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Lithium-oxygen batteries are considered the next generation power sources for many
applications. The commercialization of this technology, however, is hindered by a variety of
technical hurdles, including low obtainable capacity, poor energy efficiency, and limited cycle
life of the electrodes, especially the cathode (or oxygen) electrode. During the last decade,
tremendous efforts have been devoted to the development of new cathode materials. Among
them, perovskite oxides have attracted much attention due to the extraordinary tunability of
their compositions, structures, and functionalities (e.g., high electrical conductivities and
catalytic activities), demonstrating the potential to achieve superior battery performance. This
article focuses on the recent advances of perovskite oxides as the electrode materials in non-
aqueous lithium-oxygen batteries. The electrochemical mechanisms of oxygen reduction

reaction (ORR) and oxygen evolution reaction (OER) on the surface of perovskite oxides are
1
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first summarized. Then, the effect of nanostructure and morphology on ORR and OER
activities is reviewed, from nanoparticles to hierarchical porous structures. Moreover,
perovskite oxide-based composite electrodes are discussed, highlighting the enhancement in
electrical conductivities, catalytic activities, and durability under realistic operating conditions.
Finally, the remaining challenges and new directions for achieving rational design of
perovskite oxides for non-aqueous lithium-oxygen batteries are outlined and discussed.

1. Introduction

Low-cost and efficient electric energy storage systems are urgently needed to meet the ever-
increasing demand for clean energy. For now and the forseable future, batteries, fuel cells,
and supercapacitors are among the best options.[?! For example, lithium-ion batteries (LIBs)
have demonstrated reasonable energy density (theoretical value: ~400 Wh kg™?), cycle life
(>5000 cycles), and energy efficiency (>90%).B! As a result, LIBs have been used as the
power source for electric vehicles, achieving a driving distance of ~400 km per charge.™
Despite the progress accomplished to date, however, the specific energy densities of LIBs are
still far inferior to that of the conventional gasoline engines (~13,000 Wh kg 2).! Thus, the
exploitation of new energy storage technologies with higher energy density is still a grand
challenge.

In attempts to dramatically enhance energy density, much attention has been devoted to
metal-air batteries, especially lithium-air, aluminum-air, and zinc-air batteries.[®! In this type
of batteries, a metal is used as the electrode rather than an intercalation compound such as
LiFePOs, while the active component, oxygen, can be obtained from ambient air, minimizing
the required mass and volume of the air electrode and increasing the energy density of the
battery. Among the metal-air batteries, the lithium-air battery (LAB) has garnered the most
attention, largely due to the lowest equivalent weight of lithium metal. The theoretical

capacity of lithium is 3,862 Ah kg2, corresponding to an energy density of ~11,680 Wh kg
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for a cell voltage of about 3.0 V.Ul This theoretical energy density is approaching that of
gasoline, showing the remarkable potential of LABs for future power sources.

The operation of a LAB involves lithium dissolution and deposition on the negative (or
lithium) electrode and oxygen reduction reaction (ORR) and oxygen evolution reaction (OER)
on the positive (or air) electrode.®®! Since the demonstration of a prototype rechargeable LAB
by Abraham and Jiang in 1996, many advancements have been made due to worldwide
attention devoted to LABs. In terms of electrolytes used, four types of LABs have been
proposed and developed, including non-aqueous, aqueous, hybrid non-aqueous/aqueous, and
solid-state LABs.% Among them, the non-aqueous system is the most widely developed one
owing to its high-reversible capacity.*] A typical non-aqueous LAB consists of a lithium
metal electrode, a porous air electrode with active materials, and an electrolyte made of
lithium salt in an aprotic solvent, as schematically shown in Figure l1a. In order to prevent the
internal short-circuit between the anode and the cathode, a separator is usually used between
them. During discharge, lithium metal is oxidized at the anode, producing electrons and
lithium ions, as oxygen is reduced at the cathode by electrons transported through an external
circuit and combined with lithium ions transported via the electrolyte to form lithium peroxide
(Li2O2). The electrochemical reaction occurring on the positive electrode is summarized in
Equation 1. Since Li>O> has limited solubility in a non-aqueous electrolyte, it deposits on the
surface of a porous cathode. During charge, the electrochemical process is reversed; the solid
Li»O> is electrochemically oxidized at the positive (or air) electrode, producing electrons,

lithium ions, and O-.

Discharge

2Li" + 26" + 0p — > Li202 (E"=2.96 V/ vs. Li/Li") @

However, a wide variety of technical hurdles must be overcome to make LAB
technology commercially viable. As schematically shown in Figure 1b, the obtainable

discharge capacity is usually lower than the expected value due to poor utilization of the pore
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volume,*? and dramatically decreases with an increase in the current density.™™! Besides, the
charge overpotential is usually high (~1.0 V), resulting in poor energy efficiency (<70%).]
Moreover, the capacity greatly decreases with an increase in the cycle number, leading to
limited cycle life (<500 cycles). Apart from the above-mentioned issues, most reported LABS
were operated in a pure oxygen atmosphere rather than ambient air to avoid contaminations
from air (e.g., CO2, H,0),**l which may react with cell components to form irreversible side
products,*® leading to rapid degradation in performance or even failure in operation.l
Hence, the term “lithium-oxygen” is commonly used instead of “lithium-air” in the
literature.*”! Unless specified otherwise, the battery performances reported in this article are
acquired under oxygen atmosphere; accordingly, we use the term “lithium-oxygen battery
(LOB)” in the following discussion.

To overcome these technical difficulties, it is necessary to gain a profound understanding
of the electrochemical processes in LOBs and to develop new battery materials that can
facilitate the desirable electrochemical reactions while tolerating to contaminations commonly
encountered in battery operation. For instance, carbonate-based electrolytes (e.g., ethylene
carbonate, EC; dimethyl carbonate, DEC; dimethyl carbonate, DMC) were used in the early
stage development of non-aqueous LOBs because they are widely used in LIBs.['8-21 |t was
quickly found that the discharge products are irreversible lithium carbonate and
alkylcarbonate rather than Li,O> due to the decomposition of electrolytes,?2%%! leading to poor
cycle life. Accordingly, other non-aqueous electrolyte systems with improved stabilities
against superoxide radicals and oxidation potentials were formulated to ensure longer cycle
life, including dimethoxyethane (DME),?*%] tetraethylene glycol dimethyl ether
(TEGDME), %% and dimethyl sulfoxide (DMS0).[“-421 As both ORR and OER occur in the
porous positive (or oxygen) electrode, the architecture of this electrode is vital to its
performance. To enhance the rate capability while maintaining high capacity, the

microstructure of the electrode should be designed to maximize the length of the triple-phase
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boundaries among oxygen, lithium ions, and electrons. To facilitate the discharge/charge
reactions and improve the energy efficiency, the oxygen electrode should have a high
electrical conductivity and electrocatalytic activities. In addition, to achieve a long cycle life,
the electrode should be stable in the oxidizing environment. Since the high charge
overpotential in LOBs not only results in poor energy efficiency, but also causes the
decomposition of electrolyte and electrode materials, the exploration of effective methods to
decrease the charge voltage is especially crucial. To date, various kinds of materials have
been studied as the electrode materials, including carbons, 3%l metals, #6521 metal oxides,™*
671 and others, %872 and some striking improvements have been achieved. For example, an air
electrode made of RuO2 hollow spheres enabled an average charge voltage as low as 3.59
V;[®l a Pt3Co nanocube catalyst exhibited a low charge potential of 3.1 V with a high energy
efficiency of ~86.5%.["*1 However, the high cost of noble metals or metal oxides (e.g., Pt, Ru,
RuQ>) is a significant limitation to the large-scale commercialization.[”®81 In addition, the
redox mediator (RM), which acts as an electron-hole transfer agent that permits efficient
oxidation of solid Li>O, has been developed.[®2#1 A soluble lithium iodide (Lil) catalyst
could achieve a low overpotential of only 0.25 V, with stable and reversible cycling for more
than 900 times.[® However, the RM can cause side reactions in the air electrode and the
lithium electrode,®” resulting in complex influences on the battery performance. Hence,
searching for low-cost electrode materials with high-performance still requires tremendous
efforts, among which perovskite oxides have attracted great attention.

Perovskite oxides have a general chemical formula of ABOs, where A is a rare-earth
(e.g., La) or alkaline-earth cation and B is a transition-metal cation (e.g., Mn, Co, Fe).[®l An
perfect perovskite has a cubic structure, as schematically shown in Figure 2. In reality,
however, the crystal structure may be distorted to tetragonal, orthorhombic, or rombohedral
structure due to the variation or substitution of A and/or B cations with different sizes and

valencies.®®l By partial substitution of cations at A and/or B sites, a variety of perovskite
5
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compounds can be obtained with the formula A;—xA'xB1-yB'yOs+s, where “+” denotes oxygen
excess and “— denotes oxygen deficiency.[®® The properties of perovskite oxides can vary in

a wide range by partially replacing A and/or B cations with other metal ions. To date, A site

substitution has been successfully used to tailor the oxygen stoichiometry and conductivity of
perovskite materials whereas B site substitution to tune the catalytic activity of the
materials.[*®® For instance, substituting La with an alkaline-earth element (e.g., Sr, Ca) at the
A site introduces oxygen nonstoichiometry into the perovskite structure, resulting in a high
electrical conductivity.®l While the cations on the B site have been found to play essential
roles in altering the electronic structure of the perovskite oxides, and substituting B cations
with a reducible early transition metal (e.g., Co, Mn) provides redox active sites to facilitate
catalytic reactions.[®®94

Due to the unique tailorable and tunable physi-chemical properties, such as crystal
structures, electrical conductivity, and ionic conductivity, perovskite oxides have been
regarded as the most promising materials for many energy conversion and storage systems.[®!
For instance, the cathode materials for solid oxide fuel cells (SOFCs) require high electrical
conductivity and high electrocatalytic activity for the ORR, as well as a high diffusivity for
the transfer of oxygen anions.’®71 To this end, perovskite oxides, especially with mixed
electronic and ionic  conductivities, such as  BaosSrosCoogFeo203-s  and
Lao.sSro.4Coo2FeosOs-s, have been intensively investigated.l It is found that the compound
with Ba and Sr on the A site exhibits the fastest O-ion transport kinetics, while the B site with
the Co-rich compositions displays faster kinetic coefficients than the Fe-rich compositions.°®
In addition, perovskite oxides with several key properties, including flexibility in the
oxidation states of transition metals (e.g., B™/B™*), defective structures for oxygen vacancy
or excess, excellent oxygen anion mobility, and excellent oxygen exchange kinetics,*%! make

them excellent candidates as bifunctional catalysts in alkaline fuel cells!*®Yl and metal-air
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batteries.[*%?l Focused on these applications, dozens of reviews have been published.[*%
Perovskite oxides are ideally suited for LOBs since they have the most desirable properties
for an electrode material: high electrical conductivities, good catalytic activities, and low-cost.
Although different kinds of electrode materials for LOBs have been reviewed so far,[10%-109
the applications of perovskite oxides have not yet been systematically summarized. In this
article, we focus on the recent advances in the development of perovskite oxides as the
electrode materials for LOBs. The remaining part of this review is organized as follows:
Section 2 introduces the fundamental understanding of the oxygen electrochemistry in non-
aqueous electrolytes and the proposed mechanisms of ORR and OER on the surface of
perovskite oxides; Section 3 summarizes the application of various perovskite oxides as the
electrode materials, from nanoparticles to hierarchical porous structures; Section 4 reviews
the perovskite oxide-based composites, highlighting the enhancement in electrical
conductivities, catalytic activities, and durability under realistic operating conditions; and
Section 5 outline and discuss the remaining challenges and new directions for achieving
rational design of perovskite oxides for LOBs.

2. Mechanism investigation

Understanding the electrochemical reactions gives an important implication to design and
fabricate effective electrode materials for LOBs. In this section, we review the previous
reports that elaborate the oxygen electrochemistry and propose the mechanisms on perovskite
oxides. First, the mechanisms of oxygen reduction in non-aqueous LOBs and the
corresponding influences on the discharge capacity are introduced. Then, different oxygen
evolution mechanisms considering the product morphology and structure are summarized.
Moreover, the effects of perovskite oxides on the oxygen reduction and evolution processes
and the design principles are discussed.

2.1. Oxygen reduction reaction
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In alkaline fuel cells and metal-air batteries (e.g., zinc-air battery), the ORR process in basic
solutions can be expressed as:

O, + 2H,0 + 4¢” — 40H" (2)
where the formed product (OH") is dissovled in the aqueous solutions. While in LOBs, as
expressed in Equation 1, the discharge product (Li2O2) is in the solid state. The typical
hypothesized route was proposed by Abraham and co-workers,“®% which involves the
reduction of oxygen as:

O2+e — 02 3)

and combines with lithium ion (Li*) to form lithium superoxide (LiO2):

O2 + Li* — LiO2 4)
followed by
2Li02 — Li202 + 02 (5)
and/or
LiO2 + Li* + e~ — Lix02 (6)

Oxygen dissolved in the electrolyte first reduces through a one-electron transfer (Equation 3)
to form LiO,. Subsequently, LiO. can undergo a disproportionation reaction (Equation 5) or
another one-electron-transfer electrochemical process (Equation 6) to form solid Li>O5.
Various Li2O2 morphologies have been observed in LOBs with different materials and
operating conditions, including film,[t2111112] torojd, 1131141 disc,[1°1 particle,*'®! and other
shapes.[!'"118  The different morphologies suggest the different oxygen reduction
mechanisms.[**® Bruce et al. showed that the solvent property, donor number (DN),
influences O reduction through its effect on the solubility of LiO2.[*?1 Two different
mechanisms, the solution mechanism and the surface mechanism, have been proposed, as
schemed in Figure 3.1221 After the formation of LiO,, an equilibrium exists between LiO>
adsorbed on the electrode and LiO> dissolved in the electrolyte solution, and the detail

mechanism is governed by the competition between the LiO2 solubility and the adsorption
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free energy of LiO2 on the oxygen electrode surface. In the surface mechanism, two
sequential one-electron transfer steps yield insoluble Li>O; at the electrode surface, resulting
in a Li2O2 film growth on the electrode. Due to the low electrical conductivity of Li,Oz,1?
the voltage decays with the coverage of the Li.O film, leading to a capacity corresponding to
a Li2O- layer of ~5-6 nm at the end of discharge and thus a low utilization of pore volumes of
the electrode. In the solution mechanism (e.g., in high-DN solvents), two soluble LiO>
molecules disproportionatet*?®l or through a one-electron electrochemical process to form
LioO2. In this case, discharge continues far beyond the electrical conductivity limitation
because most Li>O> grows from solution, resulting in the formation of large Li.O> particles
and the improved utilization of the pore volumes. Consequently, at a same discharge
condition (e.g., a low overpotential) the solution mechanism with the formation of large-sized
Li,O> can lead to specific capacities several times higher than those of the surface mechanism
with film-like Li,0,.1*2* For electrolyte, both the solvent and the dissolved lithium salt can
determinate the LiO2 solubility,!?1%1 affecting the reaction route. While for a given
electrolyte, different electrode surfaces have different adsorption energies, and therefore play
a key role in determining the oxygen reduction mechanism and the discharge performance. -
131]

To investigate the influence of pervoskite oxides on the ORR process, Mai et al. tested
the performance of LaosSrosC002.01 (LSCO) as the catalyst in a carbonate-based electrolyte,
and found that the discharge capacity increased compared with that of the pristine carbon
electrode.[*? They proposed the ORR mechanism on LSCO as follows: since the oxygen
reduction (Equation 3) is the rate-controlling step, the oxygen chemisorption and Oz
desorption should be the influence factors. O, and Co ions may be functionally similar to
Lewis acid and Lewis base sites, respectively. Here, Co ions can serve as an active center for
O chemisorption. CoOs species with eq electrons can donate electrons to o*2p orbitals of Oy,

and the tzg electrons of Co ions can interact with n*2p electrons of O to form a n-bond. Thus,
9
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the bond strength and oxygen chemisorption can be increased. Additionally, oxygen vacancies
in the LSCO catalyst can decrease the repulsion between adsorbed O and lattice O, leading to
enhanced oxygen chemisorption. However, the carbonate-based electrolytes were proved to
be unstable in the ORR process of LOBs,[t®2! concealing the real role of LSCO in the
electrode. Chi et al. used LaosSro.sCoo2FeosOz (LSCF) as the catalyst in a DMSO-based
electrolyte, and found that different from pristine Ketjen black (KB) electrode in which the
product LiO2 is compact plate-like, the LSCF-KB electrode led to a changed Li2O»
morphology of tiny leaf-like with three-dimensional (3D) structure coated on the surface with
an increased discharge capacity.[**3 The morphology difference was explained through the
different oxygen reduction mechanisms as shown in Figure 4. Many oxygen vacancies are
formed in the LSCF nanostructure, which can accelerate the dissociation of oxygen molecules
on the surface and increase the mobility of lattice oxygen. In addition, LSCF can provide
more active sites. As a result, both the transfer pathway of oxygen and the Li>O, nucleation
sites will increase with the assistance of LSCF, accelerating the accumulation of intermediate
product LiO.. Then, LiO> will interact with each other to form the final products Li>O>
(Equation 5), which produce O and the existence of LSCF can also promote the quick
desorption of O, resulting in the formation of more Li.O,. Due to the limitation of LSCF
active sites on LSCF-KB surface, Li.O> will grow in the limited directions and results in the
formation of leaf-like particles on LSCF sites rather than on KB. While in KB electrode, since
the surface active sites are insufficient, the nucleation would occur randomly and lead to the
slow and heterogeneous growth of Li>O overspreads the KB surface.

Although the changes of product morphology illustrated the different ORR mechanisms
when introducing perovskite oxides, how to choose the suitable perovskite oxides with high
activities is still challenging. In alkaline electrolytes and SOFCs, the oxygen reduction
activities for various perovskite oxides have been intensively studied. For instance, Shao-

Horn et al. found that in alkaline solutions the ORR activity for perovskite oxides primarily
10
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correlates to o*-orbital (eq) occupation and the extent of B-site transition-metal-oxygen
covalency.[*®! The eg-filling was taken as the ORR activity descriptor of perovskite-based
oxides. Too little e4-filling can result in B—O- bonding that is too strong, whereas to much egy-
filling can lead to an O interaction that is too weak; neither situation is optimum for ORR
activity. Thus, the electronic structure is important in controlling oxide catalytic activity, and
a moderate amount of eg-filling (~1) yields the highest activity (e.g., LaosCaosMnO3z, LaCoOs
and LaNiOz). Based on this molecular orbital principle, a novel perovskite oxide
La(C0055Mno.45)0.9903-5 (LCMO), with eq-filling of 1, was designed by Liu et al.l%! As
nitrogen-doped graphene has the features of good catalytic activity, high electrical
conductivity, large surface area, and good chemical stability and is widely applied to grow or
attach nanostructured catalysts,[**61 They further integrated the LCMO with nitrogen-doped
reduced graphene oxide (NrGO) by establishing an effective electrically percolating network
and leveraging the unique chemical properties of NrGO. The LCMO/NrGO hybrid catalyst
exhibited comparable ORR activity with 30 wt% Pt/C. More importantly, the LCMO has 1%
B-site vacancy,™*”! which can meanwhile confer good OER activity that can be comparable to
20wt% Ir/C. Morgan et al. used density functional theory (DFT) calculations to identify the O
p-band center as a descriptor.l'*8 Their results suggested that a higher p-band center relative
to the Fermi level (e.g., BaosSrosCoo.75F€0.2503) is correlated with higher ORR performance
for SOFC cathode applications. Even with these important findings, however, the oxygen
reduction activities of various perovskite oxides in non-aqueous systems have not been
systematically investigated yet. In addition, different from the case in aqueous solutions
where the product is soluble, the solid product in non-aqueous electrolytes can cover the
surface and affect the active sites. Thus, the microstructure of perovskite oxides plays a more
significant role than that in aqueous solutions and should be considered. Moreover, the

operating conditions (e.g., current density, temperature) can alter the transport and reaction

11
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kinetics and affect the discharge performance.*! Hence, the selection of perovskite oxides
should also take the specific operating condition into account.
2.2. Oxygen evolution reaction
To make batteries rechargeable, electrochemically decomposition of solid Li2O2 to lithium
and oxygen is required. The reaction during charge is thought to be:[%

Li,0, — 2Li* +2¢” + O (")
and/or

Li2O, — Li* +e + LiO2 (8)
where Equation 7 is a two-electron process, while Equation 8 is a one-electron process
involves the formation of LiO,.*4% Although both routes are electrochemical reactions, in a
practical LOB, the charge overpotential is surprisingly high,[**! which may be caused by the
insulator nature of bulk Li.02.*1 Hence, elucidating the OER process in non-aqueous
electrolytes is the key to designing the oxygen electrode materials for decreasing the
overpotential [142143]

Till now, many mechanisms focused on Li.O: oxidation have been proposed. McCloskey
et al. charged Li>O2in a DME-based electrolyte, and found that Pt and Au supported Vulcan
carbon (VC) and metal oxide (a-MnOz nanowires mixed into VVC) catalysts did not lower the
OER potential compared to pure carbon. Moreover, the onset potential at which oxygen
evolution occurs was nearly identical for all electrodes, making the efficiency of
electrocatalysts in LOBs questionable.?*! As the batteries under their test were only
discharged to a very small capacity (~130 mAh Qearbon 1) Which might only be representative
of the very initial charging behavior, Shao-Horn et al. used electrodes consisting of non-
catalyzed and catalyzed VC and chemically synthesized Li»O, with a large capacity to
examine the different activities of catalysts towards OER.*4 They found that Pt and Ru
nanoparticles supported on VC could significantly increase the kinetics of the Li>O> oxidation.

They also proposed three major reaction stages upon the charge process, as shown in Figure
12
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5.11451 The first stage is the oxidation of the first sub-nanometer layer of Li,O> through the
delithiation process to form lithium-deficient Li,xO, and chemically disproportionate to
evolve O, (Equation 8), followed by the oxidation of bulk Li»O2 to form Li* and O (Equation
7), and ended with the oxidation of parasitic carbonates and electrolytes. They further
investigated the oxygen evolution kinetics of two classes of Li»O- structures, Li-O> discs and
particles, which are formed at high and low potentials, respectively.?®! During charge, Li>O>
discs consisting predominantly of O-rich (0001) surfaces with LiO»-like electronic states

exhibit limited capacity (~200 mAh gearbon 1) in the sloping region. In contrast, Li»O; particles
consisting of less O-rich surfaces (e.g, (1100) facetst**l) exhibit a significantly enhanced
(~400 mAh gearvon 1) sloping region with lower charge overpotentials for a given amount of Li
extracted. The lower charge overpotentials of particles with proposed (1100) and less O-rich
surfaces compared to discs with (0001) surfaces are consistent with the results from DFT
calculations, from which the (1100) surfaces have lower predicted kinetic overpotentials

(0.15-0.2 V) on charge compared to the oxygen-rich (0001) surfaces (0.36 V).X461 After the
complete delithiation and removal of the surfaces of discs and particles with exposing the
interior bulk Li>O2, the charge proceeds through a two-phase process (e.g., Li2O2 and LiO>)
for both structures with similar overpotentials. Nazar et al. used operando X-ray diffraction to
observe the oxidation of Li»O,, and found that in contrast to the one step for bulk crystalline
Li»O3, the oxidation of electrochemically generated Li>O2 occurs in the first oxidation through
a non-crystalline Li-O> component; followed by the crystalline peroxide via a Li deficient
solid solution phase (Li>—«O2).7! As the electrochemical formation of Li»O, involves LiO2
(Equation 5 and 6), the discharge product formed by a combination of an oxygen-rich
component with superoxide-like character and a Li-O> component has been illustrated, and

the ratio changes with discharge current and depth and results in different product

13
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morphologies.}481501 |n addition, the oxygen-rich superoxide-like component has a much
lower charge potential (3.2—3.5 V) than that of the Li,O, component (~4.2 V).l Xia et al.
investigated the Li>O. morphology evolution and the effects on the oxygen evolution
kinetics.[*®" The insulating Li>O; particles with a disc-like shape are formed in the initial
discharge stage, and give a high charge voltage at 4.1 V. Afterward, the nucleation and
growth of Li>O> crystallites at higher discharge capacities result in the electrically conducting
Li,O> shells that covers the cores, leading to a lower voltage range of 3.3 to 4.1 V. When the
discharge voltage further drops below 2.65 V, the defective superoxide-structured phase with
high conductivity is formed on the rims of Li.O2, making Li-O> discs evolve to toroid-shaped
particles and causing a comparably low charge plateau below 3.4 V.

From the investigations of OER mechanisms, several important messages can be
obtained. First, the Li>O> structure plays a significant role in the charge performance. The
solid Li»O with different exposed surfaces shows different charge characters.?! In addition,
an oxygen-rich component with superoxide-like character and a Li-O, component can co-exist
in the product, and a larger ratio of LiO2-like component can lead to the better oxidation
kinetics and a lower charge voltage.[**®! Second, the charge voltage is closely related to the
LioO2 morphology. Even with the same structure, due to the low electrical conductivity of
Li>O,,1** small product particles have larger interfaces and allow better contact between
LioO> and electrolyte/electrode, facilitating electron transport and leading to the low average
charge voltage plateaus.!*>?! Third, the kinetics of oxidizing bulk Li2O is sensitive to rates
and catalysts,[**5l and the catalyst does not act conventionally to lower the activation energy
through electron transfer, but acts as a promoter to enhance surface transport of LixO. species
by reducing their binding energy in both the forward and reverse electrochemical
processes. 5l

Although the detailed OER mechanism is unrevealed, a general descriptor of the OER

activity is important for the selection of oxygen electrode materials. In alkaline media where
14
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the OER is the reverse reaction as expressed in Equation 2, Shao-Horn et al. found that the
specific OER activities of perovskite oxides exhibit a volcano shape as a function of the eg4-
filling of surface B site cations, as shown in Figure 6a.l*** They proposed that the eq-filling
of surface transition metal cations can greatly influence the binding of OER intermediates to
the oxide surface and thus the OER activity. For the right branch of the volcano, the rate-
determining step is the formation of the O—O bond in OOH adsorbate on B-site ions, whereas
for the left branch the deprotonation of the oxyhydroxide group to form peroxide ions may be
rate-limiting. Thus, having the eq-filling close to unity leads to the highest OER activity, such
as BaosSrosCoosFeo203-s (BSCF, eg=1.2) reported by Shao and Haile.['>*! Based on this
perovskite oxide, Jung et al. distributed LaCoOs-s cobaltite particles on its surface to form a
novel structured Laos(BaosSros)o.7C00sFe02055.11%! In this structure, 10 nm-size
rhombohedral LaCoOs-s nanoparticles are distributed on the grain surface of cubic BSCF,
forming flowerly particles. The resulting perovskite oxide featured with an increased surface
area exhibit not only OER but also ORR activities that can be comparable to and even better
than those of state-of-the-art noble metal oxides.

With the successful prediction of OER activities in alkaline solutions, Shao-Horn et al.
further measured the activities of various perovskite oxides for Li.O, electrochemical
oxidation in a non-aqueous electrolyte (0.1 M LiCIO4#/DME).[**"1 However, they found that
the Kinetics of Li,O oxidation by LaNiO3z, LaMnOs+s, and LaFeOs exhibits similar activities
to VC, as shown in Figure 6b. In contrast, the mass-specific net oxidation currents of LaCrO3
and BSCF are greater than that of VC by one order of magnitude (Figure 6c). The X-ray
diffraction (XRD) and scanning electron microscope (SEM) analyses showed that Li.O> was
removed largely from these electrodes upon potentiostatic charging at 4.0 Vi, so that the
current curves suggested the activities of the perovskite oxides toward OER in LOBs rather

than the decomposition of electrolyte.[*8-1631 When considering the eq-filling of the studied
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perovskite oxides, as shown in Figure 6d, no clear trend in the activities against Li>O>
oxidation (LaCrOs >> BSCF > LaNiOs = LaMnOz+s ~ LaFeQOz3) versus the eq-filling can be
found, which is on the contrary to the clear volcano trend for oxygen evolution kinetics during
water oxidation in 0.1 M KOH (BSCF >> LaNiOz =~ LaFeOs >> LaMnOQOz+s ~ LaCrOz) shown
in Figure 6a. Strikingly, the least active perovskite oxide for oxygen evolution in alkaline
solution, LaCrOgz, shows the most active for Li>O2 oxidation. Following this result, they
further found that the activity of Cr nanoparticle is ~50 times higher than VC. It is proposed
that in LaCrOs, the ability of Cr compounds to accommodate mixed valence states of Cr3* and
Cr®* ions on the surfaces can promote Li.O, oxidation kinetics by facilitating electron
removal necessary to carry out the oxidation step of Li.O2 to LiO, (Equation 8). As a result,
Cr-based materials may be the effective catalysts.[*64-166]

The above result shows the different reaction mechanisms for perovskite oxides from
H>O oxidation to Li,O oxidation. It is worth noting that the kinetics of OER in LOBs is not
only determined by the catalyst itself, but also affected by how Li.O> is produced, which is
closely related to the ORR process.[*®"% Hence, the OER and ORR processes in LOBs are
entangled and both should be considered when studying the activities of perovskite oxides.
2.3. Design principle
From the above discussion, due to the unique oxygen electrochemistry in LOBs, a rational
design principle for electrode materials with high activities is highly challenging. The DFT
calculation, a fast and effective method bypasses experimental cost and time, has been used in
the initial design of transition-metal oxides for ORR and OER. Cho et al. provided an insight
into the catalytic mechanism of ORR through DFT calculations of a-MnO2 surfaces.™'¢”! They
found that the oxygen sites on the surface play a more important role than the exposed metal
sites, since lithium ions from electrolytes interact with the surface oxygen sites and form
surface lithium sites, facilitating further growth of Li»O.. In addition, the reduced size and

homogeneous distribution of LioO> make the decomposition during OER much easier. Hence,
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the significant determinant for the catalytic activity of metal oxides is the surface oxygen
density on their exposed facet. To reveal the catalytic mechanism of transition-metal oxides
for OER, Liu et al. studied the decomposition reaction of Li,O> supported on Co0304
surfaces.[*%81 The result indicated that P-type doping of CosO4 (111) exhibits a good catalytic
effect in decreasing both charging overpotential and O> desorption barrier. The ionization
potential of doped transition-metal is thus determined to be an important parameter to regulate
the catalytic activity of metal oxides. They further demonstrated that the O, evolution and
lithium ion desorption energies show linear and volcano relationships with surface acidity of
catalysts, respectively. Thus, certain materials with an appropriate surface acidity can achieve
high OER activities. ]

As LiO; is a key intermediate in both ORR (Equation 4) and OER (Equation 8), Han et
al. calculated the LiO, adsorption energy as a descriptor on LaB1-xB'xO3(001) (B, B' = Mn, Fe,
Co, and Ni, x = 0.0, 0.5) to predict promising candidate catalysts.[*’® They first investigated
LiO> adsorption on LaBO3(001), and found that the adsorption site preference of LiO on the
LaMnOs surface is almost identical for the other LaBO3 perovskite surfaces. However, the
trend in the adsorption energies on LaBO3(001) follows the order of atomic number of the B-
transition-metals (Mn, Fe, Co, Ni). When studying LiO, adsorption on LaBgsB'0503(001),
they found that the adsorption energy and site preference of LiO, on LaBosB'o503 surfaces
are not dependent on those characteristics of the undoped LaBOs; or LaB'Osz surfaces,
implying that it is hard to minutely tune the activity by doping or mixing of different metals in
perovskite oxides. To understand the adsorption phenomenon in detail, the charge density
difference was further analyzed. The results in Figure 7a indicate that O; has the most
negative charge state and O, and Li have relatively lower negative charge states after
adsorption. Moreover, the total charge density differences of adsorbed LiO; always have
negative values which are related to the adsorption energies of LiO». Figure 7b shows the

adsorption energies as a function of the changes in electron density on the ten bare or doped
17



WILEY-VCH

perovskite surfaces, suggesting that the adsorption strength of the LiO2> molecule is mainly
determined by electron charge transfer between the adsorbate and the perovskite oxide surface.
Their results showed that LaMnOs, LaMnosFeosOs, or LaFeOsz are promising candidate
catalysts owing to their weak LiO> adsorption.

Although DFT calculations have been identified to predict trends in activity of
perovskite oxides, for LOBs where the solid Li.O. forms as the discharge product, the
microstructure of perovskite oxides also has a significant role in the discharge performance.
Besides, the ORR and OER kinetics are tightly correlated, so that how Li>O; is formed should
be considered in analyzing the OER process. Therefore, the design principles of perovskite
oxides for LOBs may be totally different from that for aqueous solutions and new approaches
are required.

3. Perovskite oxides as electrode materials

In the above section, we introduced the oxygen electrochemistry and the proposed
mechanisms on the surfaces of perovskite oxides in LOBs. In this section, we summarize the
perovskite oxides that have been applied as the oxygen electrode materials and the
corresponding performance. Since the discharge product Li>O; is in the solid state, which not
only affects the reaction kinetics by covering the active sites, but also influences the transport
kinetics. The structure of the electrode material, therefore, plays more significant role in the
electrochemical performance. For this reason, we divide this section into three main parts in
terms of the perovskite oxide structures used in the battery. We first review various perovskite
oxide nanoparticles, including the direct use as catalysts and the investigations about the
effects of geometries and cations. The hierarchical porous structure is followed, with
highlighting the structural merits in improving the battery performance. To avoid the
instabilities of carbon and binder and increase the discharge capacity, an integrated electrode
made of perovskite oxide is also introduced.

3.1. Nanopatrticles
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The perovskite oxide nanoparticles that have been used as catalysts in the oxygen electrodes
are summarized in Table 1. Xu et al. synthesized LaNiOs nanoparticles with a grain size far
less than 100 nm and a surface area of 22.7 m? g%, as the morphology shown in Figure
8a.'"Y1 When evaluating the electrocatalytic activity of the as-synthesized LaNiO3 through
cyclic voltammogram (CV), as shown in Figure 8b, the LaNiOs/Super P (SP) electrode at 18
wt% loading of LaNiOs presented a lower anodic onset potential, a higher cathodic peak
voltage, and larger reduction and oxidation currents than those of the SP electrode,
demonstrating the efficient catalytic activities toward ORR and OER. The discharge and
charge voltage profiles of a battery with this LaNiO3z/Super P electrode is illustrated in Figure
8c. It presented a voltage gap of 878 mV, which is 706 mV lower than that of the SP electrode.
In addition, the LaNiOs/SP electrode exhibited superior cyclability up to more than 155 cycles
and a more stable discharge voltage (>2.51 V), far greater than those of the SP electrode
(Figure 8d), indicating the high intrinsic activity of LaNiOs. LaosSro4Coo2FeqsOs (LSCF), as
a typical cathode material for SOFCs owing to its high oxygen surface exchange coefficient
for fast kinetics at the gas/cathode interface, was also applied in non-aqueous LOBs.**% The
study revealed that the formation and decomposition of Li>O can be effectively promoted by
the introduction of LSCF nanoparticles. As a result, batteries with LSCF catalyst can deliver a
discharge capacity of 20039 mAh g* and improve the cycle stability to 17 cycles. In addition
to lanthanum (La)-based perovskite oxides, Bao9C0o.7Fe0.2Nbo.103-5 (BCFN) perovskite oxide,
which exhibits a high oxygen mobility and surface oxygen exchange reaction rate, was tested
in LOBs by Song et al.'”? They found that adding 20% BCFN could effectively reduce the
polarization and achieve better bi-functional activities for the electrochemical reactions,
especially for the OER. The charge polarization was therefore significantly reduced and
alleviated the formation of side products. Even though the improved battery performance can
be obtained through the direct use of perovskite oxide nanoparticles, investigating the factors

that affect the electrochemical activities is crucial for material selection and optimization.
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3.1.1. Effect of particle size and defect

For non-aqueous LOBs, the electrode surface will be gradually covered with an increase in
the capacity due to the formation of solid Li»O.. Consequently, a large surface area of the
electrode material is important for a large capacity. Fu et al. fabricated the nano-sized
Lao.sSro.MnOs with a surface area of 32 m? gt and compared with the prinstine one (1 m?
g ). The nano-sized perovskite oxide delivered a higher voltage plateau and a larger
capacity because of the greatly improved surface area. The mechanical process by ball milling
(BM) is one of the attractive techniques in preparing perovskite oxides, which can reduce the
particle sizes.'’¥ Nahm et al. investigated the effects of BM on the structural and
electrochemical characteristics of LaosSro4CoOs-s (LSC).[*"®! As the BM time increased, the
particle size decreased and the surface area increased, as illustrated in Table 1. Besides, it is
found that crystal defects and dislocations were formed through ball milling, resulting in the
structural change from single to polycrystalline structures. Since boundaries, defects and
dislocations are considered to be active sites of electrocatalysis,*’®! the better ORR and OER
activities in alkaline solution were observed from the ball milled LSC, which might be due to
the reduced particle size and the increased defect density.[*””! When applying as the oxygen
electrode catalyst in a LOB, the 24-hour BM LSC performed the best discharge and charge
performance, with 3256 mAh g* for discharge and a voltage gap of 0.85 V at a capacity of
1100 mAh g%, as well as the longest cycle life up to 43 cycles. Their results indicated that the
increased surface area and crystal defect density can promote the reaction kinetics with more
number of active sites on the surface and aid the formation and decomposition of the
discharge product, improving the catalytic activities. The role of vacancies and defects of
metal oxides in LOBs was also investigated by Nazar et al. through treating Nao44MnO;
nanowires in nitric acid to induce controllable defect formation.[!”® The high defect
concentration could result in a doubling of the reversible energy storage capacity and lower

overpotentials for oxygen evolution. The greater ORR activity may come from the more
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accessibility of O to the active binding sites and the pathway for O: to the interior of the
nanowire along its entire exterior length; the improved OER activity may be attributed to the
structural defects and microstrains that facilitate the destabilization of Li>O> upon charge.
3.1.2. Effect of A-site substitution

In addition to changing the surface area and crystal defect through physical approaches,
doping in A and/or B site is another strategy to improve the catalytic activities. In alkaline
solutions, the effects of the A-site substitution on the ORR/OER activities have been
investigated, which may be attributed to the differences in crystal structures, ionic
radii/binding energies, and electrical conductivities.['®! Although some La-based perovskite
oxides with partial A-site substitution (e.g., LaosSro4CoOs-57°)) have been applied in non-
aquoeus LOBs, few studies have been conducted to investigate the effects of A-site cation on
the electrochemical performance. Francia et al. compared Pb, Ba and Sr in the form of
Lao.e5X0.3sMn0O3 (X = Ph, Ba, Sr) as electrode materials in terms of discharge capacity, charge
overpotential, and cycle life.l}”®] At the same current density, the LaoesPbossMnOs-based
electrode delived a capacity of 7211 mAh g, higher than that of LagesSrossMnOs (6760
mAh g1) and LagesBaossMnOsz (6205 mAh g1). However, the LagesSrossMnOs electrode
could significantly decrease the charge overpotential. The reason might be that large Li2O:
toroids were formed in LaoesPbossMnOs and LaoesBaossMnOs electrodes, while
Lao.esSro.3sMnOs3 electrode promoted the formation of smaller aggregates of Li.O, facilitating
the charge process. When considering the cycle performance, the battery with
Lao.s5Pbo.3sMnOs electrode showed about 35 cycles with a coulombic efficiency ranging from
95 to 97%, higher than the other two electrodes. Hence, no clear trends could be obtained
from the A-site substitution in the non-aqueous system, and further intensively studies are
needed.

3.1.3. Effect of B-site substitution
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B-site cations have also been shown to strongly affect the electrocatalytic activities,%
because of the possible formation of redox couples near the oxygen reduction region and the
tunable bond strength of B—OH.l To understand the B-site substitution on the
electrochemical performance of LOBs, a detailed investigation of different elements doping is
needed.

Du et al. investigated the electrochemical performance of Mg-doped perovskite oxides
LaNi1—xMgxO3.1*8% In the alkilne solution, the increased Ni®*/Ni?* ratio and absorbed hydroxy!
on the surface of Mg substituted perovskite oxides strongly increase oxygen mobility at a
lower scale, and thus improve the ORR kinetics. In addition, greater covalency between Ni
and oxygen in LaNiogsMgo.1s03 promotes the charge transfer between surface cations and
adsorbates, leading to higher OER activity. As a result, the battery with LaNiogsMgo.1503
electrode exhibited a discharge capacity twice higher than that with the LaNiOs electrode.
Due to the better thermal stability with Mn in the B site than that with Co, Liu et al. doped
Mn in the B site to partially substitute for Co in LaoeSro4C00s.[*8 They found that with an
increase in the content of Mn, the surface area and grain size were hardly changed, whereas
the electrochemical performance was improved. In a 1.0 M LITFSI/tetramethylene sulfone
electrolyte, a battery with the LaoeSro.4C009Mno 103 catalyst showed the highest discharge
capacity of 3107 mAh g at a current density of 200 mA g, and was maintained a fixed
discharge capacity of 500 mAh g for 50 times with 3.28% voltage loss. Hence, Mn in the B
site could make this perovskite oxide more stable and excellent catalytic activity. Because Ni
holds the lowest oxygen vacancy formation energy, the influence of doping Ni has also been
investigated.[*®218] For LagsSro2MnQs, which has been reported among the leading
perovskite-type catalysts for ORR, is suffered from an intrinsically low activity for OER due
to the weak covalency of Mn—O bond and the lack of transition-metal ions. To address this
issue, Wang et al. doped Ni in Mn site.['®3 They found that an increase in the content of

doped Ni led to a decreased particle size, and as a result LaogSro2MnosNio4Osz showed the
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largest surface area (14.41 m? g 1) that nearly doubled that of the undoped one (8.69 m? g ).
The capacity of LaosSro2MnoeNio4Os is 5364 MAh Qeamon &, higher than that of
Lag.sSro2MnQ3 (4408 mAh Qgearbon 1), Which is attributed to the abundant oxygen vacancies
that can efficiently catalyze the formation of Li2O in the discharge process. Moreover, the
charge voltage plateau of Lao.sSro2MnosNio.4O3 is approximately 180 mV lower than that of
LaosSro.MnOs, which may correlate with the existence of trivalent Ni on the surface,
resulting in the interaction between Li>O> or LiO2 and oxygen vacancies to easily release the
electrons and lithium ions. The improved ORR and OER activities made
Lao.sSro.2MnosNio4O3 achieve a cycle number up to 79 at a fixed capacity of 500 mAh
Qearbon +, Proving that the abundant oxygen vacancies could contribute to maintaining a stable
performance.

Apart from perovskite oxides, other types of perovskite-based oxides have also been
applied as the catalysts in LOBs. Lee et al. tested the electrochemical activity of a layered
perovskite oxide, Lai.7Cao3Nio7sCuUo2504 (LCNC), in the oxidation of solid Li»02.[®% They
demonstrated that compared with the perovskite oxide LaosSro2MnQs, the LCNC-containing
electrode showed a lower charge potential. In addition, the battery with the LCNC-containing
electrode delivered higher capacities and exhibited improved capacity retention during
cycling compared to that with the catalyst-free electrode. Yuan et al. reported the application
of the double perovskite oxide Sr.CrMoOs-5, which exhibited a higher discharge capacity,
lower overpotentials, better rate capability and cycle performance, and higher reversibility
than those of Super P.['*¥¢1 The improved performance may be attributed to that the double
perovskite oxide has a much higher oxygen and electron transport ability than the general
perovskite oxides.

Although the effects of different factors on the electrochemical performance of
perovskite oxide nanoparticles have been investigated, it is worth noting that the studies are

based on the specific perovskite oxide rather than a general benchmark (e.g., LaNiOs3),
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making it hard to do comprehensive comparisons. In addition, as listed in Table 1, some
battery performance was tested with carbonate-based solvents which were unstable during
discharge and charge, leading to the difficulty in estimating the real electrochemical activities
of applied perovskite oxides.['*?1 Hence, a systematical investigation based on a
benchmarked perovskite oxide, and carried out in a stable non-aquoeus electrolyte, is in a
great demand.

3.2. Hierarchical porous structure

The highly catalytic activities of perovskite oxide nanoparticles make them the promising
catalysts in LOBs. However, as listed in Table 1, due to their similar scales (<100 nm) to
those of carbon nanoparticles (40 nm),[**3 similar pore sizes to those formed by carbon
nanoparticles will be formed after the electrode fabrication. Because the solid product
deposites in the oxygen electrode and changes its porous structure, affecting the triple-phase
boundaries,*®"! the pore size is therefore a crucial factor for the battery performance. It is
found that in the ordered meso- and macroporous carbon materials, the discharge capacity is
directly correlated with the pore size.[**!] For graphene-based materials, two important factors
are responsible for the improved performance,*®! including the morphology of graphene in
which numerous large tunnels facilitate a continuous oxygen flow and the small pores provide
triple-phase boundaries for the oxygen reduction.[*% For catalyst materials, in addition to
abundant active sites, the mesopores associated with high specific surface area and large pore
volume are significant,[*¥¥ which not only facilitate the access of reactants to active sites and
favor the mass transport of intermediate species, but also lead to enhanced electron delivery to
active sites due to the continuous framework structure.r® Hence, desirable electrode
architectures should incorporate hierarchical pores from micro- to meso- and macroscale to
achieve effective oxygen diffusion, liquid electrolyte wetting and solid product

accommodation.[*9
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Chen et al. reported the usage of interconnected porous perovskite CaMnOs as the
catalyst in LOBs.* As shown in Figure 9a, the macroporous structure is formed through
CaMnOz nanoparticles with an average diameter of 57 nm, resulting in a high surface area of
32.0 m® g1 At a current density of 50 mAh geamon 1, as shown in Figure 9b, the CaMnOs-
based battery displayed a voltage gap of 0.98 V, lower than that of carbon-based one (1.60 V).
With a fixed capacity of 500 MAh gearbon *, the CaMnOs electrode attained good cyclability
(>80 cycles) with a stable discharge voltage (>2.35 V), whereas the carbon-only electrode
could merely sustain less than 25 cycles (Figure 9c). The improved performance of
interconnected porous CaMnOs is attributed to the high electrocatalytic activity and the
porous structure for mass transport and product accumulation. To further demonstrate the
advantages of hierarchical porous structure, Zhang et al. prepared three-dimensionally
ordered macroporous LaFeOsz (3DOM-LFO), and compared the performance with LFO
nanoparticles (NP-LFO).[*%1 As shown in Figure 9d, the interconnected inorganic walls
created a “honeycomb” pore structure in three dimensions. The open and interconnected
3DOM structure gives a surface area up to 29.3 m? g%, much higher than that of NP structure
(1.4 m? g1). The electrochemical performance was tested in a battery as shown in Figure 9e.
Although the discharge voltage of 3DOM-LFO/KB electrode is only slightly higher than that
of NP-LFO/KB by about 20 mV and KB by about 30 mV, its charge voltage is much lower
than that with NP-LFO/KB electrode by 150 mV and KB by 250 mV, indicating the enhanced
ORR and OER Kinetics. At the same current density, the battery with 3DOM-LFO electrode
delivered a capacity of 11,738 mAh g during the initial discharge, higher than that with NP-
LFO electrode (~11,000 mAh g1). Moreover, at a fixed capacity of 1000 mAh Qearbon %, a
battery with the 3DOM-LFO electrode exhibited almost no degradation even after 124 cycles
(Figure 9f), much higher than that with NP-LFO (75 cycles). Similarly, Nahm et al. fabricated

three-dimensionally ordered macroporous perovskite LaoeSro4Co03-s (3DOM-LSC), and
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demonstrated a higher discharge capacity and longer cycle life than those of LSC
nanoparticles. 2%

In addition to the macroporous structure formed through the interconnection of
perovskite oxide nanoparticles, various hierarchical-structured perovskite oxides with unique
morphologies have been fabricated and applied in LOBs, including nanowire,*%?
nanotube, "% nanorode,?! and nanocube,?°Yl as summarized in Table 2 and Figure 10.
Compared with nanoparticles, the structural merit has a significant effect on the battery
performance. For example, Zhang et al. synthesized the porous tubular structured
Lao.75Sr0.2sMn0O3 nanotubes (PNT-LSM) and used them as the electrode catalysts in LOBs.[*%7]
For the PNT-LSM/KB electrode, the porous nanotubes are dispersed disorderly in KB carbon,
making the electrode loose and porous and providing sufficient space for the discharge
product deposition (Figure 11a). In addition, the porous tubular LSM nanotubes offer more
abundant oxygen and electrolyte transportation paths in the electrode, helping to get uniform
oxygen and electrolyte distribution inside the electrode, as schematically shown in Figure 11b.
In contrast, the conventional KB electrode shown in Figure 11d is made of tightly stacked
carbon particles, leading to a low porosity, which would easily block oxygen molecules and
decrease the electrochemically available surface area (Figure 11e). With the aid of PNT-LSM
catalysts, the battery obtained a much improved specific capacity and rate capability. In the
voltage range of 2.2-4.4 V, a battery exhibited rather stable specific capacities above 9,000—
11,000 mAh gt for five cycles (Figure 11c). On the contrary, the capacity of the KB
electrode was only ~8,200 mAh g in the initial discharge, but decreased dramatically to
2,313 mAh gt after five cycles, as shown in Figure 11f. It is worth noting that the battery’s
cycle performance is usually tested in a capacity-limited condition,?°? because the deposition
and decomposition of solid Li,O2 in LOBs may cause blockage and deformation of the air
electrode at a deep discharge.?®! To date, limited electrode materials have been reported in

the literature that can run the cycle performance in a full discharge-charge (potential cut-off)
26



WILEY-VCH

condition, such as porous Au,“? TiC,[**l and RuO,.["32041 Here the electrode with PNT-LSM
successfully enabled the cycle performance in a potential cut-off condition, with the charge
capacity closed to the discharge capacity after each cycle and a coulombic efficiency of
approximately 100%. The better results might be attributed to the unique properties of the
electrode with porous, open, and tubular PNT-LSM catalyst, facilitating the formation and
decomposition of the discharge product and improving the reversibility.

In addition to PNT-LSM, other perovskite oxides can also demonstrate the good cycle
performance in a full discharge-charge condition, such as the 3D ordered macroporous
LaFeOs,™%1 Lag sSro,MnO3s nanorods,?® and LaosSrosCo0s-s nanotubes,**®! as summarized
in Table 2. In summary, the hierarchical porous structured perovskite oxides have the
following advantages: i) high surface areas with mesopores and macropores can offer a large
electrode-electrolyte contact area to ensure sufficient active sites for electrochemical reactions
and more spaces for solid product storage; ii) short diffusion distances for species (e.g., O
and Li*) can improve the mass transport rate; and iii) direct current pathways can facilitate
electron transport. When employing in the oxygen electrode, all these favorable advantages
benefit the electrochemical performance of LOBs.

3.3. Integrated electrode

The above-mentioned perovskite oxides are used as the catalysts with the combination of a
carbon matrix, a binder, and a current collector/substrate (e.g., Ni foam, carbon paper) to form
the oxygen electrode. However, these additives increase the electrode weight, leading to a low
obtainable discharge capacity, especially when taking the heavy weight of the current
collector/substrate into consideration.?®! In addition, it has been shown that both the highly
oxidizing environment and the discharge product (Li-O>) can lead to the decomposition of the
carbon(?%6:2071 and the binder (e.g., PVDF)2%I to form side products. These irreversible side
products passivate the electrode, leading to rapid polarization in charge as well as capacity

fading on cycling.
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To address these issues, Wei et al. proposed an integrated electrode made of pure
LaNiOs without the need of a carbon matrix and a current collector/substrate.?°®! The porous
electrode was made by sintering the LaNiOs powder and the pore-former, and the
microstructures were optimized through adjusting the weight ratio of pore-former. As shown
in Figure 123, this integrated electrode allows the formation of nanosized pores on the wall of
microsized pores, facilitating the transport of both oxygen and lithium ions. Additionally,
LaNiOs supplies enough electrical conductivity to support electron transport. Moreover, all
surfaces of the porous structure are catalytically active for electrochemical reactions. A
battery with this electrode delivered a voltage plateau of 2.85V with a discharge capacity of
1.064 mAh cm 2. At a fixed capacity of 0.3 mAh cm2, the battery was also stable for cycling.
After 34 cycles, the oxygen electrode was reassembled into a battery with a fresh lithium
electrode, a glass-fiber separator, and an electrolyte, and delivered almost the same voltage
profiles as the initial one (Figure 12b). To further confirm the stability of the LaNiOs
electrode, the composition of the discharge products and electrode after different numbers of
cycles were investigated by X-ray photoelectron spectroscopy (XPS), as shown in Figure 12c
and 12d. After the 34™ discharge, the peak intensity of Li-based byproducts is stronger than
that after the 5" discharge, indicating that the decayed performance was attributed to the
accumulation of byproducts on the electrode surface. Correspondly, the Ni 2p peak decreased
significantly after the 34™ discharge. For the reassembled battery, a significant decrease of the
peak intensity for Li-based byproducts can be found, and the initial state of Ni was recovered.

Although various kinds of perovskite oxides with different microstructures have been
applied in LOBs, and some good performance has been reported, there still exist some
remaining issues as summarized below: i) The unknown stability. Studies of carbon show that
carbon can react with discharge products (e.g. Li2O2) and also promote the decomposition of
electrolytes, resulting in the formation of irreversible side products (e.g. Li.CO3) covering the

active sites and leading to the performance degradation.?°62°71 To avoid the side reaction from
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carbon, several approaches have been developed, including passivating the defects by a
protective Al,Os coating,?*? fabricating a catalyst shell on the carbon surface to prevent the
direct contact with Li.O; and electrolyte,?*) and using the interaction between the ionic
solvate and active sites of carbon to deactivate the surface.l?!?l Although carbon is usually
accompanied with perovskite oxides in the air electrode, the above-mentioned methods to
suppress the side reactions have not been reported. In addition, the stabilities of perovskite
oxides in the oxidizing environment and towards different kinds of non-aqueous electrolytes,
however, have not been systematically investigated yet. Especially for those perovskite oxides
with abundant oxygen vacancies, whether the active surfaces can be maintained after long-
term operation requires further estimation. Moreover, the synergetic effects of carbon and
perovskite oxides on the stability, if exist, should require great concerns. ii) The low specific
surface area. Although an improved surface area has been obtained through decreasing the
particle size or designing the microstructure, the value is still low (<100 m? g™1). Owing to the
formation of solid products, the surface area will be further decreased during discharge,
limiting the battery performance, especially at high current densities. Hence, developing novel
fabrication methods to achieve high specific surface areas is in great need. Through precisely
controlling the inorganic to organic precursor ratio in the gel and its decomposition
temperature, metallic Magneéli phase TisO7 with a crystallite size between 10-20 nm and a
specific surface area as high as 180 m? g* was successfully synthesized.?*3] Recently, a new
approach for synthesizing ultrafine metal oxide nanoparticles has been reported,?**! which
used an electrochemical prelithiation process to reduce the size of NiCo204 particles from
20-30 nm to a uniformly distributed domain of ~2 nm. More importantly, the prelithiated
NiCo0204 nanowires with ultrafine nanoparticles are highly stable during long-term cycles in
both morphology and particle size, maintaining an excellent catalytic effect to ORR and OER.
This unique approach may also be used to form ultrafine nanoparticles of perovskite oxides to

further improve the surface area. iii) The difficulty in the morphological control. Different
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hierarchical structured perovskite oxides have been fabricated, with which the battery
performance has been enhanced. However, during cycling the formation and decomposition
of solid Li>O> will cause the expansion and shrinkage of the void volumes in the oxygen
electrode, breaking down the well-degined morphology. To achieve long cycle life, the
hierarchical structured perovskite oxide with a stable morphology and long-term mechanical
strength is essential.

4. Perovskite oxide-based composites

In the above-mentioned works, perovskite oxides were synthesized alone and used as
electrode materials. Although some impressive results have been achieved, the drawbacks of
perovskite oxides, such as the low surface areas and high transport resistance of aggregated
nanoparticles, hinder the further improvement of electrochemical performance. An effective
strategy to address these issues is to combine perovskite oxides with other materials to form
composites with improved physical and chemical properties. In the following paragraphs, we
discuss the perovskite oxide-based composite materials used in LOBs with highlighting the
merits come from material incorporation and structural assembly.

4.1. Material incorporation

As illustrated in Table 1 and 2, the low specific surface area is one drawback of perovskite
oxides. To increase the reaction sites for oxygen reduction, Yuasa et al. dispersed
LaMno.sFeo.4O3 nanoparticles on the carbon powder support through a reverse homogeneous
precipitation method.?® However, due to the instability of carbonate-based electrolytes in
their tests, the real activities for the carbon-supported perovskite oxide need further
estimations.[?'®! Based on the similar material, LaFeosMnosOs, Ce is chosen to dope in with
different atomic ratios,?*! because it is reported that through the replacement of inert La
cation by active Ce, not only oxygen capture can be enhanced,?*® but also conductivity can
be increased.”’1 However, the results showed that Ce has a very low solubility in

LaFeosMnos03 lattices, and the Ce-incorporated samples are mainly LaFeosMnos03-CeO-
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composite instead of single-phase La;-xCexFeosMnosOs. When testing the discharge
performance of the composite in a 0.1 M LiCIO4#/DMSO electrolyte, the capacity followed the
ranking of Ce/(La+Ce) = 0.05 > Ce/(La+Ce) = 0.1 > Ce/(La+Ce) = 0.5 > Ce/(Lat+Ce) = 0. The
enhanced capacity may be attributed to the enhanced capability of releasing oxygen, faster
charge transfer, and better electrocatalytic activity caused by a small amount of CeOo.
However, higher Ce concentration results in a large quantity of the more insulating CeO: in
the composite, resulting in a decreased capacity.

4.2. Structure assembly

Although the incorporations of Ce can improve the performance of pristine perovskite oxides
in LOBs, the aggregation of composite particles with high oxygen and lithium ion transport
resistance is one main barrier toward high performance. A strategy to address this issue is to
assemble perovskite oxides with other materials to achieve a porous structure with improved
transport Kinetics.

Lee et al. compounded LaCoOs (LCO) nanoparticle (NP) with different weight ratio of
reduced graphene oxide (rGO) to form the LCO-rGO composites, as schemed in Figure
13a.122% They found the LCO NP aggregates were completely surrounded by rGO nanosheets
with 10.5 wt% of rGO (LCO-rGO-10.5), but were partially exposed in the composite with 7.5
wt% of rGO (LCO-rGO-7.5). In a 1.0 M LiCFsSOs/TEGDME electrolyte, the batteries with
the composite performed higher capacities, smaller voltage gaps, and longer cycle lives than
those with pristine rGO or neat LCO NPs. Between the two composites, LCO-rGO-10.5
delivered a higher capacity of 5197 mAh g2, but the LCO-rGO-7.5 showed a longer cycle life
up to 195 cycles. The performance improvement could be attributed to an increase in extrinsic
conductivity due to the presence of rGO nanosheets and the alleviation of LCO NP
aggregation and rGO nanosheet restacking due to the synergy effects. The free volumes
created are also useful for storing solid Li,O> and facilitating the transport of lithium ions and

oxygen. Yang et al. coated thin meso-LaosSro2MnO layers throughout a graphene foam (G-
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foam) to form graphene/meso-Lao.sSro..MnO (G/meso-LaSrMnO) sandwich-like nanosheets,
as schemed in Figure 13b.??1 As graphene served as a porous flexible template and
conductive network, a macroscopic 3D hierarchical architectures was fabricated. In this
electrode, the macropore between nanosheets facilitates transport Kkinetics, the mesopore
provides a large surface area for electrolyte immersion and Li»O> deposition, the perovskite
oxide increases reaction Kinetics, and the graphene serves as a conductive network for
electron transport. In a battery with a 1.0 M LITFSI/TEGDME electrolyte, the specific
capacity reaches 6515 mAh-g' based on the total weight of the composite foam,
corresponding to a capacity of 21470 mAh-g~! with respect to catalyst loading and 9044
mAh-mL! with respect to the pore volume of the electrode. At a high current density of 500
mA-g, the discharge capacity of the G/meso-LaSrMnO electrode kept at 2500—4500
mAh-g~! even at the 10 full charge and discharge, with a high capacity retention of 55%,
showing a good cycling stability.

In addition to the combination of perovskite oxide nanoparticle and graphene, Kim et al.
reported a structural assembly of low-dimensional electrode materials composed of 0D RuO>
nanoparticles (NPs), 1D perovskite LaMnOs nanofibers (NFs), and 2D graphene
nanosheets.[?22] As schemed in Figure 14a, the LaMnO3z NFs were first prepared through the
electrospinning method, after which the oxide surfaces were decorated by RuO2 NPs as co-
catalysts. Then, the RuO./LaMnOz composite NFs were randomly laid onto both sides of non-
oxidized graphene nanoflakes (GNFs), affording an alternative electron pathway and
additional reaction sites. The TEM images of the GNF-RuO2/LaMnOs NFs are shown in
Figure 14b-14d, which clearly presented the assembled structure. Under a fixed capacity of
1000 mAh g%, as shown in Figure 14e, the KB electrode showed a huge voltage gap at
around 2.0 V between the discharge and charge voltages, whereas the voltage gaps were
lowered to 1.0 V for the GNF-RuO2/LaMnOz NFs electrode. In addition, the cycle

performance shown in Figure 14f demonstrated that the GNF-RuO2/LaMnOs NFs electrode
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exhibited the highest cycle life of over 320 cycles without severe voltage degradation. The
outstanding performance might be attributed to the following reasons: i) LaMnOs NFs
provide a rigid scaffold without burying into the carbon supports, preserving the reaction; ii)
RuO2 NPs on the LaMnO3 NFs provide catalytic activities and electrical conductivity; and iii)
widely spread GNFs support the RuO,/LaMnOs NFs facilitate the charge transfer as well as
ORR kinetics. Hence, the integration of various functional and multi-dimensional materials is
a competitive way to achieve high performance.

In perovskite oxide-based composites, due to the additional materials with unique merits
(e.g., surface area, electrical conductivity, microstructure), the performance of LOBs could be
further improved. However, attentions should be paid to several aspects. First, the stabilities
of the incorporated materials in the oxidizing environment and/or towards the electrolyte need
to be noticed. Second, the results obtained through using perovskite oxide-based composite
should be compared with both the perovskite oxide and the incorporated material to fully
demonstrate the advantages of the composite. Third, as one advantage of perovskite oxides is
the nobel-metal free, cost-effective materials should be chosen as the incorporated materials
instead of noble ones.

5. Summary and outlook

The commercialization of non-aqueous lithium-oxygen batteries is hindered by a variety of
technical hurdles, including low obtainable capacity, poor energy efficiency, and limited cycle
life, most of which are closely related to the oxygen electrode. Among various electrode
materials, Perovskite oxides are ideally suited since they have the most desirable properties:
high electrical conductivities, good catalytic activities, and low-cost. In this article, we focus
on the recent advances in the development of perovskite oxides as the electrode materials for
non-aqueous lithium-oxygen batteries. The general challenge for perovskite oxides is the

pursuit of large specific surface areas, high electrical conductivities, good catalytic activities,
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and proper microstructures. To fully reveal the potential of perovskite oxides, several issues
need to be addressed in the future research.

First, the oxygen electrochemistry mechanisms on the surface of perovskite oxides in
non-aqueous lithium-oxygen batteries need to be clarified. The detailed oxygen reduction and
evolution reaction mechanisms in aqueous solutions have been intensively investigated.
However, such studies are rare in non-aqueous electrolytes. During the oxygen reduction
reaction where the solid product Li>O: is formed, the roles of perovskite oxide properties (e.g.,
oxygen vacancy) in the adsorption and reduction of oxygen and intermediate species are not
clear. In addition, the activities of various kinds of perovskite oxides have not been
systematically investigated yet. During the oxygen evolution reaction where solid Li.O> needs
to be electrochemically decomposed, it has been reported that the activities for some selected
perovskite oxides are in contrast to those in alkaline solutions. However, a rational design
principle for efficient perovskite oxides, from either molecular orbital theory or DFT
calculations, is still absent. It is worth noting that different from the scenario in aqueous
solutions, the oxygen evolution reaction is correlated to the oxygen reduction reaction in non-
aqueous electrolytes, so that the synergy effects for both reduction and evolution reactions
have to be considered. Therefore, a profound understanding of the electrochemical
mechanisms is crucial for the proper selection of perovskite oxides, and the best approach to
address this challenge should be a combination of advanced characterization techniques and
theoretical analyses.

Second, much attention should be devoted to the microstructure of perovskite oxides
used in the electrode. Due to the formation of solid Li.O> with poor electrical conductivity,
the triple-phase boundaries among oxygen, lithium ions, and electrons will be affected,
resulting in a low discharge capacity and a high charge overpotential. To improve the battery
performance, in addition to the high catalytic activities, the perovskite oxide should have

structural merits to facilitate transport kinetics. Various kinds of unique structures (e.g.,
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hierarchical macroporous/mesoporous structures) of perovskite oxides have been applied,
with improved specific surface areas, short species diffusion distances, and direct current
pathways. While the detailed microstructures should be tailored with taking the electrolyte
properties and operating conditions into consideration. More importantly, the formation and
decomposition of solid Li>-O> will cause the expansion and shrinkage of void volumes in the
oxygen electrode during cycling, which may break down the designed morphology. The
nanostructured perovskite oxide with a stable morphology and long-term mechanical strength
is therefore essential for long cycle life.

Third, apart from using perovskite oxides along, developing perovskite oxide-based
composites is significant. Through incorporation with other materials, not only the physi-
chemical properties can be tuned, but also the structure can be tailored, so that both reaction
and transport kinetics are improved. As the oxygen electrode stability has a crucial role in the
cycle life, great care should be taken to the stabilities of the incorporated materials towards
the electrolyte and in the oxidizing environment. In addition, the results by using perovskite
oxide-based composites should be compared with both the perovskite oxide and the
incorporated material to fully estimate the advantages got from the composite phases.
Moreover, selecting cost-effective materials and developing facile fabrication methods to
synthesize the composites are also important.

In summary, the mechanism investigation, structure design, and composite incorporation
are significant and will be the central research topics of perovskite oxides in non-agueous
lithium-oxygen batteries. It is expected that with tremendous efforts, perovskite oxides can act
as the promising electrode materials and deliver superior performance.
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Figure 1. a) A schematic representation of a non-aqueous lithium-air battery. b) Main

challenges in the battery performance.

Figure 2. Schematic illustration of an ideal unit cell of perovskite oxide, where A is a rare-
earth or alkaline-earth metal and B is a transition-metal.
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Figure 3. Oxygen reduction mechanisms in a non-aqueous lithium-oxygen battery at low
overpotentials. Reproduced with permission.l*?! Copyright 2016, Macmillan Publishers
Limited.

Figure 4. lllustration of the formation processes of Li»O; at a) LSCF-KB and b) KB electrode.
Reproduced with permission.[**3 Copyright 2016, Elsevier, B.V.
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KOH. Reproduced with permission.[*®! Copyright 2011, American Association for the
Advancement of Science. b-d) Net current of Li>O> oxidation normalized to carbon mass of
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compare
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2014, The Royal Society of Chemistry.
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Figure 7. a) Changes in the electron density upon LiO adsorption on LaMnO3(001). Yellow
and cyan colors indicate decreased and increased electron densities, respectively. O: and Oy
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respectively. b) Adsorption energies as a function of the charge density differences on the
LiO> adsorbed LaB1.xB'x03(001) (B, B' = Mn, Fe, Co, and Ni, x = 0.0, 0.5). Reproduced with
permission.[!” Copyright 2016, Korean Ceramic Society.
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Figure 8. a) SEM images of LaNiOs nanoparticles. b) CV curves of LaNiO3/SP and SP
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Performance of lithium-oxygen batteries with LaNiOz/SP or SP electrodes: c) discharge-

charge voltage profiles at a current density of 50 mA g and d) discharge voltage versus

cycle number at 100 mA g *. Reproduced with permission.*”Y] Copyright 2016, Elsevier, B.V.

52



WILEY-VCH

5 oM i
(b) ()] + CaMrO,/C e |
* P'ure Carbor (23
; " ; o u n 2
3 g™ ™2
Z 3 Z 304 z
> > Z
| 3 i Jano 2
2 2 — CaMn0/C g5 I~ ——
= =~ Pare Carbon = =
- - 204 ‘g.
1 - ™ + v T T v ~— 30 7
0 100 200 300 400 S00 0 20 40 6l 80
Specific capacity / mAh/g' Cycle number
A (e) Wf— . T U RN
(e) A4} ——NPLFOXE S S - ® INTONAELES: Comiynt
42} — 300M.LFOXE 3t
~ >
'y 40 =
sal
2 anl b3 -;t -“pr
> Af 180 Dischiargn - 124 cycles .‘
= 32 7S ;:\_’;@; E ]S
§ 30 270 — | E
S - o .
24 Dwchege 0 - e
s 1000, 2000 00 4000 8000 i 20 40 02 00 100 2 a0
Spectic capaclty /mAhg' Cycle numbex

Figure 9. Characterization of macroporous perovskite oxide made of a-c) CaMnOs.
Reproduced with permission.'** Copyright 2014, The Royal Society of Chemistry. d-f)
LaFeOs. Reproduced with permission.!*%! Copyright 2014, The Royal Society of Chemistry. a
and d) SEM image, inset shows the transmission electron microscopy (TEM) image. b and e)
Discharge and charge profiles of non-aqueous lithium-oxygen batteries with different oxygen
electrodes. ¢ and f) Discharge voltage versus cycle number. All batteries were with 1.0 M
LITFSI/TEGDME electrolytes and tested in pure oxygen atmosphere.
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Figure 10. SEM and TEM images of: a-b) hierarchical mesoporous LaosSros5C002.91
nanowires. Reproduced with permission.[*3? Copyright 2012, National Academy of Sciences.
c-d) LaosSrosC00201 nanotubes. Reproduced with permission.[*%1 Copyright 2015, Elsevier,
B.V. e-f) LaosSro2MnOs nanorods. Reproduced with permission.?°?1 Copyright 2015,
Elsevier, B.V. g-h) LaNiOs; nanotubes. Reproduced with permission.[?°l Copyright 2014,
Macmillan Publishers Limited.
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a and d) SEM images. b and e) Schematic illustration of the structures. ¢ and f) Cyclic
performance at a current density of 0.025 mA cm? within a voltage range of 2.2—4.4 V.
Reproduced with permission.**”] Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA,
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Figure 12. a) SEM image of the integrated electrode made of LaNiOs, the inset shows the
microstructure of the nested pores. b) Voltage profiles of the initial and reassembled batteries
with the integrated electrode. c) Li 1s XPS spectra of discharge products at different states;
and d) Ni 2p XPS spectra of the LaNiOs electrode at different states. Reproduced with
permission.2°! Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 13. Illustration of the fabrication process of a) LCO-rGO composites. Reproduced
with permission.’??l Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. b)
G/meso-LaSrMnO Foams. Reproduced with permission.??Y1 Copyright 2015, American

Chemical Society.
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Figure 14. a) The synthetic route for LaMnOs NFs, RuO./LaMnOs NFs, and GNF-
RuO,/LaMnOs NFs. b-d) TEM images with b) low and c¢) high magnification. d) the selected-
area diffraction (SAED) pattern of GNF-RuO2/LaMnOs NFs. e) First discharge and charge
voltage profiles. f) Cycle performance and terminal discharge voltages with a capacity
limitation of 1000 mAh g* at a current density of 400 mAg™ in the voltage range of 2.0—4.8
V. Reproduced with permission.!??21 Copyright 2016, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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Table 1. Summary of the perovskite oxide nanoparticle used in non-aqueous lithium-oxygen

WILEY-VCH

batteries
Research . . Grain size Surface Electrolyte Current base D'SCha.'ge Voltage Cy(_:l_e Cycle
issue Perovskite oxide type [nm] area solvent [MA g7] capacity V] condition iife Ref.
[m? g7 g [mAh g7} [mAh g™}]
. Carbon +
LaNiOs3 <100 22.7 TEGDME Catalyst 7076 2.3 500 155 [171]
3672-581 6
Lao6Sro.4Co03 80 4.55 EC/DEC Carbon 3672 2.0-4.35 1238-250 7 [192]
Direct use 500 16
Lao.6Sro.4C0o.2Fe0.803 60 10.69 DMSO - 20039 2.2-45 500 17 [133]
Bao.sC00.5F€0.4Nbo.103-5 200 10.24 EC/DMC  Electrode 1235” 2.0-45  1235-580 3 [193]
Bao.9Coo.7Feo.2Nbo.103-5 1000-2000 4.86 TEGDME Electrode 119789 2.0-4.35 1000 24 [172]
LaosSro.2MnOs 1000-3000 1 1438
LaosSr0.2MnOs (nano-sized) 100 3  EC/DMC  Carbon 1922 2.0 - R
Particle size Lao.sSro.sCoOs-5 250 0.20 2094 28
and defect  LaosSro4Co0s-5 (BM-12 h)® 28.91 2354 34
Lao.6Sr0.4Co0s-5 (BM-24 h) 30-50 31.70 TEGDME - 3256 2.0-4.3 500 43 [175]
Lao.6Sr0.4C003-5 (BM-36 h) 32.38 2444 33
Lao.6Sro.4Co03-5 (BM-48 h) >50% 28.74 2142 32
Lao.esX0.3sMn0O3 (X = Sr, Ba, Pb)
A-site Lao.esSro.ssMnOs 6760 20 [179]
substitution Lao.esBaossMnO3 200 - TEGDME Electrode 6205 2.25-4.35 ~960 18
Lao_65Pb0.35Mr'IO3 7211 35
LaNiixMgxOs (x =0, 0.08, 0.15)
LaNiO3 300 [180]
LaNio.e2Mgo.0s03 ~100% - EC/DMC - 490 2.0 - -
LaNio.ssMgo.1503 620
Lao.6Sro.4Co1-xMn,Os (x = 0, 0.05, 0.1)
Tetramethy _
L80.65104C00s 100-120 459 lene Carbon 2015 5045  S00-870 22 g
Lao.6Sro0.4C00.95sMno.0s03 sulfone 2378
L&a0.6Sr0.4C00.9Mno.103 3107 500-389 53
LaCo1-«NixOz (x =0~ 1)
Bsit LaCoOs3 31.9 3750
S | aNio25C00.7503 onpa) | 467 7720 (max) 1000 49
Substitution® LaNio sC00:0s 100-200 45.3 TEGDME Electrode ~6440 20-4.1 [184]
LaNio.75C00.2503 43.8 ~5650
LaNiOs 40.9 ~4260
Lao6Sro.4Co1-xNixOz (x = 0, 0.05, 0.1)
Lao.6Sr0.4Co0s
Lao 6Sro 4C00.95NiocsOs 100-120 - ECIDEC  Carbon e [182]
Lao.6Sr0.4C00.90Nio103 2324 2.0-4.35 500 17
Lao.sSro.2Mn1-«NixOs3 (x = 0, 0.2, 0.4)
Lao.sSro2Mn0O3 31.1 8.69 4408 500 54
Lao So-MnosNio 203 23.3 .~ TEGDME  Carbon 2.2-45 [183]
Lao.sSro.2Mno.sNio.sO3 14.1 14.41 5364 500 79

dEstimated from the SEM image; ®In the atmosphere composed of 20% Oz and 80% Ng;

9BM is short for ball milling; PInvestigated element is in bold.
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Table 2. Summary of perovskite oxides with various morphologies used in non-aqueous
lithium-oxygen batteries

Surface area Electrolyte Current base Discharge capacity Voltage Cycle condition Cycle

Perovskite oxide Morphology Fabrication method (M2 g solvent [MA g] [mAh g-1] V] [mAh g1] number Ref.
Nanowire Multiste
LaosSrosCo0201  (combined microemulspion 96.78 EC/DMC - 11059 2.0 - - [132]
nanorodes)
LaosSrosC00201  Nanotube Electrospinning 36.97 TEGDME Carbon 7205 2.0-5.0 1000 85 [199]
2.20-4.35 5799-4391 5
LaosSrosCo03-5  Nanotube Electrospinning 17.18 TEGDME Carbon 5799 [198]
1.50-4.35 500 50
2.2-4.4  11000-9000 5
Lao.7sSro2sMnOs  Nanotube Electrospinning 31.34 TEGDME Carbon 11000 [197]
2.2-4.4 1000 124
Carbon + 2.2-4.4  7360-4160 5
LaosSro2MnOs  Nanorode Soft template 20.6 TEGDME Catal 8890 [200]
atalyst 2.67-4.4 1000 30
. Hydrothermal _ 1000 23
LaNiOs Nanocube reaction 35.8 TEGDME  Electrode 3407 2.0-4.3 500 75 [201]
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Perovskite oxides as the electrode materials in non-aqueous lithium-oxygen batteries have
been reviewed. Future research directions of perovskite oxides should focus on the
understanding of electrochemical mechanisms during the oxygen reduction and evolution
processes, the structure design from nanoparticles to hierarchical porous structures, and the
composite incorporation with improved electrical conductivities, catalytic activities, and
structural merits.

Keyword perovskite oxide, oxygen electrode, non-aqueous lithium-oxygen battery,
mechanism, structure

Peng Tan, Meilin Liu, Zongping Shao*, Meng Ni*

Recent advances in perovskite oxides as electrode materials for non-aqueous lithium-
oxygen batteries
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