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Abstract: A large volume of research on lithium–oxygen (Li–O2) batteries (LOBs) has been conducted
in the recent decades, inspired by their high energy density and power density. However, these future
generation energy-storage devices are still subject to technical limitations, including a squat round-trip
efficiency and a deprived rate-capability, due to the slow-moving electrochemical kinetics of both the
oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) over the surface of the cathode
catalyst. Because the electrochemistry of LOBs is rather complex, only a limited range of cathode
catalysts has been employed in the past. To understand the catalytic mechanisms involved and
improve overall cell performance, the development of new cathode electrocatalysts with enhanced
round-trip efficiency is extremely important. In this context, transition metal carbides and nitrides
(TMCs and TMNs, respectively) have been explored as potential catalysts to overcome the slow
kinetics of electrochemical reactions. To provide an accessible and up-to-date summary for the
research community, the present paper reviews the recent advancements of TMCs and TMNs and its
applications as active electrocatalysts for LOBs. In particular, significant studies on the rational design
of catalysts and the properties of TMC/TMN in LOBs are discussed, and the prospects and challenges
facing the continued development of TMC/TMN electrocatalysts and strategies for attaining higher
OER/ORR activity in LOBs are presented.
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1. Introduction

The environmental pollution and climate change caused by the use of fossil fuels have been major
causes of concern worldwide. To restrict the consumption of fossil fuels, alternative renewable energy
storage devices with an enhanced energy density and power densities, including lithium-ion batteries
(LIBs) [1–4], lithium–air (Li–O2) batteries (LOBs) [5,6], and supercapacitors (SCs) [2,7,8], have been
developed for use in applications such as hybrid electric vehicles, off-grid electricity, and miniaturized
electronic devices. LIBs and LOBs are also widely employed in high-energy devices due to their longer
self-discharging time and excellent specific capacity. The specific energy density of LOBs (a theoretical
and practical energy density of 5200 Wh kg−1 and ~1000 Wh kg−1, correspondingly) is larger than that
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of LIBs (200 Wh kg−1) [9], meaning that LOBs are able to power electric vehicles for more than 500 km
on a single charge.

However, their poor capacity, large polarization during the charge–discharge process,
short lifespan, sudden fade in capacity, and sluggish electrochemical kinetics for the oxygen evolution
reaction (OER) and the oxygen reduction reaction (ORR) has restricted commercialization of LOBs,
while their storage capacity also needs to be increased for commercialization. In addition, the large-scale
production of these batteries needs further research attention because it is not easy to attain high
energy and power density simultaneously and because current fabrication processes are expensive
and have safety issues. To overcome these drawbacks, nano-carbonaceous materials such as graphene,
graphene oxide, carbon nanotubes (CNTs) and, their composites, transition metal chalcogenides,
metal–organic frameworks (MOFs), and transition metal carbides (TMCs) and nitrides (TMNs) and
their two-dimensional (2D) layered composites (MXenes) have been investigated because of their
inherent synergistic physicochemical and electrochemical properties.

In the past two decades, the discovery of graphene and its unique properties has opened up a
new avenue of research with regards to 2D materials [10–15]. Graphene and its composites have thus
been broadly utilized in energy storage and conversion devices, but, due to the mono-layer thickness
of graphite, they offer only a limited range of applications. On the other hand, graphene analogues,
including 2D layered transition metal oxides, phosphides, sulfides, and selenides, have been considered
capable candidates for use in energy storage devices because of their ultrathin nature and planar
topology [16]. However, due to their low working potential, poor specific capacity, weak cyclability,
and high-temperature synthesis, these compounds have yet to be commercialized. In the past decade,
MOFs and their nanocomposites have also been investigated as excellent candidates for use in LIBs
and LOBs owing to their adjustable physicochemical characteristics and ultra-high surface area.
Nevertheless, the cycling performance of MOF-based electrodes is inferior to transition metal sulfides
and selenides [17].

In recent years, numerous efforts have been made to find an alternative to noble metal catalysts
and to design non-precious metal catalysts, including 2D transition metal chalcogenides, metal oxides,
and metal carbides and nitrides. Of these, TMCs and TMNs have received particular attention due to
their outstanding catalytic performance and high electrode material stability, which is similar to that
exhibited by commercial Pt-C catalysts. In addition, their 2D layered form MXene and its composites
have been employed in various materials science applications, including energy storage devices.
As shown in Figure 1, TMC/TMNs including MXenes offer high electrical conductivity, hydrophobicity,
the quick diffusion of ions and molecules, easily adjustable structures, good thermal stability, a tunable
structure and thickness, and a high surface area [18,19].

Figure 1. Schematic illustration of the properties of transition metal carbides (TMC)/ transition metal
nitrides (TMN) including MXenes.
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To date, a handful of reviews have been published on energy storage and conversion applications
involving metal carbide and nitride-based nanostructured electrodes [20,21]. In particular, a number
of reviews have summarized the synthetic strategies for and the role of MXenes in energy storage and
conversion based on studies published before 2017 [22–25]. Very recently, Jun et al. provided a complete
overview of MXene compounds for environmental and electrochemical storage applications [26],
while the mechanisms of delamination and the role of MXene electrodes in dictating the cycling
properties of LIBs were examined thoroughly by Zhang et al. [27]. However, these studies have not
addressed the evolution of TMCs/TMNs into 2D layered TMCs/TMNs (i.e., MXene-based compounds)
in the context of LOBs, and the electrochemical performance and storage properties of these batteries
have not been summarized in detail. Therefore, a review that specifically focuses on nanostructured
TMC/TMN cathode catalysts for LOBs has been long overdue. Because the role of anodes and
electrolytes in LOBs have been extensively reported elsewhere [28,29], we do not address these in the
present review; rather, we provide a comprehensive review of the electrochemical, physicochemical,
and storage properties of both bulk and 2D layered TMCs and TMNs, counting the carbides and
nitrides of Ti, V, Fe, and Mo and their composite counterparts, when used as active cathode catalysts in
rechargeable LOBs.

2. Basic Principles of Li–O2 Batteries

LOBs represent a rechargeable energy storage technology that has received significant research
attention as a way to meet future energy demands. In theory, LOBs have a higher energy density than
gasoline and other storage devices [30] (Figure 2a), thus, they are expected to replace gasoline for use
in road, aquatic, and aerial vehicles [31–40].

Figure 2. (a) Theoretical and practical energy density of various energy storage devices [30].
Copyright 2020 Elsevier. (b) Graphic illustration of different components of an Li–O2 battery (LOB) [6].
Copyright 2020 Elsevier. (c) Expected oxygen reduction reaction (ORR) mechanisms in an LOB [39].
Copyright 2016 The American Chemical Society. (d) Expected oxygen evolution reaction (OER)
mechanisms in an LOB [40]. Copyright 2013 The American Chemical Society.

Littauer et al. first described the interesting Li–O2 chemistry in 1976 [35], after which Abraham et al.
demonstrated the LOB system using a non-aqueous electrolyte in 1996 [36]. As shown in Figure 2b,
a typical LOB system consists of a negative electrode (Li metal), a positive electrode (primarily a
carbonaceous material), and an electrolyte (generally divided into aqueous, non-aqueous, hybrid,
and solid electrolytes) [6]. During the electrochemical reaction in LOBs, Li2O2 is formed as a by-product
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of the interaction between O2 and Li+ during the discharge process before decomposing again during
subsequent charging.

Because the positive electrode (i.e., cathode) provides a reaction site for the electrochemically
active O2 and Li+ and stores Li2O2, it plays pivotal role in the storage capability of LOBs and the
reversibility of Li-ions [37,38]. A significant volume of research activity has thus been devoted to
the optimization of cathode electrodes in LOBs. The specific surface area, electrical conductivity,
pore size, and volume of the cathode active material are considered the most influential properties for
enhancing the storage capability and reversibility of LOBs. The electrochemistry of cathode electrodes
needs to be well-understood in order to identify optimum active cathode materials for use in LOBs.
At the cathode electrode, Li2O2 is formed via the ORR in two steps: (1) O2 binds with unoccupied
O-positions to produce O2

− (superoxide) and (2) O2
− reacts with Li through the dismutase process to

produce Li2O2. A schematic illustration of the ORR in a LOB is presented in Figure 2c [39]. Because the
decomposition voltage of Li2O2 is much higher (3.75 V vs. Li/Li+) than the plateau potential of 3.4 V,
it is unstable. As illustrated in Figure 2d, the decomposition of Li2O2 occurs via the OER in another
two-step process [40]: (1) Li2O2 releases one electron and decomposes to LiO2 and (2) LiO2 interacts
with oxygen vacancies to release the second electron and lithium ions. As a result, LOB operation
completely relies on the OER and ORR during the electrochemical charge–discharge process [41–43].

2.1. Basic Requirements for an Air Cathode

The chemical and physical properties of Li2O2 determines the capacity, cycle overpotential,
rate capability, and cycle life. Cathode electrodes in LOBs are thus designed in consideration of
the physical and chemical properties of Li2O2. In general, the choice of an air electrode for a rechargeable
LOB depends on maximizing its Li2O2 ability with stronger ORR and OER electrocatalytic behavior.
In particular, stable air cathodes should have the following properties to achieve better LOB performance:

• High electrochemical and chemical stability are necessary to reduce the overpotential during
charging, which results in a reversible electrochemical reaction at satisfactory charge–discharge
potentials, with less chance of irreversible sponging reactions.

• A high specific surface area with a mesoporous structure enhances the discharge capacity even at
high current densities, which is an important criterion for the high storage of Li2O2.

• To increase the rechargeability, a large packed electrode with a lower void volume is essential
because it can prevent electrolyte penetration and improve the electrochemical reaction at catalytic
sites due to the enhanced transportation of active O2 and Li+. Therefore, an electrode with a
porosity that is appropriate for the size of Li2O2 exhibits greater rechargeability.

• Electrical conductivity is a deciding factor for renewable energy storage performance; hence,
a cathode with greater electrical conductivity is required to allow the consistent transportation of
electrons from the insulator and Li2O2 to the surface of the cathode.

Based on these considerations, various nanostructured carbonaceous materials have been
investigated as active cathode materials in LOBs [44,45]. Carbonaceous materials are predominantly
used as a cathode in LOBs due to their high specific surface area for the formation of Li2O2. To enhance
the properties of these carbon materials, their morphology can be changed into CNTs and carbon
nanofibers (CNFs). The one-dimensional (1D) architecture of CNTs and CNFs enhances the efficiency
of charge transfer and the dimensional stability of the electrode during the charge–discharge process
and its cycle life [46,47]. Despite their advantages, CNTs and CNFs have issues with the agglomeration
of particles during the electrochemical process, which weakens the performance of LOBs. To overcome
this, 2D graphene was introduced as potential cathode active material for LOBs, though the re-stacking
of graphene sheets as the number of cycles increases has become a concern [48–50]. To avoid this
re-stacking, various metals, metal oxides, and heteroatoms have been introduced into the graphene
architecture [51–53]. The synthesis of three-dimensionally (3D) ordered mesoporous carbon and
MOFs have been introduced to avoid the self-aggregation of carbon particles [54]. Not only does the
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aggregation of carbon particles cause concern, the formation of Li2CO3 during the charge–discharge
process is also a problem. The emergence of an insulating layer Li2CO3 on the exterior layer of the
carbon electrode increases the interfacial potential, resulting in higher charging potentials and a lower
round-trip efficiency for LOBs [55,56].

Recently, carbon-based cathode electrodes have been replaced with other materials based on
metals, metal oxides, carbides, nitrides, sulfides, and their composites to prevent the formation of
Li2CO3 as a by-product. After extensive research, nanoporous gold and platinum have been identified
as the most promising metals for the decomposition of Li2O2 at a low potential, but the cost of electrode
fabrication is a major concern [57]. In terms of oxide-based materials, V2O5 [58], Co3O4 [59], Al2O3 [60],
and MnO2 [61] have generated significant interest, but these materials induce a significant increase
in potential that acts as a hurdle for the transfer of electrons. Currently, carbide- and nitride-based
cathode electrodes are under investigation as materials for energy storage devices [62,63].

2.2. Characterization Techniques for TMCs and TMNs Cathode Catalysts

As we mentioned above, the present review is primly focused on the cathode catalysts for LOB
applications. Some of the significant physicochemical and electrochemical characterization techniques
for TMCs and TMNs are discussed in this section.

2.2.1. Physicochemical Characterization Techniques

In general, the anode or cathode materials are characterized physicochemically through various
type of spectroscopy and microscopy techniques such as field emission-scanning electron microscopy
(FE-SEM), high resolution transmission electron microscopy (HR-TEM), X-ray diffraction (XRD),
and X-ray photoelectron spectroscopy (XPS) analyses. The microscopic analyses using FE-SEM
and HR-TEM are used to probe the morphological evolution of electrode materials during the
galvanostatic charge-discharge (GCD) process, which affords a vision into the favored reaction sites.
The damage caused by the electron-beam of FE-SEM analysis is almost less than that caused by
HR-TEM, which makes it feasible to analyze the reaction products and by-products such as Li2O2 and
Li2CO3, respectively, which are highly unstable when exposed to an electron beam [64,65]. In order to
avoid such risk factors, in-situ HR-TEM has employed to study the electrochemical process of Li–O2,
which provides temporal and spatial resolution and does not mimic the cell’s environment as much as
compared to other microscopic analyses. XRD study is used to determine and quantify the crystallinity
of the reaction product/by-product include Li2O2 and Li2CO3. Furthermore, the electrochemical
oxidation of the reaction site products can be monitored by in-situ operando-XRD analysis during
GCD process. Another important technique of XPS has been used to evaluate the surface chemistry
and spatial distribution of GCD reaction products, including Li2O2 and Li2CO3, and also provides the
basic knowledge on these reaction products interactions with the electrolyte and electrodes. The BET
analysis provides the complete understanding of porosity properties of the cathode catalysts such
as pore volume, surface, and diameter and plays a key role to evaluate the discharge capacity of the
LOB cell.

2.2.2. Electrochemical Characterizations

Usually, the cathode catalysts for electrochemical tests are prepared in a standard procedure
as described earlier [66]. In brief, the as-prepared TMCs/TMNs cathodes (loading mass = 1–3 mg)
are mixed together with binders (Kynar® HSV 900 and Kynar® HSV 1810) and super carbon in a
stoichiometric ratio of 3:1:1 or 4:1:1 in N-methyl-N’-pyyrolidone solvent to form a slurry. The attained
slurry was coated over a substrate by doctor blade method. The thickness of the coating material
is maintained around 90–100 µm. The coated substrates were dried under vacuum at 80–100 ◦C
for about 12 h and then laminated into disks. The binder-free cathodes have also been studied and
reported elsewhere owing to the binder’s decomposition with ether-electrolytes during the cycling
process. The LOB assembly could be achieved in the following manner: a Swagelok cell consists of
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a piece of lithium foil over a stainless steel at the anode end and clean O2 is applied on as-prepared
catalyst at the cathode end. The electrolyte either protic or aprotic immersed Celgrard/glass fiber
separator is placed in between them; then, the whole cell set-up is sealed in a glass container that
is filled with clean O2. Considering the sensitivity of LOBs, the whole experiment should be done
under inert atmosphere. The prepared Swagelok cells can be subjected into multiple electrochemical
characterization analyses such as cyclic voltammetry (CV), electrochemical impedance analysis (EIS),
and galvanostatic charge-discharge (GCD) analyses. To identify the electrocatalytic mechanism
and performance of LOB, CV, and GCD, analyses need to be performed at different scan rates
and current rates, respectively. However, the formation of by-products such as Li2CO3 and LiOH
during cycling process are unavoidable due to the side reactions, which include electrolyte and binder
decomposition at the electrode and electrolyte interfaces. Nevertheless, the side reactions and formation
of by-products can be largely controlled nowadays by the rational design of electrode materials and
various synthesis strategies.

3. Metal Carbides for LOBs

3.1. Titanium Carbide

It is generally agreed that carbon cathodes are unstable in air, which is a major problem that hinders
the commercialization of LOBs. This is because the functioning of an LOB strongly depends on the
reversible formation and decomposition of Li2O2 over the surface of cathode. Hence, a stable cathode
is essential to obtain better LOB performance. In this regard, titanium carbide (TiC)-based cathodes
have been developed as a suitable alternative in recent years. TiC-based compounds have been widely
investigated as potential electrodes in supercapacitors and LIBs because of their excellent electrical
conductivity of 3 × 107 Scm−1 and their general lack of side reactions during the electrocatalytic process,
which in turn facilitates the formation and decomposition of Li2O2. Inspired by these properties,
TiC-based catalysts have been widely employed in LOBs.

Ottakamthotiyl et al. investigated TiC, SiC, and TiN, which are lightweight and chemically
inert [67]. They employed two electrolytes, 0.5 M LiClO4 in dimethyl sulphoxide (DMSO) and 0.5 M
LiPF6 in tetraethyleneglycoldimethylether (TEGDME). Li–O2 cells fabricated with a TiC electrode were
tested using both electrolytes, and the charge–discharge behavior was investigated at 1 mA cm−2.
Polarization was perceived to increase as the cycle number increased with the TEGDME electrolyte,
thus, the capacity retention of Li–O2 cells with TEGDME was observed to be lower than with DMSO.
The surface of the TiC electrode was evaluated after several charge–discharge cycles using X-ray
photoelectron spectroscopy (XPS). Similar tests were also performed on SiC and TiN. The surface of the
TiC electrode after several cycles contained significant levels of TiO2 and TiOC. However, on the SiC
and TiN electrodes, oxide layers were not observed. The absence of an oxide layer on the SiC electrode
inhibited the charging process, and thus, lowered the capacity with each cycle. In the absence of a TiO2

layer, TiN had a discharge potential of ~2.3 V and a capacity of ~100 mAh g−1, which was lower than
the discharge potential (~2.55 V) and capacity of ~360 mAh g−1. The poor activity of TiN was ascribed
to its lower conductivity in comparison with TiC. This report claimed that TiC with a DMSO electrolyte
could achieve an Li2O2 purity of >99.5 for each discharge and complete oxidation during charging,
with a >98% capacity retention after 100 cycles, which was far better than the results obtained using
nanoporous gold electrodes and carbon electrodes [67].

It has been reported that TiC is unstable on a nanoscale and is readily converted into TiO2 and
TiOC via thermodynamic reactions with Li2O2 and O2, meaning that the catalytic process is strongly
hindered by a TiO2-rich layer in LOBs. Yang et al. [68] studied the effect of this TiO2-rich layer on
the TiC surface using first-principle calculation. They also investigated the catalytic performance of
oxidized TiC by comparing the O2 evolution barrier for the OER and the charge potential using density
of states (DOS) analysis. Based on DOS calculations, it was confirmed that Li2O2 was readily adsorbed
onto the (100) surface of TiC. In a similar manner, Raz et al. evaluated the adsorption energies of



Nanomaterials 2020, 10, 2106 7 of 28

Li2O2, NaO2, and Na2O2 on the (111) surface of TiC using density functional theory and discussed the
feasibility of using the prepared materials as electrodes for LOB and sodium ion batteries [69].

Following by Thotiyl et al., a detailed study on the deterioration of TiC and other Ti binary
compound electrodes was conducted by Kozmenkova et al. They characterized the surface phenomenon
of model chemical and electrochemical systems using in-situ and ex-situ experiments [70], in the
process demonstrating the formation of a passivation layer during the ORR. A two-electrode
cell system was fabricated by having TiC, lithium foil, porous Celgard separator immersed with
1 M lithium bis(trifluoromethane)sulfonylimide (LiTFSI) in a 1-ethyl-3-methy limidazoliumbis-
(trifluoromethylsulfonyl)imide as cathode, anode, and electrolyte, respectively. The assembly was
kept between two stainless steel (SS) plates, and the SS plate on the cathode side had a small hole to
allow the in-situ analysis to be conducted. Figure 3a presents a schematic of the in-situ spectroscopic
analysis of the solid-state lithium-conducting electrolyte built in an electrochemical cell. The interaction
between the TiC and the ORR products and intermediates was analyzed in-situ to avoid the formation
of by-products when in contact with liquid electrolytes. In the XPS chamber, the intensities of Li 1s and
O 1s were observed to increase during galvanostatic discharge, indicating the advance of discharge
products over surface layer of the cathode (Figure 3b–i) [70]. The surface of the TiC was stabilized by a
protective coating layer of TiO2. Because TiO2 has a wide bandgap (3 eV), it places kinetic limitations
on the electrons during the ORR. To overcome this limitation, the thickness of the cathode has to be
optimized to offer both an acceptable electron transport rate and genuine surface protection.

Figure 3. (a) Graphical representation of operando spectroscopy under an Ar atmosphere using
an Li-metal, NASICON, and nanopowder TiC as anode, conducting the electrolyte and cathode,
respectively. (b) C1s spectra of the TiC cathode before discharge (fresh cell). (c) Percentage of
components in the Ti2p spectra during the discharge process (galvanostatic mode). (d) C1s spectra of
the TiC cathode after discharge. (e) C1s spectra of the TiC cathode after Ar+ sputtering. (f) Percentage of
components in the Ti2p spectra in a scrubbed electrode. (g–i) The discharge product layer’s effective
thickness on an Ar+-sputtered TiC cathode at various discharge depths [70]. Copyright 2016
The American Chemical Society.

Adams et al. reported an interesting study on the significance of nanometric passivation on
cathodes in LOBs. They tested TiC powders as received from two different suppliers (TiC-A and TiC-B)
and compared them with TiN [71]. The as-received TiC powders were observed to have similar bulk
properties but different surface properties. XPS and STEM analyses were carried out to observe the
surface of the two TiC powders. TiC-A had an amorphous layer surrounding the particles and was
around ~2–3 nm thick, whereas the amorphous layer was absent in TiC-B. The oxide layer on the TiC-A
was predicted to be more than sufficient to completely prohibit electron transfer. The charge curves for
the cathode TiO2, TiC-A, and TiC-B were compared with TiN. As predicted, the partially conducting
TiO2, similar to TiN, did not support the OER due to the bulk insulating layer. Similarly, the TiC-A,
with its amorphous layer, was inactive in terms of the OER. This is because the transfer of electrons
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through the insulating layer plays a critical role in LOBs; if the passivation layer is thin (e.g., TiC-B),
sufficient Li2O2 could be charged at a fixed voltage, whereas if the layer is thick (e.g., TiC-A and
TiN), the charging process is inhibited (Figure 3a) [71]. More research is required on the synthesis of
active materials for cathodes to inhibit excessive oxidation and/or to form a conductive oxide layer on
the material.

In addition to the oxidation of TiC cathodes via the thermodynamic interaction with Li2O2,
another common limitation of these cathodes is their design. For instance, commercially available
cathode powders with a binder mixture are unstable due to the decomposition of the binder. Thus,
a balanced design for the ionic and electronic channels is necessary to transfer electrons to and from
the Li2O2-insulated material. In this regard, 1D nanostructures such as nanowires and nanorods offer
better catalytic and surface properties for cathodes, thereby improving the electrochemical kinetics
of the catalytic reactions [72,73]. In addition, a 1D nanostructure is beneficial in terms of minimizing
the grain boundary resistance, which in turn facilitates improved charge transportation over the
cathode surface.

In this vein, Ru-TiC nanowire arrays developed in-situ on a carbon textile were employed as a
potential cathode for rechargeable LOBs [74]. As-prepared free-standing cathodes with and without
Ru-support were characterized for their use in LOBs. A TiC nanowire array (TiC NA/Ru) with
Ru-support exhibited higher OER/ORR activity and excellent cycling stability due to the uniform TiC
nanowires grown perpendicular to the carbon textile surface without the need for a binder. The length
and width of the TiC nanowires on the carbon skeleton were 30–50 µm and 200–500 nm, respectively.
The performance of an LOB with Ru-based TiC electrodes was characterized using synchrotron
radiation powder XRD (SR-PXRD) during the charge–discharge process (Figure 4a,b). The TiC NA
and TiC NA/Ru-based LOBs demonstrated an excellent capacitance of 352 mAh g−1 and 468 mAh g−1,
respectively, at 29.3 mAg−1 (Figure 4c,d).

Figure 4. (a) Operando synchrotron radiation powder X-ray diffraction (SP-PXRD) patterns for a
Ru-TiC NAs/CT electrode at a wavelength of 0.994 A, recorded every 30 min during the first cycle at
0.1 mA cm−2. (b) Corresponding galvanostatic charge–discharge process (first cycle) and mass evolution
of the discharge product Li2O2 [74]. Copyright 2018 The Royal Society of Chemistry. (c) Galvanostatic
discharge plot and (d) round-trip efficiency and half-capacity voltage for each cycle with Ru-TiC
NAs/CT, TiC NAs/CT, and CT electrodes [74]. Copyright 2018 The Royal Society of Chemistry.
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Recently, binder-free, 3D-nanostructured TiC wire was grown perpendicular to a carbonized
cotton T-shirt (acting as an air electrode) to develop self-standing electrodes for LOBs [75]. Due to the
light weight of the substrate compared to commercially available carbon clothes, an outstandingly high
energy density was produced. As shown in the discharge plateau in Figure 5a, the discharge profiles
of the TiC wire on TiC cloth and pristine TiC nanoparticles (NPs) were the same for the initial cycles.
However, the cathode TiC NPs ended with a discharge voltage of 2.4 V before attaining the measured
capacity after 30 cycles. In contrast, the TiC wire on TiC cloth had a stable discharge profile even after
100 cycles with a discharge and charging voltage of 2.7 V and 4.3 V, respectively (Figure 5b,c). The TiC
wire on TiC cloth also maintained a constant energy efficiency, while the other electrodes exhibited a
sudden drop. Based on the rate performance plot in Figure 5d, the pristine TiC NP electrode failed
to achieve the desired capacity at 0.2 mA cm−2 (Figure 5e) and showed exciting charge-discharge
terminal potentials.

Figure 5. Galvanostatic charge-discharge (GCD) plot for an LOB using (a) a titanium carbide (TiC)
nanoparticle (NP) cathode @ 0.1 mA cm−2 for a duration of 5 h and (b) a TiC-cloth cathode @ 0.1 mA cm−2

for a duration of 5 h. (c) Relationship between the areal capacity, energy efficiency, and number of
cycles. (d) Discharge plot for various current densities with a TiC NP cathode. (e) Discharge plot for
various current densities with a TiC-cloth cathode [75]. Copyright 2020 Elsevier.
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3.2. Iron Carbide

In recent years, a large volume of electrocatalysis research has focused on replacing noble
metals with non-precious metals such as transition metal oxides, chalcogenides, phosphides, carbides,
and nitrides. In particular, abundantly available iron and iron carbide (Fe/Fe3C) have received
significant attention in this respect due to their strong, inherent, and durable catalytic activity for
the OER and ORR. In the early 2000s, Lefevre et al. [76] first reported an iron-based non-precious
metal catalyst (Fe-NPMC) for polymer electrolyte fuel cells synthesized by twice ball milling a mixture
of ferrous acetate and phenanthroline carbon support and then subjecting it to pyrolysis at 800 ◦C.
They found that the current density of the iron-based cathode was almost equivalent to that of a
Pt-based cathode at a cell potential of ≥0.9 V. Lee et al. [77] subsequently fabricated Fe/Fe3C on
melamine foam, which exhibited excellent ORR behavior in an alkaline solution. In addition, a similar
type of C-C supported Fe/Fe3C cathode demonstrated outstanding ORR behavior in neutral media [78].
Hu et al. investigated the ORR activity of Fe3C NPs embedded in graphitic layers in both alkaline and
neutral media and confirmed their high catalytic activity and stability in both media [79]. A similar
type of cathode, N-incorporated Fe/Fe3C/CNTs derived from an MOF, was reported by Li et al. [80],
acting as a bifunctional catalyst for both the OER and ORR processes. As displayed in Figure 6a–f,
the prepared hybrid catalyst exhibited enhanced ORR activity equivalent to that of Pt/C and high
OER activity superior to that of Pt/C, making it a potential candidate for use in renewable energy
technologies. Yang et al. [81] later synthesized N-doped graphitic layers with an Fe3C/Fe catalyst to
improve the ORR activity and explored it as a potential alternative for Pt-C in Zn-air batteries and
fuel cells. Recently, an MOF-derived Fe3C@N-CNT catalyst also showed promising ORR activity in
alkaline media [82].

Figure 6. (a) Linear sweep voltammogram (LSV) for various Fe3C-Fe-based cathode catalysts at
1600 rpm. (b,c) LSV and related K-L curves for an Fe/Fe3C@NGL/NCNT electrode. (d) Plot of
the kinetic limiting current density against electron transfer. (e) Cyclic voltammogram (CV) for an
Fe/Fe3C@NGL/NCNT electrode in O2-saturated KOH and O2-saturated KOH/methanol solutions
(both 0.1 M). (f) OER current density for Fe/Fe3C@NGL/NCNT and Pt/C electrodes in an O2-saturated
0.1 M KOH solution [80]. Copyright 2015 The Royal Society of Chemistry. (g) Comparison LSV for the
ORR of H+-etched Fe-PNG and saleable Pt/C catalysts at 1600 rpm in a 0.1 M KOH solution saturated
with O2 [83]. (h) Comparison LSV for the OER of H+-etched Fe-PNG and commercial Pt/C catalysts at
1600 rpm [83]. (i,j) GCD plot for Fe-PNG @ 0.1 mAcm−2 and various current density rates within a
potential window of 2.0–4.4 V. (k) Cyclic behavior of an Fe-PNG electrode and (l) the corresponding
GCD plot at 0.1 mA cm−2 in a voltage window of 2.0–4.4 V [83]. Copyright 2016 Elsevier.
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Based on the observations above, few reports on Fe3C/Fe-based cathodes have focused on LOBs.
Lai et al. [83] prepared N-doped graphene@Fe/Fe3C (Fe-PNG) electrodes using a one-step carbonization
process with an MIL-100 (Fe) MOF as an iron precursor. The prepared Fe-PNG cathode exhibited a
porous 3D network morphology in which Fe3C/Fe NPs were evenly distributed on the outer layer of
the graphene. This porous 3D nanostructure contained meso- and macro-pores that create space to
accommodate the Li2O2 produced during discharge, thus being beneficial for the migration of Li+ and
O2. The ORR and OER activity of the Fe-PNG electrode was monitored using linear sweep voltammetry
analysis at 5 mVs−1 (Figure 6g,h). As can be seen in the voltammogram, the Fe-PNG cathode showed
excellent OER and ORR stability compared to the pristine Fe3C/Fe cathode. Their corresponding
charge–discharge behaviors are demonstrated in Figure 6i–l. The experiment was conducted in a
potential window of 2.0 to 4.4 V (vs. Li/Li+), producing a charge and discharge capacity of 6850 and
7150 mAh g−1

carbon+catalyst, respectively (Figure 6j). The voltage profile of an LOB using Fe-PNG offered
an outstanding capacity retention of 800 mAhg−1

carbon+catalyst at 0.1 mAcm−2 (Figure 6k) and the
cycling stability was maintained for over 30 cycles at different current densities (Figure 6l). The same
research group analyzed a similar type of electrode, Fe/Fe3C@graphatic carbon embedded with CNTs
(Fe@NG-NCNT) derived from Prussian blue, and studied its potential application as a potential
cathode in LOBs [84]. The as-prepared Fe@NG-NCNT-based LOB delivered a maximum discharge
capacity of 6966 mAh g−1 at 0.1 mA cm−2.

Recently, a unique architecture—a CNF-doped Fe3C/Fe (Fe/Fe3C-CNF) cathode—was developed
via an electrospinning process. Due to the combined effect between the CNFs and Fe3C/Fe, the catalytic
activity was drastically enhanced, which in turn favored the enhancement of the capacity, cycling stability,
and rate capability [85]. Wei et al. [86] also observed the synergistic effect of robust interactions between
Fe3C and carbonitride, which illustrated the superior ORR activity and the moderate OER activity
in a KOH solution compared to that for commercially available Pt-C electrodes. These observations
undoubtedly pave the way for their potential use as a cathode in future-generation LOBs.

3.3. Metal Nitrides

3.3.1. Titanium Nitride (TiN)

TMNs have been widely acknowledged for their outstanding physicochemical properties, such as
their high corrosion resistance, robust hardness, and high thermal stability. In general, they are
obtained by incorporating N heteroatoms in transition metal lattices, which exhibit the combined
properties of ionic crystals, covalent solids, and metals [87–89]. According to Fischer’s molecular
orbital diagram, carbon has a 2p2 electronic structure. Most of the transition elements, which are
referred to as d-block elements in the modern periodic table, have five 3d4s electrons. Thus, there is
no d-electronic structure in TiC, whereas it is present for VC. In a similar manner, the 2p3 electronic
structure of the N-atom verifies the d-electronic structure of early TMNs; for instance, compared
to scandium nitride (ScN-0-d electron), there is a d-electron in the electronic structure of TiN. As a
result, metal carbides are one d-electron short compared to their corresponding nitrides, which has a
major influence on their catalytic activity. However, the ORR catalytic activity of single early TMNs is
comparatively lower than commercial Pt-C catalysts, and they have been widely employed as ORR
catalysts in the past. The possible applications for nitride-based ORR catalysts are still unknown and
have not been discussed in detail previously.

In 2011, He et al. investigated the properties of a TiN/C composite during the ORR in proton-exchange
membrane fuel cells [32]. Commercially-available TiN has also been employed as an effective cathode
in LOBs [33] and reported elsewhere. They investigated in detail the electrochemical behavior of TiN as
a cathode in LOBs using polarization curves, galvanostatic measurements, and alternative current (AC)
electrochemical impedance spectroscopy (EIS). Origination of high cathodic current from the ORR was
noticed at an onset potential of 3.8 V vs. Li/Li+, which was almost equal to the onset potential of noble
metal Pt (4.0 V). Here, at a current of 0.5 mA and under a hybrid electrolyte medium with a weak acid
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solution and an organic electrolyte, galvanostatic measurements were carried out. The discharge curve
obtained from the galvanostatic measurements exhibited a voltage plateau at 2.85 V and a capacity
of 20 A h g−1. TiN catalyst as a cathode attained a power density of 1370 W kg−1 at 6 mA cm−2 [90].
The AC EIS measurements revealed an increase in the grain boundary after 200 h of discharging due to
TiN electrode’s side reaction [91]. Thus, when compared with the electrochemical properties of noble
metal electrodes in LOBs, the TiN electrode has significant drawbacks.

More research has been conducted on TiN cathodes to overcome these disadvantages because they
are much less expensive than noble metals when used as a cathode electrode in LOBs. Yarongwang et al.
investigated nano as well as micro-sized TiN particles as the electrocatalyst for the ORR in LOBs
with hybrid electrolytes [92]. Furthermore, in alkaline media, the ORR activity of these particles and
corresponding pathways were also investigated Levich experiments in a rotating disk electrode (RDE).
The ORR for the TiN particles were carried out using RDE cyclic voltammetry (CV) and RDE linear
sweep voltammetry (LSV). The ORR in an aqueous solution was predicted to occur either through the
4e− or the series 2e− reduction pathways. In the four-electron reduction pathway, O2 is converted to
OH− through reduction by accepting 4e− (1) and, in the 2e− pathway, O2 is reduced to HO2

− followed
by further reduction of HO2

− and then OH- by means of the following reactions (2)–(4), whereas SHE
refers standard hydrogen electrode:

2H2O + O2 + 4e− → 4 OH−, 0.401 V vs. SHE (1)

H2O + O2 + 2e− → OH− + O−2 H, −0.065 V vs.SHE (2)

HO−2 + 2e− + H2O → 3OH−, 0.876 vs. SHE (3)

2HO−2 → O2 + 2HO− (4)

Here, the Levich experiments predicted that micro-sized TiN would follow the two-electron
pathway, while TiN follows a dual path, in which two serial 2e− steps occur at shorter intervals
and produce comprehensive varied appearance due to the presence of parallel and serial 2e− steps.
The electrocatalytic activities of both nano- and micro-sized TiN particles for the ORR in LOBs were
compared with nano-sized Mn3O4. Using the micro-sized TiN particles as a catalyst produced an
initial discharge voltage of 2.74 V that decreased with time due to the presence of a small number
of catalytic sites. It is also predictable that running the ORR through the 2e− pathway would cause
the piling up of electrons on the cathode surface, thus reducing the voltage gradually. In contrast,
the nano-sized TiN without significant loss over time, had an even discharge voltage plateau around
2.85 V, and the observed catalytic voltage was also found to be slightly greater than the potential of
Mn3O4 (2.80 V). The discharge curves of both types of NP are shown in Figure 7a [92].

Li et al. prepared micro- and nano-sized TiN particles on carbon Vulcan XC-72 (m-TiN/VC
and n-TiN/VC) as a cathode for LOBs, following the work done by Yarongwang et al. [93] using a
non-carbonate electrolytes. The template method was used to prepare Vulcan XC-72 carbon-supported
nano-sized TiN [94]. LOBs with n-TiN, VC, and m-TiN as cathode catalysts were discharged and
recharged at 50 mA g−1 (Figure 7b) [93]. Of the investigated cathode catalysts, n-TiN/VC was observed
to have the lowest recharge voltage as compared to other prepared catalysts, with a potential gap of
1.05 V. The n-TiN/VC catalyst had the lowest onset potential for the OER from Li2O2 and the maximum
reduction current for the ORR. Hence, the n-TiN/VC represents a suitable alternative for carbon
materials, though further research is required to determine its dependency on electrolyte stability.

3.3.2. Vanadium Nitride

Vanadium nitride (VN), an early TMN with a polar structure, is a promising material for use
in energy storage devices due to its high structural stability, good electrical conductivity, and strong
electron affinity [95–98]. Various VN nanostructures, such as nanoribbons [99], nanowires [100],
and NPs [101], have been developed and employed as a potential host in lithium–sulfur batteries
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due to their strong affinity for the adsorption of polysulfides. As with other TMN materials, VN also
readily undergoes electrochemical oxidation when used in an LOB; thus, there have been very few
reports to date on VN-based catalysts for LOBs.

Figure 7. (a) Discharge plot for an LOB using TiN particles as a cathode catalyst [89]. Copyright 2012
The Royal Society of Chemistry. (b) Discharge plots for different TiN-based catalysts (m-TiN/VC
and n-TiN/VC) and pristine VC (inset) @ 50 mA gcarbon

−1 [93]. Copyright 2013 The Royal Society of
Chemistry. (c) Graphical illustration of the fabrication method for a VN@C-850 catalyst. (d) CV curves
for VN, C-850, and VN@C at various calcination temperatures at 0.3 mV s−1 in the voltage range
between 2.0 and 4.5 V. (e) Corresponding GCD plots (f) GCD curves for VN@C-850 at various current
densities. (g) Discharge specific capacity of the cathode catalysts at various discharge rates [102].
Copyright 2020 Elsevier.

To improve the stability of VN-based cathodes, recently, Sun et al. [102] proposed a strategy to
introduce a carbon-coating layer over the nitride material. They prepared VN-coated N-doped carbon
nanoribbons full-grown in situ over a carbon paper (VN@C) substrate (Figure 7c). The pyrolysis
of the cathodes was conducted at temperatures of 750, 850, and 950 ◦C. As shown in Figure 7(d),
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the VN@C-850 cathode offered greater electrochemical activity by increasing the anodic and cathodic
peak current densities in the formation and decomposition of Li2O2. From the charge–discharge
plateau (Figure 7e–g), it was clearly confirmed that the VN@C-850 delivered the highest discharge
capacity (8269 mAh g−1) at 100 mAcm−2 in a potential window of 2.0 to 4.2 V due to its greater
OER/ORR catalytic activity during battery operation. These observations suggest that VN@C-850
could be a cutting-edge cathode for use in LOBs.

3.4. 2D Layered Transition Metal Carbides and Nitrides (MXenes)

This section focuses on the application of 2D TMC and TMN (MXene)-based materials in LOBs.
Numerous review articles have dealt with the synthetic strategies and properties of MXenes [24,103–106],
thus, we focus on summarizing current progress covering topics such as the role of 2D layered MXenes
as essential electrodes in rechargeable LOBs. To date, the most common MXene-based materials used
as potential electrodes in LOBs are titanium carbide (Ti3C2Tx) and molybdenum carbide (Mo2C);
these are explained in detail later in the section.

In brief, MXenes have the chemical formula Mn+1XnTx, in which M stands for a transition metal
element (Ti, V, Mo, Nb, Cr, etc.) and X denotes the carbide or nitride. As illustrated in Figure 8a,
they are atomically thin sheets of metal carbides, metal nitrides, or metal carbonitrides [24,107–113]
with a surface functional group (T) of O2−, OH−, or F− [114]. The first 2D MXene materials were
developed by Gogotski’s research group at Drexel University in 2011. They derived 2D MXene from the
MAX phase by removing the A group using etching [115], which is unlikely to block the transport of
mobile ions [18]. These MAX phases consist of layers of TMCs or TMNs (Mn+1Xn) that are infused with
layers of A-element atoms (i.e., Group 13 and 14 elements in the periodic table) [24]. After etching the
surface of the MXene, it terminated with OH− and F− groups, which play a dominant role in deciding
the characteristics of MXene compounds. These MX phases, which consist of several stacked layers of
flakes or sheets with weak interlayer interactions, are subjected to delamination using solvents such as
DMSO, DMF, and ethanol/water through ultra-sonication. Due to the presence of the surface-reacting
X group, MXenes offer greater thermodynamic stability compared to their pure counterparts. Figure 8b
presents a schematic representation of the process of producing an MXene from a MAX phase [116,117].
To date, over 70 MAX phases and over 20 MXenes have been identified. The ultra-sonication time
and the choice of surfactant intercalation agent strongly affect the morphology of MXene compounds,
which can include wrinkled sheets, spheres, nanoplates, and scrolls. An example of MXene sheet
morphology is shown in the SEM micrographs in Figure 8c–g [23,116]. In contrast to graphene
materials, MXenes offer a variety of chemical compositions due to the atomic layer thickness of the
TMCs and TMNs.

3.4.1. 2D Layered Titanium Carbide (Ti3C2Tx)

While porous carbonaceous materials are highly useful for enhancing ORR activity, their OER
activity remains low, leading to a high charging potential of over 4.5 V and the decomposition of
the electrolyte, thus weakening the performance of LOBs. For this reason, noble metal catalysts
such as Pt, Au, and RuO2 have been employed in LOBs, but their high cost and poor specific
capacity have restricted their use in commercial applications. Recently, 2D metal carbides have gained
attention because of their advantageous properties, including the presence of several valence states,
low resistivity, stronger electrochemical properties, and low cost. Due to the presence of reactive
functional groups such as conductive metallic carbides and terminal transition metal atoms (Ti) on
their surface, Ti3C2Tx MXenes are considered a promising candidate for various energy storage
devices, including LIBs, sodium ion batteries, Li-S batteries, supercapacitors, and LOBs. They also
have a specific surface morphology with ultra-high conductivity and malleable interlayer spaces.
For these reasons, the lithium diffusion barrier of Ti3C2Tx MXenes (0.07 eV) is lower than that of
commercial graphite electrodes (0.3 eV) due to the higher number of active sites, which in turn
favors the rapid migration of lithium ions and enhanced charge–discharge characteristics. Recently,
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due to its high conductivity and hydrophilicity, Xue et al. [118] reported excellent ORR behavior with
outstanding electrochemical activity for an Mn3O4-Ti3C2 catalyst, while Zou et al. [119] fabricated an
MOF-derived Ni-Co mixed sulfide on a Ti3C2 matrix and used it as an active catalyst for OER reactions
in zinc–air batteries. Based on their exceptional ORR/OER catalytic properties, Ti3C2Tx MXenes with
different active components such as TiO2 [120], MoS2 [121], SnS [122], Fe3O4 [123], g-C3N4 [124],
ZnO [125], and MnO2 [126] have been widely employed as cathodes in LIBs, SCs, and SIBs. However,
Ti3C2Tx MXenes have rarely been reported as a cathode material for LOBs. Hence, this is an emerging
topic that requires further attention. Some interesting composite cathodes based on Ti3C2Tx MXenes
for LOBs are discussed below.

Initially, Zheng et al. [127] investigated the reaction kinetics for the OER and ORR in LOBs using
oxygen-enriched TiO2 NPs on Ti3C2Tx (V-TiO2/ Ti3C2Tx) as a potential oxygen electrode. This oxygen
electrode, processed using ethanol thermal treatment, exhibited excellent catalytic activity and high
battery performance, with a maximum specific capacity of 11,487 mAh g−1, an overpotential of 0.21 V,
and high durability even after 200 cycles.

Over the past decade, Ni-based oxide materials have been increasingly incorporated into renewable
storage devices due to their high catalytic activity and general abundance and availability. However,
their poor intrinsic electrical conductivity and tendency to agglomerate have limited their commercial
viability. To overcome these shortcomings, 2D layered materials such as graphene and reduced
graphene oxides have been employed. Recently, NiO-Ti3C2Tx MXene catalysts were proposed as a
low-cost electrocatalyst for LOBs by Li et al. [128]. Different combinations of ultrasonically processed
NiO-Ti3C2Tx MXene electrodes displayed excellent electrochemical behavior, with a superior initial
discharge capacity of 13,350 mAh g−1 @ 100 mA g−1 (Figure 9a). However, as shown in Figure 9b,
the capacity drastically fell to 5790 mAh g−1 @ 500 mA g−1. Furthermore, it can be seen in Figure 9c–e that
the capacity of the electrodes depended on the NiO loading mass, rising initially before subsequently
declining. The NiO-Ti3C2-2 electrode exhibited a minimum charge and discharge overpotential of 0.64
and 0.21 V, respectively. The same electrode offered an excellent capacity retention of over 90 cycles
with the highest round-trip efficiency of 76.4%. This electrocatalytic activity was further supported by
CV and EIS analyses (Figure 9f,g), confirming the rapid transport of lithium ions in LOBs (Figure 9h).
In a similar manner, CoO-incorporated Ti3C2Tx MXene nanosheets were recently synthesized using
a hydrothermal process, producing excellent lithium oxygen storage performance with the highest
initial cycle capacity at 16,220 mAh g−1 and an extended life, of over 160 cycles [129].

Figure 8. (a) Mn+1AXn-producing elements from the MAX phase [114]. Copyright 2019 Elsevier.
(b) Schematic diagram of the removal of A from MAX (exfoliation) and the conversion to MXenes [117].
Copyright 2018 Elsevier. (c–e) Scanning-electron microscopy (SEM) micrographs of exfoliated MXenes at
different magnifications [116]. Copyright 2019 The American Chemical Society. (f,g) SEM micrographs
of MXenes at different magnifications after delamination using various solvents [23]. Copyright 2017
The Royal Society of Chemistry.
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Figure 9. (a) GCD profile of an LOB using NiO-based Ti3C2 catalysts @ 100 mA g−1. (b) GCD of
NiO-Ti3C2-2 at various current densities. (c) GCD profile of an LOB using NiO-based Ti3C2 catalysts
@ 500 mA g−1. (d) Cycling behavior of NiO-based Ti3C2 catalysts. (e) GCD plot of NiO-Ti3C2-2
at a fixed current rate of 500 mA g−1. (f,g) CV and electrochemical impedance analysis (EIS) plots
of NiO-based Ti3C2 catalysts. (h) Graphical representation of charge–discharge mechanisms in an
LOB [128]. Copyright 2020 The American Chemical Society.

3.4.2. 2D Layered Molybdenum Carbides (Mo2CTx)

In the recent years, numerous reports have been published on the use of Mo2C nanocatalysts
as cathodes to reduce the charge overpotential in LOBs due to advantages such as the variety
of valence states, high electrical conductivity, stronger electrochemical activity, and abundance.
These compounds also have a Pt-like structure and thus represent a cost-effective alternative for noble
metals. Recently, Yu et al. [130] prepared MoxC (α-MoC1−x and β-Mo2C) porous nanorods derived
from Mo-MOFs and employed them as the cathode in an LOB. Of the two as-prepared cathodes,
α-MoC1−x exhibited improved catalytic properties due to a low charge transfer resistance of 395.8 Ω
and a strong O2 absorbability of −1.87 eV. The maximum discharge capacity of α-MoC1−x was found to
be 20,212 mAh g−1 with a discharge potential of 2.62 V. The prepared cathode also exhibited long-term
cycling stability over 100 cycles with a high round-trip efficiency of 70%.

Of the various forms of molybdenum carbide, Mo2C is the most stable because of its in-built OER
and high conductibility. Based on these characteristics, a few studies have focused on developing
Mo2C-based composite cathodes. For instance, an Mo2CTx/CNT composite in non-aqueous LOBs has
been reported to deliver the highest discharge capacity of 9100 mAh gCNT

−1 at a cut-off potential of 2.0 V,
which is relatively high compared to a pristine CNT electrode (5950 mAh gCNT

−1) [131]. This suggests
that the combination of Mo2CTx with CNTs facilitated the transport of Li2O2, thus enhancing the
overpotential, capacity, and shelf life of the electrode. In a similar manner, Mo2C NPs on CNFs
(MCNFs) fabricated using electrospinning delivered a maximum specific capacity of 10,509 mAh g−1

at a current density of 100 mA cm−2 [132]. The increase in capacity compared to Mo2CTx/CNTs can be
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attributed to the high diffusion flux of lithium ions and O2, which prevents the blockage of Li2O2 in
the binder-free structure of MCNFs. In addition, the rich active sites and rapid electronic migration in
MCNFs reduced the charge–discharge potential gap and led to a stable capacity of 500 mAh g−1 even
after 124 cycles.

A binder/current-collector-free 3D foam consisting of Mo2C nanorods with different concentrations
of nitrogen-doped carbon (Mo2C-NR@NC) was prepared by Sun et al. and directly employed as an
O2 electrode [133]. During the charge–discharge process, the as-prepared electrode minimized the
parasitic reactions in LOBs and enhanced the energy density and specific capacity. The Mo2C-NR
with 11% NC (Mo2C-NR@11NC) exhibited the highest activity for OER and ORR catalytic processes.
As shown in Figure 10a, the cell operated in a voltage window of 2.2 to 4.4 V. The excellent capacity
of the Mo2C-NR@11NC electrode is illustrated in Figure 10b, with a maximum discharge capacity
of 6962 mAh g−1 vs Li+/Li. The low charge–discharge potential gap was also assessed by subjecting
electrodes with different concentrations of NC to cycling at a constant current density rate of 100 mA g−1.
Figure 10c–f shows that the cell with the Mo2C-NR@11NC electrode offered the lowest potential gap
(0.28 V), which may be due to the avoidance of parasitic reactions in LOBs. The mechanisms involved
in the electrochemical process in an LOB were also proposed (Figure 10g). In brief, Mo2C-NR@11NC
reduced the generation of MoO2 on the Mo2C surface, while the other two electrodes generated
significant amounts of MoO2 on the surface, which readily underwent a reaction with Li2O2, leading to
the formation of LixMoO3 which dissolves in the electrolyte and limits the reversibility of the electrode.

Recently, Mo2C/C with a porous nanoflower hierarchical architecture was used to produce carbon
nanosheets decorated with Mo2C quantum dots [134]. Figure 10i–q presents images of ultra-thin
2D nanosheets with Mo2C that has self-assembled into a nanoflower morphology with an average
diameter of 200 to 500 nm. The porous nanoflower morphology facilitated the migration of Li+ and
accommodated Li2O2, thus exhibiting an ultra-high capacity (7500 mAh g−1) and superior cycling
stability (104 cycles). The passivation of the positive electrode by Li2O2 and Li2CO3 was evaluated
theoretically using an MoC hollow sphere electrode by Zakharchenko et al. to improve the performance
of LOBs [135].

Previous reports on CNT-based Mo2C cathodes have highlighted promising results in terms
of improving LOB performance. Oh et al. prepared bifunctional, centipede-like MoC-Mo2C on an
N-doped CNT cathode for high-performance LOBs [136]. Interestingly, the prepared cathode had a
nanorod morphology with excellent catalytic activity, which in turn facilitated electron transport through
the N-CNT and provided sufficient space to accommodate Li2O2. The Mo2C-MoC/NCNT nanorods
acted as a promising candidate for use in LOBs due to their high discharge capacity (34,862 mAh g−1)
and long-term stability. A composite cathode prepared by growing CNTs and carbon-wrapped
Mo2C NPs directly on Ni foam was employed as a noble catalyst for LOBs, exhibiting outstanding
cycling performance with a capacity of 10,400 mAh g−1, a charge cut-off potential of 4 V, and a low
charge–discharge voltage gap of 0.9 V [137].

Another important form of Mo2C that has attracted recent attention is MoO2-MoC cathodes. Lu et al.
designed a heterostructured bioinspired Mo2C-MoO2/N-doped carbon foam catalyst derived from
an ELKA 16-FLAG precursor [138]. The reported catalyst exhibited an outstanding overall rate
performance with excellent cyclability. This catalytic performance can be ascribed to the specific
hierarchical microporous structure of the 3D carbon foam. In addition, the doping of nitrogen into
the carbon foam enhanced the conductivity and catalytic activity. Similar research was carried out
by Wu et al., who fabricated a bifunctional Mo2C-MoO2/rGO catalyst and examined the synergistic
effect of rGO and Mo2C-MoO2 heterostructures on the performance of batteries [139]. Though the
charging voltage (4.5 V) of the catalyst was high, it did not decompose the carbon matrix (rGO) and
produced a high round-trip efficiency of 89%. The capacity of Mo2C-MoO2/rGO was approximately
2365 mAh g−1, indicating that the rationally designed catalyst had higher absorbability.
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Figure 10. (a) CV plot of NC-doped Mo2C-NR (Mo2C-NR@xNC; x = 5, 11, and 16%) for an LOB
under an O2 atmosphere at 0.1 mVs−1. (b) GCD plot of Mo2C-NR@xNC (x = 5, 11, and 16%) at
100 mA g−1. (c) Discharge profile for an LOB with Mo2C-NR@5%NC. (d) Discharge profile of an LOB
with Mo2C-NR@11%NC. (e) Discharge profile of an LOB with Mo2C-NR@16%NC. (f) Discharge plot of
the control group at 100 mA g−1. (g,h) Graphical representation of an LOB cell with Mo2C-NR and
Mo2C-NR@11 NC catalysts [133]. Copyright 2018 The American Chemical Society. (i) FE-SEM image
of Mo2C-C. (j,k) HR-TEM image of Mo2C-C and (l) the corresponding FFT pattern. (m,n) FE-SEM
and HR-TEM images of the control sample carbon. (o–q) EDS mapping of C and Mo in Mo2C-C [134].
Copyright 2020 Elsevier.

3.4.3. 2D Layered Transition Metal Nitrides

In general, 2D layered TMNs are highly electronically conductive compared to their 2D layered
TMC counterparts and suitable for the majority of electronic storage devices. However, its practical
applications are largely hindered by their complicated preparation process. According to earlier report
by Shein et al., the threshold energy required for the conversion of Mn+1Nn is comparatively higher
than that of Mn+1Cn from their corresponding MAX (Mn+1AlNn and Mn+1AlCn) phase [140]. It is
important to notice that acidic solutions are not opt to remove the ‘A’ phase (Al, Sn) from MAX for 2D
layered TMNs due to its less cohesive energy, which leads to make them unstable when it dissolved in
HF solution and failed completely. Hence, the synthesis of 2D layered nitride based MXenes (2D TMNs)
are highly complex and cost-effective [141,142]. Owing to these factors, only a few 2D layered TMNs
have been reported. Urbankowski et al. have successfully derived the Ti4N3 MXene from Ti4AlN3
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using molten fluoride salt as etchant at 550 ◦C [143]. Ti2N based MXenes have been successfully
exfoliated by Bhuvaneswari et al. using KF and HCl as the selective etchants [144]. Additionally,
an ammonization of TMCs to convert into TMNs have also reported recently [145]. Furthermore,
a scalable-salt templating processed 2D molybdenum, tungsten, and vanadium nitride films have
prepared and studied experimentally and computationally by Xiao et al. [146].

Besides complex synthesis process, these TMNs possess outstanding mechanical and electrical
properties and better chemical and thermal stabilities, and finds application in diverge fields such as
storage and conversion devices, sensors, electronics, fuel cells, and catalysis [141]. However, the reports
on 2D layered TMNs as cathode catalysts for LOB are very limited. For instance, as discussed earlier
(Section 3.3.2), Sun et al. have fabricated N-doped carbon incorporated vanadium nitride (VN) cathode
catalysts with significantly enriched catalytic activity for OER-ORR processes for LOBs. Because of
their high nitrogen content and appreciable electric conductivity, the prepared catalyst assembled
LOB cells have delivered the outstanding capacity of 8269 mAh g−1 with a GCD voltage gap of
0.88 V [102]. On the other hand, the 2D carbonitride based FeCo-N-C catalyst have been considered as
a potential cathode material for LOBs because of its highly active sites. Interestingly, this microporous
Fe, Co doped catalyst has offered durable cycling stability up to 75 cycles with the maximum discharge
capacity as high as 17,200 mAh g−1 at a low current rate [147]. Shukla et al. recently further evaluated
sulfide functionalized vanadium and titanium based cathode catalysts include V2NS2 and TiN2S2

for energy storage devices through the first principle DFT methodology [148]. Zhao et al. have
obtained a very good electrocatalytic activity as well as long-term durability while using Pt supported
graphitic C3N4 catalysts for LOBs [149]. Although 2D layered TMNs are capable to offer excellent
reaction sites for OER/ORR processes, thereby leading to provide high specific capacity, it is hard to
decompose their bi-products (lithium peroxide) and complex experimental processes restrict them
from commercialization.

Table 1 summarizes the electrochemical and storage performance of various TMC- and TMN-based
cathode electrocatalysts for LOBs applications.

Table 1. Electrochemical and storage performance of TMC- and TMN-based cathode electrocatalysts
for LOBs.

Materials Morphology CD-Potential
Gap (V)

Capacity (mAh g−1)/
Current Density (mA g−1)

Capacity
Retention Ref

TiC Nanosheets 1 V 500 at 1 mA cm−2 98% after 100
cycles [67]

Ru-TiC Nanowire 0.91 V 1.6 mAh cm−2 at 0.1 mA cm−2 ~61% after 270
cycles [74]

TiC-cloth Nanowire 0.6 V 0.5 mAh cm−2 at 0.1 mA cm−2 ~92% after 100
cycles [75]

graphene@Fe/Fe3C Three-dimensional
porous structure 0.61 V 7150 at 0.1 mA cm−2 n.a [83]

F@NG-NCNT Bamboo tubular 1.1 V 6966 at 0.1 mA cm−2 100% after 30
cycles [84]

Fe/Fe3C–CNFs Nanofibers 1.05 V 6920/80 n.a [85]

(V-TiO2/Ti3C2Tx) Nanosheet 0.21 V 11,487/100 79% after 200
cycles [127]

NiO/Ti3C2
Accordion
nanosheets 1.07 V 13,350/100

Maintains
stable capacity
after 90 cycles

[128]

CoO/Ti3C2Tx Layered nanosheet 1.02 V 16,220/100 n.a [129]

Carbon-wrapped
Mo2C/Ni-foam Nanoparticles 0.9 V 10,400/100

Maintains
stable capacity
after 200 cycles

[137]

Mo2C/C Nanoflowers 1.2 V 7500/100
Maintains

stable capacity
after 104 cycles

[134]

Mo2C/CNF Nanoparticles 1.0 V 10,509/100
Maintains

stable capacity
after 124 cycles

[132]
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Table 1. Cont.

Materials Morphology CD-Potential
Gap (V)

Capacity (mAh g−1)/
Current Density (mA g−1)

Capacity
Retention Ref

Mo2CTx
MXene/CNT Nanoporous 2.0 V 5950/100

Maintains
stable capacity
after 40 cycles

[131]

Mo2C-NR@NC Nanorods 0.28 V 6962/100 n.a [133]

Mo2C-MoC House penticide n.a 34,862/200
Maintains

stable capacity
after 162 cycles

[136]

MoO2/Mo2C Porous
nanocrystals 0.21 V 5000/1000

Maintains
stable capacity
after 40 cycles

[138]

Mo2C-MoO2 Porous nanosheet 0.56 V 2365/200
Maintains

stable capacity
after 100 cycles

[139]

n-TiN/VC Nanoparticles 0.39 V 6407/50 n.a [90]

VN @C nanoribbon 0.88 V 1000/100
Maintains

stable capacity
after 183 cycles

[102]

Fe, Co–co-doped
C-N polyhedra 1.0 V 800/500

Maintains
stable capacity
after 56 cycles

[147]

Pt supported g-C3N4 nanosheet 1.5 V 17,059.5/100
Maintains

stable capacity
after 100 cycles

[149]

4. Summary, Outlook, and Future Prospects

In summary, LOBs have strong potential as an energy source for future electronic devices and hybrid
plug-in vehicles due to their higher energy density. In order to expand the commercial market for LOBs,
a significant volume of research has been conducted over the past decade. However, the commercial
development of LOBs has faced practical hurdles such as their short lifespan, poor specific capacity,
poor polarization during charging and discharging, and slow kinetics of the electrochemical mechanisms
for OER/ORR catalytic activity. In order to overcome these issues, a variety of cathode catalysts,
including carbonaceous materials, noble metal/transition metal oxides, metal chalcogenides/phosphides,
MOFs, TMCs, and TMNs have been studied. Of these materials, TMCs and TMNs have exhibited
particular promise due to their specific composition and unique physicochemical properties.

In this focused review, we have summarized the electrochemical catalytic behavior and storage
performance of both bulk and 2D layered TMCs and TMNs for use in LOBs. Compared to bulk TMCs
and TMNs, 2D MXenes and their composites offer outstanding capacity and a high round-trip efficiency.
Recently, research has focused on extending the range of MXenes by exploring different combinations of
elements to improve the performance of LOBs. However, their commercial usefulness is limited by their
high cost (e.g., ~$366 per 100 g of powder, Ukraine Y-Carbon Ltd., excluding exfoliation, delamination,
and other purification processes) and structural variability. Therefore, cost-effective fabrication
processes need to be developed to reduce the cost of precursors and final products, while suitable
solvents that can ensure the structural stability of MXenes for use in energy storage devices need to
be identified.

In this regard, the source in attaining cathode catalysts’ must be expanded. To reduce the capital
cost as well as apprehend a green and sustainable LOB electrocatalytic mechanism, the catalysts
should be anticipated to derive from daily waste products. The side reactions and their corresponding
by-products should be minimized during electrochemical process by the way of designing a new type
of catalyst materials and to apply different synthesis strategies. In order to enhance the safety features
of the LOB, the volatile liquid LiPF6 electrolyte should be substituted by solid and quasi-solid state
electrolytes. Henceforth, more attention will be paid for the interface reaction at the electrode-electrolyte
surface, protection of anode from passivation, and conductivity of the electrolyte.
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In addition, CO2 and H2O contamination and the high discharge current rate in Li–O2

electrochemistry limit the formation of Li2O2, leading to poor cycling stability and cell capacity.
To avoid these problems, the repeatability and reproducibility of Li–O2 cells need to be guaranteed
by ensuring sealing of the cell hardware, thus supporting the catalytic mechanisms during the
electrochemical reactions. Overall, this review article expands the understanding of OER/ORR catalytic
mechanisms and provides guidelines for future research on TMC- and TMN-based cathode catalysts,
which can be used to significantly advance LOB technology.

Author Contributions: Conceptualization, K.K., K.P., and H.-S.K.; software, V.R.J.; resources, D.V. and J.-H.H.;
writing—original draft preparation, K.K., K.P., S.H., and D.V.; writing—review and editing, D.V. and H.-S.K.;
visualization, K.K. and J.-H.H.; supervision, H.-S.K.; funding acquisition, H.-S.K. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the Korea Institute of Energy Technology Evaluation and Planning (KETEP)
and the Ministry of Trade, Industry & Energy (MOTIE) of the Republic of Korea (No. 20194030202320), and the
research program of Dongguk University in 2020 (No. S-2020-G0041-00003).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Vikraman, D.; Hussain, S.; Prasanna, K.; Karuppasamy, K.; Jung, J.; Kim, H.-S. Facile method to synthesis
hybrid phase 1T@2H MoSe2 nanostructures for rechargeable lithium ion batteries. J. Electroanal. Chem. 2019,
833, 333–339. [CrossRef]

2. Karuppasamy, K.; Vikraman, D.; Jeon, J.-H.; Ramesh, S.; Yadav, H.M.; Jothi, V.R.; Bose, R.; Kim, H.S.;
Alfantazi, A.; Kim, H.-S. Highly porous, hierarchical microglobules of Co3O4 embedded N-doped carbon
matrix for high performance asymmetric supercapacitors. Appl. Surf. Sci. 2020, 529, 147147. [CrossRef]

3. Goodenough, J.B.; Park, K.-S. The Li-Ion Rechargeable Battery: A Perspective. J. Am. Chem. Soc. 2013, 135,
1167–1176. [CrossRef] [PubMed]

4. Bonaccorso, F.; Colombo, L.; Yu, G.; Stoller, M.; Tosi, M.; Ferrari, A.C.; Ruoff, R.S.; Pellegrini, V. Graphene,
related two-dimensional crystals, and hybrid systems for energy conversion and storage. Science 2015,
347, 1246501. [CrossRef]

5. Chang, Z.; Xu, J.; Zhang, X. Recent Progress in Electrocatalyst for Li-O2Batteries. Adv. Energy Mater. 2017,
7, 1700875. [CrossRef]

6. Zhang, S.; Wang, G.; Jin, J.; Zhang, L.; Wenab, Z. Coupling solid and soluble catalysts toward stable Li anode
for high-performance Li–O2 batteries. Energy Storage Mater. 2020, 28, 342–349. [CrossRef]

7. Karuppasamy, K.; Prasanna, K.; Ilango, P.R.; Vikraman, D.; Bose, R.; Alfantazi, A.; Kim, H.-S. Biopolymer
phytagel-derived porous nanocarbon as efficient electrode material for high-performance symmetric
solid-state supercapacitors. J. Ind. Eng. Chem. 2019, 80, 258–264. [CrossRef]

8. Hussain, S.; Rabani, I.; Vikraman, D.; Feroze, A.; Karuppasamy, K.; Haq, Z.U.; Seo, Y.-S.; Chun, S.-H.;
Kim, H.-S.; Jung, J. Hybrid Design Using Carbon Nanotubes Decorated with Mo2C and W2C Nanoparticles
for Supercapacitors and Hydrogen Evolution Reactions. ACS Sustain. Chem. Eng. 2020, 8, 12248–12259.
[CrossRef]

9. Zakeri, B.; Syri, S. Electrical energy storage systems: A comparative life cycle cost analysis. Renew. Sustain.
Energy Rev. 2015, 42, 569–596. [CrossRef]

10. Stankovich, S.; Dikin, D.A.; Dommett, G.H.B.; Kohlhaas, K.M.; Zimney, E.J.; Stach, E.A.; Piner, R.D.;
Nguyen, S.T.; Ruoff, R.S. Graphene-based composite materials. Nat. Cell Biol. 2006, 442, 282–286. [CrossRef]

11. Huang, X.; Yin, Z.; Wu, S.; Qi, X.; He, Q.; Zhang, Q.; Yan, Q.; Boey, F.; Zhang, H. Graphene-Based Materials:
Synthesis, Characterization, Properties, and Applications. Small 2011, 7, 1876–1902. [CrossRef] [PubMed]

12. Huang, Y.; Liang, J.; Chen, Y. An Overview of the Applications of Graphene-Based Materials in Supercapacitors.
Small 2012, 8, 1805–1834. [CrossRef] [PubMed]

13. Zhu, J.; Yang, D.; Yin, Z.; Yan, Q.; Zhang, H. Graphene and Graphene-Based Materials for Energy Storage
Applications. Small 2014, 10, 3480–3498. [CrossRef]

http://dx.doi.org/10.1016/j.jelechem.2018.12.013
http://dx.doi.org/10.1016/j.apsusc.2020.147147
http://dx.doi.org/10.1021/ja3091438
http://www.ncbi.nlm.nih.gov/pubmed/23294028
http://dx.doi.org/10.1126/science.1246501
http://dx.doi.org/10.1002/aenm.201700875
http://dx.doi.org/10.1016/j.ensm.2020.03.018
http://dx.doi.org/10.1016/j.jiec.2019.08.003
http://dx.doi.org/10.1021/acssuschemeng.0c04022
http://dx.doi.org/10.1016/j.rser.2014.10.011
http://dx.doi.org/10.1038/nature04969
http://dx.doi.org/10.1002/smll.201002009
http://www.ncbi.nlm.nih.gov/pubmed/21630440
http://dx.doi.org/10.1002/smll.201102635
http://www.ncbi.nlm.nih.gov/pubmed/22514114
http://dx.doi.org/10.1002/smll.201303202


Nanomaterials 2020, 10, 2106 22 of 28

14. Shao, Y.; Wang, J.; Wu, H.; Liu, J.; Aksay, I.A.; Lin, Y. Graphene Based Electrochemical Sensors and Biosensors:
A Review. Electroanalysis 2010, 22, 1027–1036. [CrossRef]

15. Karuppasamy, K.; Jothi, V.R.; Nichelson, A.; Vikraman, D.; Tanveer, W.H.; Kim, H.-S.; Yi, S.-C.
Chapter 14—Nanostructured transition metal sulfide/selenide anodes for high-performance sodium-ion
batteries. In Nanostructured, Functional, and Flexible Materials for Energy Conversion and Storage Systems;
Pandikumar, A., Rameshkumar, P., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 437–464.
[CrossRef]

16. Karuppasamy, K.; Theerthagiri, J.; Vikraman, D.; Yim, C.-J.; Hussain, S.; Sharma, R.; Maiyalagan, T.; Qin, J.;
Kim, H.-S. Ionic Liquid-Based Electrolytes for Energy Storage Devices: A Brief Review on Their Limits and
Applications. Polymers 2020, 12, 918. [CrossRef] [PubMed]

17. Vikraman, D.; Hussain, S.; Karuppasamy, K.; Feroze, A.; Kathalingam, A.; Sanmugam, A.; Chun, S.-H.;
Jung, J.; Kim, H.-S. Engineering the novel MoSe2-Mo2C hybrid nanoarray electrodes for energy storage and
water splitting applications. Appl. Catal. B Environ. 2020, 264, 118531. [CrossRef]

18. Tang, Q.; Zhou, Z.; Shen, P. Are MXenes Promising Anode Materials for Li Ion Batteries? Computational
Studies on Electronic Properties and Li Storage Capability of Ti3C2 and Ti3C2X2 (X = F, OH) Monolayer.
J. Am. Chem. Soc. 2012, 134, 16909–16916. [CrossRef]

19. Ghidiu, M.; Kota, S.; Halim, J.; Sherwood, A.W.; Nedfors, N.; Rosen, J.; Mochalin, V.N.; Barsoum, M.W.
Alkylammonium Cation Intercalation into Ti3C2 (MXene): Effects on Properties and Ion-Exchange Capacity
Estimation. Chem. Mater. 2017, 29, 1099–1106. [CrossRef]

20. Theerthagiri, J.; Durai, G.; Karuppasamy, K.; Arunachalam, P.; Elakkiya, V.; Kuppusami, P.; Maiyalagan, T.;
Kim, H.-S. Recent advances in 2-D nanostructured metal nitrides, carbides, and phosphides electrodes for
electrochemical supercapacitors—A brief review. J. Ind. Eng. Chem. 2018, 67, 12–27. [CrossRef]

21. Theerthagiri, J.; Karuppasamy, K.; Durai, G.; Rana, A.U.H.S.; Arunachalam, P.; Sangeetha, K.; Kuppusami, P.;
Kim, H.-S. Recent Advances in Metal Chalcogenides (MX.; X = S, Se) Nanostructures for Electrochemical
Supercapacitor Applications: A Brief Review. Nanomaterials 2018, 8, 256. [CrossRef]

22. Lei, C.-J.; Zhang, X.; Zhou, Z. Recent advances in MXene: Preparation, properties, and applications.
Front. Phys. 2015, 10, 276–286. [CrossRef]

23. Chaudhari, N.K.; Jin, H.; Kim, B.; Baek, D.S.; Joo, S.H.; Kim, T. MXene: An emerging two-dimensional
material for future energy conversion and storage applications. J. Mater. Chem. A 2017, 5, 24564–24579.
[CrossRef]

24. Anasori, B.; Lukatskaya, M.R.; Gogotsi, Y. 2D metal carbides and nitrides (MXenes) for energy storage.
Nat. Rev. Mater. 2017, 2, 16098. [CrossRef]

25. Sun, S.; Liao, C.; Hafez, A.M.; Zhu, H.; Wu, S. Two-dimensional MXenes for energy storage. Chem. Eng. J.
2018, 338, 27–45. [CrossRef]

26. Jun, B.-M.; Kim, S.; Heo, J.; Park, C.M.; Her, N.; Jang, M.; Huang, Y.; Han, J.; Yoon, Y. Review of MXenes as
new nanomaterials for energy storage/delivery and selected environmental applications. Nano Res. 2018, 12,
471–487. [CrossRef]

27. Zhang, X.; Zhang, Z.; Zhou, Z. MXene-based materials for electrochemical energy storage. J. Energy Chem.
2018, 27, 73–85. [CrossRef]

28. Wang, C.; Xie, Z.; Zhou, Z. Lithium-air batteries: Challenges coexist with opportunities. APL Mater. 2019,
7, 040701. [CrossRef]

29. Hong, Y.; Zhao, C.; Xiao, Y.; Xu, R.; Xu, J.; Huang, J.; Zhang, Q.; Yu, X.; Li, H. Safe Lithium-Metal Anodes
for Li–O2 Batteries: From Fundamental Chemistry to Advanced Characterization and Effective Protection.
Batter. Supercaps 2019, 2, 638–658. [CrossRef]

30. Ding, Y.; Li, Y.; Wu, M.; Zhao, H.; Li, Q.; Wu, Z.-S. Recent advances and future perspectives of two-dimensional
materials for rechargeable Li-O2 batteries. Energy Storage Mater. 2020, 31, 470–491. [CrossRef]

31. Armand, M.; Tarascon, J.-M. Building better batteries. Nature 2008, 451, 652–657. [CrossRef] [PubMed]
32. Dunn, B.; Kamath, H.; Tarascon, J.-M. Electrical Energy Storage for the Grid: A Battery of Choices. Science

2011, 334, 928–935. [CrossRef] [PubMed]
33. Balaish, M.; Kraytsberg, A.; Ein-Eli, Y. A critical review on lithium–air battery electrolytes. Phys. Chem.

Chem. Phys. 2014, 16, 2801–2822. [CrossRef] [PubMed]
34. Jung, K.-N.; Kim, J.; Yamauchi, Y.; Park, M.; Lee, J.-W.; Kim, J.H. Rechargeable lithium–air batteries:

A perspective on the development of oxygen electrodes. J. Mater. Chem. A 2016, 4, 14050–14068. [CrossRef]

http://dx.doi.org/10.1002/elan.200900571
http://dx.doi.org/10.1016/B978-0-12-819552-9.00014-2
http://dx.doi.org/10.3390/polym12040918
http://www.ncbi.nlm.nih.gov/pubmed/32326662
http://dx.doi.org/10.1016/j.apcatb.2019.118531
http://dx.doi.org/10.1021/ja308463r
http://dx.doi.org/10.1021/acs.chemmater.6b04234
http://dx.doi.org/10.1016/j.jiec.2018.06.038
http://dx.doi.org/10.3390/nano8040256
http://dx.doi.org/10.1007/s11467-015-0493-x
http://dx.doi.org/10.1039/C7TA09094C
http://dx.doi.org/10.1038/natrevmats.2016.98
http://dx.doi.org/10.1016/j.cej.2017.12.155
http://dx.doi.org/10.1007/s12274-018-2225-3
http://dx.doi.org/10.1016/j.jechem.2017.08.004
http://dx.doi.org/10.1063/1.5091444
http://dx.doi.org/10.1002/batt.201900031
http://dx.doi.org/10.1016/j.ensm.2020.07.041
http://dx.doi.org/10.1038/451652a
http://www.ncbi.nlm.nih.gov/pubmed/18256660
http://dx.doi.org/10.1126/science.1212741
http://www.ncbi.nlm.nih.gov/pubmed/22096188
http://dx.doi.org/10.1039/c3cp54165g
http://www.ncbi.nlm.nih.gov/pubmed/24424632
http://dx.doi.org/10.1039/C6TA04510C


Nanomaterials 2020, 10, 2106 23 of 28

35. Littauer, E.L.; Tsai, K.C. Anodic Behavior of Lithium in Aqueous Electrolytes: II. Mechanical Passivation.
J. Electrochem. Soc. 1976, 123, 964–969. [CrossRef]

36. Abraham, K.M.; Jiang, Z. A Polymer Electrolyte-Based Rechargeable Lithium/Oxygen Battery.
J. Electrochem. Soc. 2019, 143, 1–5. [CrossRef]

37. Aurbach, D.; McCloskey, B.D.; Nazar, L.F.; Bruce, P.G. Advances in understanding mechanisms underpinning
lithium–air batteries. Nat. Energy 2016, 1, 16128. [CrossRef]

38. GirishKumar, G.; McCloskey, B.; Luntz, A.C.; Swanson, S.; Wilcke, W. Lithium–Air Battery: Promise and
Challenges. J. Phys. Chem. Lett. 2010, 1, 2193–2203. [CrossRef]

39. Zhang, Y.; Zhang, X.; Wang, J.; McKee, W.C.; Xu, Y.; Peng, Z. Potential-Dependent Generation of O2– and
LiO2 and Their Critical Roles in O2 Reduction to Li2O2 in Aprotic Li–O2 Batteries. J. Phys. Chem. C 2016, 120,
3690–3698. [CrossRef]

40. Lu, Y.-C.; Shao-Horn, Y. Probing the Reaction Kinetics of the Charge Reactions of Nonaqueous Li–O2 Batteries.
J. Phys. Chem. Lett. 2012, 4, 93–99. [CrossRef]

41. Ma, Z.; Yuan, X.; Li, L.; Ma, Z.-F.; Wilkinson, D.P.; Zhang, L.; Zhang, J. A review of cathode materials and
structures for rechargeable lithium–air batteries. Energy Environ. Sci. 2015, 8, 2144–2198. [CrossRef]

42. Kim, M.-C.; So, J.-Y.; Moon, S.-H.; Han, S.-B.; Choi, S.; Kim, E.-S.; Shin, Y.-K.; Lee, J.-E.; Kwak, D.-H.;
Lee, C.; et al. Nature inspired cathodes using high-density carbon papers with an eddy current effect for
high-rate performance lithium–air batteries. J. Mater. Chem. A 2018, 6, 9550–9560. [CrossRef]

43. Yang, N.; Hu, D.-R.; Cao, B.-K.; Chen, Y.; Li, D.; Chen, D.-M. Preparation of three-dimensional hierarchical
porous carbon microspheres for use as a cathode material in lithium-air batteries. Carbon 2018, 130, 847–848.
[CrossRef]

44. Yang, X.-Y.; Xu, J.-J.; Chang, Z.-W.; Bao, D.; Yin, Y.-B.; Liu, T.; Yan, J.-M.; Liu, D.-P.; Zhang, Y.; Zhang, X.-B.
Blood-Capillary-Inspired, Free-Standing, Flexible, and Low-Cost Super-Hydrophobic N-CNTs@SS Cathodes
for High-Capacity, High-Rate, and Stable Li-Air Batteries. Adv. Energy Mater. 2018, 8. [CrossRef]

45. Liu, Y.; Li, B.; Cheng, Z.; Li, C.; Zhang, X.; Guo, S.; He, P.; Zhou, H. Intensive investigation on all-solid-state
Li-air batteries with cathode catalysts of single-walled carbon nanotube/RuO2. J. Power Sources 2018, 395,
439–443. [CrossRef]

46. Zhu, X.; Wu, Y.; Wan, W.; Yan, Y.; Wang, Y.; He, X.; Lü, Z. CNF-grafted carbon fibers as a binder-free
cathode for Lithium Oxygen batteries with a superior performance. Int. J. Hydrogen Energy 2018, 43, 739–747.
[CrossRef]

47. Hu, S.-J.; Fan, X.-P.; Chen, J.; Peng, J.-M.; Hu, S.; Huang, Y.-G.; Li, Q.-Y. Carbon Nanotubes/Carbon Fiber Paper
Supported MnO2 Cathode Catalyst for Li–Air Batteries. ChemElectroChem 2017, 4, 2997–3003. [CrossRef]

48. Xiao, J.; Mei, D.; Li, X.; Xu, W.; Wang, D.; Graff, G.L.; Bennett, W.D.; Nie, Z.; Saraf, L.V.; Aksay, I.A.; et al.
Hierarchically Porous Graphene as a Lithium–Air Battery Electrode. Nano Lett. 2011, 11, 5071–5078.
[CrossRef]

49. Jiang, Y.; Cheng, J.; Zou, L.; Li, X.; Huang, Y.; Jia, L.; Chi, B.; Pu, J.; Li, J. Graphene Foam Decorated with Ceria
Microspheres as a Flexible Cathode for Foldable Lithium-Air Batteries. ChemCatChem 2017, 9, 4231–4237.
[CrossRef]

50. Sun, B.; Wang, B.; Su, D.; Xiao, L.; Ahn, H.; Wang, G. Graphene nanosheets as cathode catalysts for lithium-air
batteries with an enhanced electrochemical performance. Carbon 2012, 50, 727–733. [CrossRef]

51. Jung, H.-G.; Jeong, Y.S.; Park, J.-B.; Sun, Y.-K.; Scrosati, B.; Lee, Y.J. Ruthenium-Based Electrocatalysts
Supported on Reduced Graphene Oxide for Lithium-Air Batteries. ACS Nano 2013, 7, 3532–3539. [CrossRef]

52. Sun, C.; Li, F.; Ma, C.; Wang, Y.; Ren, Y.; Yang, W.; Ma, Z.; Li, J.; Chen, Y.; Kim, Y.; et al. Graphene–Co3O4

nanocomposite as an efficient bifunctional catalyst for lithium–air batteries. J. Mater. Chem. A 2014, 2,
7188–7196. [CrossRef]

53. Wang, L.; Zhao, X.; Lu, Y.; Xu, M.; Zhang, D.; Ruoff, R.S.; Stevenson, K.J.; Goodenough, J.B. CoMn2O4 Spinel
Nanoparticles Grown on Graphene as Bifunctional Catalyst for Lithium-Air Batteries. J. Electrochem. Soc.
2011, 158, A1379–A1382. [CrossRef]

54. Wu, D.; Guo, Z.; Yin, X.; Pang, Q.; Tu, B.; Zhang, L.; Wang, Y.; Li, Q. Metal-Organic Frameworks as Cathode
Materials for Li-O2 Batteries. Adv. Mater. 2014, 26, 3258–3262. [CrossRef] [PubMed]

55. García-Lastra, J.M.; Myrdal, J.S.G.; Christensen, R.; Thygesen, K.S.; Vegge, T. DFT+U Study of Polaronic
Conduction in Li2O2 and Li2CO3: Implications for Li–Air Batteries. J. Phys. Chem. C 2013, 117, 5568–5577.
[CrossRef]

http://dx.doi.org/10.1149/1.2133013
http://dx.doi.org/10.1149/1.1836378
http://dx.doi.org/10.1038/nenergy.2016.128
http://dx.doi.org/10.1021/jz1005384
http://dx.doi.org/10.1021/acs.jpcc.5b12338
http://dx.doi.org/10.1021/jz3018368
http://dx.doi.org/10.1039/C5EE00838G
http://dx.doi.org/10.1039/C8TA00281A
http://dx.doi.org/10.1016/j.carbon.2017.12.090
http://dx.doi.org/10.1002/aenm.201702242
http://dx.doi.org/10.1016/j.jpowsour.2018.05.080
http://dx.doi.org/10.1016/j.ijhydene.2017.11.130
http://dx.doi.org/10.1002/celc.201700582
http://dx.doi.org/10.1021/nl203332e
http://dx.doi.org/10.1002/cctc.201700942
http://dx.doi.org/10.1016/j.carbon.2011.09.040
http://dx.doi.org/10.1021/nn400477d
http://dx.doi.org/10.1039/C4TA00802B
http://dx.doi.org/10.1149/2.068112jes
http://dx.doi.org/10.1002/adma.201305492
http://www.ncbi.nlm.nih.gov/pubmed/24616022
http://dx.doi.org/10.1021/jp3107809


Nanomaterials 2020, 10, 2106 24 of 28

56. McCloskey, B.D.; Speidel, A.; Scheffler, R.; Miller, D.C.; Viswanathan, V.; Hummelshøj, J.S.; Nørskov, J.K.;
Luntz, A.C. Twin Problems of Interfacial Carbonate Formation in Nonaqueous Li–O2 Batteries. J. Phys.
Chem. Lett. 2012, 3, 997–1001. [CrossRef] [PubMed]

57. Lu, Y.-C.; Xu, Z.; Gasteiger, H.A.; Chen, S.; Hamad-Schifferli, K.; Shao-Horn, Y. Platinum–Gold Nanoparticles:
A Highly Active Bifunctional Electrocatalyst for Rechargeable Lithium–Air Batteries. J. Am. Chem. Soc. 2010,
132, 12170–12171. [CrossRef] [PubMed]

58. Lim, S.H.; Kim, B.K.; Yoon, W.Y. Catalytic behavior of V2O5 in rechargeable Li–O2 batteries.
J. Appl. Electrochem. 2012, 42, 1045–1048. [CrossRef]

59. Yang, W.; Salim, J.; Ma, C.; Ma, Z.; Sun, C.; Li, J.; Chen, L.; Kim, Y. Flowerlike Co3O4 microspheres loaded
with copper nanoparticle as an efficient bifunctional catalyst for lithium–air batteries. Electrochem. Commun.
2013, 28, 13–16. [CrossRef]

60. Lim, S.H.; Kim, H.; Byun, J.; Kim, B.K.; Yoon, W.Y. Electrochemical and catalytic properties of V2O5/Al2O3 in
rechargeable Li–O2 batteries. Electrochimica Acta 2013, 107, 681–685. [CrossRef]

61. Truong, T.T.; Liu, Y.; Ren, Y.; Trahey, L.; Sun, Y. Morphological and Crystalline Evolution of Nanostructured
MnO2 and Its Application in Lithium–Air Batteries. ACS Nano 2012, 6, 8067–8077. [CrossRef]

62. Lee, A.; Krishnamurthy, D.; Viswanathan, V. Exploring MXenes as Cathodes for Non-Aqueous
Lithium–Oxygen Batteries: Design Rules for Selectively Nucleating Li2O2. ChemSusChem 2018, 11, 1911–1918.
[CrossRef] [PubMed]

63. Tang, X.; Guo, X.; Wu, W.; Wang, G. 2D Metal Carbides and Nitrides (MXenes) as High-Performance Electrode
Materials for Lithium-Based Batteries. Adv. Energy Mater. 2018, 8, 1801897. [CrossRef]

64. Zheng, H.; Xiao, D.; Li, X.; Liu, Y.; Wu, Y.; Wang, J.; Jiang, K.; Chen, C.; Gu, L.; Wei, X.; et al. New Insight in
Understanding Oxygen Reduction and Evolution in Solid-State Lithium–Oxygen Batteries Using an in Situ
Environmental Scanning Electron Microscope. Nano Lett. 2014, 14, 4245–4249. [CrossRef]

65. Liang, Z.; Zou, Q.; Wang, Y.; Lu, Y.-C. Recent Progress in Applying In Situ/Operando Characterization
Techniques to Probe the Solid/Liquid/Gas Interfaces of Li-O2 Batteries. Small Methods 2017, 1, 1700150.
[CrossRef]

66. Shui, J.-L.; Karan, N.K.; Balasubramanian, M.; Li, S.-Y.; Liu, D.-J. Fe/N/C Composite in Li–O2 Battery: Studies
of Catalytic Structure and Activity toward Oxygen Evolution Reaction. J. Am. Chem. Soc. 2012, 134,
16654–16661. [CrossRef]

67. Thotiyl, M.M.O.; Freunberger, S.A.; Peng, Z.; Chen, Y.; Liu, Z.; Bruce, P.G. A stable cathode for the aprotic
Li–O2 battery. Nat. Mater. 2013, 12, 1050–1056. [CrossRef]

68. Yang, Y.; Xue, X.; Qin, Y.; Wang, X.; Yao, M.; Qin, Z.; Huang, H. Oxygen Evolution Reaction on Pristine and
Oxidized TiC (100) Surface in Li–O2 Battery. J. Phys. Chem. C 2018, 122, 12665–12672. [CrossRef]

69. Raz, K.; Tereshchuk, P.; Golodnitsky, D.; Natan, A. Adsorption of Li2O2, Na2O2, and NaO2 on TiC(111)
Surface for Metal–Air Rechargeable Batteries: A Theoretical Study. J. Phys. Chem. C 2018, 122, 16473–16480.
[CrossRef]

70. Kozmenkova, A.Y.; Kataev, E.Y.; Belova, A.I.; Amati, M.; Gregoratti, L.; Velasco-Vélez, J.; Knop-Gericke, A.;
Senkovskiy, B.V.; Vyalikh, D.V.; Itkis, D.M.; et al. Tuning Surface Chemistry of TiC Electrodes for Lithium–Air
Batteries. Chem. Mater. 2016, 28, 8248–8255. [CrossRef]

71. Adams, B.D.; Black, R.; Radtke, C.; Williams, Z.; Mehdi, B.L.; Browning, N.D.; Nazar, L.F. The Importance of
Nanometric Passivating Films on Cathodes for Li–Air Batteries. ACS Nano 2014, 8, 12483–12493. [CrossRef]
[PubMed]

72. Feng, X.; Zhu, K.; Frank, A.J.; Grimes, C.A.; Mallouk, T.E. Rapid Charge Transport in Dye-Sensitized Solar
Cells Made from Vertically Aligned Single-Crystal Rutile TiO2 Nanowires. Angew. Chem. Int. Ed. 2012, 51,
2727–2730. [CrossRef] [PubMed]

73. Shrestha, N.K.; Schmuki, P. Chapter 3. Electrochemistry at TiO2 nanotubes and other semiconductor
nanostructures. Electrochemistry 2013, 12, 87–131. [CrossRef]

74. Liu, C.; Qiu, Z.; Brant, W.R.; Younesi, R.; Ma, Y.; Edström, K.; Gustafsson, T.; Zhu, J.; Brant, W.R. A free
standing Ru–TiC nanowire array/carbon textile cathode with enhanced stability for Li–O2 batteries. J. Mater.
Chem. A 2018, 6, 23659–23668. [CrossRef]

75. Jeong, M.-G.; Kwak, W.-J.; Shin, H.-J.; Sun, Y.-K.; Jung, H.-G. Perpendicularly Aligned TiC-Coated Carbon
Cloth Cathode for High-Performance Li-O2 Batteries. Chem. Eng. J. 2020, 399, 125699. [CrossRef]

http://dx.doi.org/10.1021/jz300243r
http://www.ncbi.nlm.nih.gov/pubmed/26286562
http://dx.doi.org/10.1021/ja1036572
http://www.ncbi.nlm.nih.gov/pubmed/20527774
http://dx.doi.org/10.1007/s10800-012-0480-7
http://dx.doi.org/10.1016/j.elecom.2012.12.007
http://dx.doi.org/10.1016/j.electacta.2013.06.045
http://dx.doi.org/10.1021/nn302654p
http://dx.doi.org/10.1002/cssc.201801224
http://www.ncbi.nlm.nih.gov/pubmed/29892991
http://dx.doi.org/10.1002/aenm.201801897
http://dx.doi.org/10.1021/nl500862u
http://dx.doi.org/10.1002/smtd.201700150
http://dx.doi.org/10.1021/ja3042993
http://dx.doi.org/10.1038/nmat3737
http://dx.doi.org/10.1021/acs.jpcc.7b12845
http://dx.doi.org/10.1021/acs.jpcc.8b01983
http://dx.doi.org/10.1021/acs.chemmater.6b03195
http://dx.doi.org/10.1021/nn505337p
http://www.ncbi.nlm.nih.gov/pubmed/25364863
http://dx.doi.org/10.1002/anie.201108076
http://www.ncbi.nlm.nih.gov/pubmed/22302578
http://dx.doi.org/10.1039/9781849737333-00087
http://dx.doi.org/10.1039/C7TA10930J
http://dx.doi.org/10.1016/j.cej.2020.125699


Nanomaterials 2020, 10, 2106 25 of 28

76. Lefèvre, M.; Proietti, E.; Jaouen, F.; Dodelet, J.-P. Iron-Based Catalysts with Improved Oxygen Reduction
Activity in Polymer Electrolyte Fuel Cells. Science 2009, 324, 71–74. [CrossRef]

77. Lee, J.-S.; Park, G.S.; Kim, S.T.; Liu, M.; Cho, J. A Highly Efficient Electrocatalyst for the Oxygen Reduction
Reaction: N-Doped Ketjenblack Incorporated into Fe/Fe3C-Functionalized Melamine Foam. Angew. Chem.
Int. Ed. 2012, 52, 1026–1030. [CrossRef]

78. Wen, Z.; Ci, S.; Zhang, F.; Feng, X.; Cui, S.; Mao, S.; Luo, S.; He, Z.; Chen, J. Nitrogen-Enriched Core-Shell
Structured Fe/Fe3C-C Nanorods as Advanced Electrocatalysts for Oxygen Reduction Reaction. Adv. Mater.
2012, 24, 1399–1404. [CrossRef]

79. Hu, M.Y.; Jensen, J.O.; Zhang, W.; Cleemann, L.N.; Xing, W.; Bjerrum, N.J.; Li, Q. Hollow Spheres of Iron
Carbide Nanoparticles Encased in Graphitic Layers as Oxygen Reduction Catalysts. Angew. Chem. Int. Ed.
2014, 53, 3675–3679. [CrossRef]

80. Li, J.-S.; Li, S.-L.; Tang, Y.-J.; Han, M.; Dai, Z.; Bao, J.; Lan, Y.-Q. Nitrogen-doped Fe/Fe3C@graphitic
layer/carbon nanotube hybrids derived from MOFs: Efficient bifunctional electrocatalysts for ORR and OER.
Chem. Commun. 2015, 51, 2710–2713. [CrossRef]

81. Yang, J.; Hu, J.; Weng, M.; Tan, R.; Tian, L.; Yang, J.; Amine, J.; Zheng, J.; Chen, H.; Pan, F. Fe-Cluster Pushing
Electrons to N-Doped Graphitic Layers with Fe3C(Fe) Hybrid Nanostructure to Enhance O2 Reduction
Catalysis of Zn-Air Batteries. ACS Appl. Mater. Interfaces 2017, 9, 4587–4596. [CrossRef] [PubMed]

82. Guan, B.Y.; Yu, L.; Lou, X.W.D. A dual-metal–organic-framework derived electrocatalyst for oxygen reduction.
Energy Environ. Sci. 2016, 9, 3092–3096. [CrossRef]

83. Lai, Y.; Chen, W.; Zhang, Z.; Qu, Y.; Gan, Y.; Li, J. Fe/Fe3C decorated 3-D porous nitrogen-doped graphene as
a cathode material for rechargeable Li–O2 batteries. Electrochim. Acta 2016, 191, 733–742. [CrossRef]

84. Lai, Y.; Jiao, Y.; Song, J.; Zhang, K.; Li, J.; Zhang, Z. Fe/Fe3C@graphitic carbon shell embedded in carbon
nanotubes derived from Prussian blue as cathodes for Li–O2 batteries. Mater. Chem. Front. 2018, 2, 376–384.
[CrossRef]

85. Li, J.; Zou, M.; Chen, L.; Huang, Z.; Guan, L. An efficient bifunctional catalyst of Fe/Fe3C carbon nanofibers
for rechargeable Li–O2 batteries. J. Mater. Chem. A 2014, 2, 10634–10638. [CrossRef]

86. Wei, L.; Sun, H.; Yang, T.; Deng, S.; Wu, M.; Li, Z. Iron carbide encapsulated by porous carbon nitride as
bifunctional electrocatalysts for oxygen reduction and evolution reactions. Appl. Surf. Sci. 2018, 439, 439–446.
[CrossRef]

87. Ren, W.; Xu, L.; Zhu, L.; Wang, X.; Ma, X.; Wang, D. Cobalt-Doped Vanadium Nitride Yolk–Shell
Nanospheres @ Carbon with Physical and Chemical Synergistic Effects for Advanced Li–S Batteries.
ACS Appl. Mater. Interfaces 2018, 10, 11642–11651. [CrossRef]

88. Jothi, V.R.; Karuppasamy, K.; Maiyalagan, T.; Rajan, H.; Jung, C.; Yi, S.C. Corrosion and Alloy Engineering in
Rational Design of High Current Density Electrodes for Efficient Water Splitting. Adv. Energy Mater. 2020, 10.
[CrossRef]

89. Bose, R.; Jothi, V.R.; Karuppasamy, K.; Alfantazi, A.; Yi, S.C. High performance multicomponent bifunctional
catalysts for overall water splitting. J. Mater. Chem. A 2020, 8, 13795–13805. [CrossRef]

90. Chen, J.; Takanabe, K.; Ohnishi, R.; Lu, D.; Okada, S.; Hatasawa, H.; Morioka, H.; Antonietti, M.; Kubota, J.;
Domen, K. Nano-sized TiN on carbon black as an efficient electrocatalyst for the oxygen reduction reaction
prepared using an mpg-C3N4 template. Chem. Commun. 2010, 46, 7492–7494. [CrossRef] [PubMed]

91. He, P.; Wang, Y.; Zhou, H. Titanium nitride catalyst cathode in a Li–air fuel cell with an acidic aqueous
solution. Chem. Commun. 2011, 47, 10701. [CrossRef]

92. Wang, Y.; Ohnishi, R.; Yoo, E.; He, P.; Kubota, J.; Domen, K.; Zhou, H. Nano- and micro-sized TiN as the
electrocatalysts for ORR in Li–air fuel cell with alkaline aqueous electrolyte. J. Mater. Chem. 2012, 22, 15549.
[CrossRef]

93. Li, F.; Ohnishi, R.; Yamada, Y.; Kubota, J.; Domen, K.; Yamada, A.; Zhou, H. Carbon supported TiN
nanoparticles: An efficient bifunctional catalyst for non-aqueous Li–O2 batteries. Chem. Commun. 2013, 49,
1175–1177. [CrossRef] [PubMed]

94. Li, F.; Zhang, T.; Zhou, H. Challenges of non-aqueous Li–O2 batteries: Electrolytes, catalysts, and anodes.
Energy Environ. Sci. 2013, 6, 1125–1141. [CrossRef]

95. Leng, L.; Li, J.; Zeng, X.; Tian, X.; Song, H.; Cui, Z.; Shu, T.; Wang, H.-S.; Ren, J.; Liao, S. Enhanced cyclability
of Li–O2 batteries with cathodes of Ir and MnO2 supported on well-defined TiN arrays. Nanoscale 2018, 10,
2983–2989. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1170051
http://dx.doi.org/10.1002/anie.201207193
http://dx.doi.org/10.1002/adma.201104392
http://dx.doi.org/10.1002/anie.201400358
http://dx.doi.org/10.1039/C4CC09062D
http://dx.doi.org/10.1021/acsami.6b13166
http://www.ncbi.nlm.nih.gov/pubmed/28098443
http://dx.doi.org/10.1039/C6EE02171A
http://dx.doi.org/10.1016/j.electacta.2016.01.134
http://dx.doi.org/10.1039/C7QM00503B
http://dx.doi.org/10.1039/c4ta01831a
http://dx.doi.org/10.1016/j.apsusc.2018.01.056
http://dx.doi.org/10.1021/acsami.7b18955
http://dx.doi.org/10.1002/aenm.201904020
http://dx.doi.org/10.1039/D0TA02697B
http://dx.doi.org/10.1039/c0cc02048f
http://www.ncbi.nlm.nih.gov/pubmed/20842294
http://dx.doi.org/10.1039/c1cc14144a
http://dx.doi.org/10.1039/c2jm32681g
http://dx.doi.org/10.1039/c2cc37042e
http://www.ncbi.nlm.nih.gov/pubmed/23289098
http://dx.doi.org/10.1039/c3ee00053b
http://dx.doi.org/10.1039/C7NR08358K
http://www.ncbi.nlm.nih.gov/pubmed/29372212


Nanomaterials 2020, 10, 2106 26 of 28

96. Yoon, K.R.; Shin, K.; Park, J.; Cho, S.-H.; Kim, C.; Jung, J.-W.; Cheong, J.Y.; Byon, H.R.; Lee, H.M.; Kim, I.-D.
Brush-Like Cobalt Nitride Anchored Carbon Nanofiber Membrane: Current Collector-Catalyst Integrated
Cathode for Long Cycle Li–O2 Batteries. ACS Nano 2017, 12, 128–139. [CrossRef]

97. Pan, C.; Xu, J.; Wang, Y.; Li, D.; Zhu, Y. Dramatic Activity of C3N4/BiPO4 Photocatalyst with Core/Shell
Structure Formed by Self-Assembly. Adv. Funct. Mater. 2012, 22, 1518–1524. [CrossRef]

98. Fu, G.; Cui, Z.; Chen, Y.; Xu, L.; Tang, Y.; Goodenough, J.B. Hierarchically mesoporous nickel-iron nitride as
a cost-efficient and highly durable electrocatalyst for Zn-air battery. Nano Energy 2017, 39, 77–85. [CrossRef]

99. Sun, Z.; Zhang, J.; Yin, L.; Hu, G.; Fang, R.; Cheng, H.-M.; Li, F. Conductive porous vanadium nitride/graphene
composite as chemical anchor of polysulfides for lithium-sulfur batteries. Nat. Commun. 2017, 8, 14627.
[CrossRef]

100. Li, X.; Ding, K.; Gao, B.; Li, Q.; Li, Y.; Fu, J.; Zhang, X.; Chu, P.K.; Huo, K. Freestanding carbon encapsulated
mesoporous vanadium nitride nanowires enable highly stable sulfur cathodes for lithium-sulfur batteries.
Nano Energy 2017, 40, 655–662. [CrossRef]

101. Mosavati, N.; Salley, S.O.; Ng, K.S. Characterization and electrochemical activities of nanostructured transition
metal nitrides as cathode materials for lithium sulfur batteries. J. Power Sources 2017, 340, 210–216. [CrossRef]

102. Sun, K.; Liu, M.; Yu, S.; Song, H.; Zeng, J.; Li, X.; Liao, S. In-situ grown vanadium nitride coated with thin
layer of nitrogen-doped carbon as a highly durable binder-free cathode for Li–O2 batteries. J. Power Sources
2020, 460, 228109. [CrossRef]

103. Okubo, M.; Sugahara, A.; Kajiyama, S.; Yamada, A. MXene as a Charge Storage Host. Accounts Chem. Res.
2018, 51, 591–599. [CrossRef] [PubMed]

104. Zhang, C.; Cui, L.; Abdolhosseinzadeh, S.; Heier, J. Two-dimensional MXenes for lithium-sulfur batteries.
InfoMat 2020, 2, 613–638. [CrossRef]

105. Wu, S.; Wang, H.; Li, L.; Guo, M.; Qi, Z.; Zhang, Q.; Zhou, Y. Intercalated MXene-based layered composites:
Preparation and application. Chin. Chem. Lett. 2020, 31, 961–968. [CrossRef]

106. Zhan, X.; Si, C.; Zhou, J.; Sun, Z. MXene and MXene-based composites: Synthesis, properties and
environment-related applications. Nanoscale Horizons 2020, 5, 235–258. [CrossRef]

107. Naguib, M.; Unocic, R.R.; Armstrong, B.L.; Nanda, J. Large-scale delamination of multi-layers transition
metal carbides and carbonitrides “MXenes”. Dalton Trans. 2015, 44, 9353–9358. [CrossRef]

108. Anasori, B.; Xie, Y.; Beidaghi, M.; Lu, J.; Hosler, B.C.; Hultman, L.; Kent, P.R.C.; Gogotsi, Y.; Barsoum, M.W.
Two-Dimensional, Ordered, Double Transition Metals Carbides (MXenes). ACS Nano 2015, 9, 9507–9516.
[CrossRef] [PubMed]

109. Naguib, M.; Mochalin, V.N.; Barsoum, M.W.; Gogotsi, Y. 25th Anniversary Article: MXenes: A New Family
of Two-Dimensional Materials. Adv. Mater. 2013, 26, 992–1005. [CrossRef]

110. Halim, J.; Cook, K.M.; Naguib, M.; Eklund, P.; Gogotsi, Y.; Rosen, J.; Barsoum, M.W. X-ray photoelectron
spectroscopy of select multi-layered transition metal carbides (MXenes). Appl. Surf. Sci. 2016, 362, 406–417.
[CrossRef]

111. Gao, G.; Ding, G.; Li, J.; Yao, K.; Wu, M.; Qian, M. Monolayer MXenes: Promising half-metals and spin
gapless semiconductors. Nanoscale 2016, 8, 8986–8994. [CrossRef]

112. Naguib, M.; Come, J.; Dyatkin, B.; Presser, V.; Taberna, P.-L.; Simon, P.; Barsoum, M.W.; Gogotsi, Y. MXene:
A promising transition metal carbide anode for lithium-ion batteries. Electrochem. Commun. 2012, 16, 61–64.
[CrossRef]

113. Xu, S.; Wei, G.; Li, J.; Han, W.; Gogotsi, Y. Flexible MXene–graphene electrodes with high volumetric
capacitance for integrated co-cathode energy conversion/storage devices. J. Mater. Chem. A 2017, 5,
17442–17451. [CrossRef]

114. Ronchi, R.M.; Arantes, J.T.; Santos, S.F. Synthesis, structure, properties and applications of MXenes:
Current status and perspectives. Ceram. Int. 2019, 45, 18167–18188. [CrossRef]

115. Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J.; Heon, M.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W.
Two-Dimensional Nanocrystals Produced by Exfoliation of Ti3AlC2. Adv. Mater. 2011, 23, 4248–4253.
[CrossRef]

116. Naguib, M.; Mashtalir, O.; Carle, J.; Presser, V.; Lu, J.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W.
Two-Dimensional Transition Metal Carbides. ACS Nano 2012, 6, 1322–1331. [CrossRef] [PubMed]

117. Feng, W.; Luo, H.; Wang, Y.; Zeng, S.; Tan, Y.; Zhang, H.; Peng, S. Ultrasonic assisted etching and delaminating
of Ti3C2 Mxene. Ceram. Int. 2018, 44, 7084–7087. [CrossRef]

http://dx.doi.org/10.1021/acsnano.7b03794
http://dx.doi.org/10.1002/adfm.201102306
http://dx.doi.org/10.1016/j.nanoen.2017.06.029
http://dx.doi.org/10.1038/ncomms14627
http://dx.doi.org/10.1016/j.nanoen.2017.09.018
http://dx.doi.org/10.1016/j.jpowsour.2016.11.033
http://dx.doi.org/10.1016/j.jpowsour.2020.228109
http://dx.doi.org/10.1021/acs.accounts.7b00481
http://www.ncbi.nlm.nih.gov/pubmed/29469564
http://dx.doi.org/10.1002/inf2.12080
http://dx.doi.org/10.1016/j.cclet.2020.02.046
http://dx.doi.org/10.1039/C9NH00571D
http://dx.doi.org/10.1039/C5DT01247C
http://dx.doi.org/10.1021/acsnano.5b03591
http://www.ncbi.nlm.nih.gov/pubmed/26208121
http://dx.doi.org/10.1002/adma.201304138
http://dx.doi.org/10.1016/j.apsusc.2015.11.089
http://dx.doi.org/10.1039/C6NR01333C
http://dx.doi.org/10.1016/j.elecom.2012.01.002
http://dx.doi.org/10.1039/C7TA05721K
http://dx.doi.org/10.1016/j.ceramint.2019.06.114
http://dx.doi.org/10.1002/adma.201102306
http://dx.doi.org/10.1021/nn204153h
http://www.ncbi.nlm.nih.gov/pubmed/22279971
http://dx.doi.org/10.1016/j.ceramint.2018.01.147


Nanomaterials 2020, 10, 2106 27 of 28

118. Xue, Q.; Pei, Z.; Huang, Y.; Zhu, M.; Tang, Z.; Li, H.; Li, N.; Zhang, H.; Zhi, C. Mn3O4 nanoparticles on
layer-structured Ti3C2MXene towards the oxygen reduction reaction and zinc–air batteries. J. Mater. Chem.
A 2017, 5, 20818–20823. [CrossRef]

119. Zou, H.; He, B.; Kuang, P.; Yu, J.; Fan, K. Metal–Organic Framework-Derived Nickel–Cobalt Sulfide on
Ultrathin Mxene Nanosheets for Electrocatalytic Oxygen Evolution. ACS Appl. Mater. Interfaces 2018, 10,
22311–22319. [CrossRef]

120. Zhang, X.; Liu, Y.; Dong, S.; Ye, Z.; Guo, Y. One-step hydrothermal synthesis of a TiO2-Ti3C2Tx nanocomposite
with small sized TiO2 nanoparticles. Ceram. Int. 2017, 43, 11065–11070. [CrossRef]

121. Attanayake, N.H.; Abeyweera, S.C.; Thenuwara, A.C.; Anasori, B.; Gogotsi, Y.; Sun, Y.; Strongin, D.R.
Vertically aligned MoS2 on Ti3C2 (MXene) as an improved HER catalyst. J. Mater. Chem. A 2018, 6,
16882–16889. [CrossRef]

122. Zhang, Y.; Guo, B.; Hu, L.; Xu, M.; Li, Y.; Liu, D.; Xu, M. Synthesis of SnS nanoparticle-modified MXene
(Ti3C2Tx) composites for enhanced sodium storage. J. Alloys Compd. 2018, 732, 448–453. [CrossRef]

123. Wang, Y.; Li, Y.; Qiu, Z.; Wu, X.; Zhou, P.; Zhou, T.; Zhao, J.; Miao, Z.; Zhou, J.; Zhuo, S. Fe3O4@Ti3C2 MXene
hybrids with ultrahigh volumetric capacity as an anode material for lithium-ion batteries. J. Mater. Chem. A
2018, 6, 11189–11197. [CrossRef]

124. Ma, T.Y.; Cao, J.L.; Jaroniec, M.; Qiao, S.Z. Interacting Carbon Nitride and Titanium Carbide Nanosheets for
High-Performance Oxygen Evolution. Angew. Chem. Int. Ed. 2015, 55, 1138–1142. [CrossRef] [PubMed]

125. Wang, F.; Cao, M.; Qin, Y.; Zhu, J.; Wang, L.; Tang, Y. ZnO nanoparticle-decorated two-dimensional titanium
carbide with enhanced supercapacitive performance. RSC Adv. 2016, 6, 88934–88942. [CrossRef]

126. Chen, S.; Xiang, Y.; Xu, W.; Peng, C. A novel MnO2/MXene composite prepared by electrostatic self-assembly
and its use as an electrode for enhanced supercapacitive performance. Inorg. Chem. Front. 2019, 6, 199–208.
[CrossRef]

127. Zheng, R.; Shu, C.; Hou, Z.; Hu, A.; Hei, P.; Yang, T.; Li, J.; Liang, R.; Long, J. In Situ Fabricating Oxygen
Vacancy-Rich TiO2 Nanoparticles via Utilizing Thermodynamically Metastable Ti Atoms on Ti3C2Tx MXene
Nanosheet Surface To Boost Electrocatalytic Activity for High-Performance Li–O2 Batteries. ACS Appl. Mater.
Interfaces 2019, 11, 46696–46704. [CrossRef]

128. Li, X.; Wen, C.; Yuan, M.; Sun, Z.; Wei, Y.; Ma, L.; Li, H.; Sun, G. Nickel oxide nanoparticles decorated
highly conductive Ti3C2 MXene as cathode catalyst for rechargeable Li–O2 battery. J. Alloys Compd. 2020,
824, 153803. [CrossRef]

129. Li, X.; Wen, C.; Li, H.; Sun, G. In situ decoration of nanosized metal oxide on highly conductive MXene
nanosheets as efficient catalyst for Li-O2 battery. J. Energy Chem. 2020, 47, 272–280. [CrossRef]

130. Yu, H.; Dinh, K.N.; Sun, Y.; Fan, H.; Wang, Y.; Jing, Y.; Li, S.; Srinivasan, M.; Tan, H.T. Performance-improved
Li-O2 batteries by tailoring the phases of MoxC porous nanorods as an efficient cathode. Nanoscale 2018, 10,
14877–14884. [CrossRef]

131. Wu, M.; Kim, D.Y.; Park, H.; Cho, K.M.; Kim, J.Y.; Kim, S.J.; Choi, S.; Kang, Y.; Kim, J.; Jung, H.-T. Formation
of toroidal Li2O2 in non-aqueous Li–O2 batteries with Mo2CTx MXene/CNT composite. RSC Adv. 2019, 9,
41120–41125. [CrossRef]

132. Yang, Z.-D.; Chang, Z.-W.; Zhang, Q.; Huang, K.; Zhang, X.-B. Decorating carbon nanofibers with Mo2C
nanoparticles towards hierarchically porous and highly catalytic cathode for high-performance Li-O2

batteries. Sci. Bull. 2018, 63, 433–440. [CrossRef]
133. Sun, G.; Zhao, Q.; Wu, T.; Lu, W.; Bao, M.; Sun, L.-Q.; Xie, H.; Liu, J. 3D Foam-Like Composites of Mo2C

Nanorods Coated by N-Doped Carbon: A Novel Self-Standing and Binder-Free O2 Electrode for Li–O2

Batteries. ACS Appl. Mater. Interfaces 2018, 10, 6327–6335. [CrossRef]
134. Jiao, W.; Su, Q.; Ge, J.; Dong, S.; Wang, D.; Zhang, M.; Ding, S.; Du, G.; Xu, B. Mo2C quantum dots decorated

ultrathin carbon nanosheets self-assembled into nanoflowers toward highly catalytic cathodes for Li-O2

batteries. Mater. Res. Bull. 2021, 133, 111020. [CrossRef]
135. Zakharchenko, T.K.; Kozmenkova, A.Y.; Isaev, V.V.; Itkis, D.M.; Yashina, L.V. Positive Electrode Passivation

by Side Discharge Products in Li–O2 Batteries. Langmuir 2020, 36, 8716–8722. [CrossRef] [PubMed]
136. Oh, Y.J.; Kim, J.H.; Lee, J.Y.; Kang, Y.C.; Kang, Y.C. Design of house centipede-like MoC–Mo2C nanorods

grafted with N-doped carbon nanotubes as bifunctional catalysts for high-performance Li–O2 batteries.
Chem. Eng. J. 2020, 384, 123344. [CrossRef]

http://dx.doi.org/10.1039/C7TA04532H
http://dx.doi.org/10.1021/acsami.8b06272
http://dx.doi.org/10.1016/j.ceramint.2017.05.151
http://dx.doi.org/10.1039/C8TA05033C
http://dx.doi.org/10.1016/j.jallcom.2017.10.223
http://dx.doi.org/10.1039/C8TA00122G
http://dx.doi.org/10.1002/anie.201509758
http://www.ncbi.nlm.nih.gov/pubmed/26629779
http://dx.doi.org/10.1039/C6RA15384D
http://dx.doi.org/10.1039/C8QI00957K
http://dx.doi.org/10.1021/acsami.9b14783
http://dx.doi.org/10.1016/j.jallcom.2020.153803
http://dx.doi.org/10.1016/j.jechem.2020.02.016
http://dx.doi.org/10.1039/C8NR04319A
http://dx.doi.org/10.1039/C9RA07699A
http://dx.doi.org/10.1016/j.scib.2018.02.014
http://dx.doi.org/10.1021/acsami.7b17795
http://dx.doi.org/10.1016/j.materresbull.2020.111020
http://dx.doi.org/10.1021/acs.langmuir.0c00853
http://www.ncbi.nlm.nih.gov/pubmed/32640797
http://dx.doi.org/10.1016/j.cej.2019.123344


Nanomaterials 2020, 10, 2106 28 of 28

137. Zhu, Q.-C.; Xu, S.-M.; Harris, M.M.; Ma, C.; Liu, Y.-S.; Wei, X.; Xu, H.-S.; Zhou, Y.-X.; Cao, Y.-C.;
Wang, K.-X.; et al. A Composite of Carbon-Wrapped Mo2C Nanoparticle and Carbon Nanotube Formed
Directly on Ni Foam as a High-Performance Binder-Free Cathode for Li-O2 Batteries. Adv. Funct. Mater.
2016, 26, 8514–8520. [CrossRef]

138. Lu, Y.; Ang, H.; Yan, Q.; Fong, E. Bioinspired Synthesis of Hierarchically Porous MoO2/Mo2C Nanocrystal
Decorated N-Doped Carbon Foam for Lithium–Oxygen Batteries. Chem. Mater. 2016, 28, 5743–5752.
[CrossRef]

139. Wua, C.; Houb, Y.; Jianga, J.; Guoa, H.; Liua, H.-K.; Chenb, J.; Wanga, J. Heterostructured Mo2C–MoO2 as
highly efficient catalyst for rechargeable Li–O2 battery. J. Power Sources 2020, 470, 228317. [CrossRef]

140. Shein, I.; Ivanovskii, A. Graphene-like titanium carbides and nitrides Tin+1Cn, Tin+1Nn (n=1, 2, and 3) from
de-intercalated MAX phases: First-principles probing of their structural, electronic properties and relative
stability. Comput. Mater. Sci. 2012, 65, 104–114. [CrossRef]

141. Venkateshalu, S.; Grace, A.N. MXenes—A new class of 2D layered materials: Synthesis, properties,
applications as supercapacitor electrode and beyond. Appl. Mater. Today 2020, 18, 100509. [CrossRef]

142. Wei, Y.; Soomro, R.A.; Xie, X.; Xu, B. Design of efficient electrocatalysts for hydrogen evolution reaction
based on 2D MXenes. J. Energy Chem. 2020, 55, 244–255. [CrossRef]

143. Urbankowski, P.; Anasori, B.; Makaryan, T.; Er, D.; Kota, S.; Walsh, P.L.; Zhao, M.; Shenoy, V.B.; Barsoum, M.W.;
Gogotsi, Y. Synthesis of two-dimensional titanium nitride Ti4N3 (MXene). Nanoscale 2016, 8, 11385–11391.
[CrossRef]

144. Soundiraraju, B.; George, B.K. Two-Dimensional Titanium Nitride (Ti2N) MXene: Synthesis, Characterization,
and Potential Application as Surface-Enhanced Raman Scattering Substrate. ACS Nano 2017, 11, 8892–8900.
[CrossRef] [PubMed]

145. Urbankowski, P.; Anasori, B.; Hantanasirisakul, K.; Yang, L.; Zhang, L.; Haines, B.; May, S.J.; Billinge, S.J.L.;
Gogotsi, Y. 2D molybdenum and vanadium nitrides synthesized by ammoniation of 2D transition metal
carbides (MXenes). Nanoscale 2017, 9, 17722–17730. [CrossRef] [PubMed]

146. Xiao, X.; Yu, H.; Jin, H.; Wu, M.; Fang, Y.; Sun, J.; Hu, Z.; Li, T.; Wu, J.; Huang, L.; et al. Salt-Templated
Synthesis of 2D Metallic MoN and Other Nitrides. ACS Nano 2017, 11, 2180–2186. [CrossRef]

147. Chao, F.; Wang, B.; Ren, J.; Lu, Y.; Zhang, W.; Wang, X.; Cheng, L.; Lou, Y.; Chen, J. Micro-meso-macroporous
FeCo-N-C derived from hierarchical bimetallic FeCo-ZIFs as cathode catalysts for enhanced Li-O2 batteries
performance. J. Energy Chem. 2019, 35, 212–219. [CrossRef]

148. Shukla, V.; Jena, N.K.; Naqvi, S.R.; Luo, W.; Ahuja, R. Modelling high-performing batteries with Mxenes:
The case of S-functionalized two-dimensional nitride Mxene electrode. Nano Energy 2019, 58, 877–885.
[CrossRef]

149. Zhao, W.; Wang, J.; Yin, R.; Li, B.; Huang, X.; Zhao, L.; Qian, L. Single-atom Pt supported on holey ultrathin
g-C3N4 nanosheets as efficient catalyst for Li-O2 batteries. J. Colloid Interface Sci. 2020, 564, 28–36. [CrossRef]
[PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/adfm.201603462
http://dx.doi.org/10.1021/acs.chemmater.6b01966
http://dx.doi.org/10.1016/j.jpowsour.2020.228317
http://dx.doi.org/10.1016/j.commatsci.2012.07.011
http://dx.doi.org/10.1016/j.apmt.2019.100509
http://dx.doi.org/10.1016/j.jechem.2020.06.069
http://dx.doi.org/10.1039/C6NR02253G
http://dx.doi.org/10.1021/acsnano.7b03129
http://www.ncbi.nlm.nih.gov/pubmed/28846394
http://dx.doi.org/10.1039/C7NR06721F
http://www.ncbi.nlm.nih.gov/pubmed/29134998
http://dx.doi.org/10.1021/acsnano.6b08534
http://dx.doi.org/10.1016/j.jechem.2019.03.025
http://dx.doi.org/10.1016/j.nanoen.2019.02.007
http://dx.doi.org/10.1016/j.jcis.2019.12.102
http://www.ncbi.nlm.nih.gov/pubmed/31896425
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Basic Principles of Li–O2 Batteries 
	Basic Requirements for an Air Cathode 
	Characterization Techniques for TMCs and TMNs Cathode Catalysts 
	Physicochemical Characterization Techniques 
	Electrochemical Characterizations 


	Metal Carbides for LOBs 
	Titanium Carbide 
	Iron Carbide 
	Metal Nitrides 
	Titanium Nitride (TiN) 
	Vanadium Nitride 

	2D Layered Transition Metal Carbides and Nitrides (MXenes) 
	2D Layered Titanium Carbide (Ti3C2Tx) 
	2D Layered Molybdenum Carbides (Mo2CTx) 
	2D Layered Transition Metal Nitrides 


	Summary, Outlook, and Future Prospects 
	References

