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Lithium metal stands out as an advanced anode material for next-generation rechargeable high-energy-
density batteries. Nevertheless, the non-uniform behavior of Li plating/stripping causes severe dendrite
growth and volume expansion, inducing rapid lifespan decay and even safety hazards. Introducing a Li
host with a three-dimensional (3D) structure and interconnecting pores has been proven effective for
solving these issues. In this contribution, natural wood, which possesses an exquisite 3D interconnected
hierarchical porous structure, is employed as a Li host. The wood host facilitates homogenization of the
electric field intensity near the Li anode, thereby regulating the homogeneity during Li plating/stripping.
As demonstrated in Li|Cu half cells, the wood host enables 66 cycles with a coulombic efficiency reten-
tion of 80%, surpassing the mere 25 cycles achievable without the host. Furthermore, the wood/Li com-
posite anode exhibits reduced polarizations and extended cycling lifespans in both Li|LFP and Li|S full coin
cells. Leveraging the unique characteristics of the natural wood structure, an all-wood-based LilS full coin
cell is also assembled. This study not only illuminates the promise of wood as a material for optimizing Li
anode performance, but also offers valuable insights for the design of structures for materials used in
rechargeable batteries.

1. There is increasing interest in utilizing environmentally friendly biomass as a replacement for fossil-derived materials in
batteries. In this study, wood, a typical biomass material characterized by its intricate three-dimensional interconnected
hierarchical porous structure, is employed as a host for lithium (Li) anodes.

2. The functions of wood hosts are systematically evaluated across different battery configurations. The porous structure of
wood enables it to homogenize the electric field intensity near the anode, thereby regulating the Li plating/stripping behav-
ior. As a result, wood hosts lead to longer lifespans and lower polarization voltages of batteries. By leveraging the distinc-
tive characteristics of natural wood structures, an all-wood-based Li|S full coin cell is also assembled.

3. Future work could focus on enhancing the electrochemical performances of wood hosts through post-modification.
Additionally, there is potential to further expand the range of battery systems utilizing wood.

Introduction

to the increasing demand for storing intermittent renewable
energy and rapid evolution of electrical devices and electric

Rechargeable batteries, as one of the most important energy
storage devices, are experiencing flourishing development due
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vehicles. Although lithium-ion batteries (LIBs) have achieved
major success and have been widely used, the energy density
of LIBs is approaching the theoretical limit." To this end, there
is an urgent need to develop rechargeable battery systems with
higher energy density. By virtue of its ultrahigh theoretical
specific capacity (3860 mA h g™") and low reduction potential
(—3.04 V vs. standard hydrogen electrode), lithium (Li) metal
stands out as an advanced anode material.>™* Also, it provides
lithium metal batteries (LMBs) with higher energy density
than LIBs as promising candidates for next-generation energy
storage systems.>® However, the practical use of Li anodes has
faced challenges on account of the non-uniform behavior of Li
plating/stripping, leading to severe dendrite growth and
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volume expansion, which further induce rapid lifespan decay
and even safety hazards of LMBs.” ™

Different from the insertion-host electrode (carbon, silicon,
oxide, etc.), the hostless structure of the Li anode leads to
random Li plating/stripping, leading to uncontrollable Li den-
drite growth and virtually unlimited expansion of the Li
anode.'”"" Therefore, introducing Li metal into a host is
expected to solve the mentioned issues effectively.'*"
Nowadays, various types of Li hosts have been developed,
including Li alloy-based,"*'® metal-based,"®"” carbon-
based,'®'® and polymer-based hosts.>*”**> Despite the diverse
materials used, a common characteristic among these hosts is
a three-dimensional (3D) structure with interconnecting
pores.?>** This structural feature plays a crucial role in regulat-
ing the Li plating/stripping behavior, inhibiting dendrite
growth, and mitigating volume fluctuations of the Li anode.>

Actually, there are many 3D porous structural materials in
nature, of which the most representative is wood, i.e., the sec-
ondary xylem of trees.”® As the basic morphological unit of
wood, the growth of a wood cell begins at the vascular
cambium, and progresses through stages of cell division, cell
expansion, cell wall thickening, and finally programmed cell
death.?” The cell wall, which is the solid structure of a wood
cell, is primarily composed of cellulose, hemicellulose, and
lignin. The interactions among these components via hydro-
gen bonds and chemical bonds (such as ester and ether
bonds) create a reinforced concrete structure that affords excel-
lent mechanical strength to the wood cell.*?® This self-
assembled highly interconnected hierarchical porous structure
of wood attracts significant attention. According to Thygesen
et al.,”® the macro-voids in wood, which range in diameter
from 10 to 400 pm, include lumens of hardwood vessels and
softwood tracheids. The microvoids encompass pit apertures,
pit-membrane voids, and other small voids with diameters
ranging from 10 nm to 10 pm. Moreover, there are numerous
nanovoids among the microfibrils in wood cell walls, typically
with diameters smaller than 10 nm. This intricate natural
porous structure facilitates the intercellular transport of water,
nutrients, and gases (such as oxygen and carbon dioxide)
essential for supporting the physiological processes of
trees.*>*! The unique structure identified earlier equips wood
with potential as a host for Li metal by offering sufficient
space to accommodate deposited Li, ample strength to miti-
gate the volume expansion of the Li anode during cycles, and a
network of pores and channels to facilitate ion transport.
Although some researchers have proposed Li hosts mimicking
the bionic structure of wood, direct integration of natural
wood into LMBs is yet to be explored.

In this contribution, natural wood with a 3D interconnected
hierarchical porous structure is employed as a Li host. The
wood/Li composite anode is fabricated through a facile rolling
method, and is paired with different cathodes of LiFePO, (LFP)
and sulfur (S), respectively. The use of a wood host is proved to
homogenize the electric field intensity near the Li anode,
thereby regulating the homogeneity Li ion flux and preventing
the formation of Li dendrites. Furthermore, the unique 3D
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structure of the wood host is demonstrated to be capable of
accommodating the deposited Li. Consequently, the wood/Li
composite anode demonstrates reduced polarizations and
longer cycling lifespans in both Li|LFP and Li|S full coin cells
compared to anodes without the wood host. In order to
further explore the potential of the natural wood structure, an
all-wood-based Li|S full coin cell is constructed, comprising a
wood/Li composite anode, wood/S cathode, and wood
separator.

Results and discussion

Eucalyptus, a fast-growing hardwood that is widespread in
southern China, was chosen as the raw material for the Li
host. The wood sample was dewaxed first to remove the
organic solvent extractions and only the cell wall was retained
as the framework, which was conducive to adequately exposing
the interconnected pores and channels. Subsequently, the
wood sample was sliced along the transverse section as shown
in Fig. 1a, resulting in wood slices with a thickness ranging
from 50 to 100 pm that maintained adequate flexibility, as
depicted in Fig. 1b, and could be rolled up without defor-
mation. The mercury intrusion method was performed to
characterize the porous structure of wood slices, especially the
mesopores and macropores (Fig. 1c). This showed that the
porosity of eucalyptus is 67.6%, indicating the highly porous
structure of wood. The maximum mercury intake is observed
at 30 pm, with a sub-peak at 90 pm, corresponding to the cell
lumens of fiber and vessel cells, respectively.

The wood/Li composite anode was fabricated using a
rolling process of a wood slice and Li foil as illustrated in
Fig. 2a. A digital picture of the wood/Li composite anode is
exhibited in Fig. 2b. After rolling, the Li metal is filled into the

tr.
ansverse section

i

(b) (c)

3

Porosity of Eucalyptus: 67.6%

N

o

Log differential intrusion (mL g™)

0 100 200 300 400
Pore size diameter (um)

Fig. 1 (a) Schematic illustration for wood slice preparation. (b) Digital
picture of the wood slice. (c) Pore size distribution and porosity of euca-
lyptus wood obtained by the mercury intrusion method.
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Fig. 2 (a) Schematic diagram for wood/Li composite anode with the
rolling process. (b) Digital picture of the wood/Li composite anode. SEM
images of (c) eucalyptus wood and (d and e) wood/Li composite
anodes.

initially hollow cell lumens under pressure (Fig. 2c), and is
well confined by the cell walls, as depicted in Fig. 2d. Notably,
the wood host retains its structural integrity without signifi-
cant crushing after rolling because of the sufficient mechani-
cal strength provided by the cell walls, as evidenced by the
cross-sectional scanning electron microscope (SEM) image of
the composite anode and the 3D morphology observed via
X-ray microscopy, presented in Fig. 2e and Fig. S1, respect-
ively. Three types of anodes with varying capacities were pre-
pared by rolling wood slices and Li foils of different thick-
nesses (50, 75, and 100 pm). After a deep delithiation at
0.5 mA cm ™ to 0.5 V (s. Li/Li*), the composite anodes showed
discharging capacities of 9.94, 14.14, and 21.38 mA h cm™2,
respectively (Fig. S2t). This demonstrates that the wood host
does not affect the Li metal capacity (0.2 mA h em™> pmy;").>*
Furthermore, on subjecting the wood/Li composite anode
(50 pm) to a 90% delithiation test at 1.0 mA cm™>, it was found
that the structural channels of the wood host remained intact,
indicating the robust mechanical stability of the wood hosts
(Fig. S37).

To investigate whether the wood host is beneficial for regu-
lating Li plating/stripping, Li nucleation overpotential was
evaluated first.*> As shown in Fig. S4,7 the wood/Cu electrode
displayed a significantly low overpotential of 13.0 mV at the
nucleating stage compared to the bare Cu electrode, which
recorded an overpotential of 94.9 mV. This result indicates
that the intricate porous structure of natural wood aids the
nucleating-depositing process. Additionally, the abundant
pores in the wood, once fully infiltrated with the electrolyte,
facilitate ion transportation, leading to a lower overpotential.
Subsequently, the efficacy of the wood hosts was probed in
cycling Li|Cu half cells. Adopting a coulombic efficiency (CE)
of 80% as the benchmark, the wood/Cu electrode demon-
strated a retention of more than 66 cycles, while the bare Cu
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Fig. 3 Electrochemical performances of Li|Cu half cells at 1.0 mA cm™2

and 1.0 mA h cm™2: (a) coulombic efficiency values during cycling and
(b) charging—discharging curves at different cycles. Morphologies of de-
posited Li after 5 cycles in Li|Cu half cells with (c and e) or without (d
and f) the wood host.

electrode exhibited obvious CE decay after only 25 cycles
(Fig. 3a). The -charging/discharging polarization curves
depicted in Fig. 3b reveal that the wood/Cu electrode exhibits
lower polarization voltages throughout the cycling process,
registering values of only 70.9 and 76.6 mV at the 10 and 25
cycle, respectively. Notably, a mere increase of 31.9 mV is
observed at the 50™ cycle. In contrast, the Cu electrode dis-
plays substantially higher polarization voltages, recording
547.9 mV at the 10" cycle, which is 7.7 times greater than that
of the wood/Cu electrode. Moreover, at the 250 cycle, the
polarization voltage for the Cu electrode surges to 942.7 mV,
and the fluctuation discharging profile illustrates the uneven
Li plating behavior in the absence of the wood host. The mor-
phologies of the cycled wood/Cu and bare Cu electrodes were
further investigated by SEM characterization. After 5 cycles at
1.0 mA h em™ and 1.0 mA cm™2, the wood/Cu electrode
exhibited a compact and uniform array of deposited Li, which
is attributed to the deposition of Li within the pores of the
wood host (Fig. 3c). Conversely, the Li deposition on the bare
Cu electrode appears more disordered and looser (Fig. 3d).
Furthermore, the thickness of the deposited Li on the wood/
Cu electrode is only 8.8 pm, which is less than half of the Li
deposition thickness on the bare Cu electrode (19.2 pm)
(Fig. 3e and f). This observation underscores that the wood
host effectively mitigates the volume expansion associated
with deposited Li, thereby promoting a more uniform and
stable Li plating/stripping process.

To verify the long-term stability of the wood/Li composite
anode, Li|Li symmetrical cells were assembled. As illustrated
in Fig. S5a,f the wood/Li composite electrode demonstrates
stable cycling performance for over 225 hours (1 mA cm™2,
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1 mA h em™?), which exceeds that of the bare Li electrodes by
50 hours. Furthermore, as depicted in Fig. S5b,f the wood/Li
composite electrode maintains significantly lower polarization
voltages throughout the entire cycling process. After cycling,
deposited Li is observed in the pores of the wood host
(Fig. Séa and b¥). In contrast, the morphology of the Li elec-
trode without the wood host appears more chaotic and dis-
ordered (Fig. Séct). The surface SEM images of the cycled
wood/Li electrode demonstrate the role of the wood host in
inducing Li deposition.

Apart from eucalyptus, other species of wood were also
used as hosts for the Li anode, including Paulownia (abbre-
viated to Pau), Fir, Pine and Balsa. Using the same method,
composite Li anodes were prepared with different wood hosts.
As shown in Fig. S7,f the Li metal is successfully filled into
numerous cell lumens except for in the Balsa wood. In the
case of Balsa wood, the insufficient mechanical strength leads
to the crushing of cell walls under pressure during rolling.
Additionally, the performances of Li|Cu half cells with
different wood hosts were also assessed. All the electrodes
employing wood hosts demonstrate a stable CE of around 80%
for more than 54 cycles at 1.0 mA h em™> and 1.0 mA cm™>
(Fig. S87). The experiments for the expansion of wood species
illustrate the broad applicability of utilizing wood as a host for
Li anodes. The natural interconnected porous structure of
wood is highlighted as a critical element in influencing the be-
havior of Li plating/stripping, thereby contributing to
enhanced cycling stability characterized by improved CE and
reduced polarization.

Finite element simulation was employed to further under-
stand the mechanism of the wood host (Fig. 4a). Models of Li|
Li symmetric cells with or without the wood host were con-
structed, and the electric field distributions near the surfaces
of the Li anodes were compared (Fig. 4b). The electric field
intensity near the bare Li anode surface exhibited significant
fluctuations due to the presence of a porous polypropylene
separator, with a simplified structure of 20 pm thickness and
regular pores of 200 nm. Undoubtedly, the inhomogeneous
electric field will cause uneven Li deposition, resulting in
issues such as Li dendrites, volume expansion, increased
polarizations, and rapid lifecycle decay.’*** Conversely, after

(a) (b)
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Li
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Fig. 4 (a) Electric field intensity distribution in Li|Li symmetrical cells
with the wood host. (b) Electric field intensity distribution around the
surface of the wood/Li anode.
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introducing the insulating wood host, the electric field inten-
sity is observed to be more uniformly distributed, promoting a
more homogeneous Li deposition within the cell lumens.

To further demonstrate the application potential of the
wood/Li composite anode, Li|LFP and Li|S full cells were
assembled respectively, utilizing a 50 pm eucalyptus wood host
and 50 pm Li. During the early cycling stage at 0.5 C (1 C =
170 mA g '), both cells, one with the wood/Li composite
anode and the other with the bare Li anode, exhibit steady and
comparable discharging capacities, as depicted in Fig. S9a.}
The cell featuring the wood/Li composite anode maintains a
capacity retention of 77.5% after 100 cycles, surpassing the
68.0% retention of the cell with the bare Li anode.
Additionally, the polarization voltage of the cell with the wood/
Li composite anode is smaller than that of the cell with a bare
Li anode at the 100™ cycle (Fig. S9bt). Subsequently, as the
cycling rate increases to 1.0 C, the Li|LFP cell with the bare Li
anode demonstrates a marked capacity decline after 80 cycles,
resulting in a capacity retention of only 71.4% after 100 cycles
(Fig. 5a). Concurrently, the CE also fades and fluctuates after
80 cycles, illustrating limitations in the availability of active Li.
In contrast, the wood/Li composite anode facilitates a more
stable cycling behavior, exhibiting not only a higher CE, but
also an impressive capacity retention of 98.2% after 100 cycles,
which is 26.8% higher than that of the cell with bare Li.
Notably, the cell with the composite anode maintains lower
polarization voltages through the cycling process, with a value
of 2455 mV at the 10™ cycle, and a modest increase of
126.8 mV at the 80™ cycle. However, the polarization voltage of
the cell with a bare Li anode surges by nearly 200.0 mV within
the same cycling period (Fig. 5b). The cells were disassembled
after long cycling at 1.0 C. It was shown that the bare Li anode
was seriously pulverized (Fig. S10af). In comparison, the
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Fig. 5 Electrochemical performances of Li|LFP full cells: (a) long-term
cycling performances at 1.0 C and (b) charging—discharging curves at
the 10" and the 80" cycle, respectively. Electrochemical performances
of Li|S full cells with high sulfur areal loading, (c) long-term cycling per-
formances and (d) charging—discharging curves at the 10" and the 50"
cycle, respectively.
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wood/Li composite anode still retained structural integrity
(Fig. S10bt), demonstrating the long-term stability of the com-
posite anode.

The electrochemical performances of Li|S full cells were
evaluated under mild conditions with low sulfur loading cath-
odes at first. After 200 cycles at 0.5 C (1 C = 1672 mA g~ '), the
cell with a wood/Li anode shows 70.8% capacity retention,
slightly higher than that of the cell with a bare Li anode
(65.4%) (Fig. S11at). Notably, the enhanced cycling stability is
further highlighted at 1.0 C. Specifically, the cell equipped
with a wood/Li composite anode demonstrates a capacity
retention of 75.6% after 250 cycles, representing a substantial
improvement of 31.3% compared to the control group
(Fig. S11ct). Beyond mitigating capacity degradation, the wood
host is also conducive to reducing polarization voltages,
especially at the end of the cycling (Fig. S11b and S11df).
Subsequently, when the wood/Li composite anodes were
paired with cathodes of high sulfur loading (5.5 mgs cm™2),
the full cells also exhibited superior cycling performances.
Although the initial specific capacity of the cell with the bare
Li anode exceeds that of the wood/Li composite anode, it
shows a rapid decay (Fig. 5¢). In contrast, the cell employing
the wood/Li composite anode achieves a remarkable capacity
retention of 91.3% by the 57 cycle, a significant improvement
of almost 50% compared to the cell with the bare Li anode
(41.9%). The charging-discharging profiles depicted in
Fig. 5d, reveal comparable polarization voltages of the two
cells at the 10™ cycle. However, the noticeable inclination in
the discharging curve of the cell with a bare Li anode at the
50 cycle indicates the failure of the anode.***® After introdu-
cing the wood host, the cell still maintains an intact dischar-
ging curve with two distinct platforms even after 50 cycles,
with a modest increase in polarization voltage of only 38.9 mV
from the 10 to the 50 cycle. The consistent results observed
in both Li|LFP and Li|S full cells demonstrate that the compo-
site anode integrated with a natural wood host can effectively
attenuate polarization voltages and promote long-term cycling
stability.

The abundant and interconnected pores make wood not
only an excellent host material for Li, but also an ideal frame-
work for active materials of the cathode.’” For example, Li
et al. employed carbonized Balsa wood loaded with a catalyst
as the cathode of Li-air batteries.’® To fabricate self-standing
wood/S cathodes, the wood slices were first carbonized at
900 °C and then impregnated with a sulfur/carbon (S/C) slurry
under vacuum. The S/C compounds are successively filled into
the cell lumens as well as the channels (Fig. S12a and S12bt),
and the thickness of the wood/S cathode is approximately
257 pm with a sulfur loading of 4.5 mg (Fig. S12ct). Paired
with a Li anode of 600 pm thickness, the performances of the
wood/S cathode were evaluated first. As shown in Fig. S13a,}
the specific capacities at the 1° and the 100™ cycle are 893.0
and 552.0 mA h g%, respectively. Also, the CE remains above
98.5% throughout cycling. The discharging curves at the 1%
and the 80™ cycle both exhibit the typical two platforms of a
Li|S cell, with the voltages of the 2" platform exceeding 2.0 V
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Fig. 6 (a) Schematic illustration of the all-wood-based Li|S full cell. (b)
Digital pictures of wood/S, wood/Li and wood separator (the scale bar is
1 cm). (c) Cycling performance of the all-wood-based Li|S full cell.

(Fig. S13bt). These results illustrate that the carbonized wood
frameworks are capable of affording stable cycling of the
wood/S cathodes. In a battery, a separator is crucial for pre-
venting short circuits by separating the anode and
cathode.>**° A separator with sufficient porosity is essential
for ion transport.**> The abundant interconnecting pore
structures of natural wood can be employed as ion transport
channels, endowing wood with potential as a separator in bat-
teries. Yang et al. reported a modified wood separator for Li-
ion batteries with good performances, but there has been no
attempt at using a natural wood separator in a more compli-
cated battery system, such as Li-$ batteries.*®> Considering that
the diameters of the pores in the transverse section of wood
are too large to isolate the anode and the cathode, wood slices
(100 pm in thickness) along the radial section were prepared
as separators in this work. In this way, the wood separator can
not only prevent short circuits, but also ensure ion transport
through the preserved micro and nano pores (Fig. S147).
Employing the as-prepared wood/Li composite anode, wood/S
cathode, and wood separator, an all-wood-based Li|S full cell
was constructed (Fig. 6a and b). With a sulfur loading of
1.6 mgg cm™?, the cell exhibits a specific capacity of
1165 mA h g™* at the 1°' cycle and 1034 mA h g™* at the 13™
cycle, respectively (0.1 C), maintaining a CE of over 97%
during cycling (Fig. 6c¢).

Conclusions

Natural wood was utilized as a Li host due to its elaborate 3D
structure with abundant and interconnecting pores. The wood
host contributes to a more uniform electric field intensity dis-
tribution near the Li anode, consequently aiding in the regu-
lation of Li plating/stripping. When employed in Li|Cu half

This journal is © The Royal Society of Chemistry 2025
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cells, the wood host enables a low Li nucleating overpotential
of only 13.3 mV, a more stable cycling ability, a regular pat-
terned Li deposition morphology, and diminished volume
expansion. The effectiveness of wood/Li composite anodes is
further demonstrated in Li|LFP and Li|S full cells. Specifically,
the wood/Li|LFP cell maintains a capacity retention of 98.2%
after 100 cycles at 1.0 C, representing a 26.8% improvement
compared to a cell with a bare Li anode. Additionally, when
paired with high sulfur loading cathodes, the wood/Li|S full
cells achieve nearly 50% higher capacity retention than bare
Li|S cells. Moreover, the natural structure of wood allows it to
be utilized for separators and frameworks for cathodes in bat-
teries. An all-wood-based Li S full cell is constructed and it
achieves a discharge capacity exceeding 1000 mA h g~ during
cycling. This study successfully showcases the potential of
natural wood with an interconnecting porous structure in regu-
lating Li plating/stripping processes and is expected to provide
some references for the structural design of materials in
rechargeable batteries. In the future, modifications of the
natural wood host, such as introducing some lithiophilic sites
or functional groups, beneficial for a stable solid electrolyte
interphase, are expected for further improving the electrome-
chanical performances.
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