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ABSTRACT 

Electrocatalysis has emerged as a cornerstone in advancing energy conversion, storage, and the production of value-added 
chemicals. A pivotal determinant of electrocatalytic efficiency lies in the design of electrode materials, underscoring the urgent 
need for cost-effective electrodes with robust structural integrity, high electrical conductivity, substantial porosity, and excellent 
catalytic activity. Plants (e.g., wood and bamboo)-derived monolithic electrodes have garnered growing interest due to their 
inherent hierarchical porosity and abundant cellulose content, offering significant promise for diverse electrocatalytic reactions. 
This review focuses on the synthesis techniques of plant-based monolithic electrodes, highlighting their structural features and 
evaluating their impact on electrocatalytic performance. Additionally, applications of plant-based monolithic electrodes in small- 
molecule conversion processes, including water electrolysis, oxygen reduction, carbon dioxide reduction, and nitrogen reduction 
reactions, are analyzed. The discussion culminates in evaluating the persistent challenges and perspectives in electrode material 
development. These insights provide a roadmap for designing next-generation electrochemical devices that combine superior 
efficiency, stability, and environmental sustainability. By advancing the performance of plant-based monolithic electrodes, this 
review lays a robust foundation for developing high-performance, cost-effective, and sustainable electrochemical materials and 
technologies for future applications. 
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 Introduction 

he growing need for sustainable energy solutions has driven
esearch into innovative materials and methods for energy stor-
ge and conversion [ 1 ]. Electrochemical technologies, including
atteries [ 2 ], supercapacitors [ 3, 4 ], and fuel cells [ 5 ], have
ttracted substantial interest due to their capabilities for efficient
nergy conversion. Notably, the electrochemical conversion of
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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small molecules, including water, CO2 , and nitrate, into valuable
chemicals and fuels presents significant potential in addressing
pressing global energy and environmental challenges [ 6–9 ]. This
conversion process is essential for renewable energy storage,
carbon capture, and producing ammonia and other high-value
chemicals [ 10 ]. Nonetheless, the efficiency and selectivity of these
transformations are profoundly influenced by the properties
of electrodes within electrochemical cells. The development
se, which permits use, distribution and reproduction in any medium, provided the 
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FIGURE 1 Annual publication output on wood-based electrodes 
for small molecular conversion from 2017 to 2026. A combined keyword 
search was conducted in the Scopus database, for which material-related 
keywords such as “wood-based electrode,” “wood electrode,” and “carbon 
wood” were combined respectively with keywords for four application 
areas: “water electrolysis,” “oxygen reduction,” “CO2 reduction,” and 
“nitrate reduction.”

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

 27662098, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/E

X
P.20250158 by C

ochraneC
hina, W

iley O
nline L

ibrary on [11/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reativ
f electrodes that are not only efficient but also cost-effective
nd environmentally sustainable remains a crucial challenge in
dvancing these technologies [ 11 ]. 

raditionally, electrodes employed in small-molecule conversion
rocesses are fabricated from metals such as platinum, nickel,
r cobalt, which demonstrate high catalytic efficiency but are
ccompanied by notable limitations [ 12, 13 ]. The lifecycle of these
etals from mining and refining to disposal imposes significant
nvironmental and economic costs [ 14 ]. Additionally, the rigid
nd densely packed structures of metal-based electrodes can
mpede ion and reactant transport, thereby constraining the
verall efficiency of electrochemical reactions [ 15 ]. 

o overcome these challenges, monolithic electrodes derived
rom natural plants have emerged as a highly promising and
ustainable alternative [ 16–18 ]. Plant-based monolithic electrodes
ossess a unique, hierarchically porous structure [ 19 ], that is
aturally optimized for fluid transport, which can be repurposed
o enhance ion and reactant diffusion in electrochemical sys-
ems [ 17 ]. Additionally, plants’ high cellulose and hemicellulose
ontent offers a rich carbon source, which can be converted
nto a conductive and mechanically robust framework through
arbonization [ 20–23 ]. This approach aligns with a more sustain-
ble manufacturing philosophy [ 24 ], representing a significant
hift away from conventional methods [ 25–28 ] that often degrade
iomass into powdered carbon, a process that is not only energy-
ntensive but also leads to blocked active sites and diminished
atalytic performance. By directly functionalizing the intact plant
tructure, we can create self-supporting electrocatalysts that
xemplify the principles of green chemistry. 

he significant potential of this approach has ignited a surge in
esearch interest. Since 2017, the publication volume of related
esearch has exhibited a significant growth trend, reaching a
eak in 2024. This growth was primarily driven by research
n water electrolysis and oxygen reduction, which are the two
ainstream areas and account for the majority of publications.
n contrast, CO2 reduction and nitrate reduction are emerging
ields with smaller research volumes (Figure 1 ). Despite this rapid
rogress, a critical gap persists between laboratory-scale success
nd industrial viability. Closing this “lab-to-market” gap requires
 thorough assessment of how current synthesis methods can be
dapted for scalable and cost-effective production, a perspective
hat is essential for guiding future [ 29 ]. 

everal reviews have examined the design strategies and
ynthesis of wood-based nanomaterials for emerging applica-
ions [ 30–34 ]. However, no review has yet comprehensively
ddressed plant-based catalysts for small-molecule electrolysis.
his article aims to bridge this gap by summarizing recent
dvancements in the development of plant-based electrodes
or small molecule transformation. Our analysis places par-
icular emphasis on various synthesis techniques, including
ne-step carbonization, carbonization-hydrothermal processes,
arbonization-electrodeposition, chemical vapor deposition, and
lectroplating. Additionally, we provide an in-depth review of the
tructural characteristics of plant-based electrodes, particularly
egarding their porosity and conductivity. Building on these
evelopments, we then examine the applications of plant-based
lectrodes in processes such as water electrolysis (including
of 24
seawater electrolysis), oxygen reduction, CO2 reduction, and
ammonia oxidation. Finally, we briefly outline key challenges
and potential directions for future advancements in the design
and synthesis of plant-based electrodes aimed at enhancing small
molecule electro-conversion efficiency. 

2 Synthesis of Plant-Based Monolithic 
Electrodes 

To develop a stable, porous structure suitable for use as an
electrode material, plants typically undergo processes of car-
bonization and, in some cases, activation. Conventional synthesis
methods for carbonizing and activating natural plants encom-
pass one-step carbonization in an inert or oxygen-deficient
atmosphere [ 35 ], hydrothermal carbonization [ 36 ], and chemical
activation followed by carbonization (Figure 2 ) [ 37 ]. 

2.1 One-Step Carbonization 

One-step carbonization is a widely utilized technique for prepar-
ing plant-based electrodes, representing the initial and piv-
otal phase in transforming plants into a conductive material
(Figure 3a ). This approach involves the direct pyrolysis of biomass
sources, such as bamboo and lignin, typically in the presence
of a catalyst to yield conductive carbon materials [ 38, 39 ].
Notably efficient, this process requires specific high-temperature
conditions for optimal conductivity and graphitization. Lignin-
based precursors may undergo sulfonation, which enhances the
catalytic properties of the resulting carbon structures [ 40, 41 ].
High-temperature treatment converts organic components of
plants into carbonized material, preserving their intrinsic archi-
tecture. Furthermore, it is widely recognized that the hierarchical
porous structure inherent to plants can maintain substantial
Exploration, 2026
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FIGURE 2 Graphical representation of plant-based monolithic electrode preparation methods. 

FIGURE 3 Schematic diagram of the (a) one-step carbonization. Reproduced with permission [ 47 ]. Copyright 2022 Elsevier B.V. (b) Carbonization- 
hydrothermal process. Reproduced with permission [ 48 ]. Copyright 2024 Elsevier B.V. (c) Carbonization-electrodeposition process. Reproduced with 
permission [ 49 ]. Copyright 2024 Elsevier B.V. (d) Carbonization-CVD. Reproduced with permission [ 50 ]. Copyright 2023 Elsevier B.V. (e) Carbonization- 
impregnation. Reproduced with permission [ 20 ]. Copyright 2021 Wiley-VCH. 

Exploration, 2026 3 of 24
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onductivity following calcination in an inert atmosphere [ 31 ].
nitially, a suitable plant type (e.g., pine, poplar) is selected,
haped to the desired dimensions, and subjected to a drying
rocess to remove moisture [ 42, 43 ]. The pretreated plants are
ubsequently placed in an inert atmosphere (e.g., N2 or Ar) and
hermally treated. This thermal decomposition process breaks
own cellulose, hemicellulose, and lignin within the plants,
ltimately producing a porous carbon structure characterized
y a high specific surface area [ 44, 45 ]. Li et al. [ 46 ] reported
n a charcoal electrode fabricated by drying pine plant blocks
n an electric oven, followed by carbonization in a tube fur-
ace under an argon atmosphere. This electrode demonstrated
otable efficacy in nitrate reduction, highlighting the utility
f the carbonization method for producing high-performance
lectrodes. Furthermore, the study investigated the influence
f carbonization temperature on electrode performance, find-
ng that temperatures between 700 and 900◦C had minimal
mpact on the efficacy of the charcoal anode. However, at
emperatures below 600◦C, the electrode’s conductivity decreased
ubstantially. 

ne-step carbonization methods present several notable advan-
ages, such as shortened processing time, cost efficiency, and
he capacity to repurpose waste biomass, which contributes
o environmental sustainability [ 51 ]. Although these methods
ffer a promising and sustainable approach for producing plant-
ased electrodes, the high-temperature carbonization of plants
n an inert gas atmosphere, while straightforward and effective,
ften results in carbonized wood (CW) with limited electro-
hemical performance [ 31 ]. Consequently, challenges persist in
ptimizing carbonization conditions to achieve target material
roperties and in scaling up production for industrial appli-
ations. To address these challenges, surface modification of
arbonized plants is essential for better understanding and
efining the process across diverse electrocatalytic applications.
his effort includes the exploration of various biomass sources
nd catalytic agents to enhance the functional capabilities of
he resulting carbon materials. Additionally, post-carbonization
hemical activation treatments, such as the application of
ctivators, are employed to increase specific surface area and
orosity [ 52 ]. Pure carbon materials inherently offer a limited
umber of catalytic active sites; however, heteroatom dop-
ng is posited to cause charge redistribution among carbon
toms, thereby enhancing the activation of small molecules
 53 ]. Consequently, heteroatom doping has emerged as a pivotal
trategy for enhancing the catalytic efficiency of carbon-based
aterials [ 54 ]. 

.2 Carbonization-Hydrothermal/Heating 
reatment 

ydrothermal synthesis is widely utilized in the fabrication of
iverse carbon-based materials due to its cost efficiency and the
elatively moderate temperatures at which it operates [ 55 ]. This
echnique involves immersing the plants in a solution containing
elected metal salts, such as those of Ni, Cu, or organic precursors.
ollowing impregnation, the treated plants is subjected to high-
emperature pyrolysis, which induces the decomposition of the
etal salts and promotes the formation of metal nanoparticles or
xide layers on or within the plant’s surface. 
of 24
Among various synthesis methods, the solvothermal approach
offers several notable advantages [ 56 ]: (1) minimal post-synthesis
treatment and high product purity; (2) precise control over prod-
uct morphology, structure, and composition; and (3) a mild and
straightforward reaction process with an easily regulated reaction
rate. Moreover, the solvothermal method facilitates the inte-
gration of electrocatalytically active materials onto plant-based
substrates. For instance, Gao et al. [ 48 ] utilized graphitized wood-
derived carbon (GWC) as a framework to develop dual-active
catalytic sites through the incorporation of Pt-Ni recombination
(Figure 3b ). This innovative design enabled the modulation of
interfacial atomic interactions through in situ phase transitions,
thereby enhancing both the activity and durability of Pt nano
catalysts for the hydrogen evolution reaction (HER). Initially,
Ni(OH)2 nanosheets were synthesized on the GWC substrate.
Subsequently, Pt nanoparticles were deposited in situ, resulting
in the formation of Pt-Ni(PO3 )2 -GWC. This configuration signifi-
cantly enhanced the efficiency of hydrogen production via water
electrolysis [ 48 ]. 

Unfortunately, the solvothermal method generally requires
an appropriate solvent and a sealed reaction vessel to sustain
specific temperature and pressure conditions, governed by the
vaporized solvent. These requirements contribute to elevated
operational costs. 

2.3 Carbonization-Electrodeposition 

Electrodeposition represents a versatile and efficient method-
ology for synthesizing plant-supported electrocatalysts under
mild conditions, offering a straightforward approach that enables
controlled and effective material fabrication [ 57 ]. Through elec-
trochemical reactions, metal ions are deposited onto the plant
surface, enhancing both its conductivity and chemical stability
[ 58 ]. Specifically, the process involves immersing a plant sample
in an electrolyte solution containing targeted metal ions. Upon
application of voltage, these ions undergo reduction at the wood
surface, yielding a uniform metal coating. This process pro-
duces a conductive metal layer on the plant substrate, markedly
improving the electrode material’s overall performance. 

Electrodeposition holds distinct advantages in the fabrication
of self-supported electrode catalysts. Notably, it is a simple,
aqueous procedure that can be conducted under mild con-
ditions within a relatively short timeframe. The morphology,
loading, and composition of the electrocatalyst can be pre-
cisely controlled by adjusting key reaction parameters, such as
deposition time, potential/current, and electrolyte composition.
Wang et al. [ 49 ] used nickel-cobalt layered double hydroxide
(NiCo-LDH) nanosheets to electrodeposit onto nitrogen-doped
carbonized wood (NCW) to fully utilize the tracheid space
in the wood (Figure 3c ). Wu and co-workers [ 59 ] success-
fully developed ruthenium-cobalt (RuCo) nanosheets supported
on three-dimensional porous carbon derived from pinewood
(referred to as RuCo@TDC). This synthesis was achieved through
a precisely optimized electrodeposition technique, resulting in
a highly effective electrocatalyst for nitrate reduction reactions.
Similarly, Li et al. [ 60 ] employed an in situ strategy to fabricate
a free-standing hierarchical carbon electrode by encapsulating
nickel nanoparticles within nitrogen-doped carbonized wood
Exploration, 2026
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Ni@NCW). The porous architecture of carbonized wood pro-
ides a unique scaffold that supports catalyst nucleation and
ctive component loading, thereby facilitating efficient mass
iffusion. The in situ incorporation of nitrogen-doped carbon
anotubes can significantly enhance electron transfer within
he electrode matrix and concurrently improve the stability of
he active metal species [ 61 ]. By capitalizing on its hierarchical
orous architecture and discrete active sites, this catalyst exhibits
xceptional performance as a self-supporting electrode for the
ER in different pH environments, which affords the industrial-
evel current density of 1000 mA cm− 2 at a low overpotential of
01 mV, characterized by highly favorable kinetic properties. 

.4 Carbonization-Chemical Vapor Deposition 

hemical vapor deposition (CVD) is an established and highly
ffective technique for depositing conductive thin films on wood
urfaces. Within a controlled high-temperature environment,
he gaseous precursor undergoes decomposition, resulting in
he formation of a uniform carbon film on the wood’s sur-
ace. This deposited film not only exhibits remarkable electrical
onductivity but also significantly enhances the mechanical
roperties of plant-based electrodes [ 62 ]. The versatility of the
VD process allows for the treatment of substrates with varying
hapes and sizes, while the catalyst formation process remains
apid and efficient. Notably, the plant substrate itself functions
s a structure-directing agent during catalyst preparation, facil-
tating uniform distribution of the catalytically active material
cross the substrate [ 63 ]. This approach achieves high utilization
ates at a comparatively low cost, a distinct advantage when
mploying precious metal-supported catalysts. Consequently,
VD is widely recognized as a cost-effective, straightforward, and
fficient approach for synthesizing plant-supported, metal-based
lectrocatalysts [ 64 ]. 

n a recent study, Yan et al. [ 50 ] proposed a simple, low-energy
nd efficient method to anchor N/O co-doped carbon nanotubes
n the surfaces of CW substrates by in situ chemical vapor
eposition (Figure 3d ). Zhou et al. introduced an advanced
ethodology that combines the concurrent formation of active
ites with the development of porous carbon networks, thereby
nabling the fabrication of wood-integrated air electrodes [ 65 ].
his approach entails the in situ growth of Co-doped ZIF-8 within
he hierarchical pores of the wood, followed by simultaneous
yrolysis. The resulting air electrode consists of Co-NRR active
ites embedded within a hierarchical porous carbon network.
his wood-derived electrode retains the wood’s inherent hierar-
hical porosity and incorporates Co-N active sites, culminating
n a Co-N@ACS structure that demonstrates enhanced oxygen
eduction reaction (ORR) activity in alkaline electrolytes. 

o improve the stability of the anode in seawater electrolysis
nd mitigate chloride-induced corrosion, Chen et al. developed
 W-doped NiFe sulfide (W-NiFeS/WC) electrode supported on
ood carbon for full seawater electrolysis using an impregnation-
ulf idation method [ 66 ]. During the impregnation phase, metal
alts infiltrate the wood channels, facilitating their anchoring and
dsorption onto the cell walls. Following this, high-temperature
yrolysis converts the wood’s intrinsic components—lignin,
emicellulose, and cellulose- into carbonized wood, while W-
xploration, 2026

v

NiFeS nanoparticles are uniformly and densely deposited on both
the external and internal surfaces of the wood channels. This
process yields a self-supporting electrode characterized by high
mechanical strength, significant porosity, and enhanced electrical
conductivity. 

2.5 Carbonization—Impregnation/Chemical 
Plating 

The impregnation technique provides a straightforward and
efficient approach for the synthesis of supported metal-based
electrocatalysts. Gan et al. [ 20 ] introduced a scalable and eco-
nomical CW electrode for comprehensive water splitting by in
situ decoration of Co/Ni binary nanoparticles within the CW
channel (Co/Ni-CW). Natural plants, rich in hydroxyl groups,
serve as a versatile substrate, enabling the anchoring of metal
cations within the cell wall through coordination bonds. High-
temperature calcination significantly enhances the formation of
CW and Co/Ni binary nanoparticles. Hui and colleagues designed
a 3D framework from natural wood and loaded it with an
amorphous NiP alloy via a simple electroless plating technique to
enhance the catalyst’s HER performance in an alkaline solution
(Figure 3e ) [ 54 ]. 

Additionally, the 3D plants’ aerogel has recently garnered sig-
nificant interest, combining plants’ renewable properties with
aerogels’ high porosity and low density [ 67 ]. This approach
offers thermal insulation, adsorption, catalytic, and mechanical
benefits. A novel layered bifunctional nanoelectrode design by
Chen et al. [ 68 ] features a S, P-(Ni, Mo, Fe)OOH electrocatalyst
layer uniformly deposited on a NiMoP substrate over a channel-
rich plants aerogel, providing superior catalytic performance and
stability when evaluated in alkaline seawater electrolytes. 

2.6 Eco-Friendly Synthesis Methods 

It is worth noting that, several innovative and eco-friendly
synthesis methods are being developed to produce wood-based
electrodes while minimizing the environmental drawbacks of
traditional high-energy and chemical-intensive processing [ 69 ].
One prominent green approach is the use of biological treat-
ments, where white-rot fungi are employed to selectively degrade
lignin in the wood structure before carbonization [ 70 ]. This
bioactivation method is highlighted as a safe, energy-saving,
and environmentally friendly alternative to harsh chemical or
physical activation, as it operates under mild conditions with
less energy consumption and avoids reactor corrosion. Another
key innovation is the development of carbonization-free, low-
temperature techniques, such as the steam-driven self-assembly
of MXene onto delignified wood [ 71 ]. This strategy significantly
simplifies traditional high-temperature annealing processes, and
life cycle assessments have confirmed it has a minimal impact
on the environment, human health, and resource consump-
tion. Furthermore, researchers are focusing on mild chemical
modifications, such as using a simple and green sulfite pro-
cess to functionalize and preserve the wood’s native lignin,
thereby utilizing it as a redox-active component rather than
treating it as a waste product from aggressive delignification
[ 72 ]. These methods collectively demonstrate a shift towards
5 of 24
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ore sustainable manufacturing by leveraging biological pro-
esses, reducing energy inputs, and maximizing the use of the
ood’s inherent components and structure. Briefly speaking, the
ne-step carbonization method is a straightforward and cost-
ffective approach suitable for large-scale production of highly
onductive electrode materials, though it is limited to pure carbon
aterials and challenges arise in incorporating multifunctional
omponents. Hydrothermal or thermal treatments can introduce
unctional elements like oxides, phosphides, and sulfides into car-
onized plants, enhancing electrocatalytic activity and tailoring
pecific electrochemical properties, albeit with increased costs.
he carbonization-electrodeposition method enables precise and
niform deposition of metals or oxides, allowing controlled mate-
ial distribution for electrocatalytic and battery electrode appli-
ations, but it requires advanced equipment and process control.
imilarly, carbonization-CVD introduces functional films, such
s nanomaterials, to significantly enhance catalyst surface per-
ormance, though its complexity and cost restrict its use to high-
alue applications. Alternatively, carbonization-impregnation or
lectroless plating offers a simpler, industrially scalable process
or incorporating multiple functional components, provided the
recursor solution and post-processing are carefully optimized.
ltimately, wood-based electrodes are an ideal green material,
ut their true environmental value depends on the preparation
rocess. Selecting the appropriate method requires balancing
pplication-specific performance requirements against cost and
echnical constraints. 

 Features of Plant-Based Monolithic Electrodes 

n the typical preparation process of catalytic electrodes, powder
atalysts are usually loaded onto electrode substrate materials
ith binders by spraying or dripping or grown in situ by
ydrothermal methods and electrodeposition. However, low elec-
rocatalyst utilization, poor gas/liquid transfer, and weak stability
aused by physical contact prevent them from being used in
ndustrial applications for a long time [ 73, 74 ]. To satisfy the
emands for high site loading, superior conductivity, minimal
on diffusion resistance, and robust mechanical strength, the
evelopment and optimization of integrated electrode designs
ave garnered increasing attention [ 75 ]. Plants are favorable
hoice for carbon sequestration and carbon neutrality efforts
ue to their natural, renewable and abundant properties, as well
s their environmentally friendly characteristics as a biomass
aterial [ 76 ]. In particular, plants benefit from many neatly
rranged vertical channels in nature, which are fast pathways for
ater, ions, and nutrient transport [ 64 ]. 

.1 High Porosity 

lants can be characterized as a naturally occurring nanocom-
osite, comprising a multitude of cells—such as cell walls and
umens—largely aligned along the growth axis, with cellulose
ibrils in a highly crystalline state. These fibrils are cohesively
ound by interfibrillar compounds, including hemicellulose and
ignin [ 19 ]. Hierarchical plant-based structures can be readily
erived from natural plants by delignification, such as sodium
hlorite bleaching, which facilitates the selective removal of
ignin. This process results in the near-total separation of lignin
of 24
from the plant cell wall, accompanied by minimal dissociation
of cellulose and hemicellulose. Consequently, a porous structure
with multidimensional anisotropy, extending across scales, from
the macroscale (10− 2 to 10− 4 m) to microscale fibers (10− 4 to 10− 7 
m), nanoscale elementary fibrils (10− 7 to 10− 9 m), and extending
down to the molecule chains of cellulose (10− 9 to 10− 10 m), is
preserved [ 77 ]. At cellular and tissue levels, the composition of
plants varies significantly across species, exhibiting differences
in both cell types and volume fractions, which influence the
structure and proportions of its primary components. 

The inherent porosity of plants renders it an advantageous
material for use as an electrode. High porosity offers abundant
active sites, which in turn expand the specific surface area of
the electrode and enhance its electrochemical properties. In
energy storage applications, particularly in supercapacitors and
batteries, such porosity facilitates rapid ion and electron trans-
port, thereby reducing charge transfer resistance and accelerating
electrochemical reaction rates. Furthermore, this porosity allows
greater penetration of electrolyte into the electrode interior, con-
tributing to improved capacity and stability in electrochemical
performance. 

Shi et al. developed an efficient, durable and self-supporting
electrocatalyst by encapsulating nickel nanoparticles in nitrogen-
doped carbon shells and growing them in situ on delignified
woody carbon (Ni-NC@DWC) (Figure 4a,b ) [ 78 ]. The highly
open, low-tortuosity, 3D interconnected hierarchical porous
structure of Ni-NC@DWC is beneficial for the electron and
electrolyte transport within the electrode, ensuring the rapid
desorption of gaseous products. The pore size distribution of
Ni-NC@DWC reveals the dominance of micropores/mesopores,
which enables the rapid diffusion of reactants to the active
centers (Figure 4c ). Similarly, Gan et al. [ 20 ] observed that Co-
Ni modification substantially increased the SBET of Co/Ni-CW to
216.12 m2 g− 1 compared to unmodified CW (0.609 m2 g− 1 ), under-
scoring the positive impact of Co/Ni incorporation on surface
area enhancement. Kang et al. [ 79 ] used nitrogen adsorption-
desorption experiments to study the specific surface area and
porous characteristics of Ni2P/PCWF (Figure 4d ), verifying that
the porosity of the catalyst is conducive to promoting mass
transfer and enabling reactants to enter the active sites. 

A scalable, low-cost, and efficient CW electrode for overall water
splitting was developed by in-situ decoration with Co/Ni binary
nanoparticles within CW channels (Co/Ni-CW) [ 54 ]. The 3D
porous structure consisting of multiple large channels (40–70
µm) and multiple small channels (10–25 µm) in natural basswood
was well presented from the scanning electron microscope (SEM)
image of the catalyst (Figure 4e ). All wood channels were
arranged straight from the top to the bottom of the wood,
which enabled the Co and Ni ion solutions to penetrate into the
entire wood and achieve the in-situ formation of Co/Ni binary
nanoparticles within the wood structure. 

In contrast, Wang et al. report findings that diverge from previous
conclusions, using BET analysis to assess the specific surface area
of AuPd alloy nanoparticle-modified CW. Their analysis reveals
that the SBET of Au95 Pd5 @CW (79.7 m2 g− 1 ) is substantially lower
than that of unmodified CW (112.1 m2 g− 1 ), with total pore volume
similarly halved due to the incorporation of alloy nanoparticles
Exploration, 2026
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FIGURE 4 (a) Schematic illustration of the synthesis of Ni-NC@DWC. (b) Corresponding elemental mappings of the Ni-NC@DWC. (c) 
Corresponding pore size distribution. Reproduced with permission [ 78 ]. 2024 Wiley-VCH. (d) BET N2 adsorption/desorption isotherms. Reproduced 
with permission [ 79 ]. Copyright 2022 Hydrogen Energy Publications LLC. (e) SEM image of natural wood after Co2 + and Ni2 + immersion. Reproduced 
with permission [ 54 ]. 2021 Wiley-VCH. 
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 80 ]. This reduction in surface area likely stems from the CW
atrix’s structural characteristics: its aligned channels and meso-
ores not only enable rapid electrolyte transport but also offer
mple surface area for the dispersion of AuPd alloy nanoparticles.
he observed decrease in surface area for Au95 Pd5 @CW is thus
ttributed to a reduction in external surface area, implying that
etal ions predominantly deposit on the external surface. 

.2 Low Tortuosity 

n the context of structural engineering, natural plants are
idely esteemed for their low tortuosity and hierarchical porosity,
hich facilitate the formation of gradient pores and upright
hannels, essential for the efficient transport of water and
utrients. Owing to its biomimetic mass transfer capabilities, the
orous structure of plants has inspired scientists to investigate
onolithic electrodes that inherit these inherent low-tortuosity
hannels, potentially enhancing the performance of electro-
hemical devices [ 31 ]. Beyond its advantageous porosity, plants’
atural fibrous composition imparts a low bending modulus,
ontributing to its structural flexibility. This low tortuosity can
ffectively mitigate the risk of cracking or fracturing during use,
hereby extending the device’s operational lifespan and reliability.

 core characteristic of the aligned channel structure in plants is
ts minimized tortuosity, which ensures a shortened ion transport
ath, thus optimizing electrocatalytic efficiency [ 81 ]. For thicker
lant-based electrodes, the transport path through the pores
ecomes significantly extended, which may shift ion diffusion
esistance beyond charge transfer resistance, potentially impos-
ng a rate-limiting constraint on the electrochemical reaction.
urthermore, due to the electrolyte concentration gradient and
nherent limitations in ion transport, fully utilizing the active sites
ituated deeper within the plant structure proves challenging.
he integrated conductive network and low-tortuosity channels
ithin plant-based monolithic electrodes not only improve the
mbedding of active materials but also promote more efficient ion
nd electron transport. This improved conductivity and transport
fficiency contribute to increased power and energy density in
uch electrochemical systems. 

i and colleagues compared the tortuosity of the heat-shocked
W- CNT@N- C-NiFe electrodes with other samples (Figure 5a )
 82 ]. Their analysis indicates that the bare CW exhibited lower
ortuosity values than both the CW-CNT and CW-CNT@N-C-
iFe electrodes, a difference attributable to the presence of CNTs
nd electrocatalysts within the microchannels. Notably, even
he CW- CNT@N- C-NiFe electrode displayed significantly lower
ortuosity than conventional slurry-coated electrodes (which
ypically range from 3 to 30). This structural characteristic
romotes efficient electrolyte infiltration and facilitates the
iberation of hydrogen gas bubbles. The morphology of the CW-
NT@N- C-NiFe composite further corroborates this observation,
s illustrated in Figure 5b,c . The wood retains its natural porous,
ow-tortuosity microstructure along the growth axis. 

iao’s group developed a straightforward and sustainable
pproach for producing low-cost, efficient urea oxidation reaction
UOR) electrocatalysts. These catalysts comprised CW electrodes
erived from poplar wood, with nanoparticles uniformly
of 24
distributed within the channels, as shown in (Figure 5d ) [ 83 ].
The CW framework, characterized by high graphitization, along
with embedded Ni nanoparticle cores, augments electrode
conductivity and improves the performance of the UOR.
Wood’s low-tortuosity, hierarchically porous structure facilitates
unrestricted mass transport pathways, exposing abundant active
sites, which significantly improves UOR efficiency. SEM image
reveals that the carbon morphology largely preserves the wood’s
original hierarchical architecture, displaying a 3D open-pore
structure with multiple large (50–100 µm) and small (5–20
µm) channels (Figure 5e ). These microchannels feature low
tortuosity and extend uniformly from the top to the bottom.
This configuration facilitates enhanced electrolyte permeation,
efficient gas product release, and a reduction in ion transport
resistance. 

Basswood, a representative hardwood with a complex, aligned
channel structure, exhibits two types of pores within its cross-
section: smaller pores derived from cellulose fibers ( < 10 µm) and
larger conduits ( ∼ 50 µm). Viewed along the growth direction,
the aligned tubes extend through the entire trunk with minimal
curvature. These vessel tubes (constituting ∼ 15% of basswood
trunk volume) and fiber channels ( ∼ 30%) create ideal pathways
for sustained water transport and filtration in the living tree.
Following carbonization, this natural 3D scaffold structure sup-
ports effective electrode performance by enabling electrolyte ions
to access nearly the entire surface of active sites, irrespective of
electrode thickness [ 84 ]. 

3.3 High Electrical Conductivity 

Conductivity, in general, refers to the rate at which electrons
are transported through a material, which plays a critical role
in determining electrode materials’ performance. Wood-derived
electrodes offer several advantages, including natural renewabil-
ity, favorable mechanical properties, and low cost. Furthermore,
through carbonization and functionalization treatments, their
conductivity and electrochemical properties can be significantly
enhanced, positioning them as promising candidates for elec-
trode materials [ 37, 85 ]. 

Studies have demonstrated that the influence of carbonization
temperature on conductivity is significant. It is generally accepted
that as the carbonization temperature increases, the carbon
content of the wood electrode rises, the degree of graphitization
enhances, and consequently, conductivity improves [ 86 ]. For
instance, Gabhi et al. [ 87 ] found that as the carbon content of
wood increased from 86.8% to 93.7%, its conductivity rose from
2.5 × 10− 4 S m− 1 to 399.7 S m− 1 , an increase of more than six orders
of magnitude. In Wang et al.’s study, optimization of the car-
bonization temperature and wood thickness yielded carbonized
wood with a conductivity of 2.2 S m− 1 . Their findings indicated
that the optimal thickness for carbonized wood, considering both
electron and ion transport capabilities, was 1.532 mm, resulting
in optimal electrochemical performance in supercapacitors [ 88 ].
Additionally, functionalizing plant-based materials is an effective
strategy to enhance conductivity. Tran et al. introduced the con-
ductive polymer poly(3,4-ethylenedioxythiophene): polystyrene
sulfonate (PEDOT: PSS) into sulfonated wood, which not only
imparted conductivity but also facilitated strong electrostatic
Exploration, 2026
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FIGURE 5 (a) Tortuosity values comparison for different wood-based materials. (b) SEM image of the top surface of the natural wood, and (c) 
the carbonized wood. Reproduced with permission [ 82 ]. Copyright 2018 WILEY-VCH. (d) Schematic representation of the fabrication process for the in 
situ integration of nickel nanoparticles into the carbonized wood matrix. (e) Overview SEM image. Reproduced with permission [ 83 ]. Copyright 2022 
Chinese Academy of Sciences. 
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nteractions with the sulfonated lignin component. This pro-
oted tight coupling between the redox-active lignin and the
harge-transporting PEDOT, resulting in a wood-based electrode
ith a conductivity of up to 203 S m− 1 [ 89 ]. Similarly, the lignin
ulfonate in the wood structure acted as a dopant and stabilizer
or the synthesized polypyrrole, achieving a high conductivity of
86 S m− 1 for the composite material [ 40 ]. Carbon nanomaterials,
uch as carbon nanotubes and graphene quantum dots, have
lso been utilized to improve the conductivity of wood-based
lectrodes. Wu et al. significantly enhanced the conductivity
f wood-based carbon materials by growing carbon nanotubes
CNTs) within them, leading to excellent rate performance in
upercapacitors [ 90 ]. Graphene quantum dots-modified wood-
ased carbon electrodes have demonstrated improved electron
ransport and optimized charge storage pathways [ 91 ]. Metal and
etal oxide modifications are also common approaches. Elec-
rodes made from 3D layered wood (wood@Ni@Zn), constructed
hrough electroplating Ni and subsequent electrochemical Zn
eposition, exhibited high electrical conductivity (173.6 S m− 1 )
nd a long service life [ 92 ]. Similarly, the incorporation of metal
xides such as NiCo2 S4 onto wood-based carbon electrodes simul-
aneously improved conductivity and electrochemical activity
 84 ]. These modification techniques collectively enhance the
pplication potential of wood-based electrodes. 

econdly, the distinctions between hardwoods and softwoods
esult in notable differences in their conductivity and elec-
xploration, 2026
trochemical properties [ 93, 94 ]. Studies have indicated that
hardwoods, such as African ironwood and olive wood, typically
possess higher density and more intricate microstructures, which
contribute to their enhanced conductivity. In contrast, softwoods,
including pine and redwood, have lower density and simpler
microstructures, resulting in comparatively lower conductivity.
Bamboo, however, exhibits significantly higher conductivity than
other types of wood, primarily due to its high cellulose con-
tent and larger graphite nanocrystal size. The conductivity of
bamboo electrodes, after carbonization at 1500◦C, reached 21,000
S m− 1 , which is substantially higher than that of other wood
types [ 95 ]. 

It is important to note that the anisotropy of wood, such as
differences between transverse and longitudinal cutting, sig-
nificantly impacts its conductivity, with electrodes made from
transversely cut wood exhibiting superior conductivity [ 96 ]. The
conductivity of wood electrodes increases with the application of
compression pressure, up to a certain point where internal cracks
begin to form, causing a decrease in conductivity. Moreover,
when the pressure is released, the conductivity returns to its
pre-compression level, a phenomenon referred to as the elastic
behavior of the electric conductivity of biochar [ 87 ]. Although
wood-derived electrodes show great potential, optimizing their
structure to further enhance conductivity and reduce internal
resistance in practical applications remains a critical area of
ongoing research and a significant challenge. 
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n summary, the natural high porosity of plant-based materials
rovides a vast surface area with abundant active sites, promoting
apid ion and electron transport. Besides, their inherent structure
f straight, aligned channels results in low tortuosity, which short-
ns ion transport paths and improves mass transfer efficiency.
n addition, although initially poor conductors, their electrical
onductivity can be significantly enhanced through treatments
ike high-temperature carbonization and modification with con-
uctive materials, making them a highly effective and sustainable
latform for electrochemical applications (See Tables 1 and 2 ). 

 Plant-Based Monolithic Electrodes for Small 
olecule Conversion 

.1 Water Electrolysis 

ater electrolysis, a process by which water is split into hydrogen
nd oxygen through the application of electrical energy, repre-
ents a promising avenue for sustainable hydrogen production
 97–99 ]. The hydrogen generated by electrolysis serves as a clean
nergy vector with versatile applications, including fuel cells,
nd chemical synthesis, and as a potential replacement for fossil
uels [ 100, 101 ]. The development and optimization of highly
ctive and stable electrocatalysts are essential for addressing the
nergy crisis and mitigating environmental pollution. Leveraging
heir rich hierarchical porous structures, high specific surface
rea, adjustable surface and interface properties, and uniformly
ispersed active sites (such as metal nanoparticles, metal com-
ounds, and heterogeneous catalytic structures), plant-based
anomaterials are emerging as highly attractive electrocatalysts
or the HER and oxygen evolution reaction (OER) [ 102 ]. 

he development of self-supporting, nanoparticle-embedded,
lant-derived porous carbon materials has become an effective
nd durable approach for electrocatalysis in the HER under both
cidic and alkaline environments [ 121, 122 ]. The hydrothermal
ethod facilitates the controlled deposition and dispersion of
anoparticles onto the plant’s surface, enabling the construction
f multi-scale structures. This approach optimizes the pore
rchitecture and surface morphology of plant-derived carbon
aterials, thereby enhancing their catalytic properties. For exam-
le, Li et al. [ 104 ] utilized a two-step carbonization process to
abricate monolithic porous carbon-based electrodes modified
ith Co/CoOx NW sheets. These electrodes exhibited excellent
atalytic activity and stability for HER and OER, as well as
heir coupled overall water-splitting reactions in an alkaline
nvironment (Figure 6a ). Similarly, Shi and colleagues incorpo-
ated molybdenum into the Ni3 S4 lattice grown on carbonized
ood (denoted as Mo- Ni3 S4 /CW) to optimize hydrogen and
xygen species adsorption energies and modulate local charge
ensities at active sites, significantly enhancing both HER and
ER performance (Figure 6b ) [ 105 ]. Gao et al. advanced the field
y employing GWC as a platform to construct dual-active catalytic
ites through Pt-Ni recombination, leveraging in situ phase transi-
ions to modulate heterointerface atomic interactions and thereby
nhance the activity and durability of Pt-based nanocatalysts
or HER [ 48 ]. Furthermore, research has demonstrated that the
stablishment of a heterointerface between two electroactive
hases can alter the electronic environment at the interface [ 123 ].
his modification occurs through the redistribution of electrons,
0 of 24
which, in turn, increases the density of catalytically active sites.
This, in turn, can significantly improve electrocatalytic efficiency
[ 124 ]. Therefore, Farithkhan et al. [ 106 ]. were the pioneers in
demonstrating the integration of 3D Se- and P-modified NiSeP
(NSP) microflakes with CuFe (CF) composite cubes, which
were directly embedded within the multi-channel structures
of nitrogen-doped carbonized wood scaffolds (NSP-CF@NCW).
They investigated how microstructural engineering of electronic
frameworks and catalytic sites influences multifaceted enzyme-
free urea sensors and urea-assisted water electrolysis. Notably, the
NSP-CF@NCW electrode achieved a current density of 50 mA
cm− 2 at a potential of 1.49 V versus RHE, representing a 210 mV
reduction compared to the overpotential ( η) typically required for
conventional alkaline water-splitting reactions. 

Carbonization-electrodeposition and carbonization-impregna-
tion are widely employed methods for fabricating plant-based
electrodes. Transition metal compounds, including Fe, Co, and
Ni, as well as their nitrides, phosphides, and hydroxides, have
been effectively integrated with conductive matrices to serve
as bifunctional catalysts in water splitting and urea electrolysis
applications [ 125, 126 ]. Traditional electrode substrates primar-
ily consist of metal foams, carbon cloths, and semiconductors
[ 124 ]. However, extending the use of substrates to sustainable
natural plants presents an ideal avenue for producing high-
performance electrodes [ 20 ]. For instance, Li and colleagues
developed a freestanding hierarchical carbon electrode by encap-
sulating nickel nanoparticles within nitrogen-doped carbonized
wood (Ni@NCW) through a straightforward in situ strategy.
This electrode demonstrated exceptional HER electrocatalytic
performance, achieving industrial-grade current densities of up
to 1000 mA cm− 2 in 1 m KOH (Figure 6c ) [ 60 ]. Serves a dual
function in catalysis: it modulates the electronic properties of
the catalyst while facilitating charge transfer. This synergistic
effect enhances the material’s conductivity, thereby markedly
improving its catalytic performance in the HER (Figure 6d ). The
optimized water dissociation energy barrier and ΔGH* suggest
that the synergistic interaction between Ni nanoparticles and the
N-doped carbon layer significantly enhances HER performance
(Figure 6e ). Similarly, integrated electrodes with tunable wettabil-
ity, derived from hierarchical porous wood scaffolds, have shown
promise for UOR [ 83 ]. 

High-entropy alloys (HEAs) with entropy stabilization properties
offer significant advantages for enhancing chemical stability
and lowering thermodynamic energy barriers in HER due to
their highly disordered structures and randomly distributed
unsaturated sites [ 127 ]. However, like other nanocatalysts, HEAs
face critical challenges in surface architecture during electro-
catalysis, including nanoparticle detachment, inefficient electron
transfer, and limited accessibility to active sites [ 128, 129 ]. Wang
et al. demonstrated a defect-driven surface engineering strategy,
developing a highly active and durable electrocatalyst comprising
five-element HEAs (PtNiCoFeCu) encapsulated within activated
carbonized wood (ACW) (Figure 6f ). Unlike conventional pyroly-
sis methods that yield exposed structures, the self-encapsulation
of HEAs, stabilized by intrinsic defects and a protective carbon
coating, resists tensile forces generated by cyclic bubble adsorp-
tion and desorption, thereby significantly improving structural
stability during HER [ 116 ]. In addition, conventional prepara-
tion methods for chain metal catalysts often involve prolonged
Exploration, 2026
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TABLE 1 Summary of parameters for various plant-based materials in water electrolysis. 

Synthesis methods Catalysts Pore structure Performance Ref. 

Carbonization- 
hydrothermal 
treatment 

CoP@PCM SBET = 229.4 m2 g− 1 HER: η10 = 155 mV, 0.5 m H2 SO4 [ 103 ] 

Co@N-HPMC SBET = 249 m2 g− 1 , Saverage = ∼ 4 
nm, Vp = 0.249 cm3 g− 1 

HER: η10 = 128 mV, 1.0 m KOH 

OER: η10 = 297 mV, 1.0 m KOH 

[ 104 ] 

Pt-Ni(PO3 )2 -GWC — HER: η10 = 10 mV [ 48 ] 
Mo-Ni3 S4 /CW SBET = 59 m2 g− 1 , HER: η10 = 17 mV, 1.0 m KOH 

OER: η10 = 240 mV, 1.0 m KOH 

[ 105 ] 

NSP-CF@NCW Mean diameter 8.6 µm UOR: 1.49 V versus RHE @ 50 mA 

cm− 2 
[ 106 ] 

Ni3 Fe-CW — HER: η10 = 76 mV, 1.0 m KOH 

OER: η10 = 237 mV, 1.0 m KOH 

[ 107 ] 

CoNiNP-N@CoNi/CW SBET = 375.65 m2 g− 1 , Saverage = 

8.35 nm, Vp = 0.22 cm3 g− 1 
HER: η10 = 143 mV, 1.0 m KOH [ 108 ] 

NP MoS2 /CW — HER: η10 = 109.5 mV, 0.5 m H2 SO4 [ 109 ] 
NiS/Ni3 S4 /GCW SBET = 62.5 m2 g− 1 HER: η10 = 91 mV, 1.0 m KOH [ 110 ] 

Fe/Fe3 C/CNT@MoS2 @GW SBET = 422.689 m2 g− 1 HER: η10 = 63 mV, 0.5 m H2 SO4 [ 111 ] 
NiFe-LDHs@NiFe/CW SBET = 193.82 m2 g− 1 OER: η50 = 212 mV, 1.0 m KOH [ 112 ] 

Ni2 P/PCWF SBET = 473.6 m2 g− 1 , Saverage = 4 
nm, Vp = 0.25 cm3 g− 1 

UOR: 1.34 V versus RHE @ 50 mA 

cm− 2 
[ 79 ] 

Carbonization-CVD W-NiFeS/WC Macropores 10 − 60 µm in 
diameter 

Seawater: 1.673 V @ 100 mA cm− 2 , 
Ecorrosion = 0.258 V versus RHE, 

Jcorrosion = 6.341 µA cm− 2 , 1.0 versus 
KOH 

[ 66 ] 

MoS2 -MoO2 /CW — HER: η10 = 148 mV, 0.5 m H2 SO4 [ 113 ] 
Carbonization- 
electrodeposition 

Ni@NCW — HER: η1000 = 401 mV, 0.5 m H2 SO4 [ 60 ] 

GO/Ni-Co/CW — HER: η10 = 52 mV, 0.5 m H2 SO4 [ 57 ] 
a-NiFe@Ni-CW SBET = 157 m2 g− 1 OER: η100 = 268 mV, 1.0 m KOH [ 114 ] 
Pd-NiS/CW — HER: η10 = 80 mV, 1.0 m KOH [ 115 ] 

Carbonization- 
impregnation 

Ni0.05 /CW Large and small pores are 
50–100 µm and 5–20 µm 

UOR: 1.36 V versus RHE @ 10 mA 

cm− 2 
[ 83 ] 

Co/Ni-CW Large and small pores are 
40–70 µm and 10–25 µm, SBET = 

216.12 m2 g− 1 , Saverage = 3.851 nm, 
Vp = 0.220 cm3 g− 1 

HER: η10 = 157 mV, 1.0 m KOH 

OER: η10 = 330 mV, 1.0 m KOH 

[ 20 ] 

Others S,P- 
(Ni,Mo,Fe)OOH/NiMoP/wood 

aerogel 

Large and small pores are 
200–300 µm and 15–80 µm 

HER: η500 = 258 mV, 1.0 m KOH 

OER: η500 = 297 mV, 1.0 m KOH 

[ 68 ] 

HEAs@ACW — HER: η10 = 7 mV, 1.0 m KOH [ 116 ] 
Mo2 N-Mo2 C/N-CW — HER: η10 = 79 mV, 0.5 m H2 SO4 [ 117 ] 
NCF0.5 P@CNT/CW SBET = 352.6 m2 g− 1 HER: η50 = 205 mV, 1.0 m KOH 

OER: η50 = 212 mV, 1.0 m KOH 

[ 118 ] 

3D Ni-W-B/wood — HER: η50 = 46 mV, 1.0 m KOH [ 119 ] 
CoP@PNC/PCWF — UOR: 1.5 V versus RHE @ 50 mA 

cm− 2 
[ 120 ] 

CW- CNT@N- C-NiFe — HER: η10 = 179 mV, 0.5 m H2 SO4 [ 82 ] 

Abbreviations: Ecorrosion , corrosion potential; GO, graphene oxide; GWC, graphitized wood-derived carbon; HPMC, hierarchically porous monolithic carbon; PCM, 
porous carbon membrane. 
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TABLE 2 Summary of parameters for various plant-based materials in oxygen reduction. 

Synthesis methods Catalysts Pore structure Performance (vs. RHE) Ref. 

Carbonization- 
impregnation 

Co-N@ACS — E1/2 = 0.86 V [ 65 ] 

Carbonization- 
hydrothermal 
treatment 

TARC-N SBET = 1438 m2 g − 1 Einitial = 0.98 V, E1/2 = 0.86 V [ 134 ] 
Fe-N-Cwood SBET = 840.9 m2 g− 1 Einitial = 0.98 V, E1/2 = 0.9 V [ 135 ] 
FeP-NWCC SBET = 565 m2 g− 1 E1/2 = 0.86 V [ 136 ] 

NiCo1.8 Fe0.2 O4 @N- 
carbon 

— E1/2 = 0.86 V [ 137 ] 

Fe2 O3 -CW1000 SBET = 505.95 m2 g− 1 Einitial = 0.98 V, E1/2 = 0.78 V [ 138 ] 
Freeze-carbonization- 
impregnation 

FeP@N,P-WCA Pore diameters of 
30–50 µm, mesopore 
sizes: 3–5 nm, SBET = 

584.2 m2 g− 1 

Einitial = 0.95 V, E1/2 = 0.84 V, 
Ilimit = 5.20 mA cm− 2 

[ 67 ] 

PCLFW@Li-Na — Einitial = − 0.12 V, E1/2 = − 0.22 V [ 139 ] 
Others Co@NCW SBET = 722 m2 g− 1 , Vp = 

0.37 cm3 g− 1 
E1/2 = 0.89 V [ 140 ] 

Bamboo charcoal — Einitial = − 0.88 V versus 
Ag/AgCl 

[ 141 ] 

NPBC SBET = 745.12 m2 g− 1 , 
Saverage = 2.72 nm, Vp = 

0.51 cm3 g− 1 

E1/2 = 0.864 V [ 142 ] 

Abbreviations: ACS, activated carbon substrate; E1/2 , half-wave potential; Einitial , initial potential; NPBC, N-doped pre-treated bamboo-based hierarchical porous 
carbon; PCLFW, porous carbonized lignin-free wood; WCA, wood-derived carbon aerogel. 
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igh-temperature calcination and cooling phases, where slow
eating and cooling rates frequently lead to nanoparticle agglom-
ration and degradation [ 130, 131 ]. Thermal shock treatment
as emerged as a novel material synthesis technique, gaining
ttention for its distinct synthesis mechanisms, tunable physic-
chemical properties, and In a groundbreaking study, Li and
olleagues introduced an innovative thermal shock methodology
or the expedited synthesis of self-assembled catenary-structured
anocatalysts (N-C-NiFe) within an open-channel, low-torsion
arbon nanotube network (CW-CNT) [ 82 ]. The resultant free-
tanding CW- CNT@N- C-NiFe composite electrode exhibited
xceptional electrocatalytic characteristics and demonstrated
rolonged durability in hydrogen evolution applications. Specifi-
ally, the electrode manifested a Tafel slope of 52.8 mV dec− 1 and
equired merely 179 mV overpotential to achieve a current density
f 10 mA cm− 2 . The thermal shock technique, characterized
y instantaneous heating and rapid cooling cycles, effectively
uppressed nanoparticle coalescence and migration, resulting in
he generation of monodispersed, nanoscale catalytic particles.
urthermore, the unique architectural configuration of the CW-
NT matrix, featuring vertically aligned microporous channels,
nhanced electrolyte permeation and optimized hydrogen gas
iberation kinetics. 

lant-based monolithic electrodes exhibit exceptional perfor-
ance in water splitting, particularly in the OER, which fre-
uently serves as the rate-determining step in the electrolysis
rocess. The carbonized plants’ inherently high surface area and
orosity significantly enhance hydrogen evolution at the cathode
uring the HER. These properties provide abundant catalytic
ites and facilitate efficient ion transport, thereby reducing
2 of 24
the energy requirements for electrolysis and augmenting the
overall efficiency of hydrogen production. By harnessing the
unique porous architecture and mechanical resilience of plants,
coupled with state-of-the-art carbonization and functionalization
methodologies, these electrodes achieve remarkable performance
in both the OER and HER. 

4.2 Oxygen Reduction 

The oxygen reduction reaction is a pivotal process in energy
conversion systems, including fuel cells and metal-air batteries
[ 132 ]. However, its inherently sluggish reaction kinetics presents
a significant bottleneck for advancing next-generation energy
conversion technologies [ 131, 133 ]. To overcome this limitation,
an integrated design approach that concurrently develops active
catalytic sites and establishes porous carbon networks has been
proposed. This strategy enhances charge transfer, mass transport,
and electron conduction, thereby addressing the critical kinetic
challenges of ORR. 

Platinum-based catalysts, recognized as the most advanced
cathode electrode catalytic materials, significantly enhance the
sluggish kinetics of the ORR. However, their widespread adoption
remains constrained due to the high cost, limited availability,
and inadequate stability of precious metals. Addressing these
challenges has prompted a general shift towards developing
efficient and durable non-precious metal alternatives to replace
Pt-based catalysts. Zhou et al. [ 65 ] introduced an integrated
air electrode, termed Co-N@ACS, which incorporates Co-N
sites and hierarchical porous carbon, synthesized by growing
Exploration, 2026
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FIGURE 6 (a) Schematic illustration of the synthesis of CoNiNP-N@CoNi/CW. Reproduced with permission [ 108 ]. Copyright 2022 Hydrogen 
Energy Publications LLC. (b) Structural models of Ni3 S4 and Mo-Ni3 S4 . Reproduced with permission [ 105 ]. Copyright 2023 Elsevier B.V. (c) Cycling 
performance of the Ni@NCW catalyst evaluated in a 1 m KOH solution. (d) High-resolution XPS spectra of the N 1s orbital for the Ni@NCW catalysts. 
(e) Calculated reaction free energy for H2 O dissociation on various optimized model surfaces. Reproduced with permission. [ 60 ] Copyright 2023 Wiley- 
VCH GmbH. (f) Mechanism of the self-encapsulation of HEAs driven by defect-driven surface engineering. Reproduced with permission. [ 116 ] Copyright 
2024 Wiley-VCH GmbH. 
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o-doped ZIF-8 within an activated wood matrix (Paulownia)
nd simultaneously subjecting it to pyrolysis. The optimized
lectrode demonstrated exceptional ORR activity, with a half-
 ave potential (E1/2 ) of 0.86 V versus RHE. SEM revealed that
retreatment induced the formation of numerous artificial pores
n the vessel walls and channels, with ZIF particles distinctly
nchored along these structures in the Co/ZIF-8@AWS (activated
ood substrates) framework (Figure 7a ). Post-pyrolysis, the
ierarchical porous architecture of the wood substrate was well
reserved, and the polyhedral, rough-textured pyrolyzed ZIF was
eamlessly incorporated into the Co-N@ACS matrix (Figure 7b ).
he high E1/2 values and substantial limiting current densities
urther confirmed the superior ORR catalytic performance of
o-N@ACS (Figure 7c ). 

n addition, heteroatom-doped carbon materials have gained sig-
ificant attention as promising metal-free catalysts for the ORR,
wing to their competitive electrochemical activity, superior con-
uctivity, cost-effectiveness, and remarkable durability [ 143–146 ].
iao and co-workers [ 138 ] successfully prepared Fe2 O3 -CW1000
sing low-cost nitrogen-doped carbon from wood to support Fe3 +
xploration, 2026
through a simple pyrolysis and oxidation method (Figure 7d ).
The XRD analysis confirmed the successful deposition of γ-
Fe2 O3 on the CW substrate, with the characteristic peak at
26.38◦ demonstrating peak broadening, suggesting structural
imperfections within the carbon matrix that potentially serve as
catalytic centers for oxygen electrode reactions (Figure 7e ). The
Fe2 O3 -CW1000 composite demonstrated superior electrocatalytic
properties, particularly evidenced by its elevated onset potential
( Eonset ) of 0.98 V, surpassing conventional commercial catalysts.
This enhanced performance is attributed to the synergistic inter-
action between γ-Fe2 O3 and Fe-Nx species, which collectively
promote ORR activity (Figure 7f ). Furthermore, comprehensive
investigations into the electron transfer mechanisms of Fe2 O3 -
CW1000 , through both computational modeling and experimental
validation, established that the ORR predominantly follows a
four-electron transfer pathway. These findings provide critical
insights into the underlying mechanisms responsible for the
improved ORR efficiency (Figure 7g,h ). 

An innovative approach for synthesizing highly active and
durable oxygen electrocatalysts involves the deposition of
13 of 24
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FIGURE 7 (a) SEM of the top-view and cross-sectional morphology of AWS and Co/ZIF-8@AWS, and (b) Co-N@ACS. (c) LSV curves of ACS, Co-N- 
C, Co-N@ACS and 20% Pt/C at 1,600 rpm. Reproduced with permission [ 65 ]. Copyright 2021 Springer Nature. (d) Schematic illustration of the preparation 
procedures for Fe2 O3 -CW1000 . (e) XRD pattern of Fe2 O3 -CW1000 . (f) LSV curves of CW, Fe-CW, Fe2 O3 -CW1000 , and commercial Pt/C. (g) LSV curves of 
Fe2 O3 -CW1000 at different rotating speeds. (h) The catalytic mechanism of Fe2 O3 -CW1000 sample for the ORR process in alkaline media. Reproduced 
with permission [ 138 ]. Copyright 2022 Elsevier B.V. (i) SEM image of FeP@N, P-WCA and corresponding element mappings. (j) High-resolution C 1s, N 

1s, P 2p, Fe 2p XPS spectra of FeP@N, P-WCA. Reproduced with permission [ 67 ]. Copyright 2024 Elsevier Ltd. 
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ransition metal compounds onto highly porous carbon aerogels.
ompared to conventional catalyst supports, carbon aerogels
ffer tunability and structural control, enabling precise catalyst
esign and optimization to enhance activity and stability.
u et al. [ 67 ] developed an innovative approach for cell wall
anoengineering, enabling the transformation of natural balsa
ood into wood-derived carbon aerogels (WCA). They further
mbedded FeP nanoparticles within hierarchically N, P-doped
CAs, which were subsequently evaluated for their efficacy
s ORR electrocatalysts. SEM and energy-dispersive X-ray
pectroscopy (EDS) analyses provided critical insights into
oth the elemental composition and the spatial distribution
ithin the FeP@N, P-WCA. These factors are essential
eterminants influencing catalytic performance (Figure 7i ).
-ray photoelectron spectroscopy (XPS) was utilized to gain
omprehensive insights into the surface chemical composition
nd electronic states of FeP@N, P-WCA (Figure 7j ). Five distinct
itrogen configurations were identified: pyridinic N (398.5 eV),
yrrolic N (400.9 eV), graphitic N (402.1 eV), Fe-N (399.7 eV),
nd oxidized N (404.7 eV). Additionally, the presence of peaks
t 133.2 eV (P-C) and 134.2 eV (P-O) further corroborated the
uccessful integration of phosphorus into the carbon matrix. This
odification notably improved the catalytic activity and stability
f the material, extending its potential for a range of applications.

lant-based electrodes, particularly those functionalized with
etal catalysts, represent an efficient and cost-effective alterna-
ive to traditional platinum-based cathodes. Their high surface
rea and porous architecture promote efficient oxygen diffusion,
hile the carbonized framework ensures excellent electrical
onductivity for electron transfer. While plant-based monolithic
lectrodes show promise for ORR applications, challenges such
s scaling production and improving stability under harsh
onditions remain. 

.3 CO2 /Nitrate Reduction 

t present, there are relatively few studies on plant-based elec-
rodes in CO2 and nitrate reduction, but some work has shown
hat good catalytic performance can be achieved through the
unctional treatment of plants. Some representative plant-based
aterials for carbon dioxide/nitrate reduction are summarized in
able 3 . 

he electrocatalytic conversion of CO2 into valuable chemical
ompounds and fuels through efficient reduction processes offers
 viable approach to addressing the dual challenges of energy
carcity and environmental degradation [ 154, 155 ]. Nonetheless,
he success of this methodology is intrinsically linked to the devel-
pment of advanced electrocatalysts with superior performance
haracteristics [ 130 ]. In a significant contribution to this field,
in et al. [ 151 ] engineered carbon defects within self-sustaining
orous carbon film (HDPCM) electrodes, facilitating effective
O2 RR in aqueous environments. This innovation marks a
ivotal advancement in the realm of metal-free carbon-based
lectrocatalysts for CO2 RR, as illustrated in Figure 8a . Building
pon this foundation, the HDPCM electrode was subsequently
ransformed into a unified GDE through a straightforward
ydrophobic modification, enabling its direct application in flow
ell configurations to attain elevated current densities for CO2 RR.
xploration, 2026
Remarkably, a current density of − 12.2 mA cm− 2 and FECO of
79.2% were realized at a potential of − 0.35 V relative to the
RHE, representing a tenfold enhancement over the performance
metrics observed in a conventional H-cell. 

The porous carbon structures derived from plant carbonization
showed remarkable performance in CO2 reduction when loaded
with metal catalysts in recent studies. Embedding metal nanopar-
ticles directly into carbonized plants represents an alternative and
promising strategy for enhancing electrocatalytic performance.
Metallic and bimetallic nanoparticles are extensively utilized
as electrocatalysts for CO2 reduction reactions (CO2 RR) due
to their catalytic properties [ 156–159 ]. However, unsupported
metal nanoparticles are prone to aggregation due to their high
surface energy, which diminishes their catalytic activity dur-
ing CO2 RR [ 160 ]. To mitigate this challenge, nanoparticles are
frequently modified with various supports to enhance disper-
sion and stability, achieved through strong interactions between
the nanoparticles and their supports [ 161 ]. In a significant
advancement in electrocatalytic CO2 reduction, Wang et al. [ 80 ]
engineered AuPd alloy nanoparticles with adjustable compo-
sitions to create carbonized wood film-based self-supporting
electrodes (AuPd@CW). These electrodes demonstrated excep-
tional performance, achieving a maximum FECO of 82% at a
modest overpotential of 0.49 V, outperforming both Au@CW
and Pd@CW counterparts (Figure 8b,c ). XPS analysis revealed
a pronounced synergistic interaction between Au and Pd within
the Aux Pd1 − x alloy nanoparticles, facilitating efficient electron
transfer between the two metals. This electronic modulation is
crucial for optimizing the adsorption of reaction intermediates
and desorption of final products, thereby enhancing the overall
CO2 RR efficiency (Figure 8d ). Complementary density functional
theory (DFT) simulations corroborated these findings, showing
that the equilibrium adsorption energies of COOH* and CO*
species on the AuPd nanoparticle surfaces favor CO* desorption, a
key factor in improving electrocatalytic performance (Figure 8e ).

In a parallel development, Tao et al. [ 150 ] introduced a novel
GDE architecture utilizing carbonized wood as a dual-function
substrate—providing both electrical conductivity and porous
structure—for reconstructed Ag nanoparticles (Ag@CW-ER).
This innovative design achieved a remarkable jCO of − 186.7 mA
cm− 2 at − 1.31 V versus RHE, while maintaining a stable total
current density of approximately − 300 mA cm− 2 over an 8-h
operational period. The uniform distribution of reconstructed
Ag nanoparticles within the carbonized wood matrix created
numerous active sites, significantly improving CO2 adsorption
and activation during the electrochemical reduction process. 

Notably, leveraging the hierarchical porous structure of the
plants to construct porous nitrogen-doped (N-doped) carbon as a
self-supporting electrocatalyst effectively addresses the practical
limitations of powdered carbon in CO2 RR [ 162 ]. The hierarchical
porous framework facilitates rapid mass transfer and provides an
expansive surface area, thereby exposing more active sites. Fur-
thermore, the incorporation of nitrogen species into the carbon
matrix introduces potential active sites for CO2 RR, promoting
faster reaction kinetics and enhancing performance. Chang
et al. have rationally designed and synthesized a self-supporting
single-atom electrocatalyst for efficient CO2 RR by anchoring
highly active Ni-N4 sites onto an N-doped carbonized wood
15 of 24
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FIGURE 8 (a) Schematic illustration of the PTFE-modified HDPCM-based flow cell. Reproduced with permission [ 151 ]. Copyright 2024 Copyright 
Clearance Center. (b) Schematic illustration of the synthesis process of the Aux Pd1 − x @CW electrodes. (c) FE for CO generation on pristine CW, Au@CW, 
Au95 Pd5 @CW, and Pd@CW electrodes under varying applied potentials. (d) XPS survey spectra and high-resolution XPS spectra of C 1s, Au 4f, and Pd 
3d of Au@CW, Au95Pd5@CW, and Pd@CW electrodes. (e) DFT computational model for COOH* and CO* adsorption on Au@CW, Au95 Pd5 @CW, and 
Pd@CW. Reproduced with permission [ 80 ]. Copyright 2021 Elsevier Inc. (f) high-angle annular darkfield scanning transmission electron microscopy 
(HAADF-STEM) and elemental mapping of Cu5 Co5 /OMC. (g) NH3 yield rate, and (h) NH3 Faradaic efficiency of Cu5 Co5 /OMC from − 0.2 to − 0.8 V in 
1 m KOH with 0.1 m KNO3 . (i) PDOS and d-band center of Cu5 Co5 /OMC and Cu5 Co5 NPs. Reproduced with permission [ 152 ]. Copyright 2023, American 
Chemical Society. 
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TABLE 3 Summary of parameters for various plant-based materials in CO2 /nitrate reduction. 

Synthesis method Electrode Pore structure Performance (vs. RHE) Ref. 

CO2 RR 

One-step carbonization N-CWM Pore size = 5–50 µm, SBET = 

877.44 m2 g − 1 , Vp = 0.49 
cm3 g− 1 

FECO = 78% at − 0.68 V [ 147 ] 

Activated wood SBET = 182 m2 g− 1 J = − 53.8 mA cm− 2 , FEHCOOH = 70.8% at − 1.8 
V (vs. SCE) 

[ 148 ] 

Carbonization- 
impregnation 

Ni SAs-NCW Pore size = 2.4 nm, SBET = 

1331.9 m2 g − 1 , Vp = 0.78 
cm3 g− 1 

J = − 11.4 mA cm− 2 , FECO = 92.1% at − 0.46 V [ 149 ] 

Au95 Pd5 @CW Channels = 5–80 µm; 
SBET = 79.7 m2 g− 1 

FECO = 82% at − 0.6 V [ 80 ] 

Ag@CW-ER SBET = 26.1 m2 g− 1 , Vp = 

0.02 cm3 g− 1 
J = − 22.6 mA cm− 2 , FECO = 88.6% at − 0.97 V [ 150 ] 

Others HDPCM SBET = 888.9 m2 g− 1 , Vp = 

0.54 cm3 g− 1 
J = − 3.88 mA cm− 2 , FECO = 81.1% at − 0.66 V [ 151 ] 

NRR 

Carbonization- 
impregnation 

Cu5 Co5 /OMC SBET = 706.8 m2 g− 1 YNH3 = 21.05 mg h− 1 cm− 2 , FENH3 = 96.9% at 
− 0.6 V 

[ 152 ] 

One-step carbonization Charcoal electrode 10 µm channel YNH3 = 0.570 mmol L− 1 h− 1 cm− 2 at − 3.6 V 

versus Hg/Hg2 SO4 

[ 46 ] 

Carbonization- 
electrodeposition 

RuCo@TDC — YNH3 = 2.02 ± 0.11 mmol h− 1 cm− 2 at − 0.6 V, 
FENH3 = 95.7 ± 0.8 % at − 0.2 V 

[ 59 ] 

Carbonization- 
hydrothermal 
treatment 

Fe-Co3 O4 /PC — YNH3 = 0.55 mmol ⋅h− 1 
⋅cm− 2 , FENH3 = 96.5% 

at − 0.5 V 

[ 153 ] 

Abbreviations: ER, embedding reconstructed; FECO , faradic efficiency of CO; HDPCM, highly defective porous carbon membrane; J , current density; OMC, ordered 
mesoporous carbon; PC, pinewood-derived carbon; TDC, three-dimensional porous carbon; YNH3 , yield of NH3 . 
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Ni SAs-NCW) matrix [ 149 ]. Similarly, Zhang et al. identified
yridine-N doped onto carbonized wood as the most active
ite for selective CO2 reduction to CO. This configuration sig-
ificantly lowers the free energy barrier for the formation of
OOH* intermediates and enhances CO desorption efficiency
 147 ]. Despite these advances, the limited diversity of products
ighlights significant opportunities for further exploration. 

n addition, plant-based electrodes, as a novel class of green
lectrocatalytic materials, exhibit distinct advantages and signif-
cant research potential in the electrocatalytic nitrate reduction
eaction. This reaction typically produces multiple products,
ncluding nitrogen, ammonia, nitrite, and N2 O, posing challenges
n achieving both high selectivity and high activity simultane-
usly [ 163 ]. Enhancing reaction selectivity to favor the formation
f a desired target product remains a formidable challenge,
ompounded by issues such as the catalyst’s poor stability and
igh production costs [ 164 ]. Plant-based electrodes address these
hallenges through surface modifications or doping, which allow
or the regulation of their electrochemical properties [ 165 ]. For
nstance, nitrogen doping or oxide modifications can optimize
he electron transfer pathways in plant electrodes, thereby
odulating interactions between reactants and active sites to
mprove selectivity for specific products [ 153 ]. Charcoal electrodes
erived from carbonized natural wood demonstrate exceptional
xploration, 2026

v

performance, with a nitrate removal rate of 91.2%, selectivity of
98.5%, and an ammonium yield of 0.570 mmol L− 1 h− 1 cm− 2 [ 46 ].
The higher sp3 carbon content and defect density in charcoal,
relative to graphite, enhance electron transfer kinetics, thereby
improving nitrate reduction sensitivity on the charcoal surface
[ 46 ]. Furthermore, the natural porous structure of wood provides
extensive distribution space for active sites, effectively enhancing
the dispersion and catalytic activity of the material. Tian et al.
[ 152 ] demonstrated that ordered mesoporous carbon (OMC)
carriers facilitate the uniform dispersion of bimetallic CuCo
active sites while promoting the effective enrichment of reactants
(Figure 8f ). Nitrate reduction was achieved with an ammonia
yield of 21.05 mg h− 1 cm− 2 and a FENH3 of 96.9% at − 0.6 V versus
RHE (Figure 8 g,h ). This is attributed to the cooperation between
OMC and CuCo bimetallic that obviously changes the electronic
structure of Cu5 Co5 /OMC, thereby improving the adsorption
and activation of reactants and intermediates (Figure 8i ). This
synergy enhances both the chemical activity and stability of
metal catalysts. While plant-based electrodes are still in the early
stages of application in nitrate reduction reactions, their unique
structural and functional properties underscore their significant
potential as next-generation electrocatalytic materials. 

To sum up, noting that while the field is relatively new, functional
treatments have led to promising results. For CO2 reduction,
17 of 24
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hese electrodes provide a porous carbon framework that, when
nhanced, demonstrates excellent performance. Key strategies
nclude engineering carbon defects in metal-free catalysts, load-
ng the structure with metallic or bimetallic nanoparticles to
chieve high selectivity for products such as CO, and incorpo-
ating nitrogen-doping or single-atom catalysts to create more
ctive sites and improve reaction kinetics. In the area of nitrate
eduction, plant-based electrodes also show significant potential,
ddressing the key challenges of low product selectivity and
atalyst instability. The performance can be improved through
urface modifications like nitrogen doping or by using the plant-
erived carbon as a carrier for bimetallic active sites, which
as been shown to achieve high ammonia yields and efficiency.
lthough applications in nitrate reduction are in the early
tages, the unique properties of these materials position them as
ignificant next-generation electrocatalysts. 

 Conclusions, Challenges and Prospects 

lant-based integrated electrodes represent a transformative
pproach to small molecule electrocatalysis, offering unique
dvantages in terms of sustainability, tunability, and cost-
ffectiveness. By addressing challenges related to structural
ptimization, surface engineering, scalability, and mechanis-
ic understanding, these materials can drive advancements in
nergy conversion, environmental remediation, and beyond.
hrough interdisciplinary research and innovative engineering,
lant-based electrodes can become a cornerstone of sustainable
lectrocatalysis, contributing to a more energy-efficient and
nvironmentally friendly future. 

espite their significant potential, plant-based monolithic elec-
rodes currently face several substantial hurdles that impede their
idespread practical implementation. Performance-wise, they
truggle with inherently low conductivity and insufficient active
ites, leading to high overpotentials and poor stability in reactions
ike water splitting and oxygen reduction. For CO2 and nitrogen
eduction, issues such as low adsorption capacity, poor selectivity
owards valuable products, and competing side reactions like
ER limit their overall efficiency [ 166, 167 ]. Beyond catalytic
erformance, challenges extend to material properties and man-
facturing; their natural heterogeneity results in inconsistent
atch-to-batch quality, and they often exhibit poor electrical
onductivity, low packing density, and inadequate mechanical
tability. Furthermore, the lack of scalable and precisely control-
able manufacturing processes remains a critical barrier to their
roader adoption. 

o fully realize the potential of plant-based electrodes, a multi-
aceted approach focusing on strategic advancements is essen-
ial. Future efforts must prioritize optimizing their hierarchical
orous structures through physical and chemical modifications
o enhance ion transport and catalytic surface area [ 168 ]. Simul-
aneously, fine-tuning surface properties is crucial for improving
electivity in complex reactions like CO2 reduction to valuable C2 +
roducts. Besides, a deeper mechanistic understanding, guided
y advanced characterization and computational modeling, will
nform the design of next-generation catalysts. Bridging the gap
etween academic research and industrial manufacturing is vital,
ecessitating the exploration of advanced fabrication techniques
8 of 24
such as 3D printing for scalable and reproducible production.
Future progress depends on advancing beyond laboratory metrics
and developing scalable, cost-effective manufacturing processes
that preserve the material’s unique porous architecture while
aligning with green chemistry principles. Finally, to accelerate the
lab-to-market translation of plant-based electrode technologies, a
strategic alliance between academia, industry, and government is
essential [ 169 ]. This collaboration is necessary to bridge the gap
between fundamental innovation, scalable manufacturing, and
supportive policy, ultimately converting promising research into
commercial green technologies. 
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