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nanostructured carbon electrocatalysts for high-
performance rechargeable lithium–air batteries

Molla Asmare Alemu, *a Muluken Zegeye Getie,a,b Hailemariam Mulugeta Wassie,b

Mulat Shitye Alem,b Addisu Alemayehu Assegie,c Mustafa llbaşd and Rafat Al Afife

Renewable energy sources are crucial for addressing the energy crisis and global warming, but their inter-

mittent nature necessitates storage. Metal–air batteries, such as Li–air batteries, offer high specific

capacity and environmental friendliness but face issues like poor reaction kinetics and high overpotential

during charging and discharging. To address these issues, noble metal-based catalysts have been utilized,

which require the replacement of such precious and scarce resources with affordable and commercially

accessible materials. Biomass, a renewable resource, plays a critical role in preparing carbon-based elec-

trocatalysts and porous cathodes with excellent performance due to its rich heteroatom and pore struc-

ture, and potential doping and co-doping with transition metals and their oxides. Metal-free biomass

carbon nanostructured bifunctional electrocatalysts have been identified as potential alternatives for the

next generation of oxygen reduction and evolution reactions. These catalysts have comparable catalytic

activity and improved stability compared to the current state-of-the-art Pt-based catalysts, making them

essential for the commercialization of lithium–air batteries. Thus, this paper reviews the most recent

advances in biomass-derived metal-free heteroatom-doped nanostructured carbon electrocatalysts for

rechargeable lithium–air batteries and discusses how different biomass sources affect the cathode’s com-

position, morphology, and structure–activity relationship. It gives a reasonable approach to doping meth-

odologies, which may guide non-noble electrocatalyst and electrode designs.

1. Introduction
The global economy’s swift growth, increasing population, and
excessive fossil fuel consumption have necessitated the devel-
opment of renewable energy technologies to combat environ-
mental degradation and the energy crisis. However, renewable
energy sources are often unreliable and intermittent, limiting
their large-scale applications. Electrochemical energy storage
and conversion systems, including solar cells, batteries, fuel
cells, and supercapacitors, are viable solutions. Among them,
lithium-ion batteries (LIBs) have been extensively studied, but
their shortcomings like low energy density, material scarcity,
and poor safety have not been effectively addressed,1–3 high-
lighting the need for alternative energy storage solutions.

Biomass, as a renewable resource, plays a critical role in the
preparation of carbon-based catalysts and porous cathodes for
metal–air batteries.4,5 This is due to the inherent rich hetero-
atom and pore structure of biomass. Metal–air batteries
(MABs) have broad prospects in the field of electrochemical
energy storage due to their simple structure, lower cost, higher
energy efficiency, high security, environmental friendliness,
high specific capacity, and high energy density. They use an
anode made from pure metal and an external cathode of
ambient air, typically with an aqueous or aprotic electrolyte.
The specific capacity and energy density of metal–air electro-
chemical cells are higher than those of LIBs, making them a
prime candidate for use in electric vehicles (EVs). During the
discharging of a metal–air electrochemical cell, a reduction
reaction occurs in the ambient air cathode while the metal
anode is oxidized. However, complications associated with the
metal anodes, catalysts, electrolytes, poor reaction kinetics,
and high overpotential during the charging–discharging
process have hindered the development and implementation
of MABs.5–8 These issues can be alleviated by the application
of an electrochemical catalyst and a porous cathode. Biomass
carbon materials have emerged as an important alternative for
the development of high-performance cathode and electrocata-
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lyst materials in MABs, owing to their remarkable electro-
chemical characteristics, environmental friendliness, and cost-
effectiveness.5,7–12 They offer a sustainable alternative to LIBs,
with a specific energy density nearly 10 times greater. Mainly,
zinc–air batteries (ZABs) and lithium–air batteries (LABs) are
popular due to their large application potential, with ZABs
being used in hearing aids due to their superior security and
energy density. However, utilizing their high specific capacity
remains challenging.3,13–19 They face challenges in widespread
application due to insufficient mass transport of oxygen elec-
trodes, slow reaction kinetics in oxygen evolution and oxygen
reduction reactions, low electrical conductivity, and a deprived
nano–micro structure.7,10,13 Their performance is primarily
limited by the characteristic of the air cathode, which can lead
to high overpotential and poor round-trip energy efficiency.

State-of-the-art Pt-based catalysts show superior oxygen
reduction reaction (ORR) performance, while IrO2 and RuO2-
based catalysts exhibit higher oxygen evolution reaction (OER)
performance. The catalysts, including Pt/C, Pt-based alloy cata-
lysts, Pt-based intermetallic compounds, and Pt-based single-
atom catalysts, enhance the reaction rate of the ORR due to
their high catalytic activity.20–22 RuO2 is considered a promis-
ing OER catalyst due to its high pH adaptability and activity,
while IrO2 is valued for its durability.23–25 The performance of
these catalysts is crucial for energy conversion devices and sus-
tainable energy technologies. However, their high costs are
major limitations for large-scale applications. Rechargeable
zinc–air batteries (RZABs) also face challenges due to the alka-
line nature of the electrolyte, passivation, and corrosion of the
Zn anode.6,10,11,26,27 The cathode electrocatalyst and electrode,
made of heteroatom (N, P, S, B)-doped carbon-based materials,
are crucial for enhancing the performance of ZABs, offering
low prices, stability, and high conductivity. Doping hetero-
atoms with nitrogen (N) is a popular method for enhancing
the electrochemical properties of carbon materials, resulting
in advanced metal-free carbon catalysts for RMABs. Nitrogen, a
promising heteroatom, has the potential to improve the ORR
and OER catalytic activity, a larger electronegativity than
carbon, a comparable atomic size, and five valence electrons
for bonding with carbon atoms. N-doped carbon materials
possess structural defects that can enhance conductivity and
improve battery performance by withdrawing electrons from
carbon atoms. Other heteroatoms, such as sulfur, boron, fluo-
rine, and phosphorus, can also cooperate with N atoms to
enhance ORR performance.4,28–32 This method has the poten-
tial to improve the performance of green electrocatalysts in the
fight against pollution and energy shortages.

This review explores recent advancements in synthesizing
metal-free heteroatom-doped biomass-derived carbon nano-
structured electrocatalysts for sustainable energy solutions.
The review also discusses the need to understand the kinetics
and reaction barriers at the electrolyte–electrode interface and
the rational design and functionalization of biomass-derived
carbons. It discusses the catalytic applications and the impor-
tance of superior biomass-derived electrocatalysts for the ORR
and OER in metal–air batteries, particularly in LABs.

2. Metal-free heteroatom-doped
carbon nanomaterials for lithium–air
batteries

Carbon nanomaterials, with high electrical conductivities,
surface areas, porosity, and stability, can improve MAB electro-
chemical performance by facilitating charge transfer and pro-
viding channels for electrolyte and oxygen diffusion.4,28,32–35

The introduction of dopants and co-dopants significantly
alters the chemical properties of these materials, affecting
their nanostructure and electrochemical performance.4,29–31,36–38

These nanomaterials facilitate charge transfer, provide chan-
nels for electrolyte and oxygen diffusion, and enable rapid
electrolyte diffusion and charge transfer. The chemical pro-
perties of these nanomaterials can be varied by introducing
chemical dopants, and the incorporation of heteroatoms can
significantly alter their nanostructure and electrochemical
performance. Biomass-derived metal-free heteroatom-doped
nanostructured carbon electrocatalysts have been gaining
attention in recent years due to their potential to enhance the
performance of RLABs. Heteroatoms such as nitrogen, sulfur,
boron, and phosphorus are incorporated into specially struc-
tured metal-free carbon nanomaterials to enhance their
electrocatalytic performance.39–41 These heteroatom-doped
nanomaterials have shown potential as electrocatalysts in various
applications, including water splitting, supercapacitors, and
dye-sensitized solar cells. This doping process can be achieved
through various synthetic strategies like chemical vapor depo-
sition, pyrolysis, and thermal processes. In summary, the use
of biomass-derived carbon materials in the electrodes of
metal–air batteries is a promising approach for enhancing
their performance and making them more sustainable. These
studies demonstrate the potential of using biomass-derived,
metal-free bifunctional electrocatalysts in RLABs.

Metal-free heteroatom-doped carbon materials have emerged
as promising electrocatalysts for LABs.40,42–44 These materials,
including heteroatom-doped carbons and carbon-encapsulated
metal materials, are attractive due to their excellent electro-
catalytic performance, long-term stability, and cost-effective-
ness. Doping heteroatoms into carbon structures can modify
the electronic and physicochemical properties of carbon
materials, generating active sites for the ORR. This approach
has been used to enhance the performance of the batteries. For
instance, N–S- and N–P-doped nanocarbon (SCNP and PCNP)
electrocatalysts have been prepared through sustainable micro-
wave-assisted synthesis. These heteroatom-doped nanocarbon
materials are active catalysts for the two-electron ORR, which is
a critical process in lithium–air batteries. The development of
these metal-free heteroatom-doped carbon materials could lead
to significant advancements in the performance and efficiency
of LABs. This represents an exciting direction for research and
development in the field of energy storage technologies.

A study of a highly oriented pyrolytic graphite catalyst with
distinct pentagon carbon faulty patterns (D-HOPG) demonstrates
that nitrogen doping may selectively induce certain carbon
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defect types. D-HOPG pentagon defects provide more active sites
for the acidic oxygen reduction process than nitrogen-doped
graphite.45 Metal-free carbon materials are very attractive
because of their excellent conductivity, better electrical and
mechanical capabilities, and tolerance for corrosive liquids.
Despite their low electrocatalytic activity, they can be improved
by heteroatom doping strategies such as N and S doping to
increase ORR and OER activities.40,46 This has resulted in the
creation of improved multifunctional carbon-based electrocata-
lysts that have been modified or doped with heteroatoms and
are seen as viable replacements for precious metal-based oxygen
electrocatalysts. For example, N-doped hierarchically porous
carbon skeletons were created by enzyme treatment and pyrol-
ysis with NH4Cl, enhancing catalytically active site exposure and
mass transfer throughout the ORR and OER processes. A new
N-doped and edge-rich 3D graphene mesh exhibited multifunc-
tional electrocatalytic activity for the ORR and OER, with topolo-
gical defects being more beneficial for both processes. Recently,
a variety of heteroatom-doped carbon compounds displayed sig-
nificant ORR and OER activity. However, their low activity,
instability, and durability restrict their commercial applicability.

Hu et al. (2019) presented the preparation of phosphorus-
doped carbon materials with abundant active functional groups
and stable structural characteristics for eco-friendly metal-free
catalysis.40,47 The materials, which have a highly porous struc-
ture and high surface area (>1600 m2 g−1), were prepared using
a convenient and scalable strategy with soluble starch and phos-
phoric acid. The catalyst prepared using this strategy demon-
strated remarkable catalytic performance in aerobic oxidation of
benzyl alcohol with a higher TOF value than those of other pre-
viously reported catalysts. It also showed great tolerance for
various substrates, including aromatic, alicyclic, heterocyclic,
and aliphatic alcohols. The incorporation of heteroatoms into
carbon nanomaterials has been found to enhance their electro-
catalytic performance. This enhancement is particularly ben-
eficial for promoting the catalytic process of the oxygen
reduction reaction (ORR), a key process in lithium–air batteries
(LABs).39,42,47 The use of biomass-derived materials and the
absence of metals in these electrocatalysts align with the push
toward greener and more sustainable energy storage solutions.

Lithium-air batteries are gaining global attention due to
their high theoretical energy density and potential to replace
traditional LIBs in longer driving ranges. However, the irrevers-
ible decomposition of Li2O2 during charge can deteriorate
cycling performance, making it challenging to maximize
capacity while maintaining good cycling stability and hinder-
ing its practical applications.48 Despite recent achievements,
many unsolved issues remain in developing practical LABs. Li–
air batteries are promising energy storage devices due to their
high energy density and large specific capacity. However, their
practical applications are limited by high overpotential, slow
oxygen reduction and evolution reaction kinetics, and poor
cycling stability. To address these issues, various catalysts and
electrolyte mediators have been studied.46 However, these cata-
lysts still face challenges in capacity, overpotential, and cycle
life. Solid-phase catalysts and liquid-phase redox mediators

have their advantages and disadvantages in performance and
reaction mechanisms. Findings also highlight the importance
of geometrical orientations batteries, showcasing how design
influences their overall performance and efficiency. Cell design
parameters such as adding carbon paste to the air side of the
battery can increase cell power density under forced air convec-
tion. Increasing the anode/cathode ratio and decreasing the
anode-cathode distance can also improve their perform-
ance.49–52 Thus, optimizing cell design parameters and geo-
metrical configuration and developing efficient electrocatalysts
can significantly impact ZABs’ performance, making them
more viable for practical use. Furthermore, the rational design
of carbon-based electrocatalytic materials with design prin-
ciples includes morphology, crystal structure, interface strat-
egies, atomic engineering and atomic dispersion of active
sites in metal-air batteries facilitates fast oxygen electrocatalytic
reactions, improving overall specific capacity and energy density
of the devices.53–56

The ORR and OER are crucial in electrochemical devices like
metal–air batteries, but their overpotential requires Pt-based cata-
lysts. Low-cost and Earth-abundant materials such as biomass
carbon nanomaterials are being explored for electrocatalysts due
to their excellent electronic conductivity and high specific surface
area. However, the low reactivity of carbon is a major limiting
factor. Indeed, the ORR and OER are key processes in various
energy conversion devices, including fuel cells, electrolyzers, and
MABs.57,58 The ORR and OER have high activation barriers, limit-
ing the effectiveness of energy conversion devices that use these
processes. Typically, noble-metal-based catalysts are required to
improve the slow kinetics of the ORR and OER, but their high
cost limits their practical commercial utilization. As a result, it is
critical to produce more active and reliable low-cost electrocata-
lysts, particularly for extreme settings. Transition metal oxides
not belonging to the platinum group metal-based oxides are low-
cost substances that could give a d orbital for oxygen species
binding. As a result, transition metal oxides are regarded as a
substitute for typical precious metal oxygen electrocatalysts.58

However, the development of oxide catalysts for oxygen reduction
and oxygen evolution reactions still faces significant challenges,
e.g., catalytic activity, stability, cost, and reaction mechanism.

Recent studies have shown that chemical modification of the
carbon network can alter the reactivity of carbon nanomaterials.
Doping strategies, including single-atom doping, co-doping, and
multi-atom doping, have been proposed. Yisilamu et al. (2023)
have fabricated biomass-derived carbon materials, specifically
nitrogen and phosphorus co-doped porous carbon (CSAN10P-2),
using a simple and green approach.59 These materials exhibit
high electrocatalytic activity for the oxygen reduction reaction
(ORR) in alkaline solution. These heteroatom-doped carbon
materials can serve as excellent oxygen-reduction electrocatalysts
for fuel cells and metal–air batteries, including lithium–air bat-
teries.14 They offer a promising alternative to traditional precious
metal-based catalysts, contributing to the cost-effectiveness and
sustainability of energy storage devices.42 Kim et al. (2020)60 also
suggested a redox-mediated polymer catalyst (RPC) as a cathode
catalyst made of Li and poly(vinylidene fluoride-co-hexafluoro-
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propylene) (PVDF-HFP), with multi-wall carbon nanotubes
(MWCNTs) serving as the cathode material. The RPC adds
iodine molecules to the PVDF-HFP chain, improving the cycling
performance by 194% and lowering the overpotential by 21.1%
at 0.1 mA cm−2. This shows that RPCs including a polymer
chain and redox mediators might be widely applied as extremely
effective LAB catalysts.60

Hong et al. (2024)61 aimed to create composites for the Li–air
battery cathode using NiCo2O4 and CNTs. The composites have
a 3D needle-like structure, providing extensive transport chan-
nels for electrolyte infiltration and numerous charge transfer
reactions. The synergistic effect of highly electrocatalytic
NiCo2O4 and highly conductive CNTs results in active catalytic
performance for both the OER and ORR. The composites were
successfully fabricated using a hydrothermal method and
sequential annealing treatment, demonstrating their potential
use as a cathode in Li–air batteries. They also performed over
120 cycles at current densities of 200 mA g−1 and 500 mA g−1

under a capacity-limiting condition of 500 mA h g−1.61

Carbon-based metal-free electrocatalysts (C-MFECs) are
gaining attention due to their attractive physicochemical charac-
teristics, cost-effectiveness, and efficient energy conversion and
storage. The performance of electrocatalysis is determined by
efficient intramolecular and intermolecular charge transfer. The
rational design of metal-free carbon nanomaterials, coupled
with appropriate intramolecular charge transfer through hetero-
atom doping, Stone–Wales defects, and/or intermolecular charge
transfer through adsorption of molecules/moieties, can promote
efficient electrocatalysis.43 Biomass-derived carbon aerogels have
shown significant potential for use in rechargeable lithium–air
batteries. These aerogels are prepared using biomass as precur-
sors, making them ecologically beneficial, affordable, and abun-
dant.57 Pham et al. (2024) have developed a carbon aerogel from
rice straw cellulose for high-performance lithium-ion battery
anodes, demonstrating an impressive initial specific charge
capacity of 348.6 mA h g−1 and maintaining stable performance
with nearly 257.5 mA h g−1 after over 100 cycles.62 Another study
also revealed that carbon aerogels also demonstrated remarkable
performance in oxygen reduction and oxygen evolution reac-
tions, crucial electrochemical reactions in energy conversion,
and storage technologies like fuel cells and metal–air batteries.57

These studies highlight the potential of biomass-derived carbon
aerogels in improving rechargeable lithium–air batteries.
However, more research is needed to further optimize these
materials and assess their commercial viability.

Metal–air batteries and reversible fuel cells rely on the ORR
and OER on air cathodes. However, these processes require
expensive and scarce precious metal catalysts, making them
difficult to use on a large scale. Platinum is the most effective
catalyst for the ORR, while oxides of iridium and ruthenium are
active electrocatalysts for the OER.63 Therefore, developing non-
precious metal electrocatalysts as precious metal alternatives is
crucial. Bifunctional oxygen catalysts can significantly reduce
costs at both the catalyst and device levels. Lv et al. (2017)63

have synthesized a new non-precious-metal catalyst, N, F-co-
doped porous carbon, using a composite of inexpensive polyani-

line and superfine polytetrafluoroethylene powder. The catalyst
exhibits similar onset (0.97 V vs. RHE) and half-wave potential
(0.84 V vs. RHE), better durability, and higher crossover resis-
tance in an alkaline medium compared to commercial 20% Pt/
C. This is due to the good dispersion of fluorine and nitrogen
atoms in the carbon matrix, high specific surface area, and
synergistic effects of fluorine and nitrogen on carbon atom
polarization. This new strategy offers a highly efficient metal-
free electrocatalyst for the ORR in fuel cells.63

Orange peels were used to create activated carbon (AC-OP)
using a low-temperature carbonization process with a nickel
mesh.64 The electrode’s electrochemical behavior was studied,
revealing a honeycomb form with an energy gap of 2.06 eV. The
AC-OP powder, placed on the nickel mesh, functions as a
current collector. Electrochemical impedance spectroscopy and
cyclic voltammetry were used to analyze the electrodes.
Galvanostatic charge–discharge experiments validated the
AC-OP electrode’s extraordinary capacitive potential, making it
suitable for supercapacitor manufacturing. These findings could
be applied to power storage using low-cost carbon resources in
various energy storage applications. Jiang et al. (2023)65 have
developed low-cost and high-performance electrocatalysts using
hetero-atom-doped carbon nanomaterials to overcome their
poor hydrophilicity and few active sites. Three nitrogen-doped
carbon microspheres at temperatures of 800, 900, and 1000 °C
were obtained by carbonizing cuttlefish juice. The produced
samples have nanoscale, high specific surface areas, and hydro-
philicity, increasing the reaction area and promoting vanadium
ion adsorption. Cyclic voltammetry and AC impedance test
results show that the modified electrode has the highest electro-
catalytic performance, with an energy efficiency of 62% higher
than that of the blank battery at 150 mA cm−2.65 These high-per-
formance electrocatalysts with low cost and simple preparation
processes are worthy of further development.

J. Li et al. (2017)66 studied nitrogen and phosphorus co-
doped porous carbon (NP-PC) catalysts as cost-effective oxygen
reduction reaction (ORR) catalysts. The optimized precursors’
mass ratios, pyrolysis temperatures, and heating rates are
investigated. NP-PC beats commercial Pt/C catalysts at 20 wt%
when it comes to ORR performance, stability, and methanol
crossover resistance. Its exceptional electrocatalytic perform-
ance is ascribed to its well-developed porous structure, huge
Brunauer–Emmett–Teller surface area, and strong nitrogen–
phosphorus synergy.66 This work provides fresh information
for investigating cost-effective non-precious metal electrocata-
lysts for sustainable energy conversion systems.

Recent advances in aqueous LABs, notably in the solid elec-
trolyte separator, have resulted in a potential energy density of
more than 1700 W h kg−1 while avoiding the essential pure
oxygen atmosphere concerns seen in non-aqueous systems.
However, issues persist with the solid electrolyte separator,
lithium stripping/plating at the lithium anode, and catholyte
design.67 Recently, single-atom catalysts (SACs) with high atom
usage and cost-effectiveness have demonstrated good ORR/
OER kinetics in various catalytic systems.68 Biomass-derived
porous carbon has also been applied in lithium–sulfur bat-
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teries.69 These biomass carbons have their characteristic struc-
ture, composition, and design. These advancements are prom-
ising for the future of lithium–air batteries, but further
research and development is needed to overcome the remain-
ing challenges and bring these technologies to market.

Cotton, silk, wood, and fibers are being explored as
biomass carbon precursors for the synthesis of carbon fibers
(CFs). This is due to their various advantages such as avail-
ability, sustainability, and biocompatibility. These natural
lignocellulosic materials are a more sustainable and cost-
effective alternative to typical petroleum-based precursors.
These biomass sources are converted into CFs by procedures
including spinning, stabilization, and carbonization.70,71 Their
strong chemical activity allows for the production of flexible
carbon membranes and monolithic free-standing structures.
These materials have a large specific surface area, many func-
tional groups, and a three-dimensional mesh structure. Their
exceptional folding and bending properties, combined with

excellent electrical conductivity, make them promising candi-
dates for use as flexible electrode materials in energy storage
devices such as metal-ion batteries, supercapacitors, and
metal–air batteries, which will meet the needs of next-gene-
ration flexible electronics (Fig. 1).

Room-temperature lithium–sulfur (Li/S8) and lithium–

oxygen (Li/O2) batteries have received a lot of attention over
the last decade due to their high theoretical energy density
and availability of sulfur and oxygen.72 However, cell chemistry
is difficult, and progress toward practical device development
is slowed by basic critical challenges (Fig. 2).

3. Methods for preparing biomass-
based carbon for lithium–air batteries

Carbon materials are crucial for human civilization’s progress,
with classic materials like coal, graphite, and activated carbon
driving social and technological advancements. However, newer
materials like fullerene, carbon nanotube, graphene, and graph-
diyne have been explored for their potential in energy, sensing,
catalysis, and environmental applications.73–75 These materials
typically perform better than traditional ones due to their
unique structures. However, most of these materials are syn-
thesized using non-renewable petroleum and coal products,
requiring harsh and energy-intensive processes. This can exacer-
bate social issues like energy shortages, climate warming, and
environmental pollution. Biomass-based natural resources have
been used as renewable precursors for the controllable prepa-
ration of carbon materials (BCMs), which could reduce fossil
reserve consumption and accelerate human society’s sustain-
able development.73,76–79 BCMs can be categorized into four
classes based on their structures and morphologies: 0D carbon
spheres and dots,80–85 1D carbon fibers and tubes,86–88,89 2D
carbon sheets and nanosheets,90–94 3D carbon aerogels, and
hierarchical carbon materials.95–99 These structures enable
applications in fields like fluorescence bio-imaging, energyFig. 1 Heteroatoms dopants.39

Fig. 2 The performance examination of theoretical and practical energy densities of several rechargeable batteries.72
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storage, and pollutant removal. Therefore, developing environ-
mentally friendly, low-cost, scalable, and renewable carbon
sources and processes is highly desired.

Carbonization is a crucial step in the preparation of
biomass-carbon materials for superior energy storage devices.
Biomass-derived materials are used to create porous carbons
with high specific surface areas and unique structures.107,108

Through carbonization processes, biomass materials are con-
verted into porous carbon with high surface area and tailored
porosity, which are essential for efficient electrocatalysis.114,115

Carbonization also introduces heteroatoms like nitrogen,
improving electrocatalytic performance by increasing defect
degree and creating active sites for reactions116 and can lead to
the formation of carbon supports that enhance the activity of
catalysts for the ORR, showcasing improved stability and per-
formance.117 These carbons have excellent electrochemical
performance, delivering high reversible capacities and main-
taining capacity retention even after hundreds of cycles in
batteries.106,108 The utilization of biomass-derived carbon in
the production of energy storage materials, particularly for
LABs, has garnered significant attention due to its renewable
nature and potential for high performance.4,102 Biomass-based
carbon materials, such as carbon nanofibers (CNFs) and hier-
archical N-rich 3D-carbon frameworks (NCFs), have demon-
strated excellent electrochemical properties for energy storage
applications.79 Additionally, the conversion of bio-char into
highly pure and crystalline flake graphite agglomerates has
shown promise for tailored lithium battery energy storage
materials, offering customizable shapes, sizes, and porosities
for enhanced performance.79 Furthermore, the synthesis of
tubular carbon from cattail fiber and its composite with T–
WS2 have exhibited improved physicochemical adsorption
capacities and electrochemical performance, showcasing the
great potential for lithium–sulfur (Li–S) batteries.118 These
findings mutually highlight the versatility and efficacy of
biomass carbon in advancing energy storage technologies, par-
ticularly in the realm of lithium-based batteries.

Researchers have turned to biomass-derived carbon
materials as electrocatalysts and porous cathodes.100,101 These

materials offer abundant renewable resources, high specific
capacity, low cost, durability, environmental friendliness, hier-
archical porous structures, and heteroatom-doping sites,
enhancing battery performance.4,102–105 The use of biomass to
produce highly porous carbon (HPC) electrocatalysts, further
doped with nitrogen and sulfur, has shown excellent bifunc-
tional catalytic activity for the ORR and OER.104,105 They
exhibit a unique porous architecture with meso/micropores,
allowing effective anchoring, leading to high reversible
capacity and excellent cycling stability.106 In electrocatalysis,
these materials can create porous cathodes with high specific
surface area, improving battery performance by improving
oxygen reduction and evolution reactions.107,108 The utilization
of biomass-derived carbon materials in both electrode prepa-
ration and electrocatalysis showcases their versatility and
potential for advancing energy storage technologies. However,
the composition, morphology, and structure–activity relation-
ship of cathodes are influenced by biomass sources.4,107

Techniques like thermal decomposition (pyrolysis), hydro-
thermal carbonization (HTC), molten salt carbonization
(MSC), and templates are customarily deployed for biomass
carbon material production for higher battery
performance.107,108 However, these methods affect the micro-
structure of carbon materials.109 Optimizing the ratio and
mixing method of the precursor material and the activation
agent, final activation temperature, heating rate, and activation
atmosphere can regulate the microstructure and surface
chemical properties of the obtained material.109,110–112 This
can increase specific surface area, improve surface chemistry,
and build different nanostructures, resulting in better electro-
chemical performance. The nanostructure and electrochemical
performance of biomass carbon materials also depend on the
physical/chemical properties and microstructure of the
biomass precursor (Fig. 3).

Biomass-derived carbon electrocatalysts, electrodes, and
electrolytes have been developed to improve the performance
of LABs.107,108 One method involves using waste biomass nitro-
gen-doped carbon catalysts through simple pyrolysis, acid dis-
solution, and high-temperature heteroatom doping.104,105,107

Fig. 3 Biomass precursors for carbon materials for lithium–air batteries.4,107
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This results in a catalyst with high electrocatalytic activity and
faster kinetics (Fig. 4).

Hydrothermal carbonization (HTC) is a promising method
for producing biomass-based carbon materials for LABs,
offering large surface area, functionalization, cost-effective-
ness, and their structural and morphological properties
improve electrochemical behavior in various batteries.102,119

Carbon spheres can be produced using a template-free hydro-
thermal technique, resulting in oxygen-doped graphitic carbon
spheres with increased surface area.120 These spheres are suit-
able for electrode applications in lithium batteries due to their
fibrous morphology, high specific capacity, and environmen-
tally friendly properties. Biomass carbon fibers can also be
used as negative electrode materials for various batteries,
including lithium-, sodium–, and zinc–air batteries.102,121 The
use of biomass carbon electrocatalysis enhances battery per-
formance by increasing structural and morphological pro-
perties, contributing to the advancement of energy storage
technologies.4

Molten salt carbonization is a viable thermo-chemical
process for converting biomass into functional carbon
materials in a molten salt environment with applications in
energy storage and catalysis, addressing both energy and
environmental problems.122 This process involves a single
thermal treatment in a molten salt reaction medium, leading
to high-efficiency conversion, rapid production, and low costs.
Additionally, the use of molten salts creates an ionic environ-
ment at high temperatures, enabling in situ activation of the
biocarbon and the introduction of desired ions, leading to the
creation of unique functionalities and a well-balanced pore
structure, specific surface area, and oxygen-containing groups,
enhancing its versatility for different uses.122 The resulting
biocarbon offers several advantages, including a large specific
surface area, environmental friendliness, balanced pore struc-

ture, specific surface oxygen-containing groups, lower energy
consumption, high thermal stability, improved heat transfer
properties, and good dissolution ability, making it versatile for
various applications.123–125 Furthermore, the use of molten
salts in carbonization processes, such as in the synthesis of
graphite materials, allows for operations at moderate tempera-
tures, reducing energy consumption and costs while maintain-
ing high-quality product outcomes suitable for energy storage
applications like batteries124,126 but some disadvantages limit
the widespread application, including high operating tempera-
tures required for the process (850 °C), although lower than
traditional methods124 (Table 1). However, further study and
optimization may lead to industrial-scale deployment of a cir-
cular economy.122

Template carbonization technology has been extensively
explored in various contexts for enhancing the performance of
different types of batteries. It offers a balance between pre-
cision and versatility, but it requires careful planning and con-
sideration of template-related factors. For instance, research
has focused on utilizing template carbonization to prepare
hollow carbon nanoballs (HCNBs) as buffering supports for
tin-based anodes in LIBs.127 Additionally, the synthesis of
carbon hollow spheres (CHS) from separators and reduced gra-
phene oxide (rGO) from spent LIB components showcases a
“Waste-to-Wealth” approach, demonstrating the versatility of
template carbonization in battery applications.128

Furthermore, the use of sacrificial templates has been high-
lighted in the synthesis of sulfur/nitrogen-codoped carbon-
supported manganese single-atom catalysts for high-perform-
ance Li–S batteries, emphasizing the prominence of efficient
electrocatalysts in battery technology.129 These studies collec-
tively underscore the significance of template carbonization in
advancing the development of next-generation battery systems,
including lithium–air batteries.

Fig. 4 Biomass carbon materials for lithium–air batteries.

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 11427–11443 | 11433

Pu
bl

is
he

d 
on

 2
4 

d’
oc

tu
br

e 
20

24
. D

ow
nl

oa
de

d 
on

 2
1/

2/
20

26
 2

1:
29

:3
3.

 
View Article Online

https://doi.org/10.1039/d4gc02551b


Furthermore, biomass-derived carbon can be prepared
using physical and chemical activation processes.114,130

Physical activation involves the use of gases like CO2 or steam
to create porosity, while chemical activation uses chemicals
like KOH or ZnCl2 to enhance the pore structure.131 Physical
activation involves carbonization and activation under high
temperatures and oxidizing atmospheres, resulting in acti-
vated carbon with a porous structure. Physically activated
biomass carbon offers several advantages, including renew-
ability, low cost, and high availability, making it an environ-
mentally friendly and sustainable option for energy storage
devices.131–134 These materials exhibit excellent electro-
chemical performance as physically activated biomass carbon
can possess high surface areas, hierarchical pore structures,
and good stability, enhancing their efficiency as electrode
materials for energy storage and conversion systems.135,136

However, challenges such as the potential for cracking in
electrodes with higher mass loadings, which can lead to
reduced flexibility and device stability,136 optimizing acti-
vation methods, controlling pore size distribution, and
improving mass activity effects need to be addressed to
further enhance the performance of these materials in practi-
cal applications.94–99,109–112 Chemical activation, divided into
alkaline and salt activation, is commonly used in biochar syn-
thesis due to its lower activation temperature and higher pore
generation rate.113 The activation mechanism involves
reduction reactions with carbon atoms in a carbon frame-
work, resulting in a nanoporous structure. The activator is
then decomposed to generate steam under high tempera-
tures. Despite these drawbacks, activated biomass carbon is a
promising material for applications in energy storage devices
(Fig. 5).

Table 1 Comparison of various biomass-carbon preparation methods for lithium–air batteries

Methods Advantages Disadvantages

Thermal decomposition ○ Environmentally friendly production89,137 ○ Requires efficient carbonization methods due to the
variability in biomass composition and properties62

○ Biomass carbon is cost-effective compared to synthetic
carbon materials137

○ May require additional purification steps137

○ Biomass-derived carbon can be tailored for specific
applications

○ Structural heterogeneity affects electrochemical
performance

○ High specific surface area and porosity enhance
lithium-ion diffusion

○ Limited stability during cycling

○ Good electrical conductivity ○ Thermal decomposition can lead to complex reactions,
affecting the overall process

○ Gasification processes may have a long start-up time

Hydrothermal carbonization ○ High-value utilization that allows efficient use of
biomass, lowering costs, forming porous structures,
and augmenting electrocatalysis via heteroatom doping

○ The generated surface may have unsatisfactory surface
properties for pollutant removal

○ Allowing a wet feedstock process, eliminating the need
for prior dewatering

Limited Functionality that might not be ideal for certain
applications without further improvement
○ Integration Challenges as HTC uses only solid

products; integrating other processes is essential

Molten salt carbonization ○ Single Thermal Treatment, simplifying production ○ Intolerance to sulfur, which limits its applicability
○ High Efficiency ○ Have slow initiation/startup times
○ Rapid Production, which is faster than some other

methods
○ Lack of integration with other components of the

batteries
○ Low Resource and Processing Costs, which is

Economical and sustainable
○ Limited Industrial Implementation as it needs further

research and optimization work
○ Environmental Impact that helps reduce or neutralize

carbon impact on the environment
○ Properties of functional biocarbon that can produce

fairly large specific surface area, well-developed and
balanced pore structures for various applications, and
surface oxygen-containing groups that enable diverse
functionalities

○ Effective for removing pollutants from the environment

Template ○ Controlled process that allows precise control over
carbonization conditions, such as temperature, time,
and atmosphere138

○ Complexity requires careful design and setup of
templates, which can be intricate and time-
consuming138

○ Consistent Product that produces uniform carbon
materials with predictable properties

○ The availability of suitable templates may be restricted

○ Versatility that can be applied to various precursor
materials, including biomass, polymers, and other
organic compounds

○ Energy-intensive as it requires a high-temperature
treatment process

○ Tailored pore structures as templates allow control over
pore size and distribution in the resulting carbon
material

○ Efficient removal of templates without damaging the
carbon structure can be challenging

Physically activated ○ Relatively it is cost-effective121,139–141 ○ Lower yields compared to other methods121,139

○ Ecologically Friendly139–141 ○ Limited Porosity than chemically activated carbon139

○ It is simple and straightforward to implement142 ○ Less control over the resulting porous structures139
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To summarize, the advantages of biomass carbon prepa-
ration methods include cost-effectiveness, environmentally
friendly processes, and the ability to tailor the material’s pro-

perties for specific applications.117,131–133 However, these
methods may have disadvantages such as longer processing
times, the need for specific activation agents, and potential
challenges in scaling up production (Table 1). Understanding
these methods and their pros and cons is crucial for optimiz-
ing biomass carbon preparation for various uses.132,133 The
kind of biomass used and the carbonization procedure can
have a considerable influence on the performance of biomass-
derived carbon materials in lithium–air batteries as presented
in Table 2.

4. Principles of oxygen reduction and
evolution reactions in lithium–air
batteries

Lithium–air batteries are metal–air electrochemical cells
that use the oxidation of lithium at the anode and the
reduction of oxygen at the cathode to induce a current flow.
The theoretical specific energy of a non-aqueous Li–air
battery is comparable to gasoline. However, practical power
and cycle life need significant improvements before they
can find a market niche. Aligned with this, new LAB designs
are being developed, offering a longer driving range com-

Fig. 5 Techniques of biomass-derived carbon material preparation for
lithium–air batteries.

Table 2 The advantages and disadvantages of biomass-derived carbon materials for LABs

Advantages Disadvantages

Renewable resource: biomass is abundant and renewable, making it an eco-
friendly choice

Heterogeneity: biomass carbon can have varying compositions
and structures, affecting performance

Rich heteroatom content: biomass-derived carbon contains heteroatoms
(such as nitrogen, sulfur, and oxygen), enhancing catalytic activity

Pore structure variability: pore size distribution in biomass carbon
can be inconsistent, impacting electrode performance

Porous structure: biomass-based carbon materials often have a porous
structure, providing a high surface area for catalysis

Cost and processing: harvesting, transporting, and processing
biomass can be expensive

Synergistic effects: biomass carbon can synergize with other components,
improve overall electrocatalytic performance

Limited energy density: lithium–air batteries face challenges in
achieving high energy density

Environmental friendliness: biomass utilization aligns with sustainability
goals

Stability and durability: biomass-based materials may degrade
over extended cycling

Fig. 6 The mechanism of a porous oxygen-deficient oxide catalyst for Li–air batteries8 (a) discharging (ORR) and (b) charging (OER).
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pared to LIBs. These designs use a solid electrolyte instead
of a liquid one, potentially increasing energy density up to
four times.1

Lithium–air batteries undergo two processes:8,57 the
Oxygen Reduction Reaction (ORR) and the Oxygen Evolution
Reaction (OER) as shown in Fig. 6. During discharging (ORR
process), molecular oxygen is bound to the catalyst surface
through oxygen vacancies, reduced and results in a super-
oxide species. This superoxide combines with solvated
lithium ions to regenerate active sites. The intermediate
superoxide is converted to lithium peroxide (Li2O2) through a
dismutase reaction or direct reduction. During charging (the
OER process), lithium peroxide is bound to vacant sites with
lithium-ion cleavage, forming peroxide ions (O2

2−). These
peroxide ions are oxidized stepwise to superoxide ions (O2

−)
and then to molecular oxygen (O2). The ORR and OER pro-
cesses are crucial for the energy efficiency and reversibility of
LABs due to their large polarization and high overpotential.
Efficient catalysts are essential to promote reversible ORR/
OER and overcome the sluggish kinetics associated with
these reactions.

Lithium–air batteries, which exchange oxygen with ambient
air, face challenges from oxidative agents like moisture and
carbon dioxide, which can degrade the metal lithium anode,
and affect their performance.143 Research has been conducted
on rechargeable lithium–air batteries using biomass-derived,
metal-free bifunctional electrocatalysts. L. Wang et al. (2020)
have developed a biological enzyme, Laccase from Trametes
versicolor (LacTv), as a highly efficient bifunctional catalyst
in a rechargeable lithium–air battery system.144 The intrin-
sic pH change during discharge/charge regulates enzyme
recovery, allowing the battery to provide a flat discharge
voltage of ∼3.75 V for 120 hours and exceptional longevity
(cycling consistently for 1100 hours) with a tiny voltage gap
of ∼0.24 V. These studies demonstrate the potential of
using biomass-derived, metal-free bifunctional electrocata-
lysts in RLABs. However, more research is needed to further
improve the performance and commercial viability of these
batteries.

5. Electrochemical reactions in
lithium–air batteries

Biomass-derived carbon materials are being used in
lithium–air batteries for their high specific surface area and
hierarchical pore structures.4,29 These materials enhance the
ORR and OER kinetics, improving battery performance. To
enhance their electrochemical properties, these materials
can be tailored by increasing the number of functional
groups on their surfaces and introducing heteroatoms like
nitrogen, oxygen, fluorine, hydrogen, sulfur, and boron into
the carbon structure.7 Overall, biomass-derived carbon
materials offer promising prospects for improving the
electrochemical reactions and performance of lithium–air
batteries.

MABs typically involve two fundamental electro-
chemical reactions: oxidation at the anode and reduction
at the cathode.72 The metal (M) at the anode gets oxi-
dized to produce metal ions (M+), which move through
the electrolyte. The general anode reaction can be rep-
resented as:

MðsÞ , Mþ þ e� ð1Þ
At the cathode, oxygen from the air is reduced, and the

oxygen molecules react with the metal ions to form metal
oxides (MO2x). The general cathode reaction is:

Mþ þ xO2 þ e� , MO2x ð2Þ

Net reaction : Mþ xO2 , MO2x ð3Þ
For instance, in an LAB, Li metal at the anode is oxidized to

Li+, which migrates from the anode to the cathode to partici-
pate in the electrochemical reaction of the battery process. At
the cathode, O2 is reduced to O2−, which combines with Li+ to
make LiO2. Li2O2 is subsequently stored in the cathode by a
succession of disproportionation and solvation growth pro-
cesses. The efficiency and reversibility of these reactions are
crucial for the performance and cycle life of lithium–air bat-
teries. The electrochemical reaction process is expressed as
follows:

During discharging:
• Lithium at the anode is oxidized, releasing electrons into

the external circuit and lithium ions into the electrolyte:

4Li ! 4Liþ þ 4e� ð4Þ
• At the cathode, oxygen from the air is reduced by the elec-

trons from the external circuit to form oxide ions:

O2 þ 4e� ! 2O2� ð5Þ
The lithium ions then react with the oxide ions to form

lithium peroxide:

2Liþ þ 2O2� ! Li2O2 ð6Þ
The overall reaction for the discharging process is as

follows:

4Liþ O2 ! 2Li2O2 ð7Þ
During charging:
• The process is reversed; lithium peroxide decomposes at

the cathode, releasing oxygen and forming lithium ions:

Li2O2 ! 2Liþ þ 2O2� þ 4e� ð8Þ
• Lithium ions move back to the anode, where they receive

electrons and are deposited as lithium metal:

4Liþ þ 4e� ! 4Li ð9Þ
The overall reaction for the charging process is as follows:

2Li2O2 ! 4Liþ O2 ð10Þ
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6. Challenges and future directions
of lithium-battery development

Lithium–air batteries have garnered significant attention
due to their extremely high theoretical energy density,
making them strong contenders to replace traditional
lithium-ion batteries. However, maximizing capacity while
maintaining good cycling stability has hindered their practi-
cal applications. Despite recent achievements, several chal-
lenges impede their practical applications including high
overpotential, slow kinetics, poor cycling stability, environ-
mental sensitivity, and material challenges. High overpoten-
tial refers to the extra energy needed to drive the electro-
chemical reaction, which can affect battery efficiency. Slow
kinetics in the oxygen reduction and oxygen evolution reac-
tions limit performance. Poor cycling stability to maintain
its capacity over multiple charge–discharge cycles can lead
to a rapid decrease in battery capacity over time.
Environmental sensitivity is another issue, as additional oxi-
dative agents can degrade the metal lithium anode. There
are still many unsolved issues for developing practical Li–air
batteries, including the design of cathodes, anodes, and
electrolytes. Despite these challenges, lithium–air batteries
remain an exciting area of research due to their high energy
density. Hence, future studies aim to address these issues
including exploring the use of solid electrolytes, durable
non-noble metal bifunctional electrocatalysts, which are
safer and can boost energy density compared to liquid bat-
teries, and the development of catalysts and redox mediators
from eco- and cos-friendly biomass carbon to improve
battery electrochemical performance. The development of
lithium–air batteries is a dynamic field, and these future
directions could overcome current challenges and make
them a viable option for various applications. Thus, anode
protection and air purification systems are being combined
to achieve large-scale, long-cycle applications of LABs. The
development of lithium–air batteries is a dynamic field. The
future directions include further exploration of solid
electrolytes, catalysts, redox mediators, and anode protection
and air purification systems. These could potentially over-
come the current challenges and make lithium–air batteries
a viable option for various applications. Improving
Electrochemical Performance: future research should focus
on exploiting the advantages of catalysts and redox
mediators in terms of stability and overpotential to improve
the electrochemical performance of the battery.

7. Conclusion

High energy density batteries are crucial for vehicle electrifi-
cation and storing energy from renewable sources to meet
peak demands. MABs, including LABs, have the highest
energy density (about 3458 W h kg−1) due to their high
charge-to-mass ratio. However, they face several challenges,
including the formation of a passivation layer called the

solid electrolyte interphase film by metal anodes, internal
short circuits leading to explosions due to dendrite growth,
and finding an electrolyte with desired properties such as
high stability, low volatility, non-toxicity, high oxygen solubi-
lity, and a wide electrochemical window. The stability of
materials where cathodic reactions occur is another main
challenge, leading to side reactions that cause performance
loss and reduced cyclability of the batteries. These limit-
ations must be resolved before replacing Li-ion batteries,
which have about ten times less theoretical energy density
than LABs.

Biomass-derived metal-free heteroatom-doped nano-
structured carbon electrocatalysts are a promising alternative
to traditional metal-based catalysts in the development
of high-performance RLABs. These electrocatalysts, often
derived from sustainable sources, offer environmental com-
patibility and high catalytic efficiency. The incorporation of
heteroatoms like nitrogen, sulfur, or phosphorus enhances
electrocatalytic activity for the OER and ORR, a critical
process of battery operation. The high surface area and poro-
sity of these materials facilitate better electron transfer,
improving ORR kinetics and overall battery performance.
Biomass-derived electrocatalysts align with green chemistry
principles, offering a low-cost, abundant, and renewable
source of materials.

In summary, biomass-derived metal-free heteroatom-
doped nanostructured carbon electrocatalysts hold great
promise for enhancing the performance of lithium–air bat-
teries. Their development is a step towards more sustain-
able and efficient energy storage solutions, which is crucial
for meeting the growing demand for renewable energy
technologies. Thus, the use of biomass-derived metal-free
heteroatom-doped carbon electrocatalysts presents a promis-
ing pathway toward the development of high-performance,
sustainable, and cost-effective lithium–air batteries.
However, further research is needed to optimize these
materials for commercial application, focusing on long-term
stability, scalability, and integration into existing battery
systems.
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