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ABSTRACT: The development of all-biomass materials to replace
conventional plastics has been gradually becoming a focus.
However, all-biomass plastics, especially those fabricated from
agricultural and forestry wastes, have the obstacles of poor
formability and/or low toughness. Herein, we demonstrated a
facile, efficient, and easy-to-scale method to significantly improve
the formability and toughness of biomass materials via constructing
an aggregate of hydrogen-bonding networks, where the relatively
weak hydrogen bonding could be sacrificed during stretching. After
a continuous preparation process that combined a paper-making
process with an in situ welding process, the regenerated cellulose
material with a layered microstructure was spontaneously formed.
The interlayer hydrogen-bonding interactions could dissipate
energy during stretching. As a result, the cellulose plastics were tough and strong. The tensile strength, strain, and toughness
reached 154.9 MPa, 57.7%, and 81.76 MJ/m3, respectively, which were markedly higher than those of previous cellulose-based
materials. The corresponding cellulose hydrogel exhibited an excellent strength of 9.5 MPa and a high strain of 171.4% also. During
this scalable process, a 1-ethyl-3-methylimidazolium acetate (EmimAc) aqueous solution worked as a dispersant and a solvent, and a
high solid content of cellulose/EmimAc (20 wt %) was used. Based on such an effective method, various agricultural and forestry
wastes, including corn straw, wheat straw, grass, and wood powder, could be directly processed into high-tough all-biomass films,
indicating a huge potential in ecofriendly materials, environmental protection, and bioresource utilization.
KEYWORDS: biomass, hydrogen bonding, agricultural and forestry wastes, tough plastics, cellulose

■ INTRODUCTION
Plastic products, such as plastic bags, plastic packaging,
electronic devices, and medical consumables, bring great
convenience to human life and have greatly promoted the
development of human society.1,2 However, due to the
ultrastability of C−C bonds and the high molecular weight,
the plastics are difficult to be degraded in nature, causing a
series of environmental pollution problems, such as soil
pollution and marine pollution.3,4 In particular, plastic debris
has scattered all over the world, and some microplastics have
been found in lungs, blood, and even embryos.5 Due to the
chemical-related toxicity and size effect, microplastics can
disturb organism function and further affect the health and
living species.6,7 To address the crisis, the development of
various biodegradable polymers is of significant importance.8

Biomass, which comes from natural plants, is regarded as the
most abundant bioresource in nature. It is available, renewable,
tremendous, completely biodegradable, and excellently bio-
compatible.9 Thus, the effective and ecofriendly utilization of

natural biomass not only protects our environment but also
develops new materials to replace petroleum-based plas-
tics.10,11 However, biomass-based materials encounter many
difficulties, including poor formability and weak toughness, due
to the strong bio-recalcitrance and excessive impurities.12 For
example, agricultural straw can not form stable film materials
by a direct dissolution−regeneration process.13 Although the
pretreatment process and the enhancement strategy have been
developed, the regenerated biomass materials from straws are
still fragile.14 In addition, even if high-quality cellulose is used
as a raw material, the reported regenerated cellulose films
generally exhibit poor toughness.15 The tensile strain is less
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than 10%. When plenty of the plasticizer is added, the
elongation at break of the cellulose film increases limitedly
(<20%), while the tensile strength decreases obviously.16

Tremendous efforts have been made to solve these problems.
However, in most studies, researchers obtained high-strong
biomass-based materials whose toughness was relatively weak.
For example, via complete densification of the delignified wood
or bamboo, superhigh-strong materials were fabricated,17,18 but
their strains were less than 2.5%. Guan et al. used cellulose
nanofibers and microplatelets as the raw materials to prepare
high-strong bulk materials, which had a low flexural strain of
1.5%.19 Soykeabkaew et al. prepared all-cellulose nano-
composites by surface selective dissolution of bacterial
cellulose. The obtained all-cellulose nanocomposites had a
high tensile strength of 411 MPa and an extremely low strain
of 4%.20 Zhang et al. fabricated strong and tough paper with a
strength of 102 MPa and a tensile strain of 18% by adding the
positively charged lignosulfonate−polyamide−epichlorohydrin
complex nanoparticles, which had a substantially negative
effect on the biodegradability of paper.21 Chen et al. used
special hemicellulose-rich nanofibers to prepare the strong and
tough paper by controlling the folding of nanofibers during
drying.22 Zhao et al. developed a double-cross-linked strategy
to fabricate strong and tough cellulose hydrogels and
films.23−25 Therefore, it is appealing and challenging to
fabricate tough and strong biomass materials with a novel,
practical, and sustainable strategy.
Herein, we proposed a facile and effective strategy to

construct high-tough and strong regenerated cellulose
materials based on the formation of an aggregate of
hydrogen-bonding networks, where the relatively weak hydro-
gen-bonding network could be sacrificed during stretching.
According to this new principle, natural agricultural and forest
wastes could be directly transformed into tough all-biomass
materials by combining a paper-making process with an in situ
welding process (Figure 1a).

■ EXPERIMENTAL SECTION
Materials. Cellulose (eucalyptus pulp) and the ionic liquid

AmimCl were provided by Shandong Henglian New Materials Co.,
Ltd., China. Hybrid Pennisetum grass, corn straw, wheat straw, and
poplar sawdust were obtained from Zhuhai Liangzhu Grass Industry
Co., Ltd., China. The ionic liquid EmimAc, BmimCl, and BmimAc

were purchased from the Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences.

Preparation of Cellulose Hydrogels and Films. The
preparation process was as shown in Figure 1a. A cellulose microfiber
aqueous dispersion (3%) was fabricated by crushing the eucalyptus
pulp in a home blender. A cellulose nanofiber aqueous suspension
(3%) was made by treating the cellulose microfiber aqueous
dispersion with a grinder (MKCA6-3, Masuko Sangyo, Japan) for
100 times at 2000 r/min. Then, EmimAc was added into the cellulose
microfiber or nanofiber aqueous suspension under stirring. The solid
content of cellulose/EmimAc was 10, 15, 20, 25, 28, 35, and 40%.
Subsequently, the cellulose/EmimAc aqueous dispersion was poured
into a mold, which was placed into an oven to remove water. The
resultant cellulose/EmimAc mixture was hot-pressed at 110 °C for 5
min. After regeneration in water, the cellulose hydrogel was obtained.
Finally, the regenerated cellulose plastic and film were prepared after
drying the cellulose hydrogel under a vacuum at 60 °C for 12 h.

Preparation of All-Biomass Materials. The biomass powder
was treated in 2% NaOH at 60 °C for 0.5 h in order to remove a small
amount of hemicellulose.13 After washing with water, the treated
biomass powder aqueous dispersion (3%) was prepared. Then,
EmimAc was added to get the biomass/EmimAc aqueous dispersion
under stirring. The solid content of biomass/EmimAc was 20%.
Subsequently, the biomass/EmimAc aqueous dispersion was poured
into a mold, which was placed into an oven to remove water. The
resultant biomass/EmimAc mixture was hot-pressed at 110 °C for 5
min. After regeneration in water and drying, the all-biomass material
was obtained.

Characterization. The swelling and dissolution processes of
cellulose in EmimAc/H2O and AmimCl/H2O were observed by a
BX51 polarized optical microscope (Olympus, Japan). The surface
and cross-sectional morphologies of the films and freeze-dried
hydrogels were observed with a scanning electron microscope
(JSM-6700F, JEOL, Japan) at an accelerating voltage of 5 kV. The
mechanical performance of cellulose and all-biomass materials was
evaluated using a universal testing machine (Instron 3365,
INSTRON) with a 5 kN load cell. The crosshead speed was 2
mm/min for the films and 5 mm/min for the hydrogels. The
rectangular-shaped specimens have a length of more than 50 mm and
a width of 10 mm. In order to ensure accuracy and repeatability, at
least five specimens were tested. Wide-angle X-ray diffractograms
(WAXD) were recorded on an X-ray diffractometer (D/max-2500,
Rigaku Denki, Japan) in reflection mode with Cu Kα radiation (λ =
0.154 Å) operating at 40 kV and 25 mA. The angular range (2θ) was
from 5 to 40°. The scanning speed was 5°/min. Two-dimensional
(2D) X-ray diffraction measurement was performed on a Xenocs
Xeuss 2.0 instrument with a Cu Kα radiation source (λ = 1.54 Å) and

Figure 1. Schematic illustration of tough and strong biomass films. (a) Preparation process of high-tough biomass films and plastics, (b)
transparent cellulose film, (c) cellulose plastic, and (d) cellulose hydrogel.
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a 2D detector (Pilatus 300 K, pixel size 172 μm) in virtual detector
mode.26 Small-angle X-ray scattering (SAXS) was recorded also on a
Xenocs Xeuss 2.0 SAXS System with λCu = 1.54 Å. The sample-to-
detector distance was 2508 mm, and the calibration was performed
with a silver behenate (AgC22H43O2) standard.

27 The thermal stability
test was measured by a thermogravimetric analyzer (TGA 8000,
PerkinElmer) under a N2 atmosphere from 50 to 750 °C at a heating
rate of 20 °C/min. Linear viscoelastic properties of cellulose/EmimAc
solutions were measured by using a TA ARES-G2 rheometer under a
N2 atmosphere with 25 mm parallel-plate geometry. The cellulose
hydrogels were measured under an air atmosphere at 30 °C. An
oscillatory frequency sweep was performed to measure the G′ and G″
in a range of angular frequency (ω) between 10−4 and 102 rad/s.
Fourier transform infrared (FTIR) spectra were acquired in
transmission mode by accumulating 64 scans at a resolution of
0.125 cm−1 on a Nicolet 6700 FTIR spectrometer (Thermo Fisher).
The temperature was in a range of 20−240 °C. Dynamic mechanical
analysis (DMA) was tested in single cantilever mode from 0 to 200
°C on a DMTA Q800 instrument (TA Instruments). The heating rate
was 3 °C/min, the frequency was 1 Hz, and the amplitude was 25 μm.

■ RESULTS AND DISCUSSION
Preparation of High-Tough and Strong Cellulose

Materials. Cellulose is the main component of biomass and is
the skeleton of regenerated biomass materials to provide
mechanical strength. Thus, we used cellulose as a model to
develop a new processing technology for biomass.18 Since
2002, a variety of ionic liquids (ILs) have been proven to
dissolve cellulose efficiently and have been successfully used in
the industrial production of regenerated cellulose materi-
als.28,29 Conventional ILs include 1-allyl-3-methylimidazolium

chloride (AmimCl), 1-butyl-3-methylimidazolium chloride
(BmimCl), 1-butyl-3-methylimidazolium acetate (BmimAc),
and 1-ethyl-3-methylimidazolium acetate (EmimAc).30 Cur-
rently, the dissolution of cellulose in ILs is realized by a strong
stirring strategy at a high temperature either in the laboratory
or during the industrial process. However, the solid content of
the cellulose/ILs solution is difficultly higher than 10% in this
strategy due to the ultrahigh viscosity. Moreover, the
conventional film-formation technologies are not applicable
to the biomass solution with a high viscosity and a high
impurity content. Except for cellulose, natural biomass has
many kinds of components, such as lignin, hemicellulose, and
inorganic matter. Thus, we developed a new dissolution−
regeneration strategy for processing cellulose and biomass
(Figure 1a). By combining a paper-making process with an in
situ dissolution process, cellulose or biomass powder was
directly converted into tough and strong hydrogels, films, or
plastics (Figure 1b−d). The new preparation process includes
7 steps: (1) crushing biomass, (2) dispersing biomass powder
into ILs/H2O, (3) spreading the biomass/ILs/H2O mixture
and evaporating water, (4) hot-pressing, (5) regeneration in
water, (6) drying, and (7) winding (Figure 1a). Different from
the conventional dissolution−regeneration process, the film-
formation step in the new preparation process is easily
achieved and is immune to the concentration and impurities,
solving the obstacle of the high viscosity and the high impurity
content in the biomass solution. Because the biomass/ILs/
H2O suspension with a low viscosity is spread out first, then
the biomass is dissolved in situ by removing water. In addition,

Figure 2. Mechanical properties of tough and strong cellulose films. (a) SEM image of cellulose microfibers, (b) diameter distribution of cellulose
microfibers, (c) SEM image of cellulose nanofibers, (d) diameter distribution of cellulose nanofibers, (e) and (f) mechanical properties of cellulose
films made by cellulose microfibers, (g) and (h) mechanical properties of cellulose films made by cellulose nanofibers, (i) WAXD patterns of
cellulose films before and after stretching, and (j) toughness comparison with previous studies.17,18,22,25,32−40
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because the preparation process is stirring-free, the biomass
solution with a high concentration is easily fabricated.
In order to realize the above preparation process, there are

two keys: the dispersion state and the undisturbed dissolution
of biomass powder. Water is a good swelling solvent of
biomass. Moreover, it can remarkedly decrease the viscosity of
ILs, which is beneficial to the diffusion of the solvent into the
biomass, especially the high solid content conditions. There-
fore, ILs/H2O was used as a dispersant to disperse the biomass
powder. In addition, the dissolving capability of ILs under the
undisturbed state is of significant importance. The undisturbed
dissolving capability of ILs follows the order EmimAc ≈
BmimAc > AmimCl > BmimCl (Figure S1). The ILs with an
acetate anion (Ac−) can quickly dissolve cellulose in 1 min.
During the practical production process, owing to the strong
interactions between ILs and water, it is hard to realize
complete dehydration, which means the undisturbed dissolving
capability of the ILs/water mixed solvent is essential (Figure
S2). The EmimAc/H2O and BmimAc/H2O systems contain-
ing 5% H2O can dissolve cellulose within 5 min. In contrast,
cellulose is only swollen rather than soluble in AmimCl/H2O
and BmimCl/H2O systems. Comparing these four ILs,
EmimAc/H2O was chosen as a dispersant and a solvent to
fabricate biomass materials.
Based on the above preparation process, high-tough and

strong regenerated cellulose materials were successfully
prepared by using wood pulp and EmimAc/H2O (Figure
1b−d). The wood pulp was dispersed with water to obtain a
cellulose microfiber aqueous dispersion by using a home

blender for 5 min (Figure S3a). The average diameter of fibers
was 18.5 μm (Figure 2a,b). Subsequently, the cellulose
microfiber aqueous dispersion was crushed by a grinder to
obtain a cellulose nanofiber aqueous dispersion (Figure S3b).
The average diameter of nanofibers was 47.9 nm (Figure 2c,d).
EmimAc was added to the cellulose microfiber aqueous
dispersion and the nanofiber aqueous dispersion, respectively.
Then, the water was evaporated; meanwhile, the cellulose/
EmimAc/H2O mixture was hot-pressed to promote the
dissolution of cellulose. Subsequently, after regeneration of
cellulose in water, cellulose hydrogels were obtained (Figure
1d). Finally, regenerated cellulose materials were received by a
heat drying process (Figure 1b,c). When cellulose microfibers
were used as the raw materials and the solid content of
cellulose/EmimAc reached 20%, the regenerated cellulose film
was high-tough and strong. Its tensile strength reached 154.9
MPa, and the tensile strain was 57.7% (Figure 2e,f, and Table
S1), which is much higher than the tensile strain (<10%) of the
regenerated cellulose film prepared by a common dissolution−
regeneration process.31 With the further increase of the solid
content of cellulose/EmimAc, the tensile strength and strain of
the regenerated cellulose film decreased simultaneously. For
example, the regenerated cellulose film exhibited a tensile
strength of 118.6 MPa and a tensile strain of 35.5% when the
solid content of cellulose/EmimAc was 28%. A similar
phenomenon appeared when using cellulose nanofibers as
raw materials. When cellulose nanofibers were used as the raw
materials and the solid content of cellulose/EmimAc reached
25%, the high-tough and strong cellulose film was obtained and

Figure 3. Tough and strong cellulose hydrogels. (a) and (b) Photographs of the stretching process of the tough cellulose hydrogel, (c) and (d)
mechanical properties of cellulose hydrogels made by using cellulose nanofibers/EmimAc with different solid contents, (e) and (f) photographs of
the cellulose hydrogel made by using cellulose nanofibers/EmimAc with a solid content of 25%, and (g) toughness comparison with
polysaccharide-based hydrogels in previous studies.23,45−52
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exhibited a tensile strength of 141.9 MPa and a tensile strain of
54.4% (Figure 2g,h, and Table S2). Before a stretching test, the
cellulose film is homogeneous and nonoriented (Figure 2i).
After a stretching test, the cellulose film exhibits an obvious

orientation along the stretching direction (Figure 2i),
indicating that the cellulose film has high toughness. The
fracture location of the cellulose film has an obvious whitening
phenomenon (Figure 2e), which is evidence of high toughness

Figure 4. Mechanism of high-tough cellulose materials. (a) and (b) Rheological properties of cellulose/EmimAc solutions and regenerated
cellulose hydrogels with different solid contents; (c) variable temperature FTIR spectra of cellulose films made by using cellulose nanofibers/
EmimAc with a solid content of 25%; (d) DMA curves of cellulose films made by using cellulose nanofibers/EmimAc with a solid content of 25 or
4%; (e) and (f) SAXS patterns of cellulose films after stretching; (g) SEM images of cellulose hydrogels and films before and after stretching; and
(h) optical image, SEM image, and solid-NMR spectra of cellulose materials made by using cellulose nanofibers/EmimAc with a solid content of
35%.
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also. We also used AmimCl/H2O as a dispersant and a solvent.
The as-prepared cellulose films exhibit reduced strength and
toughness than those obtained from the EmimAc/H2O system
(Figure S4) because AmimCl has a slower dissolution rate to
cellulose than EmimAc under the undisturbed dissolution state
and/or the presence of water. An obvious peak of a cellulose I
crystal in the regenerated cellulose film confirms that the
cellulose is partially dissolved in AmimCl (Figure S5). When
cellulose nanofibers were used as raw materials and the solid
content of cellulose/AmimCl reached 20%, the cellulose film
exhibits a tensile strength of 98.5 MPa and a tensile strain of
35.0%, which is much higher than the cellulose film prepared
by a conventional dissolution−regeneration process. In
summary, we easily prepared high-tough and strong cellulose
materials based on the above new strategy. In particular, the
resultant cellulose materials have an extremely high toughness
of 81.76 MJ/m3, which is much higher than the reported
toughness of cellulose-based and biomass-based materials
(Figure 2j and Table S3).

High-Tough and Strong Cellulose Hydrogels. Hydro-
gels have attracted extensive attention due to their huge
potential in wound dressings,41 tissue engineering,42 intelligent
wear,43 soft robots,44 and other fields. It is attractive and
challenging to fabricate high-tough and high-strong hydro-
gels.45 Since the cellulose plastics prepared by the above
process exhibit high toughness and high strength, the
corresponding cellulose hydrogels should exhibit high
mechanical properties also. The experiment results prove our
conjecture. When cellulose nanofibers were used as raw
materials and the solid content of cellulose/EmimAc reached
25%, the cellulose hydrogel exhibited a high tensile strength of
8.9 MPa and a high tensile strain of 165.0%, which is much
higher than conventional cellulose hydrogels (Figure 3 and
Table S4). The high-tough, colorless, and transparent cellulose
hydrogel is not broken, even if it is stretched and recovered
many times under a weight of 2 kg, indicating an excellent
mechanical property (Figure 3e,f, and Video S1). With the
further increase in the solid content in cellulose/EmimAc,
cellulose could not be completely dissolved, resulting in a
heterogeneous hydrogel with poor mechanical properties.
When the solid content of cellulose/EmimAc increased to
35%, the cellulose hydrogel had a relatively low tensile strength
of 5.4 MPa and a strain of 75.0%. When cellulose microfibers
were used as raw materials, the cellulose hydrogel exhibited
better mechanical properties. When the solid content of
cellulose/EmimAc was 20%, the resultant cellulose hydrogel
exhibited a high tensile strength of 9.5 MPa and a strain of
171.4% (Figure S6 and Table S5). In order to compare with
the hydrogel reported in the literature, we prepared a cellulose
hydrogel with a thickness of 1 mm, whose tensile strain
increased to 208.8% (Figure S7). Obviously, the strength and
toughness of our cellulose hydrogel are much higher than
those of the polysaccharide-based hydrogels prepared by
conventional methods (Figure 3g and Table S6). These
phenomena indicate that the microstructure of high-tough and
strong cellulose materials has been formed during the cellulose
regeneration process.

Mechanism of High-Tough Cellulose Materials. A
rheological test can reflect the microstructure of a polymer
solution. As the solid content of cellulose nanofibers increases,
the intersection point of the storage modulus (G′) and the loss
modulus (G″) shifts to a low frequency in a cellulose/EmimAc
solution (Figure 4a), indicating that the degree of entangle-

ment increases, and thus, an elastic response becomes
dominant. The cellulose/EmimAc solution with a solid content
of 25% has the lowest angular frequency at the intersection
point of G′ and G″ (Figure 4a). Moreover, the corresponding
cellulose hydrogel has the highest value of G′ (Figure 4b). The
above phenomena indicate that there is the strongest
entanglement network in a 25% cellulose/EmimAc solution
and the corresponding cellulose hydrogel. After drying, the
cellulose film was obtained. It is amorphous (Figure S8) and
has high thermal stability (Figure S9). In the FTIR spectrum, a
cellulose film made by using a 25% cellulose/EmimAc solution
has an ultrawide peak of hydroxyl stretching vibration at
3000−3600 cm−1 (Figure 4c). As the temperature increases
from room temperature to 240 °C, the partial hydroxyl peak
disappears (Figure 4c), which means some weak hydrogen-
bonding interactions are broken. DMA results show that there
is only one peak of tan δ at 130 °C in the cellulose film made
by using cellulose/EmimAc with a solid content of 4%, while
there are two peaks of tan δ at 140 and 60 °C in the cellulose
film made by using cellulose/EmimAc with a solid content of
25% (Figure 4d). Hence, the high-tough cellulose film has two
kinds of hydrogen-bonding interactions, one of which is the
traditional strong hydrogen-bonding interactions and the other
is the new relatively weak hydrogen-bonding interactions. The
weak hydrogen-bonding interactions can be sacrificed to
dissipate energy once meeting an external force. As a result,
the cellulose films and hydrogels made by using a high solid
content of cellulose/ILs exhibit high toughness and strength.
Since the high-tough structure has been formed in cellulose

hydrogels, we observed the microstructure of cellulose
hydrogels that were treated by a freeze-drying process. It can
be found that the cellulose hydrogel obtained by a conven-
tional method has a porous network structure (Figure S10).
When the cellulose hydrogel was prepared by using the new
processing strategy and the cellulose nanofibers/EmimAc with
a solid content of 4%, the cellulose hydrogel also has a porous
network structure containing abundant nanofibers (Figure 4g),
indicating there is a whole hydrogen-bonding network. As the
solid content of cellulose increases to 10%, the obtained
cellulose hydrogel shows a layered structure, indicating there
are two kinds of hydrogen-bonding interactions, interlayer and
intralayer hydrogen-bonding interactions. As the solid content
of cellulose further increases, the cellulose layers overlap to
form a dense layered interlaced structure due to the steric
effect, such as the cellulose hydrogel made by using the
cellulose nanofibers/EmimAc with a solid content of 25%.
During the heat drying process of the cellulose hydrogel made
by using the cellulose nanofibers/EmimAc with a solid content
of 4%, cellulose nanofibers aggregate together, and a compact
network forms. As a result, the corresponding cellulose film has
a flat and dense structure (Figure 4g). During the stretching
process, the nanofiber network is broken to exhibit a flat cross
section. SAXS patterns show that the scattering intensities in
both horizontal and vertical directions are almost the same
after stretching (Figure 4e), which proves a brittle fracture
during the tensile stretching process. During the heat drying
process of the cellulose hydrogel made by using the cellulose
nanofibers/EmimAc with a solid content of 10 and 25%, the
layered structure of cellulose hydrogels is retained in the
resultant cellulose films. During the stretching process, the
layers slide obviously to dissipate energy because the weak
interlayer hydrogen-bonding interactions are easily broken
(Figure 4g). So, the corresponding cellulose materials exhibit a
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high toughness, especially the cellulose materials with a layered
interlaced structure. SAXS patterns reveal that the scattering
intensity in the tensile direction increases dramatically (Figure
4f), indicating that plastic deformation occurs along the
stretching direction. Combined with WAXD results (Figure
2i), it is clear that the high toughness of cellulose materials
originates from the sliding and orientation of the layered
structure.53 When the solid content of cellulose nanofibers/
EmimAc is higher than 25%, cellulose nanofibers could not be
totally dissolved (Figure S8). A phase separation structure
consisting of the regenerated cellulose and insoluble cellulose
forms, resulting in a decrease in the transparency and
mechanical properties of cellulose hydrogels (Figure 4h). In
sum, cellulose materials with a layered interlaced structure

exhibit optimal toughness and strength because the sliding of
cellulose layers can effectively dissipate energy.
Based on the above results, the high-tough and strong

cellulose materials originate from the layered interlaced
microstructure with an aggregation of hydrogen-bonding
networks (Figure 5a), which contains two kinds of hydro-
gen-bonding interactions, intralayer and interlayer hydrogen-
bonding interactions. The strong intralayer hydrogen-bonding
interactions endow the cellulose materials with high strength.
The weak interlayer hydrogen-bonding interactions are
sacrificed to dissipate energy, so the cellulose materials have
high toughness, and the sliding of cellulose layers is observed.
In contrast, the cellulose materials exhibit a whole network
consisting of abundant nanofibers by using a conventional

Figure 5. Mechanism schematic of high-tough cellulose materials. (a) Schematic of the fracture process of tough cellulose materials and (b)
schematic of the fracture process of conventional regenerated cellulose materials.
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dissolution−regeneration process (Figure 5b). During the
stretching process, curly cellulose nanofibers become straight,
which dissipates energy limitedly. Thus, the conventional
regenerated cellulose materials have a low toughness, for
example, the tensile strain of cellulose films is below 10%. Our
new processing strategy combines a paper-making step with an
in situ dissolution step. During the paper-making step, cellulose
powders spontaneously form a heterogeneous layered structure
(Figure S11). The subsequent dissolution process can retain
this structure because the high viscosity limits the movement
of cellulose chains. Finally, the heterogeneous layered structure
is retained in the regenerated cellulose hydrogels during the
regeneration process. Thus, the final regenerated cellulose
materials exhibit a layered structure or a layered interlaced
structure, which can dissipate energy via the sliding of cellulose
layers.

Tough All-Biomass Materials. Based on the above
principle and strategy, we processed the common forestry
and agricultural wastes, such as poplar sawdust, wheat straw,
corn straw, and grass (Figure 6a). The forestry and agricultural
wastes were crushed and passed through 100 mesh screens.
Then, the biomass powders were treated with 2% NaOH at 60
°C for 0.5 h to remove a small amount of lignin and
hemicellulose (Table S7) in order to weaken the biomass
recalcitrance.13 The treated forestry and agricultural wastes
kept their original micromorphology (Figure S12). The solid

content of biomass/EmimAc was controlled at 20% for
processing. All four raw materials could be directly processed
into the all-biomass materials (Figure 6b−e). Due to the
retention of a large amount of lignin, hemicellulose, and
inorganic substances, the all-biomass materials are colored and
semitransparent. In FTIR spectra, the C�C peak at 1502
cm−1, the C�O peak at 1736 cm−1, and the Si−O peak at 798
cm−1 prove the existence of lignin, hemicellulose, and
inorganic substances (Figure S13). More importantly, all-
biomass materials exhibit outstanding mechanical properties.
Taking poplar sawdust as an example, the tensile strength,
strain, and toughness of all-biomass materials are 107.4 MPa,
26.1%, and 29.1 MJ/m3, respectively (Figure 6f,g). Its tensile
strain and toughness are much better than commercial
cellophane, which is prepared by using high-quality cellulose
and contains 10−15% plasticizer. Compared with an all-
biomass film prepared by a conventional dissolution−
regeneration process, the tensile strength increases by 230%;
meanwhile, the tensile strain increases by 1200% (Figure 6f
and Table S8). The obtained all-biomass materials can be bent
directly, owing to good toughness (Figure 6h). In addition,
because a large amount of lignin was retained, the obtained all-
biomass materials showed reduced hydrophilicity and water
resistance.

Figure 6. Tough all-biomass materials. (a) Optical images of four kinds of biomass powders; (b) optical image of all-biomass material from poplar
sawdust; (c) optical image of all-biomass material from wheat straw; (d) optical image of all-biomass material from corn straw; (e) optical images of
all-biomass material from grass; (f) and (g) mechanical property comparison between the all-biomass material, cellophane, and the conventional all-
biomass film; and (h) and (i) optical image, the water contact angle, and the SEM image of all-biomass materials from poplar.
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■ CONCLUSIONS
In this work, we found a new principle and demonstrated a
practical strategy to fabricate high-tough all-biomass materials
via constructing an aggregate of hydrogen-bonding networks.
We used a high solid content of cellulose/EmimAc (10−40 wt
%) as a model and then combined a paper-making process with
an in situ welding process. The regenerated cellulose material
spontaneously formed a layered microstructure. The interlayer
hydrogen-bonding interactions could be sacrificed during
stretching. As a result, tough and strong cellulose films or
plastics were obtained. When the solid content of cellulose/
EmimAc was 20 wt %, the corresponding cellulose film
exhibited an ultrahigh tensile strain of 57.7% and an excellent
toughness of 81.76 MJ/m3. The corresponding cellulose
hydrogel exhibited an excellent strength of 9.5 MPa and a
high tensile strain of 171.4% also. Such a facile and easy-to-
scale strategy could be used to directly process various
agricultural and forestry wastes, including corn straw, wheat
straw, grass, and wood powder. The all-biomass high-tough
films with a high tensile strength of 107.4 MPa and a high
tensile strain of 26.1% were fabricated, indicating a huge
potential in ecofriendly materials, environmental protection,
and bioresource utilization.
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Bacá̌ková, L.; Kadlec, J.; Remis,̌ T. Biocompatible hydrogels based on
chitosan, cellulose/starch, PVA and PEDOT:PSS with high flexibility
and high mechanical strength. Cellulose 2022, 29, 6697−6717.
(48) Huang, K.; Xu, H.; Chen, C.; Shi, F.; Wang, F.; Li, J.; Hu, S. A
novel dual crosslinked polysaccharide hydrogel with self-healing and
stretchable properties. Polym. Chem. 2021, 12, 6134−6144.
(49) Kim, H. S.; Lee, K. Y. Stretchable and self-healable hyaluronate-
based hydrogels for three-dimensional bioprinting. Carbohydr. Polym.
2022, 295, No. 119846.
(50) Xue, X.; Song, G.; Chang, C. Tough all-polysaccharide
hydrogels with uniaxially/planarly oriented structure. Carbohydr.
Polym. 2022, 288, No. 119376.
(51) Wang, Q.; Pan, X.; Guo, J.; Huang, L.; Chen, L.; Ma, X.; Cao,
S.; Ni, Y. Lignin and cellulose derivatives-induced hydrogel with
asymmetrical adhesion, strength, and electriferous properties for
wearable bioelectrodes and self-powered sensors. Chem. Eng. J. 2021,
414, No. 128903.
(52) Zhao, D.; Zhu, Y.; Cheng, W.; Xu, G.; Wang, Q.; Liu, S.; Li, J.;
Chen, C.; Yu, H.; Hu, L. A Dynamic Gel with Reversible and Tunable
Topological Networks and Performances. Matter 2020, 2, 390−403.
(53) Yeo, J. C. C.; Muiruri, J. K.; Koh, J. J.; Thitsartarn, W.; Zhang,
X.; Kong, J.; Lin, T. T.; Li, Z.; He, C. Bend, Twist, and Turn: First
Bendable and Malleable Toughened PLA Green Composites. Adv.
Funct. Mater. 2020, 30, No. 2001565.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.3c02038
ACS Sustainable Chem. Eng. 2023, 11, 9153−9162

9162

https://doi.org/10.1016/j.carbpol.2019.115057
https://doi.org/10.1016/j.carbpol.2019.115057
https://doi.org/10.1016/j.carbpol.2014.08.113
https://doi.org/10.1016/j.carbpol.2014.08.113
https://doi.org/10.1038/nature25476
https://doi.org/10.1038/nature25476
https://doi.org/10.1021/acsnano.9b08747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b08747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b08747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-19174-1
https://doi.org/10.1038/s41467-020-19174-1
https://doi.org/10.1007/s10570-009-9285-1
https://doi.org/10.1007/s10570-009-9285-1
https://doi.org/10.1007/s10570-009-9285-1
https://doi.org/10.1002/adfm.202002169
https://doi.org/10.1002/adfm.202002169
https://doi.org/10.1002/adfm.202002169
https://doi.org/10.1021/acsnano.0c02302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c02302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201601645
https://doi.org/10.1002/adfm.201601645
https://doi.org/10.1002/adfm.201601645
https://doi.org/10.1002/adfm.201601645
https://doi.org/10.1021/acsnano.9b02081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b02081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2021.129229
https://doi.org/10.1016/j.cej.2021.129229
https://doi.org/10.1021/acs.biomac.1c01553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c01553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02259?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja025790m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jobab.2020.04.001
https://doi.org/10.1016/j.jobab.2020.04.001
https://doi.org/10.1039/C6QM00348F
https://doi.org/10.1039/C6QM00348F
https://doi.org/10.1039/C6QM00348F
https://doi.org/10.1007/s10570-013-9925-3
https://doi.org/10.1007/s10570-013-9925-3
https://doi.org/10.1007/s10570-013-9925-3
https://doi.org/10.1126/science.aau9101
https://doi.org/10.1126/science.aau9101
https://doi.org/10.1021/acsami.0c02221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c02221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b05059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b05059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.8b01554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.8b01554?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijbiomac.2020.08.196
https://doi.org/10.1016/j.ijbiomac.2020.08.196
https://doi.org/10.1016/j.ijbiomac.2020.08.196
https://doi.org/10.1021/sc400290y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sc400290y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sc400290y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbpol.2021.117759
https://doi.org/10.1016/j.carbpol.2021.117759
https://doi.org/10.1021/bm5012739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm5012739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm5012739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm5012739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.compositesb.2021.109379
https://doi.org/10.1016/j.compositesb.2021.109379
https://doi.org/10.1016/j.compositesb.2021.109379
https://doi.org/10.1016/j.biomaterials.2017.01.011
https://doi.org/10.1016/j.biomaterials.2017.01.011
https://doi.org/10.1016/j.biomaterials.2017.01.011
https://doi.org/10.3390/nano9040497
https://doi.org/10.3390/nano9040497
https://doi.org/10.1039/c8cs00595h
https://doi.org/10.1038/s41578-018-0002-2
https://doi.org/10.1038/s41578-018-0002-2
https://doi.org/10.1002/adma.201600448
https://doi.org/10.1002/adma.201600448
https://doi.org/10.1002/adma.201600448
https://doi.org/10.1002/adma.202206577
https://doi.org/10.1002/adma.202206577
https://doi.org/10.1007/s10570-022-04686-4
https://doi.org/10.1007/s10570-022-04686-4
https://doi.org/10.1007/s10570-022-04686-4
https://doi.org/10.1039/d1py00936b
https://doi.org/10.1039/d1py00936b
https://doi.org/10.1039/d1py00936b
https://doi.org/10.1016/j.carbpol.2022.119846
https://doi.org/10.1016/j.carbpol.2022.119846
https://doi.org/10.1016/j.carbpol.2022.119376
https://doi.org/10.1016/j.carbpol.2022.119376
https://doi.org/10.1016/j.cej.2021.128903
https://doi.org/10.1016/j.cej.2021.128903
https://doi.org/10.1016/j.cej.2021.128903
https://doi.org/10.1016/j.matt.2019.10.020
https://doi.org/10.1016/j.matt.2019.10.020
https://doi.org/10.1002/adfm.202001565
https://doi.org/10.1002/adfm.202001565
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c02038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

