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Abstract

Although lithium-air batteries (LABs) are considered the promising alternative

of existing lithium–ion batteries owing to their high energy density of

11 680 W h kg�1, their practical applications are limited by the technical

issues, such as unstable solid electrolyte interface and dendrite formation from

metal anode and insufficient bifunctional activities and durability from cath-

ode catalyst. In order to resolve these bottlenecks, carbon nanostructures have

been investigated owing to their high surface area, excellent electrical conduc-

tivity, electrochemical stability, and various modification chemistries. Herein,

we comprehensively review a recent progress on the design of carbon

nanostructures for their applications into metal hosts, protection layers, and

bifunctional electrocatalysts of LABs. The correlation between the crystalline,

electronic, porous, and chemical structures and the electrochemical properties

of carbon nanomaterials are discussed depending on their classification and

characteristics. Various chemical modifications, such as morphological control,

hierarchical architecturing, heteroatom incorporation, and the formation of

composites, for the improved electrochemical performances of anode and cath-

ode will be also addressed. Furthermore, we deal with the perspectives for the

ongoing obstruction and future guidance.
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1 | INTRODUCTION

Over the several decades, the consumption of fossils fuels
and electricity has rapidly increased as the consequence
of the development of the modern society and industry.1–4

The massive demand of energy causes diverse environ-
mental problems including the global warming, the
atmosphere pollution by the release of greenhouse and
pollution gases, such as CO2, SO2, and NOx gases, and
the particulate matter. In addition to these problems, the
emerging markets such as future portable electronics and
electric vehicles push forward the development of
advanced energy storage devices with the high energy
density and safety.5,6 As a champion technology, the
rechargeable lithium-ion battery (LIB) has drawn tre-
mendous interest from both academics and industry
owing to it higher energy density than those of other
commercial batteries.7,8 However, LIBs cannot satisfy
increasing demands and requirements for the high per-
formance, safety, and low cost. Thus, next-generation
rechargeable batteries have been developed to resolve
these issues for emerging applications and renewable
energy storage.9–12

Among various next-generation energy storage
devices, metal-air batteries (MABs) are considered the
promising alternative to existing LIBs owing to their high
energy density (e.g., 3500 W h kg�1 for Li–air batte-
ries).13–15 MABs consist of a metal anode, an “oxygen/
air” cathode, which occurs the typical electrocatalytic
reactions, such as oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER), and electrolytes.16

When the charging/discharging process is totally revers-
ible with the infinite amount of oxygen source and metal
anode is recovered via recharging process, MABs can be
operated in a continuous manner.17,18 Therefore, the
MAB system has a potential as new generation batteries
to be truly competitive to typical Li–ion batteries and has
been extensively investigated covering Li–,19 Na–,20,21

Zn–,22 Al–,23,24 Fe–,25 and Mg–air batteries.26 However,
MABs still have fundamental and technical issues for real
applications. Firstly, major problems associated with the
anode side are the excessive growth of metal dendrites
and the uneven solid electrolyte interphase (SEI) forma-
tion from the surface of metal anodes.27,28 Especially,
Li–metal anode, the commonly used anode for Li�air
battery (LAB), can deteriorate the performance and safety
of the battery cells due to the unstable SEI formation and
dendrite growth on the surface of the metal anode.29 Var-
ious chemical approaches using carbonaceous materials
as the protection layer and metal hosts have been devel-
oped to circumvent these problems for high performance
and safe LABs. For example, Luo et al. investigated the
enhanced performance of Li–O2 batteries with the

reduced graphene oxide (rGO)/Li anode, where rGO
suppressed the Li dendrite and unstable SEI layer
resulting in stable battery performance.30,31

The operation of LABs also relies on the design of
cathode material with bifunctional electrocatalysts. Thus,
it is needed to develop the efficient and robust bifunc-
tional catalysts for achieving the high rechargeability of
LABs and the reduced voltage hysteresis during cyclic
performances, resulting in the advanced LAB perfor-
mances with high energy efficiency and stable long-term
cyclability.32 Since the charging and discharging pro-
cesses of LABs are associated with OER and ORR, respec-
tively, on the cathode, the advanced electrocatalysts of a
cathode are imperative to lower the overpotential
required for those redox reactions and to promote facile
and reversible charging/discharging process.33 In particu-
lar, the highly active bifunctional catalysts are important
for achieving rechargeability and reversibility of LABs
because both OER and ORR occur at the same elec-
trode.34 Among bi- or multifunctional electrocatalysts,
noble metals as Pt, Ru, Ir, and their oxides have been
widely used as excellent electrocatalysts. However, their
high costs from their rarity and insufficient long-term
durability limit the practical applications of LABs. More-
over, Ru and Ir oxides are weak in ORR, while Pt is unfa-
vorable in OER.35 Various active and stable bifunctional
electrocatalysts, including transition metals, metal oxides,
sulfides and their composites, have been extensively
investigated to overcome these bottlenecks.36–38 How-
ever, metal-based catalysts still have some disadvantages,
such as relatively high cost, scarcity, and poor long-term
cyclability.39 The metal-free or metal-less nanostructured
carbon electrocatalysts have drawn special attention
owing to their versatile functionality, earth abundance,
low cost, and durability. As the pioneering work of
metal-free carbon materials for ORR, Dai et al. reported
vertically aligned nitrogen-doped carbon nanotubes with
significantly improved long-term operational stability,
electrocatalytic activities, and stability.40 Then, diverse
carbon compounds, such as carbon nanotubes, graphene,
graphite, and porous carbon with heteroatom doping,
structural control, or polymer composite, have been
exploited to achieve high catalytic activities for ORR and
OER.41

In this article, we aim at critically and comprehen-
sively reviewing the fundamental understanding about
the structure and properties of carbon materials, as well
as their applications into metal hosts, protection layers,
and electrocatalysts of LABs. More specifically, this
review focuses on the classification and characteristics of
various carbon materials for their chemical structure,
crystallinity, and porosity, as well as the modification
process of carbon materials including morphology design,
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surface functionalization, and metal-free composite. Fur-
thermore, we deal with the correlation between structure
and property of carbon materials in LABs and the per-
spectives for the ongoing obstruction and future
guidance.

2 | STRUCTURES AND
MODIFICATIONS OF
NANOSTRUCTURED CARBON
MATERIALS

2.1 | Types of carbonaceous materials

As shown in Figure 1, various factors, such as the types
of precursors, reaction temperature, and materials'
phases, are considered for the synthesis of carbonaceous
materials, determining the degree of the orderness of car-
bonaceous materials. Depending on the degree of
orderness, carbonaceous materials can be categorized
into graphite, hard carbon, and soft carbon.42 Firstly, an
ordered three-dimensional (3D) sp2 hybridized carbon, or
graphite, is composed of the stacked graphene layers
along the c-axis. As lower dimensional carbon allotropes,
the graphene is a honeycomb like 2D structure of sp2

hybridized ordered carbon with high crystallinity.43,44 In
addition, 1D carbon nanotubes (CNTs) are regarded as
seamless cylinder type of graphene.45 On the other hand,
hard and soft carbon can be classified into the disordered
carbon materials. The disordered soft carbon can be
converted into ordered structure such as graphite via the

heat treatment at high temperatures (over 2000�C),
which leads to well-oriented graphitized aromatic crys-
tals. On contrary, hard carbons are non-graphitizable,
because their cross-linked pyrolytic structure prevents
the graphitization even at extremely high temperatures
(>3000�C). Therefore, hard carbons with turbostratic
structure have a short-range orderness due to the irregu-
lar distribution of pseudo-graphitic microdomains.

2.2 | Design of nanostructured
carbonaceous materials

2.2.1 | Raw materials for carbonaceous
materials

Carbon materials can be synthesized by the calcination of
fossil fuel, biomass, and other organic precursors in inert
gas. As shown in Figure 1, representative carbon mate-
rials, such as graphite, activated carbon, and carbon fiber,
are derived from the fossil fuels, such as petroleum and
coal. Since the excessive use of fossil fuel causes the
severe environment issues, such as global warming and
climate change, carbon materials have been synthesized
using more renewable biomass, such as wood waste, fruit
debris, and agricultural products.46 Another approach for
the design of functionalized or porous carbon materials is
to use the carbon-rich organic precursors (polymers),
such as melamine, polyacrylonitrile (PAN), and polyvinyl
dichloride. According to the chemical compositions of
organic precursors, various heteroatom-doped carbon

FIGURE 1 Schematic illustrations of the types of carbon materials and the carbon precursors
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materials can be obtained. In particular, the nature of
precursors (i.e., fossil fuel, biomass, and polymer) can
affect the crystallinity of carbon materials. Biomass and
organic precursors with high oxygen content and impu-
rity can be transformed to non-graphitic carbons after
calcination owing to their self-crosslinking reaction at a
low temperature, which prevents well-stacked ordering.
The intrinsic properties of precursors for fossil fuel and
biomass can determine the graphitization degree of car-
bon materials (soft or hard carbon), depending on bio-
mass with cross-linkable precursors or fossil fuels with
aromatic hydrocarbon structure at a high temperature
(>2000�C). Normally, the graphite is derived from pitch
or petroleum coke, nonrenewable carbon sources at high
temperatures (2000 to 3500�C), which takes few weeks to
convert amorphous carbon into graphite with high crys-
tallinity.47 This graphitization process also requires huge
energy and production cost, as well as environment
issues by the use of nonrenewable carbon precursors.
Accordingly, the simple graphitization process with
renewable carbon precursors at comparably low tempera-
tures is needed to synthesize graphitic carbons. Catalytic
graphitization is an effective approach to transform
renewable carbon precursors into highly crystalline car-
bon materials at low temperatures (800 to 1300�C). This
strategy requires some metal catalysts, such as iron (Fe),
nickel (Ni), and cobalt (Co) to convert amorphous car-
bons into graphitic carbon materials by their catalytic
activity of metals.48–50 For example, Schnepp et al.
reported the transformation of lignocellulosic biomass
into nanostructured graphitic carbon by catalytic iron
carbide nanoparticles, which generate the intertwined
graphitic tubules during the catalytic thermal decomposi-
tion at 800�C.51

2.2.2 | Synthesis methods of various
carbonaceous materials

Top-down techniques, such as mechanical cleavage,52

electrochemical exfoliation,53 and liquid-phase exfolia-
tion (LPE),54 are generally utilized for obtaining few-
layered nanosheets or nanocomposites from various bulk
materials. As a feasible approach to fabricate the individ-
ual nanosheets, mechanical exfoliation endorses mechan-
ical forces to physically disrupt the weak van der Waals
interactions between layers of bulk materials. Novoselov
et al. first explored a monolayer graphene by the exfolia-
tion in 2004, where the adhesive tape was used to peel off
the carbon flakes from graphite.55 Since this pioneer
work, various mechanical exfoliation methods have been
studied. For example, Sutter and coworkers used a few-
layered graphene by using the modified mechanical

exfoliation method to obtain the thin graphene flakes
with high yield and large area as shown in Figure 2A.56

The simple annealing stage of the substrate was applied
to increase contact area with graphite by the adhesive
tape, and the resulting graphene flakes were 20–60 times
larger than those of previous ones.

Among the typical mechanical exfoliation approaches,
the electrochemical exfoliation techniques that adopt the
intercalation of charged electrolyte species into layers by
the positive and negative voltage differences have been
applied to isolate single or few layers from bulk mate-
rials.62 As shown in Figure 2B, Su et al. obtained the bi-
layered graphene with A-B stacking with lateral size of
~30 μm through one-step electrochemical exfoliation
method in sulfuric acid.57 Sonication-assisted LPE is com-
monly used to extract individual layers from bulk mate-
rials in liquid environments. This process is followed by
three steps: (1) dispersion of bulk materials in a solvent,
(2) LPE, and (3) filtration. Under the ultrasonication pro-
cess, the vigorous bubbles are generated by vibration
waves, which create the strong tensile stress exerted to the
layered materials to boost the exfoliation.63 This LPE
method without surfactants or intercalants is facile and
cost-effective, but the method gives extremely low yield.
Therefore, the post-LPE approaches, like intercalant-
assisted LPE, have been employed with selected ions or
organic molecules as intercalants. These intercalants can
be inserted between layers of bulk materials to compose
the ion/molecule species of intercalated compounds so
that noncovalent π�π interaction of layers is weakened
and interspacing is expanded.64 In Figure 2C, Stoddart
et al. reported the direct exfoliation method of graphene
using N,N0-dimethyl-2,9-diazaperopyrenium dication
(MP2+) molecules as intercalants in both organic solvents
and water. The as-prepared graphene sheets could be well
dispersed in water, which shows the excellent dispersion
stability for few weeks.58

Bottom-up methods involve the synthesis techniques
of few-layered structures directly from small molecules or
ions. The chemical vapor deposition (CVD) method is a
typical bottom-up approach to directly grow 2D
nanosheet. In CVD process, the preferred carbon sources,
such as methane, acetylene, xylene, and ethanol, and typ-
ical metal substrates, such as Si, SiO2, Ni, and Cu, are
commonly used.65–68 Various carbon sources react on
metal substrates at the high temperature, which lead to
atomic deposition and growth mechanism on substrates.
As shown in Figure 2D, Ann et al. successfully demon-
strated the growth mechanism of graphene films on
wafer-scale Ni or Cu substrate, as followed by direct etch-
ing of metal layers and transfer methods for the fabrica-
tion of wafer-sized and high-quality graphene films.59

Accordingly, mono-/bi-layered graphene grown on the
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substrate was directly synthesized, achieving the high
conductivity and transparency, as well as the flexibility
for the practical applications, such as solar cells and flexi-
ble devices. These reports exemplify the potential of those
graphene materials and bottom-up approach to prepare
high purity graphene. However, further researches are
still required to realize the mass-production of high-
quality graphene mono- or bi-layers.

There are various synthesis methods of nanostructured
carbon materials, such as hydrothermal/solvothermal
methods, hard templating methods, and the carbonization
process from carbon precursors (e.g., biomass, organic pre-
cursors and metal–organic frameworks).69 The hydrother-
mal/solvothermal synthesis is a facile and scalable way to
synthesize the various carbon materials with tailored
nanostructure and functionality. Antonietti et al. reported
the synthesis of mesoporous carbon materials by the

hydrothermal method with a hard template of silica.70

Moreover, the hard templating approach is regarded as the
powerful process for producing porous carbonaceous
materials. In the hard templating process, the typical inor-
ganic materials, such as silica, NaCl, and metal oxides, are
utilized as sacrificial hard templates and removed using
the acid or strong base after the formation of carboniza-
tion. Nazar et al. prepared the spherical ordered meso-
porous carbon nanoparticles with multiple nanopores via
the hard templating approach with polymer precursors
and spherical silica.71 On the other hand, the carboniza-
tion process of various carbon precursors by the heat treat-
ment has been employed to synthesize the nanostructured
carbon materials. According to the component of carbon
precursors and types of templates, the various carbon
materials with diverse morphology and functionality can
be tuned.

FIGURE 2 (A) Illustrations of the modified exfoliation process of graphene.56 Reproduced with permission, 2015, American Chemical

Society. (B) Illustration and photo for electrochemical exfoliation of graphite.57 Reproduced with permission, 2011, American Chemical

Society. (C) the preparation of graphene by an organic solvent-based exfoliation and calculation of the thickness of the graphene sheets by

atomic force microscopy.58 Reproduced with permission, 2015, Wiley-VCH. (D) Illustrations of the synthesis, etching, and transfer of large-

area graphene films by a chemical vapor deposition method.59 Reproduced with permission, 2010, American Chemical Society. (E) Scheme

of formation process of Ru SAs/N-doped carbon.60 Reproduced with permission, 2017, American Chemical Society. (F) Schematic

illustration of the synthetic mechanisms for Fe SAs embedded in N-doped carbon, and FT profiles of Fe K-edge k2-weighted EXAFS data and

wavelet transforms for EXAFS signals.61 Reproduced with permission, 2021, Wiley-VCH
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2.2.3 | Modification for carbonaceous
materials

The nanostructured carbon materials can be modified
through the surface functionalization with heteroatoms
after carbonization.72,73 Compared to nonpolar C C
bonding, the modified carbon materials can form more
polar bonding with heteroatoms, which results in achiev-
ing different densities of states and charge population for
the modified electronic structure and property.74,75 For
example, nitrogen-doped carbon materials have the dis-
tinctively chemical states of nitrogen atom on carbon lat-
tice and edge such as pyridinic, pyrrolic, and graphitic N
states, which show different electrocatalytic activities and
charge storage properties.76 Various co- and tri-doping
processes have been studied for improving the electro-
chemical properties with their synergistic effects of multi-
doping. Furthermore, single atom (SA)-embedded carbon
materials are attractive as promising catalysts owing to
their atomically active sites for good catalytic properties
with the stability in the full pH range. Among various
metal sites, “M N C” sites (M═Fe, Co, Ni, etc.) in
SAs/carbon composites derived from the calcination of
M N4-coordinated macrocycles showed theoretically and
experimentally excellent catalytic properties.77,78 In Fig-
ure 2E, Li et al. reported the synthesis of ruthenium
(Ru) SA-embedded nitrogen-doped porous carbon host
derived from metal–organic frameworks (MOFs), which
is UiO-66-containing zirconium, used as carbon precur-
sors.60 Ru SA-embedded nitrogen-doped carbon by
employing uncoordinated amine groups on MOFs can
provide the atomically isolated dispersion of Ru SA on
carbon structure and synergistic effect with Ru sites for
electrocatalytic properties. Lee et al. also synthesized an
iron (Fe) SA-loaded N-doped carbon matrix by the car-
bonization process with Fe salts and glucosamines as SA
and doping sources, respectively, as well as sodium chlo-
ride as hard templates in Figure 2F.61 These Fe
SA/carbon composites revealed the atomically isolated
Fe N C sites on carbon matrix, which deliver the excel-
lent catalytic activities in universal pH range.

2.3 | Structure and property correlation
of carbon materials for metal hosts,
protection layers, and electrocatalysts

Despite the advantages of LABs, such as high energy den-
sity and abundant oxygen sources, there are still some chal-
lenges for practical applications. As shown in Figure 3, the
correlation of structure and properties for various carbon
materials is summarized. On the anode side, the use of
metallic Li causes severe dendrite growth, uneven SEI

layer, volume expansion, and corrosion arising from the
accumulation of by-product during the cyclic process. To
effectively raise these improvement factors, various carbo-
naceous materials as metal host and protection layer have
been developed for advanced LABs with high performance
and cycle stability. On the cathode side, metal-free or -less
carbon-based catalysts have been developed to replace the
noble and transition metal-based electrocatalysts. In spite
of reasonable catalytic activity of noble and transition
metals, they are easily oxidized under air atmosphere and
limited by unmanageable agglomeration/dissolution in
strong universal electrolytes, incurring the unstable long-
term cyclability.79 To tackle some issues from cathode
sides, some improvement factors, such as low active sites
and deactivation of catalysts during the long-term cycling,
are considered and the structure and properties of nano-
structured carbon materials and their modification process
are fundamentally understood. Various nanostructured car-
bon materials with the distinct morphology, such as sphere,
tube, fiber, and sheet, have been widely developed and
applied for various energy-related applications, owing to
their high surface area, excellent electronic conductivity,
and strong durability in universal media.80 Along with the
morphology control of carbon materials, electrocatalytic
performances in LABs depend on their degree of orderness
and porous structure, which can affect structural stability,
electrical conductivity, and the ion transport. Depending
on the pore size, the porous structures of carbon materials
can be categorized as macropores, mesopores, and micro-
pores. The macropores and mesopore contribute to provide
the fast channel of ions, mitigate the volume expansion for
metal anodes, and offer easy access to abundant active
sites.81 On the other hand, micropores, which are gener-
ated from physical and chemical activation process of car-
bon materials, lead to the large surface area and rich active
sites.82,83

The structural control of various nanostructured car-
bon materials, such as porous structure and hierarchical
architecture, has been explored to suppress the growth of
Li dendrites and to form the stable SEI layer for the effec-
tive metal hosts or protection layers of LAB anodes. In
addition, the chemical modifications of carbon materials
by surface modification, like heteroatom incorporation,
defect engineering, and functional group, are exploited to
improve the electrochemical performance and stability of
LAB cathodes. In sharp contrast to highly graphitic car-
bon materials with nonpolar property, the polar bonding
of carbon materials with heteroatoms can increase the
active sites of electrocatalysts. Furthermore, composi-
tional control, such as carbon hybrid, metal-free carbon
composites with various conducting polymers, and SAs
can facilitate reaction kinetics during OER and ORR,
resulting in enhancing the efficiency and lowering the
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overpotential during the catalytic reaction. In the follow-
ing sections, detailed examples of these modifications are
discussed.

3 | NANOSTRUCTURED
CARBONACEOUS MATERIALS FOR
METAL ANODE

Nanostructured carbon materials with bespoke structure
have emerged as metal hosts for LABs, owing to their
high electrical conductivity, large surface area, electro-
chemical stability, and chemical modifications. Recently,
the template methods for designing the porous carbon
materials with various morphology have been widely uti-
lized.84–87 For example, Hyeon et al. prepared the carbon
structure with bimodal pores by using silica templates,
typically used as hard templates, due to their facile
removal after carbonization by a base treatment and
structural durability.84,85 These carbon materials as hosts
and protection layers are employed to conduct metal plat-
ing and stripping, which can reduce the volume expan-
sion of metal and local current density during the
cycling. As mentioned, the carbon materials can be
largely classified as graphitic and amorphous carbon
structures, depending on the degree of orderness. The
surface modification process with heteroatom doping and

nanopores can also convert graphitic carbons, such as
graphene and CNT, into functionalized carbon materials
with defects. The functionalized carbon materials play a
role in providing the favorable metal sites, which assist
metal plating onto carbon hosts.86 However, excessive
defects on carbon materials are risky to reduce the elec-
trical conductivity and to catalyze the electrolyte reduc-
tion, resulting in the formation of unstable SEI layer.87

Therefore, it is important to understanding the structure
and properties of carbon materials and further to opti-
mize the types of carbon and suitable modification pro-
cess for developing effective Li metal hosts in LABs.

3.1 | Graphitic carbon nanomaterials
with functionalization

As a representative ordered carbon material, 2D graphene
has advantage in terms of the excellent electrical conduc-
tivity, mechanical flexibility, and large surface area. Espe-
cially, the chemically modified graphitic carbon materials
can suppress the metal dendrite growth and the unstable
SEI formation. Lin et al. firstly proposed a melting strategy
to synthesize a layered Li-reduced graphene oxide (rGO)
composite anode via molten Li infusion into the rGO film
with uniform interlayer as shown in Figure 4A.88 When
graphene oxide (GO) films contacted with molten Li, a

FIGURE 3 Schematic illustrations of structure and property correlation of carbon materials for metal hosts, protection layers, and

electrocatalysts in LABs
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spark reaction occurred immediately across the whole film
to construct a porous structure of the rGO film. The lithi-
ophilic nature of sparked rGO and the capillary force pro-
duced by the interlayers led to infuse Li homogeneously
into the interlayer spacing yielding the Li�rGO composite
anode, which indicates the excellent rate capability in
LCO/Li�rGO cell at a high rate (110 mA h g�1 at 4 C and
70 mA h g�1 at 10 C). As illustrated above, porous carbon
materials are effectively used as metal hosts due to their
high surface area and 3D interconnected structure, which
can increase metal concentration in anode and suppress
the dendrite growth. Sun et al. also prepared the
graphene–polydopamine (PD) coating layer on the surface
of Li metal, as shown in Figure 4B.89 Along with a supe-
rior physical and electrochemical properties of graphene,
the PD with catechol groups in graphene/PD composite
layer strongly combines with Li and H bonding with PEO
binder, which can expedite Li–ion transfer and suppress
the uneven growth of Li, thereby achieving the stable
long-term cycling for Li�O2 batteries. Also, Bobnar et al.
observed the cyclic stability of the fluorinated rGO and Li
composite (FGI@Li).92 The fluoro-functional group, which
has been shown to have an ability to stabilize the capacity
of Li�S batteries,93,94 effectively suppresses the side

reaction on the LAB anode, as observed by the XPS analy-
sis that could monitor the ratio of irreversible Li2O among
discharge products. For the non-protected Li, the percent-
age of Li2O from total Li anode increases from ~5% at 30th
cycles to ~10% at 100th cycles. On the other hand, the per-
centage of the Li2O in total FGI@Li anode remains ~1%
after 100 cycles. Inspired by the positive effect of the
hetero-element incorporation, the chemical approach to
understand the uniform lithium nucleation with the lit-
hiophilicity of heteroatom doping is theoretically
implemented.95 By placing the non-metal elements on var-
ious sites of the graphene, the binding energy of the Li on
the site could be estimated. As a result, both O doping and
O/B co-doping are predicted to show the highest lit-
hiophilicity among other single- and co-doped carbons.
Along with the overpotential test of Li nucleation, the low-
est overpotential of O-doped graphene among pristine and
N-doped graphenes indicates the lithiophilicity as a key
factor. As shown in Figure 4C, the role of the GO layer for
enhanced cycle performance is investigated more detailed
by Ma et al.90 In comparison with the rate performances
of the bare Li and GO aerogel embedding Li (Li@GA)
anodes, the polarization becomes more severe for the bare
Li anode at high current rates, while the Li@GA anode

FIGURE 4 (A) Illustrations of the fabrication for a layered Li–rGO composite film and rate performance tests.88 Reproduced with

permission, Copyright 2015, Springer Nature. (B) Scheme of the coating process, cross-sectional SEM image, and Li plating/stripping results

using an anode–anode symmetrical cell of GPDL.89 Reproduced with permission, 2017, Wiley-VCH. (C) Schematic illustration of the

synthetic procedures and rate performance tests under various current densities of Li–GA.90 Reproduced with permission, 2020, Wiley-VCH.

(D) Variation of charge and discharge terminal voltage of Gl-protected and rGO-protected Li anode.91 Reproduced with permission, 2020,

Elsevier
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shows comparatively mild polarization. The higher dis-
charge/charge hysteresis of the bare Li at high current
densities was attributed to the accumulation of thick SEIs
and severe interference of the Li+ diffusion by “dead” Li.96

Moreover, the specific capacity of the Li@GA anode was
measured by full Li-stripping. Upon charging to 1 V (vs.
Li+/Li) at 0.5 mA cm�2, the specific capacity of 3398.4
mA h g�1, or 88% of the theoretical capacity of pure Li
(3860 mA h g�1), was achieved for high energy density.
Guo et al. also employed rGO/Li composites as anode and
obtained a comparable result.91 The sufficient space for
the Li deposition is associated with the plentiful void of
the rGO/Li composite, while the growth of the dendritic
Li is suppressed during the cycle. Furthermore, mechani-
cal integrity is given to artificial SEI due to the flexible
nature of the rGO, which endures the volumetric change
upon cycling. As shown in Figure 4D, the cycle perfor-
mance is improved with the addition of extra polymer.97

Using the diphenyl picryl phenyl hydrazine (DPPH)
added TEGDME electrolyte for the catalytic activity of
battery, the composite of the rGO@luteolin (GL) was
synthesized acting as a superior protective layer. The
GO ink was used as carbon sources for the porous
graphene architecture prepared by direct 3D printing.
As-prepared hydrogel lattices were fully dried by using
the freeze–dryer and heated at 250�C in an Ar atmo-
sphere. With the addition of the DPPH, the nitrogen
radicals were generated during the charging and dis-
charging process and stabilized by the luteolin against
the anode attack. In addition, the luteolin on the sur-
face of rGO could form stable quinoid radicals with
DPPH. Eventually, the incorporation of the luteolin
increases the lifetime of the battery, by suppressing the
Li dendrite growth and reducing the oxidation of
DPPH electrolyte, resulting in a specific capacity of
1000 mA h g�1 at the current density of 400 mA g�1

and a low terminal charge potential (4.12 V) after
80 cycles.

3.2 | Disordered carbon nanomaterials

Disordered carbon nanomaterials have drawn much
attention owing to their facile preparation, including the
pyrolysis of polymer precursors and the catalytic graphiti-
zation at relatively low temperature, as well as higher
surface area and easier surface modification compared to
the synthesis process of graphitic carbon materials.
Despite these advantages of disordered carbon materials,
the hybridization of ordered and disordered carbon mate-
rials with heterogeneity is the key to design the optimized
structure, providing the partial graphitic domains with
high electrical conductivity and chemical stability for the

amorphous carbon materials. In sharp contrast to the
synthesis of ordered carbon materials from fossil fuel spe-
cies at high temperatures, the pyrolysis of organic mate-
rials or biomass induces the formation of disordered
carbon materials. For instance, Cui et al. prepared the
hollow carbon spheres with polystyrene templates
through the pyrolysis process for application into Li
metal hosts, as shown in Figure 5A. These amorphous
hollow carbon layers can provide the chemical stability
the fast charge transfer, the suppression for the formation
of Li dendrite, and the stable SEI for Li metal.97 As
shown in Figure 5B, Zhang et al. reported the uniformly
N-doped hollow carbon nanospheres as Li metal hosts.
Such the functionalized carbon nanospheres with lithi-
ophilic nitrogen lead to the mitigation of local current
density and Li dendrite growth and the uniform electro-
deposition of Li metal.98 Moreover, the voids within hol-
low carbon structure could regulate the volume
expansion during the Li platting/stripping. On the other
hand, Tao et al. demonstrated the facile synthesis of
biomass-derived porous carbon nanosheets with S and N
elements doping for the application as Li metal hosts, as
shown in Figure 5C.99 The chitosan, gelatin, and thiourea
can be used as carbon precursors and doping sources of
disordered carbon materials, respectively. The elemental
S and N co-doping is effective for the nucleation of Li
metal as verified by the experiments and theoretical cal-
culation. Li@SNC sample with S/N ratio of 1 showed the
best cycling performance. For Li without carbon, the
cycle stability is preserved for 500 h, while the Li with
carbon is stable over 1500 h. While the Li with undoped
carbon showed gradual increase in hysteresis over cycles,
Li@SNC sustained the voltage fluctuation for 1500 h.
When the binding energy with Li was calculated from
the first principle calculations, the SNC had the strongest
interaction with Li due to the synergetic effect of S and N
elements through the p-orbital hybridization. Qian et al.
also prepared the elemental N and O co-doped carbon
materials on Cu foam derived from metal–organic frame-
works through the one-pot vacuum pyrolysis. As can be
seen from the Li plating scheme in Figure 5D, the pres-
ence of the N/O dual-doped 3D porous carbon architec-
tures (NOCA) on Cu foam (CF) leads to the uniform
deposition of the Li at the anode, which prevents the den-
drite growth.100 The coulombic efficiency of NOCA@CF
was maintained over 600 cycles, while pristine Cu foam
was stable only for 150 cycles. Even in the carbonate-
based electrolyte, much more corrosive than ether-based
electrolyte, NOCA@CF sustains the coulombic efficiency
for 300 cycles. Various ordered/disordered carbon mate-
rials for metal hosts in LABs with synthesis methods and
their electrochemical performances are summarized in
Table 1.
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3.3 | Graphitic carbonaceous
nanostructures for cathode

The electronic and porous structure of the electro-
catalysts is regarded as the crucial factor for the design of
cathode materials. Since the large accessible surface area
of the cathode is associated with an increased number of
reaction sites, the electrocatalytic activity can be
enhanced to deliver high capacity. Furthermore, the dis-
charge process of the LAB accompanies the precipitation
of insoluble Li2O2 in nonaqueous electrolyte on the cath-
ode. When the catalyst surface on the cathode is fully
covered by insulating Li2O2, however, there is a stiff drop
of cell potential, as the charge transfer for additional dis-
charge reaction is hindered.

The nanostructured graphene is a promising candidate
to provide the large surface area and high electronic con-
ductivity of the carbon material. Sun et al. compared with
the commercial Vulcan XC-72 carbon and graphene
nanosheets (GNSs).112 The Vulcan XC-72 carbons show
the morphology of agglomerated particles, whereas GNSs
reveal the wrinkled structure. As verified by the N2

adsorption–desorption isotherms, the specific surface areas
of Vulcan XC-72 carbon and GNS derived from Brunauer–
Emmett–Teller (BET) method are 240 and 309 m2 g�1,
respectively. To maximize the accessible surface area, Xiao
et al. presented hierarchical structure of the graphene as
shown in Figure 6A. The inset SEM image shows the mor-
phology of the loosely packed, broken egg structures of
synthesized LAB cathode material.113 To construct this

FIGURE 5 (A) Schematic illustrations for (i) direct pristine Li deposition on Cu substrate; (ii) Modification of the Cu substrate with a

hollow carbon layer.97 Reproduced with permission: Copyright 2014, Springer Nature. (B) Schematic description of Li growth on Cu foil and

3D NHCNSs host.98 Reproduced with permission, Copyright 2020, Wiley-VCH. (C) Schematic illustration of the SNC synthesis, STEM image

of a SNC, and Galvanostatic cycle performance of symmetric Li/Li@C, Li/Li@Cu, and Li/Li@SNC.99 Reproduced with permission,

Copyright 2019, Royal Society of Chemistry. (D) Schematic illustrations for the fabrication of NOCA@CF, metal deposition on CF and

NOCA@CF, and Electrochemical properties of CF and NOCA@CF in carbonate-based electrolyte for Li metal anode.100 Reproduced with

permission, Copyright 2020, Elsevier
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structure, the functionalized graphene sheet (FGS) pro-
duced by the thermal expansion and simultaneous
reduction of graphene oxide, which provide the carboxyl
functional group, was used as the base material. After
dispersing the FGS in a microemulsion solution con-
taining binder material, through the casting and drying,
the aforementioned morphology can be constructed.
The formation of broken egg morphology is attributed
to the bubbles, arising from the mixing of aqueous poly-
tetrafluoroethylene (PTFE) with FGSs, where the skin
of the bubble is surfactant-rich interacting with the
hydrophobic surface of FGS. With the enhanced reac-
tion kinetics by generated carboxyl functional groups,
the unique structure of FGS enables to give a superior
specific surface area of 590 m2 g�1, which leads to the
specific capacity of ~5000 mA h g�1 under 0.1 mA cm�2

in the ambient air.
Porous structure is also a crucial factor to affect the

reaction kinetics in the cathode. Because the charge/
discharge reaction of the LAB takes place at the interface
of two different phases, so-called electrolyte (solid or liq-
uid) and oxygen (gas) phases, the cathode should provide
a proper channel for the mass transport of reactants and
products. Furthermore, the discharge product, when pre-
cipitated at the surface of cathode material, in some cases,
can block the channel for oxygen transport, thereby inter-
fering with the recharging reaction on the remaining sur-
faces of the cathode for the capacity fading. As displayed
in Figure 6B, the hierarchical architectured carbon with
the macrochannel and mesopores is designed.114 The mac-
rochannel with ~150 nm is derived from the stacked
nanoslices composed of graphene sheets, while the

mesopore of ~40 nm is distributed within the nanosheets.
The mesopore is formed during the thermal treatment pro-
cess of the sol–gel synthesis of the carbon architecture.
Each macrochannel and mesopore plays its respective role
during the charge/discharge process: The macrochannel
facilitates the O2 and electrolyte diffusion through the
transporting pathway and the mesopore contributes to the
rapid transport of Li+ ions and the storage site for the dis-
charge product. Zhou et al. also obtained the hierarchically
mesoporous/macroporous graphene through the vacuum-
promoted thermal expansion,119 where a pressure of 0.1
bar is exerted to GO followed by heating at 900�C.120 Pro-
moted from the open porous structure with large surface
area, graphene cathode exhibited a high capacity of
19 800 mA h g�1. Zhong et al. designed the 3D graphene
membrane for the highly porous carbon cathode.121 Using
GOs obtained from Hummer's method, 3D architecture
was created through a freeze–drying process. As the small
pieces of GOs cannot construct a highly dense 3D struc-
ture, the size of GOs is strictly controlled to ~1 μm. In par-
ticular, the as-synthesized graphene membrane allows
LABs to exceeds 5700 mA h g�1 of the maximum cathode
capacity.

To obtain the maximized surface area and optimal
channel for the reactant transport, Lim et al. designed
the woven structure CNT as presented in Figure 6C.115

According to the cyclability profile, the initial specific
capacity of the woven CNT is near 2500 mA g�1, whereas
that of CNT powder is around 1000 mA g�1. In sharp
contrast to the deep discharge to 2 V directly deteriorates
the capacity of the CNT powder; no significant degrada-
tion was observed for the woven CNT up to 20 cycles.

TABLE 1 Summary of nanostructured carbon hosted anode materials for Li–air batteries

Metal host Synthesis method CE [mA cm�2]/[mA h cm�2]
Cell performance
[mA cm�2]/[mA h cm�2] Refs.

Stacked rGO Hydrothermal method 97.1% for 200 cycles, 0.5/1 1500 h/1/0.5 0.5 101

Crumbled rGO ball Aerosol-assisted capillary
compression method

97.5% for 700 cycles, 0.5/0.5 750 h/0.5/1 102

Porous CNT CVD method 96.0% for 200 cycles, 0.5/0.5 200 cycles/0.5/0.5 103

CNT paper A floating catalyst CVD method 97.5% for 100 cycles, 5/1 2000 h/10/10 104

CNT/PANI Vacuum filtration - 550 h/0.5/0.5 105

Graphitized CF Purchased from company 98% for 50 cycles at 0.5/8 300 h/2/2 106

Li–CF Rolling method 98.5% for 100 cycles, 1/3.25 1000 h/1/1 107

N-doped rGO CVD method 96.0% for 200 cycles, 0.5/1 1450 h/1/1 108

S/N co-doped carbon Thermal reduction 98% for 250 cycles at 1/1 1500 h/1/5 99

Wood-derived carbon Pyrolysis method - 450 h/1/1 109

3D carbonized wood Pyrolysis method - 150 h/3/1 110

Amine-functionalized CF Pyrolysis method 91% for 200 cycles at 1.33/4 over 4000 h/1.56/6.32 111

Abbreviations: CE, Coulombic efficiency; CF, carbon fiber; CNT, carbon nanotube; CVD, Chemical vapor deposition; rGO, reduced graphene oxide/graphene.

LEE ET AL. 11 of 25



For the CNT powder, the deep discharge to 2 V leads to
the aggregation of discharge product, which substantially
increases the resistance of the electrode. Accordingly,
such a resistive electrode results in severe polarization,
which is detrimental to the cycle life and energy effi-
ciency.122 On the other hand, the open framework of
woven CNT allows the discharge product to be deposited
uniformly onto the cathode surface. This uniform distri-
bution of discharge products is beneficial for inhibiting
the partial clogging in the electrode surface to promote
the reaction kinetics.

The surface modification is another strategy for the
high activity of carbon materials. Because the pristine
graphene is not sufficiently active for ORR or OER dur-
ing the charge/discharge process, substantial efforts have
been devoted to modify the surface of graphitic carbons
through various methods. One method is the incorpora-
tion of heteroatoms such as a nitrogen, sulfur, iodine, or
even metal elements. Nitrogen atoms with a similar size
to carbon were incorporated into the graphene and
graphene/CNT hybrid, where the structure distortion is
minimized. Moreover, the lone pair electron of the N

atom increases the electrical conductivity of carbon mate-
rial.123,124 As shown in Figure 6D, the introduced N
atoms are uniformly dispersed throughout the whole
range of graphene.116 According to the XPS data, three
types of N atoms, such as pyridinic, pyrrolic, and
graphitic N, are verified depending on the local binding
with adjacent carbons. Each nitrogen has different cata-
lytic activities toward the OER/ORR. Representatively,
pyridinic N is known to have high reactivity toward lith-
ium oxidation, while graphitic N enhances the conductiv-
ity of carbon. To optimize the activity of N-doped carbon,
Sakaushi et al. tried to control the portion of various
nitrogens.125 By elevating the temperature of thermal
treatment of precursors from 900 to 1000�C, the amount
of pyridinic N decreased, whereas the proportions of the
other two nitrogens increased. Consequently, the bifunc-
tional catalytic activity was irrelevant to the portion of
various nitrogens, whereas the stability is proportional to
the amount of graphitic N. The reactivity of various types
of N atoms for the discharge reaction has been controver-
sial. Yun et al. compared the catalytic activity of the
pyridinic N site and graphitic N site through the DFT

FIGURE 6 (A) The N2 adsorption isotherm of the FGS based air electrode.113 Reproduced with permission, Copyright 2011, American

Chemical Society. (B) Scheme illustration of hierarchical carbon–nitrogen with the TEM images of microchannels and mesopores.114

Reproduced with permission, Copyright 2014, Wiley-VCH. (C) SEM images of the pristine and discharged CNT fibril with cyclabilities of

CNT powder and woven CNT.115 Reproduced with permission, Copyright 2012, Wiley-VCH. (D) STEM image, elemental mapping of C and

N with scheme of various doped nitrogens.116 Reproduced with permission, Copyright 2015, Wiley-VCH. (E) The optimized geometries of

LiO2 binding on BP-2000 and Se-BP-2000 with discharge curve. Reproduced with permission, Copyright 2020, Elsevier.117 (F) Schematic

illustration for the synthesis of INPG and specific capacity.118 Reproduced with permission, Copyright 2019, Elsevier
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calculation.126 By comparing the formation energy of dis-
charge products on various nitrogen sites, the graphitic
nitrogen site acts as a more favorable site for the lithium
oxidation reaction to occur rather than the pyridinic
nitrogen site. The Bader charge analysis indicates that
the carbon atoms adjacent to the graphitic N site become
an effective catalytic mediator by transporting charge
from the surface to the reaction intermediate. On the
other hand, Jing and Zhou demonstrated the opposite
tendency for the catalytic activity of graphitic and
pyridinic N.127 Based on the single graphitic, pyrrolic,
and pyridinic N site in the graphene, even more complex
active sites composed of multiple N atoms are modeled.
For each model, the free energy of the Li4O4 formation is
calculated. The reaction barrier is confirmed from the
calculation and the Li4O4 formation at the site composed
of 4 pyridinic N shows the lowest reaction barrier, which
reveals the catalytic activity of pyridinic N. The compari-
son of the chemical doping effect between different dop-
ant elements is also implemented by Han et al.128 Based
on the nanoporous graphene, each S and N are adopted
as the dopant. While the N-doped graphene gives the rise
to an extremely large discharge capacity of 10 400 mA h g�1,
twice than that of S-doped one, S-doping stabilizes the
cycling behavior with its moderate degradation rate. To
benefit from both dopant elements, Kim et al. synthesized
the S, N dual-doped mesoporous carbon on graphene.129

Nourishing the synergetic effect of S and N dopant, S
depresses the degradation rate, leading to the cyclability
over 100 cycles, whereas N provides the gravimetric capac-
ity over 11 000 mA h g�1.

Besides nitrogen, active single atom species have
received significant attention in the design of bifunc-
tional catalysts. The scheme of the LiO2 adsorption on
Se-doped carbon is depicted in Figure 6E. As shown in
the discharge curve, the discharge capacity of Se-doped
carbon was dramatically enhanced facilitating the kinet-
ics of oxygen involving reaction.117 Such improvement in
the reaction kinetic is closely related to the size of the Se
atom. Because the Se atom has a larger diameter than C,
the incorporation of the Se into carbon brings the distor-
tion of the local structure. The strain in the carbon struc-
ture promotes the charge localization and attracts the
oxygen chemisorption, boosting the ORR catalytic activ-
ity.130 In addition to the favorable reaction kinetics, the
Se dopant efficiently alleviates the side reactions, enhanc-
ing the stability of the cathode. As the Se compounds act
as superior antioxidants by scavenging the free radical
effectively, the side reaction caused by the superoxide
radicals on the cathode can be suppressed with doped
Se.131,132

Beyond the single doped graphene for the cathode,
Wu et al. presented N and I dual-doped graphene as

bifunctional catalysts for LAB cathodes.118 As depicted in
Figure 6F, the nitrogen is firstly introduced through the
hydrothermal process with ammonium hydroxide. After
drying and annealing to decompose the polystyrene
spheres, they are mixed with I2 and mildly heated for the
precursor formation. Then, the resulting precursor is
heated at 900�C to achieve uniformly dual-doped porous
graphene. With the multielement co-doping, the doped I
atom affects the bonding configuration of the active sites
by breaking the electric neutrality of the sp2 carbon,
which enhances the intrinsic activity for O2 adsorption
and reduction.

Although the breaking of sp2 carbon structure
enhances intrinsic activity, it also deteriorates the stabil-
ity of the carbon structure. Yoo et al. investigated the
influence of the proportion of sp3 and sp2 carbon on
the electrochemical performance of the GNS cathode.133

The increase in the sp2 carbon and the decrease in the
sp3 carbon for CNT are attributed to the graphitization of
basal plane during the heat treatment, as the sp3 carbon
is mainly derived from the edge site or the defect.
According to the discharge overpotential along with
cycles, the heat-treated, highly graphitized, GNS pos-
sesses higher overpotential due to the loss of reactive
defect sites and functional groups but bares twice more
cycles than high sp3 concentration GNS.

The correlation between the crystallinity of the car-
bon and cyclic stability is studied by Bae et al.134 As the
cathode degradation during the charge/discharge cycle is
mainly derived from the side reaction, which decomposes
the electrolyte and carbon electrode, it is possible to ana-
lyze the degree of degradation estimating the amount of
CO2 evolution. In order to distinguish the carbon of the
cathode from that of the electrolyte, the carbon atoms of
air electrodes are replaced with the carbon isotope 13C.
The crystallinity of the carbon is controlled varying the
heat-treatment temperature from 1600 to 2800�C, where
higher crystallinity is obtained at higher temperatures.
As demonstrated by the in situ differential elec-
trochemical mass spectroscopy (DEMS), the highly crys-
talline carbon cathode generates less amount of CO2,
especially for 13CO2. Thus, this finding elucidates that the
high-crystalline carbon is capable of achieving superior
rechargeability by suppressing the side reaction owing its
electrochemical stability.

3.4 | Non-graphitic carbonaceous
nanostructures for cathode

Due to the comparatively low crystallinity, the cathode
with non-graphitic carbonaceous nanostructures has the
stability issue. To overcome this limitation, various
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approaches to obtain stability have been developed.
Moreover, in a similar manner to graphitic carbons,
investigations toward hierarchical structure and
enhanced intrinsic activity are also underway.

To achieve maximized surface area, Li et al. con-
trolled the activation process of the carbon cathode by
using different activators.135 In Figure 7A, each sample
denominated as CA, CB, and CC is synthesized with the
chitin precursor and chemically activated with H3PO4,
KOH, and KHCO3, respectively. The CA is featured with
the open-cluster channel structure composed of the
piled-up spherical cluster, while CB and CC achieve hon-
eycomb macropore structure with different pore sizes.
The spherical cluster structure of CA with a large surface
area of 753.74 m2 g�1 is associated with the activation
process with H3PO4, which inhibits the unstable volatili-
zation of the carbon in the course of carbonization.139

Unlike the H3PO4, KOH and KHCO3 go through the
decomposition process during the heat treatment to gen-
erate the gas species during the carbonization and gener-
ated gas leads to the honeycomb macropore structure of
CB and CC.140 Among samples, CA showed the highest
discharge voltage of 2.76 V and specific capacity of
8400 mA h g�1. As presented in Figure 7B, vertically
aligned N-doped coral-like carbon fiber is synthesized by

the CVD method.136 With the pyrolyzed iron phthalocya-
nine (FePc) source, the mixture of helium and hydrogen
is used as the carrier gas to grow the vertically aligned
coral-like carbon fibers. In comparison to common car-
bon fibers of CNT, vertically aligned N-doped coral-like
carbon fiber maximizes the surface area owing to abun-
dant branches along the main fiber. Along with the align-
ment effect, the overpotential decreased for both
charging and discharging to the large extent. The method
to control the surface area of disordered carbon particles
was investigated by Li et al.141 During the heat treatment
under NH3 gas, the gasification reaction of the carbon
black occurs to increase the surface area by pore genera-
tion. Pyrolysis process mainly generates the mesopore in
carbon black, providing the specific surface area of
~1200 m2 g�1, and the large surface area leads to specific
capacity of 5000 mA h g�1, whereas carbon black without
mesopore possesses 1000 mA h g�1.

The heteroatoms are generally incorporated into the
ordered carbons through the post-treatment. By contrast,
the heteroatoms are well dispersed onto the surface of
disordered carbons through the direct pyrolysis of the
dopant-containing materials. MOF is one base material
for the design of carbon structure.142 Meng et al. derived
the Ru-incorporated carbonaceous LAB cathode from the

FIGURE 7 (A) Scheme of the synthesized carbon cathodes with various morphology through three activators and nitrogen adsorption–
desorption isotherms of CA.135 Reproduced with permission, Copyright 2019, American Chemical Society. (B) Scheme of the synthesis

process of the VA-NCCF and SEM, TEM images of synthesized nanofibers.136 Reproduced with permission, Copyright 2014, American

Chemical Society. (C) Schematic illustration of the fabrication process of Ru-MOF-C and SEM image with EDS mapping.137 Reproduced

with permission, Copyright 2019, American Chemical Society. (D) Schematic illustration of the preparation of PHC, P-PHC with SEM

images and cyclic performance.138 Reproduced with permission, Copyright 2019, American Chemical Society
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metal–organic framework (Ru-MOF-C) as shown in Fig-
ure 7C.137 In the study, MOFs are constructed with RuCl3
secondary building unit and benzenetricarboxylic acid
organic linker and used as the precursor for carboniza-
tion. The as-incorporated Ru is well scattered throughout
the whole portion of carbon structure without any aggre-
gation and sustain much stronger adhesion with the car-
bon structure when compared to Ru particles decorated
through other deposition methods. The pyrolysis of the
MOF provides the cathode with better electrochemical
stability in spite of the low crystalline carbon nanostruc-
ture. The discharge capacity of Ru-MOF-C kept stable
over 800 cycles, whereas that of CNT decreased to ~85%
of initial capacity after 100 cycles. Hu et al. also synthe-
sized Ru single atom-loaded cathode by the pyrolysis of
Zn containing MOF.143 At 900�C, Ru is introduced to the
Zn site, combining with near nitrogen atoms. By control-
ling the amount of Ru, the discharge overpotential
reached the value of 0.17 V. Wang et al. presented the
atomically dispersed cobalt catalyst anchored on N-doped
carbon nanosheets.144 Through the green gas-migration-
trapping strategy, Co single atoms are embedded on the
pyridinic N site in the form of Co–N4. The Co–N4 species
distributed in the carbon structure act as the active cata-
lytic centers, which contribute to the decomposition
kinetics of the Li2O2. Compared to carbon with Co
nanoparticles, the total overpotential for the charge and
discharge decreased from 1.02 to 0.4 V, mainly due to the
enhanced LiO2-absorption ability and modulated growth
process of Li2O2.

In a similar manner to MOF-derived carbon, Nong
et al. derived an N-doped carbon framework from the
carbonization of 3D ultra-lightweight polyaniline
(PANI).145 The 3D structure of the PANI is constructed
by coating PANI on the PMMA template and removing
PMMA. As analyzed by the XPS spectra, the proportion
of the pyridinic and graphitic carbon varies with the tem-
perature of carbonization. With increasing temperatures,
a portion of the graphitic carbon was raised, which is
favorable for enhancing catalytic activity. A simple
method to prepare P-doped pinecone-derived hive-like
carbon (P-PHC) is represented in Figure 7D.138 As
derived from the wood-like biomass, its water delivery is
associated with the 3D porous structure, which provides
a suitable pathway for oxygen transport during the reac-
tion. Furthermore, P-doping through the hydrothermal
process generates extra active sites that are favorable for
the charge transfer to reaction intermediates. The incor-
porated P in the carbon also enhances the chemical sta-
bility of the nanostructure. As shown in Figure 7D, the
incorporation of P improves the capacity retention of
nearly 100% over 200 cycles twice than that of PHC. Mul-
tiple heteroatom-doped carbon is also synthesized

through the carbonization of the biomass. Jo and Ahn
synthesized N, P co-doped porous-activated carbon from
the carbonization of protein-based tofu.146 During the
decomposition of amino acid by carbonization, N-doped
carbon is formed as followed by the extra P-doping
through high-temperature calcination. In particular,
nitrogen atoms increase the electron distribution on the
electrode, while phosphorus atom bonds with oxygen,
forming the oxygen-containing group at the edge of
graphite lattice, which both of them improves the cata-
lytic activity.

The density of the oxygen functional group also
affects battery performance. Lee et al. investigated the
influence of the oxygen functional group on the reaction
kinetics of Li2O2 formation by modifying the porous car-
bon nanowebs (PCN).147 Simply varying the heat-
treatment temperature of the PCNs, carbon surface can
be successfully modified, while other factors such as the
surface area or pore sizes almost remain intact. At the
high temperature of 2800�C (PCN2800), the atomic ratio
of the oxygen and carbon components (O/C) is 1.08,
lower than 16.18 of PCN800 treated at 800�C. Moreover,
the oxygen functional group acts as the favorable site for
the Li adsorption, where the formation of Li2O2 is pro-
moted.148 If the adsorption with Li is not sufficiently
strong, reaction intermediate of LiO2 is easily detached
from the carbon, then the deprotonation reaction pro-
ceeds in the electrolyte, so-called the solution-mediated
process. The solution-mediated process produces rela-
tively large particles of Li2O2. On the other hand, strong
attraction of oxygen functional group with Li tends to be
dominated by the surface-driven process, forming the
film-like morphology to make the decomposition fac-
ile.149,150 Additionally, oxygen functional groups have an
effect on the wettability of the electrode with electrolyte.
The contact angle of each sample decreases as the heat-
treatment temperature increases, as demonstrated by 74�

and 30.4� for PCN2800 and PCN800, respectively. The
high wettability of the PCN800 is mainly due to the
hydrophilicity induced by oxygen functional groups. Con-
sidering that the active sites of carbon surface can be
available when it is sufficiently wetted by the electrolyte,
oxygen functional groups can promote the reaction.

3.5 | Metal-free carbon/carbon
composite for cathode

In order to compensate for the limitation of single
carbon-based material as cathode, complementary or syn-
ergistic carbon materials are incorporated into the carbon
matrices through the composite formation. Especially,
metal-free carbon/carbon composites have significant
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advantages in terms of the high specific capacity arising
from the light weight of carbons and abundant surface
chemistries.

Luo et al. presented the composite of macroporous
graphene and graphitic C3N4 (g-C3N4) for the bifunc-
tional cathode material.151 As shown in Figure 8A, the
composite air electrode is obtained through the two steps,
using the hydrothermally synthesized GNS and C3N4 as
precursors. Firstly, the self-assembly occurs in the hydra-
zine hydrate solution of graphene and C3N4 mixture
through the heating process. Then, the macroporous
structure of composite is created through the freeze–
drying dehydration. For the composite, C3N4 provides the
oxygen electrocatalytic activity in an analogous manner
to the N-doped graphene.155–157 Compared to N-doped
graphene with relatively low nitrogen contents and
leaching of the nitrogen in the structure,158 g-C3N4 is
much more stable allotrope of N–carbon structures with
rich N–sites. Because the electric conductivity of the C3N4

can be compensated by conductive GNSs, the composite
electrode maximized the catalytic activity of the g-C3N4.

As shown in Figure 8B, the composite of g-C3N4 and
disordered carbon paper is synthesized simply dipping the
carbon paper to the precursor solution and treating calci-
nation process.152 Synthesized composite has much
enhanced capacity of ~450 mA h g�1, compared to
~50 mA h g�1 of the single carbon paper. Figure 8C pre-
sents the synthesis process of the cathode composed of
mixed polymer nanofibers with high CNT loading. Using
the mixture solution of PAN, polyvinylpyrrolidone (PVP),
and CNT, the electrospun sheet is achieved.153 Then, a
cathode can be fabricated through the simple washing
with the water and the subsequent drying process. During
the washing process, the domain occupied by the PVP is
converted to the surface pore, while the remaining PAN
domain forms the mechanical backbone for
the nanofibers. The high amount of CNT, 65.8% of
the polymer weight, is simultaneously deposited on the
nanofiber, imparting the electrical conductivity to the
matrix. As the PVP polymeric support promotes the facile
ionic diffusion from electrolyte-containing fiber through
the generated pore, it is possible to reach the specific

FIGURE 8 (A) Schematic flow-process diagram of the G@CN composite fabrication.151 Reproduced with permission, Copyright 2015,

Wiley-VCH. (B) Routes for the facile in-situ preparation of g-C3N4@carbon paper with SEM images of pristine, discharged and charged

cathode.152 Reproduced with permission, Copyright 2015, American Chemical Society. (C) Synthesis of CNT–polymer composite nanofibers

through electrospinning.153 Reproduced with permission, Copyright 2020, Elsevier. (D) Discharge curve and SEM images of carbon powder

and carbon powder–CNT composite.154 Reproduced with permission, Copyright 2014, Elsevier
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capacity of 4800 mA h g�1, much improved from
1500 mA h g�1 of CNT–PAN.

As revealed by Figure 8D, the discharge curves of the
carbon powder cathode and carbon powder–CNT composite
cathode are compared.154 As the discharge current density
increases from 0.4 to 0.6 mA cm�2, the capacity retention of
the composite is 60.4%, while that of carbon powder is
52.8%. This result indicates the better rate performance of
the composite cathode. In addition, the composite provides
the porous structure, as seen in the SEM images.151,153

Thus, composite achieved the volumetric/gravimetric
capacity of 258.06 mA h cm�3 and 779.14 mA h g�1,
67.2% and 36.3% higher, respectively, than densely packed
carbon powders. Various ordered/disordered carbon mate-
rials for cathode in LABs with synthesis methods and their
electrochemical performances are summarized in Table 2.

3.6 | Full-cell measurements with
carbonaceous electrodes

For the practical applications, the full-cell measurements
have been performed to demonstrate the feasibility of the
as-designed electrodes for LABs. Sun et al. obtained the

performances of Li–O2 cells to confirm the effect of
GPDL on Li metal, compared to pristine Li metal.89 In
Figure 9A, GPDL-coated Li metal electrode indicated the
remarkably stable discharge and charge profiles, which
showed the upper potential plateau with a better stability
in discharge profiles, compared to bare Li metal. More-
over, SEM images of GPDL-coated and pristine Li metal
electrodes after 200th and 15th cycles, respectively,
exhibited the clear difference of dendrite formation,
resulting to the stable long-term cycling of GPDL-coated
electrode. Li and Manthiram presented the O- and
N-doped carbon nanoweb (ON–CNW) for the metal-free
bifunctional cathode catalysts.159 To evaluate the OER
and ORR activities of the ON–CNW, N-doped carbon
nanosphere (N–CNS) and N-doped carbon nanoweb
(N–CNW) samples are also prepared for comparison. As
evaluated by the half-cell measurement with saturated
calomel electrode (SCE, vs. Hg/HgO), the lowest over-
potential for the ORR was observed for the ON–CNW. To
confirm the feasibility of the practical battery application,
the full-cell test was carried out using the cell with poly-
tetrafluoroethylene (PTFE) layered battery mold as
shown in Figure 9B. From the discharge voltage profile,
the discharge plateau of ON–CNW is only 0.077 V lower

TABLE 2 Summary of nanostructured cathode materials for Li–air batteries

Cathode material Synthesis method
1st discharge
capacitance [mA g�1]/[V]

Cyclic
performance
[mA g�1]/[mA h g�1] Refs.

Porous carbon nanoweb Freeze–drying and heat treatment 25 555 mA h g�1

0.2 (mA cm�2)/2.0
80 cycles
0.2 (mA cm�2)/500

147

Woven CNT CVD ~3000 mA h g�1

2000/2.0
80 cycles
2000/1000

115

Vertically aligned Carbon Fiber Pyrolysis method ~40 000 mA h g�1

500/2.2
200 cycles
250/500

136

Meso/microporous graphene Vacuum-promoted thermal expansion 19 800 mA h g�1

300/2.0
50 cycles
1000/1000

119

S-doped Graphene CVD 4920 mA h g�1

200/2.3
300 cycles
300/1000

128

N-doped Graphene CVD 10 400 mA h g�1

200/2.3
100 cycles
300/1000

128

Hierarchical C N architecture Calcination ~3000 mA h g�1

100/2.0
160 cycles
200/600

114

S, N-doped graphene oxide Hummer's method and ultrasonication ~11 500 mA h g�1

100/2.3
38 cycles
100/1000

129

Co SA anchored N-doped carbon Solution method and annealing ~20 000 mA h g�1

200/2.0
260 cycles
400/1000

144

CNT–polymer composite Electrospinning 4800 mA h g�1

0.24 (mA cm�2)/2.0
22 cycles
0.24 (mA cm�2)/420

153

Graphene@g-C3N4 composite Hydrothermal Method 17 300 mA h g�1

0.2 (mA cm�2)/2.6
105 cycles
0.2 (mA cm�2)/1000

151

Abbreviations: CNT, Carbon nanotube; CVD, chemical vapor deposition.
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than that of the cell with Pt/C. Furthermore, this discrep-
ancy decreases when current densities increase, indicat-
ing that ON–CNW has excellent catalytic activity in fast
electrochemical reactions. The cyclic performances of
N–CNW and ON–CNW were also compared. The round-
trip overpotential of N–CNW increased from 1.00 to
1.43 V at the first 30 cycles, while that of ON–CNW
increased slightly from 0.92 to 1.02 V, revealing the
robust cyclic stability of ON–CNW.

4 | CONCLUSION AND
PERSPECTIVES

In the review, we discussed the potential of carbonaceous
materials for the metal anode protection and host and cath-
ode catalysts of LABs. As the base material for the LAB
electrode, methods to synthesize the carbonaceous mate-
rials, from graphene to even soft carbons with non-
graphitizing properties are introduced. With the intense
research on their fabrication and extreme abundance of the
element, carbonaceous materials are represented as one of
the most cost-effective materials, which is indispensable for
the commercialization of the LAB. Furthermore, the intrin-
sic electric conductivity and light weight lead carbonaceous
materials to the most promising candidate for future LAB
electrodes. However, the low reactivity and instability for
the reaction radicals due to spontaneous defects of carbon
were the main bottlenecks for the fabrication of practical
LABs with carbonaceous materials. As an answer to those
obstacles, the modification strategies for the carbonaceous
materials are presented. With the morphology control, the
cathode benefits from the expanded surface area, generating

an additional energy capacity, while extra space/channel
formation leads to suppression of dendrite and promotion
of Li ions for the anode. From the functionalization of car-
bonaceous materials, the OER/ORR properties of the cath-
ode is boosted by the increase of reaction sites and
enhanced charge transfer. Finally, the metal-free composite
of the carbonaceous materials even presents the mechanical
strength to the electrode, which leads to strengthened cycle
stability.

Unfortunately, various approaches to achieve both
high cyclic performance and electrode reactivity toward
charge–discharge reaction were mostly not successful,
suffering from the trade-off between the stability and
activity of the carbonaceous materials. As the active sites
introduced in the carbon structure also becomes the site
for carbon electrode decomposition, further strategies for
selective suppression toward decomposition reaction is
required. In addition, the modification of the carbona-
ceous material also deteriorates the electric conductivity
which leads to the side reaction. Therefore, there should
be more approach toward the optimal degree of the mod-
ification, such as surface oxygen groups, dopant introduc-
tion or defect generation.

Hopefully, several approaches to the fully carbon-
based LABs at the level of practical application have been
published lately. As shown in Figure 10A, the rationally
designed LAB composed of porous graphene electrodes
showed comparable volumetric/gravimetric capacity to
commercial batteries.160 Moreover, with the flexible
nature of the carbonaceous materials, the possibility of
application to a foldable battery was also suggested in
Figure 10B.161 With the rise of the wearable device, the
uniqueness of the flexible carbon electrodes may

FIGURE 9 (A) Cyclic results for Li–O2 cells for Li metal and GPDL-coated Li metal and SEM images of these cycled electrodes.89

Reproduced with permission, 2017, Wiley-VCH. (B) Discharge profiles at various current densities and cyclic performances of hybrid Li–O2

cells with N-CNW and ON-CNW as the ORR catalyst.159 Reproduced with permission, Copyright 2014, Wiley-VCH
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accelerate the actual application to commercialized batte-
ries. Considering that the fabricated cells for Figure 9 are
composed of carbonaceous electrodes without any modifi-
cations, if the LAB with optimal modifications are config-
ured, the practical application of fully carbonaceous LAB
can be approached one step further.

Although the performance of these fully carbon-based
LABs without any modification can reach those of cur-
rently commercialized batteries on a laboratory level, fur-
ther development is imperative for the practical and
industrial application. Representatively, the demand for
high-performance and long-term stability of full batteries
has grown rapidly owing to the rise of diverse electronic
industries, electric vehicle, and energy storage system. To
fulfill these requirements, the following points should be
considered in the future works.

1. The suitable synthesis methods that can precisely
control the crystallinity, defect, porous structure,

morphology, surface chemistry, and composite compo-
sition of carbonaceous materials should be developed.
In addition, the compositional modification, such as
doping engineering, single atom catalyst (SAC) decora-
tion, and the formation of composite can further
improve the electrocatalytical performances for LAB.
The high quality and scalable synthesis of the homoge-
neous carbon materials need to be guaranteed.

2. For the rational design of the carbonaceous materials,
the correlation between structure and property, and
the energy storage mechanism of electrodes for LABs
should be investigated. Furthermore, the theoretical
and experimental approaches toward carbonaceous
materials used as active materials and catalysts for
LABs have to be carried out using the in-situ/
operando spectroscopic analyses and computational
calculations.

3. It is needed to optimize the formulation of electrolyte,
current collector and binder suitable for the properly

FIGURE 10 (A) Structure and electrochemical properties of the graphene-based pouch cell.160 Reproduced with permission, Copyright

2018, Springer Nature. (B) The layout of the layers in the battery structure and charge–discharge curves after bended thousands of times.161

Reproduced with permission, Copyright 2016, Wiley-VCH
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designated carbonaceous electrodes. The development
of carbonaceous electrodes with high electrical con-
ductivity enables the freestanding electrodes without
the current collector or conducting agent to enhance
higher energy density of electrodes in LABs.

4. For the commercialization in LAB, the practical
manufacturing factors, such as low production cost
and large scalable fabrication with high quality of
nanostructured carbons, as well as the cell design and
engineering should be cultivated. Moreover, a reliable
evaluation system for LAB performances should be
constructed, covering the level of full-cell engineering.

Therefore, the persistent research interest and contin-
ued breakthroughs including the view of real applications
are essential to develop revolutionary carbon-based elec-
trodes for the advanced LAB system, which can signifi-
cantly enhance the quality of everyday life.
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