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A B S T R A C T   

With the advancement of technology, the demand for environmentally friendly energy sources is increasing. 
Currently, the most commercially successful lithium-ion batteries cannot meet future demands due to their 
relatively low theoretical energy density. In contrast, lithium-sulfur batteries and metal-air batteries possess 
exceptionally high theoretical energy densities, making them the most promising candidates for next-generation 
batteries. However, several challenges remain before these batteries can be commercially viable on a large scale. 
Wood-derived materials, being abundant, environmentally friendly, biodegradable, and possessing unique 
hierarchical porous structures and excellent mechanical properties, present a remarkable potential for use in 
binder-free self-supporting electrodes and thick electrodes. These attributes offer a promising solution to the 
challenges faced by lithium-sulfur and metal-air batteries. This review highlights the application of wood-de
rived materials in next-generation high-performance batteries, specifically lithium-sulfur and metal-air batteries. 
It discusses the role of the hierarchical porous structures of wood-derived materials and outlines the challenges 
associated with their use. Additionally, it provides insights and ideas for future research directions in this area.   

1. Introduction 

With industrial development and social progress, the growing de
mand for energy has become a major challenge for humanity. Fossil 
fuels are non-renewable and cause serious environmental problems. 
Clean and renewable energy sources like wind and solar power, al
though promising, are intermittent and time-dependent, and their high 
development costs hinder large-scale utilization. Therefore, the ad
vancement of electrochemical energy storage and conversion technol
ogies will play a crucial role in addressing this issue. Lithium-ion bat
teries (LIBs), known for their high energy density, safety, and long cycle 
life, have been widely applied in mobile electronic devices and battery 
electric vehicles (Armand & Tarascon, 2008; Bruce et al., 2008; 
Goodenough & Park, 2013). However, the energy density of commercial 
lithium-ion batteries is approaching its upper limit, coupled with high 
costs, which fall short of meeting market demands. Therefore, the de
velopment of new rechargeable battery technologies is urgent, ne
cessitating higher energy and power densities than LIBs, adequate 
safety measures, long cycle life, and relatively low costs. Metal-sulfur 

and metal-air batteries hold the highest theoretical energy densities and 
thus exhibit the greatest potential. Metal-sulfur and metal-air batteries 
boast extremely high theoretical energy densities, making them highly 
promising. However, metal-sulfur batteries still face challenges, in
cluding poor rate performance, low Coulombic efficiency, and sig
nificant capacity decay (Li et al., 2023; Tao et al., 2017; Wang, 2022a; 
Wen et al., 2023). Meanwhile, the performance of metal-air batteries is 
constrained by sluggish cathode kinetics. These factors prevent their 
widespread application. The key to overcoming these challenges lies in 
advancements in electrode materials. Based on the mechanisms of 
metal-sulfur and metal-air batteries, ideal cathode materials require 
excellent conductivity, hierarchically porous structures to facilitate the 
transport of electrolyte ions, and high-performance catalysts to enhance 
sluggish kinetic processes (Bruce, 2011b; Bruce et al., 2011a; Liu et al., 
2017, 2019). Carbon materials possess excellent conductivity, high 
specific surface area, and are easily controllable in structure, making 
them widely applied in electrochemical energy storage and conversion 
devices (Liu et al., 2018, 2019; Yang et al., 2023). However, functio
nalized carbon materials with unique structures such as graphene and 
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carbon nanotubes (CNTs) suffer from complex production processes and 
high costs, thereby limiting their applications (Jiang et al., 2016; Kim 
et al., 2015; Nomura et al., 2017). Biomass, with its wide availability, 
low cost, and eco-friendliness, has become an ideal source of carbon 
materials. Particularly, carbon materials derived from natural wood 
possess a unique layered porous structure (vertical channels and nu
merous micro/nano pores), excellent conductivity, and maintain good 
mechanical strength. This makes them well-suited as binder-free, self- 
supporting electrodes and carriers for thick electrodes in metal-sulfur 
and metal-air batteries (MABs) (Jiang et al., 2019; Schneidermann 
et al., 2019; Zhu et al., 2016). Wood-derived carbon materials were first 
reported as early as the 1990s (Byrne & Nagle, 1997). In 2004, they 
were initially used in LIBs, and it wasn't until 2015 and 2017 that wood- 
derived carbon materials were first applied in lithium-sulfur batteries 
(LSBs) and lithium-oxygen batteries (LOBs) (Adam et al., 2015; Luo 
et al., 2017; Wu et al., 2004). In recent years, numerous researchers 
have explored various strategies, including activation modification, 
surface modification, and composite with other metallic materials, to 
utilize wood-derived carbon materials in various battery components, 
such as anode, cathode, current collectors, and separators (Chen et al., 
2021; Jiang et al., 2019; Song et al., 2019; Zhang, 2023a). 

In recent years, several reviews have summarized the latest ad
vancements of wood-derived carbon materials in electrochemical en
ergy storage devices (Chen & Hu, 2021; Huang et al., 2019; Shan et al., 
2021; Xu et al., 2022). However, these reviews often provide a broad 
overview of their application in metal-sulfur and metal-air batteries, 
without emphasizing the role of wood-derived materials' inherent 
layered porous structures. Therefore, this paper aims to discuss the role 
of wood-derived materials' hierarchically porous structures in metal- 
sulfur and metal-air batteries, along with the existing challenges. 

Wood-derived materials, especially their porous biomass structure, 
have found widespread applications in fields such as batteries and 
electrochemical energy storage. At the same time, the use of wood and 
its derived materials in geotechnical engineering has gradually become 
a research hotspot. Geotechnical engineering, a vital branch of civil 
engineering, primarily involves foundation treatment, soil improve
ment, waste management, and groundwater management. In recent 
years, with increasing environmental concerns, traditional geotechnical 
engineering techniques have faced issues such as high resource con
sumption and significant environmental pollution, highlighting the 
urgent need for sustainable alternatives (Dong et al., 2024; Lv et al., 
2022; Marathe & Sadowski, 2024; Wang, 2022b). Wood and bio-based 
geotechnical technologies, with their environmentally friendly, sus
tainable, and low-cost characteristics, provide new approaches and 
methods for geotechnical engineering. 

2. The structure of wood 

2.1. The structure of natural wood 

Wood is a natural composite material composed of cellulose, 
hemicellulose, and lignin, featuring a hierarchical structure that spans 
multiple scales from meters to nanometers (Chen et al., 2020a). It 
ranges from meter-scale trunks to millimeter-scale wood tissues, and 
from micron-scale cells to nanometer-scale cellulose microcrystals. 
Basic nanoscale fibrils compose larger cellulose bundles on the order of 
tens of nanometers, which, together with hemicellulose and lignin, 
form the micrometer-scale cell walls. These cells are arranged in var
ious ways to form different millimeter-scale wood tissues. Wood also 
exhibits pronounced anisotropic structures, particularly with numerous 
vertically aligned channels along the growth direction, serving as 
pathways for water, ions, and nutrient transport. The microstructure of 
wood has two essential requirements: first, it must ensure the efficient 
transport of water; second, it must provide adequate mechanical 
strength to support the upright growth of the tree. Generally speaking, 
larger pore sizes facilitate the transport of water and nutrients, while 

smaller, densely packed cell walls provide superior mechanical 
strength. These structural features are the result of "natural selection," 
typically determined by the species of the tree and its growing en
vironment (such as temperature or rainfall). Based on differences in 
their microstructure, wood can be classified into hardwood and soft
wood. Softwood, typically derived from coniferous trees (e.g., pine, 
cedar, and spruce), has a simple and uniform structure, often consisting 
of vertically aligned, similarly shaped square channels. This allows for 
rapid growth, but results in a loosely packed, porous structure. Hard
wood, generally comes from deciduous trees (e.g., balsa, lime, oak, 
birch, and poplar) and has a more complex structure. It typically con
sists of alternating larger and smaller diameter channels, where the 
larger channels facilitate the transport of water and nutrients to the 
trunk, while the smaller channels provide greater mechanical strength. 
This results in a dense yet porous structure for hardwood. In general, 
self-supporting electrodes in batteries require a hierarchical porous 
structure and sufficient mechanical strength. Therefore, hardwoods, 
with their more complex microstructure and superior mechanical 
properties, make more ideal precursors (Chen, 2020a; Chen & Hu, 
2021; Shan et al., 2021; Wang, 2023a; Yu et al., 2019; Zhu et al., 2016). 

2.2. Structure design of carbonized wood 

Natural wood often undergoes carbonization and activation pro
cesses to acquire conductivity and develop a layered porous structure 
suitable for use in electrochemical energy storage devices. 

Direct Carbonization Methods involve high-temperature pyrolysis of 
biomass materials under anaerobic or oxygen-deficient conditions to 
produce carbon materials with a certain degree of porosity (Liu et al., 
2022; Tang et al., 2023). During pyrolysis, organic components undergo 
dehydration and decomposition, releasing gases that create pores in the 
material. For instance, Zheng et al. (2019) directly pyrolyzed poplar 
wood at different temperatures in an argon atmosphere to produce a 
series of hard carbon materials for sodium-ion battery anodes. The rich 
porous structure resulting from direct carbonization facilitated the 
transport of electrolyte ions, enabling the hard carbon material to ex
hibit a specific capacity of 330 mAh/g and an initial Coulombic effi
ciency of 88.3%. Similarly, Chen et al. (2017) achieved high con
ductivity, lightweight, and low bending carbon frameworks by directly 
carbonizing natural wood, which served as ultra-thick three-dimen
sional current collectors. Due to the unique biological structure, a three- 
dimensional conductive carbon framework with a thickness of 800 μm 
could accommodate 60 mg /cm2 of lithium iron phosphate, providing a 
high discharge capacity of 7.6 mAh/cm2 (95 Ah/L based on volume). 

Hydrothermal Carbonization Methods involve that wood materials 
are placed in a reactor where water serves as the medium. Under 
anaerobic conditions and with heating and pressure, organic substances 
in biomass decompose to form carbon materials (Chen, 2022a; Li et al., 
2024; Ming et al., 2013). The reaction temperature for hydrothermal 
carbonization typically ranges from 150 to 250 °C, with a reaction 
pressure of 2–10 MPa and a residence time of approximately 
4–24 hours. During this process, the organic matter in biomass is con
verted into hydrothermal carbon mainly through processes such as 
dehydration, decarboxylation, polymerization, and dehydrogenation 
(Jain et al., 2016). For example, in the hydrothermal carbonization of 
cellulose, the cellulose chains undergo hydrolysis, producing various 
oligosaccharides (cellobiose, cellotetraose, cellotriose, and glucose). 
These oligosaccharides undergo a series of complex reactions, such as 
polymerization, intermolecular dehydration, or intramolecular dehy
dration, leading to an increase in molecular unsaturation and the for
mation of hydrothermal carbon. Detailed information can be found in 
the work of Sevilla & Fuertes (2009). The hydrothermal carbonization 
of biomass, such as starch, sucrose, cellulose, and hemicellulose, fol
lows a similar process to that of cellulose. However, lignin in biomass is 
more resistant to hydrothermal reactions due to its compact structure, 
and it only undergoes hydrothermal reactions at temperatures above 
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200 °C. Kang et al. (2012) inferred that dissolved lignin exposed to 
water is decomposed to form phenolic resin, which then undergoes a 
series of complex reactions to generate hydrothermal carbon (Lou & 
Wu, 2011). For example, Li et al. (2024) employed a hydrothermal- 
assisted carbonization process to convert switchgrass into hard carbon 
anodes capable of efficiently storing sodium ions. The hydrothermal 
pretreatment effectively removed hemicellulose and impurities, 
creating a thermally stable precursor for hard carbon. These improve
ments resulted in enhanced initial Coulombic efficiency and cycling 
stability. The optimized hard carbon demonstrated a reversible specific 
capacity of 313.4 mAh/g at 100 mA /g, an initial Coulombic efficiency 
of 84.8%, and good cycling stability, with a capacity retention of 308.4 
mAh/g after 100 cycles. Chen et al. (2020a) used graphite carbon ni
tride (g-C3N4) as a template to prepare nitrogen-doped porous carbo
nized wood fibers (N-PCF) through an in situ sacrificial template-as
sisted hydrothermal strategy. The hydrothermal process helped 
increase the specific surface area of the wood fibers, providing favor
able conditions for subsequent doping. The results showed that N-PCF 
exhibited a large specific surface area, appropriate doping of heteroa
toms, and abundant structural defects, leading to excellent electro
chemical performance. The material demonstrated high specific capa
cities, delivering 434 mAh/g at 200 mA /g after 300 cycles in lithium- 
ion batteries and 266 mAh/g at 200 mA /g after 300 cycles in sodium- 
ion batteries. 

Activation refers to the reaction between biomass feedstocks or 
precursors and activating agents, which causes some carbon atoms to be 
volatilized or gasified, resulting in the formation of numerous pores. 
The original pores further expand, and may even merge between pores, 
leading to a more complex pore structure. Common activators include 
oxidative gases (such as carbon dioxide and water vapor), zinc chloride 
(ZnCl2), potassium hydroxide (KOH), and phosphoric acid (H3PO4). At 
high temperatures (typically 700 ℃ to 1000 ℃), CO2 and water vapor 
oxidize carbon ( +CO C 2CO2 , + +H O C H CO2 2 ), causing them 
to vaporize and creating a porous structure. The advantages of this 
process are low production cost, environmental friendliness, and sim
plicity in operation. However, the activation process is difficult to ad
just precisely, and the resulting porous structure is relatively dis
ordered. For chemical activators, the reaction mechanisms differ. For 
example, phosphoric acid or potassium hydroxide, on one hand, de
polymerize cellulose, hemicellulose, and lignin at lower temperatures, 
and through dehydration and condensation reactions, form H2O. Water 
vapor at high temperatures vaporizes carbon atoms. On the other hand, 
they react with carbon to form polyphosphate groups, phosphates, 
K2CO3, etc., which causes some carbon to vaporize and creates a porous 
structure. Zinc chloride (ZnCl2), on the other hand, volatilizes at high 
temperatures, forming a large number of mesopores and micropores 
(Cuña et al., 2014; Guo et al., 2024; Phiri et al., 2019; Zeng et al., 
2024a). For example, Feng et al. utilized potassium carbonate and po
tassium hydroxide as activating agents to prepare activated carbon 

from wheat straw (Feng et al., 2021). They successfully adjusted the 
oxygen functional groups and pore volume of the activated carbon, 
achieving excellent oxygen reduction reaction (ORR) performance 
(half-wave potential of 0.77 V). This resulted in zinc-air batteries with 
high trip efficiency (60.7%) and long cycling life (280 hours/1680 cy
cles). Additionally, there have been reports on using CO2 activation of 
various orientations of natural wood to obtain highly efficient super
capacitor electrodes (Cuña et al., 2014). 

It's worth noting that traditional activation processes generate a 
significant amount of harmful substances, which is particularly con
cerning in the current context of increasing environmental issues 
(Wang, 2022c; Wu et al., 2023). Consequently, using biological en
zymes or microorganisms to treat biomass materials offers an eco- 
friendly and pollution-free alternative with considerable potential. For 
instance, Wang et al (2022c). reported a method using fungal pre
treatment of basswood to obtain hard carbon anodes for sodium-ion 
batteries. The experimental results demonstrated that the hard carbon 
anodes treated with fungi exhibited higher specific capacity (242.3 
mAh/g at 200 mA /g), higher initial Coulombic efficiency (88.2%), and 
better cycling stability (93.9% capacity retention after 200 cycles). The 
differences in pore structures generated by various activation methods 
(such as the ratio of micropores, mesopores, and macropores) directly 
impact the cycling stability of the electrode. For example, a micro
porous structure can provide a larger surface area and more active sites, 
thereby increasing the initial capacity. However, an excess of micro
pores may lead to volume expansion of the hard carbon, causing 
structural degradation over prolonged charge-discharge cycles, which 
in turn affects the cycling stability. 

Although biomass-derived carbon materials can generate a rich pore 
structure during the activation process, excessively large pores may 
lead to structural instability and make it difficult to maintain effective 
contact with the electrolyte, while excessively small pores can restrict 
the rapid diffusion of ions, thereby reducing the charge-discharge rate 
of the battery. Therefore, by precisely controlling factors such as the 
type and concentration of the activating agent, reaction temperature, 
and reaction time, the pore structure can be regulated to achieve op
timal performance (Table 1). 

2.3. Modification of carbonized wood structure 

Although wood-derived carbon materials possess abundant pore 
structures, they primarily consist of vertical channels ranging from 30 
to 200 µm and nanoscale pores on the pore walls for gas exchange. 
While excessively small pores can hinder the efficiency of electrolyte 
ion transport, overly large pores can reduce volumetric energy density 
and active material storage. Therefore, modifying the structure of car
bonized wood can significantly enhance spatial utilization, increase 
active sites, and improve electrochemical performance (Huang et al., 
2021; Wu et al., 2019, 2021). For example, Wu et al. (2021) introduced 

Table 1 
A summary of the preparation conditions and electrochemical performance of wood-derived materials.         

Wood 
species 

Carbonization 
condition 

Activation 
condition 

Applications Electrochemical 
performance 

Cycling stability Ref.  

Rosewood 1500 ℃ for 2 h - Sodium-ion batteries 430 mAh/g at 20 mA /g 280 mAh/g after 400 cycles at 500 mA /g (Tang et al., 2023) 
Eucalyptus wood 1400 ℃ for 2 h - Sodium-ion batteries 239 mAh/g at 100 mA/ g 293 mAh/g after 200 cycles at 100 mA/ g (Liu et al., 2022) 
Balsa wood 1400 ℃ for 2 h - Sodium-ion batteries 493 mAh/g at 100 mA/ g 248 mAh/g after 500 cycles at 100 mA/ g (Jing et al., 2021) 
Poplar wood 1400 ℃ for 2 h - Sodium-ion batteries 330 mAh/g at 5 C 94% after 600 cycles at 2 C (Zheng et al., 2019) 
Basswood 1300 ℃ for 6 h Fungus- 

pretreated 
Sodium-ion batteries 293 mAh/g at 100 mA/ g 243 mAh/g after 600 cycles at 200 mA/ g (Wang et al., 2022c) 

Willow wood 800 ℃ for 1 h KOH Supercapacitor 395 F/ g at 1 A /g in 
6 mol/L KOH 

94% after 5000 cycles at 5 C (Phiri et al., 2019) 

Fir wood 800 ℃ for 1.5 h KOH Supercapacitor 24.0 F /cm at 1 mA/ cm 98% after 10000 cycles at 100 mA/ cm2 (Zeng et al., 2022b) 
Makino wood 750 ℃ for 10 h CO2/H2O Supercapacitor 6.63 F/ cm at 1 mA/ cm 101.7 % after 10000 cycles (Chen et al., 2022b) 
Basswood 1000 ℃ for 3 h - Supercapacitor 3.04 F/ cm at 1 mA/ cm 82.2 % after 10000 cycles at 50 mA/ cm2 (Wang et al., 2022d)    
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a GO/ascorbic acid suspension into wood, followed by freeze-drying, 
carbonization, and KOH activation to obtain ACW@RGO electrodes 
(Fig. 1A). The reduced graphene oxide (RGO) nanosheets interlinked 
within the wood's pore channels, forming a three-dimensional porous 
structure. Thanks to the secondary structure formation and KOH acti
vation, ACW@RGO exhibited a high specific surface area of 1049.9 m²/ 
g and an excellent areal capacitance of 26.6 F/cm2 at a current density 
of 1 mA/cm2. Similarly, Yao et al. (2023) used a method involving 
MXene nanosheets to construct a secondary structure, resulting in CW/ 
MXene electrodes. The CW/MXene electrode demonstrated a high ca
pacitance of 14.48 F/cm² (203.94 F/g) at a current density of 1 mA/ 
cm2. 

Unlike the top-down approach of filling materials into the wood's 
pore channels, Yan et al. (2024) employed a bottom-up method. They 
used Fe-based nanoparticles as a catalyst and dicyandiamide as a 
carbon source, growing N-doped CNTs in situ within CW through 
chemical vapor deposition (CVD) to obtain CW/NCNTs electrodes 
(Fig. 1B). Benefiting from the designed hierarchical porous structure 
and doped heteroatom functional groups, CW/NCNTs exhibited high 
initial specific capacitance (5762 mF/cm² in a three-electrode system 
and 4480 mF/cm² in a two-electrode system) and excellent long-term 
cycling stability (30,000 cycles in the three-electrode system and 
20,000 cycles in the two-electrode system). Although growing sec
ondary structures on wood-derived materials can achieve sufficiently 
high capacity and excellent cycling stability, further improvements in 
electrochemical performance can still be achieved through surface 
modification and doping, composite metal oxides, and optimization of 
pore structures. Additionally, optimizing the electrolyte formulation 
can ensure that these materials maintain good performance even in 
low-temperature environments (Luo et al., 2022; Xia et al., 2016; Yao 
et al., 2021; Zeng, 2022a). 

3. Application of wood-derived materials in lithium-sulfur 
batteries 

Lithium-sulfur batteries typically consist of a lithium metal anode, an 
organic electrolyte containing lithium ions, and a sulfur cathode. Each 
sulfur atom can bond with two lithium atoms (one S8 molecule can bond 

with 16 Li atoms), giving lithium-sulfur batteries a higher theoretical 
specific capacity (1675 mAh/g) and theoretical energy density 
(2600 Wh /kg), which is 3–5 times higher than traditional lithium-ion 
batteries (Bruce et al., 2011a; Carbone et al., 2017; Kim et al., 2023a; 
Nguyen et al., 2023). The discharge process of the sulfur cathode pri
marily involves three steps: firstly, solid to solution reduction of S8 

molecule into long-chain polysulfides; secondly, solution phase reduction 
of long-chain polysulfides into short-chain polysulfides; finally, solution 
to solid reduction of the short-chain polysulfides into Li2S2 and Li2S. Due 
to the insolubility and insulating nature of Li2S2 and Li2S, discharge 
termination and reduced energy density are issues. Additionally, during 
charge and discharge cycles, the sulfur cathode undergoes significant 
volume changes (∼80%), leading to electrode material pulverization and 
rapid capacity decay. Furthermore, the shuttle effect of polysulfides oc
curs, where soluble polysulfides (Li2Sx, 4 ≤x ≤ 8) shuttle between the 
cathode and anode, reduce active material utilization and Coulombic 
efficiency. Moreover, lithium metal anodes tend to form dendrites during 
repeated charge-discharge cycles, posing safety challenges for LSBs 
(Chen et al., 2020b). Researchers have made significant improvements, 
such as composite cathodes, functional binders, surface-coated separa
tors, and modified electrolytes, among others. 

3.1. Wood-derived materials for cathodes of LSBs 

Wood-derived materials feature a distinctive biological structure. 
Vertical channels aid in electrolyte transport, while abundant nanoscale 
pores enhance polysulfide adsorption, mitigating shuttle effects. 
Additionally, the three-dimensional porous structure of wood facilitates 
increased loading of active materials, enabling high sulfur loading in 
thick electrodes. For example, Ge et al. (2023) prepared wood-derived 
hierarchical porous carbon frameworks as three-dimensional con
ductive scaffolds for assembling high-performance LSBs (Fig. 2B). The 
micron-scale pores of wood facilitate electrolyte diffusion. Through CO2 

activation, a large number of nanoscale pores are introduced on the 
micron-scale tube walls, which can suppress the dissolution and shuttle 
effect of lithium polysulfides, thereby enhancing the battery's rate 
capability and cycling performance. This enables the S@WHCF cathode 
to achieve a specific capacity of 1120 mAh/g at a rate of 0.1 C, with 

Fig. 1. (A) Schematic illustrating the fabrication of ACW@RGO hybrid (Wu et al., 2021); (B) Systematic illustration for the preparation of CW/NCNTs-T composite 
electrodes (Yan et al., 2024). 
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excellent cycling stability at high rates (0.5 C and 1 C). Adam et al. 
(2015) prepared a layered hierarchical carbon derived from natural 
wood, termed as biomorphic carbon derived carbon (CDC) material. 
They initially activated wood templates using steam or carbon dioxide 
and employed a precursor of poly-carbosilane and halogenation treat
ment to create a layered porous material. This material boasts a high 
specific surface area of up to 1750 m2/g, a micro/mesopore volume of 
1.0 cm3/g, and a macropore volume of 1.2 cm3/g. Its efficient mass 
transfer in the layered porous structure enables stable capacities ex
ceeding 580 mA h/g at current densities exceeding 20 mA /cm2 (2 C), 
with high sulfur utilization and extremely low electrolyte content of 
6.8 μL /mg . Li et al. (2017) employed microchannel-filled reduced 
graphene oxide (RGO) to create a high-sulfur-loading three-dimen
sional porous scaffold (Fig. 2A). Thanks to its characteristics of low 
curvature, high conductivity, and excellent structural stability, the 
three-dimensional porous carbon matrix exhibits low curvature, high 
electrical conductivity, and good structural stability. Wood-based li
thium-sulfur batteries achieve a high sulfur loading of 21.3 mg/ cm2 

and a high areal capacity of 15.2 mAh/cm2. Sabet et al. (2023) utilized 
delignified and low-temperature pyrolysis methods to obtain deligni
fied wood-derived carbon (CDW), which was then impregnated with 
sulfurized polyacrylonitrile (SPAN) for use as a cathode in lithium- 
sulfur batteries (SPAN@CDW). SPAN is a promising cathode active 

material capable of suppressing the dissolution of lithium polysulfides 
in Li-S batteries. However, due to the low sulfur content in SPAN, CDW 
enables high loading of SPAN. The unique three-dimensional con
ductive porous structure ensures efficient transport of electrons and 
ions. The SPAN@CDW electrode exhibits a discharge capacity of 
>  1000 mAh/g at 1 C (1672 mA/ g) and maintains a high specific ca
pacity of ∼1350 mA h/g after 500 cycles at 0.1 C. Zhang et al. (2022a) 
designed wood-derived carbon plates decorated with Co4N nano
particles (Co4N/WCP), serving as carriers for sulfur cathodes and li
thium metal anodes (Fig. 2C). The Co4N/WCP electrode significantly 
enhances the reaction kinetics of sulfur cathodes and promotes uniform 
lithium plating on lithium metal anodes. This enables full cells using 
S@Co4N/WCP as the cathode and Li@Co4N/WCP as the anode to ex
hibit excellent cycling stability with a high areal sulfur loading of 
4 mg/ cm2. After 500 cycles at 1 C rate, the cells deliver a specific ca
pacity of 807.9 mAh/g. 

3.2. Wood-derived materials for separators of LSBs 

Due to the hierarchical porous structure of wood-derived materials, 
which includes numerous micropores and mesopores capable of ad
sorbing polysulfides and suppressing shuttle effects, they are often used 
in separators or interlayers for LSBs. For example, Chen et al. (2021) 

Fig. 2. (A) Schematic illustration of the preparation process and structure of the S@C-wood composite electrode (Li et al., 2017); (B) Schematic diagram of the 
preparation of wood-derived hierarchical porous carbon frameworks (Ge et al., 2023); (C) Schematic illustration of Co4N/WCP host fabrication (Zhang et al., 2022a). 
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engineered a wood-derived highly graphitic framework (GWF) with a 
porous tunnel structure and microvelvet surface as an interlayer for 
LSBs (Fig. 3A−E). The GWF retains the three-dimensional transport 
network of wood while providing additional deposition sites for poly
sulfides via microvelvet growth on the inner surfaces of carbon tunnels. 
This design feature enables the GWF to achieve high initial discharge 
capacity (1593 mAh/g at 0.05 C) and excellent cycling performance 
(0.06% capacity decay per cycle at 1 C). Huang et al. (2023) utilized a 
straightforward hydrothermal method to in situ generate Mo2S3 with 
abundant sulfur vacancies on wood, further depositing graphene oxide 
(GO) to replace traditional polyolefin membranes as separators. 
Through theoretical calculations, simulations, and experiments, they 
demonstrated that GO@NWC/Mo2S3 separator materials not only pro
mote the conversion of lithium polysulfides (LiPS) but also facilitate 
uniform lithium plating. In lithium symmetrical cells, GO@NWC/ 
Mo2S3 exhibited an exceptionally long electroplating/stripping lifespan 
of up to 8000 hours at a low voltage of 0.1 V and maintained a specific 
capacity of 377 mAh/g after 2000 cycles at 1 C current density, with a 
capacity decay rate of 0.036% per cycle, demonstrating outstanding 
cycling stability. 

4. Application of wood-derived materials in metal-air batteries 

A typical metal-air batteries consists of a metal anode, an air cathode, 
and an electrolyte containing metal salts. Known metal anodes include Li, 
Na, Zn, Mg, Al, and Fe, with the active material for the cathode primarily 
sourced from oxygen in the air (Ye et al., 2020; Julien, 2023; Chen et al., 
2020c). During the discharge and charge cycles of MABs, the anode un
dergoes metal stripping and deposition processes, while the cathode un
dergoes the oxygen reduction reaction and the oxygen evolution reaction 

(OER). Depending on the type of electrolyte used—aqueous or non- 
aqueous—the anode/cathode reactions vary. Aqueous electrolytes are used 
with less active metal anodes such as Zn, Al, Mg, and Fe, as the low cost of 
water helps reduce material costs. Non-aqueous electrolytes, on the other 
hand, protect active metals like lithium and sodium from corrosion by water 
and moisture. Due to the semi-open structure of MABs, which use oxygen 
from the air as the active material without occupying the mass of the 
electrode material itself, they possess extremely high energy density, 
making them one of the most promising next-generation batteries (Li et al., 
2016; Lu et al., 2014; Yuan, 2023a). However, the issues of metal anode 
corrosion, passivation, and dendrite growth, along with the sluggish reac
tion kinetics at the air cathode, have hindered the commercialization of 
MABs. 

Wood-derived materials, as a sustainable and environmentally 
friendly resource, have gained widespread attention in battery tech
nology in recent years, particularly in improving the performance of 
metal-air batteries (MABs). Wood-derived materials possess a high 
specific surface area and porous structure. The high specific surface 
area allows for the loading of a large number of reactive sites, while the 
porous structure accommodates reaction products and facilitates ma
terial transport, both of which contribute to enhancing the electro
chemical performance of MABs. On the other hand, wood-derived 
materials exhibit excellent conductivity, mechanical strength, and 
chemical stability, providing unmatched advantages for use in self- 
supporting thick batteries, leading to higher gravimetric and volumetric 
energy densities. Additionally, due to their unique structure and me
chanical strength, wood-derived materials can serve as the framework 
for lithium metal anodes or solid-state electrolytes, enabling MABs to 
maintain long-term stability (Jin et al., 2018; Song et al., 2019; Yang 
et al., 2022). 

Fig. 3. (A) Schematic illustration of the preparation processes for GWF with the volume and structure changed; (B) Cross-sectional and (C) magnified scanning 
electron microscope (SEM) images of GWF showing abundant graphitic microvilli grown on the tunnel surfaces; (D) HAADF image of a graphitic microvillus; (E) 
Schematic illustration of different interlayers affecting the electrochemical performance of Li–S batteries. (A)−(E) are from Chen et al. (2021). 
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4.1. Lithium-oxygen batteries 

Due to lithium's lowest electronegativity, atomic number, and den
sity among all metals, lithium-oxygen batteries have the highest energy 
density of all metal-air batteries, reaching up to 3500 Wh/ kg (based on 
Li2O2) (Wang, 2023a; Wong et al., 2024). This is nearly nine times that 
of traditional LIBs (387 Wh/ kg). In aprotic LOBs, during the discharge 
process, oxygen reacts with Li+ to form solid Li2O2 

( + ++2Li O 2e Li O2 2 2, =E V2.960 ). The cathode reaction in LOBs 
involves solid, liquid, and gas phase changes. During the ORR, lithium 
metal at the anode is oxidized to Li+ ions, which migrate through the 
organic electrolyte to the positive electrode, while electrons travel 
through an external circuit to the positive electrode. At the cathode, O2 

is reduced by the catalyst on the electrode surface into superoxide anion 
(O2−) and peroxide anion (O2

2−), which combine with Li+ from the 
electrolyte to form the insoluble discharge product lithium peroxide 
(Li2O2), depositing on the positive electrode surface. The OER involves 
the decomposition of Li2O2 into lithium ions and oxygen gas during the 
charging process. Li+ migrate back through the organic electrolyte to 
the anode, where they gain electrons and are reduced to lithium metal, 
while O2 gas is released into the environment. Since the discharge 
product Li2O2 is insoluble in the organic electrolyte and is an insulator, 
it accumulates during discharge, blocking ion and gas transport chan
nels and covering the catalyst surface, which increases charge transfer 
resistance and eventually halts the discharge process (Johnson et al., 
2014; Tan et al., 2022; Yao et al., 2019). Moreover, due to the difficulty 
in decomposing Li2O2, higher potentials are often required for its de
composition. This results in higher charging voltages, which can lead to 
the decomposition of the electrolyte and carbon materials. Conse
quently, this decomposition causes a rapid decline in capacity during 
cycling. Furthermore, the Li metal anode faces challenges such as cor
rosion, passivation, and the formation of lithium dendrites. These issues 
significantly hinder the large-scale application of LOBs (Ma et al., 2018; 
Shu, 2019). 

To address these challenges, researchers have made substantial efforts, 
including designing high-performance composite cathodes, protecting li
thium metal anodes, developing solid-state electrolytes, and exploring redox 
mediators. Wood-derived materials, with their hierarchical porous structure, 
vertically aligned channels, and micropores, facilitate the transport of Li+ 

and O2. Moreover, their abundant nanoscale pores enable the loading of 
numerous active sites and storage of discharge products, making them ideal 
candidates as cathode materials for LOBs. Currently, dual-function catalysts 
used in LOBs mainly include carbon-based catalysts, noble metal catalysts, 
and transition metal-based catalysts. 

Carbon materials are often chosen for electrode materials due to their 
low cost, excellent conductivity, and controllable structure. However, pure 
carbon materials typically exhibit insufficient OER activity, leading to sig
nificantly elevated charging potentials. Element doping induces charge re
distribution, enhances adsorption of intermediate species, facilitates charge 
transfer, activates catalytic sites, and thereby improves the catalytic per
formance of LOBs (Kopiec et al., 2024; Yang et al., 2023; Yu, 2023a). For 
example, Luo et al. (2017) utilized NH3 thermal treatment of natural pine 
wood to successfully prepare N-doped carbonized wood electrode (wd-NC). 
Thanks to nitrogen doping, wd-NC exhibited a discharge capacity of ap
proximately 1.86 mAh/cm2 at a current density of 0.08 mA/ cm2, which is 
about five times higher than that of pure carbonized wood electrode wd-C 
(0.38 mAh/cm2). 

Noble metal catalysts, such as Pt, Pd, and Ru, exhibit significantly higher 
catalytic performance than carbon materials and are commonly used in 
LOBs (Dai et al., 2021; Jung et al., 2021; Xing et al., 2020). For example,  
Song et al. (2017) designed a "breathable" carbonized wood electrode by 
depositing ruthenium nanoparticles as catalysts within the carbonized wood 
(Fig. 4A and B). The Ru nanoparticles were uniformly distributed on the 
walls of the aligned channels, providing numerous reaction sites. Ad
ditionally, the porous channel walls soaked with electrolyte formed a con
tinuous thin electrolyte layer, facilitating rapid Li+ transport. Consequently, 

this material achieved a high specific areal capacity of 8.58 mAh/cm2 at a 
current density of 0.1 mA/ cm2 with an electrode thickness of approxi
mately 700 µm. Similarly, Zhu et al. (2018) utilized RuO2 nanoparticles 
loaded within the pores of carbonized wood as the cathode for LOBs. 
Benefiting from the microchannel structure that enhances oxygen and li
thium ion transport, and the numerous active sites generated by CO2 acti
vation, the RuO2/WD-C cathode achieved a specific areal capacity ex
ceeding 8 mAh/cm2 at 0.1 mA/ cm2 with a charging voltage below 3.8 V. 
Notably, this material could be reused after deep charge-discharge cycles 
through a simple water wash. However, while carbonized wood electrodes 
possess good conductivity, they lack flexibility, limiting their application in 
flexible electronic devices. To address this, Chen et al. (2019) reported a 
wood-derived electrode for flexible LOBs (Fig. 4C−E). They transformed 
rigid and electrically insulating natural balsa wood into flexible and con
ductive material through delignification and subsequent coating with CNTs 
and Ru nanoparticles. The resulting cell walls, composed of cellulose na
nofibers with abundant nanopores, facilitated Li+ transport, while vertically 
aligned microchannels served as pathways for O2 transport. The CNT film 
coating the microchannels acted as an electronic transport channel. This 
unique non-competitive three-channel design enabled the wood-based 
cathode to exhibit a low overpotential of 0.85 V at 100 mA /g, a record high 
areal capacity of 67.2 mAh/cm2, and a long cycle life of 220 cycles. 

Although noble metal catalysts possess excellent catalytic perfor
mance, their high cost limits large-scale application. Consequently, 
researchers have turned their attention to more affordable transition 
metal-based catalysts. Common transition metal-based catalysts include 
transition metals and their compounds, such as oxides, nitrides, car
bides, phosphides, and sulfides. For instance, Jing et al. (2022) devel
oped a Co and N co-doped wood-derived electrode using a molten salt 
method (Fig. 5A). During the carbonization process, high-energy ions 
etched the carbon framework, creating a porous structure while suc
cessfully incorporating Co and N elements into the carbon matrix, with 
Co primarily existing as single atoms or atomic clusters. Consequently, 
this material exhibited high specific capacity (a discharge specific ca
pacity of 9.44 mAh/cm2 at a current density of 0.05 mA/ cm2) and good 
cycling stability (113 cycles at a limited capacity of 0.5 mAh/cm2). 
Similarly, Zhao et al. (2019) used Co-MOF as a precursor to uniformly 
distribute mesoporous Co3O4/C polyhedrons on the CW tube walls for 
LOBs (Fig. 5B). The rapid material transport and uniform reaction in
terface enabled the Wood-D/Co3O4/C electrode to demonstrate ex
cellent reversibility and cycling stability (over 380 cycles at a current 
density of 1.0 mA/ cm2 with a capacity limit of 1.0 mAh/ cm2). Liang 
et al. (2023) developed an Fe3C-decorated N-doped wood-derived 
electrode (N-wdC-MS) through a one-step pyrolysis of Paulownia wood 
and melamine, impregnated with FeCl3/LiCl (Fig. 5C). The etching ef
fect of the FeCl3/LiCl mixed molten salt enlarged the pore structure of 
the carbonized wood, expanding the three-phase boundary, while 
Fe3C@NC aggregates grew uniformly on the channel surfaces of the 
carbonized wood. As a result, LOBs assembled with N-wdC-MS as the 
cathode delivered a high discharge capacity of 50.28 mAh/cm2 and a 
cycling life of 190 cycles at a current density of 0.1 mA/ cm2. 

The semi-open system of LOBs can lead to electrolyte depletion, li
thium anode corrosion, and byproduct deposition, thereby limiting 
their practical application. However, the unique biological structure of 
wood offers remarkable potential in addressing these challenges. For 
example, Zhang et al. (2023a) designed a novel natural wood separator 
through delignification and one-step thermal treatment for use in LOBs 
(Fig. 6A−D). This separator utilizes capillary action to retain the 
electrolyte, and after 40 days in an open environment, it maintained 
39% of its initial electrolyte absorption capacity, significantly higher 
than glass fiber (GF, 15%). Additionally, the wood-derived separator 
exhibited higher ionic conductivity (5.11 mS/cm) and a lithium-ion 
transference number of 0.74, which inhibited deposition on the wood 
channels and corrosion of the lithium anode. This resulted in excellent 
anode reversibility (over 1200 hours) and cathode longevity (over 300 
cycles). 
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Fig. 4. (A) Schematic diagram of the Li-O2 batteries with the CA-wood/Ru cathode; (B) SEM images of CA-wood/Ru cathode; (A) and (B) are from Song et al. (2017); 
(C) Photographs of the original F-Wood, CNT-coated F-Wood, and bent CNT-coated F-Wood membranes; (D) A tri-pathway structural design; (E) SEM images of the 
CNT-coated F-Wood membrane; (A) − (C) are from Chen et al. (2019). 
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4.2. Zinc-air batteries 

Zinc-air batteries (ZABs) are similar to LOBs, but they use a zinc 
metal anode and aqueous electrolytes. Compared to LOBs, ZABs offer a 
high energy density (approximately 1086 Wh /kg), which is slightly 
lower than LOBs. However, due to the abundance of zinc in the Earth's 
crust (approximately 300 times more than lithium) and the use of 
cheaper aqueous electrolytes, ZABs present a significant cost advantage 
(Cui, 2017; Gao et al., 2023; Lv et al., 2024; Song et al., 2020). Ad
ditionally, zinc metal is stable in air and aqueous electrolytes, providing 
enhanced safety. These factors make primary ZABs the only commer
cially successful metal-air batteries to date. Nevertheless, there are still 
challenges in commercializing rechargeable ZABs. The electrode reac
tions in rechargeable ZABs typically occur in alkaline solutions. During 
discharge, the zinc metal anode is oxidized to form Zn(OH)4

2−, which 
spontaneously decomposes into zinc oxide (ZnO). Concurrently, the 
oxygen reduction reaction (ORR) occurs at the cathode, reducing 
oxygen to OH−. The charging process reverses these reactions: ZnO 
reacts with H2O and OH− to regenerate Zn(OH)4

2−, which is then 

reduced to Zn at the anode, while the oxygen evolution reaction (OER) 
occurs at the cathode, oxidizing OH− to oxygen (Lv et al., 2024). The 
overall electrode reactions can be described as follows: 

+2Zn O 2ZnO(1.65Vvs. SHE)2

Currently, the performance of rechargeable ZABs is limited by the 
catalytic activity of the cathode catalysts and the corrosion and dendrite 
formation on the zinc metal anode. Natural wood-derived materials, 
with their hierarchical porous structure, can ensure the rapid transport 
of electrolytes and oxygen while hosting numerous catalytic/deposition 
sites, making them ideal candidates for both cathode and anode sub
strates in ZABs. 

Carbonized wood exhibits good electrical conductivity, robust me
chanical properties, and a layered porous structure. However, pure 
carbon materials typically lack ORR/OER activity, rendering carbo
nized wood unsuitable for direct use as a self-supporting cathode in 
ZABs. Doping with heteroatoms can alter the electronic structure, en
hancing the adsorption of intermediates and promoting charge transfer, 
which facilitates ORR/OER reactions (Deng et al., 2023; Peng et al., 

Fig. 5. (A) The synthesis strategy of Nx-wdC-900 cathode (Jing et al., 2022); (B) Schematic diagram of the preparation of Co3O4/C modified Wood-D substrates 
(Zhao et al., 2019); (C) Schematic diagram for the preparation of N-wdC-MS (Liang et al., 2023). 
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2019). For instance, Deng et al. (2023) prepared a three-dimensional 
nitrogen-doped carbon self-supporting electrode (TNCSE) by thermally 
treating and acid-activating raw wood materials (Fig. 7A−C). The ac
tivation process successfully doped nitrogen atoms, creating more ac
tive sites and significantly boosting electrochemical activity. Crucially, 
the porous microchannels in the carbon framework of TNCSE not only 
allow for rapid Zn2+ transport but also form three-phase reaction in
terfaces on the porous walls of the microchannels, resulting in excellent 
battery performance. This enabled a ZAB with a TNCSE cathode to 
achieve a peak power density of 134.02 mW/ cm2 and continuous 
charge-discharge for 500 hours. Similarly, Peng et al. (2019) used cel
lulase treatment on natural wood, followed by a subsequent thermal 
treatment to dope nitrogen into the carbon framework (Fig. 7D−H). By 
soaking the wood overnight in an aqueous solution containing cellulase, 
the cellulase selectively hydrolyzes the cellulose into soluble mono
saccharides, resulting in the formation of numerous shallow nanopores 
on its surface. The enzyme effectively hydrolyzed part of the cellulose 
in the natural wood, creating numerous nanopores. Carbonization then 
formed a three-dimensional porous conductive network, maximizing 
the exposure of active sites. Consequently, when used in ZABs, this 
material achieved a specific capacity of 801 mAh/g, an energy density 
of 955 Wh/ kg, and long-term stability of up to 110 hours. 

To further enhance the performance of ZABs, metal materials are 
often loaded onto carbon substrates to achieve stronger catalytic ac
tivity. However, the high cost of precious metals limits their widespread 
application. Consequently, designing cost-effective transition metal- 
based ORR/OER catalysts is crucial for improving performance of ZABs. 
Transition metal-based catalysts primarily include transition metals and 
alloys, as well as transition metal compounds such as oxides, hydro
xides, nitrides, phosphides, sulfides, and carbides (Liu, et al., 2020, 
2023; Poudel et al., 2024; Wang, 2022e; Yan et al., 2021). 

Wang et al. (2023b) synthesized nitrogen-doped wood-derived 
carbon supported FeNi3 alloy for a self-supported electrode with dual- 
function catalytic activity (FeNi3@NWC). FeNi3 alloy nanoparticles 
coupled with nitrogen-doped carbon expedite the catalytic activity to
ward ORR by promoting proton generation on FeNi3 and transfer to 
nitrogen-doped carbon. The potential gap of only 0.68 V between ORR 
and OER of FeNi3@NWC is achieved. The liquid zinc-air batteries 
(ZABs) with FeNi3@NWC convey a robust lifetime of ∼266 h (800 
cycles) with stable charging and discharging. Zhang et al. (2023a) 
loaded Mn-doped Co nanoparticles on nitrogen-doped cedar-derived 
carbon as a dual-function catalyst (CoMn-N@NCW). Due to electronic 
interactions between the bimetallic components and rapid mass trans
port in porous carbon, CoMn-N@NCW exhibited excellent ORR/OER 

Fig. 6. (A) Graphical illustration of wood with multiple aligned channels under different cut directions and preparing conditions, where the lithium-ions could 
migrate along the oriented cellulose in the wood fiber. Electron localization function (ELF) maps show a uniform electron distribution. (B) Schematic of operation 
principle for wood-derived separator in LOBs; (C) Cyclic performance of symmetric Li/separator/Li cells at a current density of 1.0 mA/ cm2 and 1.0 mAh/cm2; (D) 
Comparison of the general properties of the separators. (A)−(D) are from Zhang et al. (2023a). 
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activities (ΔE of 0.68 V). Liquid-state ZABs assembled with CoMn-N@ 
NCW achieved an open circuit voltage of 1.542 V, peak power density 
of 186 mW/ cm², and long-term cycling stability of 600 hours. More
over, quasi-solid-state ZABs using CoMn-N@NCW showed an open 
circuit voltage of 1.493 V and 70 hours of cycling stability. Pang et al. 
(2021) utilized a convenient delignification method to convert natural 
balsa wood into layered porous carbon material (Fig. 8F−G). FeCo 
alloy supported by N and S-doped wood-based carbon aerogels (FeCo@ 
NS-CA) was employed as the cathode for rechargeable flow ZABs. The 
resulting layered porous structure facilitated rapid substance transport 
and exposed numerous active sites, leading to outstanding ORR/OER 
activities. For ORR, FeCo@NS-CA exhibited an onset potential of 0.97 V 
and a half-wave potential of 0.85 V, comparable to commercial Pt/C 
electrodes. For OER, FeCo@NS-CA achieved an overpotential of 
450 mV, similar to benchmark RuO2. ZABs assembled with FeCo@NS- 
CA operated at a current density of 10 mA/ cm², achieving a power 
density of 140 mW/ cm² and a specific capacity of 760 mA h/g, de
monstrating greater stability (400 hours) compared to ZABs using Pt/C 
and RuO2 cathodes. 

Zhang et al. (2023b) assembled nitrogen-doped cedar wood (CW) 
with two-dimensional nickel-iron hydroxide nanosheets (NiFe-LDH@ 
NC). The unique interface structure between biochar and NiFe-LDH 
accelerated electron transfer during oxygen electrocatalysis, imparting 
durability to NiFe-LDH@NC for both ORR and OER processes. Simi
larly, Zhou et al. (2024) fabricated an independent self-supported 
carbon composite electrode (CoNiLDH@NPC) composed of nitrogen 

and phosphorus co-doped cedar wood (NPC) and CoNi layered double 
hydroxides (CoNiLDH). Due to its large specific surface area and unique 
defect structure, CoNiLDH@NPC exhibited strong interface folding ef
fects in the two-dimensional to three-dimensional nanostructure, de
monstrating outstanding dual-function catalytic activity. Moreover, the 
highly ordered open channels in wood provided ample space, forming 
abundant three-phase boundaries to accelerate catalytic processes. As a 
result, zinc-air batteries using CoNiLDH@NPC showed high power 
densities (aqueous: 263 mW/ cm², quasi-solid-state: 65.8 mW/ cm²) and 
long-term stability (aqueous: 500 hours, quasi-solid-state: 120 hours). 

Zhou et al. (2024) successfully fabricated a dual-metal cobalt-iron alloy/ 
oxide decorated wood-derived carbon electrode (CoFe-CoFe2O4@WDC). 
Benefitting from its layered porous structure that provides excellent three- 
phase interfaces for multiphase reactions, CoFe-CoFe2O4 formed rich het
erogeneous structure interfaces that facilitated electron transfer. Under al
kaline conditions, the optimized composite electrode exhibited a sig
nificantly high half-wave potential of 0.85 V and exceptionally low 
overpotential of 1.49 V. It also demonstrated stable performance over 2340 
cycles in applications of ZABs. Meanwhile, Cui et al. (2021) prepared ni
trogen-doped wood-derived carbon electrodes decorated with Co/CoO via 
electrochemical deposition and thermal treatment (Co/CoO@NWC) 
(Fig. 8A−E). ZABs assembled with Co/CoO@NWC cathodes showed high 
discharge specific capacity (800 mAh/g), low charge-discharge gap 
(0.84 V), and long-term cycling stability (270 hours) in liquid-state config
urations. Moreover, they exhibited significant catalytic activity and stability 
in full solid-state ZAB configurations as well. 

Fig. 7. (A) Schematic diagram of the synthesis of TNCSE; (B) SEM image of TNCSE; (C) Charge/discharge stability test curves of ZAB assembled with TNCSE and 20% 
Pt/C; (A)−(C) are from Deng et al. (2023). (D) Schematic of bulk transformation process using the enzyme-assisted method. (E)−(H) SEM images of enzyme-treated 
wood plate, enzyme-treated wood plate after carbonization, and N/E-HPC-900 sample obtained by pyrolysis of enzyme-treated wood carbon with NH4Cl in N2 with 
different magnifications. (D)−(H) are from Peng et al. (2019). 
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Zhang et al. (2022b) successfully prepared nitrogen-doped wood- 
derived catalytic activated carbon decorated with FeP nanoparticles 
(NPs) (FeP-NWCC), achieving a dual-function catalytic electrode (FeP- 
NWCC) (Fig. 9A−D). In alkaline environments, FeP-NWCC exhibited 
excellent catalytic activity for both ORR (E1/2=0.86 V) and OER 
(overpotential of 310 mV at 10 mA/ cm²). Liquid-state ZABs assembled 
with FeP-NWCC showed outstanding peak power density (144 mW/  
cm²) and cycling stability (over 450 hours). Quasi-solid-state ZABs 
based on FeP-NWCC also demonstrated excellent performance. Zhang 
et al. (2024b) also synthesized cobalt-doped FeP decorated nitrogen- 
doped wood-derived carbon electrodes (CoFeP@NBC). By doping Co 
into FeP, the D-band center of Fe in CoFeP@NBC was adjusted, en
hancing its ORR/OER activities. CoFeP@NBC exhibited an ORR E1/2 of 
0.88 V and an OER overpotential of 300 mV at 10 mA/ cm², with ΔE of 
0.65 V. In liquid-state ZABs, CoFeP@NBC maintained high stability 
with negligible charge-discharge voltage hysteresis (0.01 V) after over 
2400 cycles (800 hours). Quasi-solid-state ZABs assembled with 
CoFeP@NBC also demonstrated considerable performance. 

Li et al. (2021) synthesized dual-active site catalysts combining Fe3C 
nanoparticles with nitrogen-doped paulownia wood-derived carbon 
(Fe3C@NPW). One active site, the Fe3C nanoparticles, facilitated water 
molecule activation, while the nitrogen-doped carbon at another site 
activated oxygen molecules. Benefitting from the synergistic effect of 
dual-active sites, Fe3C@NPW exhibited significant catalytic activity for 
ORR with a half-wave potential of 0.87 V (vs RHE). Zinc-air batteries 
(ZABs) assembled with Fe3C@NPW as the cathode catalyst achieved a 

high specific capacity of 804.4 mAh/ g and maintained long-term sta
bility over 780 cycles. Solid-state ZABs based on this model also de
monstrated satisfactory performance with an open circuit voltage of 
1.39 V and a peak power density of 78 mW/ cm². 

Single-atom catalysts (SACs) are attractive due to their high elec
trocatalytic activity, excellent durability, and 100% utilization of active 
atoms (Yuan et al., 2023b). Wood, with its unique layered porous 
structure, serves as an ideal carrier for SACs and a strong candidate for 
cathodes of ZABs. For instance, Zhou et al. (2021) synthesized a three- 
dimensional integrated air electrode containing Co-N sites and layered 
porous carbon (Co-N@ACS) through co-doping growth and simulta
neous pyrolysis with ZIF-8. The layered porous structure promoted 
oxygen diffusion and electrolyte penetration, exposing numerous Co-N 
sites, thereby endowing Co-N@ACS with ultra-high ORR activity (E1/ 

2=0.86 V). Assembled in a liquid-state zinc-air battery, Co-N@ACS 
achieved an open circuit voltage of 1.46 V, peak power density of 
155 mW/ cm², and long-term stability over 540 cycles (180 hours). In 
solid-state zinc-air batteries, Co-N@ACS exhibited a high open circuit 
voltage of 1.36 V and a low charge-discharge voltage gap (0.8 V). Zhong 
et al. (2021) employed a simple Lewis acid pre-treatment and carbo
nization process to in-situ generate single-atom Fe-N-C catalysts on 
wood-based porous carbon (Fig. 9E). The Lewis acid FeCl3 pre-treat
ment not only generated abundant microchannels in the wood cell walls 
but also successfully dispersed atomic Fe-N active species into the 
hierarchical structure. These uniformly dispersed SACs on the layered 
structure enhanced the performance and durability of ORR/OER. ZABs 

Fig. 8. (A) Schematic illustration for the construction of integral Co/CoO@NWC electrode; (B) Linear sweep voltammetry (LSV) curves for oxygen reduction reaction 
(ORR) on WC, NWC, Co/CoO@WC, Co(OH)2@NWC, Co/CoO@NWC and 20% Pt/C at 1600 r/min; (C) Tafel plots for ORR on WC, NWC, Co/CoO@WC, Co(OH)2@ 
NWC, Co/CoO@NWC and 20% Pt/C; (D) Galvanostatic discharge curves of all-solid-state ZAB at 2 mA/ cm2; (E) Galvanostatic discharge/charge cycling curves of 
rechargeable ZABs (the ZABs were constructed with Co/CoO@NWC-powder or 20% Pt/C + RuO2 as catalysts for the air electrode); (A)−(E) are from Cui et al. 
(2021). (F) Schematic diagram of the synthesis process of FeCo@NS-CA; (G) HRTEM image of one FeCo nanoparticle. (F) and (G) are from Pang et al. (2021). 
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using catalysts at the cathode demonstrated high power density 
(70.2 mW/ cm² in quasi-solid-state) and long-term stability. 

4.3. Aluminum-air batteries 

Similar to ZABs, aluminum-air batteries (AABs) utilize metallic 
aluminum as the anode, offering a theoretical specific energy density of 

up to 8135 Wh/ kg. The electrochemical reactions of aluminum-air 
batteries in alkaline aqueous electrolytes can be described as follows 
(Kim, 2023b; Wang et al., 2024; Yu, 2023b): 

+ +4Al 3O 6H O 4Al(OH) (2.71Vvs. SHE)2 2 3

Similarly, a major drawback of AABs is their low Coulombic effi
ciency, high polarization due to corrosion of the metallic anode, and 

Fig. 9. (A) Scheme for the synthesis of FeP-NWCC; (B) LSV curves of WCC, NWCC, FeP, FeP-NWCC, Pt/C-20%; (C) Tafel plots of NWCC, FeP, FeP-NWCC, Pt/C-20%; 
(D) Cyclic charge–discharge test of ZABs FeP-NWCC and 20% Pt/C+RuO2 at 10 mA/ cm2. (A)−(D) are from Zhang et al. (2022b). (E) Schematic illustration of the 
fabrication procedure of SAC-FeN-WPC (Zhong et al., 2021). 
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sluggish ORR kinetics. Researchers have addressed these issues through 
measures such as designing high-performance cathodes, protecting the 
anode, and developing novel structures for AABs. Yu et al. (2023b) 
demonstrated the feasibility of wood-based gas diffusion electrodes 

(GDEs) for aluminum-air batteries using cobalt-nitrogen co-doped 
carbon nanotubes as ORR catalysts (Fig. 10A and B). Benefiting from 
their hierarchical porous structure, the GDEs achieved higher power 
density compared to commercial carbon fiber paper electrodes (267 vs. 

Fig. 10. (A) Schematic diagram of the fabrication process of cherry wood-based GDE; (B) Schematic diagram of the principle of vertical pore gradient wetting 
carbonized wood air electrode compared with conventional carbon paper air electrode; (A) and (B) are from Yu et al. (2023b). (C) Schematic illustration of the 
preparation process and the configuration of a wood-based μAAB coupled with a photothermal evaporation driven flow regulator; (D) Simulated O2 concentration in 
the S-Pd/C cathode electrode with and without pore structure. (C) and (D) are from Wang et al. (2024). 
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236 mW/ cm2). Wang et al. (2024) introduced a novel photothermal- 
driven microfluidic wood-based aluminum-air battery (μAABs) 
(Fig. 10C and D). Utilizing naturally aligned microchannels in wood for 
electrolyte transport, partially charred wood acted as a photothermal 
evaporator for flow regulation, and wood-derived freestanding carbon 
cathodes were employed for oxygen reduction reactions. These com
ponents were assembled using mortise and tenon joints, resulting in 
μAABs exhibiting a significant peak power density of 230 mW/ cm3. 
The superior performance stems from enhanced mass transfer fa
cilitated by the wood-derived cathode's three-dimensional channel 
structure, electrochemical interfaces, and minimized depletion 
boundary layers. Continuous electrolyte flow stability was achieved for 
over 11 hours (200 mA/ cm3) through the photothermal evaporator in 
the μAABs, promoting stable operation. 

5. Conclusion and prospects 

Lithium-sulfur batteries and metal-air batteries possess ex
ceptionally high theoretical energy densities, making them promising 
candidates for next-generation energy storage solutions. However, 
several challenges remain before they can achieve large-scale com
mercialization. Given the similarities between lithium-sulfur batteries 
and metal-air batteries—such as sluggish reaction kinetics, insoluble 
and non-conductive discharge products, and involvement in two-phase/ 
three-phase reactions—both types of batteries require cathodes with 
similar characteristics. These include excellent conductivity, hier
archical porous structures, and superior catalytic performance. 

In this review, we highlight the application of wood-derived mate
rials in lithium-sulfur and metal-air batteries. Wood-derived materials 
exhibit unique bio-derived hierarchical porous structures, with micro
scale pores facilitating material transport, and nanoscale pores pro
viding sites for active species and accommodating discharge products. 
Due to their excellent mechanical properties, wood-derived materials 
can serve as self-supporting thick electrodes without binders in lithium- 
sulfur and metal-air batteries. This eliminates the risk of pore blockage 
by binders and reduces unnecessary mass, thereby achieving high en
ergy density. For these reasons, we consider natural wood to be a highly 
promising source of electrode materials. 

Wood-derived materials have inherent advantages, such as sus
tainability and environmental friendliness, but in commercial applica
tions, cost is often a limiting factor. While wood itself is a cheap raw 
material, the complex processing involved may lead to high costs. On 
one hand, large-scale production should be implemented to reduce 
costs; on the other hand, cheaper sources of wood, such as fast-growing 
or waste wood, should be selected. Additionally, more efficient and 
cost-effective chemical treatments, such as hydrothermal methods and 
CO2 or H2O activation, should be adopted. Wood-derived materials 
often demonstrate excellent battery performance at the laboratory 
scale, but scaling up to mass production presents numerous challenges, 
including consistency and quality control, and material processability. 
These issues can be addressed through the development of specialized 
equipment for processing wood-derived materials, the creation of new 
processing and treatment techniques, and ensuring the standardization 
of the manufacturing process. 

Despite the progress made in applying wood-derived materials in 
lithium-sulfur and metal-air batteries, several challenges remain. Here, 
we outline some difficulties and propose potential solutions:  

1) The large pores in wood can lead to wasted space, while excessively 
small pores can hinder material transport. Therefore, rational design 
of pore structures is essential. On one hand, multi-scale pore design 
should be conducted to find the optimal combination of micropores, 
mesopores, and macropores. For example, advanced computer si
mulations (such as molecular dynamics simulations or finite element 
simulations) can be used to predict the impact of pore structure on 
battery performance, and experimental data can be combined to 

optimize pore design. On the other hand, secondary structures can 
be built inside the wood channels (e.g., by utilizing carbon nano
tubes or graphene to construct a three-dimensional structure) to 
achieve higher energy density.  

2) The performance of lithium-sulfur and metal-air batteries based on 
wood-derived materials still needs improvement. Nanotechnology 
and interface engineering should be utilized to enhance battery 
performance. For example, nanotechnology can be used to enhance 
the conductivity and ionic conductivity of wood-derived materials. 
By coating the surface of these materials with conductive layers or 
conductive nanoparticles (such as carbon nanotubes, graphene, or 
metal nanoparticles), the interface stability between the material 
and the electrolyte can be improved, thereby reducing impedance 
and enhancing long-cycle stability. Alternatively, chemical mod
ification or coating can optimize the electrochemical stability of 
wood-derived materials, improving their conductivity and reactive 
activity in batteries.  

3) The metal anodes in lithium-sulfur and metal-air batteries are prone 
to corrosion, passivation, and dendrite formation. Further research 
is needed to develop wood-derived metal anodes and solid electro
lytes. For example, thanks to the unique structure and excellent 
mechanical properties of wood-derived materials, they can serve as 
the framework for lithium metal anodes. On one hand, this enhances 
the mechanical performance of the lithium metal anode, and on the 
other hand, the rich pore structure of wood-derived materials pro
vides numerous nucleation sites, which help lithium metal to be 
deposited and stripped uniformly during long charge-discharge cy
cles, achieving long-term cycle stability. Furthermore, the vertically 
aligned parallel channels and good mechanical strength of wood 
make it suitable as a supporting structure for solid-state electrolytes, 
reducing lithium anode dendrite formation and corrosion, thereby 
ensuring better cycling stability. Additionally, as a separator for 
MABs, wood-derived materials can effectively reduce electrolyte 
volatility, resulting in a longer cycle life.  

4) To make wood-derived materials more practical, the design of high 
energy density battery structures based on wood is essential. On one 
hand, high energy density design should be pursued, using compo
site material design or constructing secondary structures, in
corporating high energy density active materials into wood-derived 
materials to improve the battery's specific energy. On the other 
hand, computer simulations can be used to optimize the structural 
design of the battery, making it more efficient at accommodating 
active materials and maintaining stable electrochemical perfor
mance. Alternatively, the structural design can allow for self-sup
porting electrodes made from wood-derived materials to be easily 
disassembled and replaced, enabling regeneration or recycling. 

5) To meet various demands, the mechanical properties of wood-de
rived materials, including mechanical strength and flexibility, 
should be enhanced. For example, by combining wood-derived 
materials with high-strength materials (such as carbon fiber or 
graphene) or through heat treatment, the mechanical strength of the 
wood-derived materials can be enhanced, ensuring the electro
chemical performance while improving the mechanical stability of 
the battery structure. Alternatively, by using special treatment 
methods, conductive nanomaterials (such as carbon nanotubes or 
graphene) can be incorporated into wood-derived materials, making 
them flexible while also conductive, thus enabling their use in 
flexible conductive devices. 
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