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Abstract:

Waterborne polyurethanes derived from plant oil based polyols demonstrate superior
performance as well as unique chain structures and phase structures, and therefore become
a new type of environmental—-friendly polymeric materials. However, the common used
hydrophilic chain extenders still relied on thepetroleumbased

(2, 2-Bis (hydroxymethyl) propionic acid or 2,2’ -Bis(hydroxymethyl)butyricacid). Their high
melting temperatures and poor compatibility with polyols led to the use of large amount
of organic solvent in the production associated with the issue of solvent removal and
residue. In this proposal, plant oil based hydrophilic chain extenders with low melting
temperature will be developed through molecular design and controllable synthesis, then
its compatibility with typical palnt oil based polyols will be investigated and a
database of Hansen solubility parameters will be constructed. Finally, fully renewable
waterborne polyurethanes will be constructed from above monomers by solvent—free process
The regulation mechanism of the spatial configuration of triglyceride and carbon carbon
double bonds on the chemoselective and regioselectivity will be revealed. The effect of
fatty acid chains and functionalities of the monomers on the properties of polyurethane
dispersions and films will be investigated to achieve the synergic regulation of
mechanical properties and water resistance of the resulting polyurethanes. The objective
of this proposal is to provide a new strategy for the transformation of biomass into
high-valued chemicals and for the design of new waterborne polyurethanes and their
solvent—free production.

KW (AAS2T0) . AEWFERDEL: fY i ARMERERS: SEAAE: A

Keywords (FH4r54FF) : Bio-based materials; Plant oils; Waterborne
polyurethanes; High value—added utilization; Biomass
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ABSTRACT: On the basis of the original hydrogen bonding
interaction and physical entanglement, covalent cross-linking and
ionic cross-linking were additionally introduced to construct a
carboxymethyl chitosan/allyl glycidyl ether conductive hydrogel
(CCH) through a one pot method by a graft reaction, an addition
reaction, and simple immersion, successively. The multiple cross-
linking networks significantly increased the strength of CCHs and
endowed them with ionic conductivity and an antifreezing
property at —40 °C, which showed stable, durable, and reversible
sensitivity to finger bending activity at subzero temperature. The
CCHs could even be assembled into a triboelectric nanogenerator
(TENG) to provide electric energy, which demonstrated stability
against temperature variation, multiple drawing, long-term storage,
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or large quantities of contact-separation motion cycles. CCH-TENG can also be used as a tactile sensor within the pressure range
from 0.4 kPa to higher than 8000 kPa. This work provided a simple route to fabricate antifreezing conductive hydrogels based on
carboxymethyl chitosan and to find potential applications in soft sensor devices under a low temperature environment.

KEYWORDS: carboxymethyl chitosan hydrogel, multiple cross-linking, ionic conductive, antifreezing, sensor

1. INTRODUCTION

Hydrogels are water-rich 3D networks composed of cross-
linked hydrophilic polymer chains, which exhibit a solid-like
mechanical property as well as a liquid-like fast diffusion
property.'~ Especially, conductive hydrogels have become a
global hot topic as potentially flexible conductors and
electronics due to their excellent elasticity, good electrical
characteristics, and tunable mechanical properties.*™® More
demands such as transparency, durability, sustainable raw
materials, a simple preparation process, and wide application
conditions have been proposed gradually of conductive
hydrogel for their practical use in the fields of sensor, soft
robcg)t,1 }ouch panel, electronic skin, and even energy harvest-
ing.

Many efforts have been made to specifically improve some
properties, which provide ideas for comprehensively combin-
ing these performances with desirable functions for conductive
hydrogels. For improvement of mechanical properties,
introduction of composite networks and the use of diversified
cross-linking methods are feasible strategies, such as inter-
penetrating network (IPN) hydrogels,'” semi-interpenetrating
network (SIPN) hydrogels'®'? and physical-chemical double
cross-linking hydrogels,”””*' etc. All interactions between
polymer chains could be used for potential cross-linking points
in building three-dimensional network of hydrogel. Physical
cross-linking includes polymer chain entanglement, hydrogen
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7 ACS Publications 508

bonding, ionic bonding, while chemical cross-linking includes
reversible and irreversible covalent bonding. Besides, antifreez-
ing property is a remarkable new performance of hydrogels
who would maintain flexibility and fast diffusion property at
low temperature. Effective strategies to achieve this include
adding electrolyte salts and polyols to the hydrogel medium, or
even developing ionic liquid gels.”” >° However, polyols are
poor solvents for metal salt ions and might have negative
effects to conductivity of ionic conductive hydrogel. Ionic
liquid gels own the advantages of good physical and chemical
stability and high conductivity. However, unless the ionic
liquids have good compatibility with the polymer networks,
ionic liquid §els are usually troubled by insufficient mechanical
strength.””*" At present, a salt inducing strategy has been
developed. However, it remains a challenge to achieve an
antifreezing effect at ultralow temperature (such as —40 °C or
lower).>? ™!

Natural polymers have the advantages of abundance,
renewability, biocompatibility, and biodegradability and are
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regarded as the most promising raw materials to replace the
traditionally nondegradable polymers.””*” Carboxymethyl
chitosan (CA), as an important derivative of chitosan, is
nontoxic and has an excellent hydrophilic property and water
solubility and thus is an ideal raw material for hydrogel
construction via chemical or physical cross-linking.**~’
Furthermore, amino and hydroxyl groups on CA are conducive
to formation of a large number of hydrogen bonds. The
carboxyl group has the potential to cross-link with divalent
cations to further improve the mechanical properties of
hydrogel, inspired by sodium alginate cross-linked with
calcium ions.***’

Herein, on the basis of the original hydrogen bonding
interaction and physical entanglement, CA chains were grafted
with allyl glycidyl ether (AGE), followed by an addition
reaction of a double bond on AGE, to realize covalent cross-
linking between CA chains. The obtained carboxymethyl
chitosan/allyl glycidyl ether hydrogels (CAHs) were immersed
in MgCl,, CaCl,, or ZnCl, aqueous solutions to induce ionic
cross-linking and construct carboxymethyl chitosan/allyl
glycidyl ether conductive hydrogels (CCHs) with ionic
conductivity and an antifreezing property at —40 °C. CCHs
showed stable, durable, and reversible sensitivity as strain
sensors at subzero temperature. When assembled into a
triboelectric nanogenerator (TENG) to provide electric
energy, the CCH-TENG demonstrated stability against
temperature variation, multiple drawing, long-term storage,
or large quantities of contact-separation motion cycles. CCH-
TENG can also be used as tactile sensor within the pressure
range from 0.4 kPa to higher than 8000 kPa. The present work
was expected to provide a simple route for the preparation of
antifreezing conductive hydrogels with enhanced mechanical
properties based on carboxymethyl chitosan, demonstrating
great potential among natural polymer functional materials.

2. EXPERIMENTAL SECTION

2.1. Materials. The O-carboxymethyl chitosan (CA) powder (BR,
Product No. C804727) was supplied by Shanghai Maclin
Biochemistry Technology Co., Ltd,; the degree of deacetylation
(DE) was 90% and the substitution degree of carboxymethylation was
80%, as determined by the supplier. Allyl glycidyl ether (AGE),
ammonium persulfate (APS) and calcium chloride (CaCl,) were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Magnesium chloride (MgCl,) and zinc chloride (ZnCl,) was provided
by Shanghai Adamas Reagent Co., Ltd. Deionized water from
Millipore-Milli-Q Pure Water System was used to prepare the
aqueous solutions. All chemicals reagents were used without further
purification.

2.2. Fabrication of Carboxymethyl Chitosan/Allyl Glycidyl
Ether Hydrogels (CAHs) and Carboxymethyl Chitosan/Allyl
Glycidyl Ether Conductive Hydrogels (CCHs). CAH with a
covalent cross-linking network was prepared by a one pot method.
First, CA was dissolved in deionized water under mechanical stirring
at room temperature to form a 10.0 wt % homogeneous solution. A
certain amount of AGE was then added to the above CA solution, and
the mixture was stirred at S0 °C for 48 h to conduct grafting reaction.
APS, for thermal initiator, was then added at room temperature and
dispersed with continues stirring for 5 min followed by centrifugation
at a speed of 8000 rpm for 10 min to remove air bubbles. The
obtained precursor mixture solution was poured into a polytetra-
fluoroethylene mold (40 mm in width, 10 cm in length and 3 mm in
height) for rectangular shape, or into a 8-well plate (20 mm in
diameter and 20 mm in height for each well) for cylindrical shape.
The mold with its surface covered (to avoid water evaporation) was
placed at 60 °C for 1 h to obtain CAH. CAHs were completely
washed with deionized water after being removed from the mold.
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Then the CAHs were further immersed in MgCl,, CaCl,, or ZnCl,
aqueous solutions to construct CCH. CAH samples were marked as
Gel(CA,,AGE,), CCH samples were marked as b M X**@Gel(CA,/
AGE,), where a was the molar ratio of AGE to active groups (—OH
and —NH,) in CA, X** referred to the divalent cation used in chloride
salt aqueous solution (including Mg**, Ca** or Zn?*), and b was the
concentration (M or mol L™") of the divalent cation X**. The sample
names of CAHs and their corresponding raw material ratios are listed
in Table SI.

2.3. Characterization. For Fourier transform infrared spectros-
copy (FT-IR) and wide-angle X-ray diffraction (WAXD), CAH
samples were freeze-dried before tests. For FT-IR, test specimens
were prepared by the KBr disk method and scanned in the range of
500—4000 cm™" on a VERTEX 70 infrared spectrometer (Bruker,
Germany) and normalized. The crystal patterns of CAHs were
determined by WAXD; on a XD-2X/M4600 X-ray diffractometer, the
tube voltage was set as 40 kV, the tube current was 35 mA, and the
scanning speed was 2° min~! within the 20 range between 10° and
50°.

For measurement of the swelling ratio, cylindrical-shaped CAHs
were soaked in deionized water and placed in an airtight oven with a
constant temperature (30 °C) for 72 h, the weight of the swollen
CAH was recorded as W, and then the swollen CAH was dried to a
constant weight, which was recorded as W,. The swelling ratio could
be calculated by eq 1:

Swelling ratio = (W, — W,)100%/W, (1)

The optical transmittances of CAHs were scanned within the
wavelength of 200—800 nm using a UV-2550 ultraviolet—visible
spectrophotometer (Shimadzu Corporation, Japan), and air was used
as reference.

The water loss behavior of CAHs were tested at 30 °C and relative
humidity (R.H.) around 40%. Saturated MgCl, solution were put into
DZF-6020 vacuum drying oven (Kangheng Instrument Co., Ltd.) to
achieve constant temperature and relative humidity (RH) condition.*
The real value of RH and temperature were measured to be 42% and
30 °C accordingly by a commercial TH101B thermometer and
hygrometer (Guangdong Medex Instruments Co., Ltd.). The real-
time weight of the hydrogel sample was recorded hourly. The water
loss ratio was calculated by eq 2:

Water loss ratio = (W, — W')/ W,

)

where W’ refers to the real-time weight of sample and W’ represents
the initial weight of the sample. Hydrogel samples were weighed and
recorded until the weight was constant. At least 3 parallel samples
were tested to prevent accidental errors.

Surface and cross-section images of freeze-dried CAHs were
scanned by a field emission scanning electron microscope (FE-SEM,
Zeiss, SIGMA, Germany) at acceleration voltage of S kV. When
measuring the pore size of the freeze-dried CAHs, all pores in a SEM
image were employed. At least two hundred pores in several SEM
images were employed in calculating the number-average pore size
and its distribution. The number-average diameter was calculated by
eqs 3 and 4:*'

Dy = ) ND/N, (3)
| 1 n
o= (D. — Dy)2
\/ N-1 Z ) (4)

where Dy is the number-average diameter and N; is the number of
pores with a diameter of D, ¢ is the standard deviation of the
calculated pore size, N is the total mesh number involving calculation.
Thus, the pore size is defined as Dy+ o.

The storage modulus (G’) and loss modulus (G)"’ of cylindrical-
shaped CAHs (40 mm in diameter and 2 mm in height) at 25 °C
were analyzed using a TA Discovery HR-2 Hybrid Rheometer (TA
Instruments Ltd., USA) with a parallel plate geometry (40 mm in
diameter), under dynamic oscillation mode for frequency (@) sweep
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Figure 1. (a) Photograph of 5 M Mg**@Gel(CA,/AGE, ). (b) Schematic diagram of multiple cross-linking networks of CCH. (c) Detailed
schematic diagram showing covalent cross-linking and ionic cross-linking within the network of CCH.

at a constant strain (y) of 1%. The rheometer was equipped with a
Julabo FS18 cooling/heating bath that was calibrated to maintain the
temperature of the sample chamber within a + 0.5 °C difference of
the set value.

To prove the occurrence of graft reaction of CA chain and AGE, we
recorded 'H nuclear magnetic resonance ("H NMR) spectra on a
Bruker AV 600 M spectrometer (Germany), using heavy water as
solvent.

Mechanical tests of CAHs and CCHs at 25 °C were performed
using an Instron 5967 universal testing machine (Instron Ltd.,
America) with a 500 N load cell. For the tensile test, the rectangular-
shaped samples were 10 mm in width, 2.5 mm in thickness, and the
distance between the two clamps was 50 mm, the stretch rate was 10
mm min~". For the compression tests, the cylindrical-shaped samples
were 20 mm in diameter, 20 mm in height, and the compressing rate
was 5 mm min~". All the tests were repeated at least S times and were
terminated when fracture occurred. The temperature of the
environment was controlled by an Instron 3119—600 environmental
chamber supplied with liquid nitrogen.

Dynamic mechanical properties of CCHs were carried out on a
dynamic thermomechanical analyzer (Netzsch DMA 242C, Ger-
many) in a cooling process from 25 °C at a cooling rate of 10 °C
min~!, in inert dry N, gas medium with a flow rate of 60 mL min™".

2.4. Electric Conductivity and Strain Sensing Performances
of the CCHs. Electric resistances of CCHs were recorded in real time
on a UC2684A Insulation Resistance Tester (UCE Technologies.,
Ltd., China). The CCH surface was carefully wiped and dried with N,
gas for 1 min before attached to aluminum foil, and tape was also used
to ensure a good contact.

The CCH samples were directly used as strain sensors. To study
the strain sensing response of the CCH, the rectangular-shaped CCH
samples were fixed between the tensile fixtures of universal testing
machine and each aluminum foil electrode of the sensor was
connected with resistance tester by insulated copper wires. The
resistance change of CCH strain sensors were recorded by software
under 1 V, which could eliminate the electrochemical reaction during
the functioning of ion conductor. The tensile deformation rate was set
as 5 mm min~" for standard resistance change-strain curve of CCH
strain sensors. To demonstrate the response of the CCH strain
sensors in monitoring the finger bending, both ends of a rectangular-
shaped CCH was bound by aluminum foil to index finger (covered by
heat insulating rubber glove). When bending the index finger, the

510

resistance change of the strain sensor under 1 V at both 25 °C and
—40 °C were recorded by software.

2.5. Assembly and Performances of the CCH Based
Triboelectric Nanogenerator (CCH-TENG). CCH-TENG was
assembled by one layer of CCH that sandwiched by two layers of
VHB (VHB 4905, 3M). The surfaces of the CCH sample were dried
with N, gas for 1 min before assembling. Copper foil tape was used as
an electrode to ensure a good contact, and each device was connected
to a tester by insulated copper wires. Open circuit voltage (Vo) was
recorded by a Keithley electrometer 6514 as the main output signal
parameter of CCH-TENG. The contact-separation motion was
controlled by placement and removal of a certain weight on and off
CCH-TENG which was fixed on an insulation plane, to provide
certain pressures with frequency about 0.5 Hz. The weight was
wrapped with nylon, which had larger difference in the ability of
losing/gaining electrons compared with VHB among the available
materials, thus the more electrostatic charges generated at the
interface and the higher Vi was obtained.” For the measurement of
Voc at different temperatures, CCH-TENG was fixed on a Standard
Peltier Plate and the temperatures were controlled by a computer
system.

3. RESULTS AND DISCUSSION

CAHs were synthesized via a facile and simple one pot method
including three steps: the dissolution of CA, the grafting
reaction of AGE on a CA molecular chain, and the addition
reaction between double bonds of AGE. As the final product,
the transparent antifreezing conductive CCHs (5 M Mg*'@
Gel(CA,/AGE, ), as shown in Figure 1a, were obtained by a
simple immersion strategy, which contained certain concen-
trations of electrolyte solutions. As shown in Figure 1b, 3D
hydrogel network of CCH was constructed by multiple cross-
linking interactions between CA chains, where hydrogen
bonding came from the large number of hydroxyl groups,
amino groups and carboxylate groups carried by CA chains,
while physical entanglement of CA chains easily occurred in
sol—gel transition of CA solution. In addition to the two
physical cross-linking interactions mentioned above, covalent
cross-linking and ionic cross-linking interactions were designed
specially and introduced into the network of CCH, as shown in

https://doi.org/10.1021/acsbiomaterials.2c01243
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Figure Ic. Ionic cross-linking interactions happened between
divalent cations and carboxyl groups after the immersion of
CAHs in MgCl,, CaCl,, or ZnCl, solutions.

The covalent cross-linking could be confirmed by FT-IR
spectra of AGE, pure CA, and CAHs in Figure 2. For the
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Figure 2. FT-IR spectra of AGE, pure CA and freeze-dried CAHs.

spectrum of AGE, the absorption band at 1255 cm™" belonged
to the symmetrical stretching vibration (1) of the C—O—C
bond of epoxy group, while the absorption band at 848 cm™
belonged to the asymmetrical stretching vibration (v,,) of the

same bond; the absorption band at 2994 cm™" belonged to the
stretching vibration of C—H in terminal alkenyl, the absorption
band at 1646 cm™" belonged to the stretching vibration of C=
C in terminal alkenyl, while the absorption bands at 997 and
919 cm™" belonged to the out-of-plane bending vibration (y)
of C—H in terminal alkenyl. All these absorption bands above
disappeared in CAHs, indicating that epoxy groups and
terminal alkenyl groups had fully participated in reactions,
respectively. On the other hand, the absorption band at 1104
cm™ of AGE belonged to the asymmetrical stretching
vibration of C—O—C in an ether bond, which could also be
found in CAHs and became stronger with increasing amounts
of AGE, indicating the successful graft reaction between AGE
and CA chains. Similarly, the absorption band around 3356
cm™' was observed to become stronger with increasing
amounts of AGE, which was the overlap of the stretching
vibration of O—H and N—H in hydroxyl and amino (primary
and secondary) groups accordingly. It had to be mentioned
that both hydroxyl and amino groups on CA chains would
participate in the graft reaction between AGE and CA chains
through the ring opening of the epoxy group, especially when
AGE was excessive, which resulted in the increase of the total
number of hydroxyl and amino groups (when a hydroxyl group
reacted with an epoxy group, the number of hydroxyl groups
would not change; when a primary amino group reacted with
an epoxy group, it would turn into a secondary amino group
and a new hydroxyl group would form). The 'H NMR spectra
of raw material CA, AGE, and the grafted CA are shown in
Figure Sla, b and ¢, accordingly. The characteristic peaks in
Figure S1b at § = 2.766 and 2.956 ppm (epoxy protons)
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Figure 3. (a) Photograph of CA solution and CAHs in glass bottles. (b) Storage and loss modulus as a function of angular frequency for CAHs. (c)
Optical transmittance of CAHs in the wavelength range of 200—800 nm, the inset are photographs of CAHs. (d) Swelling ratio of CAHs.

511

https://doi.org/10.1021/acsbiomaterials.2c01243
ACS Biomater. Sci. Eng. 2023, 9, 508—519


https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig3&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Surface

Pure
CA gel

Gel(CA1/
AGEo.42)

Gel(CAl/
AGEo.84)

Gel(CA1/
AGE1.26)

Gel(CA1/
AGE1.68) ;

Gel(CA1/
AGE2.10)

Gel(CAY/
AGE2.52)

Detailed Surface

Cross section

Figure 4. SEM images of surfaces, detailed surfaces, and cross sections of pure CA gel and CAHs.

disappeared in Figure Slc, indicating the successful ring
opening graft reaction between epoxy group of AGE and CA
chains. Meanwhile, peaks in Figure S1b at § = 5.530 and 5.967
ppm (double bond protons) appeared in Figure Slc, which
also confirmed the success of graft reaction. Briefly, the FT-IR
and the "H NMR spectra suggested that AGE had successfully
grafted on the CA chains, through the ring opening of epoxy
that hydroxyl and amino groups participated in, and the grafted
CA molecular chains were covalently cross-linked through the
addition reaction between the terminal alkenyl groups of AGE,
as the detailed schematic diagram shown in Figure lc.
Although graft reaction and covalent cross-linking of CA
chains had been successfully proceeded, sufficiency of sol—gel
transition from precursor solution to CAHs remained further
verification. As shown in Figure 3a, it seemed that all series of
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CAHs had their gelation sufficiently proceeded except
Gel(CA;/AGE,,,). The same result could be concluded
from frequency scanning of rheological test in Figure 3b. For
all series of CAHs except Gel(CA;/AGE,,,), their storage
modulus was much higher than their storage modulus,
exhibiting typical behaviors of elastic solid. For Gel(CA,/
AGE, ,), however, storage modulus was not much higher or
even lower than loss modulus, indicating that the sample stood
between the viscous fluid and elastic solid. This result could be
due to the insufficient covalent cross-linking points caused by
low content of AGE in Gel(CA;/AGE,,,). The XRD patterns
revealed that CA raw material and all of CAHs presented
amorphous structure (Figure S2). As shown in Figure 3, all
series of CAHs exhibited excellent transparency within visible
light range and even reached transparency over 96% at 550 nm
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Figure S. (a) Compressive stress—strain curves of CAHs. (b—f) Compressive stress—strain curves at 70% strain during loading—unloading cycles of

CAHs.

(Table S2), indicating uniform internal structure of CAH, and
there had been no microphase separation during preparation
process. The high transparency laid a good foundation for
CAHs to further obtain highly transparent devices, which
might be able to work without interfering with the optical
signal, that were suitable for applications as transparent ionic
conductors placed on the optical path. The water loss curves
(Figure S3) of CAHs at a relative humidity of 42% and a
temperature of 30 °C revealed that it would be necessary to
package the CAHs to maintain the stability of their properties
for long-term use. Swelling ratios of CAHs in Figure 3d
suggested that CAHs with higher contents of AGE would have
a denser covalent cross-linking network and thus resulted in a
lower swelling ratio. Differences of cross-linking networks and
micro morphologies among CAHs were further revealed
visually through SEM images in Figure 4 and Table S3. It
could be seen from the surface and cross-section morphologies
that with increase of the AGE content, the network structure
became denser, number and diameter of the pores significantly
reduced, pores that diameter larger than 10 ym were rare in
Gel(CA,/AGE, 45), Gel(CA,;/AGE,,), and Gel(CA,/
AGE, ;). This result suggested that the covalent cross-linking
that AGE participated in played a key role in the densification
of the CAH network and would have a strong impact on the
performance of CAHs.

Compression behaviors of CAHs are shown in Figure S.
With increase of covalent cross-linking points that AGE
participated in, compressive stress of CAH was significantly
improved. Although CAHs were very soft, and compressive
stress was not high, CAH exhibited excellent mechanical
fatigue resistance, which was confirmed by the loading—
unloading cyclic compression tests. As shown in Figure Sb—f,
under a cyclic strain of 70%, no substantial plastic deformation
or strength degradation occurred to CAHs after 200
consecutive loading—unloading compression cycles. According
to the data shown in Table S2, Gel(CA,;/AGE,,) exhibited
the lowest hysteresis ratio of compressing (16.0%). This
phenomenon was consistent with the existing researches,
which suggested that more permanent cross-linking points
(covalent cross-linking, for example) were beneficial to lower
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hysteresis, while reversible cross-linking points (reversible
bond, physical chain entanglement, coordination interaction,
etc.) were unbeneficial to it.*” The results mentioned above
indicated that the improvement of mechanical properties was
attributed to the introduction of AGE along with covalent
cross-linking, forming a denser network structure, higher cross-
linking density, and smaller pores, which helped to make
CAHs tougher and more durable.

Ionic cross-linking was introduced into CCHs in this work
by a simple immersion strategy, the purpose of which was not
only to further improve mechanical properties of CA based
hydrogels but also to endow the hydrogels with freezing
resistance and ionic conductivity, in order to develop functions
of the hydrogels as conductive sensing devices at low
temperature. However, as the result revealed in Figure S4, an
overly dense cross-linked network hindered ion migration,
resulting in decreased conductivity. Based on all the results
above, Gel(CA,/AGE, ) was finally chosen from CAH series
to be soaked in different concentrations (from 1 to S M) of
MgCl,, CaCl,, or ZnCl, aqueous solutions respectively, to
fabricate CCHs. As shown in Figure 6 and Table S4,
mechanical properties of CCHs were significantly improved
by the introduction of Mg*". It was worth noting that tensile
strength of CAHs were too weak to conduct tensile test, but a
rectangular shaped 5 M Mg**@Gel(CA,/AGE, ) was able to
lift a S00 g weight and to be knotted, rolled up, twisted, and
stretched (shown from Figure 7a—h). As presented in Figure
6b, compressive stress of CCH also increased from 0.42 to 6.33
MPa with increasing of Mg>* concentration from 1 to S M. As
shown in Figure 7c—f, under cyclic strain of 60%, no
substantial plastic deformation or strength degradation
occurred to CCHs after 200 consecutive loading—unloading
compression cycles. However, the hysteresis ratio of
compressing increased with increasing of Mg®* concentration,
indicating the increasing of reversible ionic cross-linking points
consisted of Mg?* and carboxylate group on CA chains.” The
excellent compressive strength and compression recovery
performance of S M Mg**@Gel(CA,/AGE,4) made it
completely recover even after being trampled by adults
(shown in Figure 7i—k). Similar mechanical properties of
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Figure 6. (a) Tensile and (b) compressive stress—strain curves of CCHs soaked by different concentrations of Mg®". (c—f) Compressive stress—
strain curves of CCHs soaked by different concentrations of Mg at 60% strain during loading—unloading cycles.

CCHs soaked in Ca®* or Zn** are shown in Figures S5 and S6,
and specific parameters are listed in Tables S5 and Sé.
Normally at subzero temperatures, the conductive hydrogels
lose their elasticity as a large number of ice crystals formed.
Here in this work, it could be calculated from the curves of
DMA tests in Figure S7 that the modulus began to rise
significantly at a certain subzero temperature during the
cooling process, indicating the temperature at which tiny ice
crystals began to form. Calculations showed that only when the
salt concentrations were higher than 4 M would ice crystals not
form yet in CCHs at —40 °C. However, when the
concentration was higher than 5 M, salt would precipitate on
the surface of CCH, affecting its uniformity and transparency.
Taking 5 M Mg** @Gel(CA,/AGE, ), for example, due to
free diffusion of ions in the porous network of the hydrogel,
the CCH gained an electrical conductivity of 1.48 S m™" at 25
°C and of 0.47 S m™" at —40 °C (Figures S8 and S9), making it
an ideal candidate as a sensor at subzero temperature. CCH
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strain  sensors (4 M Mg @Gel(CA,;/AGE, ) and 5 M
Mg** @Gel(CA,/AGE, «)) were thus assembled and the
relative resistance variation (AR/R, = (R, — R)/R,, where R
and R, correspond to the resistance with and without
stretching, respectively) as a function of tensile strain was
recorded. As shown in Figure 8a, the AR/R, value changed
linearly with the tensile stain, due to the geometric
deformation under stretching and releasing; the gauge factors
(GFs) were calculated and listed in Table S7, indicating the
stable sensitivity both at 25 °C and —40 °C. To evaluate the
practical performance, we closely fitted CCH strain sensors
(soaked by 4 or S M Mg**) to a finger knuckle, to detect the
bending motion. One single cycle tensile test on finger bending
at —40 °C was shown in Figure 8b. As for Figure 8c, d, the
finger underwent rapid bending-releasing repetition for 6
cycles in 12 s, and AR/R, of CCH strain sensors synchronized
perfectly with the finger motions to corresponding peak levels
or back to zero without any hysteresis, noise fluctuation, or

https://doi.org/10.1021/acsbiomaterials.2c01243
ACS Biomater. Sci. Eng. 2023, 9, 508—519


https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01243/suppl_file/ab2c01243_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01243?fig=fig6&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

oy

ff L W =
ErRIEORECIANE 6 7 5 90N

Figure 7. (a) A 500 g weight could be hung by a rectangular shaped 5
M Mg**@Gel(CA,/AGE, ¢) (3.6 cm in length, 0.5 cm in width, 2
mm in thickness). (b—d) Rectangular shaped 5 M Mg**@Gel(CA,/
AGE, ) could be easily knotted and rolled up. (e—h) Rectangular
shaped 5 M Mg**@Gel(CA,/AGE, 4) could be easily stretched and
twisted. (i—k) Cylindrical shaped 5 M Mg**@Gel(CA,/AGE, ) (2
cm in diameter and 2 cm in height) was pressed under the plank with
an adult weighing 60 kg upon it and recovered after releasing. The
surface of the hydrogel was easily abraded under external friction and
presented a hazy appearance.

permanent deformation, revealing instantaneity and good
stability both at 25 °C and —40 °C. Furthermore, the CCH
strain sensor presented long-term durability in Figure SI0.
Similar sensing performance of CCHs soaked by Ca®* and
Zn** solutions are shown in Figures S11 and S12. Thus, CCH

properties and excellent strain sensitivity, so can be used as a
promising material for flexible devices, motion monitoring, and
soft robots.'#*3 7%

The triboelectric nanogenerator (TENG) is a device for
collectinbg mechanical work and converting it into electrical
energy.4 = Here in this work, CCH-based triboelectric
nanogenerator (CCH-TENG) was assembled according to
“single electrode mode” to examine its output performance. As
presented in the inset of Figure 9, a piece of CCH (5 M
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Figure 9. Open circuit voltage (Vo) curve of CCH-TENG (with §
M Mg** @Gel(CA,/AGE, 4), 2.0 cm in length, 0.5 cm in width, and 2
mm in thickness) within a contact-separation motion cycle, the inset
is the structure and schematic working mechanism of CCH-TENG in
the single-electrode mode.

Mg* @Gel(CA,/AGE, ), 0.5 cm in width and 2.0 cm in
length) was packaged by two layers of VHB, and was
connected to external circuit by copper foil tape. A constant
weight covered by nylon was put in contact with the CCH-
TENG and a stable pressure of about 20 kPa was applied with

strain sensor maintained stable mechanical and electrical a frequency of about 0.5 Hz. The open circuit voltage (Vo) of
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Figure 8. (a) Relative resistance variations (AR/R,) of CCHs (soaked in 4 or $ M Mg** solution) as functions of tensile strain, at 25 °C or —40 °C.
(b) Response of 5 M Mg**@Gel(CA,/AGE, ;) in monitoring finger bending and releasing at —40 °C. Response of (c) 4 M Mg**@Gel(CA,/
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the same amplitude.
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Figure 11. (a) Various peak amplitudes of voltage across the resistor (10 M) with different contact pressure applied. (b) Voltage curves across
the resistor (10 MQ) measured at six different pressures applied on CCH-TENG with a contact-separation motion.

CCH-TENG was recorded as the output signal, and the signal
curve within a working cycle is shown in Figure 9. When the
nylon layer (or other dielectric materials) contacted the VHB
layer on CCH-TENG, the sliding friction between these layers
would produce an equal amount of heterogeneous charges. At
this moment, no electrons flow through the wire in the external
circuit and Vg was 0. As nylon and VHB were separating, a
capacitor was formed between the two layers and its
capacitance decreased continuously. Thus, a positive charge
was induced to form a layer on the copper electrode to balance
the negative charges on VHB surface, during which the
electrons would flow though copper to the ground, represented
as a macroscopic and transient electrodynamic potential (V¢
reached a peak value of 68 V). As nylon was moving back and
approaching VHB, the whole process that happened above
would be reversed.”

As shown in Figure 10a—d, CCH-TENG presented excellent
mechanical durability and stable output behavior during long-
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term use (5000 contact-separation cycles during 2.4 h), dry
storage (at 30 RH%, 25 °C for 90 days), and temperature
variation (from 25 °C to —40 °C). It seemed that as an ideal
insulating transparent elastomer, VHB not only provided
encapsulation for CCH-TENG but also conjointly prevented
the evaporation of water, which may be a general concern for
the ionic semiconducting hydrogels. Furthermore, a larger
difference in the ability to lose/gain electrons between the two
contacting materials would cause more electrostatic charges to
be generated at the interface and thus result in a higher output
Voc. Compared with paper, aluminum foil, cotton, and
polyester (PET), nylon lost electrons the easiest when in
contact with VHB, as shown in Figure S13.

Consistent with the reports in the existing literature, the
output of CCH-TENG was observed to be pressure sensitive.
Herein, a resistor (10 MQ) was connected to CCH-TENG
(with CCH of 0.5 cm width and 2.0 cm length) to form a
loaded circuit, the voltage across the resistor was recorded with
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different levels of pressure applied on CCH-TENG. As shown
in Figure 11a, the peak value of voltage increased linearly with
applied pressure. The sensitivity (S), typically defined as the
slope of voltage-contact pressure curve, was calculated as 0.045
kPa™! at pressure lower than 800 kPa, and was 0.001 kPa™" at
pressure between 800 and 10000 kPa; the lowest pressure
detection limit was about 0.4 kPa. As shown in Figure 11b,
within a wide pressure range, CCH-TENG presented no
obvious hysteresis or attenuation as a tactile sensor. These
results demonstrated the great potential of CCH-TENG as a
highly stretchable and transparent multifunctional device for
future integrated intelligent wearable electronics.

4. CONCLUSIONS

In summary, a series of carboxymethyl chitosan/allyl glycidyl
ether conductive hydrogels (CCHs) with multiple cross-
linking networks were constructed by a one pot method.
Covalent cross-linking was introduced by the grafting reaction
of allyl glycidyl ether (AGE) on a carboxymethyl chitosan
(CA) molecular chain, the addition reaction occurred between
the double bonds of AGE, and ionic cross-linking was
introduced by simple immersion of carboxymethyl chitosan/
allyl glycidyl ether hydrogels (CAHs) into MgCl,, CaCl,, and
ZnCl, aqueous solutions. The obtained CAHs reflected high
transparency (transparency >96% at 550 nm), -elasticity
(hysteresis ratio of 16.0%), and durability, with similar
properties for CCHs. Five molar Mg**@Gel(CA,;/AGE, )
even presented a freezing resistance lower than —40 °C and a
high conductivity of 1.48 S m™" at 25 °C and 0.47 S m™" at
—40 °C. Meanwhile, CCHs demonstrated stable sensitivity,
high reliability, and reversible resistance transitions as well as a
fast response time and no obvious hysteresis behavior as strain
sensors in detecting finger bending, both at 25 °C and —40 °C.
The relative resistance variation of CCH strain sensors
changed linearly with tensile stain, with various gauge factors
(ranging from 0.07 to 1.99, depending on temperature and
ions soaked). Furthermore, CCH-TENG was assembled for
energy harvesting and functioned well in a wide temperature
range and demonstrated stability against multiple drawing,
long-term storage, or large quantities of contact-separation
motion cycles. CCH-TENG also had a wide pressure detection
range from 0.4 kPa to higher than 8000 kPa, which made it
sensitive to contact motion as a tactile sensor. In combination
with all the properties above, CCHs exhibited promising
applications at subzero temperatures as flexible sensors,
wearable devices, and energy harvesting devices. This work
demonstrated great sustainability in the unitization of biomass
resources and broadened the method for construction of
carboxymethyl chitosan based functional materials.
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ABSTRACT: Through a simple strategy of immersion in a mixed
solution of water/ethylene glycol (EG)/lithium chloride (LiCl), self-
healing carboxymethyl chitosan (CA) hydrogels, that is, CA/N-
vinylpyrrolidone-EG-Li* hydrogels (CEH) with an ultra-low-temper-
ature freezing resistance below —70 °C were fabricated. The
introduction of electrolyte ions and small-molecule polyol also
made these hydrogels highly conductive (0.8 S m™") and imparted
antidrying property to them, showing stable and reversible sensitivity
to finger-wrist bending as well as 150 cycles of stretching. Such
hydrogels also presented highly efficient self-healing ability, with a
stress—strain healing efficiency of over 90%. Furthermore, the CEH-
based sensors maintained a stable sensing performance over a wide
range of temperatures below the freezing point (from —10 to —70
°C) and exhibited stable sensitivity to temperatures with fast response and no significant hysteresis. The present work is expected to
provide a simple and sustainable route for the preparation of multifunctional antifreezing conductive hydrogels based on CA, leading
to a wide range of potential applications in soft sensor devices.
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1. INTRODUCTION

Hydrogels are physically or chemically cross-linked networks
composed of hydrophilic polymer chains with a water-rich
three-dimensional structure. To date, many advances have

containing pure water in the matrix lose their ideal properties
at temperatures below the freezing point of water or at
excessively high temperatures, which severely limits their
. oy . 14-16
applications within a certain temperature range. There has
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See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

been made in the study of hydrogels for wound dressing, drug
delivery, energy storage, water treatment, water-retaining of
soil, enhanced oil recovery, and even concrete admixtures.'
Hydrogels have a wide range of applications as sensors, such as
temperature sensors,” strain sensors,” gas detection sensors,"’
and so forth. Among hydrogel sensors, conductive hydrogels
enable the conversion of external stimulation signals into
electrical signals, gaining the advantages of strong immediacy,
low hysteresis, high repeatability, and high stability, and have
demonstrated great potential in the fields of wearable devices,
flexible electrodes, and even artificial ionic skins. Dai and his
colleagues used butanediol (BD) and N-hydroxyethyl acryl-
amide (HEAA) monomers with a multi-hydrogen bond
structure to construct a LiCl/p(HEAA-co-BD) conductive
hydrogel as a strain sensor.'' Yang and his colleagues used
polyfunctional trypan blue (TB) as a cross-linking agent to
construct a poly(acrylic acid)-polypyrrole self-healing hydrogel
sensor for the detection of large strains and subtle vibrations."”
Liu and his colleagues introduced carbon nanotubes during the
preparation process to achieve a conductive sensing effect
(gauge factor of 5.9)."> However, traditional hydrogels

© 2022 American Chemical Society
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been an increasing urgency and demand for the development
of multifunctional hydrogels that can work in a wide
temperature range, especially conductive hydrogels. In a recent
study, a mixed solution of alcohols and inorganic salt was used
to soak the hydrogel to achieve the effect of antifreeze and
conductivity. Wen and his colleagues used ethylene glycol
(EG)/water/AICl; to give hydrogels the antifreezing property
(=30 °C) and a sensing effect.'” Similarly, Lu and colleagues
studied a novel antifreezing system based on ice structuring
proteins where CaCl, was introduced to enable a conductive
hydrogel with low-temperature adaptability. Supported by such
an antifreezing system, the hydrogel revealed good flexibility
(890% at —20 °C), recovery, and conductivity (0.50 S m™" at
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Table 1. Sample Codes of CNHs and Corresponding Raw Material Ratios

sample codes CA/g H,0/g AC/g
GEL(CA,/NVP,) 1.36 10.0 0.4235
GEL(CA,/NVP,) 1.36 10.0 04235
GEL(CA,/NVP,) 1.36 10.0 0.4235
GEL(CA,/NVP,) 1.36 10.0 0.4235
GEL(CA,/NVP,) 1.36 10.0 04235

NVP/g APS/g weight ratio of carbon in dry/%
0.478 0.018 52.15
0.956 0.028 55.39
1.434 0.037 57.31
1912 0.047 58.58
2.390 0.056 59.48

—20 °C) at both room temperature and sub-zero temper-
ature.'®

Natural polymers with abundance and renewability are
regarded as the most promising raw materials to replace the
traditionally non-degradable polymers. The use of natural
polymers to fabricate hydrogels is a burgeoning area of
research. As one of the most abundant natural polymers,
carboxymethyl chitosan (CA) has been widely used in various
applications."”” Derived from the second most abundant
natural polymer chitin, CA can be easily prepared into
hydrogels from solutions via chemical or physical cross-linking.
CA inherits the good biocompatibility, biodegradability, and
non-toxic properties of chitosan while developing new
properties with high water solubility and antibacterial proper-
ties. Furthermore, CA is an ideal raw material for preparing
self-healing hydrogels. At present, the internal self-healing
performance of hydrogels usually comes from their hydrogen
bonds, coordination bonds, ionic bonds, Diels—Alder reac-
tions, disulfide bonds, Schiff base bonds, boron-oxygen bonds,
or in a combination.”' ~** A self-healing hydrogel can repair its
damage automatically and keep the structure and performance
of the material intact, thereby extending its service life;
improving the durability, safety, and reliability; and saving the
cost as well, and has become a research hotspot for scientists.
Therefore, self-healing hydrogels constructed by dynamic non-
covalent bonds (hydrogen bonds) with widely involved groups
and mild conditions and can achieve high-efficiency recovery at
room temperature have become one of the focuses in this field.

Here, multifunctional conductive CA/N-vinylpyrrolidone
(NVP)-EG-Li* hydrogels (CEH) were prepared, with CA as
the network backbone and lithium chloride (LiCl)/EG/water
as the antifreeze medium. For the first step, CA chains were
grafted with allyl chloride (AC) and N-ethylene pyrrolidone,
which gave the CA/NVP hydrogel (CNH) self-repairing
properties at room temperature, due to the hydrogen bonds
formed by carbonyl groups of NVP. In the second step, high
transparency (89% at 550 nm), excellent antifreeze perform-
ance (below —70 °C), high-efficiency antidrying, and excellent
electrical conductivity (0.8 S m™") were achieved by immersing
the CNH in a LiCl/EG/water solution. The resulting CEH
possessed the comprehensive properties of fast and efficient
self-healing, ultra-low-temperature antifreezing, antidrying,
high ionic conductivity, and multifunctional sensing capa-
bilities. This method would provide a practical route for the
preparation of biomass-based self-healing conductive hydrogels
for multifunctional electronic and sensing devices and showed
great potential for the sustainability and utilization of biomass
resources.””

2. EXPERIMENTAL SECTION

2.1. Materials. CA (BR, water soluble, degree of deacetylation was
90%) was purchased from Shanghai Macklin Biochemical Technology
Co., Ltd (China); AC (98%, contains 600 ppm propylene oxide
stabilizer) was provided by Shanghai Aladdin Biochemical Technol-

3634

ogy Co., Ltd (China); NVP (99.5%) was provided by Shanghai
Merrill Chemical Technology Co. Ltd,; LiCl (AR 99.0%) and EG
were provided by Tianjin Yongda Chemical Reagent Co. Ltd,;
ammonium persulfate (APS) and MgCl,-6H,0 were purchased from
Aladdin Reagent Co., Ltd. The reagents were used without further
purification.

2.2. Fabrication of CEH. The antifreezing-conductive CEHs were
synthesized using a simple one-pot method. CA was dissolved in
deionized water, followed by the addition of AC; the molar ratio of
AC to amino groups in CA was 1:1, and the mixture was continuously
stirred at room temperature for 2 h to conduct the substitution
reaction. After that, NVP and the thermal initiator APS were added to
the above solution and dispersed with continuous stirring and
centrifuged at a speed of 8000 rpm for 10 min at room temperature to
remove air bubbles. The precursor mixture solution was poured into a
rectangular polytetrafluoroethylene mold and placed in an oven at 60
°C for 1 h to obtain CNH. Then, the CNHs were further immersed in
a mixed solution of LiCl/EG/water to construct CEH, the mass ratio
of EG to water in a LiCl/EG/water solution was 2:1. CNH samples
were marked as GEL(CA,;/NVP,), CEH samples were marked as
GEL(CA,/NVP,_-EG-YLi*), where x was the molar ratio of NVP to
amino groups in CA, and Y was the volume molar concentration (M
or mol L) of LiCl in the EG/water mixed solvent. Sample codes of
CNHs and their corresponding raw material ratios are shown in Table
1.

2.3. Characterization. CNH samples were freeze-dried for
Fourier transform infrared spectroscopy (FT-IR), thermogravimetric
analysis (TGA), and wide-angle X-ray diffraction (WAXD). For FT-
IR tests, samples were scanned in the range of 500—4000 cm ™" using a
VERTEX 70 infrared spectrometer (Bruker, Germany). TGA
measurements were conducted on a TGA 550 thermal analyzer
(Nctzsch, Germany) in nitrogen at a scan heating of 10 °C min™"
from 30 to 700 °C. The crystal pattern of CNHs were determined by
WAXD, on a XD-2X/M4600 X-ray diffractometer, the tube voltage
was set as 40 kV, the tube current was 35 mA, and the scanning speed
was 2° min~" within the 20 range between 10 and 70°.

The water loss tests of CNH and CEH samples were carried out at
relative humidity (RH) around 40% and a temperature around 30 °C.
The saturated MgCl, solution was put into a DZF-6020 vacuum-
drying oven (Kangheng Instrument Co., Ltd.) to achieve constant
temperature and RH conditions for the water evaporation experiment
of CNH and CEH samples. The real values of RH and temperature
were measured to be 43% and 33 °C, respectively, using a commercial
TH101B thermometer and hygrometer (Guangdong Medex Instru-
ments Co., Ltd.). The real-time weight of the hydrogel sample was
recorded hourly. The water loss rate was calculated by eq 1

water loss rate = (W, — W) /W, (1)
where W’ refers to the real-time weight of the hydrogel and WO’
represents the initial weight of the hydrogel. Hydrogel samples were
weighed and recorded until the weight was constant. At least three
parallel samples were tested to prevent accidental errors.

Swelling ratios of the CEHs were measured by a gravimetric
method. Samples were immersed in deionized water at 30 °C for 57 h
and weighed. The swelling ratio was calculated according to eq 2

swelling ratio = (W, — W,)/W, (2)
where W, refers to the real-time weight of the hydrogel and W,
represents the initial weight of the hydrogel.
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Figure 1. (a) Schematic diagram of CEH. (b) FT-IR spectra of pure CA and freeze-dried GEL(CA,/NVP;) washed with ET or not. (c) XRD, (d)
TGA, and (e) derivative thermogravimetry curves of pure CA and CNHs.

The molecular structure of the compound originated from 'H
nuclear magnetic resonance ("H NMR) spectra recorded on a Bruker
AV 600 M spectrometer (Germany) using deuterated DMSO and
heavy water as a solvent.

Cross-section and surface scanning electron microscopy (SEM)
images of freeze-dried CNHs were taken with field-emission scanning
electron microscopy [FE-SEM (Zeiss, SIGMA, Germany)] operating
at an acceleration voltage of S kV. When measuring the pore size of
the freeze-dried CNHs, all pores in a SEM image were employed. At
least 200 pores in several SEM images were employed in calculating
the number average pore size and its distribution. The number
average diameter was calculated by eqs 3 and 4

Dy = ) ND/N, 3)
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L3 (0 - Dy

=y

N=15 )
where Dy is the number-average diameter, N; is the number of pore
with a diameter of D, ¢ is the standard deviation of the calculated
pore size, and N is the total mesh number involving calculation. Thus,
the pore size is defined as Dy + o.

Rheological behaviors of the original hydrogel and self-healed
hydrogel were analyzed with a DHR-2 Rheometer (TA Waters, USA)
by using a parallel plate geometry with a diameter of 8 mm. The
storage moduli (G”) and loss moduli (G”) of the hydrogel were tested
by frequency scanning.

The optical transmittances of CNH and CEH samples were
scanned within the wavelength of 400—800 nm using a UV-2550
ultraviolet—visible spectrophotometer (Shimadzu Corporation,
Japan).
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Figure 2. (a) Conductivity of GEL(CA;/NVP_EG-5Li*). (b) Tensile stress—strain curves of GEL(CA,/NVP,EG-5Li"). (c) Visible light
transparency transmittance of GEL(CA,/NVP,-EG-SLi*) and CNHs. (d) Water loss rate of GEL(CA,/NVP,-EG-5Li") and CNHs at a RH of 43%

and a temperature of 33 °C.

For tensile tests, all hydrogel samples were cut into a rectangular
shape (5 cm in length, 1 cm in width, and 0.5 cm in height). The tests
were performed using a universal testing machine (Shimadzu AGS-X,
Japan), and the deformation rate was set to be S mm min™".

Dynamic mechanical properties of CEHs were tested using a
dynamic thermomechanical analyzer (Netzsch DMA 242C, Ger-
many) in the temperature range of —80 to 25 °C at a heating rate of
10 °C min~Y, in an inert gas medium with a flow rate of 60 mL min~L
CEHs were also characterized using a differential scanning calorimeter
(NETZCH DSC, Germany). The differential scanning calorimeter
was operated under a 60 mL min™" nitrogen flow rate. Samples were
first equilibrated at 25 °C, then cooled at a rate of 5 °C min™" to —70
°C, and then back to 25 °C.

2.4. Electric Conductivity and Characterization of CEH-
Based Sensors. The conductivity of CEH was measured by a
UC2684A Insulation Resistance Tester (UCE Technologies, Ltd,
China) with copper foil as electrodes. Both ends of the CEH were
wrapped by a thin layer of copper foil and fixed with insulating tape to
ensure a good contact, and the CEH sample was directly used as a
strain sensor (9 cm in length, 1 cm in width, and 0.5 cm in thickness).
In order to study the sensing behavior of the CEH strain sensor, the
sensor was fixed to a universal testing machine, and the copper wires
were connected to a resistance tester, the resistance change was
recorded by the software under 1 V, which could eliminate the
electrochemical reaction during the functioning of an ion conductor.
The tensile deformation rate was set to be 5 mm min™" for the
standard curve of a CEH strain sensor. Furthermore, a CEH strain
sensor was fixed on the finger or wrist while being recorded by a
resistance tester to monitor the movement of different joints.
Likewise, the CEH temperature sensor was placed in a variable low-
temperature environment while being recorded by a resistance tester
to monitor the changes in resistance with temperature.35_37

3. RESULTS AND DISCUSSION

CNHs were synthesized using a one-pot method, then the
transparent antifreezing conductive CEHs were obtained by a
simple immersion strategy. For the network structure of CEH
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(same as CNH) shown in Figure 1a, the substitution reaction
occurred between the amino group on the CA molecular chain
and the chloro group of AC, then the addition reaction
occurred between the double bonds of AC and NVP. As shown
in SEM images of Figure S1, the 3D network structure of the
hydrogel was constructed and all of the obtained CNHs
exhibited porous structures; with the increase of the NVP
concentration, the network structure became denser and the
pore size gradually decreased (Table S1). Such a reaction was
proved by FT-IR spectra of pure CA and CNHs before and
after being washed by EG in Figure 1b, where two
characteristic peaks were observed at 3322 and 1693 cm™
for all three samples, corresponding to the stretching vibrations
of N—H in the amino group and the stretching vibration of
C=0O0 in the carbonyl group, respectively. For the curves of
pure CA and GEL(CA,/NVP;), the peak at 3322 cm™' was
significantly reduced with the addition of AC, indicating that
the substitution reaction between CA and AC. Compared with
the unwashed CNH, the peak at 1693 cm™' of CNH washed
with ethanol (ET) was weaker but still existed, indicating that
the double bond on AC successfully reacted with the double
bond on NVP. The '"H NMR spectra of NVP, AC, CA, and
GEL(CA,/NVP,) are shown in Figure S2 (a, b, ¢, and d,
respectively). The characteristic peaks in Figure S2a at § = 4.38
ppm (double-bonded proton) and Figure S2b at 6 = 4.38 ppm
(double-bonded proton) disappeared in Figure S2d, indicating
the successful reaction of the double bond on NVP and AC.
The characteristic peak in Figure S2c at § = 1.21 ppm (amino
proton) disappeared in Figure S2d, indicating that the
substitution reaction occurred successfully. As shown in Figure
Ic, all the CNHs were amorphous, the same as pure CA. The
TGA results are shown in Figure 1d,e. The residual mass of
thermal decomposition increased with the increase of NVP
content, which could be explained by the calculation of weight
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Figure 3. (a) Self-healing behavior of GEL(CA,;/NVP,-EG-5Li") under a microscope. (b) GEL(CA;/NVP,-EG-SLi*) tensile stress—strain curves
before and after healing. (c) Self-healing mechanism of CEHs (d) Photographs showing self-healing: (i—iii) maple leaf shape, (iv—vi) square, (vii—
ix) photographs of self-healing of GEL(CA,/NVP,-EG-5Li*) at —35 °C. (e) GEL(CA,;/NVP,-EG-SLi*) compressive stress—strain curves before
and after healing. (f) Storage modulus (G’) and loss modulus (G”) of original GEL(CA;/NVP,-EG-SLi*) and self-healed GEL(CA,/NVP,-EG-

SLi).

ratio of carbon element in dry CNH (in Table 1). CNHs had a
similar maximum decomposition temperature at around 250
°C, which referred to the destruction of three-dimensional
network structure of hydrogels.*

As shown in Figure 2a, the conductivity of CEHs did not
change significantly with the increase of NVP content,
indicating that the addition of NVP did not hinder the
migration of ions. For tensile properties of CEH in Figure 2b,
GEL(CA,/NVP,-EG-SLi*) showed the highest toughness
compared with other NVP ratios and thus was chosen in the
following tests. Compressive stress—strain curves of GEL-
(CA,;/NVPx-EG-SLi*) are shown in Figure S3, and the
maximum compressive stress of GEL(CA,/NVP,-EG-5SLi*)
was found to be 1.01 MPa. In UV—vis spectra in Figure 2c, the
transparency of CNH decreased gradually with the increase of
NVP content. Interestingly, after the CNH was soaked in the
LiCl/EG/water solution, the transparency of CEH increased
sharply to 89% or higher. A possible reason was that the
residual AC was slightly soluble in water, which led to a low
transparency of CNH, and the residual AC diffused out during
the soaking process, thereby improving the light transmittance.
As shown in Figure 2d, at a constant temperature of 33 °C and
a constant RH of 43%, all of the CNHs and GEL(CA,/NVP,-
EG-SLi*) reached the equilibrium state of water evaporation.
However, the significant difference was that CNHs had a water
loss ratio of over 75%, while GEL(CA,/NVP,-EG-5Li") had
only 15%. The main reason was that both EG and the high
concentration of LiCl acted as excellent humectants and
prevented significant water evaporation by hydration inter-
action. This antidrying property enabled CEH to be used for a
long time in a relatively dry environment without being
concerned about the negative effects caused by water
evaporation. As shown in Figure S4, the swelling ratios of
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GEL(CA,/NVPx-EG-5Li*) tended to be stable after 45 h, and
they decreased with the increase of NVP content.

As shown in Figure 3d, the cleaved CEH was tightly fitted
without external pressure or a repairing agent at room
temperature. Five minutes after the incised parts were brought
back together, the entire hydrogel could fully support its own
weight without cracking, indicating rapid self-healing. After 2 h,
the incision had basically healed, which could be proved by
stress—strain curves in Figure 3b,e.39’40 However, the incision
was not fully aligned, in which place a linear shadow could still
be seen under a microscope (Figure 3a). The same also had
self-healing properties at —35 °C. The calculation formula used
was E = S/S, (where E is the healing efficiency, S is the stress
or strain before cutting, and S is the stress or strain after being
cut and then healed). The tensile stress healing efficiency was
found to be 98.28% and tensile strain healing efficiency was
98.53%. The compressive stress healing efficiency was 92.78%
and the compressive strain healing efficiency was 95.09%. As
shown in Figure 3f, the storage moduli (G) of both samples
were significantly higher than their loss moduli (G”),
indicating a typical gel behavior. The storage moduli (G')
and loss moduli (G”) of the healed hydrogel highly overlapped
with that of the original hydrogel, indicating excellent self-
healing properties. From the above tests, it could be seen that
CEH had good self-healing properties and could perform
efficient self-healing at room temperature and low temper-
atures without additional reagents.*’ CEH had been cross-
linked through hydrogen bonds to form a three-dimensional
network structure. By grafting AC and NVP on CA, a
hydrogen bond network was formed between the carbonyl
groups on CA and NVP, the hydrogen bond was dynamically
reversible and could be rebuilt at room temperature and low
temperatures, endowing CEH with the self-healing ability,
while pre-experiments showed that CA hydrogels without AC
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Table 2. Self-Healing, Transparency, and Conductive Properties of the Reported Hydrogels

samples healing efficiency (%) transparency (%) conductivity (S m™") ref.
GEL(CA,/NVP,-EG-SM Li*) 98 89 0.8 this work
PVA-PEDOT/PSS 8§ 2
PVA/glycerol/NaCl hydrogels 88 35
PAA m/PAA—1.1% Fe*'/NaCl hydrogels <98 0.72 39
AAm/ChCI--MA/ChCl 94 95.1 0.04 42
(NAGA-co-AAm) (PNA) 85 0.69 43
and 92.2 0.25 44
xylan/PVA/Borax DN 85.5 45
P(AMPS-NIPAm)/CS 98.51 46
poly(vinyl/alcohol) /borax (PVA/borax) hydrogels 90 47
a

(2]

0.8
) —— EG/H20:2/1(5M LiCl)
——EG/H20:2/1(3M LiCl) —— EG/H20:2/1(4M LiCl)
0.6 ——EGMH0:2M(4M LiCl) | & i ELI,
* o
_ ——EGIHp0:211(sM LiCl) | E {\k
S 2
g 3
=0.44 =
i H
Y
0.2 3
I
|
@
0.0 y . . . : . r " .
80  -60 40 20 0 20 .60 40 .20 0 20

Temperature (°C)

Temperature (°C)

Figure 4. (a) Photograph of GEL(CA;/NVP,) (left) and GEL(CA,/NVP,-EG-5Li*) (right) at 16 °C and —70 °C. (b) DMA and (c) DSC
diagram characterization of GEL(CA;/NVP,-EG-Li") after soaking in different concentrations of LiCL.

grafting did not have self-healing properties. The self-healing,
conductive, and transparent properties of CEHs are superior to
similar hydrogel materials, as shown in Table 2.

In order to prevent the hydrogel from freezing in extremely
cold environments, this work used the synergistic effect of ion
and polyol to prepare antifreezing hydrogels. %% Here, EG and
LiCl were chosen because EG could form molecular clusters by
forming hydrogen bonds with water, while Li* and CI” could
effectively form hydrated ions, thereby remarkably reducing
the freezing point of the solvent. As shown in Figure 4a, the
GEL(CA,/NVP,-EG-5Li*) sample could be easily twisted and
bent at =70 °C, and no ice crystals were visible. In contrast,
the GEL(CA;/NVP,) sample, which was not immersed in the
H,0/EG/LiCl mixed solution and totally frozen at —70 °C
lost its transparency and became fragile. This phenomenon
directly proved the effectiveness of the antifreezing strategy of
immersing in a H,O/EG/LiCl mixed solution, through which
the CEH still maintained considerable elasticity and trans-
parency at extreme low temperatures. In order to further
investigate the mechanical properties and thermal effect of
CEHs at low temperatures, dynamic mechanical analysis
(DMA), and differential scanning calorimetry (DSC) tests
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were conducted, respectively. In Figure 4b, as the temperature
continued to decrease, the modulus trends of CEHs with
different ion concentrations were basically the same, and all
CEHs remained soft over —50 °C. It could be calculated from
the curves in Figure 4b that the modulus began to rise as the
temperature went down from —56 °C, indicating the
appearance of tiny ice crystals. However, untii —80 °C,
CEHs had not complete frozen yet, for the moduli were lower
than 1 MPa, suggesting a certain degree of flexibility. As shown
in Figure 4c, an endothermic peak appeared around —70 °C,
which could be the result of the appearance of tiny ice crystals.
This conclusion was consistent with the DMA test. Therefore,
CEHs had excellent performance in ultra-low temperature and
freezing resistance. The antifreezing and dry resistance
performance of CEH were superior to similar hydrogel
materials, as listed in Table 3.

The conductivity of CEHs immersed in H,0/EG/LiCl
mixed solutions with different LiCl concentrations (0, 3, 4, and
S M) is shown in Figure Sa. CEHs containing LiCl had high
conductivity of about 0.8 S m™', which was significantly higher
than that without LiCl (0.03 S m™"). CEHs exhibited excellent
electrical conductivity due to the free diffusion of ions in the
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Table 3. Antifreezing and Dry Resistance Properties
Reported Hydrogels

freezing balanced remaining
samples temperature (°C) weight (%) ref.
GEL(CA,/NVP,-EG- -70 85 (at33°C)  this
SM Li%) work
PVA-PEDOT/PSS =55 2
PAM/CMCg4—Fe''y | -16 60 (at 35 °C) 14
PVA/GLY/WO;NC —40 29
OGHs
PVA/H,SO,/ARS/ -37 31
EG
PAA m/PAA-1.1% —24.7 39
Fe*/NaCl
TA—CNT—glycerol— =30 70 (at 25 °C) S0
PVA
PVA—B—TA—CNTs —60 78 (at 25 °C) 40
PVA—-DMSO and —=50 S1
PVA—water
PVA/PEO/Na CMC =70 38

hydrogel network. Furthermore, CEH was able to conduct self-
healing and recover the circuit and light up the LED after being
cut off, as shown in Figure 5b.3#53

Through the grafting modification of the CA chain and
simple immersing strategy in the H,O/EG/LiCl mixed
solution, CEH combined excellent electrical conductivity,
antifreezing, antidrying, and self-healing properties, making
them ideal candidates for multifunctional electrical devices. To
demonstrate the potential sensing application of CEH, it was
assembled as a strain sensor and directly connected to the test
circuit.”*™*® Because CEH could be regarded as an ionic
conductive hydrogel with an electrolyte solution within the
flexible hydrogel framework, it was a macroscopic homoge-
neous conductor. The strain sensing mechanism could be
explained by the change of resistance caused by the change of
length and cross-sectional area during conductor deformation.
The relative resistance change (AR/R, = (R — R,)/Ry, where
R and R, correspond to the resistances of the CEH strain
sensor with or without tensile force) were recorded as a
function of its tensile strain. As the tensile strain increased
from 0 to 130% in Figure 6a, gauge factor of the CEH strain
sensor showed a slight increase from 0.835 (strain from 0 to
70%) to 1.210 (strain from 70 to 130%). To evaluate the
practical performance, the CEH strain sensor was closely fitted
to the wrist joint and finger knuckle to detect the bending, as

shown in Figure 6b,c, respectively. As shown in Figure 2b, the
wrist joint underwent bending—releasing repetition for 8 cycles
in 20 s, and AR/R, of the CEH strain sensor synchronized
perfectly with the wrist joint motions, revealing instantaneity
and good stability. Similar response behavior occurred to the
rapid finger bending—releasing repetition for 21 cycles in 20 s
(Figure 6¢). As shown in Figure 6d, the detection could even
reveal more details. As the sensor stretched with different
amplitudes and was held, the AR/R, reached the correspond-
ing peak levels simultaneously and remained stable, without
noise fluctuation or hysteresis and no permanent deformation.
Furthermore, because CEH could resist water evaporation
during long-term storage and could conduct self-healing, the
CEH strain sensor still functioned well after 12 h at 33 °C or
after incision and healing, as shown in Figure 6e,f, respectively.
As shown in Figure 6g, GEL(CA;/NVP,-EG-SLi") exhibited
excellent stability at 10% strain during 150 tensile cycles. As
shown in Figure 6h, the GEL(CA;/NVP,-EG-SLi*) main-
tained excellent sensing behavior at —50 °C. Thus, the CEH
strain sensor maintained stable strain-sensitive performance
and low-temperature sensing, which could be applied as a
promising material in flexible electronics, motion monitoring,
and soft robotics.”” >’

In addition to the strain-resistance response mode, the CEH
sensor could also exhibit a temperature-resistance response,
such potential was proved by Figure S5, conductivity of
GEL(CA,/NVP,-EG-SLi*) decreased with decreasing temper-
ature.”” The temperature resistance sensitivity of the CEH was
analyzed in the temperature range of —10 and —70 °c.’!
Interestingly, the function relationship between the logarithm
of relative resistance [In(R/R,)] and temperature is revealed in
Figure 7a, where R, referred to resistance at —10 °C. It could
be observed that the cooling and heating testing curves nearly
coincide with each other. The resistance of CEH decreased
with increasing of temperature, the mechanism may be due to
the more active ion migration at higher temperatures. From the
multiple heating and cooling cycles in Figure 7b, the CEH
temperature sensor exhibited excellent circular reliability and
testing stability over a wide temperature range, with a fast
response time and no obvious hysteresis. These results
demonstrated that the CEH-based multifunctional sensor
had a stable strain and temperature sensitivity and had great
potential as a soft artificial intelligence device in the complex
temperature environment in the future.”*"**
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Figure 5. (a) Conductivity of GEL(CA,/NVP,-EG-Li") after soaking in 0 M, 3 M, 4 M, and S M LiCl. (b) Circuit includes a conductive self-
healing GEL(CA,/NVP,-EG-5Li*) hydrogel in a series with a diode: (i) original, (ii) cut off completely, (iii) room-temperature electrical healing,
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Figure 6. (a) Resistance change ratio (AR/R,) as function of tensile strain applied on GEL(CA;/NVP,-EG-SLi*). A wearable hydrogel sensor to
monitor the subtle human activities such as (b) wrist bending and (c) finger bending. (d) AR/R, curve as the strain changed from 10% to 60% (e)
AR/R, curve after the sensor was placed for 12 h at 33 °C (f) AR/R, curve as the sensor was bent 180°repeatedly at the site of healing incision. (g)
Resistivity change of GEL(CA;/NVP,-EG-5Li*) in 150 tensile cycles. (h) AR/R, curve as the sensor conducting 180° bending repeatedly at —50
°C.
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Figure 7. (a) Change of In(R/R;) of the CEH temperature sensor during the heating and cooling processes. (b) In(R/R,) of the CEH temperature
sensor was tested for multiple cycles between —10 and —70 °C.
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4. CONCLUSIONS

In conclusion, a highly ionic conductive carboxymethyl
chitosan hydrogel was prepared using water/EG/LiCl as the
antifreezing and conductive media. The CEH hydrogel
[GEL(CA,/NVP,-EG-5Li*)] maintained a high flexible
performance and visual transparency (transparency over
80%) at an ultra-low temperature (—70 °C), which might be
beneficial to its application in a low-temperature environment
widely. Due to the existence of hydrogen bonds between the
carbonyl groups on CA and NVP, CEHs had efficient self-
healing properties (repair efficiency up to 98%). The
introduction of EG/water not only improved the antifreezing
performance of CEHs but also possessed excellent antidrying
performance. In addition, GEL(CA,/NVP,-EG-5Li*) also
showed high ionic conductivity (0.8 S m™') and softness,
which could be used as a stable and reliable strain sensor for
detecting human movements on fingers and wrists. Meanwhile,
due to the temperature sensitivity and fatigue resistance of
GEL(CA,/NVP,-EG-5Li*") at a low-temperature environment,
the hydrogel could be used as a small temperature sensor with
a fast electrical signal response. Combining the above
advantages, such multifunctional CEH is believed to have
great potential for application in wearable devices and
temperature sensors.

Bl ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00496.

SEM images of the cross-sectional morphology of
GEL(CA,/NVP,), 'H NMR spectra of NVP in
DMSO-dy;, AC in DMSO-ds;, CA in D,0O, and GEL-
(CA;/NVP,) in D,0, compressive stress—strain curves
of GEL(CA,;/NVPEG-SLi*), swelling ratio curves of
GEL(CA,/NVP,-EG-SLi*), conductivity change of
GEL(CA,/NVP,-EG-SLi*) from —10 to —70 °C, pore
sizes of hydrogels in different proportions, and stretching
video of two different colors of healing hydrogel blocks
(PDF)

B AUTHOR INFORMATION

Corresponding Authors

Yang Wang — Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Guangdong Laboratory for Lingnan Modern
Agriculture, Guangzhou 510642, China; ©® orcid.org/0000-
0003-4239-8566; Email: wangyang@scau.edu.cn

Ying Luo — Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Guangdong Laboratory for Lingnan Modern
Agriculture, Guangzhou 510642, China; Email: luoying@
scau.edu.cn

Chaoqun Zhang — Key Laboratory for Biobased Materials
and Energy of Ministry of Education, College of Materials
and Energy, South China Agricultural University, Guangzhou
510642, China; Guangdong Laboratory for Lingnan Modern
Agriculture, Guangzhou 510642, China; ©® orcid.org/0000-
0001-5754-8729; Email: zhangcq@scau.edu.cn,
nwpuzcq@gmail.com

3641

Authors

Xinhu Gong — Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Guangdong Laboratory for Lingnan Modern
Agriculture, Guangzhou 510642, China; ©® orcid.org/0000-
0002-4860-0772

Caimei Zhao — Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Guangdong Laboratory for Lingnan Modern
Agriculture, Guangzhou 510642, China; ©® orcid.org/0000-
0002-1087-441X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsbiomaterials.2c00496

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was sponsored by the Pearl River talent program of
Guangdong Province (Youth top-notch talent,
2017GC010163), Research and Development Program in
Key Areas of Guangdong Province (grant no.
2020B0202010008), Guangdong Province Science & Tech-
nology Program (2018B030306016), Guangdong Provincial
Innovation Team for General Key Technologies in Modern
Agricultural Industry (2019KJ133), and Key Projects of Basic
Research and Applied Basic Research of the Higher Education
Institutions of Guangdong Province (2018KZDXMO014).

B REFERENCES

(1) Zhang, X. F.; Ma, X; Hou, T.; Guo, K;; Yin, J.; Wang, Z.; Shu,
L.; He, M,; Yao, J. Inorganic Salts Induce Thermally Reversible and
Anti-Freezing Cellulose Hydrogels. Angew. Chem., Int. Ed. Engl. 2019,
58, 7366—7370.

(2) Rong, Q.; Lei, W.; Chen, L.; Yin, Y.; Zhou, J.; Liu, M. Anti-
freezing, Conductive Self-healing Organohydrogels with Stable Strain-
Sensitivity at Subzero Temperatures. Angew. Chem., Int. Ed. Engl.
2017, 56, 14159—14163.

(3) Deng, Z; Yu, R; Guo, B. Stimuli-responsive conductive
hydrogels: design, properties, and applications. Mater. Chem. Front.
2021, S, 2092-2123.

(4) Liang, Y; He, J; Guo, B. Functional Hydrogels as Wound
Dressing to Enhance Wound Healing. ACS Nano 2021, 15, 12687—
12722.

(5) Yang, W. J.; Zhou, P,; Liang, L.; Cao, Y.; Qiao, J.; Li, X; Teng,
Z.; Wang, L. Nanogel-Incorporated Injectable Hydrogel for
Synergistic Therapy Based on Sequential Local Delivery of
Combretastatin-A4 Phosphate (CA4P) and Doxorubicin (DOX).
ACS Appl. Mater. Interfaces 2018, 10, 18560—18573.

(6) Wang, Z.; Mo, F.; Ma, L.; Yang, Q.; Liang, G.; Liu, Z.; Li, H.; Lj,
N,; Zhang, H,; Zhi, C. Highly Compressible Cross-Linked
Polyacrylamide Hydrogel-Enabled Compressible Zn-MnO2 Battery
and a Flexible Battery-Sensor System. ACS Appl. Mater. Interfaces
2018, 10, 44527—44534.

(7) Li, Y,; Wang, Z.; Wang, X,; Yan, B.; Peng, Y.; Ran, R. Fe3+-citric
acid/sodium alginate hydrogel: A photo-responsive platform for rapid
water purification. Carbohydr. Polym. 2021, 269, 118269.

(8) Liu, L; Luo, S,; Qing, Y.; Yan, N.; Wu, Y,; Xie, X.; Hu, F. A
Temperature-Controlled, Conductive PANI@CNFs/MEO2 MA/
PEGMA Hydrogel for Flexible Temperature Sensors. Macromol.
Rapid Commun. 2018, 39, No. e1700836.

https://doi.org/10.1021/acsbiomaterials.2c00496
ACS Biomater. Sci. Eng. 2022, 8, 3633—3643


https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00496?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c00496/suppl_file/ab2c00496_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4239-8566
https://orcid.org/0000-0003-4239-8566
mailto:wangyang@scau.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:luoying@scau.edu.cn
mailto:luoying@scau.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaoqun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5754-8729
https://orcid.org/0000-0001-5754-8729
mailto:zhangcq@scau.edu.cn
mailto:nwpuzcq@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinhu+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4860-0772
https://orcid.org/0000-0002-4860-0772
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caimei+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1087-441X
https://orcid.org/0000-0002-1087-441X
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c00496?ref=pdf
https://doi.org/10.1002/anie.201902578
https://doi.org/10.1002/anie.201902578
https://doi.org/10.1002/anie.201708614
https://doi.org/10.1002/anie.201708614
https://doi.org/10.1002/anie.201708614
https://doi.org/10.1039/d0qm00868k
https://doi.org/10.1039/d0qm00868k
https://doi.org/10.1021/acsnano.1c04206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c04206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b04394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b17607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b17607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b17607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbpol.2021.118269
https://doi.org/10.1016/j.carbpol.2021.118269
https://doi.org/10.1016/j.carbpol.2021.118269
https://doi.org/10.1002/marc.201700836
https://doi.org/10.1002/marc.201700836
https://doi.org/10.1002/marc.201700836
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c00496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

(9) Ma, Y,; Gao, Y.; Liu, L,; Ren, X;; Gao, G. Skin-Contactable and
Antifreezing Strain Sensors Based on Bilayer Hydrogels. Chem. Mater.
2020, 32, 8938—8946.

(10) Herber, S.; Olthuis, W.; Bergveld, P. A swelling hydrogel-based
PCO2 sensor. Sens. Actuators, B 2003, 91, 378—382.

(11) Dai, B.; Cui, T.; Xu, Y.; Wy, S.; Li, Y.; Wang, W.; Liu, S.; Tang,
J; Tang, L. Smart Antifreeze Hydrogels with Abundant Hydrogen
Bonding for Conductive Flexible Sensors. Gels 2022, 8, 374.

(12) Yang, C.; Yin, J; Chen, Z,; Du, H,; Tian, M,; Zhang, M,;
Zheng, ]; Ding, L.; Zhang, P, Zhang, X,; Deng, K. Highly
Conductive, Stretchable, Adhesive, and Self-Healing Polymer Hydro-
gels for Strain and Pressure Sensor. Macromol. Mater. Eng. 2020, 305,
2000479.

(13) Liu, X; Ren, Z; Liu, F; Zhao, L; Ling, Q; Gu, H.
Multifunctional Self-Healing Dual Network Hydrogels Constructed
via Host-Guest Interaction and Dynamic Covalent Bond as Wearable
Strain Sensors for Monitoring Human and Organ Motions. ACS Appl.
Mater. Interfaces 2021, 13, 14612—14622.

(14) Cheng, Y,; Ren, X;; Gao, G.; Duan, L. High strength, anti-
freezing and strain sensing carboxymethyl cellulose-based organo-
hydrogel. Carbohydr. Polym. 2019, 223, 115051.

(15) Chen, F; Zhou, D.; Wang, J; Li, T.; Zhou, X; Gan, T;
Handschuh-Wang, S.; Zhou, X. Rational Fabrication of Anti-Freezing,
Non-Drying Tough Organohydrogels by One-Pot Solvent Displace-
ment. Angew. Chem., Int. Ed. Engl. 2018, §7, 6568—6571.

(16) Yang, Y.; Yang, Y.; Cao, Y,; Wang, X; Chen, Y.; Liu, H,; Gao,
Y.; Wang, J; Liu, C; Wang, W,; Yu, J-K; Wu, D. Anti-freezing,
resilient and tough hydrogels for sensitive and large-range strain and
pressure sensors. Chem. Eng. J. 2021, 403, 126431.

(17) Wen, J.; Tang, J.; Ning, H,; Hu, N.; Zhu, Y.; Gong, Y.; Xu, C;
Zhao, Q.; Jiang, X.; Hu, X,; Lei, L.; Wu, D.; Huang, T. Multifunctional
Ionic Skin with Sensing, UV-Filtering, Water-Retaining, and Anti-
Freezing Capabilities. Adv. Funct. Mater. 2021, 31, 2011176.

(18) Lu, C; Qiu, J.; Zhao, W.; Sakai, E.; Zhang, G.; Nobe, R.; Kudo,
M.,; Komiyama, T. Low-temperature adaptive conductive hydrogel
based on ice structuring proteins/CaCl2 anti-freeze system as
wearable strain and temperature sensor. Int. J. Biol. Macromol. 2021,
188, 534—541.

(19) Ren, Z.; Ke, T.; Ling, Q;; Zhao, L.; Gu, H. Rapid self-healing
and self-adhesive chitosan-based hydrogels by host-guest interaction
and dynamic covalent bond as flexible sensor. Carbohydr. Polym.
2021, 273, 118533.

(20) Ding, H,; Liang, X,; Wang, Q.; Wang, M,; Li, Z,; Sun, G. A
semi-interpenetrating network ionic composite hydrogel with low
modulus, fast self-recoverability and high conductivity as flexible
sensor. Carbohydr. Polym. 2020, 248, 116797.

(21) Anjum, S.; Gurave, P.; Badiger, M. V.; Torris, A.; Tiwari, N,;
Gupta, B. Design and development of trivalent aluminum ions
induced self-healing polyacrylic acid novel hydrogels. Polymer 2017,
126, 196—205.

(22) Miao, T.; Fenn, S. L.; Charron, P. N.; Floreani, R. A. Self-
Healing and Thermoresponsive Dual-Cross-Linked Alginate Hydro-
gels Based on Supramolecular Inclusion Complexes. Biomacromole-
cules 2018, 16, 3740—3750.

(23) Zheng, W. J.; Gao, J.; Wei, Z.; Zhou, J.; Chen, Y. M. Facile
fabrication of self-healing carboxymethyl cellulose hydrogels. Eur.
Polym. J. 2015, 72, S14—522.

(24) Zeng, Q.; Desai, M. S,; Jin, H.-E; Lee, ]. H; Chang, J.; Lee, S.-
W. Self-Healing Elastin-Bioglass Hydrogels. Biomacromolecules 2016,
17, 2619-2625.

(28) Li, G; Wu, J; Wang, B.; Yan, S.; Zhang, K; Ding, J.; Yin, J.
Self-Healing Supramolecular Self-Assembled Hydrogels Based on
Poly(l-glutamic acid). Biomacromolecules 2015, 16, 3508—3518.

(26) Danmark, S.; Aronsson, C.; Aili, D. Tailoring Supramolecular
Peptide—Poly(ethylene glycol) Hydrogels by Coiled Coil Self-
Assembly and Self-Sorting. Biomacromolecules 2016, 17, 2260—2267.

(27) Li, Z; Su, Y; Hagq, M. A; Xie, B; Wang, D. Konjac
glucomannan/polyacrylamide bicomponent hydrogels: Self-healing

3642

originating from semi-interpenetrating network. Polymer 2016, 103,
146—151.

(28) Luo, F; Sun, T. L.; Nakajima, T.; Kurokawa, T.; Thsan, A. B;
Li, X;; Guo, H.; Gong, J. P. Free Reprocessability of Tough and Self-
Healing Hydrogels Based on Polyion Complex. ACS Macro Lett.
2015, 4, 961-964.

(29) Yang, J.; Tang, C.; Sun, H,; Liu, Z; Liu, Z.; Li, K;; Zhu, L.; Qin,
G.; Sun, G; Li, Y.;; Chen, Q. Tough, Transparent, and Anti-Freezing
Nanocomposite Organohydrogels with Photochromic Properties.
ACS Appl. Mater. Interfaces 2021, 13, 31180—31192.

(30) Han, S; Liu, C; Lin, X; Zheng, J; Wu, J; Liu, C. Dual
Conductive Network Hydrogel for a Highly Conductive, Self-Healing,
Anti-Freezing, and Non-Drying Strain Sensor. ACS Appl. Polym.
Mater. 2020, 2, 996—1005.

(31) Feng, E.; Li, J.; Zheng, G; Yan, Z; Li, X;; Gao, W.; Ma, X;
Yang, Z. Long-Term Anti-freezing Active Organohydrogel Based
Superior Flexible Supercapacitor and Strain Sensor. ACS Sustainable
Chem. Eng. 2021, 9, 7267—7276.

(32) Li, X; Lou, D.; Wang, H; Sun, X; Li, J.; Liu, Y. N. Flexible
Supercapacitor Based on Organohydrogel Electrolyte with Long-
Term Anti-Freezing and Anti-Drying Property. Adv. Funct. Mater.
2020, 30, 2007291.

(33) Ying, B.; Chen, R. Z,; Zuo, R; Li, J.; Liu, X. An Anti-Freezing,
Ambient-Stable and Highly Stretchable Ionic Skin with Strong Surface
Adhesion for Wearable Sensing and Soft Robotics. Adv. Funct. Mater.
2021, 31, 2104665.

(34) Jin, X; Song, L.; Dai, C; Xiao, Y.; Han, Y.; Zhang, X; Li, X;
Bai, C,; Zhang, J.; Zhao, Y.; Zhang, Z.; Jiang, L.; Qu, L. An Aqueous
Anti-Freezing and Heat-Tolerant Symmetric Microsupercapacitor
with 2.3 V Output Voltage. Adv. Energy Mater. 2021, 11, 2101523.

(35) Pan, S.; Xia, M,; Li, H,; Jiang, X.; He, P.; Sun, Z,; Zhang, Y.
Transparent, high-strength, stretchable, sensitive and anti-freezing
poly(vinyl alcohol) ionic hydrogel strain sensors for human motion
monitoring. J. Mater. Chem. C 2020, 8, 2827—-2837.

(36) Gao, Y.; Peng, J.; Zhou, M.; Yang, Y.; Wang, X.; Wang, J.; Cao,
Y.; Wang, W.; Wu, D. A multi-model, large range and anti-freezing
sensor based on a multi-crosslinked poly(vinyl alcohol) hydrogel for
human-motion monitoring. J. Mater. Chem. B 2020, 8, 11010—11020.

(37) Xie, Z.; Li, H.; Mi, H.-Y,; Feng, P.-Y,; Liu, Y.; Jing, X. Freezing-
tolerant, widely detectable and ultra-sensitive composite organo-
hydrogel for multiple sensing applications. J. Mater. Chem. C 2021, 9,
10127-10137.

(38) Rukmanikrishnan, B.; Lee, J. Anti-freezing and thermally self-
healing polymer composite comprising polyvinyl alcohol, poly-
ethylene oxide, and sodium carboxymethyl cellulose. Eur. Polym. J.
2021, 154, 110565.

(39) Li, S.; Pan, H.; Wang, Y.; Sun, J. Polyelectrolyte complex-based
self-healing, fatigue-resistant and anti-freezing hydrogels as highly
sensitive ionic skins. J. Mater. Chem. A 2020, 8, 3667—3675.

(40) Zheng, W.; Xu, L,; Li, Y.; Huang, Y,; Li, B; Jiang, Z.; Gao, G.
Anti-freezing, moisturizing, resilient and conductive organohydrogel
for sensitive pressure sensors. J. Colloid Interface Sci. 2021, 594, 584—
592.

(41) Yang, K; He, J.; Zhou, Q; Hao, X,; Yang, H.; You, Y. An anti-
freezing/drying, adhesive and self-healing motion sensor with
humidity-enhanced conductivity. Polymer 2021, 214, 123354.

(42) Li, R. a; Fan, T,; Chen, G.; Zhang, K; Su, B.; Tian, J.; He, M.
Autonomous Self-Healing, Antifreezing, and Transparent Conductive
Elastomers. Chem. Mater. 2020, 32, 874—881.

(43) Shuai, L.; Guo, Z. H.; Zhang, P.; Wan, J.; Pu, X,; Wang, Z. L.
Stretchable, self-healing, conductive hydrogel fibers for strain sensing
and triboelectric energy-harvesting smart textiles. Nano Energy 2020,
78, 105389.

(44) Chen, K;; Liu, M,; Wang, F.; Hu, Y.; Liu, P.; Li, C.; Du, Q,; Yu,
Y.,; Xiao, X; Feng, Q. Highly Transparent, Self-Healing, and Self-
Adhesive Double Network Hydrogel for Wearable Sensors. Front.
Bioeng. Biotechnol. 2022, 10, 846401.

https://doi.org/10.1021/acsbiomaterials.2c00496
ACS Biomater. Sci. Eng. 2022, 8, 3633—3643


https://doi.org/10.1021/acs.chemmater.0c02919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c02919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0925-4005(03)00121-7
https://doi.org/10.1016/s0925-4005(03)00121-7
https://doi.org/10.3390/gels8060374
https://doi.org/10.3390/gels8060374
https://doi.org/10.1002/mame.202000479
https://doi.org/10.1002/mame.202000479
https://doi.org/10.1002/mame.202000479
https://doi.org/10.1021/acsami.1c03213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c03213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c03213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbpol.2019.115051
https://doi.org/10.1016/j.carbpol.2019.115051
https://doi.org/10.1016/j.carbpol.2019.115051
https://doi.org/10.1002/anie.201803366
https://doi.org/10.1002/anie.201803366
https://doi.org/10.1002/anie.201803366
https://doi.org/10.1016/j.cej.2020.126431
https://doi.org/10.1016/j.cej.2020.126431
https://doi.org/10.1016/j.cej.2020.126431
https://doi.org/10.1002/adfm.202011176
https://doi.org/10.1002/adfm.202011176
https://doi.org/10.1002/adfm.202011176
https://doi.org/10.1016/j.ijbiomac.2021.08.060
https://doi.org/10.1016/j.ijbiomac.2021.08.060
https://doi.org/10.1016/j.ijbiomac.2021.08.060
https://doi.org/10.1016/j.carbpol.2021.118533
https://doi.org/10.1016/j.carbpol.2021.118533
https://doi.org/10.1016/j.carbpol.2021.118533
https://doi.org/10.1016/j.carbpol.2020.116797
https://doi.org/10.1016/j.carbpol.2020.116797
https://doi.org/10.1016/j.carbpol.2020.116797
https://doi.org/10.1016/j.carbpol.2020.116797
https://doi.org/10.1016/j.polymer.2017.08.045
https://doi.org/10.1016/j.polymer.2017.08.045
https://doi.org/10.1021/acs.biomac.5b00940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b00940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b00940?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.eurpolymj.2015.06.013
https://doi.org/10.1016/j.eurpolymj.2015.06.013
https://doi.org/10.1021/acs.biomac.6b00621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b01287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.5b01287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.6b00528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.6b00528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.6b00528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2016.09.046
https://doi.org/10.1016/j.polymer.2016.09.046
https://doi.org/10.1016/j.polymer.2016.09.046
https://doi.org/10.1021/acsmacrolett.5b00501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.5b00501?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c07563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c07563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.9b01198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.9b01198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.9b01198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202007291
https://doi.org/10.1002/adfm.202007291
https://doi.org/10.1002/adfm.202007291
https://doi.org/10.1002/adfm.202104665
https://doi.org/10.1002/adfm.202104665
https://doi.org/10.1002/adfm.202104665
https://doi.org/10.1002/aenm.202101523
https://doi.org/10.1002/aenm.202101523
https://doi.org/10.1002/aenm.202101523
https://doi.org/10.1039/c9tc06338b
https://doi.org/10.1039/c9tc06338b
https://doi.org/10.1039/c9tc06338b
https://doi.org/10.1039/d0tb02250k
https://doi.org/10.1039/d0tb02250k
https://doi.org/10.1039/d0tb02250k
https://doi.org/10.1039/d1tc02599f
https://doi.org/10.1039/d1tc02599f
https://doi.org/10.1039/d1tc02599f
https://doi.org/10.1016/j.eurpolymj.2021.110565
https://doi.org/10.1016/j.eurpolymj.2021.110565
https://doi.org/10.1016/j.eurpolymj.2021.110565
https://doi.org/10.1039/c9ta13213a
https://doi.org/10.1039/c9ta13213a
https://doi.org/10.1039/c9ta13213a
https://doi.org/10.1016/j.jcis.2021.03.079
https://doi.org/10.1016/j.jcis.2021.03.079
https://doi.org/10.1016/j.polymer.2020.123354
https://doi.org/10.1016/j.polymer.2020.123354
https://doi.org/10.1016/j.polymer.2020.123354
https://doi.org/10.1021/acs.chemmater.9b04592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b04592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2020.105389
https://doi.org/10.1016/j.nanoen.2020.105389
https://doi.org/10.3389/fbioe.2022.846401
https://doi.org/10.3389/fbioe.2022.846401
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c00496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

(45) Aj, J; Li, K; Li, J.; Yu, F.; Ma, J. Super flexible, fatigue resistant,
self-healing PVA/xylan/borax hydrogel with dual-crosslinked net-
work. Int. J. Biol. Macromol. 2021, 172, 66—73.

(46) Chen, Y.; Liu, T.; Wang, G.; Liy, J.; Zhao, L.; Yu, Y. Highly
swelling, tough intelligent self-healing hydrogel with body temper-
ature-response. Eur. Polym. J. 2020, 140, 110047.

(47) Xue, S.; Liu, G.; Lai, J.; An, P.; Liu, Y.; Wu, Y,; Wang, Y,; Ye, Z,;
Tang, Q;; Zhou, H. Boron Nitride Nanosheets Strengthened PVA/
Borax Hydrogels with Highly Efficient Self-Healing and Rapid pH-
Driven Shape Memory Effect. Macromol. Mater. Eng. 2021, 306,
2100418S.

(48) Lou, D.; Wang, C; He, Z; Sun, X; Luo, J; Li, J. Robust
organohydrogel with flexibility and conductivity across the freezing
and boiling temperatures of water. Chem. Commun. 2019, SS, 8422—
8428.

(49) Yin, J; Qi, L.; Wang, H. Anti-freezing aqueous electrolytes for
electric double-layer capacitors. Electrochim. Acta 2013, 88, 208—216.

(50) He, P.; Wy, J.; Pan, X; Chen, L; Liu, K; Gao, H.; Wu, H,;
Cao, S,; Huang, L.; Ni, Y. Anti-freezing and moisturizing conductive
hydrogels for strain sensing and moist-electric generation applications.
J. Mater. Chem. A 2020, 8, 3109—3118.

(51) Wy, S.; Alsaid, Y.; Yao, B; Yan, Y.; Zhao, Y.; Hua, M.; Wy, D.;
Zhu, X,; He, X. Rapid and scalable fabrication of ultra-stretchable,
anti-freezing conductive gels by cononsolvency effect. EcoMat 2021,
3, No. e12085.

(52) Hy, O;; Chen, G;; Gu, J.; Lu, J.; Zhang, J.; Zhang, X,; Hou, L.;
Jiang, X. A facile preparation method for anti-freezing, tough,
transparent, conductive and thermoplastic poly(vinyl alcohol)/
sodium alginate/glycerol organohydrogel electrolyte. Int. ]. Biol.
Macromol. 2020, 164, 2512—2523.

(53) Yang, J; Sun, X; Kang, Q; Zhu, L; Qin, G,; Chen, Q.
Freezing-tolerant and robust gelatin-based supramolecular conductive
hydrogels with double-network structure for wearable sensors. Polym.
Test. 2021, 93, 106879.

(54) Liu, R; Cui, L,; Wang, H; Chen, Q; Guan, Y.; Zhang, Y.
Tough, Resilient, Adhesive, and Anti-Freezing Hydrogels Cross-
Linked with a Macromolecular Cross-Linker for Wearable Strain
Sensors. ACS Appl. Mater. Interfaces 2021, 13, 42052—42062.

(55) Ye, Y; Zhang, Y.; Chen, Y.,; Han, X; Jiang, F. Cellulose
Nanofibrils Enhanced, Strong, Stretchable, Freezing-Tolerant Ionic
Conductive Organohydrogel for Multi-Functional Sensors. Adv. Funct.
Mater. 2020, 30, 2003430.

(56) Zhang, Y.; Mao, J.; Jiang, W.; Zhang, S.; Tong, L.; Mao, J.; Wei,
G.; Zuo, M,; Ni, Y. Lignin sulfonate induced ultrafast polymerization
of double network hydrogels with anti-freezing, high strength and
conductivity and their sensing applications at extremely cold
conditions. Composites, Part B 2021, 217, 108879.

(57) Liu, X;; Zhang, Q.; Gao, G. DNA-inspired anti-freezing wet-
adhesion and tough hydrogel for sweaty skin sensor. Chem. Eng. J.
2020, 394, 124898.

(58) Bao, S; Gao, J.; Xu, T.; Li, N.; Chen, W.; Lu, W. Anti-freezing
and antibacterial conductive organohydrogel co-reinforced by 1D silk
nanofibers and 2D graphitic carbon nitride nanosheets as flexible
sensor. Chem. Eng. ]. 2021, 411, 128470.

(59) Chen, L,; Wang, Z.; Zhan, Z.; Xie, M.; Duan, G.; Cheng, P.;
Chen, Y,; Duan, H. 3D printed super-anti-freezing self-adhesive
human-machine interface. Mater. Today Phys. 2021, 19, 100404.

(60) Ritschel, T.; Lehmann, K; Brunzel, M.; Vitz, J.; Nischang, I;
Schubert, U. S.; Totsche, K. U. Well-defined poly(ethylene glycol)
polymers as non-conventional reactive tracers of colloidal transport in
porous media. J. Colloid Interface Sci. 2021, 584, 592—601.

(61) Wang, Y.; Zhang, L.; Lu, A. Transparent, Antifreezing, Ionic
Conductive Cellulose Hydrogel with Stable Sensitivity at Subzero
Temperature. ACS Appl. Mater. Interfaces 2019, 11, 41710—41716.

(62) Dai, S;; Hu, X; Xu, X.; Cao, X.; Chen, Y,; Zhou, X,; Ding, J.;
Yuan, N. Low temperature tolerant, ultrasensitive strain sensors based
on self-healing hydrogel for self-monitor of human motion. Synth. Met.
2019, 257, 116177.

3643

[0 Recommended by ACS

Ultrastretchable, Tough, Antifreezing, and Conductive
Cellulose Hydrogel for Wearable Strain Sensor

Daijun Chen, Pengxiang Jia, et al.
NOVEMBER 13, 2020

ACS APPLIED MATERIALS & INTERFACES READ &

Nanocomposite Grafted Stretchable and Conductive Ionic
Hydrogels for Use as Soft Electrode in a Wearable
Electrocardiogram Monitoring Device

Subhankar Mandal, Umaprasana Ojha, et al.
DECEMBER 20, 2019

ACS APPLIED POLYMER MATERIALS READ &'

Anisotropic Muscle-like Conductive Composite Hydrogel
Reinforced by Lignin and Cellulose Nanofibrils

Mengzhen Yan, Weifeng Liu, et al.
SEPTEMBER 21, 2022

ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ &

Toward Strong and Tough Wood-Based Hydrogels for
Sensors

Chuchu Chen, Yongcan Jin, et al.
NOVEMBER 17, 2021

BIOMACROMOLECULES READ &

Get More Suggestions >

https://doi.org/10.1021/acsbiomaterials.2c00496
ACS Biomater. Sci. Eng. 2022, 8, 3633—3643


https://doi.org/10.1016/j.ijbiomac.2021.01.038
https://doi.org/10.1016/j.ijbiomac.2021.01.038
https://doi.org/10.1016/j.ijbiomac.2021.01.038
https://doi.org/10.1016/j.eurpolymj.2020.110047
https://doi.org/10.1016/j.eurpolymj.2020.110047
https://doi.org/10.1016/j.eurpolymj.2020.110047
https://doi.org/10.1002/mame.202100415
https://doi.org/10.1002/mame.202100415
https://doi.org/10.1002/mame.202100415
https://doi.org/10.1039/c9cc04239c
https://doi.org/10.1039/c9cc04239c
https://doi.org/10.1039/c9cc04239c
https://doi.org/10.1016/j.electacta.2012.10.047
https://doi.org/10.1016/j.electacta.2012.10.047
https://doi.org/10.1039/c9ta12940e
https://doi.org/10.1039/c9ta12940e
https://doi.org/10.1002/eom2.12085
https://doi.org/10.1002/eom2.12085
https://doi.org/10.1016/j.ijbiomac.2020.08.115
https://doi.org/10.1016/j.ijbiomac.2020.08.115
https://doi.org/10.1016/j.ijbiomac.2020.08.115
https://doi.org/10.1016/j.polymertesting.2020.106879
https://doi.org/10.1016/j.polymertesting.2020.106879
https://doi.org/10.1021/acsami.1c12687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c12687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c12687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202003430
https://doi.org/10.1002/adfm.202003430
https://doi.org/10.1002/adfm.202003430
https://doi.org/10.1016/j.compositesb.2021.108879
https://doi.org/10.1016/j.compositesb.2021.108879
https://doi.org/10.1016/j.compositesb.2021.108879
https://doi.org/10.1016/j.compositesb.2021.108879
https://doi.org/10.1016/j.cej.2020.124898
https://doi.org/10.1016/j.cej.2020.124898
https://doi.org/10.1016/j.cej.2021.128470
https://doi.org/10.1016/j.cej.2021.128470
https://doi.org/10.1016/j.cej.2021.128470
https://doi.org/10.1016/j.cej.2021.128470
https://doi.org/10.1016/j.mtphys.2021.100404
https://doi.org/10.1016/j.mtphys.2021.100404
https://doi.org/10.1016/j.jcis.2020.09.056
https://doi.org/10.1016/j.jcis.2020.09.056
https://doi.org/10.1016/j.jcis.2020.09.056
https://doi.org/10.1021/acsami.9b15849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b15849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b15849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.synthmet.2019.116177
https://doi.org/10.1016/j.synthmet.2019.116177
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c00496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsami.0c14935?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acsami.0c14935?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acsami.0c14935?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acsami.0c14935?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acsapm.9b00988?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acsapm.9b00988?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acsapm.9b00988?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acsapm.9b00988?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acsapm.9b00988?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c02506?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c02506?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c02506?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c02506?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acs.biomac.1c01141?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acs.biomac.1c01141?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acs.biomac.1c01141?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
http://pubs.acs.org/doi/10.1021/acs.biomac.1c01141?utm_campaign=RRCC_abseba&utm_source=RRCC&utm_medium=pdf_stamp&originated=1667178012&referrer_DOI=10.1021%2Facsbiomaterials.2c00496
https://preferences.acs.org/ai_alert?follow=1

Downloaded via SOUTH CHINA AGRICULTURAL UNIV on May 18, 2022 at 07:37:59 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IERAPPLIED
POLYMER MATERIALS

pubs.acs.org/acsapm

Transparent, Antifreezing, lonic Conductive Carboxymethyl
Chitosan Hydrogels as Multifunctional Sensors

Caimei Zhao, Xinhu Gong, Lan Shen, Yang Wang,* and Chaoqun Zhang™*

Cite This: ACS Appl. Polym. Mater. 2022, 4, 4025-4034

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

ABSTRACT: By a simple strategy of immersion in a CaCl,
solution, carboxymethyl chitosan hydrogels exhibited ultralow-
temperature freezing resistance below —50 °C. In addition, the
introduction of electrolyte ions endowed the hydrogels with
electrical conductivity, showing stable and reversible sensitivity to
human activity, such as finger bending, pressing, and pharyngeal
swallowing. The conductive carboxymethyl chitosan hydrogels
could even be assembled into a two-dimensional integrated array of
contact sensors, which successfully perceived the contour and
pressure distribution of an object with a certain resolution. These
transparent biological-based antifreezing conductive hydrogels are
promising to find applications in integrated wearable sensing
devices under extremely low temperature environments.
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1. INTRODUCTION

Intelligent wearable electronic devices have attracted growing
attention due to their broad application prospects in the fields
of sensors, soft robots, touch panels, and electronic skins,
which put forward a higher request for flexible electronics, such
as environmental compatibility, durability, and strong integra-
tion compatibility.'~® However, it remains a challenge to
balance these requirements with the desirable function
performance. Hydrogels are a kind of water-rich material
composed of hydrophilic polymer chains with a three-
dimensional cross-linked network. The polymer network
enables hydrogels to have mechanical properties similar to
solids, while the aqueous media give hydrogels fast diffusion
performance similar to liquids. These characteristics make
hydrogels the most potential raw material for flexible
electronics.”’

However, at subzero temperatures, a traditional conductive
hydrogel with pure water will inevitably freeze, losing its
flexibility, optical transparency, and conductivity, which
seriously affects its applications at low temperatures.'"'”
Therefore, it is urgent and necessary to develop conductive
hydrogels with antifreezing properties that can work in a wide
low-temperature range. In recent part of studies, a glycol/water
binary system has been employed to replace a pure water
medium, giving the hydrogels certain freezing resistance and
stable flexibility at temperatures as low as —40 °C."” However,
polyols are poor solvents for metal salt ions and are not
favorable for the construction of ionic conductive hydrogels,
which affects the conductivity of hydrogels to some

© 2022 American Chemical Society
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extent.”™"° In other studies, carbon nanotubes or graphene

oxides were introduced into hydrogels to achieve high
electrical conductivity, but optical transparency was thus
sacrificed.'®"” Inspired by the survival strategies of hardy
plants, people spread salt on roads in winter to melt snow and
ice. Tonic conductive hydrogels containing a large amount of
polyelectrolytes or additional salts have attracted considerable
attention due to their characteristics of oriented transport of
free ions similar to those of biological systems, which generally
meet the requirements of high optical transparency and high
conductivity. Morelle and co-workers introduced calcium ions
into the hydrogel, which not only improved its mechanical
properties but also endowed it with excellent antifreezing
properties.'® The strategy of reducing the freezing point of
water by utilizing the colligative property of ionic compounds
can both solve the problems of the limited application of
hydrogels in low-temperature environments and the limited
conductivity. At present, this salt-inducing strategy of
preventing hydrogels from freezing has been developed to a
certain extent, but the antifreezing effect at ultralow temper-
atures (such as —4S °C or lower) still remains a challenge that
has rarely been achieved."” ' In this work, a conductive
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hydrogel that could remain unfrozen at ultralow temperatures
(=50 °C) was successfully realized using carboxymethyl
chitosan as the network skeleton that was rich in hydrophilic
groups and aqueous CaCl, as an antifreezing agent.

Natural polymer-based hydrogels are considered one of the
promising materials to replace traditional nondegradable
polymer hydrogels due to their multiple advantages such as
the abundance of raw materials, reproducibility, biocompati-
bility, and biodegradability.”> Carboxymethyl chitosan (CA),
an important derivative of chitosan, is a kind of amphoteric
polyelectrolyte and has nontoxicity and high biocompatibility.
CA exhibits excellent hydrophilic properties, and thus it is easy
to disperse in the water phase and has a wider range of pH
adjustment.””** According to previous reports, CA is usually
used as a filler to enhance mechanical strength to prepare
hydrogels, but the application and properties of hydrogels with
high CA contents as the basic skeleton are rarely reported in
the literature.”>*°

Here, in this work, a simple method was used to design a CA
hydrogel with freezing resistance at ultralow temperatures. The
CA powder was dissolved in water to prepare a homogeneous
solution, and pure CA hydrogels were directly obtained by
chemical cross-linking with epichlorohydrin (ECH). The ionic
conductive hydrogels were prepared by simply immersing the
pure CA hydrogel into the calcium chloride (CaCl,) aqueous
solution. The CAgys,;—3 M Ca*" conductive hydrogel had an
electrical conductivity of more than 0.12 S m™' and high
transparency (>90% at S50 nm). It could work at an ultralow
temperature of —50 °C without freezing and did not lose
elasticity and optical transparency.”” The sensors based on
CAps;—3 M Ca’* conductive hydrogels presented stable
sensitivity and reliability with no obvious hysteresis or
attenuation in human motion detection. The CAy;.,—3 M
Ca®" conductive hydrogels could even be assembled into a
two-dimensional integrated array contact sensor, which
successfully perceived the contour and pressure distribution
of the object with a certain resolution. The present method
gave a simple and practical way for the preparation of the
antifreezing conductive hydrogel for applications in multifunc-
tional electronic and sensory devices and also demonstrated
great potential in sustainability and utilization of biomass
resources.

2. MATERIALS AND METHODS

2.1. Materials. Carboxymethyl chitosan (CA) with a degree of
deacetylation above 90% (Brookfield viscosity was 75—80 mPa s (1%
w/w, in water, 25 °C)) was purchased from Shanghai Macklin
Biochemical Technology Co. Ltd. (China). Calcium chloride
(CaCly) (99% metals basis) was supplied by Shanghai Macklin
Biochemical Technology Co., Ltd. (China). Epichlorohydrin (ECH)
(99% metals basis) was provided by Shanghai Aladdin Biochemical
Technology Co., Ltd. (China). All reagents were of analytical grade
and used as received without further purification.

2.2. Preparation of Carboxymethyl Chitosan (CA) Hydro-
gels. CA was dispersed in deionized water and stirred at room
temperature to obtain a homogeneous solution with a concentration
of 10 wt %. The amount of ECH added was adjusted to obtain a series
of mixed solutions with different cross-linking ratios. The resulting
mixture was continuously stirred for 15 min and centrifuged at a
speed of 8000 rpm for S min at room temperature to remove air
bubbles. The obtained transparent and viscous mixed solution was
poured into a poly(tetrafluoroethylene) mold (10 mm in width, SO
mm in length, 3 mm in height) for a rectangular shape or
polypropylene mold (15 mm in diameter, 10 mm in height) for a
cylindrical shape. The mixed solution in the mold was covered with
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glass and placed at 27 °C, 60% relative humidity for 9 h, to control the
evaporation rate of water during chemical cross-linking. The obtained
hydrogels were directly removed from the mold for characterization
without further treatment, marked as CA,,, (x represents the molar
ratio of the dehydrated glucose unit of CA to the cross-linking agent
ECH, abbreviated as the CA/ECH ratio, valuing from 4 to 0.5); the
detailed ratios of raw materials used in preparation are listed in Table
S1.

2.3. Fabrication of CA—Ca?* Hydrogels. The obtained CA
hydrogels were directly soaked in a CaCl, aqueous solution at 37 °C
for 24 h to reach the equilibrium of the salt inside the hydrogels.
Afterward, the obtained hydrogels were used as the conductive
hydrogel, marked as CA,,;—y M Ca®" (y represents the concentration
of CaCl, aqueous solution, ranging from 1 to 4 M).

2.4. Assembly and Sensing Test of CA—Ca?* Hydrogel-
Based Sensors. For the tension sensor and pressure sensor, one
piece of the rectangular-shaped CAys,—3 M Ca®* hydrogel was
sandwiched between two transparent dielectric layers (VHB 4905,
3M), and the conductive copper tape was attached to the surface of
the hydrogel; a copper electrode and wires were also used in the
connection test circuit. The surface of the CA hydrogel was carefully
wiped and dried with nitrogen gas for 1 min before attachment to
copper tape to ensure full contact.

Furthermore, a two-dimensional integrated array contact sensor
was designed. Cylindrical-shaped CAys,,—3 M Ca®" hydrogels were
fixed on an insulating substrate board to form a S X S planar array,
and each of them was connected into an independent loop and their
real-time resistances were recorded by software.

The response-resistance change was measured in various tension
and pressure sensing experiments on a UC3545 Insulation Resistance
Tester (UCE Technologies., Ltd., China). The voltage applied was
kept below 1 V during the whole testing process to eliminate the
electrochemical reaction on the electrode. Here, conductive hydrogels
were homogeneous networks containing electrolyte solutions, which
could be regarded as uniform conductors. Thus, the electric
conductivities of CA—Ca’" hydrogels were measured on the
UC3545 Insulation Resistance Tester (UCE Technologies., Ltd.,
China). The voltage applied was kept below 1 V during the whole
testing process to eliminate the electrochemical reaction on the
electrode. The ionic conductivity (S m™) of the hydrogel was
calculated according to eq 1.

conductivity = L/(A X R)

(1)

where L (m) is the length of the hydrogel and A (m?) is the cross-
sectional area of the hydrogel.
The resistance change rate was calculated as eq 2

resistance change rate = IR — Ryl/R, X 100%

)

where IR — Ryl refers to the resistance change (AR), while R and R,
correspond to the real-time resistance and the original resistance,
respectively.

2.5. Characterizations. Infrared absorption spectra of CA raw
materials and CA hydrogels were determined on a VERTEX 80FT-IR
spectrometer (BRUKER, Germany), in the range of 450—4000 cm”),
with a resolution of 4 cm™". The thermal decomposition behavior of
CA raw materials and CA hydrogels was characterized using a
Discovery TGA-550 (TA Instruments), at the temperature range from
30 to 700 °C and a heating rate of 10 °C min™". The crystals of CA
raw materials and CA hydrogels were determined by X-ray diffraction
(XRD, SmartLab), in the continuous scanning mode from 10 to 50°.
Samples used for FT-IR, TG, and XRD tests were freeze-dried in
advance and stored in a dryer. The optical transmittance of the CA—
Ca?* hydrogels with a size of 50 mm X 10 mm and a thickness of 2.5
mm was measured by a DU800 UV/visible spectrophotometer
(Beckman Coulter) in the range from 200 to 800 nm. Swelling ratios
of the CA hydrogels were measured by a gravimetric method. Samples
were immersed in deionized water at 30 °C for 72 h and weighed. The
swelling ratio was calculated according to eq 3

swelling ratio = (W, — W)/ W,

()
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where W, is the weight of the CA hydrogel that had reached swelling
equilibrium and W is the weight of the same CA hydrogel that was
thoroughly dried.*®

The water loss test of the CA hydrogels was conducted under a
relative humidity of 30—50% and a temperature of 30 °C. The real-
time weight of the hydrogel sample was recorded per hour. The water
loss ratio and swelling ratio could synergistically characterize the
cross-linking density of the CA hydrogels. The water loss ratio was
calculated by eq 4

water loss ratio = (W' — W') /W', (4)
where W’ refers to the real-time weight of hydrogel and W',
represents the initial weight of the hydrogel.

Compressive and tensile tests of CA,;;—3 M Ca®" hydrogels were
performed using an MTS universal testing machine with a 250 N load
cell. The deformation rates of rectangular-shaped samples in tensile
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tests and cylindrical-shaped samples in compression tests were both S
mm min~". All of the mechanical tests were repeated more than three
times.

The dynamic mechanical behaviors of CAys,, and CAys,—3 M
Ca’ hydrogels were measured by a dynamic mechanical analyzer
(Netzsch DMA 242C) in the temperature range from —75 to 25 °C,
the heating rate was 3 °C min~', and the frequency was 1 Hz. Test
samples had a rectangular shape with dimensions of 9 mm in length, 7
mm in width, and 2 mm in thickness. The hydrogel samples used for
DMA and DSC tests required no additional treatment and were
directly used for testing. The storage modulus (G') was determined
and recorded versus temperature during the tests. CAys,; and CAys,,—
y M Ca’* hydrogels were also characterized by differential scanning
calorimetry (DSC, NETZCH, Germany) at a nitrogen flow rate of 60
#L min~". The samples were first cooled from 25 to —70 °C at a rate
of 5 °C min~’, then kept at —70 °C for an hour to ensure that the
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sample was completely cooled, and then back to 25 °C at a rate of 1
°C min™".

3. RESULTS AND DISCUSSION

Simply, as shown in Figure 1, the antifreezing conductive CA—
Ca’" hydrogels were prepared in three steps: CA was dissolved
in deionized water, then the cross-linking agent ECH was
added to conduct chemical cross-linking, and finally, the Ca**
ions were introduced into the hydrogel by simple immersion.
Since CA had excellent solubility in the neutral water system,
the CA chains were well dispersed. In the FT-IR spectra in
Figure 2a, the characteristic band at around 3498 cm™" was
attributed to the stretching vibration of O—H groups on the
CA chain, and the intensity absorption band at around 2902
cm ™! was attributed to the asymmetrical stretching vibration of
C—H. The peaks at 1425 and 1598 cm™" were assigned to the
stretching vibration of C=O (symmetric) and C=O0O
(asymmetric), respectively. The FT-IR spectra of CA hydro-
gels showed that as the content of the chemical cross-linking
agent (ECH) increased, the absorption band from 3760 to
3003 cm™! widened, which was attributed to a large number of
O—H generated in the reaction of CA and ECH. Compared
with the FT-IR spectrum of CA raw material, the characteristic
bands of —OH in the spectrum of CA hydrogels shifted to a
lower wavenumber, which may be due to the decrease in the
number of the formed hydrogen bonds caused by the
consumption of carboxylate ions in cross-linking, similar to
the results previously reported in the literature.”” A new peak
appeared at 1731 cm™' because the C=00-— bond was
formed by the substitution of ECH and C = OOH.*° With the
decrease of the CA/ECH ratio, the C=0OO— peak increased
and the asymmetric tensile vibration peak of the C=0 group
gradually moved from 1731 cm™ to a higher wavenumber. In
summary, it was proved by FT-IR spectra that C=OOH
groups on glucopyranose units participated in the chemical
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cross-linking initiated by ECH; one of the possible cross-
linking patterns is shown in Figure 1.

To understand the crystal structural changes, XRD patterns
of CA raw material and CA hydrogels are shown in Figure 2b.
All of the diffraction patterns of CA hydrogels showed broad
peaks from 15 to 30°. CA raw material was amorphous due to
the deacetylation and carboxymethylation of chitin, and CA
hydrogels maintained the amorphous structure after chemical
cross-linking, indicating a soft mechanical property. The TGA
and loss derivative cures of CA hydrogel networks are shown in
Figure 2¢,2d; all samples showed three stages of thermal
degradation. The first stage of weight loss, which occurred at
30—200 °C, corresponded to the slow pyrolysis, associated
with the volatilization of water. The second stage, which
occurred at 200—355 °C and which was the fastest among the
whole weight loss process, was attributed to the broken CA
macromolecule chains.”’ The thermal decomposition temper-
ature of CA hydrogels in this stage increased from 258.69 to
285.80 °C with an increase of ECH. The increase of cross-
linking agents caused a denser network, which made it difficult
for the destruction and decomposition of CA chains. All CA
hydrogels with analogous carbon chain skeletons had a similar
trend of the curve under the maximum weight loss temper-
ature.

High transparency allows hydrogels to carry out functions
without blocking optical signals, expanding potential applica-
tions in smart devices such as tunable optics and local tactile
devices that place transparent ion conductors in optical
paths.”” Figure 3a shows the visual appearance of CA
hydrogels and corresponding UV transmission spectra. CA
hydrogels demonstrated excellent transparency, transmittance
at 550 nm reaching more than 90% (Table S2), due to the
homogeneous structure, which verified the high uniformity of
CA in the dispersion and cross-linking reaction process. As
shown in Figure S1, the water loss ratio of hydrogels with
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higher contents of CA would relatively decrease because there

were more hydrogen bonds and electrostatic interactions
between CA chains. However, when the CA/ECH ratio
reached 4:1, the three-dimensional network structure was too

loose to block the evaporation of water. The swelling behaviors
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of CA hydrogels are shown in Figure 3b. Generally, the
swelling behavior of hydrogels depends on the cross-linking
density. As water molecules invade the gel network in the
aqueous environment, the hydrophilic network skeleton will
swell and disperse, but the covalent cross-linking points cannot
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be destroyed by water. For CAys,; hydrogels, CA had fully
reacted with the cross-linking agent, the network was the
densest, and thus, the swelling ratio was the lowest. CAyjs,;
hydrogels were taken as an example and were immersed in
different concentrations of calcium ions to obtain antifreezing
property and electrical conductivity. As shown in Figure 3c, the
conductivity of the hydrogel achieved maximum (0.129 S m™)
at a CaCl, concentration of 3 M and decreased to 0.082 S m™!
when the concentration reached 4 M. It was because the
hydrogel shrank at excessively high ion concentrations due to
water loss in osmosis and the polymer network became denser,
which hindered the free movement of ions. Furthermore, the
ionic conductive CAys,,—3 M Ca®* could be used as a touch-
screen pen, as shown in Figure 3d.

The above results showed that a series of highly transparent
CA hydrogels were successfully prepared. By soaking the CA
hydrogel in a solution of calcium chloride, the toxic residual
cross-linking agent was removed, while at the same time giving
the hydrogel excellent freezing resistance and electrical
conductivity. In Figure 4a, the CAys,—Ca®" hydrogel could
be twisted and folded easily without fracture, showing excellent
flexibility. The typical tensile stress—strain curve and relevant
mechanical parameters of CA,;—3 M Ca’* hydrogels are
shown in Figure 4b—d. In Figure 4b, CAy5,,—3 M Ca** showed
the strongest toughness. Young’s modulus played a key role in
reflecting the cross-linking density of hydrogel network. As
shown in Figure 4c, Young's modulus of CA,;—3 M Ca**
hydrogels decreased with an increase of the CA/ECH ratio. In
addition, toughness was also an important parameter, which
could be obtained by calculating the area of the stress—strain
curve. However, with the continuous increase of the CA/ECH
ratio, CA—Ca*" hydrogels became soft and weak, their
toughness and tensile strength decreased, while elongation at
break increased, which might due to the lower cross-linking
density.”® However, after the introduction of high concen-
trations of calcium ions, the cross-linking density of the
polymer network is strong, and the contrast CAys,, shows
higher strength (Figure S4), which was known from the
previously reported literature that the introduction of high
contents of calcium ions would coordinate with amino and
carboxyl groups in the polymer network to provide certain
cross-linking sites, thus increasing the strength of hydrogels.**

It could be seen from Figure S3 that the electrical resistivity
of CAgs,—3 M Ca** hydrogel gradually decreases as the
temperature decreases, but it still had certain conductivity at
—40 °C, indicating that the hydrogel was not frozen at this
temperature. DMA curves in Figure Sa showed the mechanical
behavior of CAgs,; and CAys,,—Ca** hydrogels at subzero
temperatures. When the temperature decreases from 0 °C, the
storage modulus (G’) of the CAy,; began to increase sharply
because of the crystallization behavior of water. It was worth
noting that only a slow increase occurred to the G’ of the
CAys.1—3 M Ca’" hydrogel in the range from 25 to —75 °C,
which maintained high flexibility, indicating its excellent
antifreezing property at extremely low temperatures. Fur-
thermore, DSC was used to measure the freezing temperature
of CAgs,—Ca®*" hydrogels. Due to the interaction between
hydrophilic groups on CA and water molecules, CAs,; showed
a freezing temperature of —20 °C, lower than that of pure
water. With the increase of the molar concentration of the
introduced calcium ions, the freezing temperature of CAys, —
Ca’" hydrogels shifted from —27 to —51 °C. It is worth noting
that when the concentration increased to 4 M, the peak of the
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heat flow curve disappeared. The result demonstrated that the
introduced inorganic salt ions successfully inhibited the
freezing behavior of water through the colligative properties
of substances, which was consistent with the law mentioned in
the literature. Especially, at high ion concentrations, most
water molecules were involved in the formation of hydrated
ions, while the free water content was low, making it difficult to
form large ice cores, which effectively prevents the freezing of
hydrogels.”> As shown in Figure Sc, under —50 °C, CAgs,—3
M Ca®* could still maintain certain flexibility and withstand
various deformations, such as bending and stretching, without
any damage, while CAy ., became rigid and could not be bent.
No obvious ice crystals could be observed on the surface of
CApsi—3 M Ca’, while CAyyg,, lost optical transparency.
Here, CAys5,—3 M Ca®" was compared with other antifreezing
hydrogels, and the results are listed in Table 1.

Table 1. Reported Antifreezing Properties of Hydrogels

antifreezing properties

samples (°c ref
CAgs.-3 M Ca®* hydrogel -50 this work
PVA-TA-EGaln hydrogel -10 36
PVA/PAA-W/G hydrogel” —-15 37
PGN ionic hydrogel” -20 21
CS-P(AM-co-AA) DN hydrogel -20 38
PIL gel® =20 39
ALNC-G gels? -20 40
PAAm/Casein hydrogel —21 41
HPMC-g-P(AM/AA/C,4)—ZnCl, -32 2
hydrogel”
PVA/EMImAc/H,0 hydrogel -50 43
M-PVA hydrogel’ -50 44

“PVA/PAA-W (water)/ G(glycerol) hydrogel. bPVA/ glycerol/NaCl
gels (PNG). “Poly(1-vinyl-3-(carboxymethyl)-imidazolium). 9AL-
(OH); nanoparticles—nanocomposites—glycerol organohydrogels.
“Hydroxy propyl methyl cellulose (HPMC). Multi-cross-linked
PVA hydrogel.

The relationship between the AR/R, of CAys,—3 M Ca**
and different strain levels was investigated to discuss the
application prospect of CAys,;—3 M Ca’* as wearable sensors.
A certain linear relationship between the resistance change of
CAgs.—3 M Ca® and the degree of deformation is shown in
Figure 6b. The reduction of cross-sectional area and the
increase of length during the stretching process of CAys,,—3 M
Ca** led to an increase in the resistance of this conductor. The
slope of the curve that represents the gauge factor was
calculated as 0.2253 within the strain range. The results
indicated that the CAys,—3 M Ca®* hydrogel could be
designed as a deformation sensor with resistance response; its
operating mode is shown in Figure 6a.* In Figure 6¢,d, by
attaching CAgs,;—3 M Ca®' to the finger joints and throat with
copper tape and wire, the tiny movements of the human body
were detected and the real-time electrical response was
displayed on the computer. It could be observed that with
the increase of angle, the change of resistance of CAy5,—3 M
Ca’" also gradually increased, which showed that CAys,;—3 M
Ca’" could sensitively monitor the change of slight angle of
human joints. In addition, the sensing response of CAy5,—3 M
Ca®" on subtle pressures was evaluated. As shown in Figure Ge,
the CAgs,;—3 M Ca®" hydrogel was fixed on the PET substrate
and connected to a working circuit. Slight pressure was applied
on the surface of CAgs;—3 M Ca®, and a rapid electrical
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response could be observed synchronously. In application,
encapsulation of hydrogel-based sensors with adhesive tape
could effectively prevent the influence of water evaporation
during the use of hydrogels.

As shown in Figure 7a, the columnar CAyg,—3 M Ca®
hydrogel was tested for 300 compression cycles at a maximum
compressive strain of 20%, showing good stability. The curve
of hydrogel resistance change in Figure 7b with an increase of
compressive strain could be divided into three regions, and the
gauge factor of each corresponding region was calculated. The
gauge factor within 5% strain was 0.739, higher than that in
larger strain, showing additional sensitivity under tiny strain
and small pressure. Furthermore, the CAgs,;—3 M Ca**-based
sensor could be pixelated into a 5 X 5 pixel sensor array and
connected by a conductive copper tape. Figure 7c shows a
digital photograph of the assembled CAgs,;-3 M Ca*-based
array. The CAgs,;—3 M Ca**-based pixel sensor array was set
on the PTFE thin film substrate.*>*” When pressure with
certain two-dimensional distribution was applied to the array,
it could finely identify the position according to the resistance
change of each sensing primitive, thus clarifying the pressure
distribution and the profile of the object. As shown in Figure
7d, the resistance change at each corresponding primitive was

4031

recorded and the pressure at each site was identified; the
sensor array accurately reproduced the outline of the pressure
applicator (palm). In this paper, the high biobased hydrogel
prepared from polysaccharide was used to monitor microstrain
and could adapt to a harsh low-temperature environment. It
was expected to have potential application prospects in
biomedical applications and other fields in the future.

4. CONCLUSIONS

In summary, a simple and facile method to prepare
antifreezing, high transparent conductive hydrogels was
proposed. The introduction of CaCl, endowed the hydrogels
with excellent antifreezing property and highly electric
conductivity. The prepared hydrogels (CAgs;—3 M Ca®")
could be kept unfrozen at —50 °C and remained highly
transparent over 90%, which is promising to extend these
applications in a low-temperature environment. In addition,
CAys.1—3 M Ca** also exhibited ionic conductivity (0.129 S
m™') and flexibility and could be used as stable and reliable
strain sensors through the assembly of conductive tape, which
were successfully used to detect human activities, such as
different angle changes at joints and vibration changes at the

https://doi.org/10.1021/acsapm.2c00487
ACS Appl. Polym. Mater. 2022, 4, 4025—4034


https://pubs.acs.org/doi/10.1021/acsapm.2c00487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00487?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c00487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

50 10
@ 40]—Chos-m ca?*- strain 20% ®)
[€)]
30 iR . m 8
g4l ‘
_ 20 ATy l f _ 6{GF=0.739 N ENRLT
& 10] J VPV S
= s
€ o messes NI < O
< .10 G | %
. 2
-204 g
0 ;.
-30. . 0
-40. T T
300cycles 0 5 15 20 25 30 35
Strain (%)
(d) 55 kPa
(c) E
D
Cc
B
A
0 kPa

1

2 3 4 5

Figure 7. (a) Resistance change in 300 loading—unloading cycles, (b) dependence of resistance change ratio variation of CAys,—3 M Ca** on the
applied compressive strain, (c) photograph of the array assembled from the CAgs;—3 M Ca’*-based sensors with § X 5 pixels and the
corresponding pressure distribution with touching, and (d) 3D mapping from the sensing responses.

throat. The hydrogel with low modulus could be used in the
application of small strain sensors with a fast electrical signal
response and excellent stability. Furthermore, the CAj5,,—3 M
Ca’"-based sensor could be pixelated into a S X S pixel sensor
array. When the pressure was applied, it could finely identify
the position according to the resistance change of each sensing
primitive and thus determine the pressure distribution and the
profile of the object. These biobased hydrogels prepared from
polysaccharides were expected to have potential application
prospects in biomedical applications and other fields in the
future.
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ABSTRACT: Two series of semi-interpenetrating network hydrogels (P(AAN-co-AAM)-SF and P(AA-co-AAM)-SF) were
constructed through one-step blending of silk fibroin with sodium acrylate or acrylic acid followed by ultraviolet (UV)-initiated free-
radical copolymerization. The resulting silk fibroin composite hydrogels exhibited excellent mechanical properties due to the semi-
interpenetrating network hydrogel formed by sodium polyacrylate and silk fibroin. Specifically, the P(AAN-co-AAM)-SF hydrogel
showed a high fracture stress of 1.01 MPa, an elongation at break of 2000%, a high compressive strength of 17 MPa, and could be
compressed up to 200 cycles without damage. Compared with other silk fibroin hydrogels, this work was in a leading position in
terms of mechanical properties and antidrying ability. In addition, silk fibroin-based hydrogels showed no cytotoxicity, certain UV-
shielding ability, and were specifically poured into pig tracheal sections, indicating the potential for future use as biological materials.

KEYWORDS: silk fibroin-based hydrogel, semi-interpenetrating network, dry resistant, high strength and toughness
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1. INTRODUCTION

Silk is a kind of precious animal-originated protein that
consists of 18 amino acids." Among the main components of
silk, silk fibroin (SF) accounts for about 70 wt %, while sericin
accounts for about 25 wt %. With its unique fiber structure,
skin affinity, and medical efficacy, SF has been used in high-
value-added products and functional materials such as
anticoagulant equipment, water-retaining materials, artificial
tendons, wound protection accessories, beauty and healthcare
products, decorative coatings, etc.”” In frontier researches, SF
has been designed to form a hydrogel, which aims to fully
develop its plasticity, biocompatibility, and application in tissue
engineering, drug delivery, biosensors, cell culture, and artificial
skin.”> Kaplan et al. realized the sol—gel transition of SF
solution by pH or temperature controlling and ultrasonic
treatment;”’ the compressive stress of the obtained SF
hydrogel was 2.8 MPa."~'" However, the poor mechanical
properties of SF gels limited their applications.

To further improve the mechanical properties of SF
hydrogels, varied strategies have been applied such as semi-
interpenetrating networks (SIPN),"'~"* double cross-linking

© 2021 American Chemical Society
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networks,"* nanocomposite hydrogels,15 microgel-reinforced
hydrogels,'® and polyelectrolyte hydrogels.'” Kundu et al.
reported an SIPN hydrogel made of silk fibroin/polyacryla-
mide, and its compressive strength was 0.2 MPa."® Lu et al.
reported a light-cured silk fibroin hydrogel and reached a
compressive strength of 0.6 MPa.'” Khademhosseini et al.
developed a light-curing interpenetrating polymer network
(IPN) hydrogel based on methacrylic gelatin and silk fibroin,
with a compressive strength of 0.07 MPa.'” Furthermore, SF
has been blended with various synthetic polymers like
poloxamer 407, polyurethane, poly(vinyl alcohol) (PVA),
and natural macromolecules like gelatin, collagen, elastin,
etc.”’”?* Although much progress has been made in the
mechanical enhancement of silk fibroin-based hydrogels, the
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mechanical properties of the resulting hydrogels are still
insufficient for practical application.

Among these strategies, the semi-interpenetrating network
(SIPN) leads to improved mechanical strength due to the
synergy between the two polymers,”>~>* which has received
widespread attention for its simple preparation and the ability
to preserve the characteristics of different polymers.”*” In this
study, two series of semi-interpenetrating network hydrogels
were constructed through one-step blending of silk fibroin with
sodium acrylate or acrylic acid followed by ultraviolet (UV)-
initiated free-radical copolymerization. The obtained SF
composite hydrogels comprehensively showed improved
strength and toughness due to the entanglement between SF
chains and the copolymerization cross-linking network.
Furthermore, the constructed SF composite hydrogels
exhibited remarkable nondrying ability and the potential of
future replaceable regenerated tissue. In particular, the P(AAN-
co-AAM)-SE composite hydrogel could be injected into a
predetermined model, and it was expected to develop into
functional materials with a specific shape.

2. MATERIALS AND METHODS

2.1. Materials. Bombyx mori cocoons were obtained from the
silkworm gene bank (Southwest University, Chongqing, China).
Anhydrous calcium chloride, sodium acrylate (AAN), and acrylamide
(AAM) were purchased from Aladdin Industrial Corporation
(Shanghai, China). Acrylic acid (AA), 2-hydroxy-4'-(2-hydroxye-
thoxy)-2-methylpropiopheno (KA), and dialysis tubes were purchased
from Solarbio Science & Technology Co., Ltd. (Beijing, China). All
reagents except B. mori cocoons were analytical level (Analytical
Reagent, AR) and used without further purification.

2.2. Preparation of a Silk Fibroin Solution. Silkworm cocoons
were boiled at 100 °C for 30 min in a 0.1 M sodium carbonate
aqueous solution to remove the sericin. The obtained degummed silk
was rinsed and dried in an oven at 60 °C for 12 h to get silk fibroin
(SF) protein.”® The dried SF was dissolved in a 9.3 M LiBr aqueous
solution at 60 °C with continuous stirring for 4 h, and the obtained
solution was dialyzed against deionized (DI) water for 3 days and
centrifuged (at 8000 rpm, 10 min); the final concentration of SF was
adjusted to 8 wt % for hydrogel preparation, which was determined by
weighing the remaining solid after drying.””

2.3. Fabrication of SF Composite Hydrogels. Two series of SF
composite hydrogels were prepared using the “one-step” method.
Here, P(AA-co-AAM)-SF was taken as an example to briefly introduce
the preparation process. Various amounts of deionized (DI) water
were added to the SF solution to form a series of homogeneous
aqueous solutions with various SF concentrations (2, 4, 6, and 8 wt
%). Then, AAM, PAA, and KA (ultraviolet-light initiator) were added
to the SF solutions to reach the concentration of 7, 5, and 0.001 M,
respectively. The mixture solutions were gently stirred by a magnetic
stirrer at 30 °C for 15 min to prevent air bubbles. Afterward, the
solution was introduced into the mold and irradiated by UV light
(365 nm wavelength, 1 J m~% UVP CL-1000) at room temperature
for S min to complete photoinitiated polymerization.

2.4. Scanning Electron Microscopy (SEM) Observation. The
SF composite hydrogels were cut into small pieces and quickly frozen
in liquid nitrogen before freeze-drying at —80 °C. A Hitachi S-4800
SEM was used to observe the morphology of the prepared samples
under a voltage of 10 kV.

2.5. Wide-Angle X-ray Diffraction (XRD). The crystalline
properties of the SF composite hydrogels were tested by XRD
(XD-2X/M4600, China). The tube voltage was set as 40 kV, 35 mA
for tube current, and 2° min~" for scanning speed. For all freeze-dried
samples, XRD diffracted grams were recorded in the 20 range
between 10 and 70°.

2.6. Mechanical Properties. The mechanical properties of SF
composite hydrogels were determined by an AGS-X electronic tensile
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machine (Shimadzu, Japan) at a deformation rate of S mm min™ in
air at room temperature. All of the tests were repeated at least five
times, and the environmental temperature and humidity were
obtained under the same conditions. Before the tensile test, SF
composite hydrogels were trimmed to a rectangular shape (S0 mm X
10 mm X 3 mm), and tests were terminated when the fracture
occurred. For compression tests, a pre-experiment showed that no
obvious fracture happened to the cylindrical-shaped hydrogel samples
(10 mm in diameter and 30 mm in height) before 100% strain, thus
the compression tests were terminated at a 95% strain.

2.7. Rheological Tests of SF Composite Hydrogels. Dynamic
rheological tests were carried out on a TA Discovery HR-2 rheometer
with a circular parallel-plate geometry at 30 °C. The rheometer was
equipped with a Julabo FS18 cooling/heating bath that was calibrated
to maintain the temperature of the sample chamber within +0.5 °C
difference of the set value. The storage modulus (G’) and loss
modulus (G”) of the CCH were measured at a frequency sweep mode
at an angular frequency (@) from 0.1 to 100 rad s™". In a pre-
experiment, the linear viscoelastic region of the hydrogel samples was
determined by the amplitude test, and thus the testing strain (y) was
set as 1%.

2.8. Water Loss Behavior of SF Composite Hydrogels.
Certain pieces of an SF composite hydrogel were placed in an airtight
oven with constant temperature and relative humidity of 27 °C and
40%, respectively. The initial weight of the hydrogel sample was
marked as W,. The real-time weight (W) of hydrogel samples was
recorded every hour during the first 12 h, and then every 6 h for the
remaining time. Three parallel samples were measured simulta-
neously, and the water loss rate was calculated by eq 1

water lossrate = (W, — W) X 100%/W, (1)

2.9. Water Swelling Performances of SF Composite Hydro-
gels. Every hydrogel sample was soaked in deionized water at room
temperature to achieve their equilibrium swelling. The weight of the
hydrogel that reached swelling equilibrium was recorded as W,. Then,
the fully swollen hydrogel was freeze-dried and weighed as Wy. Three
parallel samples were measured simultaneously, and the equilibrium
water content was calculated according to eq 2

equilibrium water content = (IA{ - I/Vd) /W (2)

2.10. Ultraviolet (UV) Shielding Test of SF Composite
Hydrogels. SF composite hydrogel films with a thickness of 0.32 mm
were cast specially for the UV-shielding tests. The optical trans-
mittances of the film samples were measured in a range of 200—800
nm using a DU 800 UV-visible spectrophotometer (Beckman
Coulter).

2.11. Cytotoxicity Assay. According to the biological evaluation
of medical Devices-Part S: In an in vitro cytotoxicity test, the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) meth-
od was applied to analyze the toxicity of an SF composite hydrogel to
L929 mouse fibroblasts. The lyophilized hydrogel samples were
cultured in serum-free Dulbecco’s modified Eagle’s medium (DMEM)
for 48 h, and the supernatant was collected and used as an extract
(extraction ratio was 0.02 g mL™") without further dilution. 1929
mouse fibroblasts that had been passaged to at least the fourth passage
were used for experimental analysis. Cells were inoculated in each well
(5 X 10* cells per well) and were incubated for 24 h. Then, 100 uL of
the extract was added to the medium and the cells were incubated for
another 24 h. After that, the MTT solution (5 mg mL™") was poured
into each well and the cells were incubated for another 4 h. After the
supernatant was removed by centrifugation, dimethyl sulfoxide
(DMSO) was added to each well to fully dissolve the crystals. An
enzyme-linked immunosorbent assay (ELISA) microplate reader
(Thermo) was used to record the absorbance at 570 nm in each
well, and the percentage of viable cells was calculated according to eq
3

cell viability (%) = I, (3)

ample/Icontrol
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Scheme 1. Preparation and the Network Structure of SF Composite Hydrogels
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Figure 1. SEM image of the cross-sectional morphology of P(AAN-co-AAM)-SF hydrogels. For (a)—(c) P(AAN-co-AAM)-SF, and (d)—(f)
P(AAN-co-AAM)-SF,, P(AAN-co-AAM)-SF,y, and P(AAN-co-AAM)-SFg,, respectively.

where ;. is the absorbance of the test samples and Iy is the
absorbance of the controlled group.'*

3. RESULTS AND DISCUSSION

As shown in Scheme 1, SF composite hydrogels were obtained
via a facile and simple approach: dissolution of SF in a 9.3 M
LiBr aqueous solution, addition of a monomer (AAM along
with AA or AAN) followed by homogeneous mixing, and
photoinitiated chemical cross-linking. Particularly, the mixed
precursor solutions before UV-light curing could remain
physically and chemically stable for more than 1 week at
ambient (around 25 °C) or more than 2 months at 4 °C in a
refrigerator, which allows them to be prepared a long time in
advance rather than temporarily. In addition, the rapid UV-
light curing of SF composite hydrogels would also bring
convenience to their use. After being fully soaked and rinsed,
the weight loss of the SF composite hydrogel was less than 0.2
wt %, thus proving the sufficiency of a cross-linking reaction,
and almost no monomer remained. The proportion of the dry
weight of each monomer in P(AAN-co-AAM)-SF and P(AA-
co-AAM)-SF hydrogels is shown in Table S1.

As shown in SEM images of Figure 1, all of the obtained
P(AAN-co-AAM)-SF hydrogel series exhibited porous struc-
tures, which gave the hydrogels large deformation potential
(Figure la—c). For P(AAN-co-AAM)-SFy, in Figure la—c, it
had a loose structure consisting of large pores of a 10 um
diameter. As shown in detailed SEM images (Figure 1d—f), the
pores were gradually filled up with the increase in the SF
concentration, which made the porous structure denser; the
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same phenomenon was also observed in the P(AA-co-AAM)-
SF hydrogel series (shown in Figure S1). Therefore, adding a
proper content of SF could obtain a uniform and dense porous
structure and further improve the performance of these
composite hydrogels.

The mechanical properties of SF composite hydrogels were
significantly influenced by the SF content. Figure 2 shows the
tensile stress—strain curves of P(AAN-co-AAM)-SF and P(AA-
co-AAM)-SF hydrogels. The tensile strength of the P(AA-co-
AAM)-SF hydrogel material increased with the increase in the
SF content, which was consistent with the result of SEM
images. The silk fibroins added were attached to the skeleton
of the hydrogel, causing denser structures and could effectively
dissipate energy under stress, thereby improving tensile
properties. Figure 2a shows that the P(AAN-co-AAM)-SFgy
hydrogel had the highest tensile strength while P(AAN-co-
AAM)-SF,y had the best toughness. For P(AAN-co-AAM)-
SF,y, the elongation at break was 1978.1%, nearly S times that
of P(AAN-co-AAM)-SFqo, (489.17%). Furthermore, P(AAN-
co-AAM)-SFg, gained the highest tensile strength of 1.01 MPa,
more than S times that of the strength of P(AAN-co-AAM)-
SFgy (0.18 MPa). Similar improvements also occurred in the
P(AA-co-AAM)-SF hydrogel series. For P(AA-co-AAM)-SF,q,
the elongation at break was 408.99%, nearly 4 times that of
P(AA-co-AAM)-SF,, (98.14%). The sample of P(AA-co-
AAM)-SFgy gained the highest tensile strength of 0.25 MPa,
more than 3 times that of the strength of the P(AA-co-AAM)-
SFyy hydrogel without silk fibroin (0.08 MPa). The detailed
mechanical properties of SF composite hydrogels are shown in
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Figure 2. Tensile stress—strain curve of (a) P(AAN-co-AAM)-SF hydrogels and (b) P(AA-co-AAM)-SF hydrogels. Compressive stress—strain
curves of (c) P(AAN-co-AAM)-SF hydrogels and (d) P(AA-co-AAM)-SF hydrogels. The storage modulus (G’) curve of (e) P(AAN-co-AAM)-SF

hydrogels and (f) P(AA-co-AAM)-SF hydrogels.

Table S2. Although there was no obvious difference in the
crystal structure (shown in Figure S2), it was clear that with
the increase in the SF content, the tensile strength, elongation
at break, and toughness of two series of SF composite
hydrogels had been improved comprehensively due to the tight
semi-interpenetrating network formed by the entanglement of
silk fibroin molecules and polyacrylamide chains. In addition,
the overall tensile performance of P(AAN-co-AAM)-SF
hydrogels was better than that of the P(AA-co-AAM)-SF
hydrogel. This might be because of the formation of denser
networks during the copolymerization of P(AAN-co-AAM),

738

where alkaline sodium acrylate would cause the conformational
changes of silk fibroin to form a tighter structure and obtain
better mechanical properties.”®

The compression behavior of SF composite hydrogels is
shown in Figure 2. The addition of SF improved compression
resistance of composite hydrogels (from 14.66 to 16.45 MPa,
for compressive strength of P(AAN-co-AAM)-SF series), which
was similar but not as significant as that of tensile performance.
It was worth noting that all of the test samples were not

damaged during the compression process, and both P(AAN-co-
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Figure 3. Compressive stress—strain curves for the 1st, 100th, 200th cycle at 80% strain under loading—unloading cycles.

AAM)-SF and P(AA-co-AAM)-SF hydrogels had extremely
high compressive strength above 15 MPa.

As shown in Figure 3e,f, the SF composite hydrogels were
typical elastic materials. When the SF content increased from 0
to 8 wt %, the storage modulus (G’) of the P(AAN-co-AAM)-
SF and P(AA-co-AAM)-SF hydrogel series was both increased
by about 10 times, which confirmed that the mechanical
properties of the semi-interpenetrating network were much
better than a single network. In addition, P(AAN-co-AAM)-SF
hydrogels generally had higher G’ values than P(AA-co-AAM)-
SF, which was consistent with both tensile and compression
tests.

The SF composite hydrogels exhibited excellent mechanical
fatigue resistance, which was confirmed by the loading—
unloading cyclic compression test. As shown in Figure 3b,d,
under the periodic strain of 80%, no substantial plastic
deformation or strength degradation occurred to the SF
composite hydrogels after at least 200 consecutive loading—
unloading compression cycles. As a comparison, when the
compression cycles went on, increasing permanent deforma-
tion could be observed both on P(AA-co-AAM)-SF,, and
P(AAN-co-AAM)-SFy, indicating their weaker elastic resil-
ience. The photograph in Figure 4b,c shows that the
cylindrical-shaped P(AAN-co-AAM)-SFgy, hydrogel immedi-
ately returned to its original shape after 200 consecutive
loading—unloading compression cycles. The shape recover-
ability of a rectangular-shaped P(AAN-co-AAM)-SFg, hydrogel
was also proved by Figure 4a,d. The P(AAN-co-AAM)-SFqy
hydrogel did not break even after being stepped on by an adult.
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The hysteresis rates of SF composite hydrogels in loading—
unloading compression cycles are shown in Table S3. The
abovementioned results indicated that the SF composite
hydrogel with a semi-interpenetrating network exhibited
excellent fatigue resistance and shape recovery performance.
The improvement of mechanical properties was attributed to
the introduction of SF along with physical cross-linking,
forming a denser network structure, higher cross-linking
density, and smaller pores, which helped to avoid stress
concentration, crack propagation, and to make the hydrogel
tougher.”” SF composite hydrogels could be effectively cross-
linked and dissociated during the deformation process, thereby
effectively consuming energy. The reversible reorganization of
the silk fibroin physical network gave the hybrid semi-
interpenetrating network in SF composite hydrogels rapid
shape recovery ability and significant fatigue resistance. Here,
P(AAN-co-AAM)-SFg,, and P(AA-co-AAM)-SFg, were com-
pared with other silk fibroin hydrogels, and the results are
listed in Table 1. Obviously, P(AAN-co-AAM)-SFg, and
P(AA-co-AAM)-SFg, both had a leading performance in
compression and tensile properties and mechanical durability
among the reported silk fibroin composite hydrogels,
demonstrating wider application potentials.

Generally, the hydrogel will lose water due to evaporation in
long time storage, causing degradation of physical or chemical
performance, unless it is sealed. To prevent this, nondrying or
dehydration-resisting hydrogels were developed by researchers,
the most common strategy among which was to introduce
glycerol or ethylene glycol to obtain an organic hydrogel.
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However, dehydration-resisting hydrogels containing only pure
water were rarely reported. Here, in this work, the P(AAN-co-
AAM)-SF and P(AA-co-AAM)-SF hydrogels maintained over
60% of their weight after 250 h under 27 °C and 40 RH%, as
shown in Figure Sa,b, which were comparable to many of the
current dehydration-resisting hydrogels (shown in Table 2),
without the introduction of any organic liquid, preventing
potential side effects. Especially for P(AAN-co-AAM)-SF
hydrogels, water loss stabilized at 150 h, and the remaining
weight was still more than 70% at 275 h, indicating excellent
dehydration-resisting ability. For P(AAN-co-AAM)-SF, how-
ever, the water loss rate stabilized rapidly after 50 h and
stabilized after 100 h. It had to be mentioned that both
P(AAN-co-AAM)-SF and P(AA-co-AAM)-SF had water
content above 50% at initial preparation, and their equilibrium
water swelling behavior is shown in Figure Sc. The swelling
behavior of the SF composite hydrogel varied with the ratio of
the component and the addition of SF. The equilibrium water
swelling ratio of the P(AAN-co-AAM)-SF hydrogel decreased
rapidly from 120 to 33 times with the increase in the SF
content from 0 to 8 wt %, while the equilibrium water swelling
ratio of the P(AA-co-AAM)-SF hydrogel remained stable
around S times with the increase in the SF content from 0 to 8
wt %. The increase in the content of silk fibroin molecules in
the hydrogel structure resulted in the compactness of the
hydrogel network and the filling of the original pores, causing a
significant decrease in the swelling rate and the formation of a
dense structure between polymer chains. In the hydrogel, these
large amounts of interconnected macromolecular silk fibroin

Figure 4. (a) P(AAN-co-AAM)-SF,,, hydrogel was not broken when
stretched to the limit strain (2000.1%). P(AAN-co-AAM)-SE,,, before
(b) and after (c) SO0 consecutive loading—unloading compression
cycles. (d) Simulation comparison after the tensile test, with excellent
recovery. (e) P(AAN-co-AAM)-SFy,, did not break even after being and sodium polyacrylate also play a key role, resultmg in a
stepped on by an adult man. rapid swelling rate and a water retention effect,*® while SF

would affect the swelling capacity of semi-interpenetrating

Table 1. Reported Mechanical Properties of the SF Hydrogel

samples compression (MPa) strain (%) tensile (MPa) elongation at break (%) cycle test (times) ref

P(AAN-co-AAM)-SFgy 15.5 not broken 0.58 380 <200 this work
P(AA-co-AAM)-SFg,, 15.5 not broken 0.26 310 <200 this work
SF/CMCS hydrogel” 0.14 S0 ) 30
MeHA/SF hydrogel® S not broken 0.067 380 <S 31
SF/HA hydrogel” 0.58 80 7
SF/PL hydrogel” 0.023 60 32
EA-RSF hydrogel® 1.74 not broken 0.58 95 33
SF/PVP hydrogel” 0.069 90 34
RB/SF hydrogel® 0.067 90 35
MASF hydrogel” 0.005 20 <3 36
RSF/GO hydrogel’ not broken 22.02 6.35 <$ 37
GelMA-SF hydrogel/ 0.024 70 12
SF-GT hydrogel® 7.7 90 38
PEG-SF hydrogell 3 96 39
RSF/SDS hydrogel™ 6.5 not broken 0.7 90 40
EDTA-SF hydrogel” 0.020 75 41
B1-SF hydrogel” 0.026 47 42
SF-mHA hydrogel” 0.15 70 <5 43
P75/F2S hydrogel? 0.007 70 44
BSICT-SF hydrogel” 0.77 S0 <5 45

“Silk fibroin (SF)/carboxymethyl chitosan (CMCS). *Methacrylated hyaluronic acid (MeHA)/silk fibroin (SF). “Silk ﬁbrom (SF) /hyaluronic acid
(HA). “Silk fibroin (SF)/pullulan (PL). “Enzyme and alcohol- treated regenerated silk fibroin hydrogels (EA-RSF). Silk fibroin (SF)/1-vinyl-2-
pyrrolidone (PVP). éPhotocurable riboflavin (RB)/silk fibroin S(SF) Methacrylate silk fibroin (MASF). Regenerated silk fibroin (RSF)/graphene
oxide (GO). Gelatin methacrylate (GelMA)-silk fibroin (SF). “Silk fibroin (SF)-gelatin-tyramine (GT). 'Poly(ethylene glycol) (PEG)-silk fibroin
(SF). "Regenerated silk fibroin (RSF)/sodium dodecyl benzene sulfonate (SDS). “Ethylenediaminetetraacetic acid (EDTA)-silk fibroin (SF). °B1
(liposomes)-silk fibroin (SF). ¥Silk fibroin (SF)/tyramine-modified hyaluronic acid (mHA). 9Pectin 75% (P75)/silk fibroin 25% (F2S). "Binary-
solvent-induced conformation transition (SICT)-silk fibroin (SF).
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Figure 5. Water loss rate curve of (a) P(AAN-co-AAM)-SF hydrogels and (b) P(AA-co-AAM)-SF hydrogels. (c) Equilibrium swelling ratio of SF

composite hydrogels.

Table 2. Reported Properties of Hydrogels for Drying Resistance

samples temperature (°C)  humidity (RH%)  time to reach stability (h)  remaining weight (%) ref
P(AAN-co-AAM)-SF 30 40 250 75 this work
P(AA-co-AAM)-SFq, 30 40 100 62 this work
DCN hydrogel® S0 20 15 60 47
CPA hydrogel” 20 50 72 60 47
PVA-B-CNT organohydrogels* 25 32 200 52 48
AHS hydrogel” 25 32 80 20 49
EG/MoS,-PAAM-Fe** organohydrogel® 25 40 2 75 50
MoS,-PAAM-Fe** hydrogel” 25 40 24 28 50
EG/H,0O-based organohydrogel® 25 35 144 80 S1
PGN gel” 28 40 48 60 52
iSkin hydrogel’ 28 38 220 75 53
HEC hydrogelj 28 38 100 70 54
OHEC hydrogel 28 38 100 77 54

“Dual-conductive network (DCN). bCryoprotectants (CPA). “Poly(vinyl alcohol)-borate (PVA-B)-carboxylic carbon nanotubes (CNTs).
dPoly(vinylpyrrolidone) and 2,2'-azobis(2-methylpropionitrile) (AHS). °Ethylene glycol (EG)/molzbdenum disulfide (MoS,)-PAAM

(acrylamide)-Fe’*. fMolybdenum disulfide (MoS,)-PAAM-Fe** hydrogel. $Ethylene glycol (EG)/H,0.

PGN {gelatin/poly(N-hydroxyethyl

acrylamide cerin}. “Tonic skin (iSkin). 7 rogel electrolytes . rganohydrogel electrolyte of po -acrylamido-2-met! ropane-
rylamide) /gly 1o kin (iSkin). ’Hydrogel el lytes (HEC). “Organohydrogel el lyte of poly(2-acrylamido-2-methylprop

sulfonic acid)/polyacrylamide (OHEC).

network hydrogels.”’ P(AA-co-AAM)-SF hydrogels had a
similar swelling trend but had smaller ratios. In addition, the
SF composite hydrogel showed extraordinary resistance to acid
swelling, as shown in Figures S3 and S4.

Ultraviolet rays could be subdivided into UVC (100—280
nm), UVB (280—315 nm), and UVA (315—400 nm).>* In
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particular, excessive exposure to UVB radiation could cause
sunburn and even skin cancer.’® UVA was once considered far
less harmful than UVB, but now it has been found to induce
skin cancer through indirect DNA damage. In addition, UVA
radiation could promote the rapid accumulation of melanin in
human skin. Current commercial sunscreen products mainly
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Figure 6. UV—vis transmittance curve of (a) P(AAN-co-AAM)-SF hydrogel films and (b) P(AA-co-AAM)-SF hydrogel films.
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Figure 7. Cell viability of fibroblasts on SF composite hydrogels (a, b). Cast samples of trachea-shaped P(AAN-co-AAM)-SF, (c—e).

contain TiO, or ZnO that could adequately shield UVB.”
However, due to their large optical band gap, the shielding
effect for UVA was not satisfactory. Here, the UV—vis
transmission spectra (200—800 nm) of P(AAN-co-AAM)-SF
and P(AA-co-AAM)-SF hydrogel films are shown in Figure 6.
For UVC and UVB, the P(AA-co-AAM)-SF hydrogel shielded
most of the ultraviolet light (wavelength <315 nm, trans-
mittance <0.5%). For UVA, as the SF content in the composite
hydrogel increased from 0 to 8%, the P(AA-co-AAM)-SF
hydrogel shielded more than 80% of UVA, and the SF
composite hydrogel maintained excellent visible light trans-
parency (up to 70%). The comprehensive UV-shielding rates
of SF composite hydrogels are shown in Table S4.

For the potential application of SF composite hydrogels in
medical and tissue engineering material, an in vitro cytotoxicity
experiment was conducted on the hydrogels. According to ISO
10993-5-2009, both series of SF composite hydrogels could be
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considered nontoxic and highly secure since the cell survival
rate of each group was higher than 80% after 48 h compared
with the control groups (shown in Figure 7ab).* This
experiment preliminarily proved the feasibility of SF composite
hydrogels for biological tissue materials. Using a simple casting
method, a P(AAN-co-AAM)-SF tough hydrogel could easily be
constructed from a preprepared precursor solution into various
shapes imitating natural soft tissues, such as tendons, cartilage,
trachea, and could be customized according to individual
differences. Here, as a demonstration, a hollow-shaped
P(AAN-co-AAM)-SFy, hydrogel was obtained, simulating pig
trachea (shown in Figure 7c—e). Because of nontoxicity,
P(AAN-co-AAM)-SF4y, provided great convenience for sub-
sequent animal or human tissue regeneration and organ
transplantation.
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4. CONCLUSIONS

In this study, by incorporating silk fibroin (SF) into an
acrylamide copolymerization network, two series of strong,
tough, dehydration-resisting, and nontoxic semi-interpenetrat-
ing hydrogels were fabricated through a simple and fast “one-
step” method. Due to the semi-interpenetrating networks
(SIPN), both series of hydrogels exhibited excellent mechan-
ical properties. The P(AAN-co-AAM)-SF, hydrogel exhibited
excellent tensile properties of 1.01 MPa and a high
compressive strength of 17 MPa. P(AAN-co-AAM)-SF,q
could reach up to 2000% elongation at break and could be
compressed up to 200 cycles without damage. In addition, SF
composite hydrogels showed noncytotoxicity and had good
resistance to dehydration. The P(AAN-co-AAM)-SF hydrogels
were proved with excellent UV-shielding ability (80% for UVA,
90% for UVB, 99% for UVC) while maintaining high visible
light transparency (up to 70%). These high-strength and high-
toughness hydrogels could be cast into a section of pig trachea.
This new type of biocompatible silk fibroin-based hydrogel
with integrated strength and toughness might be suitable for
fast and easy construction.
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In this study, cellulose composite films (CCFs) were fabricated through controllable dissolution and regeneration
process of cellulose with the addition of polyvinyl alcohol (PVA). The competition of hydrogen bond site between
cellulose and PVA led to partial dissolution of cellulose and maintained morphology of micron fibers with width
range from 14.55 to 16.16 pm, which served as in-situ visible light scatterers. With this unique micron structure,
the obtained CCF exhibited high transparency up to 90.5 % at 550 nm and ultrahigh haze up to 96 %. Inter-

estingly, CCF could be used as hazy and flexible substrate, such as scattering lamp covers for indoor light
management, anti-glare screen protectors and anti-reflection layers of solar cell devices. Among them, the ef-
ficiency of the solar cell device could be improved by 10.38 % with the help of a low-cost, excellent-performance

CCF.

1. Introduction

Continuous developments of optoelectronics and optical devices
require constant advancements of optical materials with combination of
high transparency and high haze (Baek et al., 2016; Dudem et al., 2019).
Haze is defined as the intensity percentage of forward scattered light to
total transmitted light, where the transmitted light that scatters at more
than 2.5° is defined as the forward scattered light (Zhu et al., 2013).
Such materials are considered as light management materials, which can
change the transmission light path while maintain the total luminous
flux constant and can be used in various applications, such as solar cell,
backlight unit of liquid crystal display, organic light-emitting diode light
system, signage, etc. (Wu et al., 2015).

Historically, glass and plastic have been extensively utilized in op-
toelectronic devices because of their mechanical strengths and optical
transparency (Bouchard et al., 2022). But the rigid characteristic of glass
and thermal instability of plastic limited their applications. In addition,
the non-degradability of petroleum-based plastic has raised much
concern about environmental pollution and attracted much interest in
the development of advanced optical materials from natural resources
(Zhao et al., 2021).

Cellulose is widely available, low-cost and biodegradable and can be
used as promising alternative raw material for flexible devices with high
transparency and haze (Guan et al., 2022; Nogi et al., 2009). As one
common strategy, TEMPO-oxidation, mechanical stirring and high-
pressure homogenization were employed to obtain cellulose micro/
nano fibers (Hou et al.,, 2022). Dense structure of film materials
conducive to optical transmission was further achieved by self-assembly
of cellulose micro/nano fibers (Chen et al., 2018). Another commonly
used strategy to improve transmission and haze is to modify paper
directly. The high opacity of the common paper is due to loose accu-
mulation of cellulose which forms a large number of cavities that cause
light refraction and scattering, and a certain amount of light fails to pass
through paper (Hou et al., 2020). In order to reduce refraction and
scattering caused by refractive index difference between air and cellu-
lose, the polymer with refractive index similar to that of cellulose has
been used as the infiltration of the mesoporous structure of paper to
ensure less scattering at the interfaces (Reimer & Zollfrank, 2021).
Therefore, transparent fillers are impregnated to fill the cavities, thus
improving optical transparency of the paper while retaining its cellulose
fibers that scatter light. However, the two mainstream processes for
preparation of cellulose-based hazy films mentioned above have some
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defects. The cellulose micro/nano fiber assembly process inevitably
needs high-pressure homogenization treatment, which is limited in
production scale and efficiency and requires a specific equipment which
costs a lot and consumes huge energy. Paper processing and modifica-
tion technologies inherit environmental problems such as large
pollutant discharge in papermaking (Malucelli et al., 2018).

The regenerated cellulose processes have been successfully
commercialized and some of which have been applied to large-scale roll-
to-roll manufacture of cellulose-based materials. Through dissolution in
derivative or non-derivative solvents, shaping and regeneration by
coagulation bath systems, regenerated cellulose materials with special
forms and functions can be manufactured. So far, only a small number of
studies have attempted to simplify the preparation of cellulose hazy
films and to reduce energy consumption through regenerated cellulose
process. For example, regenerated cellulose composite films with high
haze (about 90 %) through ionic liquid (1-allyl-3-methylimidazolium
chloride) solvent system were reported. However, these films had
transparency no higher than 85 % (at 550 nm) (Cheng, Tian, Mi, Zheng,
& Zhang, 2020).

In this study, a simple and effective method to manufacture cellulose-
based composite films with high transparency and high haze was ex-
pected to be presented through the regenerated cellulose process, which
conformed to the concepts of pollution avoiding and energy saving.
Hydroxyl-rich PVA was added into the solvent which might compete
with cellulose for hydrogen bond sites of hydrated solvent molecules,
causing partial dissolution of cellulose. The effect of PVA content on the
optical and mechanical properties of the obtained composite films was
studied and discussed. Specially, the cellulose solvent used in this study
was benzyltrimethyl ammonium hydroxide (BzMesNOH) aqueous so-
lution, which had been proved as recyclable solvent in the previous
studies (Wang et al., 2018; Wang et al., 2019). This simple method might
be conducive to the continuous large-scale roll-to-roll manufacturing of
high transparency and high haze cellulose film which has potential ap-
plications in optical and photoelectric devices.

2. Materials and methods
2.1. Materials

Cellulose (wood pulp) with a certain viscosity-average molecular
weight (M;) of 98 kDa containing a-cellulose no less than 94.7 % was
supplied by Hubei Chemical Fiber Co., Ltd. (Xiangfan, China) and was
vacuum-dried at 60 °C for more than 24 h to remove moisture before
use. BzMe3sNOH (40 wt% aqueous solution) was purchased from
Shanghai Macklin Biochemical Technology co., Ltd. (China). PVA with
an average degree of polymerization of 1700 and degree of hydrolysis
from 87.0 % to 89.0 % (Brookfield viscosity was 20.5-24.5 mPa s (4 %
w/w, in water, 20 °C)) was purchased from Shanghai Titanchem Co.,
Ltd. (China). Tertiary butyl alcohol (TBA) was purchased from Fuchen
Chemical Reagent Co., Ltd. (Tianjin, China). All reagents were of
analytical level and were used without further purification.

2.2. Preparation of cellulose-based composite films (CCFs) and pure
cellulose film (CE)

PVA was dispersed in BzMe3sNOH aqueous solution (1.88 mol L’l)
and stirred at 75 °C to obtain a homogeneous solution and then cooled
back to room temperature. The cellulose was dispersed in the prepared
PVA solution at room temperature, the resulted mixture was stored at
low-temperature (—40 °C) for 30 min to ensure complete freezing and
then thawed at 27 °C to obtain liquid mixture with cellulose concen-
tration of 6 wt% (to BzZMe3sNOH aqueous solution). The cellulose was
dispersed in BzMesNOH aqueous solution (1.88 mol L directly to
obtain a pure cellulose solution. The prepared liquid mixture was
continuously centrifuged at 3000 rpm for 5 min at room temperature to
remove air bubbles and was cast onto a glass plate to form a liquid layer
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with an initial thickness of 0.50 mm. Subsequently, the cast liquid
mixture was placed without cover in an environment with a relative
humidity of 55 % and temperature of 27 °C for 3 h, and then soaked in
TBA coagulation bath for 12 h. The obtained CCFs in hydrogel state were
washed by deionized water to remove any residual TBA or solvent and
were fixed on a plastic plate to prevent shrinkage and air-dried at room
temperature for 12 h to obtain CCFs in dry state. The film made by pure
cellulose solution was coded as CE. According to the different weight
percent of PVA to BzZMe3sNOH aqueous solution (valuing from 1 wt% to
4 wt%), the obtained CCFs were coded as 1 % PVA-CE, 2 % PVA-CE, 3 %
PVA-CE and 4 % PVA-CE respectively. Ten rectangular (10 cm wide and
10 cm length) films were prepared for each sample and used for all tests
and characterizations.

2.3. Characterization

Infrared absorption spectra of CCFs were determined on a VERTEX
80FT-IR spectrometer (Bruker, Germany), in the range of 450-4000
cm ™!, with a resolution of 4 cm™! and each group was scanned 3 times.
A BM21000PL polarizing microscope (POM) (Olympus Corporation,
Japan) was used to view the images of PVA, cellulose and cellulose-PVA
liquid mixture in BzZMe3sNOH, and each group was photographed under a
certain magnification for 5 vision fields and the most representative
result was displayed.

The thermal stability of CCFs were tested by a Discovery TGA-550
(TA Instruments, USA), at a heating rate of 10 °C min~! from 30 °C to
700 °C under the protection of nitrogen with a flow rate of 60 mL min "},
3 parallel samples were tested for each group.

A DU800 UV-visible spectrophotometer (Beckman Coulter, USA)
was used to measure the optical transmittance curves of the CCFs, in the
range from 200 to 800 nm. The instrument to measure the haze of CCFs
was a Haze Meter TH-100 equipped with integrating sphere to collect
luminous flux (Hangzhou CHNSpe, China) which based on standard
ASTM D 1003 and GB/T 2410-2008 test methods. 5 parallel samples
were tested for each group.

Tensile tests of cellulose films were performed using an electrome-
chanical universal testing machine (MTS Systems Co., Ltd., China) with
500 N load cell. The deformation rate of rectangular-shaped samples in
tensile tests was 10 mm min~! and 5 parallel samples were tested for
each group.

An EVO 18 scanning electron microscope (Carl Zeiss Jena, Germany)
was used to examine the surface and cross-sectional morphology of
CCFs, under a voltage of 10 kV. The surface roughness was measured by
a Dimension Edge AFM (Bruker, Germany) in tapping mode, 3 parallel
samples were tested for each group and the most representative result
was displayed.

The XRD spectrogram of CCFs were recorded by a SmartLab Ultima
IV X-ray diffraction (Rigaku Corporation, Japan), whose wavelength
was 0.15406 nm, and the continuous scanning mode from 5° to 50°. The
degree of crystallinity (X.) was calculated from the XRD curves with Eq.
1):

X, = F./(F. +F,) x 100% )}

where F. and F, are the areas of crystalline and non-crystalline regions
respectively. The diffraction peaks corresponding to three main crystal
planes of cellulose II ((1—10) crystal plane, (110) crystal plane and (020)
crystal plane) in XRD were integrated by peak separation method. The
apparent crystallite size (Dyy)) of CCFs was calculated by Scherrer for-
mula in Eq. (2):

thl = k/‘[,/ﬁl)()‘\'e (2)

where k is generally 0.89, 1 is the wavelength of the incident X-ray
(0.15604 nm), g is the half-peak width of the diffraction peak corre-
sponding to each crystal plane, and 0 is Bragg angle. The CCFs used for
the above tests were stored in vacuum oven before testing and 3 parallel
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samples of each group were scanned.

The current density-voltage (J-V) characteristics of dye-sensitized
solar cells (DSSC) were measured by a Keithley 2400 source measure-
ment at the temperature of 25 + 2 °C and the relative humidity of 40 +
5 %. An AM 1.5 G sunlight simulator (Pecell-L15, Japan) with 100 mW
cm 2 was used as the light source to simulate sunlight, and a standard
silicon battery (BS-520, Japan) was used for calibration. 3 parallel
samples were tested for each group.

The light power density was measured by an OHSP-350UV Ultravi-
olet Spectrum Analyzer (HopooColor, Technology Co., Ltd., China). The
Xenon lamp light was emitted by a 350 W Xenon Lamp Light Source
(Bocheng Photoelectric Technology Co., Ltd., China), 5 parallel samples
were tested for each group.

3. Results and discussions
3.1. Preparation CCFs

As shown in Fig. la, CCFs were fabricated by the dissolution-
regeneration process through the “from bottom to top” approach. In
Fig. S1, it was proved by visual observation that CCFs had high trans-
parency and certain haze. Obviously, when CCFs were placed close to
substrate paper, the word “transparent” could be clearly seen, indicating
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their high transparency. As CCFs were taken some distance away from
the substrate paper, the word “transparent” on the substrate paper
became blurred due to light scattering. The light scattering effect of
CCFs became more and more obvious with the increase of the PVA
content in the BzMe3NOH solution. This phenomenon was consistent
with the test results measured by UV-visible spectrophotometer and
haze meter. As shown in Fig. 1b, the transmittance of CE and CCFs
remained above 86 %, which was benefitted from the strategy in pre-
vious study (Wang et al., 2019). Through simple water evaporation
induced dense packing, cellulose chains condensed to form a dense
structure, resulting in high transmittance of CE and CCFs. As shown in
Fig. 1c, with the increase of PVA content, the haze of CCFs increased
significantly, eventually reaching the ultrahigh haze of 96.00 %, while
the haze of CE prepared under the same condition was only 61.73 %. The
ultrahigh haze of CCF was certainly caused by the addition of PVA in
dissolution and regeneration process of cellulose.

3.2. Microscopic morphology, XRD curves and optical performance of
CCFs

The effect of PVA addition on cellulose dissolution was investigated
by POM, as the undissolved cellulose showed bright areas under the dark
field of POM due to the birefringence effect of its crystal structure. As

4=

Coagulation bath

(c) 100
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404
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" "e
<||q o[E
»I° [

¢ & e
ML NI
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Fig. 1. (a) Schematic diagram of CCFs preparation process (taking 4 % PVA-CE for example): (i) photograph of 4 % PVA-CE with high transmittance and haze in close
contact with letters underneath and far away from the substrate paper, (ii) photograph of 4 % PVA-CE in hydrogel state. (b) UV-vis transmission curves of CE and
CCFs ranged from 400 to 800 nm. (c) Statistically average haze of CE and CCFs at the wavelength of 550 nm.
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shown in Fig. 2a, 6 wt% cellulose was dissolved in 1.88 mol L7}
BzMesNOH aqueous solution, and only a few bright particles were
observed due to the polydispersity of cellulose molecular weight.
Comparing Fig. 2b and ¢, substantial amount of cellulose in cellulose-
PVA mixture dissolved during freezing-thawing while there were still
quite a few fibrous shaped bright areas remained. Fig. S6 showed that
only a few PVA raw material powders showed bright areas under dark
field, but neither dissolved nor regenerated PVA showed bright areas,
which proved that all bright fibers in Fig. 2c belonged to undissolved
cellulose. This result suggested that the addition of PVA led to incom-
plete dissolution of cellulose in the mixture. The probable reason was
that both PVA and cellulose were rich in hydroxyl groups and could form
large number of hydrogen bonds with solvent molecules. Since the
initially dissolved PVA occupied a certain number of solvent molecules
by hydrogen bonding, which was insufficient for the remaining solvent
molecules to disrupt cellulose hydrogen bond network, causing incom-
plete dissolution of cellulose. The undissolved cellulose retained its
microfiber morphology (hereafter, CMF is used as an abbreviation of
cellulose microfiber). In summary, the presence of CMFs was attributed
to competitive dissolution of PVA and cellulose. During the regeneration
process, CMFs were retained and fixed in CCFs to act as scatterers.
Fig. 2d showed that fibrous bright areas still remained in the 4 % PVA-
CE. In addition, refractive index of PVA was about 1.49 to 1.52, while
that of cellulose was 1.54. This slight difference of refractive index also
caused strong forward light scattering at the microphase interface of
PVA and cellulose. Therefore the increase of PVA content led to the
increase of haze (Leppanen et al., 2022).

The addition of PVA affected not only the dissolution of cellulose, but
also the regeneration process of CCFs. XRD curves showed the crystal-
lization performance of CE and CCFs. As shown in original XRD curves in
Fig. 3 and Fig. S3, each of the samples owned three strong peaks at 20 =
11.8° (1-10 crystal plane), 20.1° (110 crystal plane) and 22.2° (020
crystal plane), which indicated the presence of cellulose II (Pang et al.,
2014). Additionally, the insoluble cellulose in basic solvent would be
mercerized, which would also appear as cellulose II in XRD. As shown in
Table 1, with the increase of PVA content, the crystallinity of CCFs
increased from 62.37 % to 74.12 %, but then decreased to 55.78 %. The

(€))

100 pm
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increase in crystallinity was attributed to the increasing number of
crystallized CMFs remained in CCFs, while the decrease in total crys-
tallinity was attributed to larger presence of CMFs which destroyed the
dissolved cellulose regeneration process by disrupting the regularity of
self-assembly. Furthermore, Fig. 3 demonstrated four theoretical
diffraction peaks after peak fitting, which corresponded to the crystal
planes of (1-10), (110), (020) and the amorphous region. Notably, the
apparent crystallite size of (020) crystal plane showed a trend of
increasing at first and then decreasing, and the apparent crystallite size
of 1 % PVA-CE was up to 4.34 nm, which was the highest. During the
cellulose regeneration process, intra-plane self-assembly of cellulose
chains (such as (1-10) and (110) crystal planes) was driven by hydro-
philic hydrogen bonding, while inter-plane (020) self-assembly was
influenced by hydrophobic stacking of glucose ring planes, resulting in
staggered arrays of hydrogen-bonded cellulose chains along the (020)
crystal plane (Heinze, 2015; Kolpak & Blackwell, 1976). Since hydro-
phobic interaction was relatively weaker than hydrogen bonding, the
hydrophobic accumulation of cellulose chains on (020) plane was more
sensitive to the self-assembly environment and more easily disturbed by
the addition of PVA chains. The results above proved that the addition of
PVA affected the self-assembly behavior of cellulose chains during
regeneration, which explained the decrease in crystallinity of 3 % PVA-
CE and 4 % PVA-CE.

The contribution of CMFs to the haze performance of CCFs was
further illustrated by observing the surface and cross-section
morphology through SEM, as shown in Fig. 4. Due to the loose and
porous structure of common paper, light scattered between different
media with different refractive indexes, resulting in low transmittance.
However, no microscale holes but only a few CMFs were observed on the
surface of CE, which was beneficial for the transmission of light within
the range of 400-800 nm. After the evaporation of water, the dissolved
cellulose concentrated to form a physically cross-linked network with a
denser structure, resulting in homogeneous and dense surface and cross
section of CE, as shown in Fig. 4a. Similarly, Fig. 4b to e illustrated that
CCFs had no micro-scale pores on their surfaces. But with the increase of
PVA content in BzMe3sNOH solution, the surfaces of CCFs became
obviously rougher. The length and width of CMFs distributed on the

Fig. 2. (a) POM image of 6 wt% cellulose dissolved in BzMe3NOH aqueous solution after freezing and thawing. POM images of 4 wt% PVA and 6 wt% cellulose
mixed in BzZMe3NOH aqueous solution (b) before and (c) after freezing and thawing, respectively. (d) POM image of 4 % PVA-CE.
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Fig. 3. XRD curves of CE and CCFs, including the three fitted crystal reflections and the amorphous region background.

Table 1

Crystallinity and apparent crystallite size of CE and CCFs.
Sample X, (%) Dhja (nm)

(1-10) (110) (020)

CE 62.37 3.29 4.66 3.98
1 % PVA-CE 68.58 3.19 3.84 4.34
2 % PVA-CE 74.12 3.13 4.71 3.40
3 % PVA-CE 69.09 3.21 4.28 3.46
4 % PVA-CE 55.78 3.33 4.20 3.90

surface of CCFs in the same field of view were counted by software, as
shown in Table S2. As the length of CMFs increased from 177.4 pm to
318.6 pm and the width of CMFs increased from 14.55 to 16.16 pm, the
haze of CCF increased from 61.73 % to 96 %. In a word, those significant
morphological differences among CCFs and CE suggested that the exis-
tence of undissolved CMFs contributed to the special optical haze of

(a)

- Surface )]

CCFs (Yang et al., 2018). Generally, to control the transmission haze of
films without affecting the transparency, scatterers in materials should
not only have refractive index different from that of the substrate, but
more importantly, their size should satisfy the range calculated ac-
cording to Michaelis scattering equation. According to the theory of
Michaelis scattering, the forward light scattering would only affect the
transmission haze, but would not reduce the transparency of the mate-
rial, and the scattering intensity would increase with the increase of the
size of the scatterer.

Moreover, the cross-sectional structure of CE and CCFs showed a
gradual and significant trend of layer stacking, indicating that the
addition of PVA affected the internal structure of CCFs. Except for the
undissolved CMFs, the remaining part of CCFs was composed of cellu-
lose and PVA that completely dissolved and regenerated. Undissolved
CMFs were evenly distributed in the inner part and surface of CCFs. The
PVA, rich in hydroxyl groups, destroyed the integrity of the interlayer
stacking of dissolved cellulose during the regeneration process and

Fig. 4. SEM images of surface and cross section of CCFs: (a) CE, (b) 1 % PVA-CE, (c) 2 % PVA-CE, (d) 3 % PVA-CE and (e) 4 % PVA-CE, in dry state, respectively.
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caused the layered structure in the cross section. The CMFs and regen- 3D AFM with 10 x 10 pm? scan area was further magnified to analyze
erated cellulose were stacked alternately, making the surface rougher. the roughness of CCFs, as shown in Fig. 5, and the corresponding root

To further reveal the correlation between surface morphology and mean square (RMS) roughness was calculated accordingly. The 3D AFM
haze, the microscopic structure of CCFs was observed. Subsequently, the measurements showed that all the CCFs had no pores with diameter
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Fig. 5. AFM 3D surface plots of upper surfaces (surface contacted with TBA coagulation bath) of CCFs: (a) CE, (b) 1 % PVA-CE, (c) 2 % PVA-CE, (d) 3 % PVA-CE and
(e) 4 % PVA-CE, respectively. (f) AFM 3D surface plot of bottom surface (surface contacted with glass) of 4 % PVA-CE. (g) to (1) AFM topographic images of surfaces
of CCFs, corresponding to the AFM 3D surface plot. (m) to (s) RMS roughness of CCFs, corresponding to the AFM topographic images.
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larger than 100 nm. With the increase of PVA content, the RMS
roughness of upper surfaces of CCFs increased from 46.0 nm to 96.4 nm,
much smaller than the wavelength of visible light. This result could
explain the reason why CCFs showed high optical transparency. Fig. 5a
and g showed that CE had a smoother surface morphology than those of
CCFs, as was consistent with the SEM images. The structure with
rougher surface might cause stronger light scattering effect at the air-
solid interfaces, resulting in higher haze. The addition of PVA resulted
in the increase of insoluble CMFs destroying the continuous accumula-
tion of cellulose and increasing the RMS roughness. Notably, the AFM
image of the bottom surface (contacting with glass) of 4 % PVA-CE was
also measured, and the difference could be clearly seen by comparing
Fig. 5e and f. This might benefit from the flat and smooth surface of glass
plate, which helped to form a flat surface on CCFs through template
transfer (Yang et al., 2019). Further AFM information revealing the
surface morphology was shown in Fig. S2.

CCFs obtained in this study were compared with other cellulose-
based films, considering the performances of transparency and haze,
and the results were listed in Fig. 6 and Table S3. CCFs prepared by
regenerated cellulose process in this study were of high transmission
(over 86 % at 550 nm) and of high haze (up to 96 %) at the same time,
and avoided the use of expensive equipment and high energy con-
sumption during preparation.

The mechanical properties of CCFs were shown in Fig. 7a and b. The
addition of PVA improved the originally poor mechanical properties of
CE. 1 % PVA-CE showed the highest toughness (up to 27.16 MJ m~3).
The highest self-assemble regularity of molecular chains of 1 % PVA-CE
and the proper content of CMFs in it did not destroy its dense structure,
thus further enhancing its mechanical property. However, as shown in
Fig. 4, larger amount of PVA would lead to layered structure, and
decreased the compactness of films, resulting in the decline of me-
chanical properties of CCFs.

3.3. Application simulation of high transparent and high hazy CCFs

CCFs with high transparency and tunable haze could be used in the
field of optics and optoelectronics for various applications, such as
promising candidates for optical diffusors in lighting. Fig. 8a showed the
diffusion effect of LED light source increased with the increase of the
haze of CCFs. The corresponding pictures in Fig. 8b showed the light
scattering effect of CE and CCFs. In comparison to the dazzling circular
area illuminated by the bare light source, larger circular illuminations
were formed with CCFs. The light passing through CCFs formed larger
lighting area resulting from strong light scattering. Fig. 8b showed that
with the increase of PVA content, the light power density demonstrated
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Fig. 6. Optical performances of CE, CCFs in this study and other transparent
cellulose films with haze.
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a declining trend because of the light scattering. Fig. S4 exhibited similar
result that light spots behind CCFs changed from concentrated points to
scattered ones, which visually confirmed the light scattering effect of
CCFs. In the case of miniature indoor lighting in Fig. 8c and d, the same
room model and xenon lamp with the same power showed different
illumination effects. In Fig. 8d, the light source which was covered with
4 % PVA-CE scattered light and changed the propagation path of light
without obvious intensity attenuation. As a result, illumination area was
increased without more energy consumption, realizing uniform illumi-
nation from point to a broader area and reducing lighting dead corners.
Hazy films could also be used for LED screen veneering of electronic
products, which had the effects of anti-reflection and anti-glare. As
shown in Fig. 8e, 4 % PVA-CE was placed on the touch screen of bracelet
and showed excellent clarity and anti-glare property. These simple ap-
plications indicated that CCFs with light management performance were
beneficial to the use of display screen equipment outdoors or even in
direct light.

The application of hazy and transparent films could be extended to
efficiency improvement of solar cells or other optical energy receiving
and converting equipment. The 4 % PVA-CE with ultra-high haze had
large light scattering angle and could transmit most of the light in the
way of forward scattering and was suitable for optoelectronic devices
which required high optical coupling efficiency. The 4 % PVA-CE was
covered on the upper surface of DSSC and the schematic structure of the
device was shown in Fig. 9a. Benefiting from scattering effect of 4 %
PVA-CE, the light absorption at the active layer of DSSC was improved,
as shown in the inset scheme of Fig. 9b. The characteristics of the J-V and
other critical parameters were exhibited in Fig. 9b. More information
about DSSC covered with CCFs was shown in Table 2 and Fig. S7. By
covering with 4 % PVA-CE, an improvement in the output parameters of
DSSC was observed, including a short circuit current density (J.s) of
16.31 mA cm’z, an open-circuit voltage (V,.) of 0.71 V, a fill factor (FF)
of 70.29 %. As a result, by comparing with the bare DSSC, the corre-
sponding power-conversion efficiencies (PCE) was significantly
improved by 10.38 %, from 7.42 % to 8.19 %. Those key performances
were ascribed to the combined effect of high optical transparency and
ultrahigh haze of 4 % PVA-CE, revealing its excellent light trapping ef-
fect. In addition, simple processing methods and easy availability had
further proved the potential of CCFs as natural polymer based functional
materials. This work would provide a new idea for designing of biode-
gradable materials and their applications in optical and photoelectric
devices.

4. Conclusions

In summary, a series of CCFs with high transparency (over 86 % at
550 nm) and ultrahigh haze (up to 96 %) were successfully prepared by a
simple and facile method of controllable dissolution and regeneration
process of cellulose. The introduction of PVA with large amounts of
hydrogen bonds competed the hydrogen bond sites with cellulose,
causing partial dissolution of cellulose that maintained the morphology
of micron fibers with width range from 14.55 to 16.16 pm, which served
as in-situ visible light scatterers. Thus, the prepared CCFs showed
excellent light management performance, and the adjustable range of
optical haze, which not only provided anti-glare management for the
screen of an electronic equipment, but also improved the conversion
efficiency of solar cell by 10.38 % in PCE. The present work provided a
simple and facile strategy for manufacturing cellulose-based films with
high transmittance and high haze.
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Table 2
The electrical properties of bare DSSC and DSSC covered with CE and CCFs.
Sample Voe (V) Jsc (mA FF (%) PCE (%) Enhancement
cm?) (%)
Bare 0.72 + 14.54 + 70.51 + 7.42 + -
DSSC 0.01 0.15 1.21 0.01
CE 0.74 + 14.76 + 70.09 + 7.60 + 2.42
0.01 0.37 1.13 0.14
1 % PVA- 0.74 + 14.83 + 69.02 + 7.61 + 2.56
CE 0.00 0.50 1.03 0.29
2 % PVA- 0.70 + 16.08 + 69.61 + 7.83 + 5.52
CE 0.02 1.10 3.18 0.09
3 % PVA- 0.71 + 16.22 + 68.31 + 7.92 + 6.74
CE 0.01 0.48 0.36 0.14
4 % PVA- 0.71 + 16.31 + 70.29 + 8.19 + 10.38
CE 0.00 0.52 1.58 0.08
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ARTICLE INFO ABSTRACT

Keywords: Although current technology related to transformation of carbon-carbon double bonds and ester groups of plant
Sucrose stearate oils into hydroxyl groups have created variety of polyols for bio-based polyurethane, the resulting polyurethane
Polyurethane always demonstrated poor mechanical properties and low glass transition temperature (Ty) due to lack of rigid
Bio-based polyols . . . . . e

Plant oils units of these plant oil-based polyols. In this study, a strategy was proposed to utilize sucrose stearates with rigid

pyran-furan ring and flexible side chains as plant-derived polyols which long-flexible fatty acids extracted from
vegetable oils were bound to sucrose through ester bonds. These sucrose stearates could be directly used as Plant-
derived polyols without any modification step for introducing hydroxyl groups on fatty acid chains applied by
traditional technology in which the residual hydroxyl groups in the sucrose unit acted as the reactive sites for the
following polymerization. A series of sucrose stearate-based polyurethanes were synthesized by reacting sucrose
stearates with 1,6-diisocyanatohexane in a stoichiometric ratio. The resulting polyurethane membranes showed
high transparency (>90 %, colorless), high friction resistance (7H), high water resistance, high glass transition
temperature (105 °C) and excellent mechanical performance due to synergistic effect of rigid main chains of
sucrose and flexible side chains of stearates. This study reported a new strategy for bio-based polyols and high
performance polyurethanes which could find potential applications as functional and renewable biomass-based
coatings, membranes or plastics.

1. Introduction

The fossil fuels and their derived chemical products are significantly
concerned due to their non-renewable nature, fluctuated prices, the
difficulty in degradation and the environmental pollution. Poly-
urethane, a polymer material synthesized from isocyanate and polyol,
possesses exceptional physical properties and has extensive applications
in the construction, automobile, furniture, and other industries. How-
ever, it should be noted that the raw materials of traditional poly-
urethane are from fossil sources. To address this issue, a range of bio-
based chemicals from renewable resource have been developed and
utilized. Among them, plant oils have received widespread attention due
to their renewability, low cost and availability. [1,2] As well known,

palm oil and soybean oil have the highest global production compared
with other plant oils and accounted for 64 % of global production of
plant oils. [3-6] Soybean oil has a high degree of unsaturation (about
4.6 per triglyceride) and palm oil has a lower degree of unsaturation
(about 1.7 per triglyceride). Both of them need to be modified into
polyols before utilization for bio-based polyurethane through trans-
formation of carbon-carbon double bonds or ester groups of plant oils
into hydroxyl groups. However, the above transformation needs addi-
tional epoxidation and ring opening reactions and results in the gener-
ation of an acidic waste stream, which raises potential safety concerns.
[7]1 Additionally, unwanted by-products would compromise the purity
and yield of product. Castor oil is the only one of the vegetable oils that
naturally contains hydroxyl groups, making it suitable for the direct
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production of bio-based PU foams and coatings and thus reducing en-
ergy and resource consumption. [8,9] However, PU prepared from
vegetable oil-based polyols and hexamethylene diisocyanate (HDI)
typically have low stiffness, low glass transition temperature (Ty) and
low Young’s modulus, which could not meet the requirements of most
rigid materials. PUs prepared from vegetable oil-based polyols and HDI
rarely have tensile strengths higher than 10 MPa. [10-12] Therefore,
rigid PU materials are often obtained by reacting vegetable oil-based
polyols with aromatic isocyanates, but aromatic isocyanate-based PUs
have disadvantages of degradation and yellowing under UV irradiation,
the degradation products are harmful to the human body, which limited
the application of this PUs. [13] In addition, the chain extender can react
with isocyanate to increase the molecular weight of the molecular chain
extension, resulting in an increase in the hard section of the PUs. The
chain extenders typically include diols and diamines. However, the re-
action between diamine chain extender and isocyanate is more intense,
often leading to uncontrolled production. Additionally, the extenders
usually need to undergo pre-polymerization, making the process more
complex compared to the one-pot method. Ultimately, the use of chain
extenders increases additional steps and the energy consumption in the
production process. [14-17] Overall, common vegetable oils used as
polyols provide good hydrophobicity and flexibility to polyurethanes,
but they have the disadvantages of insufficient hydroxyl groups, low
reactivity, and the inherent non-rigid molecular structure of tri-
glycerides, resulting in PU materials with less rigidity. Presumably, the
long flexible fatty acids derived from plant oils attached into a rigid core
unit instead of glycerol could be a new strategy to take advantage of
flexible fatty acid chains and improve the rigidity of the resulting
polyurethane.

Sucrose, as a type of disaccharide, is a primary component of table
sugar, and is commonly found in various parts of plants such as leaves,
flowers, stems, seeds and fruits. In 2022, global sucrose production
reached 1.821 million tons per year. Using sucrose as the core unit,
sucrose stearates can be prepared through transesterification with fatty
acid esters or plant oils, which possess exceptional properties including
emulsification, antioxidant activities and anti-microbial activities.
Large-scale industrial production of sucrose fatty acid esters have been
achieved by a series of internationally renowned chemical enterprises,
which are widely used in food additives, cosmetics and lubricants.
[18-26] If sucrose was partly esterified and some of hydroxyl groups are
left intact by controlling transesterification condition, the residual hy-
droxyl groups in the sucrose unit could act as the reactive sites and can
theoretically participate in the construction of bio-based PUs without
any modification step for introducing hydroxyl groups on fatty acid
chains applied by traditional technology. [27-31] These polyols with
rigid pyran-furan ring and flexible side chains could overcome the
drawbacks of traditional plant oil-based polyols for bio-based poly-
urethanes with enhanced mechanical and thermo-physical properties.

In order to verify the above assumption, the commercial sucrose
stearate (S-170, S-270, S-370, S-770 and S-1170) with different substi-
tution degree was applied to prepare polyurethanes (SS-PUs) using a
one-step reaction with HDI. The tensile and dynamic mechanical prop-
erties, thermophysical properties, hydrophobicity, gel content ratio,
coating hardness and adhesion of the obtained SS-PUs were systemati-
cally characterized. Compared to PU films prepared from palm oil-based
polyols and HDI, the SS-PU membranes demonstrated higher cross-
linking density, higher gel contents, higher mechanical strength,
higher glass transition temperature, and higher transparency. The SS-PU
coatings also exhibited certain hydrophobicity, adhesion, and hardness.
This research expanded the range of polyols used in PU materials and
provided new ideas for enhancing the performances of PU materials,
which were expected to be promising in plastic and coating applications.
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2. Materials and methods
2.1. Materials

A series of commercial sucrose stearate raw materials, coded as S-
170, S-270, S-370, S-770 and S-1170, were purchased from Mitsubishi
Chemical Corporation, Japan. In all sucrose stearate raw materials, the
proportion of stearic acid chains to all fatty acid chains was 70 % , and
the remaining (30 %) was palmitic acid chains. HDI (99.0 %) was pur-
chased from Shanghai Macklin Biochemical Technology Co., Ltd.
Dibutyltin dilaurate (DBTDL, chemically pure) was purchased from
Fuchen (Tianjin) Chemical Reagent Co., Ltd. Tetrahydrofuran (analytial
reagent) was purchased from Tianjin Fuyu Fine Chemical Co., Ltd.
Acetic anhydride (analytial reagent) was purchased from Hengyang
Kaixin Chemical Reagent Co., Ltd. 0.5 % phenolphthalein indicator so-
lution was purchased from Phygene Biotechnology Co., Ltd. Standard
potassium hydroxide titration solution (Comn)y = 0.5000 mol L™1) was
purchased from Xiamen Haibiao Technology Co., Ltd., and pyridine
(analytial reagent) was purchased from Tianjin Fuyu Fine Chemical Co.,
Ltd. All chemicals were used without further purification except that
sucrose stearate raw materials were vacuum dried for 12 h at 80 °C.

2.2. Preparation of the sucrose stearate-based polyurethane (SS-PU)
membranes and coatings

For each batch of reaction, 1.00 g of sucrose stearate was dissolved in
3.0 mL of tetrahydrofuran at 68 °C with continuous stirring, then a
certain amount of HDI and 10 pL of DBTDL (as catalyst) were added for
subsequent reaction. The mixtures were stirred at 68 °C for a certain
time (the accurate HDI amount and stirring time can be seen in Table S1)
before being poured into a mold or onto a smooth and clean surface or
added dropwise with a plastic pasteurized straws onto a smooth and
clean tinplate surface (120 x 50 x 0.28 mm, the tinplate was wrapped
with rawhide tape around the circumference), and it was then placed in
oven at 60 °C for 12 h to ensure sufficient curing. The exact synthesis
parameters could be found in Table S1. The obtained SS-PUs were
named as PU-x, where x followed the code of sucrose stearate (e.g., PU-
170 was prepared from S-170). For coatings, the initial thickness was
2-3 mm and the final thickness was 10-40 pm; for membranes, the
rectangular mold was 6 cm wide and 6 cm long. Approximately 15
membranes and 20 pieces of coating were prepared for each sample and
used for all tests and characterizations.

2.3. Characterization

Infrared absorption spectra of sucrose stearate raw materials and SS-
PUs were determined on a Nicolet IS10 spectrometer (Thermo Fisher,
USA) under attenuated total reflection (ATR) mode. Each group of
samples was scanned 3 times and the most representative result was
displayed.

For 'H NMR spectroscopy, approximately 5 mg of sucrose stearate
raw material was dissolved in 700 pL deuterated chloroform in a NMR
tube, and the solution were tested on a Bruker Ascend 300 spectrometer.
3 parallel samples were scanned for each group and the most repre-
sentative result was displayed.

The molecular weight distribution curves of sucrose stearate raw
materials were determined by a gel permeation chromatography (Wa-
ters €2695) at a flow rate of 1.0 mIL min ! (tetrahydrofuran as eluting
solvent) at 30 °C. 3 parallel samples were scanned for each group and the
most representative result was displayed.

Hydroxyl values of sucrose stearate raw materials were determined
using the same titration method as Unilever to calculate the amount of
hydroxyl groups remaining on sucrose stearate. [32] 6.00 g of acetic
anhydride and 54 g of pyridine were mixed to obtain the acetylation
reagent. 10.00 g of the acetylation reagent was weighed in a conical
flask, and was magnetic stirred and refluxed at 95 °C for 1 h, then 25 mL
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of pyridine and 10 g of water were added and the reaction continued at
95 °C for 20 min. After cooling, 4 pL of phenolphthalein was added to
the above system and the solution was titrated using a standard potas-
sium hydroxide titration solution (Cxomy = 0.5000 mol L_l), as blank
sample. For polyol sample, 1.00 g of sucrose stearate was mixed with 10
g of the acetylation reagent, and the subsequent steps, including titra-
tion, were identical to those performed for the blank sample. All titration
processes were repeated three times. The hydroxyl value (I(OH),
mgKOH g~ 1) was calculated according to the Eq. 1:

I (OH) = [(V1 x mz/m1 —V2) x Cx Mkon ]/ms3 @
where V7 is the volume of potassium hydroxide solution consumed by
the blank sample (mL), V> is the volume of potassium hydroxide
consumed by polyol sample (mL); m; is the mass of blank sample added
to acetylation reagent (g), my is the mass of acetylation reagent added to
polyol sample (g), ms is the mass of polyol added (g), C is the concen-
tration of standard potassium hydroxide solution (mol L™Y), Mxon is the
molar mass of potassium hydroxide. 3 parallel samples were tested for
each group.

Tensile tests of SS-PU membranes were performed using a Universal
Tensile Machine (UTM-4204) with 500 N load cell at 26.1 °C, 64.1 %
relative humidity. The deformation rate was 100 mm min~}, and 5
parallel samples were tested for each group.

The optical transmittances of SS-PU membranes were measured
using an UV-2550 UV-Visible spectrophotometer (Shimadzu, Japan)
within the wavelength range of 200-800 nm. The instrument to measure
the haze of SS-PU membranes was a Haze Meter TH-100 equipped with
integrating sphere to collect luminous flux (Hangzhou CHNSpe, China)
which based on standard ASTM D 1003 and GB/T 2410-2008 test
methods. 3 parallel samples were tested for each group.

SS-PU membranes were cut into rectangular shape (20 mm long, 5
mm wide) and were tested on a Netzsch DMA 242C dynamic mechanical
analyzer at 1 Hz and with a heating rate of 5 °C min~! from —70 °C to
150 °C. 5 parallel samples were tested for each group.

About 5 mg of SS-PU piece was tested on a Perkin Elmer DSC 6000
thermal analyzer at a rate of 10 °C min™! from —70 °C to 150 °C. The

glass transition temperature (Ty) is identified as the midpoint of the
second curve after elimination of thermal history in the DSC curve. 3
parallel samples were tested for each group and the most representative
curve was displayed.

Small pieces (1 cm wide, 1 cm long) of SS-PU membranes were
extracted by a Soxhlet extractor for 48 h with tetrahydrofuran. The SS-
PU membrane pieces after extraction was dried in an oven at 60 °C for
48 h. The gel content was calculated by the Eq. 2:

Gel content (%) = mz/m; x 100% (2)

m; is the initial mass of the sample, mj is the mass of the sample after
extraction in the soxhlet extractor. 5 parallel samples were tested for
each group.

About 5-10 mg of SS-PU pieces were tested for thermo stability using
a Wetzsch STA449C thermogravimetric analyzer, heated from 30 °C to
700 °C at a rate of 20 °Cmin ', 3 parallel samples were scanned for each
group and the most representative result was displayed.

The contact angle of the SS-PU membranes were measured by the
drop seat method at 25 °C, the SS-PU membranes were tested using a
contact angle angular meter (Powerreach JC2000C1). 3 parallel samples
were tested for each group and the most representative result was
displayed.

The SS-PU membranes were cut into square shape (1 cm wide, 1 cm
long) for the test of water absorption ratio. Samples were immersed in
deionized water for 72 h at 25 °C. The water absorption ratio (W) was
calculated according to the Eq. 3:

Wa = (m1 —mg)/mo x 100% 3)

where my is the initial weight of the sample, m; is the real time weight
and was recorded for each 12 h. 5 parallel samples were tested for each
group.
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Table 1
I(OH) values and degrees of substitution of sucrose stearate.

Sample  I(OH) Degree of Degree of substitution (calculated
(mgKOH substitution from 'H NMR spectra)
g’l) (calculated from I
(OH))
99.77 +
$-170 402 4.78 5.01
201.40 +
S-270 471 3.36 3.46
338.08 +
S-370 0.88 2.35 2.28
408.95 +
- 1. 1.
S-770 3.85 99 87
463.60 +
$-1170 0.77 1.64 1.62
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o
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Fig. 2. (a) The schematic diagram of network structure of SS-PUs. (b) FT-IR
spectra of sucrose stearates and SS-PUs.

3. Result and discussion
3.1. Characterization of sucrose stearate raw materials

As depicted in Fig. 1a, the flexible fatty acid chain and the rigid
sucrose linked by ester bonds allowed for potential utilization of the
flexible fatty acid chain while enhancing the rigidity of the sugar ring. In
this study, we conducted a series of investigations using commercial
sucrose stearates to verify the hypotheses mentioned above. For sucrose
stearate raw materials, different HLB values indicated their different
degrees of substitution and different molecular weights. Commercial
sucrose stearates are typically mixtures of several sucrose stearates with
different degrees of substitution. The average degree of substitution and
specific composition of sucrose stearate were determined by GPC and 'H
NMR, accordingly. As shown in Fig. 1b, retention times of sucrose
stearate on GPC spectra decreased with the decrease of HLB values,
indicating an increase in molecular weights and degree of substitutions.
THNMR spectra of S-170, S-270, S-370, S-770 and S-1170 were shown in
Fig. lc, the chemical shift of peaks of these sucrose stearate were
essentially the same. Peaks with chemical shift value of 4.0-4.6 ppm (s-
z) corresponded to the signal of protons on the sucrose ring, and were
used for normalization. Peaks with chemical shift value of 0.8-1 ppm (a)
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corresponded to the terminal methyl groups of fatty acid chains on su-
crose stearate of raw materials. The number of substituted fatty acid
chains on sucrose stearates could be calculated by the number of hy-
drogens on the methyl group, which allowed for the calculation of the
average degree of substitution of sucrose stearates. [25] As the HLB
value decreased, intensity of the terminal methyl peak (0.75-1 ppm)
increased gradually, demonstrating an increase in the average degree of
substitution, which verified with GPC results. Besides "H NMR spectra,
the average degree of substitution could also be calculated using the I
(OH) value of sucrose stearate. Generally, the hydroxyl groups in sucrose
stearates are consumed through an exchange reaction with the fatty acid
ester, and the remaining hydroxyl groups can be determined by titra-
tion. As shown in Table 1, sucrose stearate with lower HLB values
exhibited lower I(OH) values and higher degree of substitution. [32,33]
Among these sucrose stearates with different HLB values, S-170 had the
highest average degree of substitution, with approximately 5 fatty acid
chains substituted on the sucrose sugar ring, while the other sucrose
stearates had less fatty acid chains (1.6-3.5) as the degree of substitution
decreased. The differences between the two substitutions results calcu-
lated from I(OH) and 'H NMR spectra were not significant, which
indicated the reliability of these tests.

3.2. Preparation and characterization of SS-PU materials

Sucrose stearates were reacted with HDI at 68 °C for the appropriate
times (according to Table S1) and the obtained products were then cured
for 12hin an oven at 60 °C. In Fig. 2a, the polymer chains were extended
through urethane bonds, the rigid sugar rings of sucrose stearates
located at the cross-linking point of the polymer networks. The cross-
linking network structure mentioned above was confirmed by the FT-
IR spectra shown in Fig. 2b. The absorption peaks at 2254-2256 cm ™+
that belonged to the stretching vibration of N=C=O0 in the isocyanate
could not be observed in spectra of SS-PUs, which indicated that the
isocyanate had been reacted completely. The absorption peaks at
3330-3350 cm ! belonged to the stretching vibration of the N—H bonds
in the urethane bonds; the absorption peaks at 1540-1550 cm
belonged to the plane bending of N—H in the urethane bond; the ab-
sorption peaks at 1630-1648 em! belonged to the stretching vibration
of C=0 bond in the urethane bond, the above observations provided
evidences for the formation of urethane bonds. The absorption peaks at
2920 cm™! and 2850 cm™! belonged to the antisymmetric and sym-
metric stretching vibrations of sp> C—H single bonds in the fatty acid
chains. The absorption peaks at 1700-1737 cm™! belonged to the
stretching vibration of the C=0 bond in the ester group, which were the
characteristic of sucrose stearates. The presence of these peaks in the
spectra of SS-PUs confirmed that the reactions between sucrose stearates
and isocyanate were completed. [34,35]

The DSC and DMA test results were shown in Fig. 3. In the DSC
curves in Fig. 3a, PU-170 and PU-270 exhibited heat-absorbing melt
peaks before the glass transition region, while PU-370, PU-770 and PU-
1170 showed only one glass transition region. Fig. 3b and ¢ showed that
PU-270 had two peaks at —25 °C and 96.6 °C (Tgh and Tgs peaks, rep-
resenting the glass transition temperatures of the hard and soft sections,
respectively). The accumulation of grafted fatty acid chains on sucrose
stearate caused the microphase separation of PU-270. However, for PU-
370, PU-770 and PU-1170, the high content of rigid sugar ring resulted
in the overlapping of Tgh and Tgs peaks within the range of 80-105 °C,
forming a higher T,. [36-38] the analysis of the DMA curves revealed
that the SS-PU membranes were in the glassy state at temperatures
below 95 °C. The E’ decreased within the temperature range of
40-140 °C, which was attributed to the relaxation process of the SS-PUs.
To further investigate the network structure of the SS-PU membranes,
cross-linking density (V.) of the PU membranes were calculated ac-
cording to classical rubber elasticity theory in Eq. 4:

E =3V.RT (&)
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where T is the absolute temperature at Ty + 30 K, E’ is the storage
modulus corresponding to T, and R is the gas constant, Ty in the above
equation is derived from DMA test results. The analysis of the V, curves
of SS-PUs in Fig. 3c demonstrated that an increase in hydroxyl

functionality promoted the formation of the cross-linking network.
Additionally, the number of stearic acid side chains decreased with the
increase of hydroxyl functionality, and the blocking effect of fatty acid
side chains on the cross-linking network weakened accordingly, leading
to the increase in both V. and T, of SS-PUs.
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Fig. 5. (a) Water contact angles and (b) water absorption curves of SS-PUs.

PU-270, PU-370, PU-770 and PU-1170 exhibited high transparency
(>90 %) and low haze (<15 %), as depicted in Fig. 4a, Fig. 4b and
Table S2. Different from vegetable oil-based PUs, SS-PUs were colorless,
which might be advantageous for optical applications. Fig. 4c demon-
strated that all SS-PU membranes exhibited the tensile behavior of hard
plastics, the tensile strength increased from 6 MPa to 32 MPa as the I
(OH) of sucrose stearate increased, while the elongations at break were
in the range of 6 %20 %. The results of mechanical properties of SS-PU
membranes could be attributed to the rigid structure of sugar ring and
increased cross-linking density. PU-170, as shown in Fig. S1, could be
completely dissolved in tetrahydrofuran solution, indicating its non-
cross-linked structure, for which the gel content could not be tested.
As the I(OH) of sucrose stearate increased, a significant increase in the
gel contents of the SS-PU membranes was observed in Fig. 4d. The gel
content of PU-270 was only 71 %, while the gel contents of the other SS-
PU membranes were higher than 91 %. These results suggested that as
the average degree of substitution of sucrose stearate decreased, more
reactive hydroxyl groups remained available for reaction with HDI, and
the cross-linking network became more compact, resulting in the in-
crease of V., ultimately causing a higher strength. As listed in Table S3,
with the increase of hydroxyl value of sucrose stearate, the Young’s
modulus of SS-PU membranes increased from 108.4 MPa to 288.4 MPa
and toughness increased gradually from 0.2 MJ m™> to 6.6 MJ m >,
[39,40]

The thermal stability of the SS-PUs was analyzed using TGA, and the
results were shown in Fig. S3. The decomposition of SS-PUs could be
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divided into three main stages. The first stage primarily indicated the
decomposition of the urethane bond into alcohols, primary amines,
secondary amines and carbon dioxide. [41] The second stage
(300-460 °C) was attributed to the degradation of the saturated fatty
acid chains on the sugar ring, finally above 460 °C the free radical
decomposition of the polymer dominates, which led to the formation of
methane, ethane, propane, carbon dioxide and other substances.
[42-44] In Fig. 5a and b, the SS-PUs exhibited hydrophobicity on the
surface (ranging from 90° to 110°) and low water absorption ratio
(lower than 6.6 wt%) which were comparable to mainstream vegetable
oil-based PU materials, due to the presence of hydrophobic fatty acid
chains and the depletion of hydrophilic hydroxyl groups during the re-
action. [45,46] In water absorption curves of SS-PUs, three water ab-
sorption stages were observed: a fast absorption stage, a slow absorption
stage and an equilibrium absorption stage, this water absorption
behavior was consistent with reported studies. [47] Water absorption
properties are important for membranes and coatings, particularly in the
field of corrosion protection, as highly absorbent materials could
accelerate the corrosion cycle of metallic materials. Therefore, SS-PU
membranes and coatings were advantageous for anti-corrosion appli-
cations due to their hydrophobicity, high hardness, and low water
absorption.

Fig. 6a showed photograph of PU-1170 coating on glass surface. The
raw materials S-370, S-770 and S-1170 could be utilized to produce SS-
PU coatings with a certain degree of hardness (up to 7H) and trans-
parency (no lower than 93.2 %), and could fulfill the requirements of
abrasion resistance and hydrophobicity such as coatings on car window
or electronic screens, to protect the substrates from corrosion and
scratches. Fig. 6b demonstrated the excellent transparency of the PU-
1170 membranes in water, allowing for clear visibility of the flower
details, suggesting its application potentials on underwater optic de-
vices. Furthermore, SS-PUs could also be processed and shaped like
plastic material through compression molding. In Fig. S4, PU-1170 was
molded into knife, fork and spoon shapes as representatives of daily
plastics. SS-PUs offered promising prospects for the future application as
membranes, coatings and plastic materials in various fields.

Fig. 6. (a) Photograph of PU-1170 coating on high transparent glass surfaces (The coating was applied to the area within the white dotted line). (b) Flowers
photographed through PU-1170 membrane under water. (The membrane was mainly in the area within the white dotted line).
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4. Conclusions

In this study, bio-based PU materials with enhanced rigidity were
prepared using commercial sucrose stearates by a one-step reaction with
HDI. As the hydroxyl value of sucrose stearate increased, the tensile
strength of the SS-PUs increased from 6 MPa to 32 MPa and the elon-
gation at break increased from 6 % to 20 %, the Young’s modulus also
increased from 108.4 MPa to 288.4 MPa, and toughness increased from
0.2 MJ m~3 to 6.6 MJ m 3. The high cross-linking density and the
inherently rigid sugar ring structure, enabled SS-PUs to exhibit superior
stiffness compared to vegetable oil-based PUs, while flexible fatty acid
side chains endowed SS-PUs with hydrophobicity and flexibility. The
transparent and hydrophobic structure of SS-PU membranes made them
promising materials for underwater optics. SS-PUs could be molded into
tableware, showing potentials of rigid plastic products for daily use. SS-
PU coatings exhibited advantageous properties such as high pencil
hardness, adhesion, transparency, hydrophobicity and low water ab-
sorption ratio, showing potentials in metal corrosion protection, coat-
ings on automobile glass windows and screen protection for electronic
devices. This study proposed the sucrose stearates as plant-derived
polyols that combined rigid sucrose ring and flexible fatty acid chains
for the performance optimization of bio-based PUs.
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ARTICLE INFO ABSTRACT

Keywords: The energy-intensive and time-consuming process required for disassembling natural materials into nanoblocks
Cellulose nanosheet are the major obstacles for the practical applications of biopolymer nanomaterials. Herein, a one-pot, energy-
Swelling - efficient and directional preparation method for gently exfoliating cellulose into nanosheets was achieved by
Eﬁ:gy'efﬁaem surface modification assisted swelling process. The resulting cellulose nanosheets (CNSs) exhibited diameters

ranging from 100 to 480 nm and thicknesses of approximately 5 nm, with a maximum yield of 97.9 %. This
method could be widely applicable to common cellulose raw materials. Contrary to other nanocellulose reported
previously, CNSs could be dried and stored in solid state, and re-dispersed in aqueous phase, thereby convenient
for storage and transportation. Cellulose nanosheets films (CNSFs) obtained from CNSs showed high trans-
parencies (>90 %) and excellent gas barrier properties, especially for the water vapor permeability of only
0.0072x1071° ¢m® em em™2 s Pa~!, which were superior to other cellulose based films. In the simulation
experiment of dry food packaging, CNSF;( possessed remarkable water vapor and oxygen blocking capabilities
comparable to commercial cling films and met the practical requirements. The preparing process of CNSs re-
ported here had the advantages including easy implementation, energy efficiency, and environmentally
friendliness, and expanded possibilities for large-scale and widespread utilization of nanocellulose.

Gas barrier

1. Introduction through reactions occurring at the interface of two phases, which have

faced limitations of complex synthesis processes, stringent reaction

Nanomaterials refer to materials with at least one dimension below
100 nm. Biomass-based nanobuilding blocks, such as cellulose nano-
fibers (CNFs), chitin nanofibers (ChNFs), silk nanofibers (SNFs), cellu-
lose nanosheets (CNSs), cellulose nanoparticles (CNPs) and cellulose
nanocrystals (CNCs), have provided excellent mechanical supports,
structural functions, and biological activities for living organisms. In
recent years, they have been applied in a series of advanced materials
and widely used in biomedicine, optics, energy and electronic devices
(Bai et al., 2022; Gogurla and Kim, 2021; He et al., 2022; Pandey, 2021,
Pritchard et al., 2022; Yan et al., 2021). Nanostructures can theoretically
be prepared using either bottom-up or top-down approaches. The
traditional bottom-up approaches are to synthesize nanomaterials

conditions, high cost, and low productivities. The prevalence of nano-
assemblies in natural organisms makes them highly suitable for the
preparation of nanobuilding blocks using top-down approaches, which
is expected to achieve efficient large-scale production of organic nano-
materials at a lower cost.

Nanocellulose obtained through physical, chemical, or biological
treatments possesses non-toxicity, renewability, and degradability that
are inherent to natural cellulose, and shows unique properties as
nanomaterials, including high strength, low density, dimensional sta-
bility and facile surface modification. The synthesis of bacterial nano-
cellulose (Samyn et al., 2023), which naturally has a nanofibrous
structure, belongs to the biologically-driven bottom-up synthesis of

* Corresponding authors at: Key Laboratory for Biobased Materials and Energy of Ministry of Education, College of Materials and Energy, South China Agricultural

University, 483 Wushan Road, Guangzhou 510642, China.

E-mail addresses: hellodqy @foxmail.com (Q. Deng), zhangcq@scau.edu.cn, nwpuzcq@gmail.com (C. Zhang), wangyang@scau.edu.cn (Y. Wang).

! 0009-0003-4232-728X
2 0000-0001-5754-8729
3 0000-0003-4239-8566

https://doi.org/10.1016/j.indcrop.2024.119584

0926-6690/© 2024 Published by Elsevier B.V.


mailto:hellodqy@foxmail.com
mailto:zhangcq@scau.edu.cn
mailto:nwpuzcq@gmail.com
mailto:wangyang@scau.edu.cn
www.sciencedirect.com/science/journal/09266690
https://www.elsevier.com/locate/indcrop
https://doi.org/10.1016/j.indcrop.2024.119584
https://doi.org/10.1016/j.indcrop.2024.119584
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2024.119584&domain=pdf

Q. Deng et al.

nanocellulose and this approach is significantly limited by long pro-
duction cycles, resulting in overall inefficiency as well as low yields,
making it difficult to satisfy the demand for large-scale industrial ap-
plications. Nanocellulose can also be assembled from molecularly
dispersed (usually dissolved) cellulose under specific physicochemical
conditions. The assembly of cellulose nanofibres and the shaping of the
macroscopic materials are often done in one piece, while accompanied
by the sol-gel transition. The network of cellulose nanofibers constitutes
the main body of the macroscopic materials with high-strength and
high-toughness properties. These processes usually include wet spin-
ning, dry spinning, electrospinning, microfluidic spinning, self-assembly
and 3D printing (Kim et al., 2024; Li et al., 2023; Pasaoglu and Koyuncu,
2021; Ren et al., 2023), which strictly requires dissolution of cellulose, a
step that is essential but undoubtedly will introduce additional cost.
There are two mainstream top-down methods for preparing nano-
cellulose. One is the hydrolysis of the amorphous cellulose region using
acids or enzymes to obtain cellulose nanocrystals, which has disadvan-
tages including the risk of equipment corrosion, difficulty in recovering
degraded monosaccharides, and low utilization of raw materials
(Barbash and Yashchenko, 2020; Zhang et al., 2020). The other method
is chemical modification pretreatments followed by mechanical
post-treatments like high-pressure homogenization, ultra-sonication,
steam explosion or ball milling (Mehanny et al., 2021; Rashid and
Dutta, 2020; Wang et al., 2019a; Wu et al., 2021). Due to the strong intra
and inter molecular interactions of cellulose, it is difficult to directly
deconstruct natural cellulose into nanocellulose by a one-step method,
leading to the requirement of combining pretreatment and mechanical
post-treatment under existing technical conditions. However, the me-
chanical post-treatments are generally energy intensive and time
consuming. The dependence on expensive specialized equipment, high
cost and low stripping efficiency hinders the large-scale production and
wide application of nanocellulose and other biomass-based nano-
building blocks (Huang et al., 2024; Song et al., 2018). Nevertheless,
existing research progress still provided useful inspirations, that the key
to obtaining nanocellulose by exfoliating natural cellulose lay in the
efficient methods to weaken the hydrogen bonding network, disrupt
advanced structures and further reducing cohesion of cellulose. Chang
et al. used alkali/DMSO systems as a swelling agent to break the
hydrogen bonds and van der Waals interactions among the surfaces of
the cellulose elementary fibrils (Zhou et al., 2024). Yu et al. pretreated
bamboo powders with ionic liquids, and the cellulose in the bamboo was
destroyed and underwent a crystalline transformation (Ren et al., 2022).
Wang et al. constructed a cooperative ternary mechanism consisting of
oxidation, swelling and acid hydrolysis using H3PO4 and Hy0, to cause
intergranular swelling of cellulose (Wang et al., 2020). It was hypoth-
esized that a proper swelling agent would directionally loose the
advance structure of cellulose and increase the accessibility of surface
modification reagents; while grafting ionizable groups on cellulose
could increase the electrostatic repulsion and reduce cohesion of cellu-
lose, similar to the electrostatic repulsion provided by the carboxyl
group obtained from 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
oxidation.

The objective of this study was to energy-efficiently and directionally
prepare cellulose nanosheets (CNSs) under mild and fast conditions,
without the use of energy intensive mechanical post-treatments. Thus,
the preparation of CNSs was expected to be presented through the
swelling of cellulose in a ternary swelling agent consisting of tetrabu-
tylammonium fluoride (TBAF), tetrahydrofuran (THF) and dimethyl
sulfoxide (DMSO), followed by esterification reaction with phthalic
anhydride. The swelling effect and exfoliating process of cellulose and
the morphology of the obtained CNSs were characterized and discussed.
Furthermore, a simple attempt was made to prepare functional films
(CNSFs) using a casting method for CNSs. The barrier performances of
CNSFs against multiple common gases and their potential as packaging
materials for drugs and foods that are sensitive to moisture and oxygen
were investigated and presented. The one-pot surface modification
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assisted swelling method in this work might be conducive to the
convenient, efficient, energy-saving and universal preparation of CNSs,
which might provide feasible ideas for the green large-scale industrial-
ization process and widespread utilization of nanocellulose.

2. Materials and methods
2.1. Materials

Cotton linter with degree of polymerization (DP) of 534 (containing
a-cellulose no less than 95 %) was supplied by Hubei Chemical Fiber Co.,
Ltd (Xiangfan, China). Bleached hard wood pulps (with DP of 1012,
a-cellulose no less than 95 %) and bleached soft wood pulps (with DP of
1370, a-cellulose no less than 95 %) were purchased from Dalian Yan-
grun Trading Co., Ltd (Dalian, China). Bleached bagasse pulps (with DP
of 710, a-cellulose no less than 95 %) was purchased from Jinan Lex-
iuzhibao E-commerce Co., Ltd. (Jinan, China). Microcrystalline cellulose
Avicel PH-101 (prepared from cotton linter, with DP of 254) was pur-
chased from Sigma-Aldrich Co., Ltd. All cellulose samples were dried at
60 °C for 48 h to remove any moisture before use. 1 mol L ™! tetrabu-
tylammonium fluoride (TBAF) solution in tetrahydrofuran (THF) was
purchased from Energy Chemical Co., Ltd. Dimethyl sulfoxide (DMSO)
was purchased from Macklin Co., Ltd. Phthalic anhydride was purchased
from Aladdin Chemical Reagent Co., Ltd. Ethanol, acetone, sodium hy-
droxide (NaOH), phenolphthalein and anhydrous copper sulfate
(CuSO4) were purchased from Guangzhou Chemical Reagent Factory.
The oxygen indicators were purchased from Mitsubishi Gas Chemical.
All reagents except cellulose were of analytical level and were used
without further purification.

2.2. Preparation of cellulose nanosheets (CNSs) by surface modification
assisted swelling

TBAF/THF solution was added into DMSO by different mass per-
centages to obtain swelling agents. 2.0 g of cellulose raw material was
soaked in 132 g swelling agent, and the mixture was gently stirred
(lower than 200 rpm) at 100 °C for 0.5 h. 18.3 g of phthalic anhydride
was added to the above mixture and the reaction went for a further 0.5 h
at 100 °C under continuous stirring (lower than 200 rpm). The molar
ratio of phthalic anhydride to cellulose anhydroglucose unit (AGU) was
10. The obtained mixture was centrifuged at a speed of 8000 rpm for
5 min at room temperature to remove the cellulose that had not un-
dergone exfoliation. The obtained CNSs in the supernatant were
completely precipitated with deionized water and washed thoroughly
with ethanol three times (approximately 30 mL for each time) to remove
the residual swelling agents and reactants to get purified CNSs. After
washing with ethanol, the CNSs were completely dried by vacuum ro-
tary distillation. CNSs could be dispersed in aqueous solution with
pH>10 or acetone to form a homogeneous and transparent solution
(with concentration up to 5 wt%) for temporary use. CNSs can be dried
for long-term storage. The TBAF/THF/DMSO swelling agents were
coded as TBAFy, where x represented the weight percentage of TBAF/
THF solution to DMSO (from 6 wt% to 18 wt%). CNSs were coded as
CNSy-y, where x had the same meaning as that in TBAFy, and y denoted
the type of cellulose raw materials (G for bleached bagasse pulp, H for
bleached hardwood pulp, S for bleached softwood pulp, M for micro-
crystalline cellulose, and unmarked for cotton linter). Approximately
10 g (dry weight) of each group of CNSs samples was prepared and used
for all tests and characterizations.

2.3. Preparation of cellulose nanosheet films (CNSFs)

The CNS;( dispersion in acetone solution (with concentration of 5 wt
%) was poured into a circular flat bottom mold (20 cm in diameter) with
an initial liquid layer thickness of 0.2 cm and was dried for 20 min at 70
°C to volatilize all acetone to obtain a CNSF. CNSs from different raw
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materials were prepared into CNSFs by the same method. 3 circular
(about 18 cm in diameter) films were prepared for each group and used
for all tests and characterizations.

2.4. Characterization

A BM21000PL polarizing microscope (POM) (Olympus Corporation,
Japan) was used to view the images of cellulose before and after swelling
and esterification reaction, and each group was photographed under a
certain magnification for 5 vision fields and the most representative
result was displayed.

The XRD spectrogram of cellulose raw materials and CNSs were
recorded by a SmartLab Ultima IV X-ray diffraction (Rigaku Corpora-
tion, Japan), with wavelength of 0.15406 nm and under the continuous
scanning mode from 5° to 50°. The degree of crystallinity (X.) was
calculated from the XRD curves with Eq. 1:

X. = Fo/(F. + F)x100% (€8]

where F. and F, are the areas of crystalline and non-crystalline regions
respectively. The diffraction peaks corresponding to three main crystal
planes of cellulose II ((1—10) crystal plane, (110) crystal plane and (020)
crystal plane) in XRD were integrated by peak separation method.

The solid-state 13C NMR spectra of cotton linter and CNS;o were
obtained on a Bruker 600 M with 5 mm MAS BBO probe. The spec-
trometer was operated at 100 MHz. The acquisition time was 0.034 s,
the delay time 2 s, and the proton 90° pulse time was 4 ps. Each spectrum
was obtained with an accumulation of 5000 scans.

Fourier transform infrared spectroscopy (FT-IR) of CNSs were
determined on a VERTEX 80FT-IR spectrometer (Bruker, Germany), in
the range of 500-4000 cm ™!, with a resolution of 4 cm™, each group
was scanned 3 times.

Rheology measurements were performed on a TA Discovery HR-2
Hybrid Rheometer (TA Instruments Ltd, USA) with a cone-plate geom-
etry (60 mm in diameter, 0.5° cone angle). The rheometer was equipped
with a Julabo FS18 cooling/heating bath that was calibrated to maintain
the temperature of the sample chamber within a + 0.5 °C difference of
the set value. Dynamic frequency sweep test (0.1-100 rad s 1) was
carried out to compare the rheology behavior of cellulose suspension in
TBAF/THF/DMSO swelling agent before and after the esterification re-
action with phthalic anhydride. For each measurement, the temperature
was set as 25 °C, and the strain amplitude was set as 10 %, which was
within the linear viscoelastic regime.

In this work, the back-titration method was chosen to determine the
degrees of substitution (DS) for its simplicity, reliability, and low cost (Li
et al., 2012). A certain amount of dried CNSs were uniformly dispersed
in 10 mL of 0.10 mol L' NaOH solution (in excess) and were continu-
ously stirred for 2 h at 60 °C. After the reaction, the excess NaOH was
titrated by 0.05 mol L™! HC, using phenolphthalein as indicator. The
titration was repeated three times, and the result was determined by
average value. The DS was calculated by the following Eqs. 2 and 3:

DS = magux W/ [mpax(1-W)] (2)
W = magux(V1-V2) xCrcl /(2xmensx1000) 3)

where mpgy is the molar mass of an AGU (162 g mol’l), mpa is the net
increase in the mass of an AGU for each substituted phthalic anhydride
(148 g mol’l), Cuyc is the concentration of HCI solution (0.05 mol L’l),
V71 and V5 (mL) are volumes of HCI used for unmodified and modified
samples, respectively, mcys (g) is the weight of CNSs samples, the W in
Eq. 2 is the molar ratio of phthalic anhydride participating in the reac-
tion to AGU and is calculated according to Eq. 3.

A field emission scanning electron microscope (Verios 460, Ther-
moFisher, America) was used to study the morphology of CNSs (under a
voltage of 5 kV) and the surface and cross-sectional morphology of
CNSFs (under a voltage of 10 kV). The thickness of CNSs were measured
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by Bruke Dimension Icon atomic force microscope (BRUKER, Germany).

The zeta potentials of CNS;o dispersed in aqueous solutions with
various pH were measured by a Zeta-sizer Nano ZSE (Malvern In-
struments, UK). 5 parallel samples were tested for each group.

A DUBO00 UV-visible spectrophotometer (Beckman Coulter, USA)
was used to measure the optical transmittance curves of the CNSFs, in
the range from 300 to 800 nm. 5 parallel samples were tested for each
group.

A haze meter TH-100 equipped with integrating sphere to collect
luminous flux (Hangzhou CHNSpe, China) was used to measure the haze
of CNSFs, which based on the standards of ASTM D 1003 and GB/T
2410-2008. 5 parallel samples were tested for each group.

Tensile tests of CNSFs were performed using an electromechanical
Universal Testing Machine (MTS Systems Co., Ltd, China) with 500 N
load cell. CNSFs were cut into rectangular-shape (1 cm wide and 5 cm
length). The deformation rate in tensile tests was 10 mm min ' and 5
parallel samples were tested for each group.

Carbon dioxide, nitrogen and oxygen gas permeabilities (pg) of
CNSFs in the dry state were measured by a GTR-701R gas transmission
rate tester (Jinan, China) according to the standard of GB/T 1038-2000.
The py of the films was calculated by Eq. 4:

Ap V. TO D

pgfﬂxgxpo—Txi(pl_pz) @
where pg is the gas permeability (cm® em em 2571 Pa™Y), Ap/At (Pas™})
is the average value of the pressure change of the low pressure chamber
in unit time after gas permeation is stable, V (cm®) is the volume of the
low-pressure chamber, S (cm?) is the test area of the test film, Ty is
standard temperature (273.15 K), py is standard pressure (1.0133x 10°
Pa), T (K) is the temperature of test (273.15 K), D (cm) is the thickness of
the test film, (p;-p2) is the pressure difference between the two sides of
test film (Pa). All the p; of the films were measured at relative humidity
(R.H.) of 52 %.

Water vapor permeability (WVP) of CNSFs was measured with the
same gas transmission rate tester according to the Chinese National
Standard GB/T 1037-1988. The WVP of the films was calculated by Eq.
5:

WVP=Amxd/(A xtx Ap) 5)

where WVP is the water vapor permeability (g cm cm ™2 s™! Pa™!), Am
(g) refers to the weight change at the time of t (h), d (cm) is the average
film thickness, A (m?) is the tested area of the exposed film surface, Ap is
the pressure difference between the two sides of test film (Pa).

In the oxygen barrier assay, the oxygen indicators were placed in
glass vials in an anaerobic glove box and sealed with cling film and
CNSFj, or left unsealed. The glass vials were then placed in air to
observe the color change of the oxygen indicators. In the water vapor
barrier experiment, the same mass of anhydrous CuSO4 was placed in
glass vials, which were then placed in a sealed box at 98 % R.H. (at 25°C,
with a cup of saturated K3SO4 solution in the box to keep the R.H.
constant) and the color change of the anhydrous CuSO4 was observed. In
the food packaging experiment, seaweed and wafer cookies were
packaged with cling film and CNSF;o, or left unpackaged and left
naturally in the room to observe change.

3. Results and discussion

TBAF-3H,0/DMSO solution with TBAF concentration about 10 wt%
had been reported as a non-aqueous and non-derivative cellulose solvent
system that did not cause significant degradation of cellulose (Kohler
and Heinze, 2007). The dissolution mechanism was reported to be that
TBAF would ionize in polar solvent DMSO to obtain fluoride ions, which
competitively interacted with hydroxyl groups on cellulose through
hydrogen bonding, disrupting the intramolecular and intermolecular
hydrogen bonding networks of cellulose (Kohler and Heinze, 2007). In
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the cellulose I crystal type of natural cellulose, cellulose chains are
driven by the hydrophobic effect of the dehydrated glucose ring (the C-H
surface) to stack interlayer along the (020) crystal plane. Previous
studies had reported that quaternary ammonium cations with hydro-
phobicity exhibited a tendency to aggregate on the C-H surface during
the swelling and dissolution processes of cellulose, due to hydrophobic
interactions, which effectively broke down the advanced structure of
cellulose and prevented the re-aggregation of cellulose chains (Wang
et al., 2018). As a hydrophobic quaternary ammonium cation, TBA*
would directionally loosen cellulose (020) crystal plane, where hydro-
phobic phthalic anhydride could subsequently conduct grafting re-
actions and disrupt the cohesion of cellulose, ultimately resulting in
nanocellulose with sheet shape. Based on the above considerations, the
TBAF/DMSO system was selected as cellulose swelling agent to direc-
tionally prepare CNSs, but some adjustments were made in this study.
The concentration of TBAF in swelling agent was far less than that in
solvent, ensuring that cellulose would only undergo swelling rather than
being dissolved. Furthermore, any water molecules should be excluded
in the swelling agent, to avoid interfering with the subsequent anhydride
esterification reaction. It was worth noting that, when the concentration
of TBAF in the swelling agent was too low, the internal structure of
cellulose would not be sufficiently loosened, which would limit the
accessibility phthalic anhydride as it reacted with cellulose, and would
cause decrease in DS, insufficient electrostatic repulsion, inadequate
exfoliation of cellulose into nanosheets, and thus a decrease yield of
CNSs. On the contrary, if the concentration of TBAF was too high, it
would cause the partial dissolution of cellulose. This excessive disas-
sembly of cellulose would cause significant decrease in purity and yield
of CNSs. Therefore, maintaining a moderate concentration of TBAF
could appropriately balance the swelling demand with the need to
maintain the structural integrity of CNSs, enabling high yields
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(>85.8 %) at low DS.

As shown in Fig. 1a, CNSs were prepared by a surface modification
assisted swelling method. In detail, cellulose raw materials were swelled
in the swelling agent, followed by esterification reaction with phthalic
anhydride. As a result, cellulose was ultimately grafted with negatively
charged carboxylic acid groups and was exfoliated into CNSs by elec-
trostatic repulsion. Here, TBAF/THF solution and DMSO were used to
prepare the cellulose swelling agents. The weight percent of TBAF/THF
solution to DMSO ranged from 6 wt% to 18 wt%, and the concentration
range of TBAF was only 1.36 wt%-4.09 wt%, far lower than those re-
ported in above TBAF-3H,0/DMSO cellulose solvents (Kohler and
Heinze, 2007). The morphology changes of cellulose crystalline regions
during the preparation process of CNSs could be observed in the POM
images (Figs. 1b-1d). In Fig. 1b, the fibrous bright spots in the dark field
were the crystalline regions of the cotton linter cellulose, and the
diameter of these fibers was about 30 pm. In Fig. 1c, after being stirred at
100 °C for 0.5 h in TBAF/THF/DMSO swelling agent, the diameter of
cellulose fibers increased to about 90 pm, but fibrous bright spots
became bleak and fragmented. The result indicated that the crystalline
regions of cellulose were swelled and destroyed, and turned into loose
amorphous structure. Furthermore, the cellulose was poorly swelled
within 1h in the absence of heating, as shown in Figure S1. The
pre-experiments showed that increasing temperature (from room tem-
perature to 100 °C) could promote the penetration of fluoride ions into
the cellulose molecular network and improve the swelling effect within
a short time, which would benefit the subsequent penetration of phthalic
anhydride and improve the accessibility and substitution of the grafting
reaction. According to the results of pre-experiment, the swelling time,
reaction time and temperature for high yield have been optimized to
obtain higher yields in the shorter possible time and at lower possible
temperature. As shown in Fig. 1a, after the reaction of cellulose with

-~ ~N
a OH oH oH OH
o HO o HO
o A\ oL 7\10% LT
HO o Ho "o
HO OH : OH
OH OH OH OH
HO 0
(¢} HO
o A\ o L7 ~7 o\ Al
HO & wo 0
H HO
° OH OH
n-2
OH oH OH
Ao
HO

Stirring at 100 °C

Swelling in
TBAF/THF/DMSO
at 100 °C for 0.5 h

100 pm
-

for0.5h

Fig. 1. Cotton linter cellulose and TBAF;, swelling agent were taken for example. (a) Illustration procedures of one-pot and energy-efficient exfoliation from cel-
lulose to CNSs by surface modification assisted swelling method: the destruction of cellulose hydrogen bond network in swelling agent, the loosening of cellulose
layers driven by hydrophobic actions, and the esterification grafting reaction of phthalic anhydride on cellulose chains. The red dots in images represented the grafted
phthalic anhydride on cellulose chains. POM image of (b) untreated cotton linter, (c) cotton linter after being swelled in swelling agent at 100 °C and (d) cotton linter
after esterification reaction with phthalic anhydride (almost no bright spots could be seen in the field of vision).
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phthalic anhydride, negatively charged groups were grafted onto the
cellulose. The exfoliation of cellulose was facilitated by electrostatic
repulsive forces, and almost no bright spot was visible in the field of
view, as shown in Fig. 1d, indicating that the crystalline regions of
cellulose were almost destroyed. Similar results could be observed for
the cellulose in other concentrations of TBAF/THF/DMSO swelling
agents.

The 3C NMR chemical shifts of carbonyl ester group (C7, C14) at
168.6 ppm and aromatic ring (C8-C13) at 131.4 ppm in Fig. 2a and the
FT-IR signals of esterified C=0 (stretching) at 1720 cm ™' in Fig. 2b
confirmed the successful esterification of cellulose. The esterification
process induced slight chemical shifts in the C1-C6 positions of cellulose
in Fig. 2a. Rheological behavior of cellulose suspension in TBAF/THF/
DMSO swelling agent before and after phthalic anhydride esterification
was further studied, and the results were showed in Figs. 2c and 2d. In
Fig. 2¢, the G’ curves could be fitted according to a scale equation of
G =", where n could reflect the interconnected network strength
formed by nano structures (Nechyporchuk et al., 2016). For cellulose
suspension in TBAFy(, the n value decreased (from 2.49 to —2.67) and G’
decreased remarkably (from 3.06x10% to 2.14x1073) at low angular
frequency of 1 rad s~ after phthalic anhydride esterification, indicating
an obvious reduction of cohesive force between CNSs after esterification
reaction. As shown in Fig. 2d, after the reaction with phthalic anhydride,
the repulsion of carboxylic ion groups (-COO") on cellulose increased the
distance between cellulose chains, giving a remarkable decrease of the
complex viscosity, which meant that cellulose was split to smaller size.
The XRD curve of untreated cotton linter in Fig. 2e had peaks at 20
values of 15.0°, 16.7°, 22.8° and 34.5°, assigned to the (1-10), (110),
(200) and (004) planes of cellulose I, respectively, and with a total
crystallinity of 60.7 % (French, 2013; Tang et al., 2012). Comparably,
the XRD curve of CNS;( showed a typical amorphous state, indicating
that the crystalline structure of cellulose was destroyed. Due to the short
reaction time (0.5 h) and the limited reactivity of hydroxyl groups on
cellulose during phthalic anhydride esterification, the degrees of sub-
stitution of CNSs were in the range of 0.15-0.26, as shown in Fig. 2 f (Liu
et al., 2007). However, these substitutions were sufficient to obtain high
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yields of CNSs (no less than 85.8 %). The low concentration of TBAF in
swelling agent would cause insufficient swelling of cellulose, while the
high concentration of TBAF would cause the dissolution of cellulose
fraction with low molecular weight. Both of the above situations would
lead to a lower yield of CNSs. Consequently, CNS;o prepared from
TBAF;o with a moderate concentration of TBAF presented the highest
yield of 97.9 %.

For the first time under the microscope, Zhao et al. observed thin and
flat cellulose particles with irregular transverse shape (hundreds of
nanometers wide) with thickness about 4.2 nm, which were thus defined
as cellulose nanosheets (Zhao et al., 2016). Here in this work, as shown
in SEM images in Fig. 3a, the morphology of CNS;( was presented to be
sheet shape, similar to CNSs prepared from different swelling agents (in
Figure S2). The particle size diameter distribution of CNS;y was
analyzed from SEM images, and the results were presented in Fig. 3b. It
was observed that approximately 71.4 % of CNS;( exhibited a diameter
below 220 nm. In Figs. 3c and 3d, the morphological characteristics of
CNS;¢ was confirmed under AFM, with diameter about 250 nm and
thickness about 5 nm. CNSs could be dispersed in aqueous solutions
(pH>10, in Fig. 3f) or in acetone to form transparent solutions for
further material preparation. The zeta potential of CNSs aqueous
dispersion ranged from —30 mV to —43 mV, indicating high stability, as
shown in Figure S3. It had to be noted that, although the CNSs disper-
sions were homogeneous and transparent in appearance, the CNSs did
not dissolve, since the sizes of CNSs in the dispersions were all about
200 nm (according to the test by particle size analyzer), which were
close to their size before dispersion.

Generally, nanocellulose is preserved in the form of liquid disper-
sion, and generally its concentration does not exceed 2 wt% (very few
could reach up to 20 wt%) to maintain its long-term stability (Shi et al.,
2024). However, the low net content greatly increases the cost and re-
duces the efficiency of storage and transportation of nanocellulose (Peng
et al., 2011). Therefore, storing nanocellulose in solid state represents a
viable approach to solve the above problem. Current dehydration and
drying techniques for nanocellulose including spray-drying, freeze--
drying and supercritical drying are of high energy consumption and high
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air drying in this work could be re-dispersed into aqueous dispersion,

cost, leading to the limited laboratory scale (Wang et al., 2019b). Oven
possible due to the electrostatic repulsive forces of negatively charged

drying or air drying is energy and cost saving, and does not need

expensive equipment, resulting in easily for scale-up production. How-
ever, nanocellulose at dry state in traditional method obtained by oven
drying can easily be aggregated by strong hydrogen bonding, which
makes it difficult to be uniformly re-dispersed into liquid dispersion (Xu
et al., 2022). Interestingly, CNS;( prepared by oven drying or naturally

 Zeta potential :-

SetA St a

carboxyl groups grafted on cellulose (Fig. 4). The re-dispersion of CNS;¢
appeared transparent and homogeneous, with a zeta potential of
—32 mV, which was similar to that of the primary dispersion (-34 mV).
This indicated good stability of CNS;o and suggested that CNS;¢ did not
aggregate into large cellulose particles, maintaining its original

Fig. 4. The demonstration of the redispersion property of CNSs. (a) CNS;( dispersed in aqueous solution (pH=10). (b) Dried CNS;0. (c) Dried CNS;, redispersed in

aqueous solution (pH=10).
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nano-size. The unique chemical structure and re-dispersion character-
istic exhibited various advantages in practical application, thereby
reducing the cost of industrial storage and transportation.

Unlike conventional methods for the preparation of nanocellulose,
CNSs were prepared using a one-pot energy-saving and time-saving
method in this study, which contained only chemical methods and did
not require additional mechanical treatments. The representative
mainstream preparation methods of nanocellulose and their energy
consumption and processing time for a single batch were calculated and
listed in Table S1. Most of these processes contained a two-step
approach, where reagents (acids, bases, or enzymes) were often used
in the first step to reduce the energy and cost of the subsequent me-
chanical processes (high-pressure homogenization, ultra-sonication, or
high-pressure steam treatment). Most of these methods had high energy
consumption, except for a simple and fast double asymmetric centrifu-
gation method that significantly reduced the energy consumption
(176.4 kJ g‘l), as reported by Agate et al. (2020). In this work, the
processing time and the energy consumption of single batch was 1.0 h
and 169.9 kJ g%, accordingly, which were lower than other nano-
cellulose preparation processes listed in the Table S1. The simplicity and
low energy consumption of the method in this work enabled an easy
preparation of CNSs in most laboratories, facilitating the extensive and
in-depth research. Low energy consumption and simple equipment re-
quirements also contributed to the large-scale production and market
promotion of CNSs.

The surface modification assisted swelling method in this work could
be universally applicable to a wide range of cellulose raw materials. The
morphology changes of cellulose crystalline regions of CNSs prepared
from bleached bagasse pulp, bleached hardwood pulp, bleached soft-
wood pulp and microcrystalline cellulose observed in the POM images
were similar to those of cotton linter, as shown in Figure S4. The
morphology of CNSs prepared from various cellulose raw materials was
shown in SEM images in Figure S5, similar to CNS;o. The exfoliation of
cellulose was facilitated by electrostatic repulsive forces after swelling,
and almost no bright spot was visible in the field of view. Cellulose raw
materials have various crystallinities from 52.1 % to 72.1 %, while all of
CNSs after surface modification assisted swelling method were amor-
phous structure, as shown in Figs. 5a and 5b. CNSs prepared from
different cellulose raw materials (including cotton linter) had high
yields from 80.3 % to 97.9 %, representing high utilization ratio of raw
materials. Overall, as shown in Fig. 3e (Jaekel et al., 2021; Liu et al.,
2007; Song et al., 2018; Zhang et al., 2023), the one-pot surface modi-
fication assisted swelling method in this work was demonstrated to be a
convenient, efficient, energy-saving and universal method for the
preparation of CNSs. There had been attempts to prepare nanocellulose
by swelling/esterification method with low energy consumption, but
still inevitably the cellulose raw material was pre-treated with soaking,
grinding, freeze-drying or long term vigorous stirring (about 24 h),
which increased the process steps and energy consumption, and failed to
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realize fast and simple preparation without high-energy mechanical
treatment and special equipment, hindering large-scale production;
furthermore, high yield and high storage stability in aqueous suspension
of nanocellulose produced by this method could not be achieved
simultaneously.

In summary, a ternary swelling agent consisting of tetrabuty-
lammonium fluoride (TBAF), tetrahydrofuran (THF) and dimethyl
sulfoxide (DMSO) successfully directionally loosened the advance
structure of cellulose and increased the accessibility of surface modifi-
cation reagents and the subsequently esterification reaction with
phthalic anhydride increased the electrostatic repulsion and reduced
cohesion of cellulose, leading to energy-efficient and directional prep-
aration of cellulose nanosheets (CNSs). Furthermore, the resulting CNSs
combined the advantages of high yield, low energy consumption,
simplicity, universality, and various storage methods and provided
feasible ideas for the large-scale and green industrialization process and
high value utilization of nanocellulose.

The CNSs prepared could be used to construct functional materials
through simple processes, and the construction of films was shown in
this work. After being dried at 70 °C, 5 wt% CNSs in acetone dispersion
could form into transparent and smooth CNSFs. As shown in Fig. 6a,
Figure S6 and Table S2, except for microcrystalline cellulose, the light
transmittances of CNSFs prepared from various cellulose raw materials
were higher than 71.8 % at 550 nm, and their hazes were in the range
from 3.38 % to 9.35 %. The light transmittance at 550 nm of CNSF;,
made from cotton linter was up to 91 %, and the haze was 4.22 %.
CNSFs had good flexibility and could be bent and folded easily, as shown
in Fig. 6b. In Figure S7, CNSFs prepared from cotton linter and other
cellulose raw materials had the tensile strength from 7.4 MPa to
22.5 MPa, the elongation at break from 21 % to 135 %. The CNSF;o was
immersed in deionized water for at least 6 months, and then no disas-
sembly or deformation was observed, as shown in Figure S8, indicating
that the self-assembled CNSs were tightly clustered together through
hydrogen bonding. Similar to other literatures reported, nanocellulose
prepared in this study could be self-assemblied into highly transparent
and flexible cellulose-based films, which had represented potential ap-
plications in wearable optical and optoelectronic devices
(Horta-Velazquez and Morales-Narvaez, 2022; Kaschuk et al., 2024).

As shown in Fig. 6¢, the surface of CNSF;( exhibited a dense structure
without micron-sized pores. In Fig. 6d, CNSF;o represented a hetero-
geneous sandwich morphology: dense surface layers on each side and a
loose layer in the middle cross-sectional structure. This unique struc-
tures of the CNSFs were attributed to the self-assembly of CNSs induced
by solvent evaporation. During solvent evaporation, the evaporation
speed on the both sides of CNSFs was faster than that occurred in the
inner layer, thus resulting in the heterogeneous morphology. The dense
layers on both sides had the potential for gas barrier, while the loose
layer in the middle provided elasticity and flexibility support for CNSFs,
making it suitable as a gas barrier material for flexible packaging
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Fig. 5. XRD curves of (a) CNSs and (b) corresponding cellulose raw materials.
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Fig. 6. (a) UV-vis transmittance curve of CNSF;,. (b) The photographs of bended and twisted CNSF;,. SEM images of (c) the top surface and (d) the cross-sectional

surface of CNSFq,.

applications. As well known, cellulose, a promising candidate for
packaging materials, is non-toxic, environmentally friendly, biocom-
patible and biodegradable. However, due to the large amounts of hy-
drophilic hydroxyl groups of cellulose, cellulose based packaging
materials generally exhibited poor water vapor barrier performance,
unless hydrophobic substances were applied to form composite mate-
rials. CNSFy prepared in this study showed excellent water vapor bar-
rier property (WVP=0.0072x10"1% em® emem™2 s7! Pa™!) due to
hydrophobicity of phthalic acid groups grafted on cellulose, and ultra-
low O2 permeability (pg=300><10’17 em® em em ™2 57! Pa™Y), satisfying
the requirements for protecting moisture-sensitive and oxygen-sensitive
foods, drugs or electronic equipments. The comprehensive gas barrier
performances of CNSF;( and other cellulose-based films were listed in
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Table S3. Specially, a series of experiments were designed to demon-
strate the good gas barrier performances of CNSF; against oxygen and
water vapor in this study, as shown in Fig. 7. The glass bottles in Fig. 7a
were unsealed, sealed with cling film and with CNSF; ¢, from left to right
respectively, and were filled with dry nitrogen gas. The oxygen in-
dicators inside the bottles were pink at oxygen concentrations lower
than 0.1 % and would turn purple or even blue at oxygen concentrations
over 0.5 % or higher. After being exposed to air for about 5 minutes,
only the oxygen indicator in the unsealed bottle changed from pink to
purple, while the remaining bottles exhibited negligible changes in the
color of their oxygen indicator. This observation suggested that CNSF1q
possessed remarkable oxygen-blocking capabilities that comparable to
commercial cling film, rendering them suitable for practical

Unpackaged

e S

Packaged by cling film

Packaged by CNSF,,

Fig. 7. The appearances of chemicals and foods under different packaging conditions. (a) The oxygen indicators (pink tablets) before and after exposure to air
(constantly at 68 R.H.%) for approximately 5 minutes. (b) The anhydrous CuSO,4 (white powder) before and after 5 days of exposure to air (constantly at 98 R.H.%).
(c) The dried seaweed slices after 2 days of exposure to air (constantly at 68 R.H.%). (d) The dried wafer cookies after 6 days of exposure to air (constantly at 50 R.

H.%).
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applications. The glass bottles in Fig. 7b contained equal amounts of
anhydrous CuSO4 powder and were unsealed, sealed with cling film and
with CNSF;, from left to right respectively. After being placed in a 98 R.
H.% environment for 5 days, only the anhydrous CuSO4 in the unsealed
bottle turned from white to blue due to moisture, and there were no
obvious changes to sealed bottles, indicating that the CNSF;o possessed
remarkable water vapor blocking capabilities that was comparable to
commercial cling film and met the practical requirements. The results in
Fig. 7c demonstrated that the unpackaged dried seaweed slice softened
after being placed in the air (constantly at 68 R.H.%) for 2 days.
Conversely, the seaweed slices packaged by the cling film or CNSF still
maintained the crispy texture. Similar results occurred to the dry wafer
cookies in Fig. 7d, the wafer cookie without package absorbed moisture
and became pliable under the pressure of 500 g weight. Overall, CNSFs
with superior multi-gas barrier properties were expected to realize that
the packaged products would maintain their original quality and func-
tion during processing, storage, transportation and sales aspects as they
finally reach the hands of consumers.

4. Conclusions

An energy-efficient and directional preparation of CNSs was ach-
ieved by one-pot surface modification assisted swelling method. The
swelling agents disrupted the hydrogen bonding interaction between
cellulose chains and selectively loosed the cellulose interlayer stacking
through hydrophobic interaction. Cellulose was subsequently grafted
with negatively charged groups in the esterification reaction, the elec-
trostatic repulsion generated by the negatively charged groups caused
the cellulose to be directionally exfoliated into nanosheets. Such method
demonstrated several advantages, such as high yield (up to 97.9 %) of
CNSs, low energy consumption (169.9 kJ g™1), rapid process (1 h), low
equipment requirement, and various storage options of CNSs. CNSs were
uniformly in the range of 100-480 nm in diameter and about 5 nm in
thickness, and could be dried and re-dispersed in the aqueous phase,
which was beneficial for stable, convenient storage and transportation.
These CNSs could be widely used for the construction of a variety of
functional materials, such as flexible transparent film substrates and gas
barrier packaging materials, with excellent water vapor barrier property
(WVP=0.0072x10"1° cm® cm cm ™2 s Pa™1) and ultralow O, perme-
ability (pg:300><10’17 em® emem™2 s7! Pa7l). In the simulation
experiment of dry food packaging, CNSF;o possessed remarkable water
vapor and oxygen blocking capabilities that comparable to commercial
cling film and met the practical requirements. Such process provided a
new way for large-scale and widespread utilization of biomass
nanomaterials.
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chain chemical cross-linking agents, epoxy vegetable oils, were used '
in combination with a double cross-linking strategy to prepare fully S
biobased cellulose hydrogels, and their feasibility as electrolyte
materials for flexible energy storage devices was investigated.
Through continuous chemical and physical cross-linking, these
hydrogels achieved high water contents (60—80%) and excellent
mechanical properties (under the same conditions, the maximum
strain can reach 290% under tension and the toughness was 9.8 MJ
m~> and the maximum strain was 58% and 0.6 MJ m™> under
compression). At the same time, due to the inherent hydro-
phobicity of vegetable oil, the hydrophobic stacking of cellulose chains was increased, thereby promoting self-assembly and
recrystallization in the subsequent cross-linking process, resulting in a unique nanoporous structure of the internal cross-linked
network. After being fully immersed in the electrolyte, the ionic conductivity at room temperature was as high as 35.4 mS cm™. In
addition, the assembled corresponding flexible zinc-ion hybrid capacitor showed the ability to power wearable electronic devices.
Hence, this study provides a new approach for the construction of strong and tough fully biobased hydrogels and their applications

Epoxidized
vegetable oils

Zn?*

Cyclo number (x10%)

in the field of flexible or wearable electronic devices.

KEYWORDS: cellulose, vegetable oil, polymer network, double cross-linking, hydrogel electrolyte

Bl INTRODUCTION

Hydrogel is an important type of polymer material." Due to its
three-dimensional (3D) cross-linked hydrophilic network
structure, hydrogel can maintain solid-like shape stability and
liquid-like fast diffusion property,” which play important roles in
biomedicine,” food industry,” environmental protection® as well
as novel device technologies such as smart response,® sensing
detection,” and flexible electronics.®* However, traditional
hydrogels lack effective energy dissipation mechanisms, and
their mechanical strength is usually poor, limiting their use in
applications that require high mechanical properties. Attempts
have been made to develop hydrogels with high strength and
high toughness, such as increasing cross-linking density;
designing multiple cross-linking network structures (inter-
penetrating and semi-interpenetrating networks) 0 incorpo-
rating multiple cross-linking interactions (e.g., ionic cross-
linking, coordination cross-linking, hydrogen bonding cross-
linking, and covalent cross-linking);''~"* applying post-treat-
ment methods (e.g, freeze-drying, annealing);'"' and
introducing nanofillers (e.g, nanosilica, cellulose nanocryst-
als).'®"” Despite some breakthroughs, developing hydrogels
with improved strength and toughness remains a challenge.

© 2024 American Chemical Society
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Today, driven by the “carbon peak and carbon neutrality”
policy, countries around the world are actively reducing their
dependence on fossil energy and promoting the transformation
of their energy structure toward clean and renewable sources."®
As the most abundant renewable biomass resource on Earth,
cellulose is an ideal candidate for hydrogel construction due to
its excellent biocompatibility and biodegradability.'” Benefiting
from its hydrophobic pyranose ring plane and abundant
hydrophilic hydroxyl groups on the anhydroglucose unit
(AGU), cellulose can form materials with multiscale, ordered
hierarchical structures through noncovalent interactions, such as
hydrogen bonding, electrostatic attraction, and hydrophobic
interaction, or chemically cross-linked by agents.20 The most
commonly used chemical cross-linking agents for cellulose
hydrogels include epichlorohydrin (ECH), glutaraldehyde,
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isocyanate, and ethylene glycol diglycidyl ether.”' However, the
strength and toughness of cellulose hydrogels simply cross-
linked by chemical or physical interactions are very limited when
they are subjected to large stress or strain. After deformation,
noncovalent interactions within the hydrogel network are
destroyed and difficult to recover. Constructing chemical and
physical double cross-linking (DC) has been an effective
strategy to enhance the mechanical properties of cellulose
hydrogels.”* As an optimized process, this method used ECH as
the chemical cross-linking agent and ethanol aqueous solution as
the coagulating bath for regeneration (physical cross-linking or
self-assembly), so that the fracture energy (the parameter
describing toughness) of cellulose hydrogel reached 0.65 MJ
m ™%, which was 1150 times higher than that of chemically cross-
linked cellulose hydrogel. Although the uniformity of the cross-
linked network has been improved and an effective energy
dissipation mechanism has been introduced, ECH is a typical
petroleum-based product, and its toxicity and irritation cannot
be ignored.”® Biomass resources (including polysaccharides,
polyphenols, proteins, citric acid (CA), polyhydroxy com-
pounds, etc.) have gradually come into people’s view and have
been used in the development of high-performance green
materials.”* Among them, vegetable oils show great potential in
the preparation of cellulose-based materials due to their unique
triglyceride structure, flexible and long fatty acid chains, and
active carbon—carbon double bonds. The introduction of fatty
acid chains can not only solve the challenge of insufficient
hydrophobicity of cellulose materials but also act as a plasticizer,
thereby improving processability and producing materials
suitable for various applications.”> Although great progress has
been made in high-biobased cellulose hydrogels, most reports
still focused on the functional improvement of cellulose, and the
materials exhibited low mechanical properties, posing a
considerable obstacle to practical applications.

The field of electrochemical energy storage is a crucial
component of renewable energy development.”® Among them,
zinc-ion-based energy storage devices are highly safe due to the
use of aqueous electrolytes and are expected to be widely used in
portable electronic devices, energy storage systems, and electric
vehicles, making them favorable competitors for future electro-
chemical energy storage solutions.”” In addition, when metallic
zinc is used as an anode material, it is highly valued due to its
excellent performance: a theoretical capacity of up to 823 mAh
g~!, volume capacity of 5851 mAh cm™, and redox potential of
—0.76 V (compared with the standard hydrogen electrode).*®
Compared with aqueous electrolytes, hydrogels have greatly
improved the stability of the electrode interface due to their
internal 3D network and quasi-solid properties, making them
more suitable for flexible and wearable devices. For example,
conductive hydrogels are made by incorporating conductive
polymers, carbon nanomaterials, or ion-conductive liquids into
the hydrogel matrix and are widely used in flexible electronic
devices.””~** Hydrogel electrolytes, which are mainly used in
energy storage devices, are usually composed of hydrophilic
polymers (such as polyacrylamide, poly(acrylic acid), cellulose,
etc.) and ion-containing electrolyte solutions, which greatly
enhance the transmission of ions in the cross-linked network.*
However, poly(acrylic acid) has weak mechanical properties and
high water absorption, which is not conducive to maintaining
the stability of the gel shape. Acrylamide has potential
carcinogenic risks and requires special attention and handling
when used.”* Compared with the petroleum-based electrolyte
materials used in most of the reported zinc-ion energy storage

devices, cellulose-based biobased electrolyte materials offer
greater advantages in environmental protection, resource
utilization, health, and safety and are in line with policy
promotion and market demand.”® Based on the current
requirements, a simple and feasible strategy is needed to prepare
fully biobased hydrogel electrolytes with high mechanical
strength, flexibility, and safety for constructing flexible energy
storage devices.

In this study, fully biobased double cross-linked (FBDC)
cellulose hydrogels with high mechanical strength and tough-
ness were prepared using epoxy vegetable oils as the chemical
cross-linking agent and 75% ethanol aqueous solution as the
coagulation bath and utilized as gel electrolytes in zinc-ion
hybrid capacitors (ZIHCs). Based on the 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU)-carbon dioxide (CO,)
switchable solvent system, a one-pot method was employed for
the homogeneous dissolution and derivatization of cellulose.
The effects of the types and molar ratios of epoxidized vegetable
oil to cellulose on the properties of FBDC were discussed. The
introduction of epoxidized vegetable oil could form soft domains
through covalent cross-linking to withstand large deformations,
while hydrogen bonding between cellulose chains and chain
entanglement effectively disperse stress. An FBDC hydrogel
electrolyte with high mechanical properties (maximum tensile
stress of 6.1 MPa, elongation at break of 290%), high ionic
conductivity (35.35 mS cm™), and stable electrochemical
window (2.4 V) was obtained for flexible wearable power supply
component. This work provides a new strategy for constructing
green and sustainable biobased macromolecular hydrogel
materials and holds potential application prospects in the field
of wearable energy storage electronic devices.

B EXPERIMENTAL SECTION

Materials. Cellulose pulp (CP) with a-cellulose content not less
than 94.4% and viscosity-average molecular weight of 1.2 X 10° was
purchased from Yibin Haister Fiber Co., Ltd. (China). Before use, the
CP was dried in a vacuum oven at 80 °C for 24 h to remove moisture.
Epoxidized soybean oil (ESO, approximately 4 oxirane rings per
triglyceride), DBU, dimethyl sulfoxide (DMSO), and deuterated
chloroform (CDCly-d) were purchased from Macklin Biochemical
Co., Ltd. (Shanghai, China). Triethylamine (TEA, 99%) was purchased
from Tianjin Fuyu Fine Chemical Co., Ltd. Cannabis oil (CaO,
approximately S carbon—carbon double bonds per triglyceride) was
purchased from Shanxi Hanenpu Biotechnology Co., Ltd. Epoxidized
linseed oil (ELO, approximately 6 oxirane rings per triglyceride) was
purchased from ACS Technical Products, Inc. (IN). Formic acid was
purchased from Tianjin Baishi Chemical Industry Co., Ltd. Sodium
bicarbonate (NaHCO;) and anhydrous magnesium sulfate (MgSO,)
were purchased from Fuchen Chemical Reagent Co., Ltd. (Tianjin,
China). Ethanol anhydrous, diethyl ether anhydrous, and H,0, were
purchased from Guangzhou Chemical Reagent Factory. (China).
Carbon cloth (CC, W0S1009) was purchased from Tianjin Yongda
Chemical Reagent Co. Ltd. Activated carbon YP-50 (AC) was
purchased from Taiwan CeTech Co., Ltd. Zinc foil (thickness: 0.1
mm) was purchased from Guangdong Canrd New Energy Technology
Co., Ltd. Acetylene black (ACET), poly(vinylidene fluoride) (PVDF),
and zinc sulfate heptahydrate (ZnSO,-7H,0) were purchased from
Shanghai MacLean Biochemical Co., Ltd. All chemicals except cellulose
were of analytical grade and were used directly without further
purification. In addition, CO, (>99%) was purchased from Guangzhou
Sheng ying Gas Co., Ltd. Deionized water was used in all of the
experiments.

Synthesis of Epoxidized Cannabis Oils (ECa0). CaO and formic
acid (molar ratio of 1:4.5) were mixed in a three-necked flask with
mechanical stirring (300 rpm). H,O, was added dropwise at a constant
rate over 2 h (the molar ratio of double bonds of cannabis oil to H,0,
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was 1:1.8). After that, the mixture was reacted for 8 h at SO °C. Then,
the remaining formic acid in the mixture was neutralized with saturated
NaHCO; solution, and the obtained solution was extracted with ethyl
ether several times. Subsequently, anhydrous MgSO, was used to
remove the remaining water. After filtration and rotary evaporation,
ECaO was obtained in a yield of about 84%.

Preparation of FBDC Cellulose Hydrogels. CP (0.5 g, 3 mmol)
was placed in a three-necked flask, DBU (1.8 g, 12 mmol, approximately
4 equiv per AGU) was added, and then DMSO (12 mL) was added.
The flask was transferred to a magnetic stirring heater (stirring speed of
300 rpm) in a 50 °C water bath, § bar of CO, (flow rate of 1 NL min™")
was applied, and the clarified cellulose solution was obtained after 15
min. Different masses of ESO were mixed with an appropriate amount
of TEA (about 2 wt % of ESO, as a catalyst of the ring-opening reaction
of epoxy) and were added to the flask through a constant-pressure
dropping funnel until the desired molar ratios of ESO to AGU of
cellulose (i.e., 0.33, 0.66, 0.75, 1, 2, and 3) were reached. Air bubbles
were removed by centrifugation after rapid stirring at 50 °C for 30 min.
The obtained transparent viscous solution was poured into a mold and
kept in a 90 °C oven for 24 h to allow the hydroxyl groups on the
cellulose chains to undergo a chemical cross-linking reaction with ESO,
and then the obtained cellulose gels were removed from the mold and
immersed into a 75% (v/v) aqueous ethanol solution for 6 h at room
temperature to terminate the chemical cross-linking reaction and
simultaneously induce physical cross-linking. After thoroughly washing
with deionized water, we obtained the cellulose-ESO DC hydrogels.
Cellulose-ECaO and cellulose-ELO DC hydrogels were prepared by
the same procedure. The control group samples of pure physically
cross-linked (ESO/AGU = 0) and pure chemically cross-linked (ESO/
AGU = 1, not immersed in ethanol aqueous solution) cellulose
hydrogels were prepared and noted as PC hydrogels and CC hydrogels,
respectively. The sample codes and molar ratios of oil to AGU of the
above-mentioned cellulose hydrogels are shown in Table 1.

Table 1. Sample Codes, Specific Raw Material Amounts, and
Water Content of Cellulose Hydrogels”

sample oil m EtOH (v/v) Wi,o (wt %)

PC 0 75% 82.3
FBDC 1-1 ESO 0.33 75% 81.1
FBDC 1-2 ESO 0.66 75% 76.9
FBDC 1-3 ESO 0.75 75% 73.1
FBDC 1-4 ESO 1 75% 60.0
FBDC 1-5 ESO 2 75% 21.8
FBDC 1-6 ESO 3 75% 14.9
FBDC 2-1 ECaO 1 75% 63.3
FBDC 3-1 ELO 1 75% 69.5
CC ESO 1 0%

“m, molar ratio of oil to AGU; Wy ¢, water content of the hydrogels.

Assembly of ZIHCs. AC@CC and Zn@CC were used as the
cathode and anode materials of ZIHC, respectively. Activated carbon
served as the active material, acetylene black as the conductive agent,
and PVDF as the binder, which were mixed accordingly in a weight ratio
of 8:1:1 to form a uniform mixture. The mixture was evenly coated on
acid-treated carbon cloth and dried in a vacuum oven at 80 °C to obtain
the cathode. For the anode, the acid-treated carbon cloth was used as
the working electrode, and the polished zinc sheet was used as the
reference electrode. Zn@CC was electrodeposited at a constant
potential of —0.8 V (vs Zn) in 1 mol L™! ZnSO, solution for 2400 s,
washed with deionized water, and dried for use. CR2032-type button
cells were assembled in air, and a 1 mm thick circular FBDC 1-2
hydrogel (16 mm in diameter) was used as the hydrogel electrolyte for
most electrochemical measurements. All electrochemical measure-
ments were performed at 25 °C unless otherwise stated. Flexible ZIHCs
were assembled by sandwiching the hydrogel electrolyte between a zinc
foil and activated carbon-loaded stainless steel. All FBDC cellulose

hydrogel electrolytes were activated with 2 mol L™' ZnSO, electrolyte
before use.

Characterization. Fourier transform infrared spectroscopy (FTIR)
of cellulose hydrogels (freeze-dried before testing) and raw materials
was carried out with a Nicolet IS10 FTIR (Thermo Fisher) with 32
scans at a spectral resolution of 4 cm™ throughout a scan range of
4000—400 cm ™.

'"H NMR spectra were recorded with a Bruker AV 600 M
spectrometer (Germany) at room temperature. All samples were
prepared using CDCl;-d as solvent and were dissolved with the
concentrations of S—10 mg mL ™",

X-ray photoelectron spectroscopy (XPS) was recorded on a Thermo
SCIENTIFIC Nexsa spectrometer with a monochromatic Al target as
the excitation source. The analyzer pass energy was 150 eV for the
spectra and 30 eV for the high-resolution C 1Is scans.

Cross sections of hydrogels were observed using a scanning electron
microscope (SEM, Carl Zeiss Jena, Germany) at a voltage of 10 kV.
Before observation, the hydrogels were brittlely fractured in liquid
nitrogen and were freeze-dried.

The nitrogen adsorption/desorption isotherms of freeze-dried
FBDC cellulose hydrogels were analyzed by using a surface area and
pore analyzer (GEMINI VII 2390, Micromeritics). The Brunauer—
Emmett—Teller (BET) surface area was calculated by using the
adsorption data, and the pore size distribution of the sample was
determined based on the desorption data of the isotherms by the
Barrett—Joyner—Halenda (BJH) method.

Wide-angle X-ray diffraction (WAXD) was performed on an X-ray
diffractometer (Ultima IV, Japan). The tube voltage was set to 40 kV,
the tube current was 35 mA, the wavelength was 0.15406 nm, the
scanning speed was 1° min~’, and the scanning range was from 5 to 40°.
The crystallinity (y.) of FBDC cellulose hydrogel samples was
estimated based on the ratio of the crystal area of cellulose II to the
entire area diffracted by the sample, and the apparent crystal size (ACS)
of cellulose II crystallites (110) in the freeze-dried hydrogel was
calculated according to the eq 1 (Scherrer equation):

ACS = kA/f} cos 0 (1)

where k represents the Scherrer constant (0.89), A represents the
wavelength of the radiation source, @ represents the azimuth angle of
the lattice plane, and f represents the half-peak width of the (110)
crystal plane.

The hydrogels were subjected to tensile and compression tests by
using a universal testing machine (MTS E44.104, China) with a SO0 N
load cell. For the tensile tests, rectangular hydrogel samples (30 mm
long, 10 mm wide, 1 mm thick) were stretched at a rate of S mm min~!
at room temperature, and the modulus was calculated from the initial
linear region of the stress—strain curve. For the compression tests,
cylindrical hydrogel samples (diameter of 10 mm, height of 20 mm)
were compressed at a rate of 2 mm min~". All mechanical tests were
repeated more than three times, and standard deviations were
calculated.

In the water loss test, the weights of the hydrogel samples were
recorded in real time at regular intervals at a relative humidity (RH) of
60% and a temperature of around 30 °C. The water loss ratio was
calculated by eq 2:

water loss ratio = (W'y — W')/W , (2)

where W' refers to the real-time weight of the sample and W',
represents the initial weight of the hydrogel.

Dynamic mechanical analysis (DMA) was conducted by using a
Netzsch DMA 242C dynamic mechanical analyzer in tensile mode with
an oscillation frequency of 1 Hz. The sample, with dimensions of 15
mm X S mm X 0.7 mm (length X width X thickness), was cooled to 20
°C and maintained at this temperature for S min before being heated to
80 °C at a rate of 3 °C min™".

Electrochemical Measurements. Electrochemical measurements
of ZIHCs were performed on a CHI 660E electrochemical workstation
(Shanghai Chenhua) by using cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance spectrosco-
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Scheme 1. Schematic Diagram of the Fabrication Process to Obtain High-Strength FBDC Cellulose Hydrogels
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Figure 1. (a) Cellulose solution (left) and cellulose/ESO mixture solution (right). Photographs of FBDC 1-4 cellulose hydrogel samples, (b) highly
transparent thin film, (c) film under twisting and knotting, (d) a piece of thin film (10 mm wide and 0.5 mm thick) that could withstand a 1 kg hanging
weight, (e) hydrogel samples during compression and tensile tests, and (f) star and letter-shaped hydrogels prepared by molds.

py (EIS). During the EIS test, the electrolyte was sandwiched between
two stainless steel sheets, and the frequency range was set from 100 kHz
to 0.1 Hz, and the alternating current (AC) voltage amplitude was S mV
at different test temperatures (20—90 °C). The ionic conductivity (o,
mS cm ™) was calculated according to eq 3:

o =L/SR, (3)

The transference numbers of Zn?* ion (t,,>) were obtained from the
EIS measurements of the ZnllZn symmetrical cells before and after a
polarization under 20 mV for 2000 s, and calculated by the following eq
4:

t,2r = I(AV — IR,)/I(AV — IR) 4)
where I and R are the initial current and resistance before polarization,

I and Ry are the steady-state current and resistance after polarization,
and AV is the polarization voltage (20 mV for a Zn electrode).

For the ionic conductivity of the hydrogel electrolyte samples at
different temperatures, the Arrhenius eq S was used for linear fitting:

Inoc=—(E,/RT) +InA (5)

where A is the pre-exponential factor, E, is the activation energy (J
mol™"), R is the molar gas constant (8.314 J mol™" K™'), and T is the
thermodynamic temperature (K).

The electrochemical performance of the assembled ZIHCs was
characterized by using an electrochemical workstation. CV and GCD
were tested at different scan rates (5—200 mV s™') and current densities
(0.2—10 A g™"). EIS measurements were performed in the frequency
range of 106—0.01 Hz. GCD measurements were performed on a
model BTS-4008 battery tester (Shenzhen Neware Co., Ltd.). The
specific capacitance C (mAh g™') can be calculated from the GCD
curve according to eq 6:

C=I1At/m (6)
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Figure 2. (a) FTIR spectra of CaO and ECaO along with their partial details at 3008 and 829 cm™. (b) "H NMR spectra of CaO, ECaO, ESO, and
ELO. (c) FTIR spectra of CP, ESO, and FBDC 1-4. (d) FTIR spectra of a series of FBDC cellulose hydrogels prepared using different ESO

concentrations and their partial details at 1735 cm™.

where I is the discharge current (mA), At is the discharge time (h), and
m is the total mass of active material AC (g).

B RESULTS AND DISCUSSION

FBDC cellulose hydrogels were prepared by sequential chemical
and physical cross-linking methods (Scheme 1). A transparent
cellulose solution was prepared by dissolving cellulose in the
DBU-CO, switchable solvent system (Figure la, left), where
hydrophobic epoxidized plant oils as long-chain chemical cross-
linking agents could homogeneously modify the hydrophilic
cellulose.”® Under vigorous stirring, the resulting homogeneous
and viscous solution (Figure 1a, right) was poured into molds
for chemical cross-linking at 90 °C for 24 h, resulting in the
formation of a cellulose hydrogel with a covalent network.
Subsequently, the chemically cross-linked hydrogels were
immersed in 75% ethanol aqueous solution to remove residual
DBU and DMSO and conduct physical cross-linking through
hydrogen bonding and chain entanglement, and the hydrogel
showed a certain degree of shrinkage due to the high osmotic
pressure of the ethanol aqueous solution environment, during
which the distances between adjacent cellulose chains were
shortened, resulting in the cellulose chains hydrophobically
stacking perpendicular to the cellulose pyranose ring plane. After
being washed with deionized water, transparent (or translucent)
light yellow FBDC cellulose hydrogels were obtained (Figures
1b and S1) with a water content (obtained from water loss tests)
ranging from 15 to 81% (Table 1). It should be emphasized that,
according to the pre-experimental phenomenon, the excessive
epoxidized vegetable oil would self-polymerize into an oily
colloid; thus, the samples of FBDC 1-5 and FBDC 1-6 will not

be discussed in detail in the following discussion. Remarkably,
the double cross-linked network gave the cellulose hydrogel high
toughness; FBDC 1-4 cellulose hydrogel did not break under
bending and knotting, exhibiting excellent mechanical proper-
ties (Figure 1c). A long strip of FBDC 1-4 cellulose hydrogel (10
mm long and 0.5 mm thick) could withstand a weight of 1 kg
(Figure 1d). The cylindrical FBDC 1-4 cellulose hydrogel with a
diameter of 10 mm and a height of 25 mm could withstand a 60%
deformation under compression testing, and the long strip
FBDC 1-4 cellulose hydrogel could be stretched to nearly 3
times its original length without breaking (Figure 1le). The five-
pointed star and letter-shaped samples of FBDC cellulose
hydrogels are exhibited in Figure 1f, demonstrating that FBDC
cellulose hydrogel exhibited good formability.
Characterization of Epoxidized Vegetable Oils. The
chemical structure of epoxidized vegetable oils was characterized
using 'H NMR and FTIR. As shown in Figure 2a, the peaks of
ECaO corresponding to the carbon—carbon double bond
(—C=C-) group at 3008 cm™" disappeared, while the peaks
corresponding to the epoxy groups at 829 cm™' appeared,
indicating that —C=C— was successfully converted into epoxy
groups.”’ In addition, the "H NMR results further confirmed the
findings from FTIR analysis. As shown in Figure 2b, after the
epoxidation reaction, the peaks of CaO at 5.34 ppm
corresponding to —C=C-— disappeared, and new peaks around
2.85—3.26 ppm in ECaO indicated the appearance of the epoxy
groups. By analyzing the areas of characteristic peaks in the 'H
NMR spectra, the number of epoxy groups per mole of
triglycerides in different epoxidized vegetable oils could be
determined (Figures 2b and S2). The peak area of 5.1—5.2 ppm
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Figure 3. (a) SEM images of FBDC cellulose hydrogels and (b) nitrogen adsorption/desorption isotherms; the inset shows the pore size distribution

in the mesoporous range, obtained from the BJH plots.

(—CH-) in triglycerides was normalized as a constant of 1 to
obtain the numbers of —C=C— and epoxy groups in the
vegetable oils and epoxidized vegetable oils, while the
integration results of 5.3—5.4 ppm corresponded to the number
of —C=C- in a single triglyceride, and the peaks area
integration results of 2.85—3.26 ppm corresponded to the
number of epoxy groups in a single triglyceride.”® The results
showed that there were about 5.3 —C=C-— groups in each CaO
molecule and about 4.2, 5.3, and 6.3 epoxy groups in each ESO,
ECaO, and ELO molecule, respectively. Apparently, all —-C=
C— groups were consumed and essentially converted into epoxy
groups, confirming the successful preparation of ECaO.

The FBDC cellulose hydrogels were further characterized by
FTIR to determine their functional groups and interactions. As

18236

shown in Figures 2¢ and S3, the FTIR spectra of the FBDC
cellulose hydrogels prepared from the three epoxidized
vegetable oils showed symmetric and asymmetric stretching
vibration peaks representing —CH; and —CH, and stretching
vibration peaks of —C=0 at 2924, 2855, and 1735 cm™/,
respectively; compared with the raw material CP, the stretching
vibration peak of ether bond (—C—0-C—) at 1112 cm™" was
enhanced, while the peak corresponding to the epoxy group at
829 cm ™ disappeared.” By comparing the spectra of the FBDC
cellulose hydrogels (Figure 2d), as the ESO content increased,
the symmetric and asymmetric stretching vibration peaks of
—CH, and —CHj; and the —C=0 absorption peak gradually
increased, and the hydroxyl absorption peak blue-shifted from
3295 to 3453 cm™!, indicating a weakened hydrogen bonding
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effect. This might be attributed to excessive chemical cross-
linking limiting the formation of hydrogen bond networks and
the self-assembly of molecular chains during physical cross-
linking. In addition, the XPS spectra (Figure S4) revealed that
after chemical cross-linking, the content ratio of C—C/C—H
increased, the content ratio of C—O—C/C—OH decreased,
while carbon in a high oxidation state (O=C—0) was also
detected, which further proved that the three epoxidized
vegetable oils formed covalent bonds with the —OH groups of
CP." All of these results confirmed that under the catalysis of
TEA, cellulose chains underwent ring-opening reactions with
ESO, ECaO, and ELO, respectively, and were connected by
ether bonds.

Characterization of FBDC Cellulose Hydrogels. The
cross-sectional morphology of the FBDC cellulose hydrogels
was observed using SEM. In Figure 3a, due to the formation of
appropriate chemical cross-linking, FBDC 1-1, FBDC 1-2, and
FBDC 1-3 showed hierarchical micro- and nanoporous
structures composed of interconnected cellulose nanofibers
(CNF) with a typical diameter of approximately 300 nm. The
pores in the structures could serve as ion migration channels,
thereby promoting the transport of Zn** ions and thus
enhancing the ionic conductivity.26 For FBDC 1-4, FBDC 2-1,
and FBDC 3-1, excessive cross-linking within the hydrogel
network, caused by the excessive addition of vegetable oil, led to
denser structures; however, nanoscale pores were still
observable. The specific surface area was measured using
nitrogen adsorption—desorption isotherms, and the size
distribution of mesopores (less than 100 nm) in the FBDC
cellulose hydrogels was evaluated by BET and BJH methods,
respectively (Figure 3b, Table S1). According to the results, the
maximum BET surface area was calculated to be 6.6 m* g™!
(FBDC 1-2), and the average pore size of the mesopores was
25.5 nm. These results indicated that the chemical cross-linking
of cellulose with epoxidized vegetable oil created multiscale
porous structures, laying a foundation for applications in
electrochemical energy storage devices.*!

WAXD was used to characterize the crystal structure and y, of
the samples. All FBDC cellulose hydrogels showed broad
characteristic diffraction peaks at approximately 26 = 16, 20, and
22° (Figures 4a and S5), corresponding to the (110), (110), and
(020) plane of cellulose II crystalline hydrate, respectively.*>**
The CC cellulose hydrogel displayed an amorphous broad peak
only at a 260 of 20°. By integrating the diffraction peaks of the
three main crystal planes through peak fitting, it was estimated
that the y. of the hydrogel decreased from 55.1% for PC to
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34.6% for FBDC 1-4, while the y. of FBDC 2-1 and FBDC 3-1
were only 27.8 and 24.6%, respectively, and the y. of CC
hydrogel was only 14.9% (Figure 4b, Table S1). According to
reports, cellulose chains could self-assemble into (110) and
(020) planes in the direction perpendicular to the pyranose ring
plane through continuous hydrophobic stacking and hydrogen
bonding."* With the increase in the amount of epoxidized
vegetable oil used, the degree of chemical cross-linking
increased, which in turn affected the self-assembly behavior of
the cellulose chains, resulting in a gradual decrease in y, and the
diffraction intensity. When the molar ratio of epoxidized
vegetable oil to AGU increased from 0 to 1, the ACS;, of the
FBDC cellulose hydrogel estimated by eq 1 increased from 2.2
to 4.4 nm (Figure 4b, Table S1). The reason might be that the
inherent hydrophobicity of epoxidized vegetable oils made the
internal environment of the hydrogels more hydrophobic,
reducing the interference of water molecule diffusion on the
hydrophobic stacking of cellulose chains and ultimately leading
to an increase in crystal size. The results indicated that the
covalent cross-linking density increased with the molar ratio of
epoxidized vegetable oils to AGU, and the cellulose chains were
disorderly fixed by the chemically cross-linked network, limiting
self-assembly and recrystallization driven by hydrogen bonding
during immersion in the coagulation bath.*’

To gain a deeper understanding of the universality of long-
chain epoxidized vegetable oil cross-linking agents and the
reinforcement mechanism of FBDC cellulose hydrogels, fully
biobased FBDC cellulose hydrogels with adjustable properties
were prepared using different epoxidized vegetable oils, and
their mechanical properties were evaluated. Figure 5a and Table
2 show the mechanical properties of FBDC cellulose hydrogels
prepared using ESO, ECaO, and ELO (the number of epoxy
groups was 4.2, 5.3, and 6.3 per triglyceride, respectively). ESO
was used as a model to optimize the molar ratio of epoxy
vegetable oil to AGU. During the stretching process, the stress—
strain curves of the FBDC hydrogels exhibited a pronounced
strengthening trend as the molar ratio of ESO to AGU increased.
This enhancement could be attributed to the flexible vegetable
oil chains acting as plasticizers, which adjust the flexibility of the
semirigid cellulose cross-linking network. Furthermore, the long
fatty acid chains provide greater freedom for the self-assembly of
cellulose chains during subsequent physical cross-linking
processes.”” The maximum tensile stress and strain of the
FBDC prepared by ESO were 6.1 MPa and 290% (FBDC 1-4),
respectively, which were approximately 20 and 10 times larger

than those of the CC cellulose hydrogel. FBDC 1-4 had higher
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Figure 5. (a) Tensile stress—strain curves of FBDC, PC, and CC hydrogels, with insets showing partial magnifications, (b) comparison of tensile stress
and strain with other biobased gels. (c) Young’s modulus and toughness in tensile tests. (d) Comparison of toughness and strain with other biobased
gels. (e) Continuous tensile cyclic loading—unloading curves at 50% strain. (f) Tensile cyclic loading—unloading curves at different strains and (g)
their energy dissipation and energy dissipation rate. (h) Compressive stress—strain curves of FBDC, PC, and CC hydrogels, with insets showing partial
magnifications, and (i) continuous compresswe cyclic loadlng—unloadlng curves at 40% strain. The hydrogels used for comparlson of tensile
propertles were prepared from PC cellulose, »6¢e cellulose, DC cellulose,”**® cellulose/ graphene oxide (GO) bacterial cellulose,* anisotropic
cellulose, cellulose compos1tes, ch1t1n, DC chitin,** chitosan,> silk fibroin,> gelatln, chitosan/ gelatm, mechanically trained (MT) silk
fibroin,* ? poly(vinyl alcohol) (PVA),° and cellulose nanofibers (CNF).®!

Table 2. Physical Properties of FBDC Cellulose Hydrogels®

tensile compression

sample Orens [MPa] E1ens [%] Eren (MJ m™] Ocomp [MPa] Ecomp [%] Ecomp [MJ m™]
PC 1.0+ 0.1 57 +£6.0 0.3 £ 0.05 21+03 37+34 0.3 £0.07
FBDC 1-1 1.7 x0.1 62 +£3.0 0.6 + 0.1S 21+03 45+ 19 0.36 £ 0.0S
FBDC 1-2 4003 146 + 8.9 3.0+0.23 24+07 47 £2.1 0.38 + 0.14
FBDC 1-3 4.6+ 0.7 221 + 34 62 + 1.0§ 3.7+ 04 58 +83 0.58 +£0.17
FBDC 1-4 6.1+0.7 290 + 26 9.8 £0.75 42+ 0.6 S7+5.7 0.6 £0.15
FBDC 2-1 5.8+ 0.6 242 = 11 8.1+0.70 20+ 04 53+4.6 0.37 £ 0.12
FBDC 3-1 5.6+ 04 230 =13 7.3 £0.30 2.6 + 0.6 57+ 69 0.43 = 0.09
CcC 03+0.1 30+£62 0.1 £0.02 0.05 £ 0.01 34+ 1.6 0.006 + 0.001

“0Compr Ecompr A Egopyy stress at fracture, fracture strain, and toughness under compression; 6reny €teny and Ereyg, tensile strength, elongation at
break, and toughness under tensile test.

18238 https://doi.org/10.1021/acssuschemeng.4c07758
ACS Sustainable Chem. Eng. 2024, 12, 18231-18244


https://pubs.acs.org/doi/10.1021/acssuschemeng.4c07758?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c07758?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c07758?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c07758?fig=fig5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c07758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

a b c
0.104 — FBOC 14 450 —a— FBDC 1-1 30 —e— FBDC 1-1
. ——— FBDC 1-2 —e— FBDC 1-2 —a— FBDC 12
~——— FBDC 1-3 —+— FBDC 1-3 254 —»— FBDC 1-3
AOOB ~——— FBDC 14 ~v— FBDC 14 —+— FBDC 14
~—— FBDC 21 A300 —+— FBDC 2-1 —~20 ~<— FBDC 21
:006' FBDC 31 E ~<— FBDC 3-1 E
c < <
) ) o 15
£ 0.04; : =
N N 10
O 002 236V 1 ¥ 150 ¥ 10
54
0.00
T T T u T 0 0 T T T T T
00 05 10 15 20 25 30 0 400 800 1200 1600 0 5 10 15 20 25 30

Potential (V)

ea9e Cellulose chain

.. Epoxidized
vegetable oils
* Zn*
AC@CC(cathode)

FBDC hydrogel electrolyte
Zn@CC(anode)

PVC film

Figure 6. (a) LSV curves of FBDC cellulose hydrogel electrolytes. (b) EIS of FBDC cellulose hydrogel electrolyte. (c) Ionic conductivity of FBDC
cellulose hydrogel electrolytes from alternating current impedance curves at 20 °C. (d) Schematic diagram of ZIHC assembled with FBDC 1-2

cellulose hydrogel electrolyte.

tensile stress and strain compared with hydrogels derived from
natural biomacromolecules and typical semicrystalline poly-
(vinyl alcohol) (PVA) hydrogels (Figure Sb). Furthermore, it
was found that the toughness of the prepared FBDC cellulose
hydrogels was significantly higher than that of CC cellulose
hydrogels and PC cellulose hydrogels. Compared to CC
hydrogel, the Young’s modulus and toughness of FBDC 1-4
increased significantly from 1.0 MPa and 0.1 MJ m~> to 7.2 MPa
and 9.8 MJ m~> (Figure Sc), indicating that through covalent
cross-linking with epoxy vegetable oil, physical interactions
(including hydrogen bonding interactions, chain entanglements
between self-assembled cellulose nanofibrils, and hydrophobic
interactions), a nanofiber network was formed inside the FBDC
cellulose hydrogel (Figure 3a), and the toughness was
significantly improved (Figure Sd). It is important to note
that, at the same molar ratio of ESO to AGU, the maximum
tensile strains of FBDC cellulose hydrogels prepared using
ECaO and ELO were lower than those of FBDC cellulose
hydrogels prepared using ESO. This reduction may be due to
excessive cross-linking of the epoxy groups, which could lead to
the brittle transition of the hydrogel.

To gain a deeper understanding of the energy dissipation
mechanisms in FBDC cellulose hydrogels, tensile loading—
unloading cycle tests were conducted. As illustrated in Figures
Se and S6, the loading—unloading cycle curves of the FBDC
cellulose hydrogel at 50% strain exhibited significant hysteresis,
which was more pronounced compared to the hysteresis areas of
the PC and CC cellulose hydrogels. This enhancement may be
attributed to a high ethanol concentration, which reduces the
destruction of hydrophobic interactions and entanglements
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between cellulose chains caused by water molecule diffusion.
Moreover, the hysteresis areas from the second to the fifth cycles
significantly decreased compared to the first cycle and exhibited
elasticity without noticeable plastic deformation, indicating that
a uniform reversible network was formed during the subsequent
stretching process, thereby keeping the dissipated energy
constant. Under 100 cycles of continuous loading—unloading
cycle tests at 100% strain (Figure S7), the strength of the
hydrogel increased significantly due to the oriented distribution
of cellulose nanofibers inside the hydrogel under the action of
external force and the recross-linking of the physical interaction,
which led to abnormal energy dissipation and large permanent
deformation due to the sliding of nanofibers.** The self-recovery
performance of the hydrogel was evaluated through continuous
loading—unloading tests with different resting times under 50%
deformation. The self-recovery efficiency was calculated by the
ratio of the dissipated energy at different resting times to the
dissipated energy in the first cycle.”>®* The recovery efficiency
increased with the increase of resting time, and the recovery
efficiency could reach over 80% after 30 min (Figure S8). Due to
the covalent and noncovalent synergistic interactions inside the
hydrogel, the corresponding dissipated energy and energy
dissipation ratio of FBDC 1-4 cellulose hydrogel at different
strains (40—140%) increased with strain (Figure 5fg). The
hydrogen bond-induced cross-linking network acted to dissipate
energy by destruction and could be reestablished under small
strain. As the strain increased, the chemical cross-linking was
partially destroyed as a sacrificial bond to dissipate energy,
similar to the “Mullins effect” observed in filled rubber.”
Therefore, the combination of chemical and physical cross-
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Figure 7. Electrochemical performances of the assembled ZIHCs (Zn@CCII2 mol L™! ZnSO,, (FBDC 1-2)IIAC@CC). (a) CV curves at different scan
rates. (b, c) GCD curves at different current densities. (d) Specific capacity versus current density of ZIHCs. (e) Cycling performance and Coulombic
efficiency at 5.0 A g”. (f) Photographs of the ZIHC mounted on a wristband to power an electronic watch, parts (i)—(iv) show the front and back of
the assembly, the front after powering on, and the front when worn on the wrist, accordingly.

linking structures endowed FBDC cellulose hydrogels with high
stiffness, high toughness, and more eflicient energy dissipation.

Compression tests of FBDC cellulose hydrogels also
demonstrated the toughening effect of double cross-linking.
The compression test results exhibited a trend very similar to
that of the tensile test (Figure Sh). FBDC 1-4 showed the
highest compressive strength and strain at breaks of 4.2 MPa and
589%, respectively (Table 2), and the toughness was 100 times
that of CC cellulose hydrogel. In addition, the cyclic stress—
strain curves under the compression test (Figures 5i and S9) also
demonstrated that the FBDC cellulose hydrogels exhibited
significant hysteresis and relatively small permanent deforma-
tion due to the high density of chain entanglement. This
recovery behavior was attributed to the reversible properties of
the physically cross-linking network, especially the cellulose II
crystallite hydrate formed during the destruction of the solvated
structure and removal of solvent molecules. In summary, FBDC
cellulose hydrogels effectively disperse stress by chemical cross-
linking domains provided by flexible long fatty chains
(epoxidized vegetable oils) as cross-linking agents, as well as
physical cross-linking domains, where the rigid cellulose II
crystallite hydrate acted as carriers that were capable of
absorbing energy and sustaining large deformations, thus
avoiding stress concentration. At the same time, the hydro-
phobicity of the epoxidized vegetable oil limited the water

content of hydrogels, reduced the swelling behavior of
hydrogels, and resulted in a higher density of the network
structure. Flexible chemical and rigid physical cross-linking
domains were uniformly dispersed inside the hydrogel, ensuring
a homogeneous microstructure of the FBDC cellulose hydro-
gels. The resulting nanofiber network further enhanced the
mechanical stress resistance and evenly transmitted stress
throughout the material, significantly improving the mechanical
properties of the FBDC cellulose hydrogels.

Application of FBDC Cellulose Hydrogels as Flexible
Electrolytes. The excellent mechanical properties and porous
structures of FBDC cellulose hydrogels indicated their potential
for application as hydrogel electrolytes in electrochemical
energy storage devices.’° After activation with 2 mol L™}
ZnSO, electrolyte, the hydrogels were tested electrochemically
using linear sweep voltammetry (LSV) in the voltage range of
0—3 V at a scan rate of 0.5 mV s™), as shown in Figure 6a. All
samples remained relatively stable in the voltage range of 0—2.35
V. The voltage range of ZIHCs used in this work was 0.2—1.8 V,
which illustrated the applicability of FBDC cellulose hydrogels
as electrolyte materials. The conductivities of the hydrogel
samples were analyzed by electrochemical impedance spectros-
copy (EIS) (Figure 6b), and the corresponding results of EIS
calculation are shown in Figure 6c¢. The slope of the straight line
in the low-frequency region was proportional to the ion diffusion
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rate, and the curve was nearly linear, indicating that the ions had
an excellent diffusion effect in the electrolyte. The ionic
conductivities of different samples at room temperature were
calculated by combining Figure S10 with eq 3, among which the
FBDC 1-2 cellulose hydrogel electrolyte had the highest ionic
conductivity of 35.35 mS cm™". In addition, the t,,* of FBDC
was evaluated in a ZnllZn symmetric cell at room temperature
with a constant polarization potential of 20 mV (Figure S11). A
high t,, of 0.69 was obtained, indicating its excellent Zn>*
transport ability.”” Figures $12 and S13 show that the ionic
conductivity of FBDC cellulose hydrogel electrolytes increased
with the temperature (in the range of 20—80 °C) due to the
higher migration rate of free charge carriers. And the DMA
results (Figure S14) showed that the storage modulus and tan §
did not change much with increasing temperature, indicating
that the mechanical properties of the FBDC hydrogel electrolyte
were less affected by the temperature. Figure S15 proves that
there was an obvious linear relationship between In ¢ and 1000
T~". Considering the excellent ionic conductivity, appropriate
porous structure, and excellent mechanical properties, FBDC 1-
2 cellulose hydrogel was selected as the electrolyte and
separator. The ZIHCs were assembled in a simple sandwich
structure, with Zn@CC as the anode and AC@CC as the
cathode material (Figure 6d).

The CV curves (Figure 7a) showed that the assembled energy
storage device achieved reversible charge and discharge
functions with an operating voltage range of 0.2—1.8 V. Even
at a higher scan rate, the CV curve showed no obvious distortion,
indicating that the system had fast kinetics and rapid energy
storage performance during the electrochemical reaction. Figure
7b,c shows the GCD curves at different current densities (0.2—
10 A g_l). In Figure 7d, at a current density of 0.2 A g_l, the
maximum specific capacity of the capacitor was 87.8 mAh g/,
and when the current density increased to 10 A g™, the specific
capacity could maintain 46.4 mAh g~'. The most important
properties of energy storage devices are cycle life and
electrochemical stability. As shown in Figure S16, ZIHCs
exhibited excellent cycle stability at a current density of 1.0 A
g~'; the capacity retention rate was as high as 97% after 10,000
cycles. Remarkably, at a high current density of 5.0 Ag™", ZIHCs
could complete up to 35,000 charge and discharge cycles with a
capacity retention rate up to 90%, while the average Coulombic
efficiency was nearly 100% (Figure 7e). Notably, an
independent power supply was built by connecting two
assembled ZIHCs in series, based on which an LED board
(>2.3 V) could be illuminated for nearly 3 min, and the power
could still be supplied even when ZIHCs were bent at large
angles (Figure S17). To demonstrate the application of the
device as a flexible energy storage device for wearable electronic
devices, a flexible ZIHC connected to a wristband was
assembled to power an electronic watch, as shown in Figure 7f
and Movie S1. After being charged, the ZIHC could power the
electronic watch while being worn, demonstrating excellent
mechanical strength, flexibility, and high energy storage
performance. Furthermore, no significant capacity loss was
observed when weight was loaded onto the flexible ZIHCs, with
detailed digital images and GCD curves recorded (Figure S18).
In conclusion, the biomass-derived FBDC cellulose hydrogel
electrolytes exhibited excellent mechanical and electrochemical
properties, showing great potential to provide continuous power
for wearable electronic devices in complex environments.
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B CONCLUSIONS

In this study, a novel long-chain chemical cross-linking agent,
epoxidized vegetable oil, was introduced to prepare a
mechanically strong and tough, fully biobased cellulose hydrogel
electrolyte material through continuous chemical and physical
cross-linking. Specifically, hydrophobic flexible fatty acid chains
induced significant hydrophobic packing of semirigid cellulose
chains at the molecular scale and rigid cellulose II crystalline
hydrates at the nanoscale. The synergistic effect between the
physical cross-linked domains and the chemical cross-linked
domains at the mesoscopic scale endowed FBDC cellulose
hydrogels with excellent mechanical properties at the macro-
scopic scale, achieving strains of 290 and 58% under tension and
compression, respectively, while the toughness reached 9.8 and
0.6 MJ m~> under the same conditions. In addition, through an
appropriate degree of covalent cross-linking by epoxidized
vegetable oils and physical interaction, a nanofiber network was
formed for ion transport; after electrolyte activation, the
hydrogel electrolyte had high ionic conductivity (35.4 mS$
cm™! at room temperature) and a wide operating voltage range
(0—2.35V). The assembled ZIHCs could achieve high capacity
and long cycle performance (10,000 and 35,000 cycles at 1.0 and
5.0 A g7, respectively; specific capacities of 71.0 and 54.2 mAh
g~!, respectively), and could also power the device under
different degrees of folding, demonstrating excellent mechanical
and electrochemical properties. This work provides a simple
strategy to prepare strong and tough, fully biobased cellulose
hydrogels, which are expected to be applied in various fields such
as flexible wearable energy storage devices.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c07758.

BET, BJH (Table S1), y., and ACS (Table S2)
information and digital images (Figure S1) of FBDC
cellulose hydrogels, 'H NMR spectrum of epoxidized
vegetable oils (Figure S2), FTIR spectra of CP, ECaO,
ELO, FBDC 2-1, and FBDC 3-1 (Figure S3), fitting
curves of XPS (Figure S4) and WAXD (Figure SS), tensile
(Figure S6) and compressive (Figure S9) loading—
unloading cyclic stress—strain curves of PC and CC
cellulose hydrogels, FBDC 1-4 100 times tensile stress—
strain cycle curve (Figure S7), cyclic loading—unloading
curves after different resting times, dissipated energy and
self-recovery efficiency (Figure S8), digital images of all
sample thicknesses in ionic conductivity tests (Figure
$10), the transference number of t,,>* (Figure S11), EIS
curves (Figure S12) ionic conductivity of FBDC cellulose
hydrogel electrolyte at different temperatures (Figure
S13), DMA test (Figure S14), In6—1000 T~' curves
(Figure S15), cycling performance and Coulombic
efficiency of ZIHC (Figure S16), bending test demon-
stration (Figure S17), and weight loading test (Figure
$18) (PDF)

Application of the device as a flexible energy storage
device for wearable electronic devices, a flexible ZIHC
connected to a wristband was assembled to power an
electronic watch (MPG)

https://doi.org/10.1021/acssuschemeng.4c07758
ACS Sustainable Chem. Eng. 2024, 12, 18231-18244


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c07758/suppl_file/sc4c07758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c07758/suppl_file/sc4c07758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c07758/suppl_file/sc4c07758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c07758/suppl_file/sc4c07758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c07758/suppl_file/sc4c07758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c07758/suppl_file/sc4c07758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c07758/suppl_file/sc4c07758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c07758/suppl_file/sc4c07758_si_002.mpg
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c07758/suppl_file/sc4c07758_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c07758?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c07758/suppl_file/sc4c07758_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c07758/suppl_file/sc4c07758_si_002.mpg
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c07758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

B AUTHOR INFORMATION

Corresponding Authors
Xiaoyuan Yu — Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Maoming Branch, Guangdong Laboratory for
Lingnan Modern Agriculture, Maoming 525000, China;
orcid.org/0000-0002-9016-5671; Email: yuxiaoyuan@
scau.edu.cn
Chaoqun Zhang — Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Maoming Branch, Guangdong Laboratory for
Lingnan Modern Agriculture, Maoming 525000, China;
orcid.org/0000-0001-5754-8729; Email: zhangcq@
scau.edu.cn, nwpuzcq@gmail.com
Yang Wang — Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Maoming Branch, Guangdong Laboratory for
Lingnan Modern Agriculture, Maoming 525000, China;
orcid.org/0000-0003-4239-8566; Email: wangyang@
scau.edu.cn

Authors

Heyi Pan — Key Laboratory for Biobased Materials and Energy
of Ministry of Education, College of Materials and Energy,
South China Agricultural University, Guangzhou 510642,
China; Maoming Branch, Guangdong Laboratory for Lingnan
Modern Agriculture, Maoming 525000, China

Mingde Tong — Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Maoming Branch, Guangdong Laboratory for
Lingnan Modern Agriculture, Maoming 525000, China

Xiaomin Wang — Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Maoming Branch, Guangdong Laboratory for
Lingnan Modern Agriculture, Maoming 525000, China

Binxuan Huang — Key Laboratory for Biobased Materials and
Energy of Ministry of Education, College of Materials and
Energy, South China Agricultural University, Guangzhou
510642, China; Maoming Branch, Guangdong Laboratory for
Lingnan Modern Agriculture, Maoming 525000, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.4c07758

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was sponsored by the National Natural Science
Foundation of China (22105078, 32222057), Independent
Research and Development Projects of Maoming Laboratory
(2022ZD002), 2023 Guangdong Basic and Applied Basic
Research Foundation (SL2022A04J01731), Jiangsu Province
Biomass and Materials Laboratory (JSBEM-S-202206), and
Guangdong Province Science & Technology Program
(2023A0505050114).

B REFERENCES

(1) Han, Z. L; Lu, Y. C; Qu, S. X. Design of Fatigue-Resistant
Hydrogels. Adv. Funct. Mater. 2024, 34 (21), No. 2313498.

(2) Li, X. Y.; Gong, J. P. Design principles for strong and tough
hydrogels. Nat. Rev. Mater. 2024, 9 (6), 380—398.

(3) Qu, H. H; Yao, Q. F;; Chen, T.; Wy, H. X;; Liu, Y.,; Wang, C,;
Dong, A. Current status of development and biomedical applications of
peptide-based antimicrobial hydrogels. Adv. Colloid Interface Sci. 2024,
325, No. 103099.

(4) Manzoor, A.; Dar, A. H; Pandey, V. K; Shams, R;; Khan, S.;
Panesar, P. S.; Kennedy, J. F.; Fayaz, U.; Khan, S. A. Recent insights into
polysaccharide-based hydrogels and their potential applications in food
sector: A review. Int. J. Biol. Macromol. 2022, 213, 987—1006.

(5) Liu, Y. F; Guo, Z. G. Small functional hydrogels with big
engineering applications. Mater. Today Phys. 2024, 43, No. 103099.

(6) Li, X. K; Liu, J. Z,; Zhang, X. X. Pressure/Temperature Dual-
Responsive Cellulose Nanocrystal Hydrogels for On-Demand
Schemochrome Patterning. Adv. Funct. Mater. 2023, 33 (47),
No. 2306208.

(7) Qin, Y;; Mo, J. L; Liu, Y. H;; Zhang, S.; Wang, J. L.; Fu, Q.; Wang,
S. F.; Nie, S. X. Stretchable Triboelectric Self-Powered Sweat Sensor
Fabricated from Self-Healing Nanocellulose Hydrogels. Adv. Funct.
Mater. 2022, 32 (27), No. 2201846.

(8) Xu, L.; Meng, T. T.; Zheng, X. Y.; Li, T. Y.; Brozena, A. H.; Mao, Y.
M,; Zhang, Q.; Clifford, B. C.; Rao, J. C; Hu, L. B. Nanocellulose-
Carboxymethylcellulose Electrolyte for Stable, High-Rate Zinc-Ion
Batteries. Adv. Funct. Mater. 2023, 33 (27), No. 2302098.

(9) Du, M. J; Lu, W.; Zhang, Y.; Mata, A.; Fang, Y. P. Natural
polymer-sourced interpenetrating network hydrogels: Fabrication,
properties, mechanism and food applications. Trends Food Sci. Technol.
2021, 116, 342—356.

(10) Zhao, L. ].; Xu, H; Liu, L. C.; Zheng, Y. Q.; Han, W.; Wang, L. L.
MXene-Induced Flexible, Water-Retention, Semi-Interpenetrating
Network Hydrogel for Ultra-Stable Strain Sensors with Real-Time
Gesture Recognition. Adv. Sci. 2023, 10 (30), No. 2303922.

(11) Sun, X; Mao, Y. M,; Yu, Z. Y,; Yang, P.; Jiang, F; et al. A
Biomimetic "Salting Out-Alignment-Locking” Tactic to Design Strong
and Tough Hydrogel. Adv. Mater. 2024, 36 (25), No. 2400084.

(12) Shao, C. Y,; Chang, H. L.; Wang, M.; Xu, F.; Yang, J. High-
Strength, Tough, and Self-Healing Nanocomposite Physical Hydrogels
Based on the Synergistic Effects of Dynamic Hydrogen Bond and Dual
Coordination Bonds. ACS Appl. Mater. Interfaces 2017, 9 (34), 28305—
28318.

(13) Hu, D. N.; Zeng, M,; Sun, Y. F; Yuan, J. Y.; Wei, Y. Cellulose-
based hydrogels regulated by supramolecular chemistry. SusMat 2021,
1(2), 266—284.

(14) Luo, J. N.; Wang, H. X.; Wang, J. F.; Chen, Y.; Li, C. L.; Zhong, K.
J.; Xiang, J.; Jia, P. X. Fabrication of a High-Strength, Tough, Swelling-
Resistant, Conductive Hydrogel via Ion Cross-Linking, Directional
Freeze-Drying, and Rehydration. ACS Biomater. Sci. Eng. 2023, 9 (S),
2694—270S.

(15) W, Y. C,; Zhang, Y.; Wu, H. D.; Wen, J.; Zhang, S.; Xing, W. Q.;
Zhang, H. C.; Xue, H. G.; Gao, J. F.; Mai, Y. W. Solvent-Exchange-
Assisted Wet Annealing: A New Strategy for Superstrong, Tough,
Stretchable, and Anti-Fatigue Hydrogels. Adv. Mater. 2023, 35 (15),
No. 2210624.

(16) Ji, D.; Kim, D. Y.; Fan, Z.; Lee, C. S.; Kim, J. Hysteresis-Free,
Elastic, and Tough Hydrogel with Stretch-Rate Independence and High
Stability in Physiological Conditions. Small 2024, 20 (19), 10.

(17) Hou, Z. H.; Zhou, T.].; Bai, L. J.; Wang, W. X; Chen, H.; Yang, L.
X.; Yang, H. W.; Wei, D. L. Design of Cellulose Nanocrystal-Based Self-
Healing Nanocomposite Hydrogels and Application in Motion Sensing
and Sweat Detection. ACS Appl. Mater. Interfaces 2024, 16 (28),
37087—-37099.

(18) Li, X. K; Qiu, X. Y.; Yang, X.; Zhou, P.; Guo, Q. Q.; Zhang, X. X.
Multi-Modal Melt-Processing of Birefringent Cellulosic Materials for
Eco-Friendly Anti-Counterfeiting. Adv. Mater. 2024, 36 (36),
No. 2407170.

18242 https://doi.org/10.1021/acssuschemeng.4c07758

ACS Sustainable Chem. Eng. 2024, 12, 18231-18244


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyuan+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9016-5671
https://orcid.org/0000-0002-9016-5671
mailto:yuxiaoyuan@scau.edu.cn
mailto:yuxiaoyuan@scau.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaoqun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5754-8729
https://orcid.org/0000-0001-5754-8729
mailto:zhangcq@scau.edu.cn
mailto:zhangcq@scau.edu.cn
mailto:nwpuzcq@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4239-8566
https://orcid.org/0000-0003-4239-8566
mailto:wangyang@scau.edu.cn
mailto:wangyang@scau.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heyi+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingde+Tong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaomin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Binxuan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c07758?ref=pdf
https://doi.org/10.1002/adfm.202313498
https://doi.org/10.1002/adfm.202313498
https://doi.org/10.1038/s41578-024-00672-3
https://doi.org/10.1038/s41578-024-00672-3
https://doi.org/10.1016/j.cis.2024.103099
https://doi.org/10.1016/j.cis.2024.103099
https://doi.org/10.1016/j.ijbiomac.2022.06.044
https://doi.org/10.1016/j.ijbiomac.2022.06.044
https://doi.org/10.1016/j.ijbiomac.2022.06.044
https://doi.org/10.1016/j.mtphys.2024.101397
https://doi.org/10.1016/j.mtphys.2024.101397
https://doi.org/10.1002/adfm.202306208
https://doi.org/10.1002/adfm.202306208
https://doi.org/10.1002/adfm.202306208
https://doi.org/10.1002/adfm.202201846
https://doi.org/10.1002/adfm.202201846
https://doi.org/10.1002/adfm.202302098
https://doi.org/10.1002/adfm.202302098
https://doi.org/10.1002/adfm.202302098
https://doi.org/10.1016/j.tifs.2021.07.031
https://doi.org/10.1016/j.tifs.2021.07.031
https://doi.org/10.1016/j.tifs.2021.07.031
https://doi.org/10.1002/advs.202303922
https://doi.org/10.1002/advs.202303922
https://doi.org/10.1002/advs.202303922
https://doi.org/10.1002/adma.202400084
https://doi.org/10.1002/adma.202400084
https://doi.org/10.1002/adma.202400084
https://doi.org/10.1021/acsami.7b09614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b09614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b09614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b09614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/sus2.17
https://doi.org/10.1002/sus2.17
https://doi.org/10.1021/acsbiomaterials.2c01520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.2c01520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.2c01520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202210624
https://doi.org/10.1002/adma.202210624
https://doi.org/10.1002/adma.202210624
https://doi.org/10.1002/smll.202309217
https://doi.org/10.1002/smll.202309217
https://doi.org/10.1002/smll.202309217
https://doi.org/10.1021/acsami.4c07717?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c07717?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c07717?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202407170
https://doi.org/10.1002/adma.202407170
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c07758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

(19) Li, X. Z.; Wan, C. C; Tao, T.; Chai, H. Y.; Huang, Q. T.; Chai, Y.
L.; Wu, Y. Q. An overview of the development status and applications of
cellulose-based functional materials. Cellulose 2024, 31 (1), 61—99.

(20) Cheng, W.K,; Zhu, Y.; Jiang, G. Y.; Cao, K. Y.; Zeng, S. Q; Chen,
W.S.; Zhao, D. W,; Yu, H. P. Sustainable cellulose and its derivatives for
promising biomedical applications. Prog. Mater. Sci. 2023, 138,
No. 101152.

(21) Zainal, S. H.; Mohd, N. H.; Suhaili, N.; Anuar, F. H,; Lazim, A.
M.; Othaman, R. Preparation of cellulose-based hydrogel: a review. J.
Mater. Res. Technol. 2021, 10, 935—952.

(22) Zhao, D.; Huang, J. C.; Zhong, Y.; Li, K;; Zhang, L. N; Cai, J.
High-Strength and High-Toughness Double-Cross-Linked Cellulose
Hydrogels: A New Strategy Using Sequential Chemical and Physical
Cross-Linking. Adv. Funct. Mater. 2016, 26 (34), 6279—6287.

(23) Nasution, H.; Harahap, H.; Dalimunthe, N. F.; Ginting, M. H. S.;
Jaafar, M,; Tan, O. O. H.; Aruan, H. K; Herfananda, A. L. Hydrogel and
Effects of Crosslinking Agent on Cellulose-Based Hydrogels: A Review.
Gels 2022, 8 (9), No. 568.

(24) Maiti, S.; Maji, B.; Yadav, H. Progress on green crosslinking of
polysaccharide hydrogels for drug delivery and tissue engineering
applications. Carbohydr. Polym. 2024, 326, No. 121584.

(25) Jia, P.Y.; Xia, H. Y.; Tang, K. H.; Zhou, Y. H. Plasticizers Derived
from Biomass Resources: A Short Review. Polymers 2018, 10 (12),
No. 1303.

(26) Zhang, H. D.; Gan, X. T.; Yan, Y. Y.; Zhou, J. P. A Sustainable
Dual Cross-Linked Cellulose Hydrogel Electrolyte for High-Perform-
ance Zinc-Metal Batteries. Nano-Micro Lett. 2024, 16 (1), No. 106.

(27) Cui, S. Z.; Miao, W. X,; Wang, X. B.; Sun, K. ].; Peng, H.; Ma, G.
F. Multifunctional Zincophilic Hydrogel Electrolyte with Abundant
Hydrogen Bonds for Zinc-Ion Capacitors and Supercapacitors. ACS
Nano 2024, 18 (19), 12355—12366.

(28) Yin, J.; Zhang, W. L.; Alhebshi, N. A.; Salah, N.; Alshareef, H. N.
Electrochemical Zinc Ion Capacitors: Fundamentals, Materials, and
Systems. Adv. Energy Mater. 2021, 11 (21), No. 2100201.

(29) Zhu, T.X.; Ni, Y. M; Biesold, G. M.; Cheng, Y.; Ge, M. Z.; Li, H.
Q; Huang, J. Y,; Lin, Z. Q,; Lai, Y. K. Recent advances in conductive
hydrogels: classifications, properties, and applications. Chem. Soc. Rev.
2023, 52 (2), 473—509.

(30) Wei, J. J.; Xiao, P.; Chen, T. Water-Resistant Conductive Gels
toward Underwater Wearable Sensing. Adv. Mater. 2023, 35 (42),
No. 2211758.

(31) Zeng, Z. F.; Yang, Y. Q,; Pang, X. W.; Jiang, B. Y.; Gong, L. X,;
Liu, Z. L,; Peng, L,; Li, S. N. Lignin Nanosphere-Modified MXene
Activated-Rapid Gelation of Mechanically Robust, Environmental
Adaptive, Highly Conductive Hydrogel for Wearable Sensors
Application. Adv. Funct. Mater. 2024, No. 2409855.

(32) Li, S. N,; Yu, Z. R;; Guo, B. F.; Guo, K. Y.; Li, Y,; Gong, L. X,;
Zhao, L.; Bae, J.; Tang, L. C. Environmentally stable, mechanically
flexible, self-adhesive, and electrically conductive Ti;C,Ty MXene
hydrogels for wide-temperature strain sensing. Nano Energy 2021, 90,
No. 106502.

(33) Guo, Y. H;; Bae, J,; Fang, Z. W,; Li, P. P.; Zhao, F.; Yu, G. H.
Hydrogels and Hydrogel-Derived Materials for Energy and Water
Sustainability. Chem. Rev. 2020, 120 (15), 7642—7707.

(34) Yedier, S.K,; Sekeroglu, Z. A.; Sekeroglu, V.; Aydin, B. Cytotoxic,
genotoxic, and carcinogenic effects of acrylamide on human lung cells.
Food Chem. Toxicol. 2022, 161, No. 112852.

(35) Chen,K; Huang, J.; Yuan, J. L,; Qin, S. D.; Huang, P. F.; Wan, C,;
You, Y,; Guo, Y. L; Xu, Q. Q; Xie, H. B. Molecularly engineered
cellulose hydrogel electrolyte for highly stable zinc ion hybrid
capacitors. Energy Storage Mater. 2023, 63, No. 102963.

(36) Onwukamike, K. N.; Grelier, S.; Grau, E.; Cramail, H.; Meier, M.
A. R. Sustainable Transesterification of Cellulose with High Oleic
Sunflower Oil in a DBU-CO, Switchable Solvent. ACS Sustainable
Chem. Eng. 2018, 6 (7), 8826—8835.

(37) Omonov, T. S.; Patel, V. R; Curtis, J. M. Biobased Thermosets
from Epoxidized Linseed Oil and its Methyl Esters. ACS Appl. Polym.
Mater. 2022, 4 (9), 6531—6542.

(38) Yang, X. Y.; Li, J.; Wang, Y.; Tan, L. L,; Han, L.; Ly, J. M; Li, M,;
Fang, D. D,; Huang, X. S;; Xu, Y. H; Zhang, C. Synthesis and
Characterization of Fully Biobased Epoxy Elastomers Prepared from
Different Plant Oils. ACS Sustainable Chem. Eng. 2023, 11 (38),
13950—13961.

(39) Xu, X; Dong, F. H; Yang, X. X,; Liu, H.; Guo, L. Z.; Qian, Y. H.;
Wang, A. T.; Wang, S. F; Luo, J. Y. Preparation and Characterization of
Cellulose Grafted with Epoxidized Soybean Oil Aerogels for Oil-
Absorbing Materials. J. Agric. Food Chem. 2019, 67 (2), 637—643.

(40) Huang, X. J.; Wang, A. T; Xu, X; Liu, H; Shang, S. B.
Enhancement of Hydrophobic Properties of Cellulose Fibers via
Grafting with Polymeric Epoxidized Soybean Oil. ACS Sustainable
Chem. Eng. 2017, S (2), 1619—1627.

(41) Pour-Esmaeil, S.; Sharifi-Sanjani, N.; Khoee, S.; Taheri-Qazvini,
N. Biocompatible chemical network of a-cellulose-ESBO (epoxidized
soybean oil) scaffold for tissue engineering application. Carbohydr.
Polym. 2020, 241, No. 116322.

(42) Cai, J; Kimura, S.; Wada, M; Kuga, S.; Zhang, L. Cellulose
aerogels from aqueous alkali hydroxide-urea solution. ChemSusChem
2008, 1 (1-2), 149—154.

(43) Klemm, D.; Heublein, B.; Fink, H. P.; Bohn, A. Cellulose:
Fascinating biopolymer and sustainable raw material. Angew. Chem., Int.
Ed. 2005, 44 (22), 3358—3393.

(44) Rao, X. M,; Kuga, S.; Wu, M.; Huang, Y. Influence of solvent
polarity on surface-fluorination of cellulose nanofiber by ball milling.
Cellulose 2018, 22 (4), 2341—2348.

(45) Zhao, C. M; Gong, X. H;; Lin, X. T.; Zhang, C. Q; Wang, Y.
Regenerated cellulose/polyvinyl alcohol composite films with high
transparency and ultrahigh haze for multifunctional light management.
Carbohydr. Polym. 2023, 321, No. 121303.

(46) Shi, Z. Q.; Gao, H. C,; Feng, J.; Ding, B. B.; Cao, X. D.; Kuga, S.;
Wang, Y.J.; Zhang, L. N.; Cai, J. In Situ Synthesis of Robust Conductive
Cellulose/Polypyrrole Composite Aerogels and Their Potential
Application in Nerve Regeneration. Angew. Chem., Int. Ed. 2014, 53
(21), 5380—5384.

(47) Ye, D. D.; Chang, C.Y.; Zhang, L. N. High-Strength and Tough
Cellulose Hydrogels Chemically Dual Cross-Linked by Using Low- and
High-Molecular-Weight Cross-Linkers. Biomacromolecules 2019, 20
(5), 1989—1995.

(48) Wei, P. D,; Yu, X. J.; Fang, Y. J.; Wang, L.; Zhang, H.; Zhu, C. Z,;
Cai, J. Strong and Tough Cellulose Hydrogels via Solution Annealing
and Dual Cross-Linking. Small 2023, 19 (28), No. 2301204.

(49) Wei, P. D.; Wang, L.; Xie, F.; Cai, J. Strong and tough cellulose-
graphene oxide composite hydrogels by multi-modulus components
strategy as photothermal antibacterial platform. Chem. Eng. . 2022,
431, No. 133964.

(50) Zhang, M. H.; Chen, S. Y.; Sheng, N.; Wang, B. X; Wu, Z. T ;
Liang, Q. Q.; Wang, H. P. Anisotropic bacterial cellulose hydrogels with
tunable high mechanical performances, non-swelling and bionic
nanofluidic ion transmission behavior. Nanoscale 2021, 13 (17),
8126—8136.

(51) Ye,D.D.; Yang, P. C; Lei, X.J.; Zhang, D. H; Li, L. B.; Chang, C.
Y,; Sun, P. C,; Zhang, L. N. Robust Anisotropic Cellulose Hydrogels
Fabricated via Strong Self-aggregation Forces for Cardiomyocytes
Unidirectional Growth. Chem. Mater. 2018, 30 (15), 5175—5183.

(52) Wang, S. H,; Yu, L; Wang, S. S;; Zhang, L.; Chen, L.; Xu, X;
Song, Z. Q; Liu, H.; Chen, C. ]. Strong, tough, ionic conductive, and
freezing-tolerant all-natural hydrogel enabled by cellulose-bentonite
coordination interactions. Nat. Commun. 2022, 13 (1), No. 3408.

(53) Lin, X. H;; Zhang, L. N.; Duan, B. Polyphenol-mediated chitin
self-assembly for constructing a fully naturally resourced hydrogel with
high strength and toughness. Mater. Horiz. 2021, 8 (9), 2503—2512.

(54) Xu, D. D.; Huang,J. C.; Zhao, D.; Ding, B. B.; Zhang, L. N.; Cai, J.
High-Flexibility, High-Toughness Double-Cross-Linked Chitin Hydro-
gels by Sequential Chemical and Physical Cross-Linkings. Adv. Mater.
2016, 28 (28), 5844.

(55) Duan, J. J; Liang, X. C.; Cao, Y.; Wang, S.; Zhang, L. N. High
Strength Chitosan Hydrogels with Biocompatibility via New Avenue

18243 https://doi.org/10.1021/acssuschemeng.4c07758

ACS Sustainable Chem. Eng. 2024, 12, 18231-18244


https://doi.org/10.1007/s10570-023-05616-8
https://doi.org/10.1007/s10570-023-05616-8
https://doi.org/10.1016/j.pmatsci.2023.101152
https://doi.org/10.1016/j.pmatsci.2023.101152
https://doi.org/10.1016/j.jmrt.2020.12.012
https://doi.org/10.1002/adfm.201601645
https://doi.org/10.1002/adfm.201601645
https://doi.org/10.1002/adfm.201601645
https://doi.org/10.3390/gels8090568
https://doi.org/10.3390/gels8090568
https://doi.org/10.1016/j.carbpol.2023.121584
https://doi.org/10.1016/j.carbpol.2023.121584
https://doi.org/10.1016/j.carbpol.2023.121584
https://doi.org/10.3390/polym10121303
https://doi.org/10.3390/polym10121303
https://doi.org/10.1007/s40820-024-01329-0
https://doi.org/10.1007/s40820-024-01329-0
https://doi.org/10.1007/s40820-024-01329-0
https://doi.org/10.1021/acsnano.4c01304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c01304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aenm.202100201
https://doi.org/10.1002/aenm.202100201
https://doi.org/10.1039/D2CS00173J
https://doi.org/10.1039/D2CS00173J
https://doi.org/10.1002/adma.202211758
https://doi.org/10.1002/adma.202211758
https://doi.org/10.1002/adfm.202409855
https://doi.org/10.1002/adfm.202409855
https://doi.org/10.1002/adfm.202409855
https://doi.org/10.1002/adfm.202409855
https://doi.org/10.1016/j.nanoen.2021.106502
https://doi.org/10.1016/j.nanoen.2021.106502
https://doi.org/10.1016/j.nanoen.2021.106502
https://doi.org/10.1021/acs.chemrev.0c00345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fct.2022.112852
https://doi.org/10.1016/j.fct.2022.112852
https://doi.org/10.1016/j.ensm.2023.102963
https://doi.org/10.1016/j.ensm.2023.102963
https://doi.org/10.1016/j.ensm.2023.102963
https://doi.org/10.1021/acssuschemeng.8b01186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b01186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c00926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c00926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c02634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c02634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c02634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.8b05161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.8b05161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.8b05161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b02359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b02359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbpol.2020.116322
https://doi.org/10.1016/j.carbpol.2020.116322
https://doi.org/10.1002/cssc.200700039
https://doi.org/10.1002/cssc.200700039
https://doi.org/10.1002/anie.200460587
https://doi.org/10.1002/anie.200460587
https://doi.org/10.1007/s10570-015-0659-2
https://doi.org/10.1007/s10570-015-0659-2
https://doi.org/10.1016/j.carbpol.2023.121303
https://doi.org/10.1016/j.carbpol.2023.121303
https://doi.org/10.1002/anie.201402751
https://doi.org/10.1002/anie.201402751
https://doi.org/10.1002/anie.201402751
https://doi.org/10.1021/acs.biomac.9b00204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b00204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b00204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202301204
https://doi.org/10.1002/smll.202301204
https://doi.org/10.1016/j.cej.2021.133964
https://doi.org/10.1016/j.cej.2021.133964
https://doi.org/10.1016/j.cej.2021.133964
https://doi.org/10.1039/D1NR00867F
https://doi.org/10.1039/D1NR00867F
https://doi.org/10.1039/D1NR00867F
https://doi.org/10.1021/acs.chemmater.8b01799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b01799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b01799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-30224-8
https://doi.org/10.1038/s41467-022-30224-8
https://doi.org/10.1038/s41467-022-30224-8
https://doi.org/10.1039/D1MH00878A
https://doi.org/10.1039/D1MH00878A
https://doi.org/10.1039/D1MH00878A
https://doi.org/10.1002/adma.201600448
https://doi.org/10.1002/adma.201600448
https://doi.org/10.1021/acs.macromol.5b00117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b00117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c07758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Based on Constructing Nanofibrous Architecture. Macromolecules
2015, 48 (8), 2706—2714.

(56) Zhu, Z. H.; Ling, S. J; Yeo, J. J.; Zhao, S. W.; Tozzi, L.; Buehler,
M. J.; Omenetto, F.; Li, C. M,; Kaplan, D. L. High-Strength, Durable
All-Silk  Fibroin Hydrogels with Versatile Processability toward
Multifunctional Applications. Adv. Funct. Mater. 2018, 28 (10),
No. 1704757.

(57) He, Q. Y.; Huang, Y.; Wang, S. Y. Hofmeister Effect-Assisted One
Step Fabrication of Ductile and Strong Gelatin Hydrogels. Adv. Funct.
Mater. 2018, 28 (5), No. 1705069.

(58) Xu,L.J.; Wang, C.; Cui, Y.; Li, A. L.; Qiao, Y.; Qiu, D. Conjoined-
network rendered stiff and tough hydrogels from biogenic molecules.
Sci. Adv. 2019, 5 (2), No. eaau3442.

(59) Shu, T.; Lv, Z. C.; Chen, C. T.; Gu, G. X;; Ren, J.; Cao, L. T.; Pei,
Y,; Ling, S. J; Kaplan, D. L. Mechanical Training-Driven Structural
Remodeling: A Rational Route for Outstanding Highly Hydrated Silk
Materials. Small 2021, 17 (33), No. 2102660.

(60) Xu, L. J.; Gao, S.; Guo, Q. R; Wang, C,; Qiao, Y,; Qiu, D. A
Solvent-Exchange Strategy to Regulate Noncovalent Interactions for
Strong and Antiswelling Hydrogels. Adv. Mater. 2020, 32 (52),
No. 2004579.

(61) Wang, H. J.; Wang, J. F.; Li, W. T_; Li, Z.; Zhang, X. Y.; Zheng, W.
T.; Su, T,; Zhang, J. Q. A double cross-linked network structure
hydrogel with CNF-C: Synergistically enhanced mechanical properties
and sensitivity of flexible strain sensors. Ceram. Int. 2023, 49 (22),
35939—-35947.

(62) Rebelo, R. C.; Ribeiro, D. C. M; Pereira, P.; De Bon, F.; Coelho,
J. E. J;; Serra, A. C. Cellulose-based films with internal plasticization
with epoxidized soybean oil. Cellulose 2023, 30 (3), 1823—1840.

(63) Fu, D.; Xie, Y,; Zhou, L. L.; Zhang, L. L.; Zheng, T.; Shen, J.
Triple physical cross-linking cellulose nanofibers-based poly(ionic
liquid) hydrogel as wearable multifunctional sensors. Carbohydr. Polym.
2024, 325, No. 121572.

(64) Li, C. C.; Yang, X.; Wang, Y. Y,; Liu, J. Z.; Zhang, X. X. Core-Shell
Nanostructured Assemblies Enable Ultrarobust, Notch-Resistant and
Self-Healing Materials. Adv. Funct. Mater. 2024, 9, No. 2410659,
DOI: 10.1002/adfm.202410659.

(65) Webber, R. E.; Creton, C.; Brown, H. R;; Gong, J. P. Large strain
hysteresis and mullins effect of tough double-network hydrogels.
Macromolecules 2007, 40 (8), 2919—2927.

(66) Tong, M. D.; Kuang, S. J.; Wang, Q. Y.; Li, X,; Yu, H. X; Zeng, S.
S.;; Yu, X. Y. Dual cross-linked cellulose-based hydrogel for dendrites-
inhibited flexible zinc-ion energy storage devices with ultra-long cycles
and high energy density. Carbohydr. Polym. 2024, 343, No. 122444,

(67) Wang, Z. Q;; Hy, J. T.; Han, L.; Wang, Z. J.; Wang, H. B.; Zhao,
Q. H; Liy, J. J.; Pan, F. A MOF-based single-ion Zn** solid electrolyte
leading to dendrite-free rechargeable Zn batteries. Nano Energy 2019,
56, 92—99.

18244

https://doi.org/10.1021/acssuschemeng.4c07758
ACS Sustainable Chem. Eng. 2024, 12, 18231-18244


https://doi.org/10.1021/acs.macromol.5b00117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201704757
https://doi.org/10.1002/adfm.201704757
https://doi.org/10.1002/adfm.201704757
https://doi.org/10.1002/adfm.201705069
https://doi.org/10.1002/adfm.201705069
https://doi.org/10.1126/sciadv.aau3442
https://doi.org/10.1126/sciadv.aau3442
https://doi.org/10.1002/smll.202102660
https://doi.org/10.1002/smll.202102660
https://doi.org/10.1002/smll.202102660
https://doi.org/10.1002/adma.202004579
https://doi.org/10.1002/adma.202004579
https://doi.org/10.1002/adma.202004579
https://doi.org/10.1016/j.ceramint.2023.08.274
https://doi.org/10.1016/j.ceramint.2023.08.274
https://doi.org/10.1016/j.ceramint.2023.08.274
https://doi.org/10.1007/s10570-022-04997-6
https://doi.org/10.1007/s10570-022-04997-6
https://doi.org/10.1016/j.carbpol.2023.121572
https://doi.org/10.1016/j.carbpol.2023.121572
https://doi.org/10.1002/adfm.202410659
https://doi.org/10.1002/adfm.202410659
https://doi.org/10.1002/adfm.202410659
https://doi.org/10.1002/adfm.202410659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma062924y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma062924y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbpol.2024.122444
https://doi.org/10.1016/j.carbpol.2024.122444
https://doi.org/10.1016/j.carbpol.2024.122444
https://doi.org/10.1016/j.nanoen.2018.11.038
https://doi.org/10.1016/j.nanoen.2018.11.038
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c07758?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

HRUIHR

Modern Chemical Research

172

A+ I K

2024 - 18

AP RAEFTIRPAREEI S A AL ARREL K
=R AT ET

*XZE

CL PN AR O 22 e

I
775 511300

2. 48 A REE TR 510642)

WE . AARTFTIRGEE AR A BA, GREAAFHORT AL B EAMBRE, AL EKMAT LR RO RRME D BT £ 5 F
AT, BITLSPEIEINIE T R T A 4 F ARG 69 AR I A A%, AL B BUM X N SE B 3R 25 FE R 2 R SLIR GO T AR, SRR IRAR &K,
FIHETRBRRGBLZAOHE, KFEULEMEBARZIT HKESELAKTOBE K,

23818 ;. AFEMREGY, FHEZITAEY, £5L; RIHRR
P EZ IS 0636.1 KARFRIRED : A
DOI: 10.20087/j.cnki.1672-8114.2024.18.054

Study on Synthesis of Carboxymethyl Cellulose Palmitate and Encapsulation

of Curcumin in Its Micelle
Liu Yiying', Wang Yang®’

(1.Guangzhou Huashang Vocational College, Guangdong, 511300

2.South China Agricultural University, Guangdong, 510642)
Abstract: Amphiphilic carboxymethyl cellulose palmitate was synthesized using carboxymethyl cellulose and palmitic acid, and self-as-

sembled in aqueous phase to load curcumin. The successful synthesis of carboxymethyl cellulose palmitate was verified by infrared spectrum, and

the laser particle size analysis proved the formation of drug-loaded micellar nanoparticles. The loading capacity and encapsulation efficiency of

the drug-loaded micelles were calculated by liquid chromatography test. This study achieved stable dispersion of hydrophobic curcumin in aqueous

phase using all-bio-based carrier.

Key words: amphiphilic polymers; cellulose derivatives; curcumin; drug-loaded micelles
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The low-temperature environment caused by solvent evaporation leads to the condensation of water
vapor into water droplets that remain on the surface of the film to form breath figure patterns. The
conventional approach to regulate the pore morphology in the breath figure process is to optimize
the ambient temperature, humidity, and solution concentration. However, realizing a wide adjustable
window of pore size and uniform distribution of the pore are still challenges. Here, inspired by the
rainfall phenomenon, we proposed a simple and efficient method called the “raining boxing method”
(RBM) for preparing porous films based on exogenously given water droplets as templates. The RBM
broadened the adjustable window of pore size (0.6-225 pm in this work) and solved the inherent problem
of radial reduction of pore size from the film center to the edge caused by the significant difference in low-
temperature duration at different locations accompanying the solvent evaporation process. Furthermore,
this method could realize multi-types porous films, including surface porous films, spongy porous films,
and honeycomb porous films, and could be universally applied in the casting process of various polymer
solutions.

1 Introduction

Inspired by the condensation of water vapor as it contacts a low-
temperature object after being breathed out, the breath figure
method (BFM) has been developed and applied to construct the
porous structure of film materials [1-3]. Briefly in BFM, the local
low-temperature zone caused by the solvent in polymer solution
evaporation is formed due to the phase change thermal effect;
as the water vapor pressure in the environment is higher than

* Corresponding authors.
E-mail addresses: wangyang@scau.edu.cn (Y. Wang), zhangcq@scau.edu.cn (C.
Zhang).
Received 30 April 2024; Received in revised form 17 May 2024; Accepted 20 May 2024

the saturated water vapor pressure in the local low-temperature
zone, the water vapor will condense into droplets in the local low-
temperature zone; with the gradual evaporation of solvent and sol-
gel transition of polymer solution, the formation and movement
of the water droplets on the upper surface of the polymer
solution, which are affected by the Convection effect [4,5] and
the Marangoni effect [4,6,7], would result in a film material with
specific microporous morphology. BFM has the advantages of
simple operation, low cost, and high pore-forming efficiency,
applied in microstructure templates [8,9], battery separators [10-
12], smart devices [13-15], water purification materials [16-
18], superhydrophobic materials [19-21], biomedical engineering

2666-5425/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/) https://doi.org/10.1016/j.giant.2024.100293
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materials [22-24], microreactors [25,26], triboelectric materials
[27].

The size, distribution uniformity, and morphology of pores
determine the performance of porous film [28]. Although the
BFM has been used in many applications, there are still two
defects for films prepared by BEM: the pore size distribution across
the entire film exhibits a radial decrease from the center to the
edge, and a narrow window adjustable of the pore size. The non-
uniformity of the porous film prepared by BFM has been reported
in several researches, but the detailed principle is still unclear
[29]. Some studies indicated the presence of the Marangoni effect
during formation process of porous film in the BFM [4,6,7]. The
Marangoni effect is a phenomenon that occurs when there is a
tension gradient on the surface of a solution, and mass transfer
occurs from the region of low tension to the region of high tension
[30]. The Marangoni effect contributes to the orderly arrangement
of water droplets during migration to the center of porous film
[4]. However, it may also be one of the reasons for the difference
in pore size between the edge and the center. In summary, the
non-uniform distribution of pore sizes in BFM has not been
systematically explained, and the dynamic characterization of
the formation process of porous film is still lacking. According
to the literatures, experimental parameters that can be used for
the pore size adjustable in BFM include the rate of the flowing
gas, humidity, temperature, concentration of polymer solution,
and the coating processes of the solution, such as drop coating
[31,32], spin coating [33-35], and dip coating [7,32]. However,
even with the optimization of these parameters, the window of
the pore size adjustable is limited within 0.01-50 pm [2,36-39].
The mechanism by which the pore size determined is not yet
clear. Especially in the dynamic processes of condensation and
evaporation of water droplets (used as templates in BFM). Thus,
further investigation of the dynamic process of water droplet
growth is needed, which serves as the theoretical basis for realizing
a wider adjustable window of pore size by BFM or other simple and
effective methods.

The ideal method for preparing porous films should meet the
requirements of simple process that is easy to control, uniform
pore size distribution, wide adjustable window of pore size,
universality for different polymer solution systems, and the ability
to obtain various types of porous films. Due to the two defects
for porous films prepared by BFM, this study was to conduct a
detailed investigation of the porous film formation process using
the BFM and to accordingly develop a new method to meet the
requirements of constructing ideal porous film materials. Here
in this work, inspired by the natural phenomenon of rainfall
boxing the surface of the lake, the raining boxing method (RBM)
was developed, where additional water droplets were used rather
than condensation of water vapor as templates. The relationship
between the spraying rate of water droplets and the morphology
of the obtained porous film in the RBM process was investigated.
The results showed that the process was a simple operation,
high efficiency, and high controllability of pore formation. In
addition, due to the uniformity coverage and the controllable
rate of the water droplets, the defects of non-uniform pore size
distribution and the narrow adjustable window of pore size of
the BFM process could be avoided. Furthermore, the new BRM

could be used to prepare porous films with different morphologies,
suitable for polymers with varying degrees of hydrophobicity. This
study provides an ideal method for the preparation of multi-types
porous materials in various functional materials.

2 Experimental section

2.1 Materials

Cellulose acetate butyrate (CAB, with 3 % acetyl and 52 % butyryl
content) and dichloromethane (DCM, 99.9%) were purchased
from Shanghai Macklin Biochemical Technology Co., Ltd (China).
Soybean oil (Laboratory reagent) was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd (China). Cellulose fatty
acid esters (CEs, with degrees of substitution (DS) of 1.88, 2.27, and
2.51, respectively, The preparation process of CEs was described in
the supporting information) were synthesized in the laboratory
and unpublished. Deionized water was obtained using Elix®
Water equipment. All chemical reagents used in the experiments
were used without further treatment unless otherwise stated.

2.2 Fabrication of porous film by BFM

The CAB sample was dissolved in DCM to form a solution with
a concentration of 5 wt%. A certain amount of the 5 wt% CAB
solution was coated onto the plane to form a solution layer, which
was subsequently exposed to atmospheric conditions of specific
temperature and humidity. As the solvent gradually evaporated,
CAB solidified and precipitated into a film. Simultaneously, water
vapor condensed on the surface of the CAB solution layer,
resulting in the formation of pores in the CAB film, which is the
typical BFM process.

2.3 Fabrication of porous film by RBM
The rainwater simulator equipment consisted of three parts: the
water droplet generator (SONF XING, 70 W (three gear positions
(GP) to control the release rate of water droplets, GP-1 < GP-2 <
GP-3)); the water droplet transfer conduit (& = 5 cm) and the water
droplet buffer outlet (conical, outlet ® = 20 cm, equipped with a
100-mesh gauze to control the uniform release of water droplets).
The fabrication process of the porous film by the RBM was as
follows: CAB or CEs with different DS were dissolved in DCM to
form a polymer solution with a concentration of 5 wt%. Then,
3 mL of polymer solution was coated onto a 10 cm x 10 c¢m
siliconized glass plane, forming a circular solution layer due to the
gravity and surface tension. The outlet of the rainwater simulator
was positioned 8 cm above the interface of the solution layer.
The rainwater simulator control was GP-1, and the water droplet
buffer outlet was equipped with a 200-mesh gauze. Water droplets
were sprayed onto the surface of the solution layer for different
durations. Subsequently, the polymer solution layer was exposed
to an ambient temperature of 20 °C and relative humidity (RH)
40 %. When the solvent completely evaporated and the CAB/CEs
precipitated, the CAB/CEs porous film was obtained and removed
from the glass plate.

2.4 Characterization
2.4.1 Infrared thermal imaging for BFM

Temperature changes during the evaporating of 5 wt%
of CAB solution in BFM were monitored using an infrared
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thermal imaging camera (UNI-T, UTi120S), with thermographic
photographs taken at S5-second intervals. The images were
analyzed using UNI-T (UTi120S) software to identify temperature
values at different locations of CAB solution layer, and the
corresponding temperature-time curves were obtained.

2.4.2 Outline imaging for BFM

Changes in the side outline of the CAB solution droplet during
solvent evaporation were monitored using a contact angle meter
(KRUSS), with photographs taken at 10-second intervals.

2.4.3 Optical microscopy observation for BFM

The formation of water droplets on the solution-air interface
and their motion behaviors during the evaporation of solution
were observed using an optical microscope (NOVEL, BM2100POL)
at 10x magnification.

2.4.4 Low-temperature observed system for BFM

The condensation or evaporation of water on the cooling
platform was observed using the low-temperature observation
system (Fig. S1).

2.4.5 Weight detection for RBM

The relationship between the solvent evaporation rate and the
exogenous water droplet spraying rate was an important factor in
the preparation of porous film by RBM. GP-3 and buffer outlet
gauze of 100-mesh were used. In the control groups, a 10 cm x 10
cm glass plate was placed on an electronic balance, and the rain
simulator sprayed water droplets for 80 s (Water_80 s) and 160 s
(Water_160 s), respectively. In the experimental group, drops of 3
ml of 5 wt% CAB solution were coated on the glass plate (CAB),
and the rain simulator was used to spray water droplets for 80 s
(CAB_80 s) and 160 s (CAB_160 s), respectively.

During the fabrication of the porous film by RBM, a siliconized
glass plane with a polymer solution layer was placed on a 1/10,000
electronic balance (Mettler Toledo, ME204E) to determine weight
changes as functions of time. The electronic balance was
connected to the computer, and weight data was recorded at 5-
second intervals.

2.4.6 Scanning electronic microscope for RBM

The pore structures of CAB and CEs porous films were observed
by SEM. To obtain the cross-sectional structure of the samples, the
films were brittle and fractured by placing them in liquid nitrogen.
The top surface of the film was peeled off using adhesive tape to
obtain the internal structure.

3 Results and discussion

3.1 Mechanism of non-uniform pore size distribution in BFM

The 5 wt% CAB solution was cast on the glass plane to form a
circular liquid layer (diameter: 8-10 cm, thickness: 0.04-0.06 cm).
The liquid layer was placed at 24 °C, 75% RH, and the porous
circular film was obtained by the typical BFM process, as shown
in Fig. la. Macroscopic and microscopic photographs in Fig.1b
revealed that the outermost ring of the circular film exhibited
transparent morphology without pores. Additionally, the pore
sizes exhibited a gradual decrease from the center to the outer

edge of the circular film. To investigate the mechanism of the
phenomenon, temperature-time curves at different positions of
the casted solution layer during the evaporation process were
examined using infrared thermography. As shown in Fig. 1c, the
temperature-time curves indicated that low-temperature periods
(T < 13 °C, about 10 °C lower than the ambient temperature)
occurred during the solvent evaporation process. The durations
of the low-temperature periods were 695 s, 1115 s, and 1235
s for point a;/a; (2/3 radius from the center), point b;/b, (1/3
radius from the center), and point c (center), respectively. The
low-temperature was caused by the solvent evaporation due to the
phase change thermal effect. During the low-temperature periods,
the water vapor would condense into droplets on the surface of
the casted solution layer. The results inferred that a longer low-
temperature period might cause more complete condensation and
growth of water droplets. Therefore, the different durations of
low-temperature time at different positions of the casted solution
layer might be one of the reasons for the non-uniform pore size
distribution.

In addition to the static factor of different low-temperature
durations at different positions, the dynamic behaviors of the
polymer solution and water droplets during solvent evaporation
in the BFM process were also worth noting. 3 mL of the 5 wt% CAB
solution was dropped on the glass plane to form a circular liquid
layer (with arch-shape, initial diameter of 2.35 mm, initial hight
of 0.50 mm). The side outline of the CAB solution droplet was
observed by the contact angle measurement instrument to display
the solvent evaporation in the BFM process. In Fig. 2a, as the
evaporation of solvent, the height and width of the CAB solution
droplet decreased simultaneously, and the droplet shrank towards
the center. As the solvent was completely evaporated, the gelation
of the CAB solution was completed, and a flat film (diameter of
2.26 mm) was formed. After recording and calculation in Fig. 2b,
the ratio of radial and longitudinal contraction rates of CAB
solution droplets was 4.94. As shown in Fig. 2c and Supplementary
Movie S1 recorded by optical microscope, at different positions of
the CAB solution droplet surface, water droplets did not condense
simultaneously during the solvent evaporation process. In fact,
the condensation of water droplet firstly occurred at the center of
the CAB solution droplet (upper left of the visual field), and then
radially diffused towards the outer ring (bottom right of the visual
field). The above results indicated that in the radial direction,
the contraction process of the polymer solution layer caused by
solvent evaporation and the extension process of water droplet
condensation had opposite directions. The solvent evaporation
and the CAB precipitation firstly occurred at the outmost ring of
the CAB solution droplet, where condensation of the water droplet
(as pore template) had not yet expanded. These microscopic
processes and phenomena could also explain the Marangoni effect
[4]. Fig. 2d diagramed the above processes. In summary, the non-
uniform pore size distribution in BFM could be explained by the
different duration of low-temperature time at different positions
of the casted polymer solution layer, and the opposite directions of
the polymer solution layer contraction process and the extension
process of water droplet condensation. Furthermore, these two
factors could not be avoided by adjusting parameters in typical
BFM processes.
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The typical BFM process for preparing CAB porous film. (a) CAB solution was cast on a glass plane; solvent evaporation and water vapor condensation process; the
formation of circular porous film. (b) macroscopic photograph of the circular porous film, and the morphology of pores at different positions of film obtained by
optical microscope. (c) temperature-time curves of different positions during solvent evaporation. Scale bars: 1 cm for white, 10 um for yellow.

3.2 Mechanism of narrow adjustable window of pore size in BFM
The condensation of water vapor into water droplets is the
key process of BFM for the preparation of porous film, and
the sizes of the water droplets accordingly determine the
pore size. However, during the BFM process, water droplets
undergo condensation and re-evaporation, and their sizes are
also dynamically changing instead of being constant. In order to
investigate the determination mechanism of pore size in BFM,
the growth process of water droplets at low-temperatures was
investigated here. To detect the condensation of water vapor
and to ensure the circle structure of water droplets (Fig. S2 and
Supplementary Movie S2, the irregular shapes of water droplets
were formed on a glass plane), the hydrophobic coated glass
plane was placed on the cooling platform, and the temperature
was set to 7 °C. The condensation process of water vapor
into water droplets was recorded by optical microscope imaging
technology. As shown in Fig. 3a, the red dashed boxes on
microscope photographs demonstrated that the independent
growth of water droplets was accompanied by the coalescence
behavior of two or more water droplets, resulted in a water
droplet with a significantly large size. Fig. 3b shows the curves of
number, diameter, coefficient of variation for the diameter and
area proportion of water droplets over time in the visual field.
The results illustrated that the number of water droplets increased
from 2125 to 3855 within the first 360 s and then decreased to
2253 at the 1800 s; the water droplet diameter increased from
36.99 ym to 67.15 pm, and simultaneously the coefficient of
variation for diameter increased from 5.11 to 26.88, which implied
that the increase in pore size was accompanied by the decrease
in pore size uniformity. The percentage of droplets that diameter
above 37 ym in the visual field increased continuously from 17.9%
to 73.28%, from O s to 1440 s and decreased slightly (71.38%) at

the 1880 s, which indicated that the coalescence process of water
droplets started to slow after the 1440 s. The reason might be
that the gaps among water droplets increased to some extent as
small droplets coalesced into larger droplets, such phenomenon
was observed in the red dashed box at the 1440 s in Fig. 3a. Based
on the above results, Fig. 3c schematic diagramed the nucleation,
growth, and coalescence processes of water droplets.

The condensation and evaporation processes occurred
synchronously for water droplets. To study these processes,
the temperature of the cooling platform was used as the single
variable. The ambient temperature was 24 °C and RH was 50%.
The water droplets show different ways of growth at different
temperatures (Fig. S3). The water droplet marked by the red tip
could serve as a reference object since water droplets moved on
the hydrophobic plane. The result of Fig. S3a and supplementary
Movie S3 showed that the water droplet gradually grew over
time at 14.1 °C, which indicated that the condensation rate of
the water droplets was faster than the evaporation rate at this
temperature. The result of Fig. S3b and supplementary Movie
S4 showed that the water droplet exhibited no obvious growth
behavior at 14.7 °C, suggesting that the condensation rate of
the water droplets was roughly equal to the evaporation rate
at this temperature. The result of Fig. S3c and supplementary
Movie S5 showed that the water droplet gradually disappeared
over time at 18.2 °C, indicating that the condensation rate of
the water droplets was lower than the evaporation rate at this
temperature. This result indicated that water vapor condensation
occurred only if the temperature was 7 °C lower than the ambient
temperature (23 °C and 50% RH). It could be concluded that the
apparent growth rate of the water droplet was jointly determined
by the condensation rate and the evaporation rate. The apparent
growth rate and the duration of the droplet growth (duration
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The dynamic process of solvent evaporation during the BFM process. (a) Side outline of the CAB solution droplet during solvent evaporation was monitored by
a contact angle instrument. (b) Displacement-time curves of solvent evaporation in the transverse and longitudinal axes. (c) The water vapor condensation into
water droplets, with the blue arrow indicated the direction of water droplet extension; the center of the solution was on the upper left of the visual field. (d)
Demonstration of the cross-section of the solvent evaporation to film, with the black arrow indicated the evaporation of solvent, the blue arrow indicated water
vapor condensation into water droplets, the red arrow indicated solution shrinkage, the black dotted line indicated the original position of the solution droplet,
the pink dots indicated the water droplet and the black dots indicated the pore left by the evaporation of the water droplet. Scale bars: 0.5 mm for white, 100 pm

for yellow.

of the low-temperature time) determined the maximum size
of the water droplets. Therefore, the upper limit of the pore
size of the BFM film was restricted by the short duration of the
low-temperature time and the slow growth of water droplets,
even if the conventional parameters (air flow rate, temperature,
and RH) were adjusted.

3.3 Development and validation of new RBM technologies

Inspired by the phenomenon of rainwater boxing the surface
of a lake, a new method was proposed to prepare porous films
by exogenous water droplets (Fig. 4). The preparation process is
divided into five steps: 1. polymer solution coating on a glass plate;

2. uniform water droplets provided by the rainwater simulator
served as a template, which then coalesced and grew on the surface
of the polymer solution; 3. solvent evaporation and polymer
precipitation into film; 4. evaporation of water droplets that
embedded in the film, resulting in the formation of the pore
structure.

Here, the spraying rate and uniformity of the water droplet
were controlled by the output power and the mesh size of the
gauze at the outlet (200-mesh, and 100-mesh), as shown in Fig. S4a
and b. In Fig. S4c, the weight-time curves of water droplets water
droplets spraying rate were 4.9 x 10-°® g cm~2 when the GP was
set to 1 and 200-mesh gauze was used. The spraying rate increased
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Water droplet growth at low-temperatures. (a) Microscope photographs of the water droplet condensation and growth process on a low-temperature hydrophobic
surface (scale bars: 500 pm for white); (b) Curves of number, diameter, coefficient of variation for the diameter, and area proportion of water droplets at different
time intervals in the visual field of the microscope; (c) Schematic diagram of the water droplets growth process.
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Schematical illustration of a novel RBM for preparing porous films, inspired by rainwater.

to 1.64 x 107> g cm~2 when the GP was set to 3, and 200-mesh
gauze, and further increased to 2.19 x 10~> g cm~2 when the GP
was set to 3, with 100-mesh gauze.

Fig. 5a showed that the weight-time curves of polymer
solutions could be divided into two stages due to the significant
turning point. Stage 1 indicated the process of exogenous water
droplet spaying and solvent evaporation, while stage 2 indicated
the processed of water droplet evaporation. As shown in Fig. 5a
and b, at an ambient RH of 43% at 20 °C, without the addition

of exogenous water (the same process of typical BFM), the
evaporation of the solvent in the CAB solution was completed
at 215 s, resulting in a nonporous transparent film (Fig. Sb).
However, when exogenous water droplets was sprayed for 80
s and 160 s onto the solution layer, the duration of solvent
evaporation extended to about 437 s and 565 s, respectively. The
results indicated that the exogenous water droplets significantly
prolonged the duration of the solvent evaporation, thereby
providing conditions for broadening the pore size window. The
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Effect of the amount of water droplets applied to RBM-prepared porous films during solvent evaporation. (a) Curves of weight of CAB solution as a function of time
(In the fitting formula, the x represented time, and the y represented the weight of the solution or water). Five samples were designed on a 10 cm x 10 cm glass
plate: Water_80s and Water_160s referred to the exogenous water droplets were sprayed on a blank glass plane for 80 s and 160 seconds, respectively; CAB referred
to the coating of 3 mL of 5 wt% CAB solution on a glass plane; CAB_80s and CAB_160s referred to that the the exogenous water droplets were sprayed on the 3
mL of 5 wt% CAB solution layer for 80 and 160 s, respectively; (b, ¢, and d) Photographs of film materials prepared from samples of CAB, CAB_80s and CAB_160s,

respectively; scale bar: 1 cm.

photographs of porous film for Fig. 5¢, d show the porous films
prepared by the sprayed water droplets for 80 s and 160 s, which
were white and untransparent. In conclusion, the CAB solution
could not form a pore structure using typical BEM in the ambient
40% RH at 20 °C, demonstrating the limitation of BFM due
to environmental factors. In contrast, films with uniform pore
structures could be easily prepared by controlling water droplet
spraying rates and gauze in RBM.

To validate that RBM could broaden the adjustable window of
pore size and obtain porous films with uniform pore distribution,
a 5 wt% CAB solution was coated on the glass plane to form a
circular liquid layer. The rainwater simulator was set at GP-1, and
the water droplet buffer outlet was equipped with 200-mesh gauze,
the water droplets were sprayed on the surface of the solution layer
for0s, 5,105, 80 s, 160 s, 240 s, respectively. When the solvent
and water droplets were completely evaporated and the CAB was
precipitated, the CAB films were obtained and named as CAB-Os,
CAB-5s, CAB-10s, CAB-80s, CAB-160s, CAB-240s, respectively (in
Figs. 6 and S5).

According to the results of SEM in Fig. 6, the porous films could
divided into different types. Fig. 6a showed that the pores were
mainly distributed on the upper surface of the porous film, which
could be called the interfacial porous film. For Fig. 6b and c, the
pores were distributed in the internal area of the film, which could
be called the sponge porous film. In Fig. 6d, the interfacial pores
were distorted, and the cross-section results showed that a single
large pore filled up the whole internal area of the film, which could
be called the honeycomb porous film. Furthermore, the pore sizes
of the CAB-5s, CAB-10s, CAB-80s, CAB-160s were 1.1 um, 1.0 um,
2.2 ym and 8.7 pm, respectively. The upper surfaces of the CAB-

80s and CAB-160s porous film were peeled off, the results showed
that the pore sizes were 19.5 ym and 113.2 pm, respectively (Fig.
S6), and larger pores appeared near the bottom of the porous
film. The phenomenon could be explained by the coalescence of
exogenous water droplets to form larger droplets that sank due
to their weight. In conclusion, the RBM broadened the pore size
adjustable window by controllable exogenous water droplets and
realized the preparation of multi-types porous films. In the reports
within the past 20 years, porous films prepared by BFM had the
largest pore size of 50 um (Fig. S7), while the pore size in this study
reached 113.2 pm (the maximum pore size was 225 pm) and could
be further broadened by extending the duration of water droplets
spraying.

The uniformity of pore size distribution was one of the
prerequisites for the stable performance of porous film in
applications. In order to analyze the uniformity of pores, S areas
were selected on 3 parallel samples of CAB-10s to investigate
the pore size. The results of the statistical analysis, as shown
in Fig. 7, indicated that the pore sizes at various positions fell
within a narrow range of 0.6-1.2 pm, demonstrating a high
degree of uniformity. In addition, the pore sizes in the porous
films performed a high degree of reproducibility among 3 parallel
samples.

3.4 The RBM for polymers with different hydrophobicity

CEs with different DS were used as solutes for the preparation of
pore films by RBM. The results showed that porous films with
different morphologies were obtained under the same condition
(200-mesh, GP-1, 10 s), but all of them were interfacial porous
films. When the DS was 1.88, the pores penetrated below the
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surface of the film (Fig. S8a), indicating that the water droplets
entered the surface of the CEs solution layer. With the degree
of substitution was 2.27, the pore presented a hemispherical pit
shape (Fig. S8b), indicating that water droplets were partially
embedded on the surface of the CE solution layer. At the

degree of substitution was 2.51, the pores presented a shallow
pit shape (Fig. S8c), indicating that water droplets left shallow
traces on the surface of the CEs solution layer. As the DS
of CEs increased, the hydrophobicities of CEs solutions were
higher, and the contact behaviors between water droplets and
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surfaces of polymer solutions with different hydrophobicities were
entirely consistent with the phenomenon of pore morphologies.
The results indicated that the pore structure of film materials
prepared by EBM could be affected by the hydrophilicity and
hydrophobicity of the polymer.

4 Conclusions

In this study, the defects of BFM were systematically investigated.
The non-uniform pore size distribution in BFM could be explained
by the different durations of low-temperature time at various
positions of the cast polymer solution layer, as well as the opposite
directions of the polymer solution layer contraction process and
the extension process of water droplet condensation. These two
factors could not be avoided by adjusting parameters in typical
BFM processes. Furthermore, the upper limit of the pore size of
porous films in BFM was restricted by the short duration of the
low-temperature time and the slow growth of water droplets,
even if the conventional parameters (air flow rate, temperature,
and RH) were adjusted. On the contrary, a new method called
RBM for preparing porous film using exogenous water droplets
was proposed. The results showed that RBM was a promising
new approach for preparing porous films using exogenous water
droplet templates, with advantages including simple operation,
low cost, easy regulation, larger adjustable window of pose size,
uniformity of the pore size, uniform distribution of the pores, and
capability of preparing multi-types of porous film. Furthermore,
the potential of pore-size windows and pore morphologies could
be further adjustable by using different polymer solution systems.
In summary, this BRM method had potential applications in
preparing novel functionalized porous film materials with high
performance.
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