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e soy protein-based films from
cellulose nanofibers and graphene oxide
constructed synergistically via hydrogen and
chemical bonding

Ningsi Wei, Murong Liao, Kaijie Xu and Zhiyong Qin *

Soybean protein isolate (SPI) shows a broad application prospect in the food and packaging industry.

However, its inferior mechanical properties and water resistance limit its application. In this work, a series

of SPI-based composite films were prepared by combining with cellulose nanofiber (CNF), graphene

oxide (GO), GO/CNF, ethylene glycol diglycidyl ether (EDGE) or GO/CNF/EGDE. The results show that by

adding a small amount of reinforced materials (3%), the water resistance, hydrophilicity, mechanical

properties and thermal stability of composite films were improved. The filling effect and hydrogen

bonding of the reinforcing materials contribute to the formation of film structure. EGDE cross-link SPI

with CNF and GO build a chemical network to improve the properties of the film. In addition, they could

make a synergistic effect to better enhance the performance of a protein film. Therefore, the tensile

strength and elastic modulus of the SGCE film reached 469.21% and 367.58%, respectively.
1. Introduction

The depletion of petroleum resources and the “white pollution”
caused by synthetic polymers make researchers turn their
attention to biomass materials, which are a wide variety of
sources, biodegradable, renewable and environmentally
friendly.1,2 The packing lm constructed by biomass could be an
ideal substitute for petroleum-based packaging materials
because it contains excellent barrier performance, which can
prevent water vapor, O2 and CO2 from passing through to keep
the food fresh.3 As a part of biomass materials, proteins have the
same advantages. Among protein, soybean protein isolate (SPI) can
be accessed from soybeans and is a by-product of soy oil pro-
cessing that makes it become a potential replacement in packing
materials.4 SPI contains great lm-forming performance, a SPI-
based lm could be formed aer adding a small amount of plas-
ticizer. However, the SPI lm also has disadvantages such as low
strength, poor water resistance and barrier performance, so it
needs to be further modied to meet the practical requirements.
The performance of the SPI lm is inuenced a lot by the non-
covalent forces (hydrophobic interactions, hydrogen bonding,
and electrostatic attractions), and it could be modied by phys-
ical,5,6 chemical7 or biological methods to produce new packing
materials with excellent properties.

Various approaches, including molecular modication,
ultrasound modication, high-pressure homogenization, lling
Environment and Materials, Nanning
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of nanoparticles and adding crosslinking agents, have been
applied to enhance the properties of soy protein materials. By
ultrasound modication, the chemical bonds of SPI molecules
were broken, exposing more active groups, increasing cross-
linking entanglement and improving the tensile properties.
The mechanism could change the structural and functional
properties by high energy impact, which reduces the particle
size, increases surface hydrophobicity of SPI and forms soluble
aggregates, leading to a denser and more uniform polymer
networks.8–11 Nevertheless, the high-cost equipment and poor
mechanical performance of conventional physical modication
are driving the research community to seek more efficient and
sustainable alternatives. Epoxy crosslinking is a good choice for
improving the mechanical properties of SPI composites. The
epoxy cross-linker agent is prone to ring-opening polymeriza-
tion and forms a more stable chemical structure with soybean
protein owing to many polar functional groups, such as –OH,
–NH2, –COOH, and –SH.11 For instance, as a commonly used
epoxy-crosslinking agent, EGDE can react with protein mole-
cules by its epoxy-functional groups.12

In recent years, growing interest has been devoted to func-
tional nanomaterial mainly due to their characteristic of large
specic surface area, high surface activity and the small size
effect. Such materials play an important role in the elds of
biology,13 energy conversion,14 catalysis,15 and chemical sensors.16

Adding inorganic nanoparticles such as montmorillonite,17–20

halloysite nanotubes,21,22 silica,23 carbon nanotubes,24 and gra-
phene oxide25–27 can effectively improve the mechanical proper-
ties, barrier properties and heat resistance of the composite lm.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Han6 mixed different sizes of SiO2 nanoparticles with the SPI lm
and found that the water content and soluble total matter
content of the composite lm decreased with decreasing size of
SiO2, and the addition of SiO2 improved the thermal stability of
the lm. Kang28 used dopamine for surface modication of hal-
loysite nanotubes (HNTs) and then graed the silane agent.
Finally, a PDHNTs/SPI lm was obtained aer mixing SPI with
the modication HNTs, its tensile strength increased from
5.90 MPa to 8.73 MPa and Young's modulus improved by 54.5%.
There are reports that the mechanical properties of composites
have been remarkably improved including tensile strength (up to
280.70%) and toughness (up to 258.30%), because of the efficient
dissipation mechanisms derived from the synergistic interfacial
interactions between the GO load distribution and SPI matrix.29

However, many reports show that graphene contains a large
number of active groups and is easy to agglomerate in compos-
ites.30 CNF is oen used as a dispersing agent to disperse nano-
particles because of their large specic surface area and good
dispersion. Because of the physical cross-linking and strong
hydrogen bond association between CNF and polymers, it is very
obvious for CNF to reinforce polymers in terms of mechanical
properties and barrier properties.31–34 Therefore, it has great
potential for doping with GO and CNF to prepare inorganic–
organic composites.

Herein, in a facile strategy, CNF andGOwere selected as llers
to prepare SPI-based composite lms with excellent mechanical
properties by ultrasonic dispersion and EGDE cross-linking was
proposed. A series of SPI-based composite lms were produced
by the solution casting method. Then, a small quantity of rein-
forcement (3%) or cross-linking agent was loaded into thematrix;
the effects of incorporating CNF, GO and EGDE on surface
compositions, microstructure and thermal properties of the lms
were investigated, and the reaction mechanism was also
proposed. In addition, the mechanical, total solubility and
contact angle of composite lms are discussed.
Table 1 Code and formulation of SPI-based composite filmsa

Samples SPI (g)
Glycerol
(g) CNF (g) GO (g) EGDE (g)

SPI 2 0.6 — — —
2. Materials and methods
2.1 Materials

SPI with a protein content of over 95% was purchased from
Shandong Yuwang Ecological Food Industry Co., Ltd. Glycerol of
biotechnology grade (Shandong, China). EGDE was purchased
from McLean Biochemical Reagent Co., Ltd (Shanghai, China).
CNF was provided by a modied technical scheme, its diameter
and length were 4–10 nm and 1000–3000 nm, respectively.35 GO
powder was synthesized by a modied Hummers' method
according to a previously published method.30 Sodium hydroxide
(NaOH) solution (10%, w/w) was prepared from NaOH solid
powder ($97%, Kelon Chemical Reagent Factory, Chengdu,
China). All chemicals were used without further purication.
SC 2 0.6 0.06 — —
SG 2 0.6 — 0.06 —
SE 2 0.6 — — 0.2
SCG 2 0.6 0.03 0.03 —
SCGE 2 0.6 0.03 0.03 0.2

a All components were added relative to the content of SPI.
2.2 Preparation of SPI-based composite lm

2 g of SPI powders and 0.6 g of glycerol were dissolved in 38 ml
deionized water to prepare SPI suspension, and its pH was
adjusted to 9.0 � 0.2 using 10% NaOH solution (w/w). The
suspension was agitated for 30 min at 80 �C to disrupt the
© 2021 The Author(s). Published by the Royal Society of Chemistry
peptide chain structure of protein and cause the partial denatur-
ation of protein. CNF or GO was dispersed in deionized water and
treated under sonication at 400 W for 10 min to form a homoge-
neous 0.5% (w/w) solution. Aer that, the CNF solution, GO
solution and EGDE were added into the SPI suspension, stirring
for 10 min and were treated with ultrasound to obtain a series of
lm-forming solutions. Finally, the mixed solution was poured in
plastic Petri dishes and water was evaporated in a temperature
humidity chamber at 45 �C and 45 RH% for 24 h. All the prepared
samples were conditioned in a dryer at 57 � 2RH% and 25 � 2 �C
for 3 days before testing (Table 1).
2.3 Characterization

2.3.1 Mechanical properties. A handheld digital microm-
eter (Measuring & Cutting Tool Co., Ltd. Guilin, China) with
a sensitivity of 0.001 mmwas utilized to measure the dimension
of each lm. Then, the mechanical properties were performed
according to the ASTM D880-02 standard. Specimens (10 mm �
60 mm) were tested using a universal tensile testing machine
(AG-X Plus, Shimadzu Corporation, Japan) with a strain rate of
50 mm min�1 and a gauge length of 30 mm. Young's modulus,
tensile strength and fracture strain were measured from the
tests.29

2.3.2 Total soluble matter (TSM). The TSM of SPI-based
composite lms was measured according to a method
described by Xu et al.36. First, all specimens were dried in an air-
circulating oven at 103 � 2 �C to water eliminate the free water
and reached a constant weight, weighing (m1). Then, the spec-
imens were placed in distillation bottles containing distilled
water, magnetically stirring every 2 h for 24 h at room temper-
ature (25 � 2 �C). Finally, all specimens were taken out and
dried under the same drying condition in an air-circulating
oven, until they reached a constant weight again, weighing
(m2). The TSM of SPI-based composite sheets was calculated as
follows:

TSM (%) ¼ (m1 � m2 )/m1 � 100

2.3.3 Surface contact angle (CA). The CA tests on the
specimens were conducted on a DSA100 contact angle meter
(KRUSS Co., Ltd. Hamburg, Germany) at room temperature.
Each specimen was cut to a size of 20 mm � 80 mm and xed
RSC Adv., 2021, 11, 22812–22819 | 22813
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on a slide horizontally using a double-sided adhesive. Then, 5
mL water droplets were dropped on the surface of the specimen
by a digital micro-syringe. Finally, the result was obtained aer
six parallel measurements.

2.3.4 Fourier transform infrared spectroscopy analysis
(FTIR). The FTIR spectra of SPI-based lms were obtained using
a spectrometer (Nicolet 7600 Nico-let Instrument Corporation,
Madison, WI, USA) with an average of 32 scans recorded from
400 to 4000 cm�1 wavenumbers at a resolution of 4 cm�1.

2.3.5 X-ray diffraction (XRD). X-ray diffraction patterns of
SPI-based composite lms were investigated on an X-ray
diffractometer (MINFLEX600, science company Co., Ltd,
Shanghai, China) equipped with Cu Ka1 radiation at 40 kV and
40mA. Data were collected at a 2� min�1 scan rate from 5� to 60�

Bragg angle (2q).
2.3.6 Differential-scanning calorimeter (DSC). The thermal

transition characteristic of SPI-based composite lms was
carried out on Polyma DSC-214 (NETZSCH, Germany). About 4–
5 mg of the specimen was compressed in aluminum standard
pans and tested in the range from room temperature to 250 �C
at a rate of 10 �C min�1.

2.3.7 Thermogravimetric analysis (TGA). The thermal
stability characteristic of each lm was investigated using
thermogravimetric analysis (TGA, Q50, TA Instruments, MA,
USA). The specimens were dried in a desiccator with P2O5 at
room temperature to receive a constant weight. Aer that, each
specimen was placed in a platinum cup at a ow of 60 ml min�1
Fig. 1 Mechanical tensile testing of SPI-based composite films: (a) the t

22814 | RSC Adv., 2021, 11, 22812–22819
nitrogen gas and heated to 600 �C at a heating rate of
10 �C min�1. The peak temperature at the maximum degrada-
tion rate was calculated.

2.3.8 Scanning electron microscopy (SEM). SEM analysis
was performed using scanning electron microscopy (ZEISS,
Germany) at an acceleration voltage of 15 kV. In order to receive
distinct images of the cross-sectional fracture surface
morphologies of the SPI-based composite lms, the cross-
sectional fracture was rst sputter-coated with a gold layer
and then observed.

3. Results and discussion
3.1 Physical and mechanical properties of SPI-based
composite lms

The physical and mechanical properties of SPI composite lms
are important factors for applications. The effect of the different
components on the mechanical properties of SPI lm was
studied and the results are shown in Fig. 1(a–c), and the specic
data are illustrated in Table 2. In this study, the mechanical
strength of the pure SPI lm was only 3.28 MPa, similar to that
prepared by other researchers.29,37 Compared to the pure lm,
the tensile strength and Young's modulus of SG and SC lms
were improved to some extent. It was probably attributed to the
reinforcement of GO or CNF and interfacial interaction between
them and SPI. GO or CNF could effectively ll the internal void
in the SPI-based lm and form a signicant physical network
ensile strength (b) Young's modulus and (c) tensile curves.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The effect of different components to the mechanical
properties of SPI-based composite filma

Sample TS (MPa) EB (MPa) E (%)

SPI 3.28 � 0.28 119.06 � 51.65 91.26 � 17.53
SC 4.74 � 0.63 212.41 � 30.95 64.62 � 10.69
SG 7.39 � 0.63 395.95 � 54.40 22.38 � 375
SE 8.09 � 0.57 153.55 � 23.45 82.51 � 9.32
SGC 8.61 � 0.72 460.38 � 90.02 13.38 � 5.52
SGCE 18.67 � 0.57 556.70 � 54.94 55.57 � 4.71

a TS: tensile strength, EB: elongation at break, E: elastic modulus.

Fig. 3 The total solubility of the SPI-based composite films.
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with SPI molecules through the active functional groups on the
surface of them. The SG lm has better mechanical properties
than those of the SC lm because the surface of GO contained
abundant oxygen-containing groups, which can form more
stable chemical bonds by reaction between oxygen groups and
hydroxyl or amino groups on protein molecules. The mechan-
ical properties of the SE lm also increased, resulting from the
ring-opening reaction between epoxy groups of EGDE and
amino groups (or hydroxyl) of SPI.12 By this reaction, a cross-
linked network was constructed and led the SPI-based
composite lm to become more compact.

When CNF and GO were added to the matrix together,
a signicant change was observed in mechanical properties,
and the tensile strength and Young's modulus of the SGC lm
was increased by 162.50%, 286.68%, respectively. This could be
attributed to the synergistic effect of reinforcing agents; single
component doping has a limited reinforcing effect, and the
synergistic reinforcing effect of doping with various substances
was of great signicance to composites.23,38 The tensile strength
and Young's modulus of the SGCE lm leaped by 469.21%,
397.58%, respectively. It may because of the synergistic effect of
physical entanglement, non-covalent interactions and chemical
crosslink. A continuous network was constructed through
hydrogen bonds between GO, CNF and SPI, as well as EGDE
could interact with active groups on the surface of SPI and
nanoparticles to build a dense crosslinking network, as shown
in Fig. 2. The structure and properties of the SGCE lm have
been greatly enhanced, which provided an effective reference
for the future application and design of SPI composite
materials.
Fig. 2 Proposed synergistic mechanism in SPI-based composite films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2 Water resistance properties of SPI-based composite lms

The water resistance of the SPI-based composite lms is dis-
played in Fig. 3. In addition, the TSM of the original SPI lm was
46.14%, consistent with previous reports.39 The dissolved
matter of SG, SC, SE, SGC and SGCE composite lms decreased
by 19.87%, 13.50%, 50.80%, 27.20% and 38.01%, respectively,
relative to that of the pure protein lm. It is shown that the
water-resistance of SPI-based composite lms was signicantly
improved aer adding nanoparticles or the cross-linking agent.
Similar to previous mechanical properties, the modication of
CNF, GO and EGDE may greatly promote the generation of
cross-linked polymer networks of SPI molecules, thus reducing
water penetration into the lms.

The water contact angle is an important index to evaluate the
water sensitivity of the SPI-based composite lms. Generally,
the larger the contact angle on the surface of the composite
lm, the stronger is its hydrophobicity, and vice versa. The CA of
the SPI-based composite lms is shown in Fig. 4. In this study,
the CA of pure protein lm is 62.10�, illustrating its hydrophilic.
Aer adding CNF or GO to the matrix, the CAs of SC, SG and
SCG lms were 58.33�, 44.0�, 54.77� respectively, both CA of
them has been reduced. The CA of SG lm is lowest because the
surface of GO contains more polar groups that could effectively
improve the hydrophilicity of the composite lm. The CA of the
SE lm was 51.26�, suggesting that crosslinking would create
a smooth and compact surface resulting in the decrease of the
CA. This can be proved by the results of SEM. All the compo-
nents added to the matrix show the effect of reducing the CA of
the SPI lm, therefore, the CA of the SCGE lm was 45.85 which
is smaller than that of the pure SPI lm.
3.3 Chemical structural analysis of SPI-based composite
lms

To investigate the interaction of different SPI-based composite
lms, FTIR was performed, and the result is illustrated in
Fig. 5(a). The characteristic spectrum of the SPI-based
composite lms exhibited typical absorption bands related to
proteins, such as (i) amide I (C–O stretching at 1633 cm�1); (ii)
amide II (N–H bending vibration at 1535 cm�1)40 and (iii) amide
III (combined C–N stretching and N–H bending vibrations
RSC Adv., 2021, 11, 22812–22819 | 22815
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Fig. 4 The images of contact angle of SPI-based composite films. (A) Contact angle of SPI-based composite films. (B) Contact angle data of SPI-
based composite films.
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between 1470 cm�1 and 1314 cm�1).41,42 It could be clearly seen
that the C–O stretching band at 1159 cm�1 of SE and SGCE lm
disappeared, due to the ring-opening reaction, indicating that
CNF and GO were successfully incorporated into the SPI
matrix.29,43

Changes in the peak intensity in the region related to amide
III (better identied at 1400 cm�1) were noticeable, indicating
that the main chain amide formed a connection with the
carboxyl group of the cellulose chain or the oxygen group on
GO. The formation of these bonds can explain the reasons for
the high stiffness and low water solubility of the lm aer
adding GO and CNF.

The crystal structure and compatibility of lm samples were
observed by analyzing the XRD patterns shown in Fig. 5(b). Two
characteristic crystallization diffraction peaks at 8.8� and 19.8�

corresponded to a-helix and b-sheet structures, respectively, of
the secondary structure of SPI.44 For patterns of SC and SGC
lms, a sharp characteristic peak appeared at 22.6� related to
the crystal of cellulose I, indicating that CNF was successfully
added to the SPI matrix and exhibited great compatibility. In
addition, above the patterns of SE and SGCE lms, the peak of
2q ¼ 9.8� becomes smooth that may because the ring-opening
reaction occurs between EGDE and SPI, which can change the
crystal lattice of the a-helix belongs to SPI.
Fig. 5 Chemical structural analysis of the SPI-based composite films: (a

22816 | RSC Adv., 2021, 11, 22812–22819
3.4 Thermal performance analysis of SPI-based composite
lms

DSC is mainly used to characterize the thermal behavior of
substances. The DSC curves of SPI composite lms are shown in
Fig. 6(a). There were typical melting endothermic peaks of
polymers in each sample. Evidently, the endothermic peak of
pure protein lm was at 124.8 �C. In the SG lm and SGC lm
with GO added, the Tm migrated to low temperature. It was
because of the physical partition of protein molecular chains by
GO intercalation, which enhanced the mobility and exibility of
protein molecular chains, thus reducing the melting tempera-
ture. On the contrary, owing to the CNF adding, protein
molecular chains and CNF entangling, the uidity of protein
molecular chains was reduced. Interestingly, due to the syner-
gistic enhancement of GO, CNF and EGDE, the more complex
entanglement crosslinking made Tm of the SGCE lm being
signicantly enhanced.

The mass loss traces of SPI-based lms (TGA curves) are
revealed in the temperature range from room temperature up to
600 �C Fig. 6(b). Thermal degradation of all SPI lms consisted
of three stages. Weight loss in the rst stage (below 100 �C) was
assigned to the evaporation of residual moisture. The evapora-
tion of glycerol and the thermal degradation of proteins were
included, which results in the weight loss between 100 and
220 �C, as well as between 250 and 450 �C. It can be seen from
) FTIR spectra and (b) XRD patterns.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The performance and behavior of thermal of SPI-based composite films: (a) DSC curves and (b) TGA curves.

Table 3 Thermal parameters of soybean protein isolate composite
filmsa

Samples SPI SG SC SE SGC SGCE

Tg (�C) 76.1 76.0 66.2 86.0 75.5 90.0
Tm (�C) 124.8 120.7 126.4 114.1 115.6 128.2
TMax (�C) 311.5 315.3 314.7 319.3 319.6 322.0

a Tg: temperature of glass transition, Tm: temperature of melting, TMax:
temperature of maximum decomposition rate of protein.
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Fig. 6(b) that, compared with pure SPI lm, the TG curves of all
SPI-basic composite lms deviated at the maximum decompo-
sition temperature of the protein, indicating that the thermal
stability of composite lms was improved. As shown in Table 2,
with the addition of llers, the temperature of the maximum
decomposition rate of the composite lms rose from 311.5 �C to
Fig. 7 Cross-sectional SEM images of SPI-based composite films: (a) SP

© 2021 The Author(s). Published by the Royal Society of Chemistry
322 �C, which was related to the crosslinking and interfacial
interaction between the llers, crosslinking agents and protein
molecules that could effectively improve the thermal stability of
the SPI-based lms.

The temperature of glass transition (Tg) is an important
physical property of amorphous polymers. Table 3 reveals that the
Tg of the original SPI was 76.1 �C and the addition of GO had no
effect on the Tg of the SG lm. The addition of CNF enlarged the
amorphous region of SPI and decreased the Tg of the SC lm
compared to that of the pristine SPI. Similarly, the addition of GO
and CNF also decreased the Tg of SGC lm, not by as much as SC
lm. The possible reason was that CNF has a hydrogen bond with
GO, which made the SGC lm more uniform and orderly than the
SC lm. Further, with EGDE adding, the composite lm became
more compact and orderly. As the result shows, the Tg of SGCElm
went up to 90 �C, which strongly implied that the CNF/GO/EGDE
synergistically enhanced the SPI lm.
I, (b) SC, (c) SG, (d) SE, (e) SCG, and (f) SCGE.
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3.5 Micromorphology

The cross-sectional morphology of SPI-based composite lms
was examined by SEM. Fig. 7(a) shows the cross-section of the
original SPI lm was smooth, continuous, and uniform due to
the relatively low physical crosslinking degree of the protein
(3.28 MPa). As shown in Fig. 7(b and c), when CNF or GO was
added the matrix, the SC lm shows a relatively smooth and
continuous surface, while the SEM image of SG lm is rough
and displays many holes. This suggested that CNF dispersed
well in the composite lm and promoted the formation of
a dense and continuous surface; GO relative to its poor dispersion
led to the brittle fracture of the SG lm (22.38 � 3.75). The cross-
section of the SGC lm is very rough and has obvious protrusions
corresponding to a larger cross-sectional area, which plays a role in
mechanical enhancement. As presented in Fig. 7(d and e), the
cross-sectional structures in SE and SCGE lm are somewhat
similar, they both display some folds and strip-shaped bulges,
indicating that the cross-linking of EGDE can produce a contin-
uous and homogenous lm structure, resulting in the improve-
ment of mechanical properties.7 Moreover, the SCGE lm has
more roughness cross-section suggesting the chemical cross-
linking and hydrogen bonding between CNF, GO, EGDE and
protein molecules signicantly increasing the entanglement and
crosslinking of the composite lm. Then, resulting in sustaining
more energy in the process of stress breakage, in accordance with
the previous studies, the SGCE lm showed strong mechanical
properties that are similar to previous studies.
4. Conclusions

In this work, an excellent performance SPI-based lm was
successfully fabricated via a facile approach by incorporating
CNF, GO and EGDE. This study illustrated that the addition
of CNF, GO and EGDE effectively enhanced the properties of
the composite lm. Compared to the pure SPI lm, the
tensile strength of the SGCE lm increased by 469.21%. It
indicated that the ll effect, hydrogen bonding and chemical
crosslinking synergistically play a major role in energy
dissipation during tensile failure of the composite lm.
Moreover, the decrease in TSM and CA was noticed, it was
attributed to ller and cross-linking agent added to the
matrix, effectively enhancing the surface polarity of the
composite lm. FTIR and XRD results demonstrated that the
strong hydrogen bond formed between hydroxyl with amino
groups; meanwhile, the ring-opening polymerization
occurred between the epoxy group and amino groups. These
ndings indicated that the SGCE lm with high strength may
have great potential in the packaging eld, which provides
hope for green materials and accelerates the development of
energy-efficient utilization.
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