovskite oxides have been demon-
strated in Li-O, batteries with nonaqueous aprotic electrolytes.
Lay gSro,MnO; was firstly used by Bruce but the efficiency was
not desirable.*® Later, Yu et al applied it and enhanced the
capacity of the batteries.'®® Recently, Lee et al reported that
layered perovskite La,; ;Cag 3Nig75CUg 2504 promoted the electro-
chemical oxidation of Li,O, in a nonaqueous aprotic electrolyte."*
The charging experiments with Li,O,-packed electrodes showed
that the layered perovskite-containing electrode exhibits a charge
potential decreased overpotential up to 400 mV compared to the
catalyst-free electrode, indicating that the interlayer characteristics
play a critical role in promoting the oxygen evolution. Nano-
structures are always an important influencing factor for cata-
lytic performance. For example, Mai et al. demonstrated that
hierarchical mesoporous perovskite Lag 5Sr,5C00,0; nanowires
were high-performance catalysts for the ORR with low peak-up
potential and a high limiting diffusion current.'’® The Li-air
batteries based on such nanowires exhibited a high capacity, over
11000 mA h g, which is one order of magnitude higher than
that of La, 5S1r,5C00, 9, nanoparticles. The high specific surface
area and mesoporous structure facilitate Li" diffusion and the
formation rate of LiO, and Li,O,. More recently, our group
prepared perovskite-based porous Lag;5Srp,sMnO; nanotubes
(PNT-LSM) by combining the electrospinning technique with a
heating method, as shown in Fig. 10."”" With this novel electro-
catalyst, the Li-O, batteries showed good roundtrip efficiencies,
rate capabilities, and cycle stabilities. The charge voltage of the
Li-O, cells with PNT-LSM/KB was found to be much lower than
that of KB, by about 200 mV. Moreover, the Li-O, cells exhibited
rather stable specific capacities above 9000-11 000 mA h g~ * for
five cycles with the coulombic efficiency of around 100%
(Fig. 10g) and could maintain 124 cycles with a capacity limit of
1000 mA h g~ . The improved performance could be attributed to
the synergistic effect of the high ORR and OER catalytic activity
and the unique porous hollow structure of the PNT-LSM. The
porous tubular structure could offer more abundant oxygen and
electrolyte transportation paths in the electrode, facilitating the
formation and decomposition of the discharge product and thus
improving the reversibility of the O, electrode.

3.1.2.3 Pyrochlore-type oxides. Pyrochlore-type oxides have
the general formula A,B,050';_;, where A is Pb or Bi and B is Ru
or Ir. The structure of pyrochlores can be viewed as a composite of
two interwoven substructures, where corner-shared metal-oxygen
octahedra (BOg) generate a cage-like B,Og framework that pro-
vides a conduction path for the electrons, resulting in metallic
characteristics, while the A element is linearly connected to form
A-O'-A linkages with special oxygen atoms (O’) that create corner-
shared O’A, tetrahedra.'”>™”> A feature of pyrochlores is their
highly flexible stoichiometry and structure. The special oxygen
can be partially or completely absent, resulting in up to 7% oxygen
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Fig. 10 SEM images at different magnifications. (a) and (b) As-electrospun
composite fibers; (c) and (d) PNT-LSM after calcination at 650 °C for 3 h;
(e) low- and (f) high-magnification TEM images of PNT-LSM. (g) and (h)
Cyclic performance, discharge—charge specific capacity, and coulombic
efficiency of Li-O; cells with and PNT-LSM catalyst at a current density of
0.025 mA cm™2. Reprinted with permission from ref. 171, copyright 2013,
Wiley-VCH.

vacancies in the lattice when ¢ = 0.5; or alternatively, the lattice
can be filled with oxygen to give the composition A,B,O;. For
Pb,Ru,0g 5, the single crystal conductivity is as high as 4.3 x
10® S em™ ' at 300 K."7° The catalytic properties of pyrochlores can
be adjusted by the choice and doping content of the A and B
positions. For example, a portion of the noble metal in the B-site
can be replaced by the A-site cation resulting in an expanded
pyrochlore, A,[B, ,A,]O,_s with x ranging from 0 to 1, which show
good performances as bifunctional catalysts for ORR/OER in
the strong alkaline media used in Zn-air cells.”” The catalytic
capability is believed to originate from the variable-valent
characteristics of the B cations and the oxygen vacancies."”
Recently, Nazar’s group developed a unique chemical approach
to fabricate an expanded pyrochlore oxide with the composition of
Pb,[Ru, ¢Pbg 44]06 5 into a novel metallic mesoporous framework
using liquid-crystal templating and subsequent oxidation by a
chemical agent (Fig. 11)."7° The high internal porosity led to a
high surface area up to 155 m? g ', which increased the active
sites. The prepared oxide showed promising catalytic activity with
a lower charge potential for oxygen evolution and resulted in a
cathode with a high reversible capacity of 10000 mA h g~*
(~1000 mA h g~ with respect to the total electrode weight
including the peroxide product) in nonaqueous Li-O, batteries.
The excellent properties could be ascribed to the high fraction
of surface defect active sites in the metallic oxide, unique
morphology and variable oxygen stoichiometry. This strategy,
for creating porous metallic oxides, provides a promising
way to new cathode architectures for Li-O, cells. Later, the
same group synthesized nano-crystalline expanded pyrochlores
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Fig. 11 (a) Structure of the defect pyrochlore A,B,O;_s (6 = 0.5; A = Pb,
Bi; B = Ru) showing oxygen vacancies and electron conduction paths via
BOg octahedra that create metallic conductivity. (b) Discharge—-charge
profiles of the first three cycles for carbon in LiPFe—TEGDME (i, black) and
mesoporous pyrochlore (i, red), with cycle sweeps as indicated (current
rate is 70 mA g~! of carbon). Reprinted with permission from ref. 176,
copyright 2012, Nature Publishing Group.

Bi,[Ru; 53Bip.47]07_s (Bi/Ru = 1.61) and Pb,[Ru, ;3Pbg,,]06.5
(Pb/Ru = 1.31) by a chemical precipitation route in alkaline
media."”” High resolution TEM imaging confirmed the presence
of 4-5 nm nanocrystallite domains which are coalesced into larger
polycrystalline agglomerates. The high concentration of surface
active sites, intrinsically variable oxidation states and good electron
transport led to promising electrocatalytic properties for oxygen
evolution in Li-O, cells, yielding rechargeable discharge capacities
over 10000 mA h g and significantly lowered anodic over-
potentials. It was noted that the amount of catalyst necessary
for oxygen evolution performance is only 5 wt% by supporting
on carbon. Interestingly, the discharge capacity of the Li-O, cell
is increased further when combining pyrochlore oxide with a
small amount of gold due to the increase in ORR activity.

3.2 Functional carbon materials

3.2.1 Nanostructured carbon. Pristine carbon materials
usually show low catalytic activity for the ORR/OER in aqueous
solutions. In contrast, as discussed in Section 2.2, carbon can
provide enough catalytic activity for the oxygen reactions in
nonaqueous electrolytes. So the applications of nanostructured
carbon as the catalyst are mainly for the nonaqueous Li-air
batteries. In this case, carbons serve as not only the catalyst
support, but also as good ORR catalysts. The peculiar carbon
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nanostructures include one-dimensional (1D) nanotubes and
nanofibers, 2D graphite and graphene nanosheets, and 3D
nanoporous architectures.

In nonaqueous Li-air cells, the pore structures and the
architecture of the air electrode are critical for the performance
due to the insoluble discharged products of Li,O,, which
accumulate at the active sites of the air electrode, potentially
clogging the pores and thus increasing the resistance to gas
transport through the pores. Accordingly, significant efforts
have been devoted to optimize the microstructure of the air
electrode for nonaqueous Li-air batteries. Early studies focused
on the application of traditional porous carbon materials in Li-air
batteries and some influencing factors were investigated.'’®"8*
For example, Hall and Mirzaeian reported that the cell perfor-
mance depended on the morphology of the carbon, and that a
combined effect of the pore volume, pore size and surface area of
the carbon affected the storage capacity."”® The authors found
that the Li-O, cell using carbon, with a large pore volume and
wide pore size, showed a high specific capacity. Yang et al. also
demonstrated that large pore volumes and large mesoporous
(with pore size of 2-50 nm) structures were crucial for the cell’s
performance.””® Tran et al. found an almost linear relationship
between the average pore diameter of the carbon catalysts and the
capacity of Li-air cell.'®" Small pores, like micropores (with pore
size <2 nm), played only a small role in the capacities. Including
the pore structures, the modification of the carbon surface with
hydrophobic molecules could also improve the performance by
preventing the accumulation of Li,O, on the surface of catalysts
during discharge.'®

Graphene, as a novel one-atom-thick two-dimensional carbon
material, has attracted much attention for a wide range of
applications due to its intrinsically superior electrical conduc-
tivity, excellent mechanical flexibility, remarkable thermal con-
ductivity, and high surface area.'®*'®® Graphene is usually
prepared by a chemical method that readily produces exfoliated
graphene sheets from graphite on a large-scale. The products have
many edge sites and defect sites located on the surface and can
act as catalysts to facilitate some chemical transformations."®”
To investigate the catalytic activity of graphene for the ORR,
Li et al. firstly applied graphene nanosheets (GNSs) in an air
electrode for nonaqueous Li-air batteries.'®® The air electrode
based on GNSs delivered a high discharge capacity (8700 mAh g ")
in comparison to carbon powders (1900 mA h g~ for BP-2000
and 1050 mA h g~ for Vulcan XC-72). Although the dominant
discharge product was Li,CO; and a small amount of Li,O,,
this result indicated that the unique morphology and structure
of GNSs were advantageous for Li-air batteries. At the same
time, Sun et al. also investigated the catalytic activity of graphene
in nonaqueous Li-air batteries.'® The graphene nanosheet
electrodes exhibited a much better cycling stability and lower
overpotential than that of the Vulcan XC-72 carbon, further
demonstrating that graphene nanosheets were an efficient
catalyst for Li-air batteries. As mentioned above, the porous
structure is very important for the performance of nonaqueous
Li-air batteries. Based on this insight, Xiao et al. fabricated a novel
air electrode consisting of hierarchically porous graphene.'°
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Graphene sheets that contains lattice defects and functional
groups were constructed into the hierarchically porous structure by
a colloidal microemulsion approach. An air electrode with this
unique graphene sheets delivered an extremely high capacity
(~15000 mA h g~ "), which is attributed to the unique hierarchical
structure consisting of microporous channels facilitating rapid
O, diffusion and highly connected nanoscale pores for a high
density of reactive sites. DFT calculations also revealed that the
defects and functional groups on graphene favor the formation of
isolated nanosized Li,O, particles and help prevent air blocking
in the air electrode.

The design of electrode structures is of great importance for
improving energy transformation processes.'®™'** The previous
studies are focused on the pore structure of carbon particles
themselves, while the effect of their arrangement in the cathode
on the performance of Li-O, battery is considerably ignored.
Generally, the porous carbon particles are closely aggregated by a
binder in the cathode and such tight aggregation unavoidably
results in a low O, diffusion rate and limited space for Li,O,
deposition, which consequently makes the carbon particles have
low utilization and further leads to the low-capacity and low-rate
capability of the Li-O, battery. To solve this problem, our group
proposed a novel strategy to maximize the utilization of porous
carbon particles and the transport of reactants by constructing a
free-standing hierarchically porous carbon (FHPC) derived from
GO gel via a facile and effective in situ sol-gel method."*® Fig. 12a
shows the pristine nickel foam with macroporous skeletons.
After the in situ synthesis, the porous carbon sheets were aligned
roughly perpendicular to the skeleton surface (Fig. 12b), leaving
large interconnected tunnels throughout the entire electrode
depth. High-magnification observation (Fig. 12c and d) of the
carbon sheets revealed that the sheets consisted of numerous
small nanoscale pores. When employed as a cathode, the Li-O,
battery simultaneously exhibited a high specific capacity and
excellent rate capability. The capacity reached 11060 mA h g * at
a current density of 0.2 mA cm ™2 (280 mA g ') and, unexpectedly,
a high capacity of 2020 mA h ¢~ " could be obtained even when the
current density increases ten-fold, up to 2 mA cm™> (2.8 A g™ )
(Fig. 12e). In contrast, the capacity of the commercial KB carbon
was 5180 mA h g " at a current density of 0.2 mA cm™ 2, which is
only half that of the FHPC electrode (Fig. 12f). This promising
performance is attributed to the loose packing of carbon in the
free-standing structure, which provides enough void volume for
insoluble Li,O, deposition and increases the efficient utilization
of the carbon. Meanwhile, the hierarchically porous structure,
including macropores from the nickel foam, and mesopores and
micropores from the carbon particles, facilitates the O, diffusion,
wetting of the electrolyte, and mass transport of all reactants.

Another new type of binder-free porous carbon electrode
configuration was demonstrated by Shao-Horn’s group by using a
CVD method.*®* Vertically aligned arrays of hollow carbon fibers
with diameters in the order of 30 nm were grown on a ceramic
porous substrate, which were used as an air electrode in Li-air
batteries. These all-carbon-fiber (binder-free) electrodes delivered
gravimetric energy densities up to 2500 W h kgdischargedfl at
power densities up to 100 W kgdischarged’l, translating to an
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Fig. 12 SEM images of the pristine nickel foam (a) and different magni-
fications of the FHPC electrode (b-d). (e and f) Discharge curves at
different current densities ranging from 0.2 mA cm™2 to 2 mA cm™2:
FHPC electrode (e) and commercial KB carbon electrode (f). Reprinted
with permission from ref. 193, copyright 2012, Wiley-VCH.

energy enhancement 4 times that of the state-of-the-art lithium
intercalation compounds, such as LiCoO, (600 W h Kgeiectrode -
The good electrochemical performance was attributed to low
carbon packing in the grown carbon-fiber electrodes and the
highly efficient utilization of the available carbon mass and
void volume for Li,O, formation. Such a nanofiber structure
allows for the clear visualization of Li,O, formation and morpho-
logical evolution during discharge and its disappearance upon
charge, which is a critical step toward understanding the key
processes that limit the rate capability and result in the low round-
trip efficiencies of Li-O, batteries. Recently, Kang et al. developed
hierarchical porous electrodes comprising well-aligned CNTs
fibrils.'®® The air electrode, with a controlled pore structure, was
fabricated by orthogonally plying individual sheets of aligned
multiwalled nanotubes without the use of any a binder or
solvent, as shown in Fig. 13. The produced porous framework
in these woven CNT electrodes enables the effective formation—
decomposition of lithium peroxide by providing the facile
accessibility of oxygen to the inner side of the air electrode
and preventing the clogging of pores by the discharge product,
even during the deep discharge. This unique feature led to the
high cycle life and unprecedented high rate performance of the
Li-0, cell. At 2 A g™, the battery can still maintain at least
60 cycles with a cut-off capacity of 1000 mA h g~'. More
interestingly, inspired by pencil-writing, Zhou and Wang
reported another peculiar electrode by pencil-drawing on a ceramic
state electrolyte.’®® The carbon nanosheets with a 2D structure
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Fig. 13 SEM images of the CNT fibril at (a) low magnification (inset: large
area image of the air electrode), and (b) high magnification. Discharge—
charge profiles (c) and cyclabilities (d) of the Li—O, cells based on the air
electrode of the woven CNT. Reprinted with permission from ref. 195,
copyright 2013, Wiley-VCH.

can be attached to the surface of a ceramic-state electrolyte
by pencil-drawing and was directly used as the air electrode.
A discharge capacity of 950 mA h g~ ' was reached at the end
voltage of 2.0 V with a current density of 0.1 A g~ . Over 15 cycles,
the capacity loss of the Li-air battery is not very obvious.

3.2.2 Doped carbon. As mentioned above, pristine carbon
materials usually show low catalytic activity in aqueous solu-
tions, but the activity is not negligible."®”*° After heteroatom
(such as N, B, P, and S) doping, the enhanced catalysis activity of
the carbon materials are widely illustrated for oxygen reduction
in aqueous electrolyte. Doping heteroatoms increase the degree
of defectiveness and edge plane sites in the graphitic carbon
network, which induces the active sites for the ORR. The
abundant carbon nanostructures and their doping with function-
alities enable researchers to tailor the catalytic properties.'®” 3¢
To develop metal-free carbon-based catalysts, several approaches
were demonstrated to synthesize nitrogen-doped carbon materials.
As a typical example, Dai’s group demonstrated that vertically
aligned nitrogen-containing carbon nanotubes (VA-NCNTs) can
act as a metal-free electrode with a much better electrocatalytic
activity, long-term operation stability, and tolerance to the
crossover effect of CO poisoning than platinum for oxygen
reduction in alkaline fuel cells (Fig. 14).2°* The improved electro-
catalytic activity can be attributed to the changes of the electronic
structure during doping of the carbon nanotubes. The incorpora-
tion of electron-accepting nitrogen atoms in the conjugated
nanotube carbon plane may produce a relatively high positive
charge density on the adjacent carbon atoms (Fig. 14d). This
synergistic effect of nitrogen-doping and the vertically aligned
structure provides a super ORR performance with a four-electron
pathway. In order to further illustrate the mechanisms of ORR
on N-doped CNTs, Jiang’s group studied the effect of different
N-containing functional groups on the catalytic activity of
N-doped CNTs under electrochemical conditions based on DFT.>**
They found that ORR occurs at both graphite-like N groups
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Fig. 14 (a) SEM image of the as-synthesized VA-NCNTs on a quartz
substrate. (b) TEM image of the electrochemically purified VA-NCNTs.
(c) RRDE voltammograms for oxygen reduction in air saturated 0.1 M KOH
at the Pt—-C/GC (curve 1), CNTs/GC (curve 2), and VA-NCNTSs (curve 3)
electrodes. (d) Calculated charge density distribution for the NCNTs.
(e) Schematic representations of possible adsorption modes of an oxygen
molecule at the CCNTs (top) and NCNTs (bottom). The C atoms around
the pyrrolic-like nitrogen could possess much higher positive charges than
do the C atoms around the pyridinic-like nitrogen. Reprinted with permission
from ref. 201, copyright 2009, American Association for the Advancement of
Science.

(NG) and pyridine-like N groups (NP) via both four-electron and
two-electron mechanisms. At the lower potential region, both
mechanisms are simultaneously responsible for the NG and
NP defect sites; while at higher potentials, the four-electron
mechanism becomes dominant and the ORR at the NP defect
sites is more energetically favorable than that at the NG defect
sites. Due to the advantage of doping, much effort has been
devoted to the promising doping of carbon catalysts. N-doped
carbon nanotubes, graphene sheets, ordered mesoporous graphitic
arrays, and carbon nanocages were prepared via various methods
such as chemical vapor deposition, heat-treatment with ammonia,
nanocasting technology and so on.>**2*® The N-doped carbons
displayed better performances with high electrocatalytic activity
and durability as a metal-free electrode catalyst for the oxygen
reduction in alkaline media and were successfully applied
in Zn-air batteries. For example, with N-doped CNTs as the
air cathode catalyst, a cell power density of ~70 mW cm >
was achieved with a catalyst loading of 0.2 mg cm™? and an
electrolyte of 6 M KOH.*"°

Besides nitrogen-doping, other elements such as B, P, and
S for doped carbon materials can also enhance the catalytic
activity of carbon materials for the ORR. Using chemical vapor
deposition with benzene, triphenylborane (TPB), and ferrocene as
precursors and catalyst, B-doped CNTs (BCNTs) were synthesized
with a tunable boron content.??° The electrocatalytic performances
are improved progressively with increasing boron content, as
reflected in the increased reduction current and the positively
shifted onset and peak potentials. Theoretical calculations indicate
that boron-doping enhances the O, chemisorption on BCNTs.
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The electrocatalytic ability of BCNTs for the ORR stems from the
electron accumulation in the vacant 2p, orbital of the boron dopant
from the m* electrons of the conjugated system; thereafter, the
transfer readily occurs to the chemisorbed O, molecules with boron
as a bridge. The transferred charge weakens the O-O bonds and
facilitates the ORR on BCNTs. Yu et al. synthesized novel P-doped
ordered mesoporous carbons (POMC) by a simple metal-free nano-
casting approach.”?! The resulting POMC, with a small amount
of P-doping (less than 1.5 atom%), exhibited outstanding
electrocatalytic activity, long-term stability, and excellent resistance
to alcohol crossover effects for the ORR in alkaline media. The
P-doping induces defects in the carbon framework and increases
the electron delocalization due to the good electron donating
properties of P, promoting active sites for the ORR. Huang et al.
found that when graphene was doped with the elements which
have a similar electronegativity to carbon, such as sulfur and
selenium, they could also exhibit better catalytic activities than
the commercial Pt/C in alkaline media.>**

Recently, co-doping has been developed into a research
direction to improve the activity of carbons. It was found that
co-doped nanocarbons show higher electrocatalytic activities
than the corresponding single-atom-doped counterparts, due to
a synergistic co-doping effect. Dai’s group developed several
kinds of co-doped carbons, such as B,N-co-doped CNTs,
P,N-co-doped CNTs, and B,N-co-doped graphene.””*** Vertically
aligned carbon nanotubes containing both B and N atoms
(VA-BCN) were prepared by pyrolysis of melamine diborate,
a single-compound source of carbon, boron, and nitrogen. The
resultant VA-BCN nanotube electrode exhibited better activity
for the ORR in alkaline medium than its counterparts doped
with boron or nitrogen alone.*?* Subsequently, the same group
developed a facile approach for the mass production of
B,N-co-doped (BCN) graphene with tunable doping levels as
efficient ORR electrocatalysts, simply by the thermal annealing
of GO in the presence of boric acid and ammonia.?** The
resultant BCN graphene samples were demonstrated to show
ORR electrocatalytic activities that were even better than that of
the commercial Pt/C catalyst. In good agreement with the experi-
mental observations, the first principles calculations revealed that
the doping level affects the energy bandgap, spin density, and
charge density. BCN graphene, with a modest N- and B-doping
level, was demonstrated to show the best ORR electrocatalytic
activity, fuel selectivity, and long-term durability, along with
excellent thermal stability and porosity. Qiao et al. also reported
the design and one-step synthesis of mesoporous N and S dual-
doped graphene (N-S-G), as illustrated in Fig. 15.>>” Commercial
colloidal silica was used as the structural template. Melamine
and benzyl disulfide were selected as the N and S precursors,
respectively, and the doping process was carried out by heating
the mixture. This novel material showed excellent catalytic
activity, including a highly positive onset potential and a very
high kinetic limiting current, which was comparable to the
commercial Pt/C catalyst. The DFT calculations revealed the
redistribution of the spin and charge densities brought about
by the dual doping of S and N atoms, which leads to a large
number of carbon atom active sites. Recently, Asefa et al
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Fig. 15 Fabrication process of N and S dual-doped mesoporous
graphene (N-S-G) nanosheets from graphene oxide. Reprinted with
permission from ref. 227, copyright 2012, Wiley-VCH.

illustrated polyaniline-derived N and O dual-doped mesoporous
carbons as efficient metal-free electrocatalysts synthesized from
in situ polymerized mesoporous silica-supported polyaniline
followed by carbonization and then etching away of the meso-
porous silica template.>*® Except for binary doping, the ternary
doping of carbon with B, P, N was also carried out to enhance
the electrochemical oxygen reduction activity.>*® Due to the
enhancement of the asymmetry atomic spin density, ternary
doping showed better activity than the binary doping.

Despite tremendous progress in the synthesis of co-doped
carbons, a fundamental issue has arisen about the distribution
of heteroatoms in the doping process. A typical example is that
when B and N coexist in sp® carbon, are B and N bonded
together or located separately? These two cases correspond to
totally different electronic structures, and therefore different
conjugation effects within the carbon n system, which even-
tually leads to distinct ORR activities.>*® The experimental
and theoretical results jointly indicate that the bonded case
can produce by-products of hexagonal boron nitride (h-BN),
which is chemically inert and results in the poor activity of the
catalyst, while the separated case can greatly improves the ORR
activity of the electrocatalysts, indicating the crucial role of the
doping microstructure on the ORR performance. In order to
avoid the formation of by-products, Qiao et al. developed a two-
step doping strategy: firstly, N was incorporated by annealing
with NH; at an intermediate temperature (e.g., 500 °C), and
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then B was introduced by pyrolysis of the intermediate material
(N-graphene) with H;BO; at a higher temperature (e.g., 900 °C).>**
Through the newly developed sequential incorporation of the
heteroatoms, there is no BN by-product observed. The resultant
B,N-c-doped graphene exhibited a much improved electrochemical
performance as compared to that of singly doped graphene and
the hybrid electrodes synthesized in one step.

As expected, functionalized carbons by doping also provide
advantages in the case of oxygen reduction in nonaqueous
systems. Kichambare et al. reported that N-doped carbon, with a
high surface area, was used as the cathode electrode in a solid-
state Li-air battery.””” The N-doped Ketjenblack-Calgon activated
carbon cathode exhibited twice the discharge cell capacity of a
cathode composed of only activated carbon without doping.
Compared to pristine carbon, N-doped carbon further enhanced
the discharge voltage. Later, Sun et al. demonstrated that N-doped
CNTs exhibited a specific discharge capacity of 866 mA h g™,
which was about 1.5 times that of CNTs with a specific discharge
capacity of 590 mA h g~ *.>*® These results indicate the benefit
of the doping functions in improving the capacity and oxygen
reaction kinetics in Li-air batteries. Recently, Sun et al also
applied N-doped and S-doped graphene in nonaqueous Li-air
batteries.”****° It was found that the discharge capacity dramati-
cally increased resulting from the introduction of defective sites
(defects or functional groups) after nitrogen-doping in graphene,
while the S-doping could influence the morphology of the dis-
charge product and therefore the charge property with significant
differences from those of pristine graphene.**® Fig. 16 schemati-
cally shows the growth mechanism of Li,O, on S-doped graphene.
Initially, O, is reduced to O, and combined with Li" to form LiO,.
Then, elongated nanocrystallites of Li,O, form on the carbon
surface. Different morphologies are obtained depending on the
discharge current density. In summary, the doping strategy is also
effective for improving the performance of Li-air batteries, but the
fundamental mechanisms require further investigation.

3.3 Metal oxide-nanocarbon hybrid materials

The inherent low conductivity and serious aggregation of nano-
particles in oxide catalysts are the important drawbacks that limit

Nanorods
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@ roduced 0
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"'\.Toroids
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Fig. 16 Schematic of the growth of discharge product nanostructures on
S-doped graphene electrodes. Reprinted with permission from ref. 240,
copyright 2012, Royal Society of Chemistry.
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their activity for the ORR and OER. To overcome this limitation,
the dispersion of the catalysts on a conductive substrate to form a
composite is a common and useful strategy. As typical conducting
substrates, different forms of carbons have been used for oxide
catalysts. The design of an inorganic-nanocarbon hybrid simulta-
neously enhances the electrical conductivity and improves the
distribution of active sites. The synergistic coupling effect between
catalyst and substrate results in excellent catalytic performance.**'>**

Recently, Cho et al. have devoted considerable efforts to
improving the ORR activity of MnO, by forming composites
with nanocarbon in Zn-air batteries. Ketjenblack carbon (KB),
carbon nanotubes (CNTs) and reduced graphene oxide (rGO)
were selected as conductive substrates, on which the MnO,
nanostructure is deposited by different methods. For example,
a composite air electrode consisting of KB carbon supported on
amorphous manganese oxide (MnO,) nanowires was synthe-
sized via a simple polyol method (Fig. 17a).>*> The low-cost and
highly conductive KB in this composite electrode overcomes
the limitations due to the low electrical conductivity of MnO,,
while acting as a supporting matrix for the catalyst. The large
surface area of the amorphous MnO, nanowires, together with
the high density of the surface defects, potentially provides
more active sites for oxygen adsorption, thus, significantly
enhancing the ORR activity. As a highly efficient catalyst,
this composite air electrode exhibits a peak power density of
~190 mW cm ™ ? in a practical Zn-air battery, which is far superior
to those based on a commercial air cathode with Mn;0, catalysts
and was similar to the performance of a Pt catalyst (Fig. 17b-d). A
MnO,-CNTs composite electrode was also prepared by a facile
electroless deposition method. Spontaneous electroless deposi-
tion results in a good distribution and a well-bonded attachment
of MnO, on the surface of CNTs. A high peak power density
(~180 mW cm™?) was achieved for the Zn-air cell with the
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Fig. 17 (a) Schematic description of amorphous MnO, nanowires on the
Ketjenblack composite (a-MnO, NWs on KB). (b) Polarization and (c and d)
discharge curves at 200 and 250 mA cm™2, respectively, of Zn—-air full cells
with different air electrodes: amorphous MnO, nanowires on Ketjenblack
composites and 20% Pt on Vulcan XC-72 (E-tek). A commercial air
electrode (Meet) was used for comparison. Reprinted with permission
from ref. 245. Copyright 2011, American Chemical Society.
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composite cathode, which was comparable to the Pt catalyst
(~200 mW cm™2).?° The well-bounded interface between MnO,
and CNTs for facilitating electron transfer from electrode to active
sites and the birnessite crystalline structure with coexistence of
Mn*" and Mn®" species on the surface of MnO, particles were
supposed to deliver the high catalytic activity toward the ORR. For
the application of graphene, Cho et al. introduced an ionic
liquid moiety to the reduced graphene oxide (rGO) nanosheets
to increase the interaction between the graphene sheets and
MnO, nanoparticles.**® By a facile solution-based growth method,
manganese oxide (Mnz;O,) was anchored on ionic liquid
(IL)-modified reduced graphene oxide (rGO-IL) nanosheets.
Based on the Koutecky-Levich plot, it was found that the ORR
pathway of the hybrid rGO-IL-Mn;0, composites is tunable with
the relative amount of Mn;O, nanoparticles supported on the
graphene sheets; for example, the overloading of manganese
oxide nanoparticles on this functionalized graphene sheet
significantly hindered oxygen reduction and even changed the
reaction mechanism from a direct four-electron pathway to an
indirect two-electron pathway.

Strongly coupled inorganic-nanocarbon hybrid materials
(SC-hybrids) have been gradually developed into novel catalyst
materials by Dai’s group.>”’*> The hybrid materials were
synthesized by the direct nucleation, growth, and anchoring of
inorganic nanomaterials on the functional groups of oxidized
nanocarbon substrates, including graphene and carbon nano-
tubes. This approach affords the strong chemical attachment and
electrical coupling between the electrocatalytic nanoparticles and
nanocarbon, leading to nonprecious metal-based electrocatalysts
with improved activity and durability for the ORR and OER.
Compared to electrode materials based on physical mixtures of
inorganics and nanocarbons, the SC-hybrids exhibited either a
higher capacity, enhanced rate capability, higher catalytic activity,
and/or improved cycling stability, leading to high performance
batteries, supercapacitors, fuel cells, and water splitting electro-
catalysts, and other types of energy storage and conversion
materials.’

A represent hybrid material synthesized by Dai’s group is
the high-performance bi-functional catalyst Co;O,~N-rmGO
(N-doped reduced mildly oxides graphene, Fig. 18a).>*° Usually,
Co30, or graphene oxide alone has little catalytic activity, but
their hybrid exhibits an unexpectedly high ORR activity that is
further enhanced by the nitrogen-doping of graphene. The
Co3;0,-N-doped graphene hybrid exhibits similar catalytic acti-
vity, but superior stability compared to Pt in alkaline solutions.
The same hybrid is also highly active for the OER, making it a
high-performance non-precious metal-based bi-catalyst for both
the ORR and OER (shown in Fig. 18c). The X-ray absorption near-
edge structure (XANES) measurements were performed to deter-
mine the interactions between Coz0, and GO in the hybrids.
Compared to N-rmGO, the Co3;0,~N-rmGO hybrid showed a
clear increase of the carbon K-edge peak intensity at ~288 eV,
corresponding to carbon atoms in graphene being attached to
oxygen or other species (Fig. 18d). This implied the existence of
interfacial Co-O-C and Co-N-C bonds in the Co;0,~N-rmGO,
which affected the electronic structure of Co;0,. Bond formation
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Fig. 18 (a) TEM images of the CozO4—N-rmGO hybrid. The electron
diffraction pattern of the CosO,4 nanocrystals on graphene is showed in
the inset. (b) XPS spectrum of the CozO4—N-rmGO hybrid. (c) Oxygen
electrode activities within the ORR and OER potential window of the
C0304—N-rmGO hybrid, CosO4 nanocrystal, and Pt/C catalysts dispersed
on carbon fiber paper in O,-saturated 0.1 M KOH. (d) C K-edge XANES of
the Coz04—N-rmGO hybrid and N-rmGO. Reprinted with permission from
ref. 249, copyright 2012, Nature Publishing Group.

between Co;0, and N-rmGO and changes in the chemical bonding
environment for C, O and Co atoms in the hybrid material resulted
in the synergistic effect between catalyst and substrate. N-doping of
GO could afford stronger coupling between Co and graphene in
C03;0,~-N-rmGO than in CozO,~rmGO. N-groups on reduced GO
serve as favourable nucleation and anchoring sites for Cos0,
nanocrystals, owing to coordination with Co cations. The oxidation
degree of graphene oxide greatly influences the performance of
the hybrids.? Traditional harsh oxidation of GO usually causes the
imbalance of the inorganic-carbon coupling interactions and the
electrical conductivity of the hybrid material. It is crucial for high
ORR and OER performance to control a moderate degree of
graphene oxidation to simultaneously afford sufficient functional
groups and electrical conductivity.

Besides graphene, CNTs have also been used for the synthesis
of SC-hybrids by Dai’s group. Coz0,4 or CoO-N-doped CNT hybrids
were prepared using mild oxide CNTs.>* Interestingly, the metal
oxide-carbon nanotube hybrids were found to be advantageous
over the graphene counterparts, showing higher ORR current
density at medium overpotentials through a 4e reduction path-
way. The Nyquist plots of the electrochemical impedance data
indicated that the Co03;0,-NCNT hybrid exhibited a smaller
charge-transfer resistance for the ORR with a smaller semicircle
for the Co30,~NCNT hybrid than the N-rmGO hybrid at the
ORR operation potential of 0.8 V. Direct electrical resistance
measurement on the sample pellet showed that the Coz;0,-
NCNT hybrid had a smaller resistance (~40-60 Q) than the
C030,-N-rmGO hybrid (~200-300 Q). These results suggested
that higher electrical conductivity in the NCNT hybrid could be
reached, which is of particular importance for the electrochemical
characteristics of the hybrids. Of course, GO has its own advantage
in providing higher surface areas for constructing hybrid materials.
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To further enhance the hybrid catalyst, Dai’s group developed a
mixed-metal oxide MnCo,0,-N-doped graphene hybrid material for
highly efficient ORR electrocatalysis under alkaline conditions.>”*
By controlling the reaction ratio of Co(OAc), and Mn(OAc), as
2:1, MnCo,0, in the cubic spinel phase grew on the graphene
sheets to form a strongly coupled MnCo,0,~N-rmGO hybrid. At
the same mass loading, the MnCo,0,-N-graphene hybrid can
outperform Pt/C ORR current density at medium overpotentials
with a stability superior to Pt/C in alkaline solutions. At a
constant voltage of 0.70 V vs. RHE, the ORR current density
produced in the hybrid catalyst decreased by only 3.5% over
20000 s of continuous operation, while the corresponding
physical mixture sample and Pt/C catalysts exhibited ~25% and
33% decreases in the current density, respectively. The nucleation
and growth method results in covalent coupling with the for-
mation of C-O-metal and C-N-metal bonds between N-doped
graphene oxide and spinel oxide nanoparticles, affording a much
higher activity and stronger durability than the physical mixture of
nanoparticles and N-rmGO. Mn substitution increased the activity
of the catalytic sites of the hybrid materials, further boosting the
ORR activity compared with the pure Co;0,~N-rmGO hybrid.

The rational design of the structure in the hybrid materials
is also crucial for oxygen electrocatalysis activity. Recently, Feng
et al. developed three-dimensional N-doped graphene aerogel
(N-GA)-supported Fe;O, nanoparticles (Fe;0,/N-GAs) as efficient
cathode catalysts for the ORR in alkaline media. The graphene
hybrids exhibit an interconnected macroporous framework of
graphene sheets with uniform dispersions of the Fe;O, nano-
particles.”** For the ORR, Fe;O,/N-GAs show a more positive
onset potential, higher cathodic density, lower H,O, yield, and
higher electron transfer number than Fe;O, particles supported
on N-doped carbon black or N-doped graphene sheets, high-
lighting the importance of the 3D macropores and the high
specific surface area of the GA support for improving the ORR
performance. Chen and co-workers designed another new class
of core-corona structured bifunctional catalyst (CCBC) consisting
of lanthanum nickelate centers supporting nitrogen-doped carbon
nanotubes (NCNT) for rechargeable metal-air batteries.>>* The
nanostructured hybrid is based upon a highly ORR-active
nitrogen-doped carbon nanotube (NCNTSs) corona component
and a highly OER-active lanthanum nickelate (LaNiO;) derived
core component (Fig. 19). In the structure, the NCNTs are
highly graphitic, resulting in robust operational durability,
and possess exemplary electronic conductivity. As a result,
the CCBC coated air electrode exhibited outstanding cycling
performance without degradation after 75 cycles in Zn-air
batteries. Combining LaNiO; and NCNT into one entity in the
CCBC increased the catalyst activity and durability as a result of
the synergistic effects between the strong-connected NCNT and core
material. The CCBC represented a novel class of bifunctional catalyst
material that is very applicable to future generation rechargeable
metal-air batteries.

Motivated by the high ORR activity and good OER activity of
the MnCo,0,-N-rmGO hybrid in aqueous solution, Dai’s group
explored the material as a cathode catalyst for a nonaqueous
Li-O, battery.®> The authors found that the ORR catalytic
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Fig. 19 (a) Schematic of the Zn—-air battery and the reactions taking place
on the electrodes. The CCBC catalyst is applied on the positive electrode
which catalyzes the ORR and OER reactions. (b) Scanning electron
micrograph and transmission electron micrograph of the CCBC illustrating
the NCNT on the surface of the core particle. Zn—air battery performance:
(c) discharge and charge polarization curves of Pt/C, CCBC-2, and LaNiOs
and (d) cycling of CCBC-2. One discharge and charge is referred to as one
cycle, and the battery was cycled 75 times. Reprinted with permission from
ref. 254. Copyright 2012, American Chemical Society.

activity of the MnCo,0,-N-rmGO hybrid in aqueous solutions
could be translated to the organic electrolyte, giving a high
discharging potential of the Li-O, cell and simultaneously
decreasing the charging voltage, compared to N-doped graphene
(N-rmGO), carbon black (CB), and a mixture of MnCo,0, nano-
particles and CB. The overpotential and charging-discharging
performance of MnCo,0,-N-rmGO hybrid was similar to that of
the benchmark Pt/C catalyst. Moreover, the hybrid catalyst
exhibited much better cycling stability of the Li-O, cell than
Pt/C through charge and discharges with a capacity cutoff of
1000 mA h g~ " over 40 cycles, with little change in the discharging
and charging potentials. Although side reactions could possibly
be involved in the carbonate electrolyte, the substantial perfor-
mance improvement in the hybrid material over the physical
mixture of MnCo,0, and graphene suggested that the strong
coupling within the hybrid structure played an important role in
the effective and rapid transfer charges, even in organic electrolytes.

Cao et al. further illustrated the synergistic catalytic effect of
oxide and carbon in the a-MnO, nanorod-graphene hybrid in
nonaqueous Li-O, batteries through the in situ nucleation and
growth of a-MnO, nanorods on graphene nanosheets (GN) (Fig. 20a
and b).>*® As shown in Fig. 20c, the o-MnO,-GN hybrid showed
excellent catalytic activity for both ORR and OER processes.
It delivered a high reversible capacity of 11520 mA h Zearpon -
at a current density of 200 MA Zeabon — (0.06 MA cm ™ ?).
In contrast, the a-MnO, and GN mixture could only deliver a
reversible capacity of 7200 mA h gcarbon’l, which is about 62.5%
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Fig. 20 (a) Schematic drawing of the growth of a-MnO, nanorods on
graphene and the schematic structure of the a-MnO,—graphene hybrid.
(b) TEM image of the hybrid. (c) Discharging and charging profiles of Li-O,
batteries based on three different catalysts, «a-MnO,—graphene hybrid,
NW(nanowire)-a-MnO,—-graphene mixture and NR(nanorod)-o-MnO,—
graphene mixture. The current density and capacities were based on the
mass of graphene. (d) Cycle performance. Reprinted with permission from
ref. 256, copyright 2012, Royal Society of Chemistry.

of the hybrid. The cell simultaneously showed good cycle
performance over 25 cycles with stable reversible capacities
and a discharging and charging voltage platform (Fig. 20d).
Besides graphene, the MnO,~CNTs or carbon nanofiber hybrids
were also prepared as cathode catalysts in Li-O, batteries with
reduced discharge-charge overpotentials and improved cycling
properties.>®” 2% Recently, Amine et al. synthesized porous
carbon supported o-MnO, nanoparticles by a wet-chemistry
approach at ambient temperature.’®® The advantage of this
synthetic approach is that the porous structure and surface area
of carbon can be well preserved after dispersion of MnO, onto
the surface of the carbon support. As an electrocatalyst for
rechargeable Li-O, cells, the as-prepared hybrid -catalysts
demonstrated good electrochemical behavior with a capacity
of 1400 mA h g~' (carbon + catalyst) at a current density of
100 mA g~ ' (carbon + catalyst) during the initial discharge.
Interestingly, the charge potential was significantly reduced, to
3.5-3.7 V, compared with most of the reported data, which are
usually above 4.0 V.

Cobalt oxide-carbon hybrids have also been applied in
nonaqueous systems. For example, Nazar’s group showed that
nanocrystalline Co;0, grown on reduced graphene oxide
(Co304/RGO) and employed as part of a carbon-based oxygen
electrode membrane, results in the significant reduction of
overpotentials for the OER (up to 350 mV, Fig. 21a), and
improved cycling performance.® The synthesis of Co30,/RGO
was carried out by reduction of cobalt phthalocynanine deposi-
ted onto graphene, followed by mild oxidation. An interesting
phenomenon was observed in the electrochemical test. The
onset potential of the OER is similar for both Ketjenblack (KB)
and Co030,4/RGO (just above 3.0 V), which is in sharp contrast to
the OER in aqueous media, where Co;0,4/graphene significantly
lowered the onset potential (Fig. 21d). The overall results
indicated that it acts as a promoter to enhance the surface
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Fig. 21 (a) First discharge—charge profile for Li—-O, cells with Ketjenblack
(KB) or Cos04/RGO/KB at 25 °C at a current rate of 140 mA g~* (b) XRD
patterns of the cells in part (a) on the first discharge. The reflections of
Li,O, are marked. (c) Linear sweep voltammetry following a hold at 2.25 V
for 1 h. (d) Voltage profile on charge for cells containing chemically
deposited Li>O, in the presence of either Co304/RGO/KB or KB. Reprinted
with permission from ref. 82, copyright 2013, Wiley-VCH.

transport of the Li,O, species, by reducing their binding energy
in both the forward and reverse electrochemical processes.
However, the mechanisms of reaction still need to be analyzed
by advanced technologies. At the same time, other cobalt oxide-
carbon hybrids such as CoO/CMK-3 (mesoporous carbon) and
Co030,/CNTs catalysts were also synthesized and applied in
nonaqueous systems.>*®*®” The high capacity and low over-
voltage indicate their promising catalytic activity.

3.4 Metal-nitrogen complex

One of the most promising non-precious metal electrocatalysts
in fuel cell applications is carbon-supported transition metal/
nitrogen (M-N,/C) materials (M = Co, Fe, Ni, Mn, etc., and
normally x = 2 or 4), which have gained increasing attention
due to their promising catalytic activity displayed towards the
ORR, along with the utilization of abundant, low-cost precursor
materials. According the synthesis process, the M-N,/C catalysts
can be classified into two categories: non-pyrolyzed catalysts with
organic states and pyrolyzed catalysts with inorganic states. Non-
pyrolyzed M-N,/C catalyst materials maintain the well-defined
structure of macrocycle complexes during simple synthesis pro-
cedures, providing favorable structural control for their activities.
The pyrolyzed M-N,/C catalysts are based on building blocks of
non-pyrolzed M-N,/C, through high-temperature treatment.
3.4.1 Non-pyrolyzed M-N,/C materials. Since Jasinski’s
first report on the ORR catalytic activity of metal-N, (M-N,)
chelates as cobalt phthalocyanines (CoPc) in alkaline condi-
tions,?®® transition metal porphyrins such as tetraphenyl por-
phyrins (TPP), tetramethoxy tetraphenyl porphyrins (TMPP),
and phthalocyanines (Pc) have been thoroughly studied as
attractive candidates for active and reliable catalysts for fuel
cell cathodes, which opened a new direction for research in the
field of ORR catalysis.>**** The well-defined structures of the
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complexes allows for the direct correlation of the catalyst structure
and the resulting ORR activity and stability. The activity of these
complexes is directly related to the metal ion center and
encompassing ligand structure. For example, cobalt-based
complexes (i.e., CoPc or Co porphyrin) exhibit a 2-electron
process to produce H,0O, towards the reduction of oxygen,
whereas Fe-based complexes show a 4-electron reduction pro-
cess forming H,O. As the proposed active site for the ORR,
it was found that Fe and Co metal-ion centers display the
optimal electrocatalytic properties, leading to the distinct redox
properties in the macrocycle compounds. Various macrocycle
structures possess significantly different chemical and electronic
properties and the ORR activity is related to their ionization
potentials and oxygen binding capabilities. From the theoretical
and experimental results on FePc/C and CoPc/C catalysts, Wang
et al. concluded that the lower the O, adsorption energy, the
higher the kinetics of the ORR that can be expected.?”®

For the ligand structure, the presence of additional functional
groups or substituents on the outer rings of the macrocycle
compounds has been recognized to tailor the electrochemical
properties and functionalities of these materials. It appears that
the selectivity of metal macrocycles towards a chemical and/or
electrochemical reaction is “‘set” by the metal centre, and the
activity is then “tuned” by the peripheral substituents.>”” Chen’s
group indicated that functionalizing carbon supported FePc with
thioether phenyl groups (Fe-SPc/C) with a structure inspired by
naturally occurring ORR catalysts would lead to exemplary
stability enhancements under potentiodynamic conditions in
acidic electrolyte (Fig. 22).>”° Thioether functional groups are

Fig. 22 Atomic structure of (a) Fe—Pc and (b) Fe—SPc and the space filling
stacking model of (c) Fe—Pc (dre_re: 4.119 A) and (d) Fe—SPc (dre_re: 6.945 A);
side view, same scale. Reprinted with permission from ref. 279. Copyright
2010, American Chemical Society.
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Fig. 23 (a) Schematic diagram of the structure of the FePc—Py—-CNTs
composite. (b) HR-TEM image of the FePc—Py—CNTs composite. Reprinted
with permission from ref. 280, copyright 2013, Nature Publishing Group.

attached to phthalocyanine macrocycles to act as supplementary
electron-providing sites to prevent issues arising from slow
electron transfer. Meanwhile, bulky diphenyl thiophenol groups
are incorporated into the structure providing a high degree of
steric hindrance, maintaining the isolation of the catalytically
active sites.

More interestingly, inspired by the active site in cytochrome
¢ oxidase, Cho’s group designed a five-coordinated structure
using pyridine-functionalized carbon nanotubes (CNTs) to anchor
FePc molecules and provide an axial ligand for the iron centre
(Fig. 23).>%° The novel catalysts exhibited higher electrocatalytic
activity for oxygen reduction than the state-of-the-art Pt/C
catalyst, as well as exceptional durability during cycling in
Zn-air batteries. The theoretical calculations suggested that
the enhanced performance might originate from the electronic
structure change of the Fe center in the five-coordinated
structure, which induces the high stretching degree of the
0-0 bond in the FePc-Py-CNTs system and increases the binding
energy between the oxygen species and catalyst. In addition,
compared with the four-ligated Fe in the FePc-CNT system, the
extra axial coordination bond between Fe and the Py group in
the FePc-Py-CNT system reduces the probability of Fe ion
dissociation and improves the durability. These results provide
an indication that the careful design and modification of these
complexes can improve the ORR activity and stability. Recent
work further illustrated the importance of the rational structure
design of macrocycle compounds. Tang et al. presented another
novel strategy to incorporate the molecular architecture of the
cobalt porphyrin multilayers onto reduced graphene oxide (rGO)
sheets using the layer-by-layer (LBL) assembly technique.>** Upon
their combination, the planar benzene rings of the rGO sheets
could provide possible electrostatic or coordination interactions,
n-7 stacking and van der Waals forces with the cobalt porphyrin
catalysts. Such multiple interactions will favor the stability of
the catalysts on the substrates. With respect to commercial C/Pt
catalysts, the assembly of rGO/(Co>"-THPP), shows comparable
electrocatalytic activity, but better stability and increased tolerance
to the crossover effect.

3.4.2 Pyrolyzed M-N,/C materials. Although the catalytic
activity of various organic metal-N, complexes supported on
carbon has been demonstrated in aqueous media, it was found
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that the catalyst structures gradually decomposed in the presence
of acid and poor stability resulted in a loss of catalytic activity.”**
A significant breakthrough was achieved when high temperature
heat treatment procedures (400 to 1000 °C) were introduced to
the catalyst synthesis process.”®® By this approach, the obtained
inorganic M-N,/C catalysts not only increased the concentration of
available ORR active sites, but also improved the catalyst stability.
Due to the decomposition of the macrocycle complexes, it was
discovered that expensive transition metal macrocycle compounds
were not actually required, and that catalytically active M-N,/C
moieties could be synthesized by the simple pyrolysis of transition
metal, carbon and nitrogen containing precursor materials. This
provided a new direction for research involving inexpensive pre-
cursor materials. In order to develop high-efficient M—-N,/C cata-
lysts, systematic trial and error investigations have been carried
out based on the optimization of the synthesis conditions,
precursor materials and catalytic structures. Several factors were
verified to be important for the activity and stability of the pyrolyzed
M-N,/C electrocatalysts, including transition metal type and loading,
carbon support surface properties and nitrogen content, and heat
treatment conditions and duration.’**%° Recently, the distribution
of metals in the carbon matrix has been found to be crucial for
the stability of the catalysts. Several groups encapsulated Fe
nanoparticles into the compartments of pea-pod like carbon
nanotubes (CNTs).”°°>** This protection does not impede the
activation of O, and the catalyst has a rather high activity and
long-term stability. DFT calculations indicate that the catalytic
activity could arise from the electron transfer from Fe particles
to the CNTs leading to a decreased local work function on the
carbon surface.”’®® Electron transfer is very important in the
catalytic activity of doped carbon materials.>**>®

During the synthesis of such catalysts, typical metal types
usually include inorganic salts and organometallic complexes.
The introduction and distribution of surface nitrogen on the
surface of the catalyst materials was initially deemed as the
most critical step to determine the performance of the obtained
materials. Different nitrogen sources usually reflect the features
of synthesis. Nitrogen precursor materials are commonly classi-
fied into three categories, including: (i) gaseous precursors such as
NH; or CH;CN;?* (ii) organic small molecules such as cyanamide,
corrole, or ethylenediamine (EDA);****** and (iii) nitrogen contain-
ing polymers such as polyaniline (PANI).>*>'® For the carbon
support, the disordered carbon degree and microporosity are
also influential factors.*'”*'® A highly-efficient M-N,/C catalyst
is usually the result of the maximum optimization of every
aspect. For example, Dodelet and co-workers reported in
2009 the best iron-based catalysts with ORR catalytic activities
comparable to Pt, based on previous insights into the catalyst
design.?*® Highly microporous Black Pearl 2000 was selected as
the carbon support and planetary ball-milling was used to fill
the support pores with pore filler (1,10-phenanthroline) and the
iron precursor (ferrous acetate). The authors found that the
greatest increase in site density was obtained when a mixture of
carbon support, phenanthroline, and ferrous acetate was ball-
milled and then pyrolyzed twice, first in argon, then in ammonia.
The active sites of the microporous carbon-supported iron-based

7768 | Chem. Soc. Rev., 2014, 43, 7746-7786

View Article Online

Review Article

catalysts were believed to contain iron cations coordinated by
pyridinic nitrogen functionalities in the interstices of graphitic
sheets within the micropores. The outstanding ORR performance
of the pyrolyzed FeCo-EDA catalyst was also observed and
compared with the commercial Pt/C catalyst in the assembled
Zn-air batteries.>*® The FeCo-EDA catalyst exhibited an almost
three times higher mass activity compared to that of the
commercial Pt/C catalyst after the accelerated degradation test
and a higher peak power density (232 mW cm™?), compared to
the power density (196 mW cm™?) for commercial Pt/C.
Nitrogen-containing polymers have gradually become impor-
tant precursors in the synthesis of highly active M-N,/C catalysts,
which provide both carbon and nitrogen sources during high
temperature pyrolysis. The use of such polymers as nitrogen
precursors promises a more uniform distribution of nitrogen
sites on the surface and an increase in the active-site density.
The obtained catalyst materials display very promising ORR
activity and stability, with results and electrocatalytic properties
similar to the pyrolyzed macrocycle complex catalysts.*®*
Wu et al. successfully used PANI as a precursor for a carbon-
nitrogen template for the high-temperature synthesis of cata-
lysts incorporating iron and cobalt.*’> PANI has a favorable
combination of aromatic rings connected via nitrogen-containing
groups. Because of the similarity between the structures of PANI
and graphite, the heat treatment of PANI could facilitate the
incorporation of nitrogen-containing active sites into the partially
graphitized carbon matrix. Results from this study indicated that
PANI-derived formulations combine high ORR activity with
unique performance durability and 4e reduction selectivity.
Hashimoto et al. applied network polymers to synthesize
M-N,/C catalysts. 2,6-Diaminopyridine was selected as a building-
block monomer for the formation of a nitrogen-rich network
polymer that forms self-supporting spherical backbone structures
and contains a high density of metal-coordination sites.*"* The
pyrolyzed Co/Fe-coordinating polymer exhibited a high specific
oxygen reduction activity with onset potentials of 0.87 V vs.
RHE in neutral media. Recently, Liu et al. described another
approach for the preparation of highly active and support-free
oxygen reduction catalysts using porous organic polymer pre-
cursors (polyporphyrin) containing densely populated nitrogen-
coordinated iron macrocyclic centers uniformly decorated over
the micropore surface.’'® Fig. 24 shows a simplified synthesis
and the molecular and three dimensional stacking structures of
the precursor. N-containing aromatic compounds provide
chances for the synthesis of highly active M-N,/C catalysts for
the ORR. Metal-organic frameworks (MOFs), which represent a
new frontier for materials research, are coordination polymers
consisting of metal ions/clusters and organic linkers. As a
subclass of MOFs, zeolitic imidazolate frameworks (ZIFs) have
been demonstrated to be excellent precursors for non-precious
electrocatalysts due to their structural features of uniformly
distributed transition metals ligated by N-containing ligands.***?
Mass transfer is also a limiting factor for the ORR perfor-
mance, which becomes crucial especially in the practical cells.
To dramatically enhance mass transfer through porous oxygen-
breathing electrodes, Cho’s group created some unique electrode
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Fig. 24 Synthesis of porous organic polymer containing nitrogen-
coordinated iron macrocyclic centers. (a) Molecular structure; (b) simu-
lated 3D stacking of the precursor. Fe red, N blue, C light blue, S yellow; H
has been omitted for clarity. Reprinted with permission from ref. 316,
copyright 2013, Wiley-VCH.

architectures inspired by breakwaters composed of highly porous
tetrapod structures.*'® The synthesis process is shown in Fig. 25.
Nanosized Ketjenblack clusters were successfully incorporated
into commercially available melamine foam of a microscale
porous skeleton through a simple solution based method and
after pyrolysis, unique catalyst architectures were created with
a large number of active sites for the ORR and a large pore
volume for the fast transport of oxygen gas and aqueous
electrolyte to the active sites. In the constructed Zn-air full cells,
the voltage of the obtained M-N,/C catalysts became higher than
that of the cell with the Pt/C catalyst at higher current densities and
the corresponding peak power density of the cell with M-N,/C
catalyst was about 200 mW cm >, which is slightly higher than
about 195 mW em > for the cell with the Pt/C catalyst, suggesting
that M-N,/C catalysts with unique porous architectures could
enhance the rapid mass and charge transfer.

Another efficient pathway to improve the ORR activity is by
creating abundant catalytic sites on carbon supports. Recently,
Dai’s group developed a new strategy through introducing
abundant defects and functional groups onto the carbon nano-
tubes to increase the number of catalytic sites.>*” Under unique
oxidation conditions, the outer walls of the few-walled carbon
nanotubes are partially unzipped, producing abundant defects
on the outer walls of the carbon nanotubes and forming large
amounts of nanoscale graphene sheets attached to the intact
inner walls of the nanotubes, as shown in Fig. 26a. The edge-
and defect-rich graphene sheets facilitate the formation of
catalytic sites with iron impurities for the ORR on annealing
in NH;. In acidic solutions, the catalyst exhibits high ORR
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Fig. 25 (a) Architectural features of tetrapod structures, commercially
available melamine foam (inset), and a cross-sectional view (SEM image)
of a fractured melamine foam after pyrolysis. The interconnected large
pores may facilitate fast mass transport. (b) The synthesis process of the
Fe/FesC functionalized melamine foam infiltrated with N-doped Ketjen-
black (KB): (1) impregnation of melamine foam with FeCl,-4H,O solution;
(2) infiltration of Ketjenblack EC-600 JD; (3) carbonization in an Ar atmo-
sphere for 2 h at 800, 900, and 1000 °C; (4) leaching in a 2 M H,SO4
solution. (c) Current—voltage and (d) power—voltage curves of the Zn—-air
cells with Ar-800 and 20% Pt/C catalysts. A gas diffusion layer without any
catalysts was used as the baseline air electrode for comparison. Reprinted
with permission from ref. 315, copyright 2013, Wiley-VCH.

activity and superior stability, and in alkaline solutions its ORR
activity closely approaches that of platinum. Moreover, iron and
nitrogen atoms have been imaged at the atomic scale for the
first time by using annular dark-field (ADF) imaging and electron
energy loss (EEL) spectrum imaging in aberration-corrected
scanning transmission electron microscopy (STEM). It was
found that iron atoms on the graphene sheets are often adjacent
or close to nitrogen atoms (Fig. 26¢c-f), suggesting possible Fe-N
bonding.

The active sites are very important for oxygen electrocatalysts.
However, in most of the cases the actual configurations of the
active sites are difficult to determine. A typical example is the
pyrolyzed M-N,/C catalysts. Many results have revealed that
transition-metal ions, coordinated by pyridinic N atom func-
tionalities, are the active sites for electrocatalysis. However, the
detailed coordination structures of the active sites are yet to be
identified. The current proposed active sites are edge plane
M-N,/C and M-N,/C species, basal plane macrocyclic M-N,/C
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Fe mapping

N mapping combined mapping

Fig. 26 (a) Bright-field and (b) simultaneously acquired annular dark-field
(ADF) STEM images of a CNT partially covered with nanosized graphene
pieces showing many heavy atoms in the NT-G material. The area marked
by the white square in (b) is further characterized by (c) ADF intensity
mapping, (d) Fe electron energy loss spectroscopy (EELS) mapping, (e) N
EELS mapping, and (f) overlaid Fe and N EELS maps. The ADF and EELS
maps were recorded simultaneously. Reprinted with permission from
ref. 297, copyright 2012, Nature Publishing Group.

species as well as graphitic nitrogen N/C species, which are
mainly speculated by data obtained from X-ray photoelectron
spectroscopy (XPS), extended X-ray absorption fine structure
(EXAFS), time-of-flight secondary ion mass spectroscopy (ToF-
SIMS), Méssbauer spectroscopy, etc.*>*>®> Recently, based on
DFT, Fe-N; and Fe-N, have been claimed to be the possible
active sites for the ORR, while Fe-N, may be not.*® Unfortunately,
the proposed sites can only be called “hypotheses” and many
relevant fundamental aspects, such as coordination chemistry
and geometric structures of the active sites, are not fully under-
stood. Up to now, the active site structures of the pyrolyzed
M-N,/C are still a controversial subject. The difficulty in determin-
ing active site structures stems from the complexity and variety of
the catalysts’ surfaces.”®* To gain in-depth insights, a combination
of in situ experimental analysis, especially atomic-scale probing,
and the theoretical investigation would be valuable. It is note-
worthy that theoretical contributions have been made to elucidate
the electrocatalysis process on the benchmark catalyst Pt, offering
a potential way to study the surface configurations of the pyrolyzed
M-N,/C under electrochemical conditions.*?®
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Pyrolyzed M-N,/C catalysts have also been successfully
applied in nonaqueous Li-air batteries as early as the first
report by Abraham. In that work, a pyrolyzed CoPc/carbon
catalyst efficiently increased the discharge voltage by 0.35 V
and decreased the charge overvoltage by 0.3 V in a polymer
electrolyte-based Li-O, battery.'® Later, pyrolyzed CuFePc com-
plexes as catalysts for oxygen reduction were investigated in
nonaqueous systems.*?”*>8A higher discharge voltage and rate
were achieved using pyrolyzed CuFePc catalyst compared to
pristine carbons. Recently, great progresses have been made in
the application of M-N,/C catalysts for nonaqueous Li-air
batteries. One representative catalyst is the Fe/N/C composite
prepared by the pyrolysis of supported iron(n) acetate and 1,10-
phenanthroline.**® The improved performance of the recharge-
able Li-O, battery is observed when a Fe/N/C composite is used
as the cathode catalyst. It can be seen that such a catalyst could
reduce the overpotentials during both discharge and charge
processes compared with the metal oxide catalyst or high
surface-area carbon (Fig. 27a). More importantly, only oxygen
was detected during the charging step when Fe/N/C was used as
the cathode catalyst, whereas CO, was also found in compar-
able cells using a-MnO, or carbon under the same conditions
(Fig. 27b). The Li-O, batteries with Fe/N/C as the catalyst also
exhibited high cyclability (more than 50 cycles with excellent
capacity retention). The improved activity may arise from its
structural advantages: Fe/N/C active sites are atomically dis-
persed in the carbon matrix with high surface density and such
a catalyst could produce a higher interfacial boundary with the
lithium oxide precipitates, lowering both electron and mass
transport barriers and thereby reducing the overpotentials
during charging.*®® Another successfully example is nitrogen-
doped graphene-rich catalysts (Co-N-MWNTs) derived from
heteroatom polymers for oxygen reduction in nonaqueous
Li-0, battery cathodes.**® The Co-N-MWNTs was synthesized
via graphitization of an aromatic heteroatom polymer, poly-
aniline under catalysis of cobalt species supported on multi-
walled carbon nanotubes (MWNTs). Compared to the reported
metal-free graphene catalysts, the addition of the Co species
introduces a high level of quaternary and pyridinic N in the
graphene composite catalysts and significantly improves the
catalytic activity for the ORR. At the same time, beneficial mass
and electron transport, specific interactions between active site
and MWNTs, as well as high corrosion resistance can all
improve the cathode performance.

3.5 Transition metal nitrides

Due to the significanly different electronegativity between
the metal and nitrogen atoms, there is charge transfer in the
nitrides. This charge transfer was proved to result in the
creation of base and/or acid sites, which led to various catalytic
activities such as isomerization, dehydrogenation, hydrogenation
and so on. In the early research, Mazza and Trassatti synthesized
a TiN compound using a direct nitriding method and found
that TiN exhibited activity towards the ORR with excellent
electronic conductivity in alkaline solutions.”*" Later, nitride-
based ORR catalysts such as MnyN, CrN, Fe,N, CozN, and NizN
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Fig. 27 (a) Discharge—charge voltage profiles of Li-O, cells using a-
MnO,/XC-72 and Fe/N/C as cathode catalysts. (b) Representative GC
signals as a function of retention time for the gas effluents collected at

the end of the charging processes of panel a. Reprinted with permission
from ref. 329. Copyright 2012, American Chemical Society.

were investigated in alkaline electrolyte. It was found that the
Mn,N-based air cathode promoted the direct four-electron ORR
mechanism and supplied a stable performance during a
50 h test.”” Subsequently, carbon-supported molybdenum
nitride, tungsten nitride and niobium nitride were synthesized
using pyrolysis methods and explored the possibilities of these
materials as fuel cell catalysts.>**** As ORR electrocatalyst
materials, transition metal nitrides have relatively good stability
under acidic conditions and high electrochemical potentials.
Carbon supported Co-W treated with NH; at high temperatures
was also found to possess some catalytic activity towards the
ORR.*** However, the catalytic ORR activity was strongly depen-
dent on the NH; heat-treatment temperature, the metal com-
position ratio and method of preparation. The structures of
metal nitrides influence their catalytic activities toward the
oxygen reduction reaction. Sun’s group compared two carbon-
supported molybdenum nitrides, MoN/C and Mo,N/C, prepared
by varying the experimental conditions in an NH; atmosphere.**®
The results show that the MoN/C exhibits higher catalytic
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activity toward the ORR than the Mo,N/C. From the density
functional theory calculations, it was found that both the MoN
and the Mo,N facilitate the dissociation of oxygen molecules,
but the suitable geometric structure of the MoN and the
preferred oxygen adsorption type on it contribute to the higher
activity of MoN/C toward the ORR.

Nanostructured materials have been widely proved to have
additional advantages for electrocatalysis. Chen and Wu
reported a facile preparation of CuzN nanocubes by a one-
phase process.**” The crystal size could be tuned easily by using
different primary amines as the capping agents. Such nano-
crystals delivered promising electrocatalytic activity towards the
oxygen reduction. Domen’s group reported the direct synthesis
of TiN nanoparticles on carbon black supports using a mpg-
C;3;N,—carbon black composite as a template, which ensured
improved contact between the electrocatalyst (TiN) and carbon
supports.”*® This nanocomposite can function as an efficient
cathode catalyst for the ORR in polymer electrolyte fuel cells.
In 2011, TiN was firstly used as an ORR catalyst in a Li-air fuel
cell with a nonaqueous-acidic aqueous hybrid electrolyte by
Zhou’s group.®*® A high ORR cathodic current was observed at
an onset potential of 3.80 V vs. Li/Li*. The single cell exhibited a
discharge curve with a voltage plateau of 2.85 V at the current
density of 0.5 mA g . Later, the same group studied the
electrocatalytic activities of nano- and micro-sized TiN toward
the oxygen reduction reaction (ORR) in an alkaline media using
a thin film-rotating-disk electrode (RDE) technique, and also
investigated their performances as active air electrodes on a
Li-air fuel cell with a hybrid electrolyte.*° It is interesting that
the electrocatalytic activities of both nano- and micro-sized TiN
exhibit different mechanisms toward the ORR in alkaline
media. The ORR catalyzed by microsized TiN proceeds via the
2-electron pathway in a consecutive manner with the reduction
of HO, ~ starting at a higher electrode potential. In contrast, the
ORR catalyzed by nano-sized TiN proceeds via a dual-path,
where the two serial “2e”” steps proceed with smaller intervals
and manifest an overall mixed appearance by the coexistence of
the parallel and serial “2e™” steps. In the assembled Li-air
cells, both nano- and micro-sized TiN particles demonstrate
evident electrocatalytic activities towards the ORR, with the
nano-sized TiN showing much better catalytic activity, which is
comparable to that of the nano-sized Mn;0,.

For the TiN catalyst, its successful application in aqueous
systems was also extended to that in a nonaqueous system.
As the cathode catalyst, TiN nanoparticles supported on Vulcan
XC-72 (n-TiN/VC) exhibited an onset potential for the OER at
2.9 V, contrasting with a mixture of micro-sized TiN and VC
(m-TiN-VC), and VC, both at about 3.1 V in a nonaqueous Li-O,
battery (Fig. 28a).>*" The discharge-recharge voltage gap of
n-TiN-VC was estimated to be 1.05 V, which is 390 and
450 mV smaller than that of m-TiN-VC and VC, respectively,
at 50 MA Zearbon , which indicates that n-TiN-VC can function
as both an active ORR catalyst during discharge and an efficient
OER catalyst during recharge. In Fig. 28b, n-TiN-VC also
exhibited a larger capacity of 6407 mA h gearpon * in compari-
son with m-TiN-VC and VC. The enhanced performance can be
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Fig. 28 (a) Discharge-recharge curves of VC (Vulcan XC-72), micro-sized
m-TiN/VC, and nano-sized n-TiN/VC as cathode catalysts of Li—-O,
batteries and an enlarged section highlighted (inset) at 50 mA gca,bon’1
and (b) their discharge curves at 500 MA Jgearbon . Reprinted with permis-
sion from ref. 341, copyright 2013, Royal Society of Chemistry.

ascribed to the high catalytic activity of TiN nanoparticles
and the intrinsic contact between them and VC. The superior
catalytic activity and high conductivity of TiN will make it
applicable as an alternative support to carbon in nonaqueous
Li-O, batteries. Another successful example is a hybrid nano-
structured material of molybdenum nitride-nitrogen-doped
graphene nanosheets (MoN-NGS) designed by Cui’s group as
an O, cathode (Fig. 29).****** MoN nanoparticles were homo-
geneously dispersed on N-doped graphene nanosheets. The
hybrid nanocomposite exhibits a high discharge plateau at
around 3.1 V and a considerable specific capacity (1490 mA h g™,
based on carbon + electrocatalyst). The achieved round-trip
efficiency of 77% was comparable to that of a PtAu/C cathode.
Recently, the same group has also successfully prepared meso-
porous cobalt molybdenum nitride (CosMo;N) with using a
coprecipitation method followed by ammonia annealing treat-
ment.*** Many more active sites were generated by the well
designed mesoporous nanostructure, and the intrinsic electro-
nic configuration lead to an excellent bifunctional electrocata-
lytic performance for the ORR/OER in nonaqueous Li-O, cells,
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Fig. 29 (a) TEM images of MON-NGS. (b) Discharge—charge curves of
MoN-NGS and NGS at the current density of 0.08 mA cm™2. (c) Discharge
curves of MON-NGS at different current densities. (d) Cycle performance
of MON-NGS cathode based Li—-O; batteries with restricting the capacity
to 1100 mA h g~ at a current density of 0.08 mA cm™2 (red) and the cut off
voltage of discharge, correspondingly (black). Reprinted with permission
from ref. 342, copyright 2011, Royal Society of Chemistry.
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delivering considerable specific capacity and alleviating polari-
zation. To date, the application of transition metal nitrides for
nonaqueous Li-air battery air electrodes is still quite limited
and needs further studies to design a highly efficient electro-
catalyst for nonaqueous Li-air batteries.

3.6 Conductive polymers

In addition to the macrocycle compounds, organic conductive
polymers such as polypyrrole (PPy), polyaniline (PANI), poly-
thiophen (PTh), poly(bis-2,6-diaminopyridinesulfoxide) (PDPS)
and poly(3-methyl)thiophen (PMeT), characteristically display
mixed metal and polymer like properties and are also attractive
materials in oxygen electrocatalysis.**>*” These polymers usually
have either nitrogen or sulfur contained in their inherent
structure. For example, a type of intrinsically conductive poly-
mer, poly(3,4-ethylenedioxythiophene) (PEDOT), was found to
have surprisingly high activity for oxygen reduction in alkaline
medium and a Zn-air battery constructed based on this PEDOT
air-electrode provided an open-circuit voltage of 1.44 V and
exhibited a better performance than a Pt/Goretex air electrode
under the same test conditions.>”® On the other hand, the
incorporation of transition metal complexes into the conductive
polymer matrices can improve the activity of carbon supported
conductive polymer composites. For example, polypyrrole was
firstly used as a matrix for entrapping cobalt to generate Co-N
active sites for the ORR by Bashyam and Zelenay.**” Without any
optimization, the cobalt-polypyrrole composite catalyst enables
high power densities and displays no signs of performance
degradation for more than 100 hours. The observed ORR activity
was attributed to the strong Co-PPy interactions, possibly
forming Co-N catalytically active sites. Transition metal com-
pounds are typically incorporated into the two kinds of poly-
mers: PANI or PPy polymers (forming M-N, configuration),
or incorporated into PTh or PMeT polymer composites (forming
M-S, configuration).>®*

Wen’s group firstly applied PPy with a tubular morphology
as the support and catalyst for the cathode of nonaqueous
Li-O, cells.®*® The extensive electrochemical examinations showed
that the tubular PPy supported air electrode exhibited a higher
reversible capacity, round-trip efficiency, and significantly
better cycle stability and rate capability than the conventional
carbon (acetylene carbon black, AB) supported cathodes. As
shown in Fig. 30d, at the current density of 0.1 mA cm™>, the
discharge voltage of the tubular PPy composite is consistently
higher than that of the granular PPy supported cell by about
100 mV and AB by about 300 mV, while its charge voltage is
substantially lower than that of granular PPy by 100 mV and AB
by 600 mV. At the same time, the Li-O, cells with tubular PPy
supported electrodes present significantly better cycle stability
than AB at each current density (Fig. 30e). The excellent
performance of the tubular PPy based cell can be attributed to
the possible ORR and OER electrocatalytic activities of the PPy and
the improved oxygen diffusion kinetics owing to the hydrophilic
property and the special tubular structure with hollow channels of
PPy. This work indicated that the conducting polymer with hydro-
philic property could be good candidates as supports and catalysts
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Fig. 30 (a) Schematic representations of the organic electrolyte and
oxygen distributions on hydrophilic PPy nanotubes. (b) Oxygen gradient
across the flooded porous cathode. (c) The schematic discharge—charge

process. (d) First discharge—charge curves of the acetylene carbon black

(AB), granular PPy and tubular PPy supported Li-O, cells at 0.1 mA cm™2in

oxygen. (e) Discharge—charge capacities versus cycle numbers at current
densities of 0.1 and 0.5 mA cm™2. Specific capacities are based on per
gram of the supports. Reprinted with permission from ref. 358, copyright
2012, Royal Society of Chemistry.

for the reversible air electrodes of nonaqueous Li-air batteries,
opening a new way for the development of high-performance Li-air
batteries. Recently, Lu et al. synthesized water dispersed conducting
PANI nanofibers doped with phosphate ester and investigated their
potential application in Li-air batteries.>>® The experimental result
showed that this low cost and easily produced material could
catalyze the discharge reaction independently, and after an initial
degradation from 3260 to 2320 mA h gpan - during the first three
cycles at a current density of 0.05 mA ecm™?, its discharge capacity
kept relatively stable over the next 27 cycles with only a 4% loss,
which may provide a new choice for high-capacity rechargeable
Li-air batteries.

3.7 Noble metal, alloy, and oxides

Noble metal platinum (Pt) is the most effective catalyst to
facilitate ORR reactions because of its known high stability
and superior electrocatalytic activity.***%* As a result, Pt is
often chosen as a benchmark material in current studies of
alternative catalysts. However, the scarcity and cost of Pt make
it necessary to maximize the activity of a Pt-based catalyst by
engineering its morphology and composition. During the last
few decades, a number of strategies have been proposed for
improving the performance of Pt-based catalysts. For example,
tuning the size and morphology to achieve a small/dispersive
size, high surface areas and desired highly active facets has
been proven as an efficient route to improve the ORR properties
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on a mass basis.>®>737°

Another most viable strategy to simulta-
neously enhance the performance and lower the cost is alloying
or modifying Pt with other appropriate noble metals or early
transition metals that are less expensive. Through adjusting the
electronic structure and increasing the active facets, these
bimetallic catalysts (Pt;Ni(111), Pt-Pd, and Pt-Au) have shown
great improvements in activity and stability.>”*”® Most initial
studies on hybrid Li-O, cells also utilized Pt as the electro-
catalyst as a model catalyst for the ORR.*””*”° The effect of Li*
ions on the ORR was investigated in an acidic electrolyte on a Pt
catalyst and it was found that the Li" in sulfuric acid electro-
Iytes does not strongly adsorb on or interact with the active
surface of the Pt catalyst, but it decreases the diffusion rate of
O, in the electrolyte solution due to its affinity for oxygen.
Accordingly, the intrinsic kinetic activities were found to
decrease with the increase of Li ion concentration, but level
off when the Li ion concentration is larger than 1.0 M.

The ORR in alkaline media is more facile than in acid
media, making the use of less expensive catalyst materials in
place of platinum possible. Cheaper precious metals such as
palladium, gold, silver and their alloys have been the subject of
many investigations because of their modest activity and rela-
tively higher abundance. For example, Pd in alkaline solutions
showed particularly high activity, suggesting it may offer a
potential replacement for Pt.*** The relatively inexpensive and
abundant Ag is another excellent candidate to replace Pt for
ORRs in alkaline solutions. Silver has the highest electrical
conductivity of any element and is approximately 100 times less
expensive than platinum. Moreover, silver is one of the most
active catalysts for the ORR, even competitive to Pt in high
concentration alkaline media. Several research groups have
investigated the effects of pH values, particle size, metal loading
and impurity poisoning on silver catalysts for ORRs in alkaline
media. From the results of Blizanac, it was observed that the
ORR on a Ag(111) single crystal surface in 0.1 M KOH proceeds
through the 4e reaction pathway with a very small amount of
peroxide formation over the entire potential range, while that in
0.1 M HCIO, occurs as a 2e, a mixed 2e and 4e, and a 4e
reduction process sequentially from low to high overpotentials.®®*
Lima et al. found a 2.3e ORR on 20 wt% Ag/C with relatively large
47.7 nm silver particle size, while the result from Demarconnay
et al. showed a 3.6e ORR on 20 wt% Ag/C with a particle size close
to 15 nm.*®**# For the influence of metal loading on the Ag/C
catalyst activity, Varcoe et al. and Guo et al. found the performance
of Ag/C electrodes with 60 wt% metal loading to be as good as
that on 20 wt% Pt/C electrodes.*®"**> Recently, a bimetallic
Ag—Co alloy and Ag-Au Janus nanoparticles have also been
demonstrated to possess good electrocatalytic functions in
alkaline cathodes. Thus, silver-based catalysts are promising
cathode materials in alkaline electrolytes with a good balance
between cost and performance.

The applications of noble metals in nonaqueous Li-air
batteries have been investigated systematically by Shao-Horn’s
group.”®®*?867388 I the early study, they observed that Au/C
had the highest discharge activity in nonaqueous electrolyte,
while Pt/C exhibited an extraordinarily high charging activity.
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In order to exert both advantages, they combined Au and Pt onto
the surfaces of individual PtAu nanoparticles and examined the
ORR and OER activity of such particles supported on carbon in
Li-O, cells. Interestingly, a highly active bifunctional electro-
catalyst was observed on the PtAu/C catalyst, giving rise to the
high round-trip efficiency of rechargeable Li-O, batteries.*®’
Although this work was carried out in a PC/DME electrolyte,
which may cause parasitic reactions, the design principle of
placing select atoms (such as Pt and Au) with different functions
on nanoparticle surfaces is a promising strategy to develop
highly active bifunctional catalysts for Li-air batteries. Later,
the same group further investigated the catalytic activity trends
of the ORR for four polycrystalline surfaces of noble metals
(Pd, Pt, Ru and Au) in a more stable electrolyte (0.1 M LiClO,
1,2-dimethoxyethane) via rotating disk electrode measurements.**®
It was found that the nonaqueous Li"-ORR activity of these
surfaces primarily correlates to the oxygen adsorption energy,
forming a ‘“volcano-type” trend, shown in Fig. 31a. More
importantly, the activity trend found on the polycrystalline
surfaces was in good agreement with the trend in the discharge
voltage of Li-O, cells catalyzed by nanoparticle catalysts (Fig. 31b).
Such a volcano-type ORR activity trend on these surfaces is
consistent with the mechanism proposed previously.>® In non-
aqueous electrolytes, the first electron reduction usually proceeds
by the formation of a superoxide species such as O,  and LiO,.
Similarly to the ORR process of noble metals in aqueous electro-
lytes, the binding energy of the oxygen to the catalytic surface
determines the reaction pathways. On surfaces with weak
bindings with oxygen, such as Au, LiO, may disproportionate
or undergo a second electron reduction to form Li,O,. In
contrast, on surfaces with an increasing binding energy with
oxygen such as Pt and Pd, the kinetics of the second electron
reduction is enhanced to form Li,O + O,gsorbea instead of Li,0,,
and then O,qgsorbea SUbsequently undergoes an additional two-
electron reduction to form Li,O. However, if further increasing
the binding energy of oxygen on surfaces such as Ru, the
adsorbed oxygen species may bind very strongly on the surface
to hamper the subsequent electron transfer, leading to reduced
ORR activity.*%®

The operation of a rechargeable Li-O, battery depends
critically on the repeated and highly reversible formation-
decomposition of lithium peroxide (Li,O,) at the cathode upon
cycling. Recently, Bruce’s group has made great progress in
reversible and high-rate Li-O, batteries.*®® By applying porous
gold as a cathode and dimethyl sulfoxide as the electrolyte, the
Li-O, cell can sustain reversible cycling, retaining 95% of its
capacity after 100 cycles and having >99% purity of Li,O,
formation at the cathode, even on the 100th cycle, and its com-
plete oxidation on charge (Fig. 32). The charge-to-mass ratio on
discharge and charge is 2e /O,, confirming that the reaction
is completely Li,O, formation-decomposition. In particular,
porous gold electrodes are effective at promoting the decom-
position of Li,O,, with all the Li,O, being decomposed below
4V and ~50% decomposed below 3.3 V, at a rate approxi-
mately one order of magnitude higher than on carbon. The
excellent performance of the gold electrode can be ascribed to
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Fig. 31 (a) Nonaqueous Li*-ORR potentials at 2 pA cm™ real as a
function of calculated oxygen adsorption energy, AEg (per oxygen atom
relative to an atom in the gas phase), relative to that of Pt. The oxygen
adsorption energy on GC is estimated from the oxygen adsorption energy
on graphite. Error bars represent standard deviations of at least three
independent measurements. (b) Initial discharge profiles of Li-O, cells of
Pd/C, Pt/C, Ru/C, Au/C, and VC at 100 mA g~* carbon. Reprinted with
permission from ref. 388. Copyright 2012, American Chemical Society.

the synergistic effect of the catalytic action, high conductivity,
high stability and rigid porous structure of the gold foil.
Although the cost of Au is still a problem, a real Li-O, cathode
reaction is firstly realized by overwhelmingly dominating Li,O,
formation on discharge, its complete oxidation on charge and
sustainability on cycling.

More recently, Jung et al. evaluated the electrocatalytic
activity of ruthenium-based nanomaterials loaded on reduced
graphene oxide for promoting the OER in nonaqueous Li-O,
cells using a LiCF;S0;-TEGDME solution as the electrolyte.>*°
The results showed that hydrated ruthenium oxide supported
on graphene (Ru0O,-0.64H,0-rGO) outperformed those based
on metal ruthenium also supported on graphene (Ru-rGO) by
displaying a superior catalytic activity, remarkably reducing
charge potentials to ~3.7 V even at high current density of
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Fig. 32 Charge—discharge curves (a) and cycling profile (b) for a Li-O,
cell with a 0.1 M LiClO4—DMSO electrolyte and a nanoporous gold
cathode, at a current density of 500 mA g~ (based on the mass of Au).
Reproduced with permission from ref. 389, copyright 2012, American
Association for the Advancement of Science.

500 mA g ' and high capacity of 5000 mA h g~'. Li-air cells
employing RuO,-0.64H,0-rGO cathodes maintained stable cycling
performances for over 30 cycles. The higher activity of the oxide
may be due to the weaker oxygen bonding compared to chemi-
sorbed oxygen on the metal. Moreover, the density of RuO,-H,O
is smaller than that of Ru, which can also provide more active
surface sites at the same loading. This work further demon-
strated the key role of proper engineering of the catalyst
materials and nanostructures.**'*%>

4 Challenges from aqueous to
nonaqueous systems

In the early studies of metal-air batteries, researchers focused
on aqueous Zn-air batteries due to their low cost and easy
operability. Nowadays, with the constantly increasing energy
demand, nonaqueous Li-air batteries have attracted worldwide
attention due to their advantages of energy density and recharge-
ability over aqueous Zn-air batteries. Interestingly, from the above
discussion, oxygen catalysts for aqueous systems also show pro-
mising performances for nonaqueous systems despite the differ-
ent reaction mechanisms. The similarity between both systems
provides great opportunities for the development of nonaqueous
Li-air batteries, and important progress has been achieved. How-
ever, nonaqueous Li-air batteries are still in their infancy and
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there are several challenges beyond the choice of electrolyte,
cathode and anode for oxygen electrocatalysts.

Carbonate-based organic electrolytes such as propylene
carbonate (PC) have been widely used in Li-air batteries because
carbonate mixtures are the dominating electrolyte solvents in
LIBs.****%* However, Mizuno et al. found that the discharge
products of Li-O, cells using PC-based electrolytes were mainly
lithium carbonates, instead of the desired Li,O,.”® Later, Bruce’s
group further confirmed this result and reported that an alkyl
carbonate electrolyte decomposed into C3Hg(OCO,Li),, Li,COs,
HCO,Li, CH3CO,Li, CO,, and H,O at the cathode during dis-
charge and charging involved the oxidation of C;Hg(OCO,Li),,
Li,CO;z, HCO,Li, CH3CO,Li accompanied by CO, and H,O
evolution.”® The different pathways for discharge and charge
results in the large voltage gap in Li-O, cells. Since then,
alternative solvents have been investigated both experimentally
and theoretically. Ether solvents were found to have relatively
higher stabilities than PC. Li,O, could be observed as the main
discharge product in dimethoxyethane (DME) based Li-air cells
by McCloskey.®® Sun and Scrosati et al. also demonstrated that
the Li-air battery was capable of operating for 100 cycles with a
capacity of 1000 mA h geabon * by applying a tetra(ethylene)-
glycol dimethyl based electrolyte (TEGDME-1 M LiCF;S03).>**
However, the results from Bruce and coworkers showed that the
amount of Li,0, in the discharge products gradually decreased
during cycling for the ether electrolyte and at the fifth dis-
charge, no Li,O, was observed but other lithium compounds
were observed in the discharge products.’® Furthermore, the
electrolyte degradation appeared to increase rapidly with cycling.
Using a similar route, the same group investigated amide based
electrolytes, such as dimethylformamide (DMF), and observed the
similar phenomenon of increasing electrolyte decomposition on
cycling, as shown in Fig. 33.>*° Recently, the same group demon-
strated a promising electrolyte of 0.1 M LiClO, in dimethyl-
sulfoxide (DMSO) and realized over 100 cycles with little decay,
as discussed above. Unfortunately, such an electrolyte is only
efficient on a gold electrode and if carbon materials exist, the
decomposition reactions are also serious.’®® So the develop-
ment of novel electrolytes with high electrochemical stability is
an urgent task for nonaqueous Li-air batteries. More recently,
Zhou and Zhang replaced liquid electrolytes with a solid Li-ion
conductor to circumvent the decomposition problem of liquid
electrolytes, which may provide an alternative approach.**” In
the electrolyte, the lithium salt concentration is also an influ-
encing factor for battery performance.’*® The varying of the
molar ratios of lithium salt and solvent can modify their solvate
structures from solvent separated ion pairs (SSIP) to contact
ion pairs (CIP).>* With the electrolyte of bis(trifluoromethyl-
sulfonyl)amide (LiTFSA) and tetraglyme (G4), it was found that
the Li-O, cell, with a molar ration of LiTFSA:G4 = 1:5 shows
the best cycling stability over the evaluated molar ratios of 1: 1,
1:3, and 1:7.%%° The dependence of the cycling performance of
the Li-O, batteries on the concentrations will be helpful for
exploiting the stable electrolyte systems.

Besides the electrolyte, the stability of the cathode material
is also an important issue in the application of Li-air batteries.
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Fig. 33 Proposed mechanism for reactions occurring during discharge
for the dimethylformamide electrolyte. Reprinted with permission from
ref. 396. Copyright 2012, American Chemical Society.

Most of the published results are obtained with carbon or
carbon based cathodes. However, similar to carbon corrosion
in fuel cells, carbon materials also undergo corrosion challenges
at the high operation potentials, especially for the charging
process and high oxygen circumstances in Li-air batteries.
Several recent works have examined the stability of a carbon
cathode in nonaqueous Li-O, cells.**>*°" Typically, Bruce’s
group demonstrated that carbon is relatively stable below 3.5 V
(vs. Li/Li*) on discharge or charge, but is unstable on charging
above 3.5 V in the presence of Li,O,, undergoing oxidative
decompostion to form Li,COj; (Fig. 34).*°> Moreover, carbon also
promoted electrolyte decomposition during discharge and
charge in a Li-O, cell, giving rise to Li,CO; and Li carboxylates
(based on DMSO and tetraglyme electrolytes). Unfortunately, the
formed Li,CO; could not be oxidized completely on charging
and it accumulated on cycling, leading to electrode passivation
and capacity fading. It was also found that hydrophobic carbon
is more stable and less able to promote electrolyte

s I

L_ ) Li,0,
electrolyte
decompaosition

carbon

Fig. 34 Illustration of the decomposition process of carbon electrodes
during discharge and charge in nonaqueous Li-air batteries. Reprinted
with permission from ref. 402. Copyright 2013, American Chemical
Society.
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decomposition than its hydrophilic counterpart. At the same
time, if the charging of Li,O, could be carried out below 3.5 V,
carbon

may be a suitable electrode. From the results, it should be
emphasized that the stable cycling of Li,O, at the cathode in a
Li-O, cell depends on the synergy between the electrode and the
electrolyte rather than each in isolation. To avoid the degrada-
tion of carbon, the development of highly efficient catalysts that
decrease the overpotential is necessary.

Another challenge for the application of Li-air batteries is
the reactivity of the lithium metal anode. Even after decades of
extensive research, the development of rechargeable batteries
with a lithium metal anode is still hindered by two important
problems.?” The first is the growth of lithium dendrites during
cycling, leading to the internal short-circuit of the batteries and
thus severe safety issues.’®® The second is the low charge-
discharge efficiency, which comes from several aspects, for example,
the continuous growth of a solid electrolyte interface (SEI) layer
and the formation of irreversible “dead lithium”.****°> Many
efforts have been made to improve the lithium anode perfor-
mance in LIBs but few efforts for rechargeable Li-air batteries.
Lithium metal anodes present new and more challenging
problems in rechargeable Li-air batteries. Recently, Walker et al.
applied electrolyte additive lithium nitrate (LiNO;) to stabilize the
SEI of a Li anode with the solvent of N,N-dimethylacetamide
(DMA).* A Li-O, cell containing this electrolyte composition was
shown to cycle for more than 2000 h (>80 cycles) at a current
density of 0.1 mA cm ™~ with a consistent charging profile, good
capacity retention, and O, detected as the primary gaseous
product formed during charging. For the safety of the highly
reactive lithium metal anode, Scrosati et al. replaced it with a
lithiated silicon-carbon anode.*”” The results demonstrated
that the basic reversibility of the electrochemical process of
the battery can be promisingly cycled with a rather high specific
capacity. From the research of LIBs, it was found that the
proper electrolyte (including solvents, salts, and additives) with
good lithium anode compatibility shows a great positive effect
because it changes the SEI film more directly and more
significantly. Therefore, finding an ideal electrolyte is also
important for the protection of the lithium metal anode in
Li-air batteries. In summary, the development of highly effi-
cient oxygen catalysts needs to face the challenges brought
about from the electrolyte, cathode and anode.

5 Conclusion and outlook

Metal-air batteries are predicted to be the next generation
battery technology because their high specific energy has the
potential to meet the ever-increasing demands of electrical
energy storage for many emerging applications, such as electric
vehicles and smart grids. To realize the potential, it is vital to
find highly active catalysts with good stability for oxygen
reduction and oxygen evolution in metal-air batteries. This
review has highlighted recent progress in electrochemistry and
in the materials chemistry of oxygen catalysts for metal-air
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batteries. The electrochemical reaction pathways of the ORR
and OER have been discussed in both aqueous and non-
aqueous electrolytes. Seven categories of catalytic materials have
shown very promising catalytic activity and stability, including
metal oxides, carbonaceous materials, metal oxide-nanocarbon
hybrid materials, metal-nitrogen complexes, transition metal
nitrides, conductive polymers and precious metals. Among
them, metal oxides are the most widely studied as non-precious
catalysts in aqueous Zn-air and nonaqueous Li-air batteries. In
particular, single oxide such as MnO, has been intensely
investigated for oxygen catalysts in both batteries. For carbon-
aceous materials, proper doping is proved to an efficient way of
tailoring the catalytic activity; the morphology and pore size are
important as well. Metal oxide-nanocarbon strong coupled
hybrid materials are a new and rising sort of oxygen catalytic
material and exhibit very promising catalytic activity. The
metal-nitrogen complexes are an important alternative catalyst
for the ORR and the optimization of raw materials and reaction
conditions will produce high performance catalysts. Transition
metal nitrides and conductive polymers have been studied
relatively less but are useful complimentarities. Precious metals
and alloys generally possess virtues of both high activity and
favorable stability but disadvantages of cost and scarcity. From
the review, it is clearly observed that one catalyst can work
in both aqueous and nonaqueous electrolytes with different
mechanisms. With regards to energy density, nonaqueous
Li-air batteries present potential advantages over aqueous Zn-air
batteries. With the increasing interest in nonaqueous Li-air
batteries, nonaqueous oxygen catalysis will be a research focus
for metal-air batteries. Although most of the previous electro-
catalysts were originally developed for aqueous systems, such
as fuel cells and Zn-air batteries, they could provide guidance
for the design and development of oxygen catalysts for Li-air
batteries due to the similarity between both systems. However,
several challenges also exist for aqueous to nonaqueous systems,
which are discussed in the latter sections of this review in an
attempt to sum up the research advances and efforts, great
potentials and huge challenges that coexist in this field.

In contrast to fuel cell applications, where only the proper-
ties for oxygen reduction are important, the catalytic behavior
for oxygen evolution is one of the major challenges in recharge-
able metal-air batteries, especially in Li-air batteries because of
the electrochemical decomposition of the solid lithium perox-
ide product, which involves large anodic polarization even at a
moderate current density at very high discharge capacities.
Lowering the overpotential during discharge and charge is of
prime importance in order to avoid carbon corrosion and to
diminish electrolyte oxidation. The development of bifunctional
catalysts will be a future research direction to simultaneously
improve the ORR and OER activities. Bifunctional catalysts have
been studied for the application of secondary zinc-air batteries
in aqueous media, but little has been done on Li-O, cells.
Research on bifunctional oxygen catalysts has mainly focused
on mixed-metal oxides of the spinel, perovskite, and pyrochlore
structures in alkaline solution. The combination of theoretical
and experimental studies afforded by recent techniques has

This journal is © The Royal Society of Chemistry 2014
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improved the understanding of their function, allowing new
findings and breakthroughs to be made. Non-precious bifunc-
tional electrocatalysts are urgently required for Li-air batteries
to promote the formation-decomposition of Li,O, exclusively,
and to suppress the formation of other lithium compounds.
By varying the physicochemical parameters of the catalysts
such as composition, valence state, phase, structure, defects,
morphology, size, surface area, conductivity, and so on, the
tuning of the intrinsic catalytic activity and the increase in the
density of the active sites can be achieved by using different
synthesis technologies. On the other hand, nanostructured
carbonaceous materials modified with doping or metal-nitrogen
complexes are promising abundant and cheap catalysts applicable
to oxygen catalysis and deserve further research and improvement.

The rational design of the electrode structure is also impor-
tant for the exertion of catalysts and the improvement of the
energy conversion efficiency. The electrochemical reactions in
metal-air batteries involve the diffusion of oxygen and the
precipitation of discharged products. The porous structure
and the catalyst distribution in the air electrode require careful
optimization to realize the rapid transportation of reactants.
Recently, the free-standing type or integrative air electrodes
have been put forward by us and others.''71931944%8 A mold
of the ideal cathode structure is illustrated in Fig. 35. It has
several features: firstly, the air cathode has a hierarchically
porous structure including macropores, mesopores and micro-
pores from the cathode support, which facilitates the O, diffu-
sion, electrolyte wetting, and mass transport of all reactants;
secondly, nanostructured catalysts (free-standing nanowires or
nanosheets) are in situ uniformly grown on a porous support,
which would realize the three-dimensional catalytic network;
the obvious advantage of combining the above features is the
avoidance of serious aggregation and the increased utilization
of the active matter; finally, such novel electrodes as a whole are
directly synthesized with or without collectors and are free of
the conventional complex preparation processes of cathodes,
which could be great benefit to large scale fabrication. As a typical
example, very recently, we have successfully in situ synthesized
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a free-standing honeycomb-like Pd-modified hollow spherical
carbon electrode in carbon paper. It was found that the novel
functional O, cathode exhibits the capability of tailoring the
critical deposition behavior and morphology of the discharge
product, which leads to superior battery performance with a
high rate (5900 mA h g™ " at a current density of 1.5 A g~ ') and
long cycling (100 cycles) for a nonaqueous Li-O, battery.
Furthermore, our research also reveals that the rational design
of the structure and composition could alleviate electrolyte
decomposition compared with the conventional carbon cathode.*”
This work opens a new way to develop highly-efficient oxygen
electrocatalysts and multi-functional air cathodes for Li-O,
batteries.

The fundamental understanding of the oxygen reaction
mechanisms during discharge and charge in different electro-
lytes, especially in nonaqueous electrolytes, for Li-air batteries
is a prerequisite for the development of highly efficient, high-
rate and long-life batteries. Various techniques should be used
to explore in situ to directly probe the electrochemical reactions
and gain further insights into the reaction mechanism, so as to
help identify effective strategies for developing stable and
reversible oxygen electrodes.*>*'®*"® For example, using an
in situ surface enhanced Raman spectroscopy (SERS) technique
can gain significant insights into the reaction intermediates
and products of the Li-O, redox chemistry,” and using in situ
FTIR can analyze the decomposition process of the electro-
lyte.”>”® In situ quantitative differential electrochemical mass
spectrometry (DEMS) has been proved to be a very powerful tool
for identifying the presence or absence of side-reactions in
Li-air batteries. The quantitative evaluation of gas consump-
tion and evolution provides critical data essential for proper
analysis of the basic chemistry and, in particular, in the
rechargeability of the batteries.®>®” In situ XRD was developed
recently to provide a simple and straightforward analytical
method for simultaneously attaining chemical and quantified
information on Li,O, (discharge product) and byproducts.***
With the chemical identification of the discharge product, the
real-time acquisition of the Li,O, XRD pattern allowed us to
estimate the increasing and decreasing Li,O, peak-area change,
which revealed the rates of formation and decomposition of
solid-state Li,O, during discharge and recharge, respectively.
Another useful technology is in situ ambient pressure X-ray
photoelectron spectroscopy (APXPS), which was developed to
directly visualize the formation and disappearance of Li-O,
reaction products as a function of applied battery potential by
utilizing the special all solid-state cell design, which provides
numerous opportunities to gain mechanistic insights into air-
based electrochemical reactions for efficient energy storage.**®
More recently, in situ TEM techniques have been applied to
study the electrochemical oxidation of Li,O, and considerable
insights have been gained into the origin of the kinetic limita-
tions that hinder the charging in Li-O, cells. Interestingly, it
was found that the oxidation of electrochemically formed Li,0,
particles, supported on carbon nanotubes, occurs preferentially
at the carbon/Li,O, interface, suggesting that electron transport
in Li,O, ultimately limits the oxidation kinetics at high rates
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or overpotentials.*'® In situ techniques provide a powerful
approach for exploring the fundamental nanoscale processes,
which impact the cell-level performance. This will provide an
improved understanding of the mechanisms of the ORR and
OER in the metal-air batteries.
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