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Abstract

The development of high-performance Li-air batteries (LABs) is an important quest for
effectively utilizing high-energy density electric systems. One possible way to achieve this goal
can be by introducing novel bifunctional electrocatalysts at the battery cathode, enhancing the
cycle life and the discharge capacity of the LABs via promoting oxygen reaction Kinetics.
Understanding bifunctional catalysts' function and evolution is essential to developing a better-
functioning LAB. In this review, we discuss the fundamentals, mechanisms, and key concepts
related to LAB technology. We then provide thorough and critical discussions on recent
advances in bifunctional catalysts used in LAB cathodes through material characterization,
electrochemical analysis, battery performance, in-situ and ex-situ discharge product analysis,
DFT calculations, and theoretical concepts to provide the most up-to-date, thorough, and
broader discussion on the subject. These include the general and modified catalysts of carbon
nanostructures, noble metals, transition metal oxides, nitrides, sulfides, and phosphides.

Furthermore, special attention is given to techniques designed to enhance the catalytic activity



of Li-O: batteries through the modulation of electronic structures. Various facet engineering
and eg electron engineering approaches are explored, including heteroatom doping, alloying,
hybridization, stoichiometric optimization, and selective facet growth. Finally, we suggest

potential prospective pathways for future research.
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1. Introduction

Fossil fuels have met the majority of energy requirements over the last century, significantly
elevating human living standards. However, the ongoing reliance on fossil fuels must be
curtailed, not only due to resource depletion but primarily because of the environmental harm
it inflicts through global warming, air pollution, and other factors. Consequently, there is an
urgent call for scientific and technological advancements to develop advanced energy storage
systems with high efficiencies and minimal or zero carbon emissions. This is crucial for

maximizing the utilization of energy generated from renewable sources [1,2].

Lithium-ion batteries (LIBs) currently stand as the most widely used energy storage devices,
already serving as an essential component of daily human life by powering numerous consumer
electronics and communication devices. Furthermore, LIBs can be recognized as the most
successful electrochemical energy storage technology in history. Despite their historical
success, LIBs are currently facing challenges in meeting the necessary energy storage demands
to achieve the ambitious goal of electrifying transportation. This entails replacing gasoline
engines in automobiles with packs of secondary batteries. The limited gravimetric energy

density in commercial LIBs (=200 Wh kg*) hinders their effective use for long-range drives in
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medium to heavy vehicles [3,4]. The current bottleneck resides in the cathode, where the
commonly used graphite anode has a capacity of 372 mAh g%, while the most advanced nickel-
rich layered NMC (LiNixCoyMn;Oz2, x>0.8) cathodes can only achieve capacities up to 240 mA
h g* [5]. Other developments in LIBs such as Li-rich or Mn-rich NMC cathodes, Si-coated
graphite anodes, and Li metal chips as anodes report suffering from respective issues related to
electrolyte instability, unstable SEI formation, and safety concerns[6,7]. Consequently,
significant advancements in LIB technology in terms of capacity are challenging to anticipate
in the near future. These factors, coupled with the projected increase in energy demand [8-10],

exert substantial pressure on battery researchers to advance battery technology beyond LIBs.

With concerns about potential shortages in lithium resources, the exploration of other metal-
ion battery technologies has gained momentum in recent times, with sodium-ion batteries, in
particular, making substantial progress [11]. Alongside metallic anodes, oxygen, and sulfur
cathodes have demonstrated the capability to deliver higher energy densities within a broader
operational window compared to metal-ion batteries [12,13]. Metal-sulfur batteries represent
an intriguing field of research, with lithium-sulfur (Li-S) battery technology identified as the
most matured beyond LIBs [14,15]. However, despite their promising progress, challenges
related to polysulfide shuttling currently hinder the commercialization of Li-S batteries. A
comprehensive review on Li-S batteries can be found elsewhere [16]. In this context, it is
anticipated that metal-air batteries (MABS) have the potential to emerge as pivotal contenders,
demonstrating significant promise as a battery technology poised to achieve substantially
higher theoretical energy densities ranging from 500 to 3500 Wh kg™ [17]. This positions
MABs in proximity to the energy density levels of fossil fuels (13,000 Wh kg*) [18], signifying

their potential to approach comparable performance.



A MAB, which can be considered as a hybrid architecture developed including the features of
both metal-ion batteries and fuel cells, consists of a metallic anode, a porous cathode that
breathes air/oxygen, and an electrolyte that operates similarly to conventional redox cells. As
such, MABs can be categorized into four main types depending on their electrolyte: aqueous,
non-aqueous (aprotic), solid-state, and hybrid. Among them, the application of anodes such as
Zn [19], Al [20], Fe [21], and Mg [22] with aqueous electrolytes has frequently been studied
since the early days of the 19" century Amongst, commercial Zn-air battery manufacturing was
reported in the 1930s [23], while Al-air [24] and Mg-air [25] batteries were invented in the
1960s’, before the recent excitements. However, the common drawback with aqueous MABs
is that the batteries mostly operate as primary cells due to difficulties in electrochemical

charging.

In contrast, air batteries based on alkali metals such as Li [26], Na [27], and K [28] primarily
operate under an aprotic electrolyte mainly due to their high reactivity, where the metal could
easily be oxidized in contact with water, and interestingly high reversibility is also reported

[29,30]. Table 1 summarizes the performances of available MAB technologies.

Currently, most studies are focusing on developing an efficient Li-air battery (LAB) system
mainly due to its very high theoretical energy density of 3500 W h kg during discharge and
11 600 W h kg* during charging [31] which is an order of magnitude higher than the current
delivery of existing LIB technology. Therefore, the LAB technology is predicted to be the main
energy source for future electronic devices, electric vehicles, and grid storage [32]. However,
despite these promising features, LABs are not commercially available, mainly due to technical
issues related to their short cycle life and discharge capacity, owing to poor oxygen kinetics at
the battery cathode and fast degradation of cathode and electrolytes as exposed to reactive

species generated during the charging and the discharging steps.



Table 1: Electrochemical performances of typical MAB technologies.

Batteries Theoretical Theoretical Theoretical Practical
Voltage (V) specific energy density | operating
capacity (A h (kW h kg™) voltage (V)
kg™)
Zn—-air [15] | 1.65 658 1.35 0.5-1.6
Mg-air [30] | 1.81 920 6.81 0525
Na-air [31] 2.27/2.33 487/687 2.65 1.5-45
K-air [32] 2.48 377 1.70 1.5-3.0
Fe-air [33] 1.3 300 1.13 0.3-1.6
Al-air [16] 1.2 1030 8.1 0.5-1.6
Li-air [34] 2.91 1170 11.6 24-43

A LAB mainly consists of a lithium anode, an electrolyte, and a porous cathode. Its working
mechanism is based on the successive lithium oxidation and reduction at the anode,
accompanied by the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) at
the cathode during the discharge and charge processes, respectively unless redox mediators are
involved [33].

Figure 1 illustrates this schematic outlook of the Li-air battery and its

mechanism.

As mentioned, the sluggish oxygen kinetics (ORR and OER) at the cathode is one of the main
causes of the poor performances of LABs [34]. Aditionally, the decomposition of the cathode
and electrolyte as exposed to various reactive oxygen species such as superoxide radicals,
singlet oxygen radicals, and other protonated radicals is another cause for the fast decay in
LAB performances [35,36]. Therefore, the selection of both the electrolyte and cathode

material, along with the architectureof the latter, is crucial in defining the underlying reaction
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mechanism for battery operation. While properties of electrolytes, such as ionic conductivity,
donor number (DN), stability, and electrochemical window, are important factors in
determining cell performance, the characteristics of cathodes, including their conductivity,
surface area, pore size/volume, and, more importantly, the affinity of the cathode surface for
oxygen and reduced oxygen species, are also critical in determining LAB performance and

governing mechanisms.

Despite the substantial volume of research articles published in recent years on the synthesis
and performance of catalysts in LABs, the availability of review articles summarizing such
research remains limited. The avaialble reviews on electrocatalysts offer insights into metal-
air battery technology [37—39], the impact of graphene [40] and carbon composties [41], single-
atom catalysts [42], transition metal oxides [43,44], perovskite oxides [45], the significance of
electrolyte properties [46-48]. These reviews, although insightful, tend to have limited
coverage of the synthesis and performance of a diverse range of catalysts reported to date.
Other recently published reviews related to Li-air/ Li-Oz batteries includes light discussions on
heterogeneous solid catalysts [49], considerations of parasitic reactions and contaminants
[50,51], exploration of reaction mechanisms [52-54], investigations into the utilization of
redox mediators in relation to Li-air/Li-O2 batteries [55], application specific discussions [56],
and the overall Li-air battery technology with limited attention to heterogeneous catalysts
[57,58]. Consequently, recent advancements in various solid catalytic structures and associated
novel insights, such as facet engineering and orbital energy modulation relevant to LABs, have
yet to be comprehensively reviewed, with emphasis on identifying key challenges and outlining
future perspectives. Therefore, the primary focus of this review article is to share insights and
accumulated knowledge concerning innovative developments in cathode material
architectures. Here, solid bifunctional catalysts take center stage in facilitating reaction kinetics

and governing the morphologies and crystallinity of discharge products.
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Schematic Diagram of an Aprotic Li-Air Battery

Li,0,
coated
Catalyst

Catalyst

OER: Liy0, > 2Li* + 0,
Figure 1: Schematic diagram of a typical Li-Air Battery.

2. Prospective of the current review

This review article provides a critical review of recent progress on utilizing potential
bifunctional cathode catalysts in LABs. As the core component of our article, we systematically
review the performances and the underlying mechanisms of bifunctional catalyst materials
reported in recent publications. Key catalytic materials that are discussed in the article include;
carbon nanostructures, single-doped and multi-doped carbon nanostructures, noble metals and
oxides, transition metal oxides, transition metal nitrides, transition metal sulfides, transition
metal phosphides, and solution-based redox mediator. Further, the effect of the morphology of

the cathode, charge carrier/electron density, catalyst, and defect density, the affinity of the
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reactive centers towards Oz and discharge products (LiO2/Li20O2) towards the output
performance of the cell (charging overpotential, discharge capacity, cycling stability) are
discussed with relevant theoretical facts and reaction mechanisms as available. Here, special
effort is made to review the latest techniques employed to enhance the catalytic properties of
the relevant catalysts through various methods, including edge engineering, stoichemetric
optimization, facet engineering, and explanations were provided through DFT calculations
discussing the associated modifications in the electronic properties of the materials promoting
the reaction kinetics and certain reaction pathways. In addition to the active materials, our
review also discusses aspects of engineering porous cathode networks, where carbon-based,
metal-based, and binder-free/self-standing architectures are used to address the existing issues
found in LAB research. Further, a statistical analysis was carried out to compare the
performances of different catalysts and to evaluate the validity of the theoretical concepts
discussed in the article. Such analysis hasn’t been conducted before reviewing LAB
performances statistically. As mentioned, only very few review articles were published
recently focusing on the advances of LABs. For example, the recently published article by Tao
Liu et al. [26] reviewed the current challenges related to LAB technology, where an extended
discussion can be found related to LAB chemistry, issues encountered, and possible mitigation
pathways. However, only a small part of the article is devoted to the developments in
bifunctional catalysts. Likewise, most of the review articles published recently related to LAB
technology [57,59-63] are not focused on synthesis strategies and efficiencies of different types
of catalysts, and only little attention was given to the recent advancements in transition metal
sulfide, phosphide, nitride, and hybrid catalysts, and new quantum engineering techniques
which is fulfilled with our article, with more comprehensive, critique, and up to date content
with new insights on the topic. Figure S1 provides a perspective of various bifunctional

electrocatalysts discussed in this article.



3. Li-air Battery Configurations

A LAB cell combines a set of lithium anode, air cathode, membrane separator, and
electrolyte [64]. These compartments and the main advantages and challenges
regarding their utilization in an LAB are briefly discussed in this section.

3.1.Electrolyte and separator
The electrolyte is a key component in Li-air/Li-O2 technology, determining the operational
window and the associated reaction mechanisms involved in energy storage and release. In
LABs, four different types of electrolytes have been tried out: aqueous, non-aqueous (aprotic
organic solvents or ionic liquids), hybrid of aqueous and non-aqueous engineered
configuration, and all-solid-state electrolytes [65]. An ideal electrolyte is expected to have all
the required features, including high ionic conductivity with suitable viscosity and polarity,
allowing ions to move without much hassle and enabling a sufficient amount of salts to dissolve
in the solvent. Other desirable characteristics include appropriate stability against reactive
species in the system, without any side reactions occurring, stability in the electrolyte for the
full operational window of the electrochemical system, allowing all the necessary reactions to
take place, and low volatility, high purity, and flame retardancy, ensuring safe operation

[66,67].

The experimental and theoretical studies conducted to date favour aprotic electrolytes, in which
the presence of a Li salt in combinations with other additives satisfy most of the mentioned
criteria, where in contrast, fast corrosion of the Li anodes remain as major drawbacks against
aqueous LABs raising concerns against the stability and the safety of the batteries [68]. The
hybrid systems aim to protect the Li anode by placing an additional solid-state, or aprotic

electrolyte next to the Li anode and utilizing an aqueous electrolyte towards the cathode
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terminal. Despite numerous efforts, with several polymer and ceramic conductive membranes
[69] and hybrid electrolyte architectures [70], none of the techniques have yet reached the
expected success. In addition, there has been great enthusiasm in the last few years toward
solid-state electrolytes in the overall battery community, including LABs [71,72]. However, in
addition to several challenges associated with solid-state electrolyte conductivity, complexities
related to reaction mechanisms, and storage of Li2O2 in Li-air/Li-O2 need to be addressed as
the technology matures, since currently, the properties of electrolytes mostly define the reaction
pathways. Furthermore, it's difficult to incorporate redox mediators into such systems, and in
such a scenario, the discharge capacity and the reversibility of Li-air/Li-O2 batteries will solely
depend on the properties of the cathode. On a positive note, most of the currently known
parasitic reactions can be disregarded, and the least damage to the electrolytes and Li anode
can be expected from contaminants in the air [69]. Therefore, aprotic electrolytes may be

considered as the most studied electrolytes to date.

It should be mentioned that Abraham et al. [73] invented the Li-O2 batteries in 1996 as O2 was
accidentally pumped into a Li-graphite cell. It took another decade to unravel the basic
electrochemistry of the Li-Oz2 batteries, where J. Read, D. Foster, P.G. Bruce, and T. Ogasawara
made substantial early contributions. [74,75] Early research on LABs used alkali carbonates-
based aprotic electrolytes with the influence of the already developed LIB technology.
However, the batteries failed to cycle over 100 cycles maintaining full coulombic efficiency,
and the reported charging overpotentials were very high. The findings related to the instability
of carbonates against the discharge products such as LiO2 and Li2O2, subjecting the electrolytes
to nucleophilic attack by the reduced oxygen species forming Li2COs as a non-reversible
product, well explained the mentioned observations [76,77]. More recent studies favour
organic ethers due to their stability toward highly reactive discharge products. Specially glyme-

based electrolytes have shown increased stability in the presence of reduced oxygen species,
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and greater resistance was exhibited against nucleophilic attacks. Based on this, tetraethylene
glycol dimethyl ether (TEGDME) is the most common electrolyte used in Li-air systems
[78,79], even though the recent in-situ infrared spectroscopy studies suggest that diglyme (DG)
is more stable compared to TEGDME [80]. The involvement of the solvent, salt, and donor
number of the electrolyte for the reaction mechanisms will be discussed in the section 3.4 along
with the associated operational mechanisms and parasitic reactions. Even though new solvents
and solvent mixtures such as 2,3-dimethyl-2,3-dimethoxybutane (DMDMB) and related
compounds [81] ionic liquids [82], and molten salts [83] were introduced recently, we do not
attempt to discuss the state-of-the-art electrolytes used in LABs in detail. Review articles

covering the electrolytes used in LAB technology can be found elsewhere [65].

Additionally, separators are employed in battery technologies to electrically isolate the anode
and the cathode, ensuring no short circuits in the cell. The separator should also facilitate the
migration of Li ions with minimal ionic resistance. Furthermore, the wettability by the
electrolyte, electrochemical stability, thickness, pore structure, and porosity of separators are
critical parameters affecting the long-term stability and the maximum current density of the
battery cell [84]. Typically, glass fiber [85], polyamide (PA) [86], polyethylene (PE) [86] and
polypropylene (PP) [87] membrane filters are used in LABs as the separator. Some attempts to
use advanced membranes like polyvinylidene difluoride hexafluoropropylene (PVVDF-HFP)
with engineered pore structures are reported to allow fast Li* ion migration [88]. Review
articles concerning the characteristics of separators in LAB technologies can be found
elsewhere [89,90], while the primary focus of the current work is to provide a comprehensive
review of the bifunctional catalysts developed to improve the performance of such novel
battery systems. To this end, the mechanisms governing the function of LABs are discussed in

the following sections.
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3.2. Lithium Anode
The typical choice for the anode material in a LAB is lithium, providing a very high theoretical
capacity of 3860 mA h g%, lightweight, and a very low potential of -3.04V [91]. Such a low
potential allows a larger operational window and fast kinetics, while the mentioned properties
make Li extremely reactive, raising safety and efficiency concerns. Other challenges with Li
anodes include the high impedance during cycling due to the instability of the solid-electrolyte-
interface (SEI) layer [57,64], the accumulation of shuttled discharge products at the anode
surface [57], the Li dendrite growth [92] and low coulombic efficiency of the cell due to
irreversible consumption of the Li anode and the electrolyte. In that sense, strategies such as
incorporating protective films that limit the crossover of Oz, ROC and other contaminants [93],
utilizing lithiated Si, Al, and C anodes [94,95], and promoting the growth of protective layers,
including artificial SEI [49, 50] have already delivered promising results, but still need further
fine-tuning for a better-performing anode. One other outstanding problem associated with Li
anode is the morphological roughness introduced due to the continuous stripping and plating
processes, particularly charging at higher current densities [98]. Therefore, typically aprotic
electrolytes are recommended for use with Li metal anodes which minimize the damage to the
anode material [92]. However, if other requirements are satisfied, using a solid electrolyte may
be more protective for Li anodes in the future, since it limits most of the unwanted interactions
with the Li metallic anode. Similar to electrolytes, advances in Li anode are only briefly
discussed here, and in detailed review can be found in the recent reviews presented by Chen et

al. and Wang et al. [99,100].

3.3.Li-Air battery cathode

The oxygen evolution reaction (OER), and the oxygen reduction reaction (ORR) are two sets

of key reactions occurring at the cathode of a LAB. The oxygen is supplied from the
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atmospheric air, and generally, an electrocatalyst is required to support such reactions. The
cathode covers functions as a current collector, a catalyst layer, and a diffusion layer during the
operation as three main responsibilities. The current section briefly discusses the features in
the materialistic and structural composition of the cathode needed to fulfil the above

requirements.

The cathodic structure should support the electron transport outward and inward from the
cathode, acting as a current collector, which could be either a metallic or non-metallic material
[100]. Porous metal foams of either Ni [101], Cu [102], Al [103] or metallic composites [104]
are frequently being used as metallic current collectors. On the other hand, carbon-based
materials [105] have been reported as the non-metallic current collecting layers. More recently,
metal/carbon hybrid current collectors have gained attention, among which hybrids such as
copper-coated carbon fibers [106], graphene-coated 3D porous Cu [77,78], and graphene-like
conductive carbon coated Al [107] have shown excellent performance as current collectors. It
is believed that the enhanced performance of non-metallic current collectors is due to inhibiting
the corrosion that occurs in metallic current collectors and decreasing the interfacial energy

barriers.

Cathode in an LAB should act as a gas diffusion layer (GDL) also providing multiple
functionalities of (a) supporting the catalyst layer; (b) providing sufficient oxygen via diffusion
channels, and (c) preventing the liquid leak out of the cell. Therefore, a large body of theoretical
and experimental studies have targeted optimizing the porosity, pore structure, and the surface
of the gas diffusion layer. A model developed by Read and Ren [83] presents a clear correlation
between the LAB's discharge capacity and the cathode's pore volume, where mesopores have
the highest contribution to carbon-based cathodes, and the micropores with smaller pore

volumes were found to be less effective at storing discharge products, where the pores were
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observed to be easily flooded with small amount of discharge products during the cell

discharge.

Sahapatsombut and his team [108] developed another model by studying the dynamics of the
porous cathode using a micro-macro homogeneous mathematical model. The model predicted
that the discharge capacity of the battery depends on the cathode porosity and structure, kinetic
parameters, and oxygen solubility in the electrolyte [108]. Further, the porosity of the electrode
was found to decrease with the cycle number [109]. Therefore, controlling the pore distribution
within the gas diffusion is suggested to be an effective technique to enhance the discharge
capacity of the cathode. A 2D transient model developed by Faghri [110]suggested that a linear
pore distribution with an average porosity of 0.75 could yield a higher specific capacity than a
cathode of uniform pore distribution. The results also revealed that the electrode with a higher
porosity at the air side had the highest specific capacity [110]. A recent article by Li and co-
workers [111] further investigated the effects of linear pore distribution on the oxygen supply,
porosity, Li2O2 volume fraction, and oxygen diffusion coefficient at various discharged stages
using a cathode prepared with three layers of cathode material mixing CNT and carbon black
in a way to have average pore sizes of 100 nm, 300 nm, and 500 nm respectively increasing
towards the air side. As the article identified, the porosity of the electrode plays a critical role

in the oxygen transfer, thus the specific capacity of the cell, as presented in Figure S2(a) [111].

To fulfil the requirements identified by the theoretical studies, the diffusion layer should ideally
be made out of a lightweight porous material with a pore gradient where larger pores should
be positioned toward the air side. Different carbon allotropes have been tested in practical
scenarios. Deyang Qu and co-workers [112] developed a hierarchal structure in which larger
pores can accommodate Li oxides without blocking the mass transferring pathways. Most

micropores and mesopores can be blocked at the initial stages of oxygen reduction, reducing
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the overall surface available for the reactions. However, the work proved a near-linear
relationship between the average pore diameter and the cathode capacity [112]. Another study
by the same group found a way to considerably increase the discharge capacity by delaying the
cathode's passivation via long-chain hydrophobic molecules attached carbon black-based
modified gas diffusion layer [113]. An article by Wang and co-workers [114] could achieve a
discharge capacity of 6587 MA h glamon at the rate of 0.15 mA cm? by using
polytetrafluoroethylene (PTFE) attached to carbon paper as the GDL. The synergy between the
large pores and partly wetted catalysts is believed to be responsible for the performance
enhancements [114]. Following the suggestions made by previously conducted theoretical
studies, a group led by Zhao[115] prepared a cathode with a stepwise gradient pore distribution
with a selected pore distribution from 100 to 500 nm. The results indicated that the discharge
capacity increased by 19.2% and 82.3% compared to uniform porous cathodes when 100 nm
and 500 nm average pore size cathode was used, as illustrated in Figure S2(b). The enhanced
capacity was attributed to improved oxygen diffusion pathways and sufficient pore volumes to
accommodate the discharge product [115]. In summary, most recent studies suggest that
cathodes of LABs containing mesopores with pore sizes around 20-30 nm are capable of
accommodating Li202. On the other hand, micropores can easily get blocked by the discharge

product and the embedded catalyst, reducing the effective surface area considerably [88].

In the cathode compartment of a typical LAB, the catalytic Layer is of specific importance.
Even though the theoretical overpotential of Li2O2 is around 0.2 V, it can be as high as 1.5V,
as reported in several empirical studies[116,117]. Many factors, including poor reaction
kinetics, the formation of large crystals of insulating Li2O2, and poor interfacial properties,
contribute to the high overpotential. Therefore, the bi-functional catalysts have been efficiently
used to improve the reaction kinetics in LABs [118]. While the OER and ORR Kkinetics are

naturally slow, a catalyst layer can significantly enhance the kinetics of reactions. The catalysts
15



supporting OER, and ORR reactions are called “bi-functional” catalysts. The focus of the
current article is to discuss and review the performances of different types of bifunctional
catalysts for LAB electrodes in recent years and to highlight the ones with standout

performances among them.

3.4.Working Mechanisms
As discussed, the basic aprotic cells consist of the Li anode, electrolyte, separator, and cathode.
The cathode and the electrolyte involve the main chemical reactions occurring in an LAB cell,
and an ideal cathode should provide favorable conditions for fast reaction kinetics and long-
lasting performances [119]. Typical, LAB cells identified as batteries consist of Li metallic
anode, aprotic electrolyte, and lightweight carbon [120,121] or metallic [57,122] conductive
porous cathode unless mentioned otherwise, and the reaction mechanisms discussed under is

associated with such a system.

3.4.1. Mechanisms on discharge

As the LAB discharges, O2 molecules diffuse into the battery through the porous cathodic
network and undergo a single electron reduction forming superoxide radical as indicated in

equation 1, which was followed by Li ion coupling as shown in equation 2.

0,+e = 0, @Y

0,” + Li* = Li0, 2)

Current understanding is the initial one-electron reduction of the oxygen molecule doesn’t go
through a chemisorption [123], but the fate of the produced superoxide radical (0,7) is
determined by the properties of the cathode surface and the electrolyte. It’s hard to determine
which effect the other, since most studies conducted, neglect the effect of the other while
reporting.
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From the perspective of the electrolyte, the stability of the superoxide in the electrolyte depends
on the counteraction [124]. As observed in K-O2 batteries, since K202 is not highly stable, long-
life stability can be found with the superoxide (KOz2) [125]. In contrast, peroxides with smaller
cations are more stable. Hence, the intermediate product of lithium superoxide has a shorter
lifetime in the electrolyte before converting into lithium peroxide (Li2O2) via

disproportionation as indicated in equation 3.
2Li02(sol) = Li;0;, 5y + 0z 3)

The produced Li202 is an insoluble solid product, and it’s known to assemble as large toroid-
like particles at the pores of the cathode, providing decent discharge capacity. The mentioned
mechanism is well established as the “solution mechanism”. A sizeable quantity of LiO2 needs
to be dissolved at the electrolyte to favour the solution mechanism, and the donor number (DN)
of the solvent needs to be high to facilitate such a mechanism. Alternatively, solvents with low
DN promote the superoxide to stay attached to the surface of the cathode till it subsequently
reduces to the solid deposit of lithium peroxide. The overall process is called the “surface
mechanism”, and in addition to the DN of the electrolyte, the availability of the surface defects
and the energy of the facet also contributed to governing superoxide reduction pathways at the

cathode surface.

Hence, surface adsorbed LiO2 can undergo the following reaction pathways, (1)
disproportionate into Li20O2 as indicated in equation 3, (2) electrochemically reduce into Li2O2
by obtaining another electron as presented in equation 4, (3) stabilized on the surface as LiO2
without further reduction. The third mechanism is yet to be fully accepted across the wide
battery community, but it was reported that defect sites presented at the cathode surface could
stabilize the superoxide [126].

Li* + LiOy gy + € = Liz05 0 (4)
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Most of the pioneers in Li-air/Li-O2 battery research, who are now interested in solution-based
redox mediators, are recommending avoiding the surface-mediated process, which is known to
deposit Li2O2 on the surface of the electrode as a film-like layer [127]. Despite, the arguments
that the growth of a film-like layer could passivate the electrode surface, ineffectiveness in
solid catalysts, and limit the discharge capacity, many researchers have published their
findings, acknowledging decent LAB performance owing to surface-grown Li20Oz layers [128].
Figure 2 summarises the above discussion through graphical illustrations explaining different

oxygen reduction pathways that could occur during the battery discharge.

The above reaction mechanisms are mostly valid for the Li-O2 batteries under room
temperature operation. The reaction mechanisms could be drifted towards either way with the
varying temperature. As the temperature lowers, reaction kinetics as well as the solubility in
the electrolyte also lowers promoting a more surface-mediated mechanism. While operating
the Li-O2 batteries at high temperatures benefiting from faster reaction kinetics [129], low-
temperature operation helps suppress the side reactions [129]. The battery operation becomes
more complicated in Li-air batteries, as the different components in the air could make a large
number of non-reversible side reactions consuming Li, as well as blocking the pores in the
cathode unless molecules find a way to shuttle towards the Li anode. Even though, moisture
and COz2, and NOx are known as culprits, forming non-reversible parasite products such as
Li2COs and LiNOs. recent studies suggested that small quantities of moisture could benefit the
performance of Li-O2/Li-air batteries [130]. For example, it was mentioned that the presence
of small percentages of water in electrolytes could act as an AN (acceptor number) additive,
improving the solubility of LiO2 and helping to form larger Li2O2 toroids, increasing the
discharge capacity [130]. Recent findings by Clare P. Grey’s group also support the existence
of water/ moisture in LABs in the presence of solid or redox catalysts, where the successful

reversibility of LIOH was demonstrated [131,132].
18



3.4.2. Mechanisms for Charging

. During the charging step, the solid discharge product decomposes, releasing Oz into the air,
known as the Oxygen Evolution Reaction (OER) [133]. The overall response can be written as

reaction 5, for which the open-circuit voltage can be calculated as 2.96 V vs Li/Li* [91].

2 Ligg) + 03y = LizOyy  (Eocy = 296V vs Li/Li*)  (5)

In a practical scenario, the specific discharge capacity varies from the theoretical value of 3500
W h kg?, and a charging overpotential ~of 1 V is typically observed. It is believed that the
discharge mechanism and the nature of the discharge product, including its morphology,
crystallinity, and affinity to the cathode surface, are critical to determining the charging

overpotential and the discharge capacity of the cell [92].
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Figure 2: Surface- and solution-based mechanism involved in reactions taking place at the
cathode of LABs. Reaction pathways illustration of the formation of toroid-like structures
with a SEM image of a formed toroidal-shaped Li20: at the surface of the cathode after
discharge [134], and an illustration of the formation of layered structure covering the
cathode surface with a SEM of such a foamed Li202 thin film at the surface of LAB
cathode after discharging [135]. Reprinted with permission from ref [133]. Copyright 2017
John Wiley and Sons.
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The current understanding is that the LiO2, surface-grown Li2O2, or the Li2O2 with an
amorphous nature can easily be decomposable with lower charging overpotentials, and the

generalized oxygen evolution reaction can be found in equation 6.

Li(z_x)Oz(s) - xLit+xe+0, (6)

Since the discharged product (Li2-xOz2) is in good contact with the cathode surface, the interface
resistance is reported to be low. With that, the cell's ability to be fully recovered without high
charging overpotentials will keep the electrolyte and the carbonaceous components of the
cathode safe without being decomposed, which are known to be susceptible to high potentials,

ensuring a longer lifespan for the battery.

In contrast, the bulk Li2Oz2 toroid need a higher charging potential to get decomposed, showing
a greater hysteresis in between discharging and charging voltage profiles. The weaker bonding
between the active cathode material and the discharged product is the main reason for higher
overpotentials upon charging, as the interfacial resistance is much higher in such instances
[136]. Under the mentioned scenario, in some cases, the recovery of Li ions can only be

partially possible after a full charge.

Generally, in a practical scenario, the charging profile contains both domains explained earlier
at varying proportions, expanding the charging profile from 3.0V to 4.5V. However fast
decomposition can be expected if the discharging mechanism is dominated by the surface-
mediated route. Currently, there is a dispute about whether the defect density or the facet
energy of the solid catalyst surface is more important for the reliable LAB operation, in addition
to the conductivity, stability, stability of the electrolyte in the presence of the catalyst, and the
scarcity and commercial viability of using the catalytic material. Before discussing individual

domains of the solid catalyst and their performances, it’s important to be aware of the possible
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parasitic reaction pathways limiting battery performances, and eventually ending the life span

of the LAB cell.

3.4.3. Parasitic Reactions and Degradation Mechanisms

Reduced oxygen species (ROC), lithiated oxygen species (LixO2), protonated oxygen radicals,
singlet oxygen (*02), and some catalysts are now identified as the main culprits in promoting

parasitic reactions in Li-air/Li-Oz2 batteries.

Early studies on LAB degradation suggest that LiOz is the main source of parasitic reactions
due to its high reactivity. The C and H atoms next to heteroatoms in organic electrolytes were
found to be susceptible to nucleophilic attacks by O%, LiOz, and Li202, but recent studies have
identified singlet oxygen (*Oz2) is most responsible for the battery degradation through parasitic
reactions, which is currently known to be produced during the chemical disproportionation of
superoxide radicals, and the oxidation of Li2O2 [137]. Even though the thermodynamics and
the kinetics of the mentioned singlet oxygen-generating reaction pathways are still under
discussion [138], the increased singlet oxygen generation during the high overpotentials during
the oxidation of the peroxides is believed to be the reason for fast battery degradation as battery
charges over 3.8V [137]. Currently, further research is progressing toward understanding
reaction pathways and reliable detection of singlet oxygen [139] and quenching the generated
singlet oxygen via physical quenchers [140]. The carbon electrode materials and binders were
found to be reacting with the mentioned ROC and singlet oxygen primarily forming Li2COs,
which needs potentials above 3.8V to decompose [141]. The degradation is reported to be
intensified in the presence of moisture, which helps form more reactive protonated reduced
oxygen compounds that could lead to chain reactions via H atom or H* abstraction [141,142].
Studies on the degradation mechanisms of non-carbonaceous cathode materials and their

contribution to degradation mechanisms are yet to make significant progress. But we cannot
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rule out the possibility of catalysts becoming inactive in contact with the mentioned radicals,
and also the potential ability of catalysts like transition metal phosphides to promote the singlet
oxygen generation by oxidating protonated/ non-protonated reduced oxygen radicals as

reported elsewhere[143], which needed a careful study to be conducted soon.

4. Bifunctional Electrocatalysts for LABs

Various top-down and bottom-up approaches been used to synthesize the electrocatalysts used
in LABs. As the section progresses, it will eventually realize that the chemical vapour
deposition techniques, exfoliation techniques, and the pyrolysis of biochar and polymers were
commonly used to synthesize the carbonaceous and doped-carbon catalysts. The noble metals
are commonly derived from reducing the metal salts while the calcination of hydrothermal, sol-
gel, or electro-spin prepared hydroxide precursor was used to prepared TMOs frequently. The
sulfurization, phosphorization, and nitridation of the precursor catalysts are common
approaches of synthesizing the TMS, TMP, and TMN catalysts respectively through the
respective exposure to H2S, PHs, and NHs gases under elevated temperature environments. In
addition, hydrothermal, co-precipitation, MOF-based approaches, and exfoliation from the
natural transition metal dichalcogenides were also successful approaches used in literature in

preparing effective catalysts.

Typically, once a catalyst was synthesized, numerous material characterization studies were
conducted to realize the physicochemical and morphological properties of the catalyst materials
as electrical conductivity, surface area and pore characteristics, and chemical phases of the
material and details on analysis is provided in later sections. Once, a Li-air battery is assembled
using the synthesized catalyst-based cathode, the performance of the catalyst is primarily been
measured using its discharge capacity (commonly gravimetric), cycle performance (number of

galvanostatic discharge-charge cycles before degradation), discharging and charging
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overpotentials, and coulombic and faradaic efficiencies, while the peak positions in cyclic
voltametric analysis, and OER and ORR Nyquist and Tafel plots can also be used to further
understanding of the catalytic activities. Further, the morphological, chemical, and
crystallographic properties of the discharged and recharged products are using to understand
the reaction mechanisms and battery degradation mechanisms in experimental studies. Our
expert discussions on electrocatalytic properties of the materials and the performances of LABs

are mostly based on the mentioned parameters.

In addition to experimental studies, theoretical studies conducted through DFT calculations
were also helpful in determining the catalytic properties of the materials and predicting the
reaction mechanisms. Amongst, analyzing the projected density of states (PDOS) of molecular
orbitals is useful in determining the band gap of the materials which can be used effectively to
determine the electrical conductivity as well as the catalytic activity of the materials [144]. The
high population of DOS around the fermi level is known to be beneficial towards promoting
the reaction kinetics [145], and Fig S3 (a, b) presents the comparison of PDOS of two materials,
and the catalyst present in Fig S3 (b) with high DOS near the fermi level was found to be a
better catalyst over the other. In addition, AG-U phase diagrams and free energy diagrams can
be effectively used to identify the favourable ORR and OER reaction pathways, and the
materials with lower reaction overpotentials can be identified as the superior electrocatalysts
as an example presented in the Fig S3 (c, d), where the NiCoFeO found to be a superior
electrocatalyst over NiCoO with lower ORR and OER overpotentials [146]. Furthermore, the
calculated adsorption energy for Oz and reaction intermediates will reveal the catalytic
performances of different crystal facets, and DFT calculations predicts the surface-mediated
pathway will governs the reactions if the reaction intermediates are strongly adsorbed to the

catalyst surfaces [147].
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Noble metals like platinum, silver, and palladium are known to catalyze the chemical reactions
including the ones taking place at the air cathode of LABs. These catalysts, however, have
limited practicality due to their high cost, susceptibility to gas poisoning, and poor durability.
Therefore, an intensive research effort is being taken to develop bifunctional catalysts based
on less expensive materials with matching or better cell efficiency and durability. This section
discusses the significance and the success of non-noble metal bifunctional catalysts.
Particularly, we would focus on carbon allotropes, doped carbon nanostructures, transition

metal derivatives, and hybrid structures utilized in the literature as electrocatalysts for LABs.

4.1. Metal-free Carbon-based Electrocatalysts
Carbon, a non-metallic tetravalent element with several allotropes, is one of the most abundant
elements in the universe with a wide range of applications in energy-related sectors. This family
of materials includes fullerene, carbon nanotubes (CNTSs), graphene, and graphite, with
structures varying from zero- to three dimensions. As electrocatalysts, carbon materials offer
excellent choices due to their many favourable characteristics, such as high conductivity and
durability and light weight [148,149]. Carbon nanomaterials can have high electrical
conductivities, adjustable molecular structures, and stability in acidic/alkaline solvents with
reduced environmental impact. Therefore, the use of carbon materials has been receiving a

great deal of attention in the context of metal-free electrocatalysts.

The carbon-based electrocatalysts are often composed of porous network structures with a high
surface area that increases the density of active catalytic centres. Such structures can promote
electrochemical reactions by enhancing the efficient transport of electrons and increasing the
interface with electrolytes. Many techniques have been investigated to improve the

performance of carbon-based electrocatalysts, including doping the carbon materials lattice,
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functionalizing the surface, and hybridizing with other non-carbonaceous materials. The next
sections review the current situation of the progress toward the use of carbon-based cathode
materials in LABs, where a lot of disputes are still on whether the facet energies or the

vacancies/dopant sites in the carbon structures are providing prominent catalytic activity

4.1.1. Carbon Structures

The lightweight, high conductive, low-cost flexible carbon structures with high porosity and
high surface match most of the requirements needed for a LAB cathode. Early studies used
non-fully crystalline types of carbon black as Super P, Ketjen Black, and Vulcan XC-72, with
limited success [150,151]. In comparison, more crystalline carbon as carbon nanotubes (CNT),
reduced graphene oxide (rGO), graphene nanoplatelets (GNP), and hierarchical 3D graphitic
structures were more successful as cathodes, allowing a larger Li2O2 accumulation and longer
life span [152]. The paper-like cathode prepared by Kim et. Al. By mixing GNP and graphene
oxide (GO) with a sulfonic acid stabilizer can be identified as one of the finest carbon cathodes
reported in recent years, which delivered a discharge capacity of 9760 mA h gt at 100 mA g
current rate [153]. In addition, a successful attempt was reported by hybridizing two graphene
structures via hydrothermal activation of glucose and GO by Xin et al., and a large discharge
capacity (9760 mA h g) and an extended cycle life (170 cycles) were reported during the study
[154]. Many of the above-mentioned studies focused on achieving the optimized pore structure
with a superior inter-connected network of mesopores and macropores, where better support
towards Li*/O2 diffusion and storing large amounts of discharge products was expected.
Further, the presented defect sites at the graphitic surfaces are expected to provide a greater

catalytic activity lowering the charging overpotential.

Belova et al. provided further insight into the mechanisms involving carbon cathodes in Li-O2

batteries, through a series of cyclic voltametric and X-ray absorption near edge structure
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(XANES) analyses, determining the reaction pathways involving LiO2 are strongly affected
surface properties of the cathode electrodes even in the systems with high DN electrolytes as
DMSO [123]. As illustrates in Fig S4 (a), the study further reveals that the pure graphitic basal
plane supports the electrochemical reduction of the lithium superoxide as previously presented
in equation 4, and the defective carbon structures as glassy carbon or the edge planes of the
pyrolytic carbon are promoting the solution-mediated process. The study further warns against
engineering materials with high defect concentrations, revealing that deformations could lead
to surface stabilization of LiO2, and it could result in reacting with carbon substrate forming the
parasitic product of Li2COs. With the results from the above study, a reasonable explanation
can be provided for the high performances in the graphitic carbon allotropes as CNT, GNP,
and rGO, over the carbon black-like amorphous structures, where the supportive crystal facet
IS important at supporting the reactions with higher binding energies. Heteroatom doping on
carbon is an interesting approach to modulating the electronic structure, which could be used

to enhance the electrokinetic performances of the LAB cathodes.

4.1.2. Mono atom doped Carbon Structures

Various approaches have been used in the literature to replace the atoms in a carbon skeleton
with foreign atoms of different sizes and electronegativity. This replacement is known as
doping, and when the dopant is of a single type of heteroatom, it is called mono-atom-doping.
The heteroatom doping helps to enhance the catalytic activity of the carbon structure by
introducing alterations to existing energy states. Verifying the concept through theoretical
means via density function theory (DFT) calculations, Novcic et al. found that doped- -
graphene provides better support for oxygen kinetics as doped-graphene surfaces favor fast

adsorption of oxygen, intermediates, and discharge products [155].
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Even though several atoms like N [156], B [157,158], and S [159] can be used for doping
purposes, nitrogen dominates among them as the most frequently reported dopant [160-162].
Due to the comparable atomic size (155 pm for nitrogen and 170 pm for carbon), nitrogen can
easily be incorporated into the basal plane of carbon materials. With five electron valances,
nitrogen can tune the physical and chemical properties of the carbon materials, leading to
enhanced electro-catalytic performance. Upon doping, the lone pair electrons in nitrogen (with
higher electron negativity) render the adjacent carbon atoms more attractive to negatively
charged particles since the electron density of carbon is lower than nitrogen [163]. This
phenomenon increases the catalytic activity of the doped carbon. Moreover, N-doping further
increases the electrical conductivity of carbon materials, with a profound impact on the
electrochemical performance of nanoparticles such as N-doped CNT and N-doped graphene,
as discussed in a review article by Peng et al. [160]. In addition, Shin and his group [164]
identified that the higher number of defects that occurred in nitrogen-doped CNT could provide
additional support for ion and electrolyte diffusion. Moreover, Wang and his co-workers [165]
discovered that the oxygen reduction reaction (ORR) takes place more effectively at the edges
of graphitic structures than in the basal plane due to the high level of defects on the edges, not

quite agreeing with the previously introduced concepts.

Graphene and CNTs doped with nitrogen are commonly used in the literature as cathodes for
LABs. Exposing to plasma environments is one of the frequently used method to modify the
surface functionality in carbonaceous structures [166], and chemical vapor deposition (CVD)
and plasma enhanced chemical vapor deposition (PECVD) are commonly techniques reported
in literature for bottom-up synthesis of heteroatom-doped CNT/ graphene [161]. For example,
Li et al. [161] have used a floating-catalyst CVD method employing imidazole as the
carbon/nitrogen source and ferrocene as the catalyst precursor to produce N-doped CNT.

Despite the interesting approach, the LAB failed to provide a meaningful storage capacity or
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reversibility. It will be interesting to see the performances of the reconstructed cell, replacing
the parasitic reaction-prone carbonate electrolyte with a more stable glyme-based electrolyte.
A vertically-grown parallel porous array of N-doped CNT-based integrated air cathode was
reported by Li et al. as shown in Figure S4 (b), where the catalyst was, synthesized via these-
impregnated CVD method. Ferrocene dissolved in ethylenediamine, and xylene were used as
the carbon and nitrogen source, respectively, and doping level was determined by controlling
the N/C feed ratios. Also, very limited cycle stability was reported, most possibly accounting

for the weak OER activity provided by the derived pyridinic carbon structure [167].

Graphene has been one of the most commonly used carbon allotropes at the air cathode in
LABs in the past few years. Its ultimate lightweight planer morphology, electrical conductivity,
chemical and electrochemical inertness, and favourable basal plane make graphene an ideal
candidate for LAB’s cathode [168-170]. As theoretical studies suggested, doping with nitrogen
enhances many of the graphene properties and more importantly, decreases the adsorption
energy barrier for the reduced oxygen species favouring the fast kinetics in LABs. Thermal
treatment processes with nitrogen-containing gases are frequently used to dope graphene. In
this regard, Li et al. [171] used high-purity ammonia mixed with Ar at 900 °C to produce N-
doped graphene. Even though the researchers were able to achieve an initial discharge capacity
of 11,660 mA h g, at a current density of 75 mA g for the N-doped graphene nanosheets,
which is about 40% higher than undoped graphene nanosheets (8530 mA h g1), there also a

reasonable cycle stability was not achieved.

Apart from graphene and CNT, Su et al. [172] developed N-doped onion-like carbon (OLC)
structures that can be very efficiently used as bi-functional electrocatalysts in LABs. In this
case, promising results were obtained, including a very high specific capacity (~12180 mA h

g tcarbon), lower overpotential (0.88V), and reasonably good round-trip efficiency of 70.0% even
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after 194 cycles [172]. In this work, OLC structures were produced by the thermal annealing
of nanodiamonds at 1200 °C for 4 h under an argon environment, followed by another annealing
process at 550 °C for 4 h under ammonia to produce N-doped OLC; see Figure S4(c).
Mesoporous morphology, high specific surface area, and a high degree of graphitization were
common features of the prepared OLC and N-OLC. Effective nitrogen doping (mostly with
pyridinic and pyrrolic nitrogen) and structural defects in the graphene basal plane were the
highlighted modifications in the N-OLC over OLC, as revealed by the XPS and Raman studies.
These modifications can be considered responsible for the superior catalytic activity exhibited

by N-OLC.

Another common engineering approach for heteroatom-doped 3D carbon networks is by
pyrolyzing/annealing the selected polymer or biochar structures[168]. By this, more control
over the pore structure and the defect density can be achieved. For example, dopamine has been
used as a nitrogen source to prepare many N-doped carbon nanostructures for many
applications, including LABs, where the large number of ammine groups presented in the
structure allows for the achievement of high doping concentration [173]. Also, dopamine is
very easily polymerizable into polydopamine (PDA) in mild alkaline media [173]. In separate
studies, Kim et al. used PDA coated on graphitic carbon as illustrated in Figure S4 (d) [174]
and polyester fibers [175] to produce N-doped hollow tubular carbon structures by annealing
the PDA-coated material at higher temperatures under an Ar environment. The polyester fiber-
based graphitized structure was used as the self-standing cathode exhibited reasonably good
discharge capacity (~ 6000 mA h g 1) even though the cyclability is still limited. Even though
the researchers were light on the discovery of 12% of Li2COs on the discharged product, it
could be the limiting factor for fast-degrading battery performance. Further efforts were
conducted to yield higher catalytic activity by optimizing the parameters involving the N-

doping [176,177]. Nitrogen could be inserted into the graphitic basal plane by four main
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configurations namely: pyrrolic nitrogen, pyridinic nitrogen, graphitic nitrogen, and pyridinic-
N-oxide [174]. In pyridinic nitrogen and graphitic nitrogen, the sp? hybridization of carbon can
be observed. In contrast, carbon hybridization is mainly sp® in pyrrolic nitrogen. The pyridinic
nitrogen contributes to the pi-electron system with one electron, while the pyrrolic nitrogen
contributes with 2 electrons. Graphitic nitrogen forms when a carbon atom is replaced with
nitrogen. A recently concluded study by Yi et al. shred light into the N-doping configuration
on the growth mechanism of Li2O2 through molecular dynamics and DFT calculation [178].
The study reveals pyridinic N has a smaller binding energy for Li2O2 allowing a highly
adsorbed localized growth of Li2O2, compared to branched growth of Li2O2 in graphitic N,
making it difficult to decompose upon charging. High defect density and the preference for
nucleophilic reactions in the presence of pyridinic nitrogen are due to its electronic structure,
which may make it favourable for the OER [179,180]. It was also discovered that the type of
N doping in carbon structures could be varied depending on the starting material and the
annealing temperature [174]. Typically, at lower annealing temperatures (~600- 700 °C), the
formation of pyrrolic and pyridinic types of N is more favourable. As the temperature increases,
the pyrrolic and pyridinic N tend to convert to graphitic N. Hence, the catalytic activity will
also depend on the annealing/pyrolyzing temperature, and several experimental studies verified

that pyridinic N is most suited to catalyzing oxygen kinetics in Li-O2 batteries [174,180].

In addition to N, other heteroatoms were also used for doping graphitic structure, and doping
with B has also yielded successful results owing to the electron-deficient nature of B-doped
carbon as theoretically and experimental studies verified [181,182]. Xiao et al. find a large
amount of B doping can be achieved in defect-rich carbon structures, where a 6.7% B doping
was achieved on holey carbon, which is produced by thermal annealing GO. High adsorption
of Oz at the partially positively charged B sites, due to electronegativity differences between B

and C, is identified as the main supporting mechanism for the improved ORR activity. Hence,
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impressive Li-O2 battery performance with a discharge capacity of 19698 mA h g tand cycle
stability up to 120 cycles were achieved [183]. Meng et al. further reveal the possible support
that could be provided by electron-deficient B towards the fast Li* diffusion and electrolyte
immersion, facilitating enhanced oxygen Kinetics, and further theoretical and experimental

studies are needed to verify the introduced hypothesis [181].

The synergy of two or more heteroatoms doped at once, could yield better performance in
carbon cathodes, providing enhanced catalytic support promoting ORR and OER Kkinetics at

LABs.

4.1.3. Dual-doped Carbon Structures
Co-doping of carbon with more than one element can further increase the catalytic activity of
the carbon-based cathodes used in LABs. Dual, or multi-doping with heteroatoms is mostly
reported using sulfur [184], phosphorous [185], iodine [186] and boron [187] along with
nitrogen. Commonly, the dopants have approximately similar sizes as carbon. However, if the
dopant atom size is larger than the carbon atom, there would be a higher possibility of
generating structural defects in carbon [185]. Different heteroatom doping affects the catalytic
properties differently depending on their physical and electronic structural properties.
Moreover, a synergistic effect can be expected when two or multiple doping atoms are

simultaneously applied [188,189].

With the high electronegativity of nitrogen and comparably the larger atomic size of sulfur, the
induction of structural distortions, modification of charge, and spin densities in the carbon
structure are commonly observed in N and S-doped Carbon [190]. Kim et al.[191], Jang et
al.[192] and Wang et al.[193] have conducted experimental work on synthesizing a carbon
cathode doped with nitrogen and sulfur as heteroatoms, using thiourea as the source of both

sulfur and nitrogen.
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Kim et al. [194] used a cathode composed of mesoporous carbon and graphene nanosheets co-
doped with nitrogen and sulfur. The catalyst was prepared via a two-step process by the high-
temperature activation of hydrothermally produced hydrochar on graphene oxide sheets as
illustrates in Figure 3 (a). The doping of N and S was achieved through the decomposition of
thiourea into NHs and H2S gases, forming C-S and C-N bonds, in the same environment where
the hydrochar is forming. Growing mesoporous carbon on graphene nanosheets prevented the
restacking of graphene sheets and accommodated the insoluble ORR product, and TEM and
XPS studies have proven the incorporation of sulfur and nitrogen (graphitic, pyridinic, and
pyrrolic) into the carbon network. High cathodic current density (10.4 Ag™) and peak power
density (26.4 W g1) directly represent the efficiency of O2 converting into Li2Oz2 in the aprotic
medium (ORR), while the reported low charging overpotential with doped graphene

nanosheets indicates OER enhancement [194].

Jang et al. [195] and Wang et al. [196] have undertaken a slightly different approach for
synthesizing nitrogen and sulfur co-doped graphene. They replaced the hydrothermal step with
a sonochemical process due to some evidence of partial dopant loss during the prolonged
hydrothermal treatment [197]. In both works, the catalyst was prepared by mixing GO with
thiourea in ethanol using ultrasonication, followed by an annealing step at 600°C, 700°C,
800°C, 900°C or 1000°C. Thiourea can reduce the GO below its decomposition temperature at
200°C. After 200°C, the reduction occurs due to the thermal annealing. The defect sites left by
the removal of oxygen from the GO surface during the reduction bind with the decomposition
products of thiourea [196]. Overall, the cathode material annealed at 700°C (NSG700) showed
excellent ORR catalytic activity in terms of cathodic onset potential, peak potential, and highest
current density. Authors suggest that optimized composition and the effective heteroatom
binding configuration at this temperature are responsible for the excellent performances of

NSG 700.
33



Ina similar study, Jang et al. [195] suggested annealing at 900°C (NSG900) is forming the best
cathode structure which could reach the discharge capacity of, 11252 mA h gtat 200 mA g*
current density. NSG900-based cathode comparatively has a high content of graphitic/pyridinic
nitrogen and thiophene sulfur and enhanced the electronic conductivity and the facet energy of
the graphitic plane by providing electron pairs as illustrates in Figure 3 (b), by graphitic and
pyridinic types of nitrogen may provide the ultimate support the electrochemical performance
[198]. Further, the higher content of thiophene favours the ORR activity as it is the ORR active
form while SOx is the ORR inactive form. Even though the synergy of N and S has undoubtedly
helped to enhance the initial discharge capacity of the assembled LABs with high electrical
conductivity, high spin and charge density, and active sites, a solid mechanism for OER support
is yet to be introduced. Further disputes can be recognized with the conditions for material
activation, where the researchers are yet to find the best balance between the optimized
conditions for doping and the most suited pore structure, and future studies should consider

both critically while optimizing the catalyst synthesizing process.

Wang et al. [187] prepared graphene co-doped with nitrogen and boron using ammonia and
boric acid as the precursors by annealing the precursor and the GO mixture at 1000°C in a
quartz tube furnace. The study synthesized three different boron and nitrogen-doped graphene
types by varying the annealing temperature, and the B12C77N11H2s structure showed the best
ORR activity with the highest onset potential and electron transfer number (3.8). The density
functional calculations (DFT) by Lipeng Zhang and Zhenhai Xia [199,200] also confirmed the
high carbon-content composition (B12C77N11Hz26) has the best ORR activities suggesting the
randomly distributed B and N atoms and the small B-N clusters in B12C77N11Hz26 with the higher

spin and charge densities may significantly contributed to the catalytic activities.
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Aiming Wu et al. reported | and N co-doped bifunctional carbon catalysts for Li-O batteries
[186]. lodine was selected because of its ability to create free hole carriers within the carbon
material that improve the density of free charge carriers, accelerating the electron transport.
lodine also formed 3™ and Is™ species which act as catalytic sites to promote the formation and
decomposition of the discharge products. With nitrogen and iodine doped at the carbon
skeleton, the researchers reported improved catalytic activity promoting surface adsorption and

reduction of Oz and higher electron and mass transport properties, as shown in Figure 3 (c).

Longjun Li and Arumugam Manthiram observed similar enhancement in their work on hybrid
LABs developed with O and N-doped carbon nanowebs-based catalysts [201]. The N and O
co-doped graphene was synthesized via a three-step process. Initially, monodispersed
polystyrene spheres were added to pre-prepared GO dispersion, and the mixture was autoclaved
for 16 hours at 180°C with added ammonium hydroxide as the source of N. The resulting
product was heated to 80°C with I2 in a sealed container to achieve the iodine doping, then
followed sintered at 900°C under N2 environment. The fabricated cells with iodine and
nitrogen-doped porous graphene (INPG) based cathodes performed well with a specific
reversible capacity of 14017 mA h g* at 200 mA g and with outstanding cycling stability of
over 225 cycles at a current density of 500 mA g for a limited capacity of 1000 mA h g™t. As
identified during the study, | hierarchical mesoporous network of the catalyst, the uniform
distribution of the dopants (identified with SEM, XPS, and TEM analysis), and the high amount
of surface/edge distortions (high Io/lc ratio) present in the INPG led to better ORR and OER
reaction Kkinetics by providing electron and oxygen transportation pathways and providing

enough reaction sites and space to accommodate the discharge products as Li.O2 [202].

In summary, the studies conducted up to date produced enough theoretical and experimental

proof to verify the effectiveness in carbonous structures with many advantages as the cathode
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material for Li-air/Li-O2 batteries with a suitable pore structure and oxygen reduction support.
The oxygen adsorption capabilities at the graphitic surface are found to be pivotal in providing
superior catalytic support towards oxygen reduction, and the derivation of more favourable
surface properties via heteroatom doping was also found to be effective at promoting oxygen
kinetics. Even though a solid mechanism favouring the OER Kkinetics is yet to be introduced
with carbon cathodes, the discharged product could be easily decomposed on occasions where
it is well attached to the cathode surface avoiding the branched growth. Irrespective of the
obtained initial capacity, the lifetime of the battery is limited to a small number of cycles in
many studies as summarized in Table 2, and the occurrence of side reactions could be the main
cause of premature death. In particular, the instability of C in contact with Li2O2, producing a
layer of Li2COs in between the cathode and Li202, as observed by Gallant et al. [203] , is the
main obstacle facing carbon cathodes against succeeding. Despite the support at initial
discharge capacity, the presence of defects and deformations could worsen the degradation by
retaining the more reactive lithium superoxide at the cathode surface. The mentioned
vulnerability of carbon cathode against parasitic reactions forced the researchers to search for

more stable alternatives, which as reviewed below.
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Figure 3: Dual-doped Carbon Cathodes for LABs (a) N, S-doped Graphene synthesized
using hydrothermal and carbonization techniques [188], (b) Initial galvanostatic
discharge/charge profiles of N, S -doped cathodes carbonized at different temperatures
[150], and (c) Schematic diagram of the process of developing N, I-doped Graphene
cathode through hydrothermal reaction and heat treatment [180]. Reprinted with
permission from ref 188 and 189. Copyright 2015 The Royal Society of Chemistry and
2019 Elsevier.
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Table 2: Summary of design parameters and output properties of LABs made using doped-

carbon cathodes.
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4.2.Noble Metal/Metal Oxide-Based Catalysts
Over the years, noble metals have been used to catalyze various electrochemical reactions. The
limited performance, electrolyte decomposition, and the high cost of using the catalyst were
found to be the main obstacles to using them in LABs on a commercial scale. But the recent
development of nanotechnology and the novel synthesis routes of developing noble metal
structures with desired physicochemical properties at low cost again turns noble metals and
noble metal derivatives attractive among Li-air application researchers [66,205-208]. The
successful utilization of noble metal nanoparticles in related applications encouraged further
studies on LABs using noble metal-based bifunctional electrocatalysts [207,209,210]. Further,
the recent understanding in surface modulations to reach high O2 adsorption, and to tailor the
size, shape, nucleation. and the growth routes of Li2O2 via high energy metallic facets and
optimizing the eq orbital occupancy via alloying are promising techniques for improving LAB

performances.
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Figure 4: Noble metal-based cathodes for LABS, (a) Pt catalysts with anisotropic structures
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galvanostatic curves of the PtAu and PtRu catalysts at a current density of 0.1 A g *! [210],
(d) Graphical illustration of discharge product coated around the Au nanoparticle catalyst
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of the synthesis of RuO2/CNT catalyst [216]. Reprinted with permission from ref [205,
207]. Copyright 2018 ACS publishers and 2017 John Wiley and Sons
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Pt is the most exploded noble metal in energy applications. Feng Wu et al.[211] reported
platinum-coated hollow graphene nanocages as the cathode material in lithium-air batteries.
The synthesis method is composed of the combustion of magnesium metal with dry ice to
produce cubic MgO nanoparticles covered with a few layers of carbon, followed by the removal
of MgO with dilute HCI to obtain hollow graphene cages. Then the material was functionalized
with OH groups using concentrated nitric acid and subsequently coated with Pt nanoparticles
via PVD technique. The nanocage hierarchical network with adequate active sites exhibited
cycling stability of up to 54 cycles at 100 mA g* was observed while forming easily
decomposable discharged product with roughly 200 nm diameter toroidal-shaped Li202.
However, the study has reported major drawbacks, including the complete consumption of the
lithium anode and the decomposition of the electrolyte-generated side products, significantly

reducing the cyclability.

A more in-depth analysis conducted by Song et al. [212]. has found the catalytic activity of Pt
is dependent on its structure, where Pt catalysts with anisotropic structures exposing high-
indexed (411) facets are found to be significantly reactive than low-indexed facets. Anisotropic
(411) faceted catalyst was synthesized by a polyol-mediated process at 200°C for 2h, and the
exposed atomic steps as step-edge, kink, and ledge sites in the facet as presents in Fig 4 (a)
were found to have high surface energies and strong bindings with O, supporting enhanced
OER and ORR activity. The Li-O2 battery exhibited a stable catalytic performance with a large
discharge capacity (12,985 mA h gearbon?) and the growth of Li>O2 as sub-micron-sized pellets
allow easy decomposition with the low charge overpotential and the cycle retention for 70

cycles.
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Other than Pt, Bing Sun et al. reported using Ru nanocrystals as the cathode material in LABSs.
Using a surfactant-assisted method, the Ru nanocrystals were supported on carbon black
(CB).[206] TEM images and other spectroscopic analyses revealed 2.3 nm averaged sized Ru
nanoparticles (34% by weight) uniformly anchored on the CB surface, helping to obtain a
strong catalytic activity with 9800 mA h g* initial discharge capacity at 200 mA g*. A small
charge plateau was observed for the Ru-CB electrode indicating the improved OER activity,
which also helped at lasting 150 cycles. Researchers verified the complete decomposition of

Li202 and LiOH upon charging, further verifying the high bifunctional catalytic activity in Ru.

The fine catalytic activity of Ru was confirmed by Yo Sub Jeong et al. [196] by systematically
studying the catalytic performance of various rGO composites with Pt, Pd, and Ru metal
nanoparticles, with a focus on OER. The composites were prepared by distressing GO in
ethylene glycol together with the noble metal salts (H2PtCis, Na2PdCis, or RuCls), and reducing
the mixture with sodium borohydride to form the final catalysts. Among the tested composites,
Ru-rGO showed the best catalytic performance for ORR and OER activity by forming film-
like discharge products However, the cycle life was limited in all the samples, and detecting
HCOOLI in the discharged product was identified as the reason for the fast deterioration of the
cells. Even though the authors describe HCOOL. as a result of a reaction between Li and
residual HCOO groups on the rGO due to the poor reduction, this study is another example of

the vulnerability of carbon structures/carbon scaffolds in the presence of Li2Oz.

The study below proves Ni foam is a better scaffolding/conductive gas diffusion layer, where
an excellent bifunctional catalytic activity provided by Ru nanoparticles decorated on vertically
grown graphene nanosheets on Ni foam (VGNS@Ni) helped to yield an inspiring
electrochemical performance on the assembled LAB, which used the novel structure as the

free-standing cathode. The specific discharge capacity was reported as 23864 mA h gtat a
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current density of 200 mA g%, and interestingly, the full cycle discharge capacity was only
reduced up to 18887 mA h g* even after 50 cycles of deep discharge, and the charging
overpotential was only high as 0.43V. The cells could be cycled over 200 cycles under a
discharge depth limit of 1000 mA h g* and at the rate of 200 mA g*. According to researchers,
the enhanced performance of the catalysis was referred to the abundance of nanoparticles on
the surface, the large surface area of the vertically aligned graphene sheets, and the voids
provided by the Ni foam. [213]. The electrochemical stability of Ni foam against parasitic

reactions may also play a critical role in the extended stability of the cell.

Au nanoparticles also exhibited a decent catalytic activity promoting oxygen kinetic on Li-O2
batteries as they sandwiched in between CVD-grown graphene layers, used as a binder-free
cathode for Li-O2 batteries by Wang et al. [202,214] using a solution impregnation technique;
see Figure 4(d). The battery was reported as it survived over 300 cycles and it was able to
deliver 3347 mA h g?initial discharge capacity at 400 mA g*. However, the fast covering of
the active surface with a thin layer of Li2O2 discharge product was believed to be responsible

for limited discharge capacity and also for the extended cycle life [214].

In addition to scrunty and the expenses regarding noble metals as catalysts, the main other
issues regarding noble metal catalysts are that they promote the degradation of the electrolyte,
carbon cathode, and the binder by promoting the nucleophilic attack by O? and singlets oxygen
as identified by McCloskey et al. [215] and Samojlov et al. [216] Recently, it was identified

that the catalytic activity of noble metals can be controlled by alloying them with another metal.

4.2.1. Bimetallic/Alloyed catalysts
Several research groups experimented with bimetallic noble metal nanostructures to optimize
the catalytic activity. One possible way of enhancing the OER activity of a catalyst is by

improving the adsorption energy with an intermediate of LiO2, and altering the eg occupancy in
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transition metals can be used to tune the adsorption properties [217]. Pt has a high egoccupancy,
causing a weak OER performance as well as a high charging overpotential. But since Pt
(generally transition metals) has a tuneable d-orbital structure, it was realized that the eg
occupancy can be altered by alloying Pt with other metals to obtain an improved catalytic

activity.

Zhou et al. recently reported eg engineered Pt as an efficient catalyst promoting oxygen kinetics
at Li-O2 batteries, by modifying eg occupancy of Pt by alloying with Ru and Au. It was found
that alloying with Au is more fruitful, where the electronegativity of Au helped to attract
electrons from Pt, lowering the electron occupancy in eg, which allows having a higher binding
energy with LiO2 intermediate, as proven by XPS and DFT studies. The effect of alloying with
Au helped to have high discharge capacity with lower the charging overpotential as
demonstrates in Fig 4 (b, ¢) and to have a decent cycle performance with 220 cycle stability in

the assembled batteries.

Up to date, the conducted limited studies with bimetallic structures delivered mixed results,
where the PtAu core-shell nanoparticle incorporated LAB cathode derived by Cheng Chao Li
only helped to survive 30 cycles [218], while the LAB constructed on PtzRu/Vulcan XC-72
on Ni foam cathode by Yao Yang et al. [219] barely lasted 10 cycles indicating the necessity
of optimizing the alloying/eq engineering process with suitable materials at correct ratios to

obtain more maturity and reliability over the technique.

4.2.2. Noble Metal oxide
Other than the pure metal itself, noble metal oxides, especially RuO2, were also effective as
bifunctional catalysts. Several composites were tested, including SWCNT/RuO2 composite

[220], CNTs decorated by RuO2[221], Ketajan Black/RuO2 composite [222], RuO2.nH20
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clusters anchored on carbon nanofibers [223], and porous RuO2 nanosheets anchored on carbon

fibers [135].

Among the mentioned works, the study conducted by Jiagiang et al. [135] demonstrated
extraordinary cycle ability where the LAB cells survived for 200 cycles at a very high current
rate of 1000 mA gX. The discharge product was in the form of a thin film, which, together with
the low charging overpotential (0.71V), contributed to the long-stable behavior. The catalyst
was synthesized by annealing the Ru®* ions immersed GO sheets, as illustrated in Figure 4(e).
The study conducted by Liyuan et al. [223] with RuO2.nH20 clusters anchored on electro-spun
carbon nanofibers (CNFs) also yielded promising results. Excellent OER activity was observed
with the decomposition of Li2O2 and Li2COs to a greater extent, and this is one of the very few
incidents where successful decomposition of Li2COswas recorded. The assembled LAB could

run up to 300 cycles at a 200 mA g rate after replacing the anode after 200 cycles.

Theoretical calculations have provided insights into parameters involving in the performance
of RuOz-based electrocatalysts. It should be mentioned that the adsorption energy influences
the rate at which the LiO2 intermediate forms and reacts on the electrode surface. A catalyst
with an appropriate adsorption energy can facilitate the adsorption of intermediate species and
subsequently promote their decomposition, enhancing the overall reaction kinetics. On the
other hand, the stability of the LiO2 intermediate on the electrode surface is also affected by its
adsorption energy. If the adsorption energy is too low, the intermediate may desorb from the
catalyst surface before completing the reaction, leading to poor stability and efficiency of the
battery. Conversely, if the adsorption energy is too high, it may hinder the release of reaction
products, affecting the reversibility of the battery [224-227]. A recent study using DFT
calculations [224] reveals that the adsorption of LiO2 intermediate on the RuO: electrocatalyst

involves an enhanced adsorption energy (AEads) of —4.26 eV, comparing to that of Co
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(=2.17eV) in Co-N-C. In RuO2/Co-N-C hybrid structure, the LiO2 intermediate is associated
with active atoms at the heterointerfaces, presenting a moderate AEags of —=3.13 eV due to the
cooperative interaction between RuO2 and Co-N-C [225], thereby accelerating the ORR
process. In this case, RuO2/Co-N-C exhibits an increased adsorption energy for intermediates
compared to Co-N-C, but a reduced value than RuOz, which is beneficial to the desorption of
LiO2 [226]. Therefore, an appropriate intermediate adsorption energy is an important parameter
to consider, diminishing the impedance by the RuO2-based cathodes throughout the charging

process [227].

Table 3 provides a summary of key material properties, synthesis conditions, and design
parameters used for the cell assembly, as well as the main electrochemical performances of the
LABs, which discussed various noble metal and noble metal oxide-based LABs. Even though
the doped carbon structures mostly supported the ORR activity, noble metals., especially eq
engineered bimetallic structures and oxides like RuO2 evidenced to provide better support
towards OER performances. Hence, noble metals and their derivatives provide better overall
bifunctional activity over the previously discussed non-metallic catalysts, as summarised in

Table 3.

We next review the first block transition metal oxides and other derivatives as bifunctional
catalysts for Li-Oz/Li-air batteries, which have a considerable interest over the last few years
as a more affordable and abundant alternative for noble metals, and the engineered processes
conducted at enhancing the catalytic activity of noble metals are also valid for first-block

transition metals as well.

4.3. Transition Metal Compounds
Transition metal-based bifunctional catalysts were introduced at LABs as a cost-effective

replacement for noble metals. But in recent years, some transition derivatives and their hybrids
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started to overperform the noble metal catalysts. The following section will discuss the key

developments in different transition metal-based catalytic structures towards efficient

bifunctional catalytic activity. The progress of transition metal oxides, sulfides, nitrides,

phosphides, and their hybrids as bifunctional catalysts for LABs will be discussed in the

following sections.

Table 2: Summary of design parameters and output properties of LABs made using noble
metal-based cathodes.
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4.3.1. Transition Metal Oxides and Derivatives
Several transition metal oxides (TMO) structures have been tested as bifunctional catalysts for
LABs and related energy applications, including metal oxides [231], ferrites [232], binary
spinel structures [233], perovskites [234] and their hybrids. MnO2 and Co30a4 are two examples
of TMO that are repeatedly reported for their better catalytic activity, low cost, and natural

abundance[220-223].

The low electrical conductivity of most TMOs is the major concern since it leads to fast
capacity degradation [235]. One strategy introduced in the literature to overcome some of the
TMO-based cathode problems is to develop conductive binder-free electrodes. In-situ
hybridization techniques can be adapted to typical TMO synthesis techniques such as
hydrothermal [236,237] and electrochemical synthesis [238] to minimize the charge transfer

resistance and the production of undesired side products during the Lab operation.

For example, a free-standing CosO4 nanofiber-based electrode produced by Lee and Park using
electrospinning has shown promising results [239]. Further, to minimize the effect of low
conductivity, C.J. Park and co-workers made several attempts to hybridize MnO2 with Co3O4
[240,241]. One of their latest studies reported impressive performances with hydrothermally
produced MnO: and Co304 co-catalyst anchors on Ni foam [241]. The optimum result of 9690
mA h gt initial discharge capacity and 66 cycles at a high rate of 400mAg* was observed with
a flower-like catalyst structure. High anodic and cathodic current peaks also further verify the
developed catalyst's enhanced bi-functional catalytic activity [241]. Iron oxide binary oxides,
especially in the form of ferrite crystal structures, showed reasonably good results as a

bifunctional catalyst for LABS.
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schematic of the synthesis steps of the CNL composite and its ORR mechanism [243].

Reprints with the permission from ref [243]. Copyrights 2022 Elsevier.
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Compared to unary transition metal oxides, the presence of metallic cations in multiple
valances and a large number of unsaturated coordination sites makes binary oxides more
attractive as solid catalysts in Li-O2 batteries [244]. The study conducted by Metin and co-
workers reported the initial discharge capacity of 7510 mA h g* for CoFe204 nanoparticles
anchored on Vulcan XC-72 cathode and the binary oxide was prepared by thermally
decomposing cobalt (I1) acetylacetonate and iron (111) acetylacetonate as Co and Fe sources
[245]. Using a mesoporous hard silica template (KT-6), Yang et al. developed a 3D-ordered
mesoporous NiFe204 catalyst with a controlled pore structure having an average pore size of
25.1 nm [88] The catalyst-coated cathode performed well compared to the bare Ketjen black
cathode in terms of initial capacity (10830 mA h g) and capacity retention over cycling (100

cycles at 0.1 mA cm™2 current rating), indicating the enhanced ORR and OER activity [88].

As in alloyed noble metals, electron structure modulation was found to be an attractive strategy
for enhancing the catalytic activity and the electronic properties in the binary oxides. DFT
calculations provide evidence on o-bond formed through strong overlapping between 3d eq
orbitals of transition metals and 2p orbitals in oxygen is having a significant impact on the
electronic structure of the intermediate discharged products associated with the ORR and the
OER processes, compared to the n-bond occurs in between the 3d t2g- 2p orbitals in transition
metals and oxygen respectively [246]. Further, the theoretical calculations suggest semi-filled
eg orbitals are benefited, leaving room for oxygen to get adsorbed at the valent sites [247] as
schematically illustrates in Figure 5a. Karunarathne et al. used a simple strategy of optimizing
the stoichiometry of Ni and Co oxides to obtain a semi-filled eq orbital occupancy in the
hydrothermally derived microstructures. The high Ni®* presence at the cathode surface
obtained through substitutional disorders with crystal imperfections were reported to support a
high adsorption to the reduced oxygen compounds and the assembled LABs reported to

demonstrate an exceptional lifespan, operating for 3460 hours and completing 173 cycles while
52



achieving the highest discharge capacity of 13759 mA h g and low charging overpotentials
[242]. Further, the research on ternary structures prepared by Pd-impregnation on NiC0204
[248] and Fe-doping on Ni-Co oxides [147] modifying the eq orbital occupancy were also
yielded improved outcomes. Ren and co-workers observed the near-unity eg occupancy in the
Fe-doped NiCo0204 (NiCoFeO), which was prepared through respective hydrothermal and
calcination steps [147]. As the authors describe, Fe®* replaces some of the Co®" at octahedral
sites, and as an effect, the surface Ni®*/Ni?* ratio increases while the Co®*/Co?* ratio decreases,
allowing high occupancy of Ni®* (t2g%g') at the surface making sure a strong covalent metal-
oxygen bond occurs, facilitating a high electrochemical activity in the material. The large
carrier concentration and the high intrinsic conductivity with electronic states concentrates near
the fermi level leads to fast oxygen transport in NiCoFeO. Furthermore, the increased
adsorption capacity of oxygen in NiCoFeO (Ead = -1.189 eV) compared to that of -0.547 eV of
NiCoO demonstrated the contribution in Fe doping to enhance the oxygen adsorption, while
strong adsorption of LiO2 (Ead =-1.407 eV) to the surface of the NiCoFeO catalyst as illustrated
in Figure 5 b was found to be favouring the surface mediated mechanism as discussed in section

3.

The assembled Li-O2 by using the engineered material as the self-standing cathode yielded an
initial discharge capacity of 14, 978 mA h g and cycle performances over 790 hours at the
current rate of 500 mAg, with low charging overpotentials, showcasing the effective use of

controlled eq orbital occupation as presented in Figure 5 (a).

Following the successful attempts with using protective alumina [249] and silica [250] coating
on LIB cathodes enabling high-capacity retention and protection against HF, an attempt to
enhance the catalytic activity of the ZnFe2Os-based catalyst by adding a coating silica layer

was reported by Metin et al. [232]. During the study, ZnFe2O4 nanoparticles were prepared via
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forming micelles using oleic acid with diameters around 6 nm. The silica coating thickness
varied from 9 to 13 nm by varying the added TEOS amount from 0.5 ml to 1.5 ml in the
emulsifying mixture. The TEM image in Figure 5(c) verified the successful formation of silica
coating over ferrite nanoparticles. The discharge capacity and cyclic stability varied with the

coating thickness and the optimum results were obtained with an 11nm coating thickness.

In recent years, highly improved photovoltaic performances have been shown by perovskites.
Perovskites, ABOs-like metal oxide structures were found to be similarly effective as
electrocatalysts to promote ORR and OER reactions, especially when an early transitional
metal occupies the B site. The transition metal enhances the electrical conductivity by altering
the electronic structure and providing numerous reaction sites for enhanced catalytic activity
[251,252]. Zhang. Y et al. developed a hybrid catalyst by mixing graphitic carbon nitride (g-
CsN4) with LaNiOs [243]. g-CsNa4is a layered structure where every C atom is bonded with
three N atoms, either as graphitic or pyridinic nitrogen. The lone-pair electrons in the pyridinic
structure are ideal for bonding with oxide ions, and they also help to alter the electronic
structure [253]. Further, it was understood that the presence of Ni* at the B site of the LaNiO3
perovskite enhanced both ORR and OER by introducing favourable binding energies with
semi-filled eg orbit, verifying the effectiveness in the concept discussed related to ternary
oxides. During the study, the researchers were able to enhance the bifunctional catalytic activity
of LaNiOs by elevating the Ni®*/Ni?* ratio as it composites with g-C3Na4 and producing the
composite catalyst called CNL. The g-CaNawas produced by pyrolyzing melamine at 550 °C
and LaNiOs nanoparticles were produced by calcining the previously produced metal citrate
gel via a sol-gel method. The final composite was prepared by heating the ultrasonicated g-
C3Ns and LaNiOs dispersion at 550 °C for 2 hours in an N2 atmosphere as shown in the
schematic diagram in Figure 5(d). The composite with 10% g-CsNa4 loading delivered the best

outcome with lower ORR and OER polarization potentials, discharge capacity over 5000 mA
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h g and cycling stability over 65 charge/ discharge cycles at a high current of 250 mA g
The XPS analysis verified the higher Ni**/Ni?* ratio in the composite using the Ni 2p*?
spectrum and it also identified that stronger Ni-O bond in the composite, promoting ORR and

OER kinetics for better catalytic activity.

Table 3: Summary of input parameters and resultant outputs in LABs made using TMO-

based cathodes
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In a more recent development, the catalytic reaction kinetics of the perovskite structures has
been enhanced by replacing the B site with two transitional metals. The cathode produced with
wrinkled LaosMnosNio.4Os-s nanofibers demonstrated excellent rate capability and could
withstand 100 cycles under 300 mAg™ current density. Doping the B sits with different valence
ions has improved the conductivities and introduced numerous active sites that promote the
oxygen reaction kinetics [128]. A similar study was conducted by Cheng et al. with
Lao.6Sro.4C00.2Fe0.sOs nanoparticle-based cathode. Even though an impressive discharge
capacity of 13,979 mA h g~* was recorded, the battery could not survive more than 20 charge/
discharge cycles[255]. Further, an outstanding synergy in betweenCo3O4 nanoparticles and
LaCoo.6Nio.403 nanofibers was reported by Sun et al. towards providing improved
electrocatalytic activity [256]. During the study, ultrafine CosO4 nanoparticles were anchored
on electrospun LaCoo.sNio.403 nanofibers via a hydrothermal process, as illustrated in the
schematic diagram in Figure S5(a). Figures S5(b, c¢) provide SEM and TEM micrographs of

the synthesized catalyst. A low charge voltage plateau around 3.7 V and a high specific
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discharge capacity of 11,288 mA h g~* were observed at the first charge. Outstanding stability
with 116 cycles at 1000 mA g* current density further verified the excellent catalytic activity
of the Co304/LaCoo.6Nio 403 catalyst towards OER and ORR Kkinetics. The researchers urged
that the sheet-like morphology of the produced Li202; shown in Figure S5(d), was the key to
the low charging overpotential and the better cycling stability, which facilitates the dissolution
of the peroxide during the battery charges. The article also stressed that the uniformly
distributed Co304 nanoparticles at the surface of LaCoo.6Nio.403 may help to form such a 2D-
structured Li202. As graphically illustrated in Figure S5(e), a higher number of surface catalytic
sites in the developed catalyst helped to increase the chemisorbed of oxygen. As a result, the
discharge products formed uniformly along the surface of the cathode in a thin sheets-like
rather than spherical morphology. This study is one key example advocating the surface-
mediated mechanism over the solution-mediated mechanism, even though it’s not very clear
whether a thicker layer exceeding 9 nm was formed during the study to achieve such a high

discharge capacity.

Surprisingly fairly limited facet engineering studies were conducted up to date on metal oxides,
and we believe it’s very important to identify the high-performing crystal facets and engineer
the cathode structure in a way of maximizes the exposure of oxygen and discharged products
Cr203at the identified high-energy facets, to achieve enhanced oxygen kinetics in Li-O2
batteries. Lai et al. provided useful insight in this regard through the analysis of OER activity
of different facets of Cr2.03, and they found high OER activity in Li-O2 batteries can be
achieved by inhibiting the growth of low-energy facets of Cr203 [136]. Researchers were able
to inhibit the growth of (012) low-energy facet by adding anatase TiO2 into the synthesis
mixture and achieved impressive OER activity during the battery charging (0.12 V lower than

Ru/C) owing to strong interactions between uncoordinated sites on the high-energy facets (ex.
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116 and 110) and the intermediates as Li2xO2. We believe it’s worth investigating the strategy

further with better-performing catalysts as MnOz, and CosO4 and their complex structures.

Table 4 summarises the different design parameters discussed related to TMO-based catalysts
with the corresponding reported performance. High resistance is one of the critical drawbacks
repeatedly reported in the literature. In general, binary oxides and perovskites with mixed
valances provided improved catalytic activity. Even though the techniques were yet to mature,
the novel design strategies focusing on the surface energy of metal oxides eqg orbital occupation
modulation via inhibiting the low energy facet growth, and heteroatom doping started to be
proven as vital approaches in addressing the shortcomings in TMOs. As synthesis approaches,
the hydrothermal technique was more frequently used to synthesize binary and ternary metal
oxides, and perovskites were mostly synthesized through carbonizing the electrospun

nanofibers.

4.3.2. Transition Metal Sulfides and Selenides

Transition metal Sulfides (TMSs), selenide (TMSes), and TMOs have similar physicochemical
properties due to the similarity in their electronic structure [257]. However, TMSs have the
advantage of high electrical and lower tuneable optical bandgap. Many TMSs and TMSes, such
as CdSe and SnS2, are ideal semiconductors for applications like solar cells, photocatalytic
processes, and energy storage applications [257-260]. Therefore, TMSs can overcome the
previously mentioned shortcomings observed with TMOs associated with their poor electrical
conductivity. Moreover, loosely stacked structures and 2D structures of TMSs such as 2D
MoS: can provide enough spacing to accommodate discharge products such as Li2O2 with low
volume expansion. They can also act as the cathode, eliminating electrochemically unstable

carbonous electrodes and binders [261]. Furthermore, the verification of the support of TMSs
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towards ORR kinetics in fuel cell applications [262,263] and OER kinetics in water splitting

applications [264—-266] are a few other facts that favour the applications of TMSs in LABs.

Nickel and Cobalt Sulfide: The first study with a metal sulfide catalyst in aprotic LABSs was
reported in 2015 by Zhang, Z. et al. [267]. They synthesized flower-like (f-NiS) and rod-like
(r-NiS) nickel sulfide electrocatalysts via a hydrothermal method. During this initial study, f-
NiS performed with better OER and ORR activities over r-NiS, showing a higher discharge
capacity and cycling stability with 6733 mA h g tand 30 cycles, respectively, at 75 mA g .
The later studies conducted on NisS2 [268] were able to provide superior performances through
enhanced catalytic performances and controlling the morphological properties of the
discharged product, achieving stability over 100 cycles. Among various cobalt sulfide catalysts
experimented [269], CoS2 nanocage catalysts reported synthesized using a zeolitic imidazolate
framework (ZIF-67) as a precursor [270] yielded superior conductive network. Nevertheless,
the battery performances were limited. We believe, the identified parasitic products as LiCO3
and HCOzL.i are believed to be responsible for the early decay in performances. However, the
study doesn’t conclude the possible mechanisms of parasitic reactions, where an in-depth
analysis would help determine the factors affecting the forced decay in battery performances.
In comparison, DFT calculations conducted by Lin et al [271] reveals CosSs is having high
adsorption to O2 and intermediate discharged products over cobalt oxides as CoO. The
experimental evidence seems to be reflecting the theoretical observations where closely
arranged distribution of small hydrangea-like Li2O2 particles were observed in very large

quantities deposited along the edge sites of the CosSs on the discharged cathode.

Molybdenum Sulfide: Following the excellent catalytic activity provided by MnOg, the
efficiency of MoS: as a cathode catalyst material was also investigated for Li-Oz/Li-air

batteries, and particularly its 2D allotrope can be useful in LABs because it could allow for
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easy oxygen diffusion[272]. In previous reports, MoS2 provided a superior catalytic activity
towards ORR and HER reactions at its edge sites [273,274]. However, as in many other TMSs,
MoS:2 has low intrinsic electrical conductivity [275]. MoS2 mainly was anchored on a
conductive carbon skeleton, such as the work reported by Angun Hu et al.[268] to improve the
conductivity. MoSz nanosheets were in-situ grown on hollow carbon spheres (HCS) using a
hydrothermal reaction (at 200 °C for 24 h.) using thiourea and (NH4)sM07024-4H20 as sulfur
and molybdenum precursors, respectively as illustrates in Figure 6(a). The cathode with 4-9
layers thick MoS2 sheets on HCS performed well in the assembled LAB with a good discharge

capacity of 4010 mA h g and long cycling stability of 105 cycles.

Asadi et al. experimented with using the naturally occurring 2D transition metal
dichalcogenides as Li-O2 battery cathode by using the exfoliated MoS2 [261]. The battery
cathode was prepared by homogenously depositing 1-3-layer thick MoSz nanosheets on a
Toray carbon paper which was used as the GDL. The prepared electrode combined with an
ionic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4)) was reported as a
fine system catalyzing ORR and OER kinetics. As identified via DFT calculations, in the MoSz/
IL co-catalyst system, EMIM" ions cover the Mo atoms present at the edge, making the Mo
atoms isolated. However, the cycling ability of the assembled LAB cell is only limited to 25
cycles with relatively poor discharge capacity with 1450 mA h g*. Better conducting layered

dichalcogenides could provide improved performances with improved interfacial properties.

Manganese Sulfide: Even though MnOz2 has been identified as a very good catalyst to promote
oxygen Kkinetics at the cathode of the Li-O2 battery [85], it was only very recently the
electrocatalytic activity of MnS was evaluated. MnS is known as a p-type semiconductor and
is known to have three different phases called o, B, and y. Among these phases, a-MnS is a

green-colored rock salt-like stable structure, and the pink colour y-MnS is only stable at low
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temperatures [276]. Shuling Li et al. synthesized y-MnS using a solvothermal technique, and
0-MnS was also produced by heating y-MnS at 450 °C for 10 hours under an argon environment
as shown in the schematic presented in Figure 6(b) [277]. The LAB cathode fabricated by
spraying the ethanol-dissolved mixture of y-MnS catalyst onto a nickel foam exhibited strong
bi-functional catalytic activity showing only 0.693V potential differences in-between OER and
ORR peak potentials during the CV study, which is one of the lowest polarization potentials
reported. An outstanding discharge capacity (14017 mA h g* at 100 mA g current rate) and
stable cycle performance (87 cycles at 400 mA g current rate for a discharge depth of 900
mA h g?) further verified the strong bifunctional catalytic activity of a-MnS. The researchers
suggested; that (a) the unique cross-linked cashew-like and spherical pellets-like morphologies
of the discharged product (Li2O2) and (b) the high conductivity of large lattice volume

accounted for the improved performance.

Binary sulfides: In addition to monometallic transition metal sulfides, few studies reported
binary sulfides, such as NiC02S4 [278], CoNi2S4 nanorods [279], ZnCo2S4 nanosheets [280],
and MnCo2S4 nanosheets [281] as suitable cathode materials for Li-O2/Li-air batteries.
Compared with TMOs and monometallic TMS, binary sulfides have high electric
conductivities and a larger number of redox catalyst sites, which could enhance the catalytic

performance [282].

The LAB cathode prepared by growing MnCo2S4 nanosheets (MCS NSs) on carbon paper
(MCS/CP) showed a discharge capacity of 10760 mA h g* and excellent cycle stability with
the cell sustained over 96 cycles at 200 mA g current rate for a discharge depth of 500 mA h
g [281]. The binder-free electrodes were prepared by vulcanizing the electrochemically
deposited Mn-Co-sulfate NSs on the carbon paper as illustrated in Figure S6(a). It was reported

that Mn-Co-sulfate NSs were modified as mesoporous structures of MCS under given

61



conditions (Teflon-lined stainless-steel autoclave at 180 °C for 10 h). The mesoporous
structure, superior electrical conductivity, larger surface area, and high affinity toward LiO2 in
MCS/CP are responsible for the superior catalytic performance over the similarly prepared

ternary oxide (MCO/CP) electrode.

In another important study conducted by Anjun Hu et al. [279], the remarkable cycling stability
of 588 cycles (at 500 mA g current rate for a limited capacity of 1000 mA h g) was achieved
by anchoring 3D mesoporous CoNi2S4 nanorods on a carbon textile (CNS-RAS/CT) as the
cathode of LAB. The CNS-RAS/CT cathode was prepared by directly growing the CNS
nanorods on the CT through a two-step hydrothermal procedure. Co/Ni nanorod arrays were
grown on CT in the first step. Then, the Co/Ni nanorods were converted into CNS structures
by reacting with Na2S in an autoclave at 160 °C for 6 hours where the schematic of the process
is shown in Figure S6(b). The authors observed a full coverage of the CT with the CNS
nanorods. The CNS-RAs/CT showed very good electrical conductivity and open spaces in the
cathodic structure, which contributed to the superior stability of the cell. In addition to the long
cycle stability, the cell also exhibited a reasonable discharge capacity (5438 mA h g) and

lower ORR (0.36V) and OER (1.19V) overpotentials.
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Figure 6: Binary Sulfides used at LAB cathodes (a) In-situ growth of MoS2 nanosheets on
hollow carbon spheres (HCS) using a hydrothermal reaction [254], (b) Schematic diagram

for solvothermal synthesis of y-MnS and the production of a-MnS via heat treatment of y-

MnS at 450 °C under argon environment [277], (c) illustration of d-band electron
configuration modulation for higher catalytic activity using DFT calculations, and (d) its
effect on Li-O: battery cycle performance at 1000 mAg™ [272]. Reprints with permission
from ref [254]. Copyright 2019 American Chemical Society
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TMS on doped carbon nanostructures: The hybrid cathode prepared by P. Ramakrishnan et
al. by wrapping FeS nanoparticles with N and S doped 3D nanofoam (FeS-C) delivered a high
discharge capacity of 14 777.5 mAh g at 0.1 mA cm 2 current rate [283] The cell survived
for 100 cycles when cycled at a limited discharge depth of 500 mA h g™ at 0.1 mA cm 2 with
a relatively lower polarization gap of 0.73V. The hybrid was prepared by carbonizing the MOF
using iron sulfate heptahydrate, citric acid, glycine, and DI water at 1200 °C for 5 hours. In this
hybrid, the uniformly distributed FeS nanoparticles promote the OER reaction by oxidizing
Li202 while the 3D carbon provides the necessary support for gas diffusion, electron transfer,
and accommodating Li2O2. The dopant sites promote ORR reaction by adsorbing Li*, as
discussed in many other articles. It is worth mentioning here that the hybrid catalyst has a very
low percentage of carbon (< 5%). As was understood by reviewing the previous reports, it
could help to minimize the number of side products produced during the discharge, which leads

to deuterating the Li-O2 battery performance and cycle life.

In another study, Yuan Cao et al. prepared a cathode based on CosSs nanoparticles encapsulated
by S and N dual-doped graphitic shells (CosSs@G/NS-PCNF) as indicates in the provided
schematic diagram; see Fig S6(c) [284]. The prepared cathode showed a high of 8269 mA h g1
at a current density of 100 mA g—1 and a small polarization gap (1.52 V). The LAB with the
C09Ss@G/NS-PCNF cathode could be cycled for over 60 cycles at 200 mA g ! with a fixed
capacity of 1000 mA h g *. Suyeon Hyun et al. prepared NiCo2S4 nanoparticles anchored on S-
doped porous carbon nanostructure [285] and used them as the active materials for the cathode
of the LAB. A high discharge capacity of 14173 mA hg * at 150 mAg ! and considerably high
cyclability over 100 cycles for 1704 h were achieved. The improved electrocatalytic activities
were attributed to the low ohmic resistance and the mesopore structure with 20-30 nm pore

diameters.
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It was noteworthy to mention that, during the studies by Anjun Hu et al. [279] and Yuan Cao
et al. [284], the researchers were careful about exposing the least amount of carbon materials
to the discharged and intermediate products, and it seems to work in favour of the researchers.
This could be another strategy that could be experimented with in future studies not limited to

TMS.

In previous sections, different strategies were used to improve the battery performance by
enhancing the catalytic activity via reducing the occupancy in the high energy sub-state (eg) of
the d-orbitals, allowing strong adsorption on catalytic sites, and the diagram in Figure 6(c) is
further illustrating the concept. Zhou et al. were successfully able to enhance the Li-O2 battery
performances by modulating the e occupancy of NiS by forming a hierarchical heterostructure
with MoS:z [146]. As DFT calculations suggests, as the heterostructure forms, the relatively
high electronegativity of Ni atoms was able to withdraw electrons from the Mn atoms, leaving
unsaturated eg orbitals as its occupancy was lowered. The conducted density of the state (DOS)
calculations reveals the formation of an internal electrical field promoting migration of charges
through the formed interface as the common facets of MoS2 (002) and NiSz (210) are having
different work functions, where the MoS: and NiS, phases are having characteristic
semiconductor and metallic properties respectively. The formed semiconductor-metallic
interface was proven to support the adsorption of reaction intermediates, while the delocalized
electrons in MoS2 was also understood to promote the reaction kinetics and the overall battery
performances. The heterostructure cathode material helped achieve high cyclability with 450
cycles as illustrates in Figure 6 (d) and a large discharge capacity of 16528 mA h g exceeding

the performance of many other TMS-based cathodes used in Li-O2/Li-air batteries.

The performances of discussed different binary, ternary, and hybrid TMS catalysts are

summarised in Table 5. Among them, manganese-based catalysts produced better catalytic
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activity, but the performances were fairly limited. In contrast, the ternary and hybrid catalyst-
based batteries exhibited much-improved performances. The relatively higher conductivity of
such compounds may reduce the interfacial resistance between the electrolyte and the current
collector, allowing the cell to operate at a relatively lower potential window, which minimizes
the decomposition of the electrolyte and the supportive carbon network. But the long-term
stability of the catalyst doesn’t report to be as strong as the oxides. A distinguishable
improvement in electrocatalytic performances was observed as a minimum portion of the
carbon scaffold is exposed, and also through the eg orbital occupation modulation, further
research in the mentioned topics is essential to uncover the successful pathways of designing

advanced LAB technology.

4.3.3. Transition Metal Phosphides
Despite continued improvements, the cathodes based on TMOs and TMSs and their hybrids
still have many challenges to overcome related to cyclability and charging overpotential mainly
due to the relatively low conductivities. As an alternative, Transition Metal Nitrides (TMNSs)
and Transition Metal Phosphides (TMPs) were started to be utilized as LAB cathodes since
they are known for higher electrical conductivity and better stability elsewhere related to
anticorrosive studies and water-splitting applications. As a fact, TMPs and TMNs have shown
promising results in water-splitting studies as bifunctional catalysts for HER and OER
reactions in the last couple of years. NisN produced by calcining Ni foam with thiourea [286],
CosN produced by N2 plasma treatment of CosO4 nanowires [287], and Co-doped CosN
prepared via hydrothermal process [288] are some examples of the TMN used for water
splitting applications. With regard to TMPs, the most common methods to prepare the catalysts
are the thermal treatment with PHs gas, the thermal decomposition of NaH2PO:2

[283,286,287,289] or the treatment with red phosphorous[288,290].
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Monometallic Phosphides: Nanoflakes of MoP was one of the first TMPs tested in LAB
functionality. During the study conducted by Minghui Wei et al., hydrothermally produced
MoOs was converted into MoO2 and MoP nanoflakes by thermal phosphodising using
NaH2PO2. The free-standing cathode prepared with in-situ deposited MoP nanoflakes on
carbon cloth could deliver a discharge capacity of 4.15 mA h at a current of 0.1 mA and a long
cycle life of 400 cycles. The cell also exhibited higher anodic current density, lower
overpotential between cathodic and anodic onset potentials (0.81V), higher cyclic efficiency
(95%), and full decomposition of discharge product (Li2O2) [291]. The same group also
developed an LAB cathode based on MoP quantum dots. Instead of carbon cloth, MoP quantum
dots were anchored on N, P co-doped hollow carbon fibers (MoP QD@HCF) via hydrothermal
and subsequent heat treatment step at 800 °C for 3 hours [292]. The synthesis of MoP
QD@HCF was confirmed by XRD, SEM, TEM, and EDX analysis, as shown in Figures 7(e-

).

The hollow fiber structure provided reasonable support for gas diffusion, numerous catalytic
sites, and a large contact area between the electrolyte and the cathode. The assembled Li-O2
cell could deliver a relatively high discharge capacity (6.75 mA h cm™2) and lower
overpotential. However, the cell struggled with low cycle stability (30 cycles), raising questions
about the practicality and stability of MoP QDs as bifunctional catalysts. In another example,
Zhang et al. prepared CoP microspheres via a hydrothermal process using CTAB as the soft
template and Co(NOs)3.6H20, and NaH2PO4.2H20 as Co and P sources, respectively,
exhibited in Figures 7(a, b). The cathode fabricated using these CoP microspheres delivered
encouraging results with good round trip efficiency (>90%), reasonable discharge capacity
(2994 mA h g* at 100mA g1), and cycle stability (up to 80 cycles at 500mA g* current rate)

[293].
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Table 4: Summary of input parameters and resultant outputs in LABSs made using TMS-based
cathodes
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Bimetallic Phosphides: Similar to bimetallic sulfides and oxides, binary phosphides could
provide better OER activity over the monometallic due to the improved conductivities and
abundance of the active sites. Bimetallic Co and Fe were amongst the first TMPs to be
investigated [295,296]. Kailing Sun et al. developed a LAB cathode using CoFeP nanodots as
the active catalytic layer [297]. A three-step process prepared the catalyst: pyrolysis and
phosphorization, followed by a freeze-drying step. The egg white was used as the nitrogen-rich

carbon source, and the NaCl was used as the template and washed away before the
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phosphorization step as illustrated in Figure 7(c). The LAB assembled with the CoFeP
nanodots as the active material sustained up to 141 cycles and delivered a maximum specific
discharge capacity of 11969 mA h g at 100 mA g displaying better cycle stability. We
believe the capacity could be further improved by increasing the percentage of mesopores in

the catalyst structure since the morphology indicates the micropores are dominant.

During the study conducted by Huagen Liang at el., a Li-O2 battery was assembled using a
self-standing cathode prepared using NiFeP nanoparticles deposited on a 3D biochar network,
shown in Figure 7(d) [298] The cathode was prepared via the phosphodisation of pre-
synthesized NiFe-Prussian blue analogs (PBA)/biomass precursors using red phosphorous at
900 °C for 4 h under an Ar environment. The synthesis of NiFe-PBA)/biomass precursor was
carried out by following one of their previous studies [299], and NiFe-PBA deposited pomelo
peels were calcined at 1000 °C under an Ar environment to prepare the NiFe-PBA/Biomass
precursor. The XRD, HRTEM, and XPS analysis indicated that NiFeP nanoparticles had the
composition of Fe-doped Ni2P, and the surface of the catalyst was also oxidized. The Li-O2
battery assembled with the NiFe-PBA-based catalyst performed better than the TMP-free P-
doped Biochar catalyst. The battery with NiFe-PBA-based catalyst survived over 90 charge-
discharge cycles and provided a specific discharge capacity of 10.9 mA h g catnode at a current

density of 0.05 mA cm 2.

With limited literature, it’s difficult yet to provide an in-depth review of the performances of
TMPs as LAB cathodes. But it’s great to observe the results presenting in more meaningful
means as capacity/cm? or as capacity/weight of the cathode. With that information only, one
could have a real impression of the capacity of the assembled battery. As per previous sections,

the results summarised in Table 6, and overall, of TMPs provide impressive outcomes, and
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better-performing TMPs could expected to be reported sooner if the previously discussed

catalytic activity boosting strategies could effectively tune the properties of TMPs.

4.3.4. Transition Metal Nitrides
To overcome the barriers of forming irreversible Li2O2, side products, and low electrical
conductivity of the air cathode, transition metal nitrides (TMNSs) have also been utilized as a
potential alternative bifunctional catalyst as TMPs in recent years. TMNs such as nickel nitride
[300], cobalt nitride [301] and bimetallic nitrides as cobalt-molybdenum nitrides [302] were

successfully utilized in various energy storage applications.

Among various TMPs, CosN is reported to be an efficient bifunctional catalyst due to its
metallic nature, good stability, and better catalytic activities[298,299]. Ki Ro Yoon et al.
reported that long-cycle stability (177 cycles at 200 mA h g current rate with the restricted
capacity of 1000 mA h g*) was achieved as brush-like CosN catalyst anchored on N-doped
carbon nanofiber (CNF) used as the free-standing cathode. The brush-like Co (OH)F
nanoparticles were grown on the electrospun CNF via a hydrothermal process, where
CoNOz3.6H20, urea, and NH4F were used as the key ingredients. The self-standing cathode
(CosN/CNF) was prepared through a nitridation step at 550 °C for 2 hours under an NH3 gas
environment. The CosN particles were found to be coated with a thin layer of cobalt oxide,
giving additional support for the adsorption of LiO2. It also facilitated the deposition of film-
like Li2O2 on the cathode surface, which is known to be easy to decompose in the charging

over the toroidal Li2Oz2 crystal and could form through the solvation-mediated pathway.
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Figure 7: (a)XRD (b)SEM of hydrothermally synthesized CoP microspheres [280], (c)
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Table 5: Summary of input parameters and resultant outputs in LABs made using TMP and

TMN-based cathodes.
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In addition to CosN, molybdenum nitrate was also tested as the air cathode of LABs. The study
by Shanmu Dong et al. was not very successful, with the assembled cell surviving only for 7
cycles and the specific discharge capacity limited to 1490 mA h g?l. The catalyst was
synthesized by annealing hydrothermally produced MoO2 under NHs gaseous environment at
800 °C. The electrolyte decomposition (ethylene carbonate (EC) and dimethyl carbonate
(DMC)) might have caused the early deterioration of the battery performance. [303] Cycle life
was improved up to 30 cycles when a TEGDME-based electrolyte was used with a similarly

produced MoN catalyst-based cathode [304].

In another attempt, Fujun Li et al. used TiN nanoparticles anchored on Vulcan XC-72 as a
bifunctional catalyst for Li-O2 batteries [305]. The selection of TiN as the active material was

based on the success of its nanowires allotrope attached to carbon black in fuel cell experiments
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[307]. The catalyst was prepared through a template-based method to obtain better contact
between the carbon skeleton and the metal nitride nanoparticles. The TiN catalyst exhibited
high bifunctional catalytic activity due to high electrical conductivity and the electrochemical
stability of TiN. The reported discharge capacity was 6407 mA h geabon> and the cycle
performance (20 cycles) was not among the recent best results. As discussed by the authors,
the gradual oxidation of TiN into TiOz2 (especially at higher potential) might rapidly depreciate

the battery performance.

The improved catalytic performance of bimetallic oxides, sulfides, and phosphides over their
monometallic counterparts encouraged several research groups to try bimetallic nitrides. Kejun
Zhang et al. developed CosMosN as an effective bifunctional catalyst at LABs [306] The
catalyst selection was strongly based on previous success in the selected binary nitride in
catalyzing hydrogen evolution [308] and ammonia synthesis [309] The prepared mesoporous
catalyst was homogeneously distributed on a stainless-steel current collector. The desired
electrochemical performances were not achieved, where the specific discharge capacity was
limited below 1850 mA h g* at a current density of 0.1 mA cm™2. Further, the LAB could only
be cycled for 16 cycles. Improving the interface between the catalyst and the stainless-steel
skeleton may improve the battery performance by reducing the impedance. Also, better
engineering of the electrode might help reduce the corrosion observed in the current system

during the discharging of the cell.

As summarized in Table 7, the TMNs were commonly produced by annealing the intermediate
product under an ammonia environment. In most cases, the catalytic performances of these
materials are found to be not as good as other types of previously discussed catalysts. The
reported discharge capacities and cycle stability were considerably low as compared with

TMOs, TMPs, and noble metal derivatives. Since a relatively small number of studies carried
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out up to date using TMNs at LAB cathodes, improved results can be expected in future studies,

employing TMNSs as standalone catalysts, and as a component of hybrid catalysts.

4.4. Hybrid Catalysts
In recent years, various hybrid bifunctional catalysts were tested at the cathode of LABs
expecting better functionality over individual catalyst materials. In addition to the hybridization
of the active materials with carbon skeleton, which has been discussed in previous sections,

there are attempts to use more than one catalytically active material per cathode.

Lulu Huang et al. reported a hybrid bifunctional catalyst suitable for LABs produced by in-situ
synthesizing yucca-like CoN- CoO nanoarrays on top of a pre-treated carbon paper. The
catalyst was produced by partial nitriding the hydrothermally synthesized Co(OH)F nanoarray
precursor. The assembled Li-O2 cell sustained 200 cycles at 100 mA gt with a limited capacity
of 500 mA h g * and delivered a discharge capacity of 5423 mA h gt at 50 mA g*. The authors
highlighted that partial nitridation is critical for enhanced cell performance. The additional
oxygen vacancies and nitridation provided the required support to obtain enhanced OER and
ORR performances. The 3D mesoporous morphology of the cathode provided enough space

for gas diffusion and to accommaodate the discharge products [310].

A Dbetter-performing hybrid cathode for LABs was reported by Zonghuai Zhang et al. The
catalyst was produced by decorating the NisS2 layer on top of electrospun fibers of double
perovskite PrBao.sSrosC020s-5 (PBSC) [311] As discussed in previous sections, perovskites'
catalytic activity and pore structure yield a high specific discharge capacity of over 10, 000 mA
h g~* [251]- [256]. However, the full reversibility remained questionable, and many authors
reported fast capacity fading [128,312]. The work by Zhang et al. addressed this issue by
depositing a layer of NisSz via the atomic layer deposition (ALD) technique. The novel cathode
yielded high discharge capacity (12784 mA h g *at 100 mA g?), low overpotential (0.68 V),
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and good cycle life (120 cycles with a limited capacity of 1000 mA h g% which discharged at
a rate of 100 mA g?). The authors reported improved performance over the uncoated
perovskite or the transition metal sulfide. The synergy of two catalysts and the high amount of
surface oxygen vacancies (022" and O") generated as the sulfide was deposited were recognized

to be responsible for the enhanced performances of the LAB.

Peng Wang et al. developed a hybrid cathode where the noble metal Ru and TMP (Co2P) were
anchored on N-doped CNT. The assembled cell outperformed previously reported cells with a
TMP catalyst-based cathode with a discharge capacity of 18 048 mA hgtat 100 mA g (12800
mA h gV. The cell exhibited good cycle stability of 185 cycles at 100 mA g*. The low
ORR/OER overpotential (0.75V) and high peak currents further verified the effectiveness of
the synergy of Co2P and Ru in promoting oxygen kinetics. Unlike the previously reported
mechanisms of synthesizing TMPs, the researchers produced the hybrid catalyst by in-situ

pyrolyzing all the precursor materials together at 900 °C under Ar flow [313].

Outstanding cyclic stability of more than 300 cycles (with 1000 mA h g limited discharge
depth at 200 mA h g1) was reported by Peng Wang et al. for a composite of NiO and
NiCo02S4 [314]. NiO nanotubes were hydrothermally grown on NiC02S4 nanoarrays, which
were also synthesized hydrothermally on pre-treated carbon paper. The developed three-
phase hybrid heterostructure was used as a binder-free self-standing air cathode. In addition
to the long cycle stability, the NiO/NiCo2S4 cathode demonstrated a lower overpotential (0.88
V) and high specific discharge capacity (10 050 mA h gt at 200 mA g 1), thanks to the
synergy of NiO and NiCo2S4 towards promoting ORR and OER kinetics. The authors
explained the reversibility and the low potential of the 2D nature of the Li2O2 product [128].
Interestingly the relatively large 3-5 pum length peasecod-like Li2O:2 particles were

successfully decomposed during the subsequent charging. This is one of the few instances
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where large Li20: particles could be successfully recycled, including the previously discussed

study of Xiaodong Lin et al. with hydrangea-like large Li2O2 deposits [271,315].

A few other articles can also be found that achieved a similar outcome by hybridizing two or
few noble metal derivatives, transition metal compounds, and doped porous carbon structures.
For example, stability of over 200 cycles could be achieved on a cathode fabricated with RuO2
nanoparticles and NiO nanosheet catalyst [316]. In another example, a low overpotential
(0.32V), outstanding discharge capacity (26 833 mA h g), and remarkable cycling stability
(200 cycles at 300 mA g™) were recorded for Sr and Fe co-doped LaCoOs perovskite-based
cathode. [317] Overall, hybrid catalysts were shown to improve discharge capacity as well as

cycle stability.

It's wonderful to observe some better-performing catalysts can be derived through hybridizing
two or more individual catalysts. But also, it has been witnessed above that a hybrid catalyst
does not guarantee an enhanced LAB performance, and the individual materials need to be
selected carefully with a meaningful rationale. Further, it’s essential to develop an in-depth and
solid theoretical understanding of the role of solid catalysts on Li-O2 battery cathode, and we
believe associated concepts related to molecular orbit theory need to be studied to a depth to
understand the possible combinations of catalysts that could work together. With such an
understanding, the electronic structure of the hybrid structure can be modulated to obtain a
useful eq orbital occupancy, enabling enhanced interactions with oxygen and reduced oxygen

compounds.

It’s further important to adhere to the Sabatier principle in constructing catalyst
heterostructures. It’s a very popular concept related to HER catalysts [318], and it could align
with Li-Oz batteries with the meaning that the ideal ORR/OER catalyst should have balanced

adsorption of the oxygenated intermediates neither too strong nor too weak to achieve a greater
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balance between the adsorption and desorption of adsorbates. Tian et al. recently obtained a
volcano-type correlation between the catalytic activity and the d-band centre, indicating the
applicability of the Sabatier principle as a general guidance to develop high-performing

catalysts for the Li-O2 battery applications [319].

Table 6: Summary of input parameters and resultant outputs in LABs made using hybrid
cathodes
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4.5.Redox Mediators

In addition to solid-state bifunctional electrocatalysts, solution phase catalysts as redox
mediators (RM) have been used to improve the oxygen reaction kinetics and to protect the
cathode from side reactions. Even though the scope of our article is limited to solid catalysts,
we would like to acknowledge the recent developments in solution phase/homogeneous

catalysts through a brief discussion of their recent progress.

We believe the initial thought behind developing homogeneous catalysts is to reduce the
charging overpotential. The charging mediators were designed in a way that they oxidized at
the electrode surface (RM to RM™), and they promoted the oxidation of Li2O2 in the electrolyte,
as they diffuse to the electrolyte. Chen et al. reported one of the early studies on oxidating RMs

using tetrathiafulvalene (TTF) [323], demonstrating that OER Kkinetics can be greatly

improved by using redox mediators. Passing generations, nitroxide-based mediators are
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currently considered state-of-the-art technology, and 2,2,6,6-tetramethylpiperidinyloxyl

(TEMPO) [324] gained much attention due to its superior performance.

Similarly, the ORR redox mediators were able to support the oxygen reduction process,
supporting the formation of Li2O2 by acting as mediators. But the advanced ORR redox
mediators like 2,5-ditert-butyl-1,4-benzoquinone (DBBQ) were able to catalyze the reaction,
through an alternative reduction pathway skipping the production of highly reactive LiO2 as

reaction intermediates, with elevated reduction potentials compared to direct reduction [325].

As Gao et al initially demonstrated, the bi-functional redox mediators with the combination of
TEMPO and DBBQ were able to demonstrate a substantial improvement in Li-O2 battery
performances observing a greater synergistic effect [326]. The ability to perform the reactions
away from the electrode surface helped to minimize the parasitic reactions, helping the
endurance of the battery significantly. Further, carbon-based porous cathode materials could
be sustained in the mentioned systems where the electrodes are least affected during the

operation.

The current challenges observed related to redox mediators are, shuttling pollutants towards
the Li metal anode known as redox-shuttling, and their instability against ROC and singlet
oxygen [327]. However, we believe the main challenge for redox mediators will arise in the
future with the further developments in ionic liquids and solid-state electrolytes, and the current
development in organic electrolyte-based redox mediators will become ineffective under such
environments. In such scenarios, the solid-state catalysts are ones expected to provide the
essential catalytic activity. Even though many such efforts have yet to be conducted, an
interesting study was recently reported by a group of researchers from the Illinois Institute of
Technology, led by the pioneers of the field, Larry A. Curtiss, and Mohammad Asadi [328].

The battery is made out of Li chip anode, composite polymer solid-state electrolyte with

81



Li1oGeP2S12 nanoparticles embedded in LiTFSI- polyethylene oxide (PEO) matrix, and MosP
nanoparticles-based cathode delivered extraordinary well performances with reaching 1000
cycles with only 0.43V overpotential mainlining a almost 100% coulombic efficiency
throughout. Hence, we could assume that future directions in LAB will bench-mark the

mentioned studly.

5. Summary and Perspectives
In the article, we have reviewed recent advances in designing bifunctional catalysts for LAB
cathode, emphasizing the relevant catalyzing and degradation mechanisms. The article was
initiated by introducing state-of-the-art technology, identifying the challenges ahead for energy
storage devices, and emphasizing the need of the hour for a viable LAB technology. While
introducing the LAB technology, a brief introduction to unsolved challenges and an overview

of the article were provided.

In the next section, we discussed the role of individual components of the battery, state-of-the-
art technology, and the current concerns regarding it. Later in the section, we provided a rich
discussion on the ORR and OER operation principles according to current understanding,
where some concepts are still contradictory, and in which, we summarised the contribution of
the properties in the cathode to determine the morphology of the Li2O2 and the stability of the
intermediate lithiated-reduced oxygen components (Li2xOz). The discussion was further
extended towards providing an in-depth briefing on parasitic reactions and battery degradation

mechanisms, which is one of the areas, where significant grounds were made in recent years.

We identified six main categories of solid-state bifunctional catalysts: carbon-based
nanostructures, noble metals and oxides, transition metal oxides, transition metal nitrides,
transition metal sulfides, and transition metal phosphides. In individual sections, the reaction
mechanisms with pathways for parasitic reactions were discussed. Further, the advantages and
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the challenges against the progress as individual catalysts were discussed, including the
potential pathways to improve the catalytic activity by providing expert insight and relevant

examples.

We discussed the progress in carbon and doped-carbon structures as metal-free catalysts. The
studies we reviewed provided solid evidence of critical support by the graphitic basal plane
towards oxygen reduction, while the defective structures could accelerate the degradation
process through stabilizing highly reactive intermediate products on the cathode surface.
Electron structure modulation through N, S, P, I, and B doping was found to help promote fast
kinetics as individual or dual-doped structures. But irrespective of all the favouring facts as
lightweight, high conductivity, suitable pore structure, and inherent oxygen reduction support,
the major bottleneck against using carbon cathodes at Li-O2/LABs is that their instability
against Li2O2 and other reduced oxygen intermediates, where only possible use case scenario
is with dual redox mediators, in which total oxygen chemistry is occurring away from the

cathode surface.

As in many other related fields, we found excellent catalytic activity by noble metals in Li-O2
batteries as well. While Pt, Pd, and RuO2 provided excellent ORR and OER support. Studies
revealed that electronic structure in noble metals can be tuned by alloying with other metals,
where the occupation in the high energy eq orbitals can be reduced by withdrawing the electrons
out, facilitating a better-suited unsaturated environment for strong oxygen and intermediate
product adsorption. Particularly, it’s interesting to observe the surface electron modulation
achieved for other reviewed catalysts yielding strong outputs. Anyway, the high cost and

scarcity of resources are still serious concerns against using noble metals in batteries.

We review the progress in first-block transition metal-based catalysts with great excitement,

where many studies were conducted on transition metal oxides. TMOs were able to provide
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high OER catalytic support through adsorbing reaction intermediates, which enough evidence
could not be found for carbons. In Li-air batteries, binary oxides, and perovskites provided
greater catalytic support over unitary oxides, with the availability of multiple cations at
different valances, and their tuneable nature. Similar to carbon doping and noble metal
alloying, the eg occupancy in TMOs was able to be optimized through several techniques. One
key technique discussed during the study was doping the binary oxides with a third heteroatom
or synthesizing the ternary oxides. The other approach we discussed with great interest was
related to facet engineering, where high reaction kinetics were obtained through the selective

growing of high-energy facets with suitable adsorption energy for reaction intermediates.

Newly developing catalysts of transition metal sulfides, nitrides, and phosphides were also
found to progressing well, exceeding the performances of TMOs, where the semiconducting
features in those found to overcome the conductivity barrier and the high charging
overpotential observed in the TMO-based LABs. The studies proved that similar approaches
could be used to further boost the catalytic activity in the sulfides and the phosphides. Further,
we pointed out that hybrid catalysts don’t always guarantee a better synergistic effect unless
they are selected wisely with a reasonable rationale. Even though research on TMPs and hybrid
catalysts is still in its initial stages, we believe, those materials could turn out into superior
bifunctional catalysts delivering stable fast kinetics allowing Li-O2 batteries to operate faster
for long durations with high energy efficacy. Since phosphides and sulfides were already found
with high energetic facets and edge sites respectively, we believe a hybrid structure of those
could optimize the eq orbital electron structure for better effect. We further emphasize closely
following the Sabatier principle in constructing catalyst heterostructures, in which very limited

efforts were taken to date related to Li-O2/Li-air batteries.
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Even though it’s not the greatest interest in the review article, we briefly review the progress
related to redox mediators acknowledging its decent growth in recent years. Simultaneously,
we illustrate the greatest obstacle against its future, its incompatibility with solid-state
electrolytes, demonstrating a recent publication from Asadi et al., where the synergy of solid-
state electrolyte and MosP-based cathode was used to drive LABs over 1000 cycles with near
100% efficiency and <0.5 V charging overpotential. We believe the parallel success in solid-
state electrolytes will lead to an interesting future for LAB research even though many
complexities are yet to unravel in understanding the stability of newly developed catalysts, the

stability of the electrolytes in their presence, and so on.

Finally, we tried to build a possible correlation in-between the properties of the cathode
materials, and its design parameters against the outcome of the study as presented in Figure 8,
using the results available in the reviewed documents. But surprisingly, we couldn’t generalize
the relationships confidently. Rather than the unavailability of correlations, the issue could be
related to the style of reporting, which makes it difficult to compare the outcomes of two similar
studies. We propose reporting areal capacity or the capacity considering the whole cathodic
weight could be a more consistent approach, which allows a more adequate and accurate

comparison between studies, ultimately helping for the true evolvement of the field.
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Figure 8: Summary of LAB performances, (a)-(c), (e), (f) Discharge capacity variation in
different catalyst type and their co-relations with discharge current density, cycle number,
shape of the discharge product, pore size, and overpotential respectively, (d) Cycle number

and discharge capacity variation vs. overpotential.
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