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Wood-Derived Materials for Advanced Electrochemical 
Energy Storage Devices

Jianlin Huang,* Bote Zhao, Ting Liu, Jirong Mou, Zhongjie Jiang, Jiang Liu, Hexing Li, 
and Meilin Liu*

Over the past decade, wood-derived materials have attracted enormous 
interest for both fundamental research and practical applications in various 
functional devices. In addition to being renewable, environmentally benign, 
naturally abundant, and biodegradable, wood-derived materials have several 
unique advantages, including hierarchically porous structures, excellent 
mechanical flexibility and integrity, and tunable multifunctionality, making 
them ideally suited for efficient energy storage and conversion. In this article, 
the latest advances in the development of wood-derived materials are dis-
cussed for electrochemical energy storage systems and devices (e.g., superca-
pacitors and rechargeable batteries), highlighting their micro/nanostructures, 
strategies for tailoring the structures and morphologies, as well as their 
impact on electrochemical performance (energy and power density and long-
term durability). Furthermore, the scientific and technical challenges, together 
with new directions of future research in this exciting field, are also outlined 
for electrochemical energy storage applications.

DOI: 10.1002/adfm.201902255

1. Introduction

The rapid development of electrochemical energy storage (EES) 
devices (e.g., supercapacitors (SCs) and rechargeable batteries) 
as power sources for several emerging technologies (e.g., elec-
tric vehicles (EVs), smart grids, and portable electronic devices) 
have attracted tremendous attention in the past few decades 
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because of their potential to offer high 
performance, long operational life, and 
good safety.[1] The development of novel 
electrode materials and design of electrode 
structure are critical to achieving high 
performance of these devices,[2] which 
have been considered as major chal-
lenges for the development of future EES 
technologies.[3] In addition to achieving 
high-performance, a few other challenges 
still remain, including reducing the cost, 
improving the safety, and addressing the 
environmental concerns of the next-gener-
ation green and sustainable EES devices.[4]

Recently, wood and its derivatives have 
attracted much interest from researchers 
as electrode materials for EES devices.[5] 
The wood-based materials have a hierar-
chically porous structure (such as vertical 
channels and numerous micro/nano-
pores) for fast transport of electrons and 

ions; they are also abundant, environmentally friendly, and 
renewable, making them ideally suited for EES device com-
ponents, including electrodes, current collectors, separators, 
and template/substrate materials.[6] Carbonization of wood 
for advanced materials applications has been reported in the 
early 1990s.[7] Later on (in 2000s), the wood-derived carbon 
materials were further exploited to be used as electrode mate-
rials for EES by various modification/activation strategies.[8] 
Recently, wood and its derivatives were extensively studied in 
many fields with great success, especially in the development 
of nanotechnology.[5,6,9] The progress in the development of 
wood-based materials for EES with representative examples 
is briefly summarized in Figure  1.[79] It can be dated back to 
1990s when the early study on physical properties of carbonized 
wood and its applications in making composites (e.g., carbon/
polymer, carbon/carbon, and carbon/ceramic) was reported. 
Later on, wood-derived carbon materials were further used as 
electrodes for SCs and lithium-ion batteries (LIBs). Since 2013, 
the application of wood-derived materials was further extended 
to sodium-ion batteries (NIBs), and other batteries. Most 
recently, wood-based materials for EES have been boomed. In 
this respect, the Hu’s, Berglund’s, and Yu’s groups have made 
great progress.[5,6,10,11,57] In comparison with conventional elec-
trode materials, wood-based electrodes have unique advantages, 
such as hierarchically porous structure, superior mechanical 
performance, high electronic conductivity, and the potential to 
achieve high areal mass loading of active materials.
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Typical strategies for the use of wood in EES devices include 
1) carbonizing wood directly as electrode active materials or 
current collectors; 2) using wood-derived carbon as a template 
to create electrodes preserving a multichanneled structure of 
pristine wood; 3) making wood-based electrode by coating con-
ductive materials; and 4) using natural wood slice as separators.

To date, a few good reviews have summarized some recent 
advances in the development of wood-based materials for nano-
technologies and energy related applications.[5,6,10–12] However, 
a comprehensive review of wood-based materials in energy 
storage devices is still lacking. In this article, we summarize the 
latest progress in the development of wood-derived materials 
with structures designed and engineered for EES devices (as 
schematically shown in Figure  2), including LIBs, NIBs, Li–S 
batteries, Li–O2 batteries, Li–CO2 batteries, and SCs. A compre-
hensive discussion on the advantages and challenges of wood-
derived materials is also presented. Further, we highlight some 
new directions in future research and offer future perspectives 
for next-generation energy storage and conversion devices 
based on wood-derived materials.

2. Structure and Properties of Wood

Wood is a porous and fibrous structural tissue, which could be 
found in the stems and roots of trees. The structure and compo-
nent of wood have been widely discussed in the literatures.[5–12] 
As shown in Figure 3, wood has a typical hierarchically porous 
structure (including micro-, meso-, and macropores) and com-
position of multilayer cellulose (including cellulose, hemicellu-
lose and lignin). The hierarchical structure of wood begins with 
millimeter scale of vessels and lumina, and continues with lay-
ered cell walls in micrometers. Wood cell walls are mainly com-
posed of ≈40–50 wt% cellulose, ≈10–30 wt% hemicellulose, and 
≈20–30 wt% lignin. These components interconnect with each 
other, ensuring a superior mechanical property of wood.[12] 
The hierarchical structure of cell wall continues with cellulose 
bundle in tens of nanometers, which can be further divided 
into elementary fibrils in 1.5–3.5 nm.[10] From molecular per-
spective, cellulose (C6H10O5)n chain is composed of repeated 
units of glucose by hydrogen bonding and covalent bonding.[13]

Owing to their type and geographical difference, different 
woods show a wide variety of microstructures. Specifically, soft-
woods (e.g., pine, cedar, spruce, etc.) normally have a simple 
and homogeneous structure with a lot of fibers arranged in an 
ordered manner; they are more porous because of their fast 
growth rate. In contrast, hardwoods (such as balsa, basswood, 
oak, birch, and poplar) typically have a complex and heteroge-
neous structure, containing plentiful vessels and having higher 
density, denser porous structure, and stronger mechanical 
strength.[14] Although different woods have significantly different 
large-scale structures, there are similarities in their finer-scale 
porous structures. The structural anisotropy is an unique feature 
of woods, where many aligned vertical channels could be used as 
the rapid pathways for water, ions, and nutrients transport asso-
ciated with photosynthesis.[15] Generally, there are two methods 
for the structure engineering of nanomaterials derived from 
woods: the bottom-up assembly based on nanocellulose and the 
top-down approaches that incorporate novel functionalities to 
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natural wood with a hierarchically porous structure. Compared 
with the bottom-up approach, the top-down method is simpler, 
more efficient, and easier for scale-up application.[16]

With the advancement of nanotechnology, wood-derived 
nanomaterials have been widely used in many emerging 
areas, including environment, energy, and biomedicine.[5,6,12] 

Adv. Funct. Mater. 2019, 29, 1902255



www.afm-journal.dewww.advancedsciencenews.com

1902255  (3 of 23) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In most cases, the selection of wood species for different 
applications is based on the physical and chemical proper-
ties of the wood, together with total wood procurement cost. 
Compared to softwoods, hardwoods (e.g., basswood, balsa, 
and poplar) generally show a wider application prospect in 
energy storage and conversion devices, benefiting from 
their relatively low density, high mechanical strength, and 
denser porous structure.[14] However, there is no absolutely 
standard for selection of wood species for different applica-
tions, because it still depends on specific uses and treatment 
methods of wood.[29]

It can be expected that wood will show many unique proper-
ties based on functionalization treatment by nanotechnologies. 
In this section, recent advance in designing and synthesizing 
wood-based nanomaterials with hierarchical structures and 
novel properties has been summarized.

2.1. Novel Properties of Wood-Based Materials

In recently years, wood-based materials with some novel prop-
erties based on functional modification/treatment have been 
developed, such as transparent wood,[15] functionalized trans-
parent wood,[18] plasmonic wood,[22] flexible wood,[26] super-
strong wood,[29] and wood-based carbon sponge and aerogels.[33]

2.1.1. Transparent Wood and Functionalized Transparent Wood

Transparent wood was fabricated by removing the light-
absorbing materials in wood and followed by permeating 
refractive index (e.g., epoxy resin) into wood (Figure  4a), 
showing clearly transparency for a sample with 3  mm thick-
ness (Figure  4b).[15] Similarly, the compound (methyl meth-
acrylate) was introduced into wood by in situ polymerization 
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Figure 1.  Progress in the development of wood-based materials for EES devices with representative examples.

Figure 2.  Schematic illustration of the main topics in this review, including wood resources, wood-derived materials fabrication, and structural and 
functional design for the EES devices (including SCs, LIBs, NIBs, and other batteries).
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method to make transparent wood.[17] The light transmittance 
of the transparent wood decreased with gradually increasing 
the thickness. This work suggests that the toughness, strength 
and transparency of wood can significantly be increased with 
forming a polymer-based composite.

Functional transparent wood has also been developed.[10] For 
example, luminescent transparent wood was prepared by incor-
porating Si and CdSe/ZnS core/shell quantum dots (QDs), and 
the luminescence diffusivity could be controllable by the light 
scattering of transparent wood (Figure 4c,d).[18] Meanwhile, the 
fluorescent dye rhodamine 6G and poly(methyl methacrylate) 
(PMMA) were also infiltrated into transparent wood, leading 
to a broader laser emission from the transparent wood based 
on aligned cellulose fibers as optical resonators (Figure  4e).[19] 
In addition, the magnetic transparent wood has also been fab-
ricated by modified wood with ferromagnetic materials.[20] Yu 
et  al. showed a transparent wood with controllable thermal 
energy by adding near-infrared radiation absorbing CsxWO3 
nanoparticles, resulting in a high transparency of 86% at 
550  nm for visible light transmittance, and high near-infrared 
absorption from 780 to 2500 nm for heat shielding.[21]

2.1.2. Plasmonic Wood

To further expand wood applications, the metallic nanoparti-
cles (NPs) with plasmonic properties are used to modify wood. 

Plasmonic wood has been successfully fabricated by deposition 
of metal nanoparticles (e.g., Pd, Au, and Ag NPs) within wood 
micro/mesostructures.[22] The plasmonic wood coated with Pd 
NPs could convert the incident light into heat energy due to the 
plasmonic effect (Figure 4g,h). Moreover, the heat limited on the 
micro/nanochannel surface of wood, resulting in a high effec-
tively solar steam generation.[23] Additionally, the plasmonic 
wood with good hydrophobicity could be effective for water 
transport, keeping a continuous water supply for the vapor gen-
eration (Figure  4i). Such a plasmonic wood, with an integral 
structure, is different from the separated bilayer structure of 
the wood–GO evaporator.[24] In addition, a wood slice modified 
with CuFeSe2 NPs has also been developed for highly efficient 
solar steam generation and water purification.[25]

2.1.3. Flexible Wood

Flexible wood would be very unique with the promising poten-
tial application in flexible personal devices. However, fabrication 
of flexible wood is challenging due to the fact that wood is usu-
ally a bulk with stiffness nature. Recently, a simple and scalable 
top-down method has been developed for fabricating superflex-
ible wood,[26] which is totally different with original wood due to 
the change of chemical and physical properties (Figure 4k). The 
obtained flexible wood slice was used as a bioscaffold to attach the 
HEK293 cells for testing cell attachment and biocompatibility.  

Adv. Funct. Mater. 2019, 29, 1902255

Figure 3.  Graphical illustration of the hierarchical structure of wood, and the composition of cell wall. Reproduced with permission.[6] Copyright 2018, 
American Chemical Society.
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Figure 4.  a) Schematic to show the fabrication of transparent wood; b) a photograph of the transparent wood. a,b) Reproduced with permission.[15] 
Copyright 2016, Wiley-VCH. c) Schematic and photograph of quantum dot luminescent transparent wood. d) Photograph of Si QD transparent wood 
under 405 nm laser pumping. e) Photograph of CdSe QD transparent wood integrated in a larger PMMA piece. c–e) Reproduced with permission.[18] 
Copyright 2017, Wiley-VCH. f) Schematic to show the fabrication of plasmonic wood; g) after metal nanoparticle decoration, light can be guided into 
the wood lumen and be fully absorbed for steam generation. h) Schematic of plasmonic effect of two adjacent metal NPs. i) Zoomed-in schematic 
illustrating the water transport along microchannels in wood. f–i) Reproduced with permission.[22] Copyright 2017, Wiley-VCH. j) Schematic illustration 
of treatment process for superflexible wood; k) a photoimage of flexible wood membrane. j,k) Reproduced with permission.[26] Copyright 2018, Amer-
ican Chemical Society. l) Schematic of the top-down, two-step approach to transforming bulk natural wood directly into superstrong densified wood; 
m) specific tensile strength of the resulting densified wood. l,m) Reproduced with permission.[29] Copyright 2018, Springer Nature. n) Graphical illustra-
tion of the chemicals and structure evolutions of natural balsa wood upon chemical treatment. Reproduced with permission.[31] Copyright 2018, Elsevier.
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This work suggests that the flexible wood can successfully be 
prepared via a simple chemical treatment method directly from 
natural wood, and resulting in the flexible wood used as an effi-
cient bioscaffold material.

2.1.4. Superstrong Wood

In general, designing a material with high strength and tough-
ness simultaneously is an insurmountable challenge.[27,28] 
Very recently, a prominent attempt to achieve this challenging 
goal was reported.[29] A simple but effective strategy has 
been proposed to prepare a densified wood with an ultrahigh 
mechanical property directly from original wood. The prepara-
tion process involves two steps, that is, the partial removal of 
lignin and hemicellulose from the natural wood and followed 
by hot pressing, leading to a completely densified wood 
(Figure  4i). The as-made densified wood showed outstanding 
mechanical properties, which surpassed most of widely used 
structural materials including plastics, steel and alloys. This 
work suggests that the superstrong wood with ultrahigh 
strength and toughness can be achieved simultaneously by 
partial removal of lignin and hemicellulose and followed by 
hot-pressing treatment.

2.1.5. Wood-Derived Carbon Sponge and Aerogels

Lightweight and compressible carbon materials with high con-
ductivity, large surface area, and high porosity have aroused 
extensive interests due to their wide applications such as catal-
ysis, water treatment, energy storage, and sensors.[30] Recently, 
a highly compressible and anisotropic lamellar wood carbon 
sponge (WCS) has been successfully prepared directly from nat-
ural wood via chemical treatment followed by carbonization.[31] 
As graphically illustrated in Figure  4n, the lignin, hemicellu-
lose and partial cellulose could be removed by using S2O3 ions 
as nucleophilic reagents. Meanwhile, the thin cell walls gener-
ated many pores, and even broken with continuous reaction 
processing. Further reaction with H2O2 continuously removed 
lignin and hemicellulose, leading to complete breakage of the 
thin cell walls. These broken thin cell walls were attached to 
the nearest unbroken cellulose fibers during freeze drying, 
resulting in a porous, interconnecting, lamellar structural mate-
rial. With further carbonization treatment, the unique lamellar 
structure can be well preserved.

Due to the high porosity between each layer in the unique 
lamellar multiarched structure, the WCS is particularly light-
weight with a density of 15 mg cm−3, which is 3.5 times lower 
than the other delignified wood and much lower than the 
natural wood. In addition, the WCS material has a promising 
potential for high-performance strain sensors based on its 
superior mechanical compressibility, and excellent pressure 
sensitivity. However, the WCS-based strain sensor cannot detect 
very weak movements like human pulses, which suggests that 
it is absolutely necessary to further improve performance of the 
WCS material in future.

Besides the WCS, wood-derived aerogels have also been 
developed by a catalytic pyrolysis method.[32] The synthesis 

process of the wood-derived carbon nanofiber (CNF) aerogel 
is carried out as following steps. First, the nanofiber cellulose 
(NFC) suspension was synthesized by a common oxidation of 
wood pulp with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO). 
Second, the wood–NFC hydrogel was converted to the wood–
NFC aerogel by CO2 critical-point drying. Finally, the pyrolysis 
of the Wood–NFC aerogels was performed under inert gas at a 
high temperature of ≈900 °C to produce the final wood derived 
CNFs aerogels. The as-obtained CNFs aerogels had a 3D nanofi-
brous frameworks, and exhibited a superior electronic conduc-
tivity and high specific surface area. These properties endow 
CNFs aerogels a promising potential as self-standing electrodes 
of SCs.

Above all, the structural features of wood include structural 
anisotropy, aligned channels, and hierarchically porous struc-
ture combining micro-, meso-, and macropores.[5,10] In wood 
cell walls, lumens are of micrometer scale, and normally of 
cylinder shape, aligned in a particular direction. Pits usually 
include micro- and mesopores. Hierarchical pores can be scat-
tering light due to gas/solid interface boundaries, and thus 
hindering light transmittance.[15] Based on structural features 
of wood, the wood-based materials have unique advantages for 
energy storage compared to traditional electrodes, including 
its large thickness and high mass loading, straight channels 
with low tortuosity, and plentiful pathways for the fast trans-
port of electrons and ions, in addition to being an abundant 
and renewable resource.[6,35] Additionally, different from the 
traditional bottom-up approach, the fabrication of wood-based 
electrode usually involves top-down processes, which allows 
the intrinsic unique structure of wood, featuring multiple 
aligned channels (e.g., luminas and vessels), to be well pre-
served.[16] Moreover, these advantages of wood structure for 
energy storage can be fully utilized by a top-down approach. 
Wood structures are naturally rich in aligned channels with 
strong mechanical strength that can be well retained after 
post treatment and even high-temperature carbonization, 
while endowing the wood carbon (WC) with high electrical 
conductivity.[34,35] These structural characteristics, along with 
the facile fabrication, make wood and its derivatives ideal elec-
trode materials (especially for thick electrode design) in energy 
storage devices.

Detailed application in energy storage devices for the func-
tional wood carbon will be discussed in the following sections.

3. Wood-Derived Materials in Supercapacitors

SCs represent one of the most attractive EES devices for a 
diverse range of applications that require rapid power delivery 
and recharging.[33] According to different charge storage mech-
anisms, SCs can be classified into two types of capacitors, those 
are, electrical double layer capacitors (EDLCs), and pseudoca-
pacitors. The charge storage of EDLCs depends on electro-
statically adsorption of electrolyte ions on the active electrode 
materials surface, while, pseudocapacitors depend on reversible 
faradaic reactions to store energy. Carbon materials (e.g., acti-
vated carbon, carbon nanotubes (CNTs), graphene, and carbon 
nanofibers) with high conductivity and large specific surface 
area are usually used as electrode materials for the EDLCs. The 

Adv. Funct. Mater. 2019, 29, 1902255
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electrodes used for pseudocapacitors are usually metal oxides, 
conductive polymer and so on, which could deliver much 
higher theoretical capacitance compared to the carbon-based 
materials.

Wood-derived micro/nanomaterials as electrodes of SCs 
have recently achieved significant progress.[34,35] Carbonized 
wood (CW) is an ideal candidate for construction of high-per-
formance electrodes. We can use CW directly as a self-standing 
and binder-free electrode without additional conductive agents 
and current collectors. Moreover, CW has intrinsic properties of 
high ionic/electronic conductivity, light weight, and open ver-
tical channels. In this section, the applications of wood and its 
derived materials in electrochemical SCs will be highlighted.

3.1. Carbonized Wood as Electrodes

Wood in general needs to be carbonized/or activated before 
using as an electrode material.[36a,b] Figure  5 shows common 
synthesis methods of carbonization/activation for natural wood, 
including inert or air atmosphere carbonization, hydrothermal 
carbonization, and chemical reagent activation/carbonization. 
Although the high temperature (typically at ≈900  °C) carboni-
zation in inert gas atmosphere is considered to be a relatively 
simple yet efficient route, the obtained CW usually displays a 
poor electrochemical performance. Therefore, the surface mod-
ification of carbonized wood is necessary to further improve the 
specific capacitance of SCs. For example, a porous wood carbon 
monolith (m-WCM) was reported through carbonization of 
poplar wood followed by surface modification using a HNO3 
solution.[36c] In comparison with WCM, the specific surface 
area of m-WCM decreased from 467 to 416 m2 g−1 after sur-
face modification, which suggests that the oxygen-containing 
functional groups of COOH, OH, and NO2 are success-
fully introduced on m-WCM surface, leading to an increase of 
the specific capacitance. The as-made m-WCM could be directly 
used as a freestanding electrode for SCs, which delivered a 
maximum gravimetric capacitance of 234 F g−1 at 5  mA cm−2 
in a 2 m KOH solution. After 2000 cycles at 10  mA cm−2, the 
m-WCM showed a good stability with a capacitance retention 
over 97%. Similarly, a biochar wood-based active carbon (AC) 
was synthesized through a simple activation of biochar wood 

with a diluted HNO3 solution at room temperature, which 
delivers 7 times higher specific capacitance (115 F g−1).[37]

Hydrothermal synthesis is another widely used to synthesize 
various carbonaceous materials for SCs, due to the low-cost, 
and mild temperature. For example, Wei et  al. demonstrated 
that the active wood (AC-W700 and AC-W800) with large spe-
cific surface area and highly open pores could be synthesized 
by hydrothermal carbonization method.[38] Figure 6a shows an 
irregular morphology of the resulting activated carbon parti-
cles (AC-W700 and AC-W800) with a diameter of 1–20  µm. 
As shown in Figure 6b,c, the specific capacitance of AC-W800 
electrode was more than 236 F g−1 (100 F cm−3) at a scan rate 
of 1 mV s−1, which is higher than that of AC-W700 and com-
mercial activated carbons for EDLCs performance. Moreover, 
the energy density of commercial devices using AC-W800 as 
electrode was two times than those activated carbons made by 
conventional method.

In addition, Tang et  al. used a basswood slice to prepare 
a low-tortuosity, multichannel, mesoporous carbon frame-
works.[39] Both porous fabrication and surface functionaliza-
tion are achieved simultaneously by heteroatoms doping and 
subsequent NH3 activation. Scanning electron microscopy 
(SEM) image indicated the anisotropic, and multichannels 
are preserved during the pyrolysis process (Figure  6d). The 
specific capacitance of N,S-codoped wood carbon (TARC-N) 
was up to 704 F g−1 at 0.2 A g−1, which was more than two 
times that of TARC (290 F g−1) and four times than that of 
RC (169 F g−1). As shown in Figure  6e,f, the supercapac-
itor of TARC-N maintained a capacitance retention of 94% 
after 5000 cycles at 2 A g−1. Moreover, the TARC-N was 
investigated as a cathode catalyst for Zn–air batteries. The 
Zn–air battery showed an open circuit voltage of ≈1.47  V 
and a maximum power density of 241 mW cm−2, as well as a 
high energy density of 945.2 Wh kg−1 at 10 mA cm−2. There-
fore, both the porosity and the heteroatoms doping of elec-
trode materials will facilitate to improve SCs performance. 
Recently, we reported an active carbonized wood (ACW) 
via facile a one-pot activation of natural wood at 450  °C for 
2 h in air atmosphere. The as-prepared ACW exhibited an 
excellent specific capacitance of ≈6.85 F cm−2 (≈235 F g−1)  
at the current density of 1.0 mA cm−2, as a freestanding elec-
trode of SCs (Figure 6g–i). The specific capacitance of the ACW 
electrode is much higher than those carbonization at high 
temperature (≈900 °C) in an inert atmosphere and commercial 
active carbon materials.[34,35] The superior electrochemical per-
formances of the ACW electrode can be ascribed to the hier-
archically porous, 3D structure, and some oxygen-containing 
functional groups of the ACW surface, which together con-
tribute to performances of the EDLCs and pseudocapacitance. 
In addition, some representative wood-based materials to  
fabricating supercapacitors are summarized in Table 1.

3.2. Wood-Derived Electrodes

CW with hierarchically porous framework feature is also an 
ideal 3D conductive substrate/scaffold for growth of active elec-
trode materials, such as metal oxides/hydroxides, conductive 
polymer with high theoretical capacitance.[40] The hierarchically 

Adv. Funct. Mater. 2019, 29, 1902255

Figure 5.  The carbonization/activation route of natural wood.
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Figure 6.  a) SEM images for TARC-N: cross-sectional view. Insets show high-magnification SEM images; b) cycling stability for 5000 cycles at a 
current density of 2 A g−1, and c) the inset shows the charge/discharge profiles obtained from first and last 5 cycles. a–c) Reproduced with per-
mission.[38] Copyright 2011, Wiley-VCH. Morphology and chemical performance of the carbon materials obtained by hydrothermal carbonization: 
d) SEM image showing typical particle morphology; e,f) cyclic voltammograms (CV) of the carbon samples. d–f) Reproduced with permission.[39]  
Copyright 2018, Elsevier. Active carbonized wood obtained by carbonization in an air atmosphere: g) graphical illustration for the fabrication process 
of ACW; h) SEM images for ACW; i) galvanostatic charge/discharge and CV for ACW and CW electrodes. g–i) Unpublished data.
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porous structure is favorable for the contact between elec-
trode and electrolyte. The straight channels of CW facilitate ion 
transport and provide a large specific surface to achieve high 
loading of active materials.

For example, Gutierrez-Pardo et al. reported a 3D porous and 
conductive carbon scaffold via pyrolysis of beech wood for the 
direct growth of MnO2 nanosheets. The resulting hybrid material 
(MnO2/C) was used as a binder-free electrode for SCs applica-
tions.[41] The MnO2/C electrode exhibited a capacitance of 592 F g−1 
and an excellent cyclic stability, which was attributed to the micro/
nanostructure of the CW and a higher crystallinity of MnO2. To 
meet the increasing demands for the energy storage devices with a 
higher energy/power density, lower cost, longer cycle life and envi-
ronmental friendliness. An all wood–structured asymmetric super-
capacitor (ASC) was developed based on an activated wood carbon 
(AWC) anode, a MnO2/wood carbon (MnO2@WC) cathode, and 
a wood membrane separator (Figure  7a).[34] The large thickness  
(≈1  mm) of the AWC can achieve a high areal mass loading 
(>75 mg cm−2), which is the highest loading of the MnO2-based 
supercapacitor among all ever-reported. As a result, the all wood–
structured ASC exhibited a high areal capacitance (3.6 F cm−2), 
high energy density of 1.6 mW cm−2 at 1044 mW cm−2 and a long 
cycling life (Figure 7b–d), which is attributed to the unique struc-
tural advantages including multichannels, low tortuosity, high 
mass loading (75 mg cm−2), as well as high ionic and electronic 
conductivity.

Inspired by previous works,[22,32,34] most recently, we devel-
oped and expanded the potential of wood-based energy storage 

materials and devices by combining a porous wood frame-
work with high-capacity active electrode materials such as 
Co(OH)2, Ni(OH)2, and Fe2O3 to construct high-performance 
ASC.[35] Figure  7e shows the synthesis process of a wood-
derived all-solid-state ASC. As shown in Figure 7f,g,m–o, after 
the homogeneous growth of Co(OH)2 nanoflakes on outer and 
inner surface of the CW, a thicker channel wall and smaller 
channel diameter could be achieved. Besides, the energy-
dispersive X-ray spectroscopy (EDS) (Figure  7p–r) further 
confirmed uniform distribution of C, O, and Co elements in 
Co(OH)2@CW. The Co(OH)2@CW electrode showed an out-
standing rate capability (3.723 F cm−2, and 1.568 F cm−2, at 
1.0 and 30 mA cm−2 respectively) (Figure 7s,t), which is much 
better than most of Co(OH)2-based electrodes of supercapaci-
tance. In addition, the wood-derived ASC delivered an energy 
density of 0.69 mWh cm−2 (10.87  Wh kg−1) at a power den-
sity of 1.126 W cm−2 (17.75 W kg−1), as well as a long cycling 
performance over 10 000 cycles at 1.0 A g−1 (Figure 7i–l). The 
unique hierarchically porous carbon frameworks are believed to 
be the major favorable advantage to achieve high energy/power 
densities due to full exposure of active electrode materials, 
fast ions transport and efficient current collection. This work 
demonstrates a thick electrode design directly using carbonized 
wood as current collector and electrode material (Figure  7h), 
which indicates both high capacity and energy density, 
especially based on device level.

Additionally, with an increasing demand for flexible energy 
storage devices, the paper-based electrodes derived from 
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Table 1.  Summary of some parameters of various wood-based materials for SCs.

Wood species Carbonization 
condition [°C]

Activation 
condition

Surface area  
[m2 g−1]

Active mass 
loading

Electrochemical  
performance

Electrolyte Cycles  
[%]

Ref.

Fir wood 900/N2 – 1131 – 142 F g−1 at 25 mV s−1 0.5 m HNO3 – [8a]

Fir wood 780/N2 KOH 1064 – 180 F g−1 at 10 mV s−1 0.5 m H2SO4 – [8b]

Poplar wood 900/N2 HNO3 416 – 234 F g−1 at 5 mA cm−2 2 m KOH 2000/≈97% [36c]

Eucalyptus wood 250/Hydrothermal 800/N2 2387 – 236 F g−1 at 1 mV s−1; 175 F g−1 

at 20 A g−1

TEABF4/AN – [38]

Red cedar wood 750/N2 HNO3 400 – 115 F g−1 at 3 A g−1 0.5 m H2SO4 5000 [37]

Beech wood

Pine wood

Sandal wood

800/N2 – 44

76

38

– 39.2 Wh kg−1 at 200 mA g−1

45.6 Wh kg−1 at 200 mA g−1

32.9 Wh kg−1 at 4000 mA g−1

2 m KOH 2000/99.7% [36a]

Eucalyptus wood 900/N2 CO2 921 – 260 F g−1 at 5 mA cm−2

36 Wh kg−1 (12 Wh L−1)

2181 W kg−1 (78 W L−1)

2 m H2SO4 – [36b]

Basswood 950/N2 NH3 1438 – 135 F g−1 at 0.2 A g−1

15.2 Wh kg−1 at 0.2 A g−1

8.9 Wh kg−1 at 3234 W kg−1

4 m KOH 5000/94% [39]

Beech wood; MnO2/C 850–1600/N2 – – 3 wt% 592 F g−1 at 1 mV s−1 1 m Na2SO4 1000/100% [41]

Basswood

CW-FeOOH-PEDOT

900/Ar – 235 50 mg cm−3 126 F g−1 at 10 m A cm−2

114.6 F cm−3 at 50 mg cm−2

2 m KOH 5000/85% [40e]

Basswood blocks

MnO2@WC

1000/Ar CO2 – 75 mg cm−2 3.6 F cm−2 1.6 mW cm−2

at 1044 mW cm−2

1 m Na2SO4 10 000/93% [34]

Poplar wood; Co(OH)2/CW 1000/N2 – 568 5.7 mg cm−2 3.723 F cm−2 (648.6 F g−1)

at 1.0 mA cm−2

0.69 mWh cm−2 (10.87 Wh kg−1)

at 1.126 W cm−2 (17.75 W kg−1)

2 m KOH 10 000/85% [35]



www.afm-journal.dewww.advancedsciencenews.com

1902255  (10 of 23) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cellulose-based natural wood material hold great promise for 
such applications due to its low cost, abundance, renewable, 
and sustainable properties.[42,43] Edberg et  al. reported an all-
organic paper SCs based on CNF, and the conductive polymer 
PEDOT:PSS.[44] The specific capacitance of the composite elec-
trode increased to 230 from 110 F g−1 and the areal capaci-
tance from 160 mF cm−2 to 1 F cm−2 due to the introduction 
of sulfonated lignin. Furthermore, the supercapacitor showed a 
long cycling stability after 700 charge/discharge cycles without 

significant performance degradation, through introducing 
lignosulfonate into the electrolyte solution. Recently, Yu’s 
group[32] reported ultrathin carbon nanofiber aerogels with a 
diameter of 6 nm derived from wood–NFC (nanofiber carbon) 
via a catalytic pyrolysis method. The carbon nanofiber aerogels 
showed a high electrical conductivity of 710 S m−1 and large 
specific surface area of 553–689 m2 g−1. The capacitance of the 
carbon nanofiber aerogels was more than two times than that 
of pure Wood–NFC, which was attributed to the introduction  
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Figure 7.  a) Graphical illustration of construction process for the all-wood structured supercapacitor. Electrochemical performance of the AWC//wood 
separator//MnO2@WC ASC: b) charge–discharge profiles at different current densities; c) rate performances and d) cycling performance. a–d) Repro-
duced with permission.[34] Copyright 2017, Royal Society of Chemistry. e) Fabrication of a wood-derived all-solid-state asymmetric supercapacitor based 
on a carbonized wood as negative electrode, a cellulose paper as separator, and a Co(OH)2@CW as positive electrode in a sandwich-like structure. 
SEM images of CW f) and Co(OH)2@CW g,m–o), and photograph of electrodes and all-sold-state ASC h). Electrochemical performance of CW/PVA-
KOH/Co(OH)2@CW ASC: i) charge–discharge profiles at different current densities, j) rate performances based on the GCD curves at different current 
density, k) the ASC device measured at 50 mA cm−2 for 10 000 cycles, and l) energy/power density and volumetric capacitance of the wood-derived ASC 
compared with the previously reported electrode materials. Elemental mapping images of p) C, q) O, and r) Co, respectively, in (m). Electrochemical 
performance of the Co(OH)2@CW electrode: s) charge–discharge profiles at different current densities and t) rate performances. e–t) Reproduced 
with permission.[35] Copyright 2018, Wiley-VCH.
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of TsOH, leading to decreasing the stacked structure and main-
taining the 3D nanofibrous network of carbon aerogels. The 
carbon nanofiber aerogels displayed a specific capacitance of 
140 F g−1 at 0.5 A g−1 as a binder-free electrode for SCs.

Although exciting breakthrough in improving the specific 
capacitance and energy density has been made, there are still 
some key problems for the practical application of SCs based 
on wood-derived materials. For example, new modification and 
treatment methods are yet to be developed for improving the 
electrical conductivity and mechanical properties (e.g., strength, 
toughness, and flexibility) of wood-based materials toward 
high-performance SCs electrodes. Additionally, more attention 
should be given to enhance the electrochemical performance 
of full device for practical application. The design of thick elec-
trode with high mass loading is another promising direction to 
further improve the energy density of device.

4. Wood-Derived Materials in LIBs

Rechargeable LIBs have been applied widely in electronic 
devices such as EV and hybrid EV (HEV) due to their high 
energy density, high safety, and long cycling life.[45,46] A typical 
LIBs configuration contains cathode, anode, electronic insula-
tive separator, and Li+-conducting electrolyte. For conventional 
electrode preparation for LIBs, the active electrode materials 
are mixed with binder and conductive additive together in an 
organic solvent to form slurry, and the slurry is then casted 
onto metallic current collectors (e.g., Al or Cu foil) to form 
an electrode. However, there are still several technical con-
straints on LIBs performance: 1) the additives and current 
collectors do not contribute to capacity, which decrease the 
specific energy density; 2) weak mechanical stability leads to 
low packing density and the detachment of electroactive mate-
rial from the current collector. Moreover, with the increase of 
environmental consciousness, sustainability and eco-friend-
liness should be taken into account for developing future 
energy storage devices.[47] Therefore, development of wood 

and its derivative materials is a promising alternative to LIBs, 
due to the unique structure, environmental friendliness, and 
sustainability.

In this section, we discuss the recent progress in wood and 
its derivative materials for LIBs, mainly focusing on the multi-
purpose as electrode material, current collector, separator, and 
template/substrate.

4.1. Wood-Derived Materials for Anode Materials

The natural wood possesses hierarchical structures, strong 
mechanical robustness, and exhibits high electrical conductivity 
after high temperature carbonization under inert atmosphere. 
These features of wood-based materials can significantly pro-
mote the fast transport of ions and electronics, making wood-
derived carbon as a desirable electrode material or template for 
LIBs (Table 2).

In 2010, Liu et  al. studied the mangrove charcoal–derived 
hard carbon (MC) as an anode for LIBs.[48] MC carbonized at 
1000  °C delivered the highest discharge specific capacity of 
335 mAh g−1, first-cycle Coulombic efficiency (CE) of 73.7%, 
good rate performance and cycling stability. To increase initial 
CE, Yoon’s group investigated the effects of heat pretreatment 
temperature (450–600  °C) on MC.[49] After heat pretreatment, 
the hard carbon, with a higher synthetic yield of 30 wt%, 
achieved enhanced initial CE of 81% compared to that obtained 
by a one-step carbonization, which was attributed to the low 
H/C and Odiff/C ratios and a porous structure promoting 
lithium-ion insertion/extraction. This work confirms that the 
wood-derived carbon materials can be acted as an ideal anode 
for high-performance LIBs. Moreover, Adams et  al. utilized 
the loblolly pine woodchip-derived carbon to construct porous 
electrode of LIBs via an industrial KOH activation and pyrol-
ysis process.[50] The produced porous carbon showed micro/
mesoporosities and high special surface area (1580 m2 g−1), 
enabling improvement of Li+-storage capacity. Furthermore, 
the woodchip-derived porous carbon electrode showed a stable 
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Table 2.  Summary of some parameters of various wood-based materials for LIBs.

Wood species Carbonization condition [°C] Function Electrochemical performance Ref.

Mangrove charcoal 1000/Ar Derived carbon as anode 335 mAh g−1 (under 0.5 V),

ICE = 73.7%.

[48]

Mangrove green tree 500/Ar Derived carbon as anode 424 mAh g−1 at 30 mA g−1,

ICE = 81%

[49]

Loblolly pine trees 850 °C/N2 Derived carbon as anode 1000 mAh g−1 at 50 °C, at 0.1 C [50]

Basswood 1000/Ar Li-metal/carbonized wood as anode 2650 mAh g−1 (75 mAh cm−2), ≈150 h at 3 mA cm−2 [51]

Wood fiber 600 °C/N2 MnO/wood fiber as anode 952 mAh g−1 at 0.1 A g−1, 100 cycles [52]

Softwood pulp derived NFC 1000/95%

Ar:5%H2

Carbonized c(GO + NFC)

fibers as anode

312 mAh g−1, at 25 mA g−1,

63 cycles

[53]

Basswood blocks 1000/Ar Derived carbon as current collector 7.6 mAh cm−2 (95 Ah L−1) [47]

Pine wood 800/Air As a biotemplate for LNMO cathode 124 mAh g−1 at 2 C,

97 mAh g−1 at 10 C,

retention of 90% after 100 cycles

[55]

Pinewood blocks 700/Air As a template for LCO cathode 22.7 mAh cm−2 [57]
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capacity of 700 and 1000 mAh g−1 at 22 and 50 °C, respectively, 
at 0.1 C rate. Additionally, Hu’s group used the CW with a 3D 
highly porous (73% porosity) conductive framework as Li host 
material.[51] The result indicated that the Li/C–wood electrode 
can be obtained by infusing molten Li metal into the straight 
channels of C-wood taking advantage of the merits of natural 
wood (e.g., low tortuosity and high porosity). To increase the 
wettability between C-wood and Li, the surface of C-wood was 
coated with a thin layer of ZnO before infusion of molten Li, 
resulting in a rapid infusion of molten Li into ZnO-coated 
C-wood channels (Figure 8a–c). Therefore, in symmetric cells, 
the Li/C–wood electrode exhibited more-stable stripping/
plating profiles, better cyclic stability (≈150 h at 3  mA cm−2) 
and a lower overpotential (90 mV at 3 mA cm−2) compared with 
bare Li metal electrode.

In addition, Gao’s group created a nanocomposite material 
(MnO/C) with a super low content (5.3 wt%) of MnO on the sur-
face of nanoporous carbon derived from carbonized wood fibers 
(Figure 8d,e).[52] Owing to the strong synergistic effect between 
the MnO pseudocapacitance action and the carbon capaci-
tance, the MnO/C anode demonstrated a superior Li+ storage 
performance with a high discharge capacity of 952 mAh g−1  
at 0.1 A g−1 after 100 cycles, indicating an outstanding cycle 
stability. Interestingly, Li et  al. presented a well-aligned gra-
phene oxide (GO)–NFC hybrid fiber (GO + NFC) with a high 
conductivity of 649 ± 60 S cm−1 by a wet-spinning method and 
subsequent carbonization.[53] GO used as a template for NFC 
carbonization to change the morphology of the carbonized 
NFC, while decreasing the carbonization temperature of NFC 

(Figure 8f). The as-prepared GO + NFC hybrid fiber was used 
as a LIBs anode with a stable discharge capacity of 312 mAh g−1 
(Figure 8g).

4.2. Wood as Current Collectors

To achieve high energy density for LIBs, an effective way is to 
fabricate thick electrodes by reducing the content of nonelectro-
active components. However, the main challenges are the poor 
ionic transport capability and potential electrode deformation in 
the thick electrode, leading to the electrode cracking and detach-
ment from the current collector.[51] Inspired by the straightly 
channels of natural wood, a multichannel wood carbon was 
designed as a 3D current collector with highly conductive, 
porous, lightweight and low-tortuosity carbon framework (CF) 
by directly carbonization of natural wood (Figure 9a,b).[47] Ben-
efiting from the unique multichannel structure of CF, the ultra-
high LiFePO4 (LFP) mass loading of 60 mg cm−2 in CF with a 
large thickness of 800  µm was achieved. As a result, LFP–CF 
3D electrode exhibited an impressive capacity of 7.6 mAh cm−2 
(95 Ah L−1 based on volume), and enhanced mechanical prop-
erties, leading to lower deformability. Meanwhile, the LFP–CF 
3D electrode showed improved cycling stability and capacity 
retention (Figure 9c,d). The superior performance of the LFP–
CF is ascribed to the unique 3D electrode architecture with a 
highly conductive, interconnected carbon networks enabling 
to increase transport of the electrons and ions. More impor-
tantly, both the electronic and ionic kinetics are significantly 
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Figure 8.  a) Schematic illustration of Li stripping/plating behavior for bare Li metal electrodes and Li/C–wood electrodes. b) Fabrication process of 
the Li/C–wood composite; c) SEM images of C-wood, ZnO-coated C–wood, and Li/C–wood electrodes. The inset shows the corresponding digital 
images. a–c) Reproduced with permission.[51] Copyright 2017, National Academy of Science. d,e) The fabrication of the MnO/C sample. Reproduced 
with permission.[52] Copyright 2014, Royal Society of Chemistry. f) Schematic to show the morphology of NFC changed from fibers (before carboniza-
tion) to sphere particles after carbonization. g) Charge/discharge capacity and corresponding CE cycled at 25 mA g−1. The data are from the second 
cycle to the 63rd cycle. f–g) Reproduced with permission.[53] Copyright 2014, Wiley-VCH.
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enhanced, due to the highway of straight channels, resulting 
in a high-performance for LIBs. Therefore, the work provided 
a facile yet efficient method to construct ultrathick electrodes 
by infiltrating the active electrode materials into the straight 
channels of the 3D current collector. Inspired by this work, we 
designed CW as a current collector/substrate to grow active 
electrode materials (e.g., Co(OH)2, Ni(OH)2) using a typical 
electrodeposition process.[35] Besides, other electrode materials 
(e.g., TiO2@CW, SnO2@CW, and WO2@CW) with a high theo-
retical capacity have also been developed by directly using the 
CW as a current collector. Further efforts to expand and explore 

these electrode materials applications in electrochemical energy 
storage including next-generation LIBs are currently in pro-
gress in our laboratory.

4.3. Wood as Templates

Template method is one of effective methods to synthesize 
cathode materials for LIBs.[54] Carbonized wood is an ideal tem-
plate because of the 3D frameworks and unique porous struc-
ture. Liu et  al. utilized pine wood as a biotemplate to prepare 
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Figure 9.  a) Schematic illustration of the fabrication for ultrathick 3D electrode. b) Visual comparison between batteries with ultrathick 3D electrode 
and conventional designs. c) Areal capacity–current density plots and d) cycling performance of the ultrathick LFP–CF electrode and the conventional 
thick LFP electrode. Insets in (d) illustrate the easy deformation of the conventional thick LFP electrode and the nondeformation of the 3D ultrathick 
LFP–CF electrode. Reproduced with permission.[47] Copyright 2018, Wiley-VCH.
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porous LiNi0.5Mn1.5O4 (LNMO) spinel.[55] This templated 
LNMO showed a significant enhancement on rate performance 
compared with the nontemplated LNMO, which was ascribed 
to the porous structure and highly dispersed active particles. 
However, commercial LIBs are currently limited the thickness 
(50–100 µm) of active electrode components (e.g., cathode and 
anode).[56] Therefore, significant efforts have been afforded to 
improve the performance of LIBs toward thicker and higher 
mass loading of electroactive materials. Recently, inspired by 
the structure of natural wood with the vertical microchannels 
for the transport of water (Figure 10a), Lu et al. used wood as 
a self-sacrificial template to create ultrathick LiCoO2 (LCO) 
cathode through a facile sol–gel infiltration and followed by 
calcination process.[57] The thickness of the as-prepared LCO 
could be up to 1 mm, and showed a low tortuosity, benefiting 
to short Li+ transport path and promoting the effective diffu-
sion of electrolyte, thus enhancing the areal capacity and rate 
performance of LCO cathode (Figure  10b–d). The produced 

wood-templated LCO cathode exhibited a superior areal capacity 
of 22.7 mAh cm−2 and outstanding rate performance, which are 
much higher than that commercial LCO cathode (Figure 10e). 
This work demonstrates a great potential for the low-cost prepa-
ration of ultrathick LIBs electrodes via a wood templating sol–
gel method.

Despite the use of carbonized woods as anodes, current 
collectors, and templates have been demonstrated with great 
potential for high-performance LIBs, there are still some chal-
lenges for their practical application, including efficient uti-
lization of hierarchically porous structure of natural wood to 
improve Coulombic efficiency and cycling stability of LIBs. 
Besides, the change of surface and interface contact relating 
to the micro/nanostructure and the composition of wood has 
a significant effect on the electrochemical performance. There-
fore, it is highly desirable to fully investigate the relationship 
between the hierarchically porous structure and electrochemical 
performance of wood-based materials, including the transport 
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Figure 10.  a) A photograph of pinewood and illustration of the anisotropic structure. b) Illustration of wood-inspired electrode with vertical channels. 
c) The illustration of fabrication for ultrathick LCO cathode by wood templating. d) The top view of original wood and LCO-1 material after sol infusion 
and gel formation. e) Electrochemical performance of LCO cathodes. Reproduced with permission.[57] Copyright 2018, Wiley-VCH.
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of electrons and ions, and reaction kinetics. Moreover, the use 
of wood-based materials as templates and current collectors for 
LIBs should be studied in detail from the viewpoint of surface 
and interface chemistry. Thus, rational design and controllable 
fabrication of micro/nanostructure for optimization of surface 
and interface remain a challenge.

5. Wood-Derived Materials in Next-Generation 
Batteries

5.1. Lithium–Sulfur Batteries

Lithium–sulfur (Li–S) batteries offer a high theoretical energy 
density (2600 Wh kg−1), which is 3–5 times that of conven-
tional LIBs.[58] Additionally, sulfur is naturally abundant, and 
low cost, making Li–S batteries particularly attractive compared 
with LIBs. However, the practical application of Li–S batteries is 
still limited by a few issues, including the insulating nature of 
sulfur, volume changes in sulfur (≈80%) during cycling, and the 
“shuttle effect” caused by the dissolution of intermediate poly-
sulfides (Li2Sx, 4 ≤ x ≤ 8) in organic electrolytes. To address these 
issues, great efforts have been devoted to design and develop 
novel electrodes, separators, and electrolytes.[59] Recently, some 
of wood-based nanomaterials have been developed to construct 
high performance of Li–S, Li–O2, and Li–CO2 batteries (Table 3).

For example, Kaskel and co-workers utilized wood as a tem-
plate to fabricated a hierarchical carbon monolith by steam or 
CO2 activation for Li–S batteries.[60] The as-made materials have 
large specific surface area and hierarchical pores, increasing 
efficiently ionic transport and Li-storage ability. Recently, 
Borchardt et  al. used a nonpurified wood as a carbon source, 

K2CO3 as an activation agent, and urea and/or melamine as a 
nitrogen source, respectively, to synthesize N-doped carbon by 
high-energy ball milling and carbonization for Li–S batteries 
(Figure  11a).[61] The obtained N-doped porous carbon showed 
an extremely high specific surface area (≈3000 m2 g−1) and 
a large pore volume (≈2 cm3 g−1), as well as high initial dis-
charge capacity of 1302 mAh gsulfur

−1 and a capacity retention 
of >75% within the first 50 cycles (Figure 11b). A 3D ordered 
porous carbon was also successfully constructed by carbon-
ized wood filled with RGO as an ideal support for high mass 
loading sulfur (Figure 11c,d).[62] The obtained S@C–wood elec-
trode with a high sulfur loading of 21.3  mg cm−2 exhibited a 
high areal capacity of 15.2 mAh cm−2 (Figure  11e). Addition-
ally, natural wood microfiber possesses unique hierarchical 
and mesoporous structure, which is a promising precursor 
for porous carbon.[63] The carbonized mesoporous wood fiber 
(CMWF) was also reported as a host material to support sulfur 
forming a freestanding electrode. Meanwhile a thin Al2O3 layer 
(5 nm) was coated on CMWF to form a functionalized CMWF 
(f-CMWF), (Figure  11f). The freestanding S/f-CMWF cathode 
with a high sulfur loading (70 wt%) exhibited an initial capacity 
of 1115 mAh g−1 at 400  mA g−1, and still retained a capacity 
of 859 mAh g−1 after 450 cycles (Figure 11g). In addition, cel-
lulose nanocrystals (CNCs) prepared by acid hydrolysis of wood 
cellulose fibers was also developed as a carbon source to syn-
thesize nanoporous N,S dual-doped carbon materials with a 
high surface area (Figure  11h).[64] A synergistic effect from N 
and S heteroatoms on porous carbon as a sulfur host material 
greatly improved the chemisorption of lithium polysulfides and 
electric conductivity compared with pure carbon, resulting in a 
superior cycling stability with a capacity decay rate of 0.052% 
per cycle (Figure 11i).

5.2. Lithium–Oxygen Batteries

Compared to LIBs, Li–O2 batteries, which 
could deliver much higher energy density, 
have attracted increasing attention as next-
generation energy storage systems.[65] How-
ever, further improving performance of 
Li–O2 batteries is very important for their 
wide applications. The cathode structure 
plays a decisive role in the performance of 
Li–O2 batteries associated with oxygen diffu-
sion, Li+ and electron transfer rate, and dis-
charge product growth.[66] The carbonaceous 
materials have been regarded as a promising 
candidate for cathode of Li–O2 batteries 
because of their good mechanical and elec-
trical performance. However, various carbon 
materials (e.g., graphene, carbon nanotube, 
and carbon nanofibers) remain to limit the 
large-scale application due to expensive and 
complicated preparation procedures. Addi-
tionally, the electrochemical performances 
of the whole device are still very low, owing 
to the existence of nonelectroactive com-
ponents. Therefore, wood carbon offers an 
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Table 3.  Summary of some parameters of various wood-based materials for next-generation 
batteries.

Wood species Carbonization  
condition [°C]

Function Electrochemical performance Ref.

Birch wood 800/Ar, CO2 As cathode for

Li–S batteries
580 mAh gsulfur

−1

at 20 mA cm−2 (2 C)

[60]

Lignin 800/N2 As cathode for

Li–S batteries
1302 mAh gsulfur

−1,

retention of >75%, 50 cycles

[61]

Basswood 1000/Ar;

800/CO2

Wood carbon/RGO

as cathode for

Li–S batteries

15.2 mAh cm−2 [62]

Wood fiber 1000/Ar As cathode for

Li–S batteries
1115 mAh g−1 at 400 mA g−1,

859 mAh g−1 after 450 cycles

[63]

Cellulose 

nanocrystals

900/Ar As cathode for

Li–S batteries
1370 mAh g−1 at C/20 [64]

Pine 240/Air;

800/NH3

As cathode for

Li–O2 batteries

Energy efficiency of 65%, 20 cycles

at a discharge depth of 70%

[67]

Wood 1000/Ar As cathode for

Li–O2 batteries
8.58 mAh cm−2 at 0.1 mA cm−2 [68]

Poplar wood 1000/Ar As cathode for

Li–O2 batteries

Energy efficiency of 91.9%,

overpassed 87.1% after 100 cycles

[69]

Balsa wood – As cathode for

Li–CO2 batteries
11 mAh cm−2, 200 cycles [71]
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attractive potential for large-scale fabrication of self-standing 
porous carbon electrodes in Li–O2 batteries.

Luo et al. synthesized a wood-derived porous carbon (wd-C) 
by two-step carbonization, using as freestanding cathode for 
Li–O2 batteries.[67] The wd-C showed hierarchically porous 
structure of natural wood, facilitating both mass transport 
and discharge product storage. In addition, the wood-derived 
N-doped carbon (wd-NC) was also prepared at 800 °C for 
2 h under anhydrous NH3. The wd-NC electrode significantly 
increased the overall energy density of device due to the 
absence of additional current collectors and binders. Moreover, 
the N-doping further enhanced the catalytic activity of the 
carbon cathode with lower overpotential and higher capacity 
in Li–O2 batteries. To further improve performance, various 
catalysts have been introduced into carbon cathode in Li–O2 
batteries. a “breathable” wood-based cathode was designed 
for Li–O2 batteries.[68] The carbonized and activated wood  
(CA-wood) acted as a host for depositing ruthenium nanopar-
ticles (Ru NPs) catalyst (CA-wood/Ru) as a cathode in Li–O2 
batteries (Figure 12a). The Ru NPs were well dispersed on the 
porous wall of the ordered microchannels, which was benefi-
cial to provide numerous reactive sites. Moreover, the highly 
porous walls on the microchannels can also enable the impreg-
nation by electrolyte, forming continuous thin electrolyte layers 
for fast Li+ transport. As a result, a high specific area capacity 
of 8.58 mAh cm−2 at 0.1  mA cm−2 and superior cycle perfor-
mance for CA-wood/Ru cathode (thickness: ≈700  µm) could 
be achieved (Figure  12b). Similarly, Zhu et  al. reported that a 
wood-derived cathode was obtained from natural wood by car-
bonization, activation, and then loading of RuO2 nanoparticles 
as catalysts (RuO2/WD-C) for Li–O2 batteries (Figure  12d).[69] 

As shown in Figure  12e,f, the specific areal capacity of the 
assembled batteries using RuO2/WD-C cathode was better than 
8 mAh cm−2 and the charge terminal potential was lower than 
3.8 V at 0.1 mA cm−2. The energy efficiency was enhanced up 
to 91.9% and overpassed 87.1% after 100 cycles. Furthermore, 
the RuO2/WD-C cathode could be completely regenerated after 
a deep charge–discharge cycle by simply washing with water.

Most recently, Chen et  al. reported a tri-pathway design 
concept by nature inspired for flexible Li–O2 batteries.[70] Nat-
ural wood (balsa) was used directly to fabricate a continuous 
tri-pathway structure by facile chemical delignification and a 
CNT/Ru coating process for the noncompetitive transport of 
electrons, Li+ ions, and O2 gas (Figure  13a,b). This approach 
avoids high-temperature thermal treatment to make wood 
electrically conductive while without sacrificing the mechan-
ical robustness or flexibility of wood. Continuous electron 
transport through the surface-coated CNT network, ion trans-
port along the nanoporous in cell walls, and O2 gas transport 
through the intrinsic wood channels constitute the noncom-
petitive triple pathways through the flexible wood cathode 
(Figure  13e). The Ru nanoparticles loading on the surface of 
the CNTs improves the redox reactions within the cathode 
(Figure  13d). The noncompetitive triple pathway design con-
cept endowed the CNT/Ru-coated F-Wood cathode with a low 
overpotential of 0.85 V at 100 mA g−1, a high areal capacity of 
67.2 mAh cm−2, a long cycling life of 220 cycles, and superior 
mechanical stability. The integration of such excellent electro-
chemical performance, outstanding mechanical flexibility, and 
renewable yet cost-effective starting materials via a nature-
inspired design opens new opportunities for developing port-
able energy storage devices.

Figure 11.  a) Schematic diagram of nitrogen-doped porous carbon as an electrode material for lithium–sulfur batteries. b) Comparison of cycling 
performance at C/10 for LUPC/S and WWUPC/S composites. a,b) Reproduced with permission.[61] Copyright 2019, Wiley-VCH. c) Schematic illustra-
tion of the preparation process and structure of the S@C–wood composite electrode. d) SEM images and elemental mappings for the S@C–wood 
composite. e) Electrochemical performance of the S@C–wood electrode: GCD curves and cycling performance of the S@C–wood electrode with 
different sulfur mass loadings. c–e) Reproduced with permission.[62] Copyright 2017, Wiley-VCH. f) Schematic of the hierarchical and mesoporous 
structure of natural wood fiber. g) Cycling stability test of S/CMWF electrodes and S/f-CMWF electrodes. f,g) Reproduced with permission.[63] 
Copyright 2017, American Chemical Society. h) The schematic illustration of synthesis on nitrogen/sulfur-doped cellulose (NSC); i) the long-
term cycling performance of NSC/S-70 electrode at 2 C rate, showing Coulombic efficiency on the left y-axis. h,i) Reproduced with permission.[64]  
Copyright 2015, Wiley-VCH.
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5.3. Lithium–CO2 Batteries

The Li–CO2 battery has aroused increasing attentions, since it 
was firstly reported by Archer et  al.[71] The work mechanism 
of Li–CO2 battery is similar to a natural tree, which breathes 
in CO2 to produce organic compounds via photosynthesis 
(Figure 14a). The Li–CO2 battery uses CO2 gas as a cathode fuel 
for energy storage according to the reaction of 3CO2  + 4Li+  + 
4e− → 2Li2CO3 + C. The Li–CO2 battery is considered a prom-
ising candidate to capture CO2 because of its ability to convert 
the captured CO2 to energy and storage. In the past few years, 
despite significant progress has been made for construction 
of Li–CO2 battery, the Li–CO2 battery is still face several chal-
lenges including the stable discharge product, the slow kinetics 
of CO2 reduction, and the slow diffusion of electrolyte and  
CO2 gas.

Recently, a flexible wood-based cathode was developed for 
Li–CO2 battery with high reversible capacity, good flexible, and 
highly rechargeable (Figure  14b).[72] The flexible wood-based 
cathode was prepared via a facile chemical treatment process, 
followed by coating with a Ru/CNT composites. Notably, the 
modified wood-based cathode exhibited excellent flexibility 
compared with pristine wood (Figure  14c,d). A Li–CO2 bat-
tery was fabricated by using the flexible wood modified with 
Ru/CNT catalysts as a cathode and Li foil as an anode. Ben-
efiting from the unique channel structure of nature wood, 
both CO2 gas and electrolyte can fast transport and effectively 
reaction with the Ru/CNT catalysts, resulting in a signifi-
cantly enhanced electrochemical performance. The assembled  
Li–CO2 battery showed a low overpotential of 1.5 V and a high 
discharge capacity of 11 mAh cm−2, and long cycling stability 

(Figure  14e). Such a wood-based Li–CO2 battery displays a 
promising candidate for CO2 capture/utilization and wearable 
energy storage devices.

5.4. Sodium-Ion Batteries

NIBs have recently received great attentions due to its low-
cost, and easily availability compared with LIBs.[73] Many anode 
materials for NIBs have been developed, such as hard carbon, 
alloys and metal oxides. Among them, hard carbon is consid-
ered as the most promising candidate because of its lower work 
potential and relatively higher specific capacity. However, the 
commercial application of hard carbon anode is impeded by 
low cycle life and poor rate performance. Therefore, the devel-
opment of suitable anode materials is critical for improving the 
performance of NIBs. The representative wood-derived mate-
rials to fabricating NIBs are summarized in Table 4.

CNFs-derived from wood-cellulose nanofibers have many 
advantages, including excellent electrical conductivity, thermal 
and chemical stability, and high Na-storage performance as 
anode materials for NIBs. For example, Luo et  al. prepared 
a CNFs material directly from cellulose nanofibers though a 
pyrolysis strategy.[74] Benefiting from high specific surface 
and 1D nanostructure of the CNFs, the CNFs used as an 
NIBs anode exhibited a high reversible capacity (255 mAh g−1  
at 40  mA g−1), a superior rate performance (85 mAh g−1 at  
2 A g−1, and an excellent cycling stability (180 mAh g−1 at 
200  mA g−1 over 600 cycles). Additionally, a binder-free 
anode composed of a layer Sn thin film coated on a conduc-
tive wood fiber substrate/current collector was prepared 

Figure 12.  a) Schematic diagram of the Li–O2 batteries with the CA-wood/Ru cathode with hierarchically porous, open, and low-tortuosity microchan-
nels. Electrochemical performance of the Li–O2 battery with the CA-wood/Ru cathode: b) charge/discharge curves; c) termination voltages of charge 
and discharge with cycle numbers. a–c) Reproduced with permission.[68] Copyright 2017, Wiley-VCH. d) Schematic diagram of the RuO2/WD-C cathode 
structure and the regenerative process. e) The charge–discharge curves of the RuO2/WD-C cathode at 0.1 mA cm−2. f) Termination voltages of charge, 
discharge, and specific energy efficiency with cycle numbers. d–f) Reproduced with permission.[69] Copyright 2018, Royal Society of Chemistry.
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by an electrodeposition method.[75] The active Sn thin film 
showed good electrical contact with the current collector, 
while the wood fibers provided a lightweight substrate with 
high mechanical performance, large special surface area, and 
a porous structure, enabling effectively transport of ions and 
electrons. As a result, the Sn@WF anode of NIBs delivered 
an initial specific capacity of 339 mAh g−1 and after 400 cycles 
without performance decay. In addition, Zhu and co-workers 
reported another carbon anode of NIBs by the carbonization 
of ordered CNCs (Figure 15a–c).[76] The CNCs derived porous 
carbon presented superior performances with a high revers-
ible capacity of 340 mAh g−1 at 100 mA g−1, and good cycling 
stability holding 88.2% capacity over 400 cycles (Figure  15d), 
which is attributed to the high electrical conductivity, porous 
structure, and larger interlayer spacing. Moreover, the same 
research group designed a NIBs carbon anode with a 3D 
porous structure by directly carbonizing natural wood.[77] The 
carbonized wood showed numerous mesopores in the hori-
zontal direction and many straight channels in the vertical 
direction (Figure 15e). Benefiting from the unique structure of 
natural wood, an ultrathick wood carbon anode (850 µm) with 
a large active mass loading (55 mg cm−2) delivered a high areal 
capacity of 13.6 mAh cm−2 (Figure  15f). When assembling 

a full cell we used the wood carbon as a freestanding anode 
and a suited Na3V2(PO4)3 as a cathode. The full cell exhibited 
an outstanding cycling performance with a capacity retention 
rate of >95% over 350 cycles (Figure  15g). However, further 
optimization of the cathode material is necessary to better suit 
the ultrathick wood-based carbon anode for achieving a high 
energy density for NIBs in the future.

Very recently, Zheng et al. reported a NIB based on a couple 
with the Na[Cu1/9Ni2/9Fe1/3Mn1/3]O2 (NCNFM) as cathode 
material and a hard carbon as anode material.[78] This hard 
carbon was made by a one pot high temperature pyrolysis 
of poplar wood (PHC1400). The full NIBs delivered an out-
standing reversible specific energy of 212.9  Wh kg−1 at 1 C, 
and 165.8  Wh kg−1 at 5 C, respectively and a long cycle life 
of 1200 cycles. The superior performance might be attributed 
to the high specific capacity of ≈330 mAh/g and the ICE of 
88.3% for the hard carbon. Moreover, when used as a cathode 
mass loading of 20.5 mg cm−2 (≈2 mAh cm−2), which met the 
demand of industrial application, the coin cell showed excellent 
specific energy and long cycling stability with a capacity reten-
tion rate of about 94% after 600 cycles at 2 C (Figure 15h). More 
importantly, the capacity and the voltage plateaus could be com-
pletely recovered after 1400 cycles when setting the current rate 

Figure 13.  Schematic illustration of the tree-inspired tri-pathway design for flexible Li–O2 cells. a) Multiphase transport (e.g., water, ions, and nutrients) 
is essential for photosynthesis in trees. b) A tri-pathway structural design was realized by chemically treatment and subsequent CNT/Ru coating process 
to enable the noncompetitive triphase transport of Li+ ions, electrons, and oxygen gas. c–e) Photographs of the c) original flexible wood, d) CNT-coated 
flexible wood, and e) bent CNT-coated flexible wood membranes. Reproduced with permission.[70] Copyright 2019, Wiley-VCH.
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of C/10 (Figure  15i), which was very important for practical 
applications. This work suggests that the cathode and anode 
materials are becoming mature and this is an emerging start 
for industrial application of NIBs.

Encouraging advance has been made regarding the use 
of wood-derived materials in next-generation batteries (e.g., 
Li–S, Li–O2, Li–CO2, and NIBs); however, there are still sev-
eral significant issues to be resolved for practical applications. 

For example, the sulfur mass loading still needs to be increased 
in the 3D wood-derived electrodes of Li–S batteries to obtain 
high energy density, while retaining superior electrical conduc-
tivity and long operational life. In Li–O2 batteries, to date, few 
studies focus on engineering wood-based electrode structures 
to fabricate multipathways for the highly effective transport of 
Li+ ions, electrons, and O2 gas. Additionally, the cycle stability 
and energy efficiency should be further increased. Achieving 

Figure 14.  Schematics showing the nature-inspired Li–CO2 battery design. a) The schematic of a plant absorbing CO2 for photosynthesis; b) the sche-
matic of the Li–CO2 battery based on the flexible wood cathode; morphology and microstructure of the flexible wood-based cathode; c) photos of the 
pristine balsa wood and d) the flexible cathode after introducing the CNT-coated Ru catalyst; e) terminal voltage of each charge (red) and discharge 
(black) showing almost no change over 200 cycles. Reproduced with permission.[72] Copyright 2018, Royal Society of Chemistry.

Table 4.  Summary of some parameters of various wood-based materials for NIBs.

Wood species Carbonization condition [°C] Function Electrochemical performance Ref.

Softwood kraft pulp-derived CNF 1000/Ar CNF-derived carbon as anode 255 mAh g−1 at 40 mA g−1,

85 mAh g−1 at 2000 mA g−1,

176 mAh g−1 at 200 mA g−1

over 600 cycles

[74]

Wood fibers 100/N2 Wood fibers as support/substrate 339 mAh g−1, 400 cycles [75]

CNCs 1000/Ar Derived porous

carbon as anode
340 mAh g−1 at 100 mA g−1,

88.2% capacity for 400 cycles

[76]

Hard wood block 1000/Ar Wood carbon as anode 13.6 mAh cm−2 [77]

Poplar wood 1400/Ar Derived hard carbon as anode 212.9 Wh kg−1 at 1 C, 165.8 Wh kg−1 at 5 C,

1200 cycles, ≈330 mAh g−1, ICE = 88.3%

[78]
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a low overpotential for the wood-based air cathode for Li–CO2 
battery still remains challenging. Developing wood-carbon 
anodes in SIBs with high specific energy, superior rate perfor-
mance, and long cycle life is still highly desirable.

Therefore, more approaches to rational design of wood-
derived porous structures are vital to the development of 
next-generation high-performance energy storage devices. 
In particular, the combination of theoretical calculations and 
experimental measurements is necessary to better understand 
the correlations between wood-derived porous structures and 
their electrochemical behavior in energy storage devices, pro-
viding scientific basis for knowledge-based design of electrode 
materials for high-performance devices.

6. Conclusion and Prospects

In this review, we have reviewed recent developments in wood 
and its derivative materials for EES techniques, including SCs, 
and rechargeable batteries.

Significantly progress has been achieved for wood-based EES 
electrodes and devices, especially with ultrahigh mass loading 
for thick electrode design, however, several challenges still 
remain (Figure  16) and need to further overcome including  
1) efficient utilization of hierarchically porous structure of nat-
ural wood is still a challenge for EES. Very small pores hinder 
electrolyte ions accessibility, but too large pores decrease the 
volumetric energy density and capacitance of energy storage 

Figure 15.  a) Photograph of a wood block (left) and the schematic of CNC molecular structure extracted from wood (right); b) high-resolution trans-
mission electron microscopy (HRTEM) images of CNC before (left) and after carbonization (right), respectively; electrochemical performances of 
carbonized CNC: c) galvanostatic charge/discharge profiles (GCD); d) cycling performance at 10 mA g−1 for the first five cycles and then 100 mA g−1, 
corresponding CE in the right y-axis. a–d) Reproduced with permission.[76] Copyright 2017, Elsevier. e) Schematic to show a piece of unique anisotropic 
natural wood with well-defined channels along the tree growth direction; f) Na-ion storage comparison of vertical cutting and parallel cutting wood 
carbons with a large thickness. g) Schematic showing a full cell with low tortuosity wood carbon anode and Na3V2(PO4)3 cathode; charge/discharge 
curves, and long-term cycling performance. e–g) Reproduced with permission.[77] Copyright 2016, Wiley-VCH. The industrial level mass loading full-
cell performance: h) cycling performance of 2 C rate and i) primarily decay analyzing at 2 C rate. The mass loading was about 7 mg cm−2 (ratio of the 
active material was 95%) and 20.5 mg cm−2 (ratio of the active material was 93%), respectively, for the anode and the cathode. h–i) Reproduced with 
permission.[78] Copyright 2018, Elsevier.
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device, because the void space could not be fully used. Thus, 
the pore sizes of electrode material should be slightly larger 
than the sizes of solvated electrolyte ions; 2) the surface/inter-
face chemistry of wood-derived materials needs to be studied 
in detail. The wood framework needs a compact, continuous 
and strong contact with electroactive components, meanwhile 
keeping a low resistance of the interface. On the other hand, 
the electroactive materials should be homogeneously filled into 
the pores of wood as much as possible to decrease the “dead 
volume” of electrode materials; 3) it is highly desirable but 
challenging to make wood-based materials with both attractive 
electrochemical performance and desirable mechanical prop-
erties (e.g., strength, toughness, and flexibility); 4) large-scale 
application is still limited by the electrochemical performance 
and production cost of wood-based materials; 5) greener 
functionalization and treatment of wood are desired for total 
procedure sustainable development; 6) expanding more wood 
species utilized is highly desirable but still limited.

Based on the above challenges/critical issues, some pos-
sible strategies are suggested as follows: 1) new strategies 
to engineer pore sizes of wood-derived materials should be 
developed. Numerous micro/mesopores can be created by 
activation of wood, benefiting to increase specific surface area. 
The macropores of wood can be efficiently become small by 
modifying inner surface of wood walls or filling desirable gust 
materials into pores. 2) For improving surface/interface chem-
istry, one strategy is the development of in situ growth of active 
electrode materials on outer and inner surface of wood walls, 
such as hydrothermal, electrodeposition, and ALD strategies. 
Another efficient method is functionalization of wood before 
decoration of active electrode materials to improve the interface 
compatibility for wood-based materials, leading to the stronger 
surface/interface coupling between the wood and active mate-
rials, such as surface coating strategy. 3) Removing partial 
components (e.g., lignin, hemicellulose) of wood, or forming 
composites with some polymers (e.g., resins), followed by post 

treatment (e.g., carbonization, hot-pressing) can significantly 
improve the mechanical performances of wood-based materials. 
4) Design of thick and self-standing electrode (without the need 
for current collectors or any additional conductive additive/adhe-
sives) is an effective method to enhance electrochemical perfor-
mance of wood-based materials. 5) Environmentally friendly 
chemicals used to treat/modify wood, milder carbonized wood 
conditions, and simper fabrication process of electrode material 
and device should be further developed. 6) Seeking general and 
universal synthetic approaches of wood-derived materials are 
highly desirable for different wood species.

Therefore, several new research directions should be consid-
ered for the development of next-generation energy storage and 
conversion devices based on wood-derived materials (Figure 16).

(1)	It is highly desirable to systemically investigate the relation-
ship between the hierarchically porous structure and elec-
trochemical performance of wood-based materials. As the 
optimization of pore sizes engineering often delivers an 
improvement in performances. Thus, further studies should 
focus on their relationship, including the transport of elec-
trons and ions, and reaction kinetics.

(2)	Modification and functionalization of wood for creating the 
nanocomposites need to be studied from the viewpoint of 
surface/interface chemistry, and a rational design and con-
trollable fabrication for micro/nanostructure of the surface/
interface by the corresponding composited strategies should 
be further developed.

(3)	More efforts need to make wood-based materials to simul-
taneously have superior electrical conductivity and high 
mechanical performances (e.g., strength, toughness and  
flexibility) of the EES device, representing a promising direc-
tion for the development of wearable and portable energy 
storage devices for a sustainable society.

(4)	More attention should be given to improve the perfor-
mance from the whole device level for practical applications. 

Figure 16.  A brief summary of challenges and future research directions for new-generation energy storage and conversion devices based on wood-
derived materials.
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Thick electrode design with high mass loading is a promising 
direction to further improve the energy density of device.

(5)	Advanced cutting technology of wood and low-cost, greener 
production should be further developed for large-scale appli-
cations based on wood-derived materials.

(6)	Advanced assembling and integration techniques are 
highly desirable for development of next-generation energy  
storage and conversion devices based on wood-derived 
materials.

(7)	Development of multiscale modeling and simulation are nec-
essary to obtain rational designs of better electrode materials 
and device configurations for high performance.

Where challenges and opportunities are of coexistence, some 
challenges need to be overcome. While the research of wood-based 
materials is still at its infancy stage, it is strongly believed that 
wood-derived materials will provide a promising potential for EES 
materials and devices toward the practical use in the near future.
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