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A sustainable and low-cost separator is highly required for electro-
chemical energy storage systems. Herein, a type of modified natural
wood film with excellent mechanical properties, ion conductivity and
thermal stability is fabricated for high-performance lithium ion
batteries. Using the modified natural wood film as a separator, the
fabricated symmetric cell exhibits a more stable and lower plating/
stripping voltage for Li than that of the cell with a commercialized
polypropylene (PP) separator. The LiFePO,/Li half-cell with the
modified wood film separator shows a small polarization voltage and
high discharge capacity because of the multi-level nanostructure and
abundant functional groups of the modified wood films. The results
suggest that the modified wood films are a promising candidate for
use as separators in lithium ion batteries. As desired, the LiFePO,4/Li
half-cells with the modified wood film separator deliver much higher
discharge capacities and more stable Coulomb efficiency over two
hundred charge/discharge cycles than the cell based on the PP
separator. The present work systematically investigate the feasibility of
abundant and cheap natural wood-derived materials for use as effi-
cient separators instead of synthetic polymers for high-performance
lithium ion batteries with long cycle life.

Introduction

The development and utilization of clean energy (such as solar
energy, wind energy, water energy, tidal energy) are a powerful
means to deal with the energy crisis.’”® To take full advantage of
the aforementioned sources of renewable energy and overcome
their limitations of intermittence and locality, highly efficient
energy storage systems are required.” In the past few decades,
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portable, flexible and wearable electronics (such as notebooks,
smartphones, intelligent wrist straps, electronic skin, and so
on) have attracted increasing attention and achieved great
progress. To meet the power requirements of the above portable
electronics, it is urgent to develop high-performance energy
storage systems (e.g. metal ion batteries and supercapacitors).””
Among various kinds of metal ion batteries, lithium ion
batteries (LIBs) have been widely investigated, and are one of
the most widely used batteries for portable electronics, due to
their high energy density, low self-discharge, good rate perfor-
mance, and excellent cycle life.** Generally, a lithium ion
battery is composed of a positive electrode, negative electrode,
electrolyte and separator. Recently, most studies focused on
designing new electrode materials and electrolyte to enhance
the electrochemical performance of LIBs, and great achieve-
ments have been made.'**® As one of the crucial components of
LIBs, the separator plays an important role in the properties of
lithium ion batteries. Due to their excellent electrochemical
stability and ionic accessibility, commercial polyolefins (e.g.,
polypropylene and polyethylene) are widely used as separators
in various kinds of metal ion batteries."”” However, the chal-
lenges of polyolefins should also be noted. The main problem of
polyolefin separators is their limited thermal stability, which
will cause serious shrinkage of separators and performance
degradation of the resultant batteries under high-temperature
working conditions.'®" In addition, polyolefin materials
derived from the cracking of petroleum are expensive and
unfriendly to the environment. Therefore, it is greatly mean-
ingful to develop novel separators with high thermal stability,
degradability and low cost for high-performance LIBs.
Recently, some studies revealed that functional materials
derived from biomass were very promising for use as electrodes
and/or separators for electrochemical energy storage.**** For
instance, Yu et al recently reported a chitin nanofiber
membrane (CNM) derived from prawn shell for use as a sepa-
rator in LIBs.”” The electrochemical performance of LiFePO,/Li
half-cells with CNM separators was comparable to that of
devices based on a commercial PP separator (Celgard 2325).
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Notably, the CNM separator-based LiFePO,/Li batteries exhibi-
ted higher stability at 120 °C than that of devices based on the
PP separator.”” The ionic conductivity and mechanical perfor-
mance of the CNMs were further optimized by grafting acrylo-
nitrile on the surface of chitin nanofibers, through which an
enhanced electrochemical performance of LIBs could be ach-
ieved.”® Mu et al. reported a silk nanofiber membrane with
a high tensile stress of 62.75 MPa and Young's modulus of
2.95 GPa. Using the silk nanofiber membrane as a separator,
supercapacitors with excellent electrochemical performance
have been demonstrated.*

As one of the most abundant natural polymers, cellulose is
widely distributed in plants (e.g., in wood) and animals.>*?*
Therefore, cellulose nanofibers extracted from wood or other
plant material have been widely investigated for use as
biomedical materials,”” functional membranes,?® flexible and
biodegradable electronic devices,” and so on. Generally, the
extraction of cellulose from plants needs a strong alkali, urea or
ionic liquid, which are environmentally unfriendly and expen-
sive. Recently, some researchers attempted to exploit raw wood
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or simple treatment for use in various fields, such as micro-
fluidics,*® water treatment,* energy related devices,**** and so
on. The excellent thermal and electrochemical stability of
treated wood materials enables them to be used as highly effi-
cient separators in metal ion batteries, but there has been little
research focused on the promising and interesting fields.
Herein, we demonstrated a new type of separator derived from
natural wood films for lithium ion batteries with high electro-
chemical performance and stability. The natural wood was cut
into thin films along its growth direction, followed by treatment
through a simple hydrothermal approach to remove most of the
amorphous hemicelluloses and lignin. The treated natural wood
films possess abundant multi-level porous structures and excel-
lent self-supporting ability, which enable them to be used as thin-
film functional membranes for energy storage devices. The best
modified natural wood films exhibited high tensile strength
(58 MPa), ionic conductivity of 0.48 mS cm ' (measured in
commercial lithium-ion battery electrolyte) and excellent thermal
stability. When using the as-modified wood films as the separa-
tors, the developed lithium ion half-cells exhibited comparable

Fig. 1

(a) Schematic and digital photographs of how to fabricate natural wood film from trees. (b—d) The digital photographs of modified poplar

wood (wood 3) film under different states. (e—g) SEM images of a tight knot in a long strip of wood film at different magnifications.
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and even better electrochemical performance than that of devices
using the commercialized PP separator.

Results and discussion

As shown in Fig. 1a, natural wood films (thickness of about 80
um) with desired sizes were achieved by cutting the wood blocks
along their growth direction (black arrow) using a planing
machine. Importantly, large-scale production of natural wood
films can also be easily realized. In order to remove the lignin
and hemicellulose, the raw wood films were treated by
a hydrothermal method in a stainless steel reactor using an
aqueous solution mixture of NaOH and Na,SO;, followed by
repeatedly washing with deionized water (Fig. S11). The as-
treated natural wood films were freeze-dried, through which
the pores formed during removal of lignin and hemicellulose
can be well retained. The as-prepared natural wood films can be

(b)
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easily cut into desired shapes (e.g., circles with a diameter of
18 mm for button batteries, Fig. 1b). The modified wood films
can be bent (Fig. 1c and S2t) and even tied into a knot (Fig. 1d)
without structural damage, and they can fully restore their
original shapes after the twisting force is released (Fig. S37),
suggesting excellent mechanical flexibility. From the scanning
electron microscope (SEM) images shown in Fig. 1e-g, it can be
seen that there were no obvious changes or breakage at different
areas of the knot, which indicated the highly stable structure of
the modified wood film under deformation conditions. In order
to investigate the relationship between the structure and
performance of the modified wood films, we chose three types
of natural wood (basswood, pine wood and poplar wood named
wood 1, wood 2 and wood 3, respectively) with different struc-
tures and densities for further studies.

The structures and constituents of the natural wood films
before and after chemical modification (Fig. 2a) were
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(a) Schematic of the modified natural wood before and after removal of partially intertwined lignin and hemicellulose. (b and c) X-ray

diffraction patterns (b) and FTIR spectra (c) of natural wood 3 before and after modification. (d and e) SEM images of wood 1. (f and g) SEM images
of wood 2. (h and i) SEM images of wood 3. (j—1) Side-view and top-view SEM images of the modified wood 3 film.
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investigated by X-ray diffraction (XRD) and Fourier transform
infrared (FTIR) spectroscopy. As shown in Fig. 2b, two main
peaks at about 16.20° and 18.30° were observed, which can be
assigned to the (110) and (200) crystallographic planes of
cellulose,®* respectively. After removing the disordered
components of amorphous lignin and hemicellulose, the peak
intensity of the chemically modified wood film was obviously
enhanced, because the main component of cellulose possessed
high crystallinity and an oriented structure. The same
phenomenon was also observed in the XRD data of wood 1 and
wood 2 (Fig. S4%). The FTIR spectra (Fig. 2c¢ and S5%) also
confirmed that lignin and hemicellulose were partially removed
after chemical modification.***° Especially for wood 3, the
characteristic peaks at 3324 cm™"' and 2890 cm™ " represented
the stretching vibration of -OH groups and saturated C-H. The
peaks at 1035, 1079, and 708 cm ' can be assigned to -SO3
vibrational groups. The characteristic bands at 1503 cm '
suggested the presence of aromatic rings of the phenyl propane
skeleton in all the modified natural wood films (Fig. S51).

The color of all the wood films obviously changed after
treatment (Fig. S6T). Compared with the natural wood films
without modification (Fig. S7t), the film modified from wood 2
showed more serious shrinkage than films from wood 1 and 3.
This can be ascribed to the weak interaction among lignin,
hemicellulose and cellulose in wood 2. From SEM images
(Fig. 2d-j), the wood films showed a porous structure and
thickness ranging from 60 to 80 um. The film of modified wood
1 showed a relatively compact structure (Fig. 2d and e) with
a few big holes (40-70 pm) and some small holes (3-10 um). The

Wood 1 Wood 2 Wood 3 PP

(@ (b) 60
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film of modified wood 2 exhibited uniform diamond-shaped
holes with diameters ranging from 20 to 40 pm (Fig. 2f and
g). Interestingly, the modified wood 3 possessed a multi-level
porous structure with big holes ranging from 30 to 40 pm and
numerous small holes ranging from 4 to 8 um (Fig. 2h, i and
S81). As a result, the unique multi-level porous structure
endowed the film of wood 3 with the highest porosity (Fig. S97),
which was in good accordance with the morphologies of wood
films. As Fig. 2j showed, the modified wood film possessed
a uniform thickness of about 80 um, and most of the cellulose
fibers were well aligned along the growth direction of the wood
(Fig. 2k and 1).

The thermal stability, mechanical properties and lithium ion
transfer ability of the modified natural wood films were also
characterized to validate their feasibility for use as separators in
high-performance lithium batteries. As Fig. 3a shows, all the
chemically modified wood films can well maintain their shapes
without obvious shrinkage occurring within the temperature
range from 80 to 140 °C. In comparison, the widely used PP
separator in lithium ion batteries shrunk seriously (Fig. 3a)
when the temperature was higher than 80 °C. The higher
thermal stability of the modified wood films than the
commercial PP separator can be ascribed to their higher
thickness and 3D network structure, though the decomposition
temperature of PP was higher than those of the modified wood
films (Fig. S101). Mechanical measurements indicated that the
film derived from wood 3 showed a tensile strength of 58 MPa
(Fig. 3b), which was higher than those of most previously re-
ported biomass membranes (Table S1t). Both films derived
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Fig. 3 (a) Thermal stability of the PP separator and three different modified natural wood films at different temperatures. (b) Tensile stress—strain

curves of different modified natural wood films. (c) Nyquist plots of symmetrical Li/separator/Li cells with different wood-derived separators
before and after polarization. (d) The current—time curves of symmetrical Li/separator/Li cells with different wood-derived separators obtained
by direct-current polarization. (e) Nyquist plots of symmetric stainless steel/separator/stainless steel cells based on different wood-derived
separators. (f) Comparison of performance of the wood 3-derived film with other separators used for batteries.
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from wood 1 and 3 exhibited higher tensile strengths and
strains than that from wood 2 because of their hierarchical
porous structure and strong interaction between -cellulose
fibres.

The lithium ion transference number of the separator also
plays a crucial role in the electrochemical performance of
rechargeable lithium ion batteries.*™** All the Nyquist plots
(Fig. 3c) display a semicircle and an inclined spur in the high-
frequency region and low-frequency region, respectively.
According to a previously reported method,* the lithium ion
transference number of the films derived from wood 1 (0.32),
wood 2 (0.42) and wood 3 (0.53) can be calculated from Nyquist
plots (Fig. 3c) and chronoamperometry curves (Fig. 3d). All the
values were higher than that of the commercial separator
(0.27).* The lithium ion transference number of the chemically
modified wood films could be ascribed to the formed hydrogen
bonds between the hydroxyl groups in cellulose nanofibrils and
fluorine atoms in PF¢~, which will restrict the movement of
anions and promote the migration of lithium ions.*® The ionic
conductivities of the developed chemically modified wood films
were investigated in symmetric stainless steel/wood film
separator/stainless steel cells using the commercial electrolyte
of 1 M LiPFy in ethylene carbonate/diethyl carbonate (volume
ratio of 1 : 1). From Fig. 3e, it can be calculated that the ionic
conductivities of wood 1, wood 2 and wood 3 were 0.12, 0.19 and
0.48 mS cm ', respectively. Because of its unique hierarchical
porous structure, the film derived from wood 3 exhibited an
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excellent combination of mechanical strength, ionic conduc-
tivity and lithium ion transference number, which are better
than those of most reported biomass-derived separators for
lithium ion batteries (Fig. 3f and Tables S1 and S27). All the
results demonstrated aforementioned revealed that the chemi-
cally modified wood films represent promising candidates for
use as novel separators in lithium ion batteries.

With the modified natural wood films as the separators, half-
cells were fabricated and investigated using lithium iron
phosphate and a lithium plate as the positive and negative
electrodes, respectively. The half-cell with wood 3 as the sepa-
rator delivered a discharge capacity of 141.2 mA h g™, which is
higher than those of cells based on wood 2 (139 mA h ¢~ ') and
wood 1 (128 mA h g™') as the separators. Moreover, the half-cell
based on wood 3 as the separator exhibited a lower voltage
difference between the charging and discharging plateaus
(Fig. 4a) than those of cells using the other two types of natural
wood derived separators, which indicated that the separator
derived from wood 3 was more suitable for the diffusion of ions
because of its superior combined properties. In comparison, the
half-cell using the natural wood film without modification as
the separator exhibited a large polarization voltage and low
discharge capacity (Fig. S11}), while the half-cell using the
modified wood film dried in an ordinary oven also showed low
capacity and serious polarization, indicating large resistance to
ion transmission (Fig. S121). The electrochemical impedance
spectroscopy results (Fig. 4b and c¢) showed that the half-cells
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Fig. 4 Charge/discharge voltage profiles (a) and Nyquist plots (b and c) of the LiFePO,/Li half-cells with different wood-derived separators. (d)
Cycling performance of the LiFePO,4/Li half-cells based on different wood-derived separators (0.5C).
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using the separators derived from wood 2 and 3 presented
much lower transfer resistance to lithium ions than the half-cell
using wood 1. As Fig. 4d shows, the half-cell using the separator
derived from wood 3 also delivered a highly stable discharge
capacity and coulombic efficiency over 30 cycles. Meanwhile,
the cells with the other two separators also showed a relatively
stable cycle performance, but with relatively low capacities.
Therefore, we further investigated the potential application of
the chemically modified wood 3 film as a separator for building
lithium ion batteries with high performance, compared with the
most commonly used PP separator.

From the linear sweep voltammetry (LSV) curves shown in
Fig. 5a, it can be seen that the separator derived from wood 3
exhibited a highly stable electrochemical window up to 5.0 V
versus Li'/Li with no obvious decomposition, which was
comparable with that of the PP separator. With stainless steel,
metallic lithium and the modified film of wood 3 (or PP) as the
working electrode, counter electrode and the separator,
respectively, the assembled asymmetric battery showed similar
shapes of curves in the range from 0.5 to 5.0 V (Fig. S13%). For
the symmetric Li/Li cell using the chemically modified wood 3

View Article Online
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separator, the homogeneous and smooth morphology of the Li
electrode can be clearly observed (Fig. 5b) after stripping/
plating for 500 hours. In comparison, an undesirable rough
surface and visible “dead Li” on the Li electrode were formed
when using the PP separator (Fig. 5¢). The results indicated that
the modified wood films could be used as promising separators
to stabilize the SEI and enable dendrite-free Li anodes for
lithium ion batteries. The voltage profiles (Fig. 5d, e and S147)
showed that the symmetric cell using the separator derived
from wood 3 exhibited a very stable overpotential as low as
18 mV during the entire Li plating/stripping process at both low
(1 mA ecm™?) and high (5 mA cm™?) current densities. In
contrast, the overpotential of the cell with the PP separator
dramatically increased after tens of hours at both low and high
current densities (Fig. 5d, e and S14t). The stable voltage curve
during the plating/stripping process of Li in symmetric cells
indicated that a uniform solid electrolyte interphase could be
formed on the Li anode, resulting in a very stable electro-
chemical performance. These results can be attributed to the
abundant functional groups in the modified wood films
(Fig. 5g) having high affinity for Li ions,** which resulted in
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(a) Linear sweep voltammetry curves of half-cells using commercial PP and wood 3-derived film as separators. (b and c) SEM images of the

surfaces of lithium electrodes in lithium symmetric cells based on the wood 3-derived separator (b) and commercial PP separator (c) after the
cyclic charge/discharge for 500 hours (wood separator) and 80 hours (PP). (d) Cycling performance of Li/Li symmetric cells with PP and wood 3-
derived film as separators at a current density of 1 mA cm~2 for 500 hours (1000 cycles). (e) The detailed voltage profiles in the initial stage and (f)
at the end of the cycling test (1000 cycles). (g) Illustration of the chemicals and structure of wood film and (h) schematic diagram of lithium
dendrite growth for wood and PP separators.
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uniform deposition of lithium and suppressed growth of Li
dendrites on the electrode (Fig. 5h). Moreover, the multi-level
porous structure of the natural wood derived separators also
provided efficient channels for diffusion of Li ions and enough
space to allow the volume changes of electrode materials, which
is very helpful to achieve high-performance lithium ion
batteries.

The electrochemical performance of LiFePO,/Li half-cells
(Fig. 6a) based on the separators derived from wood 3 and PP
has been systematically investigated. As Fig. 6b showed, the cell
based on the separator derived from wood 3 delivered a slightly
higher discharge capacity than that of the cell with the PP
separator, and their potential plateaus in the charge-discharge
profiles were almost the same. The CV curves of the half-cell
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based on the separator derived from wood 3 (Fig. S15%)
showed oxidation and reduction peaks at around 3.62 and
3.22 V (vs. Li'/Li), and the peak separation was 0.4 V, similar to
those of cells using other biomass membranes as separators
(Table S37). Fig. 6¢c and d show that the cell based on the
separator derived from wood 3 exhibited comparable discharge
capacity with that of the cell with the PP separator. The polar-
ization voltage (Fig. 6f) of the cell based on the separator derived
from wood 3 was very stable even after 200 cycles, which was
better than those of most cells based on other biomass and
composite membranes reported previously (Table S371). Fig. 62
indicates that the cell using the separator derived from wood 3
exhibited comparable stability of capacity and Coulomb effi-
ciency with that of the PP separator-based cell, indicating
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using PP (d) and wood 3-derived separators (e) at different charge/discharge rates, respectively. (f) Voltage profiles of the cells using the wood 3-
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separators at 0.2C conducted at room temperature. (h) Comparison of the electrochemical performance of our lithium ion battery with that of
other reported devices using biomass separators.
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excellent cycling performance. A soft-packing lithium ion
battery with the wood derived separator that can continuously
power a light emitting diode with a working voltage of 2.0 V
under different bending states (Fig. S16t) has also been ach-
ieved. The lithium ion battery based on the newly developed
wood-derived separator delivered comparable electrochemical
performance and even much better rate capability (Fig. 6h and
Table S3t) than that of devices with cellulose or biomass

separators reported previously.

Conclusion

In summary, we demonstrated a novel natural wood-derived
separator for high-performance lithium ion batteries. The
natural wood-derived separators well maintaining the intrinsic
porous structure of the protogenic wood were fabricated by
directly solution traiting planing rare wood films. The obtained
modified natural wood films not only exhibited excellent
mechanical properties and thermal stability, but also possessed
high ionic conductivity and lithium ion transference number.
Using the modified wood films as separators, a uniform SEI
could be formed on the surface of the Li electrode without
formation of dendrites, which endowed the developed lithium
ion battery with long cycling stability, high specific capacity and
good rate performance, comparable with those of devices based
on a commercial PP separator. Benefiting from the low cost and
sustainability of the biomass materials, the natural wood-
derived films have great potential to be used as efficient sepa-
rators in the field of energy storage, beyond lithium ion

batteries.
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