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Self-healing efficiency and mechanical strength are always a pair of mechanical contradictions of
a polymer. Herein, a series of novel mussel-inspired modified graphene oxide/polyurethane composites
were successfully fabricated via rational molecular design and introducing hyperbranched polymer-
modified graphene oxide. The composites exhibit outstanding self-healing performances with a self-
healing efficiency of 87.9%. Especially, their self-healing properties possess exceptional water-
insensitivity, which presents a high self-healing efficiency of 92.5% under 60 °C water for 2 h and 74.6%

under 25 °C water for 6 h. Furthermore, the tensile strength of the composites increased by 107.7% with
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Accepted 2nd April 2021 a high strain of 2170%. In addition, the composites show a remarkable recovery capability of 76.3% and
83.7% under tensile and compression loading, respectively, after 20 cycles. This strategy shows

DOI: 10.1035/d1ra00944c prominent application potential in high-performance solid propellants, protective coating, electronic
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1. Introduction

Polyurethane (PU), a kind of polymeric material with
unmatchable properties, has aroused widespread attention in
numerous fields, such as insulation, coating and diaphragms.*>
Hydroxyl-terminated polybutadiene (HTPB)-based PU is one of
the promising materials for composite solid propellant binders
and protective coating®”® owing to its outstanding elasticity,
toughness and water-resistance, as well as sub-ambient glass
transition temperature (7T,).*"° However, as a kind of conven-
tional thermosetting polymeric material with irreversible
crosslinking, it cannot be repaired, once damaged.

Over the past decade, self-healing technology has attracted
considerable attention, which provides a feasible route to
address the above-mentioned problems. Commonly, there are
two strategies to achieve self-healing abilities, including
extrinsic and intrinsic self-healing, according to the self-healing
mechanisms.**** The extrinsic self-healing materials generally
require repairing agents stored in pre-embedded microcapsules
or microvascular networks to achieve the self-healing process,
showing a drawback of single/few-time healing with the
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skin, soft sensors and other water-insensitive devices.

exhaustion of repairing agents.”® In contrast, the intrinsic
self-healing materials can achieve repeated repair without
external repairing agents by dynamic reversible covalent bonds
and non-covalent interactions, such as hydrogen bond,”*®
supramolecular interaction,'*** metal-ligand interaction,** -
interaction,* Diels-Alder chemistry,* host-guest interactions,>*
and disulfide bond exchange.>*?” Recently, aromatic disulfide
bonds have been determined to be a promising reversible bond
to achieve self-healing at room temperature owing to their low
bond dissociation energy and stable free radicals.*®** Moreover,
reports have also pointed out that hydrogen bonds and disulfide
bonds can synergistically promote the self-healing process. To
be specific, hydrogen bonds might accelerate initial sticking or
interfacial adhesion, promoting the diffusion of molecular
chains and accelerating the exchange reactions of disulfide
bonds.>** Along with this, disulfide bonds will weaken the
strength of hydrogen bonds, leading to their easy dissociation
under mild conditions.”® Hence, a polymer with rapid room-
temperature self-healing capability may be obtained by intro-
ducing both hydrogen bonding network and aromatic disulfide
bonds into a polymer network simultaneously.

Nature, during a long evolutionary process, has evolved
numerous remarkably intelligent biological systems and
marine mussel is one of them. Nowadays, marine mussel has
aroused considerable attention in various fields, especially in
self-healing materials.** The mussel-inspired self-healing
materials originate from the fact that the high content of cate-
chol groups in the mussel adhesive proteins can form strong
covalent and non-covalent bonds with various surfaces,?*3*3°
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thereby possessing outstanding adhesion ability. Especially, the
dihydroxy of catechol groups can form bidentate hydrogen and
metal-mediated reversible coordination, which is important for
the self-healing process.’*** Moreover, mussel adhesive protein
exhibits outstanding adhesion properties in an extremely harsh
environment of the ocean,*® and the mussel-inspired catechol
groups can be well-bonding and maintain high adhesion
underwater.*” Inspired by the above-mentioned features, it is
expected to design an HTPB-based PU with underwater and
room-temperature self-healing ability based on disulfide bonds
and mussel-mimetic hydrogen bonds, which is significant and
consistent with its long-term working environment.*®

Nevertheless, we found that HTPB-based PU based on the
above design had a low mechanical strength during our study
process, which severely limited its applications in many fields.
In fact, mechanical strength and self-healing efficiency are
always a pair of mechanical contradictions of the polymer.**** It
is difficult and necessary to develop materials that possess both
adequate mechanical strength and rapid self-healing speed.
Recently, graphene oxide (GO), a specific derivative of graphene,
has been considered a promising reinforcer for polymer
composites to achieve high strength because of its remarkable
properties,* ¢ and some studies have attempted to add GO to
develop novel self-healing materials.*”~** However, it has been
reported that GO tends to aggregate in the polymeric matrix and
has poor interfacial interaction with the matrix.”®** Therefore,
the current strategy is to attach some active groups onto the
surface of GO sheets to react and improve the compatibility
between GO and matrix.**> Consequently, the above-mentioned
information prompted us to believe that integrating modified
GO with rational molecule design might generate a novel
composite that has not only better self-healing properties but
also improved mechanical properties.

Herein, we prepared a series of composites with excellent
mechanical properties and rapid room-temperature self-healing
performances. In our design, the incorporation of modified GO
mainly enables the composite with excellent mechanical
strength, while disulfide bonds and mussel-mimetic hydrogen
bonds within the polymer chains provide self-healing ability.
Effects of modified GO on the mechanical and self-healing
properties were investigated carefully.

2. Materials and experiments

2.1. Materials

Monolayer GO with a purity of >99% was obtained from Nanjing
XFNANO Material Technology Co., Ltd, China. Hydroxyl-
terminated polybutadiene (HTPB, 99.9%, hydroxyl value:
0.75 mmol g~ ') was purchased from Liming Research & Design
Institute of Chemical Industry Co., Ltd., Luoyang, China. Iso-
phorone diisocyanate (IPDI, 99%), and triphenylbismuthine
(TPB) were obtained from Macklin Biochemical Technology Co.,
Ltd, Shanghai, China. The amino-terminated hyperbranched
polyamide (HBPA) was supplied by Wuhan Hyperbranched
Polymers Science & Technology Co., Ltd, China. N,N-Dime-
thylformamide (DMF, =99.8%) and tetrahydrofuran (THF,
=99.5%) were obtained from Damao Chemical Reagent Factory,
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Tianjin, China and used directly. Dopamine hydrochloride (DA,
98%), O-(7-azabenzotriazole-1-yl)-N,N,N,N-tetramethyluronium
hexafluorophosphate (HATU, 99%) and 2-aminophenyl disul-
fide (APD, 98%) were purchased from Aladdin Co., Shanghai,
China.

2.2. Preparation of modified GO (MGO)

In a typical procedure, GO (100 mg) was first suspended in 30 ml
DMTF followed by stirring and sonication for 1 h to obtain the
well-exfoliated GO suspension. Meanwhile, the HBPA (1.0 g) was
dissolved in DMF (20 ml) with sonication for 10 min. Subse-
quently, the GO suspension was added to the HBPA solution
and sonicated for 30 min. After that, 10 mg of HATU was
dispersed in the obtained mixture and continuously sonicated
for 3 h at room temperature. Afterward, the modified GO was
separated by centrifugation and washed with excess ethanol at
least four times to remove other molecules. Finally, the ob-
tained product was dried under vacuum at 60 °C for 24 h and
coded as MGO.

2.3. Fabrication of self-healing composites

First, HTPB (3 g, -OH: 2.25 mmol) was placed in a 100 ml three-
necked flask and dried at 60 °C overnight under vacuum. After
that, HTPB was preheated at 70 °C, then IPDI (2.25 mmol) and
TPB (3 mg) in DMF (5 ml) were added to the flask. The mixture
was stirred for 3 h at 70 °C under nitrogen protection. Then,
3 mg (0.1 wt%) of MGO was dispersed in DMF by sonicating for
1 h to obtain a uniform MGO suspension that was poured into
the flask to react for a further 2 h at 50 °C. Next, APD (0.9 mmol)
was added gradually, and the mixture was stirred for another 2 h
(PU-S). Thereafter, DA (0.45 mmol) was added and the reaction
was continued for another 3 h at 40 °C. Finally, the samples
were obtained by pouring the mixture into a Teflon mold and
drying at 60 °C for 36 h in a vacuum oven to evaporate the
solvent, and coded as SPUM-2. For comparison, samples with
different contents of MGO and GO were prepared in the same
method as above. The preparation formula of the sample is
summarized in Table 1.

2.4. Characterization

The Fourier transform infrared spectroscopy (FTIR) measure-
ments performed using an infrared spectrometer (NICOLET
iS10) in the wavenumber range of 500-4000 cm™ " with a reso-
lution of 4 cm™'. Ultraviolet-visible (UV-vis) spectra were
recorded using a UV-vis spectrophotometer (Shimadzu UV-
3600, Japan). X-ray diffraction (XRD) was performed using
a Persee XD6 diffractometer with a scanning speed of 10° min ™"
from 5° to 80°. Raman spectra were obtained on a Raman

Table 1 Formula and name of samples (mass fraction)

Reagent SPU SPUM-1 SPUM-2 SPUM-3 SPUM-4 SPUG-1 SPUG-2

MGO 0 0.05%  0.1% 0.15%  0.2% 0 0
GO 0 0 0 0 0 0.05% 0.1%

© 2021 The Author(s). Published by the Royal Society of Chemistry
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spectrometer (inVia, Renishaw) with laser-excited at 532 nm.
The microstructure and morphology of the GO and HGO were
observed using transmission electron microscopy (TEM, JSM-
2100F, Japan), scanning electron microscopy (SEM, JSM-
7800F, Japan), and atomic force microscopy (AFM, Nano Man
VS, Bruker). Thermogravimetric analysis (TGA, SDT Q600, TA
instrument) was performed at a heating rate of 10 °C min~"
from 30 °C to 800 °C under nitrogen atmosphere. Glass tran-
sition temperatures of samples were obtained using a differen-
tial scanning calorimeter (DSC, Q20, TA Instruments) under
nitrogen atmosphere, and the heating rate was set at
10 °C min ! in the temperature range of —90 °C to 60 °C. The
dynamic mechanical analysis of samples was performed on
a DMA Q800 (TA Instruments) in a single cantilever beam mode
with a frequency range from 0.1 Hz to 100 Hz. Tensile and
compression tests were performed on an Instron 5982 at rates of
100 mm min~ ' and 5 mm min ", respectively (testing temper-
ature was 20 °C). Cyclic tensile and compression tests were also
conducted using an Instron 5982 instrument with a maximum
strain of 100% and 70% in every cycle at a settled stretch rate of
20 mm min~" and 5 mm min ", respectively. For the healing
experiment, samples were cut into two pieces and immediately
put into contact without an exterior force for a certain time and
temperature. The self-healing efficiency (n) was defined as:?

n = Jheled  100%
O original
where oheated aNd Goriginal are the tensile strengths of the healed
and the original samples, respectively. Dumbbell specimens
(gauge length x width x thickness: 35 x 5 x 2 mm) were
utilized to measure the mechanical properties and the self-
healing performance of the samples.
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3. Results and discussion

3.1. Design, synthesis and characteristics of materials

First of all, we modified GO with amino-terminated hyper-
branched polyamide (HBPA) to improve the compatibility and
interfacial interactions of GO with the polymer matrix. We
chose HBPA as the modification agent mainly based on the
following considerations: HBPA is a kind of hyperbranched
polymer with three-dimensional branching structures, non-
entangled architectures, low solution viscosity and ultrahigh
solubility, which have aroused increasing attention in rein-
forcing polymer matrix recently.’>* Meanwhile, the abundant
reactive terminal groups on its molecular chains can react with
GO and polymer matrix simultaneously, resulting in a stronger
interfacial interactions and adhesion between GO and polymer
matrix and beneficial to improve the mechanical properties.**’

The modification of GO with HBPA was determined using
FTIR spectra. As shown in Fig. 1(a), the characteristic absorp-
tion peaks of GO at 1728 ecm™", 1628 cm ™' and 1053 cm™ "
correspond to stretching vibrations of C=0, C=C and C-O,
respectively, and the wide absorption peak at 3300-3000 cm ™' is
ascribed to stretching vibrations of O-H in hydroxyl and
carboxylic acid.*®*® In the case of MGO, after modification, the
peak at 1728 cm ' disappeared while some new absorption
peaks at 3250 cm ™', 2959-2850 cm ™', 1640 cm™ ' and 1555 cm ™
appeared, which are assigned to stretching vibrations of N-H
groups, stretching vibrations of -CH; and -CH,, groups, amide
C=O0 stretching (amide I), amide N-H bending and C-N
stretching (amide II), respectively, implying that GO was
successfully modified with HBPA via the reaction between the
terminal amine of HBPA and carboxylic acid groups of GO.*>*
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XRD patterns of GO and MGO are shown in Fig. 1(b). Due to the
incorporation of HBPA onto the surface of GO, the 26 peak of
MGO was shifted down to 9.05°, indicating a larger interlayer
spacing of 0.97 nm. It is known that the peak intensity ratio of D
and G bands (Ip/Ig) on Raman spectra (Fig. 1(c)) is related to
disordered structures of carbon, and the lower I/l ratio
corresponds to fewer defects.®* After functionalization, the Ip/Ig
value of MGO increases slightly from 0.926 to 1.007. Obviously,
more defects are formed, reflecting the successful modification
with HBPA.

TGA was also conducted to confirm the success of func-
tionalization of GO (Fig. 1(d)). It can be seen that there are two
main loss stages on the TGA curve of GO, which can be ascribed
to the loss of absorbed water and the decomposition of labile
oxygen-containing groups on the surface of GO, respectively.*
As for HBPA, there is only a sharp decomposition stage from
200 °C to 460 °C and the residual weight was only 0.54 wt%. In
the case of MGO, the weight loss of the second decomposition
stage was significantly reduced compared to that of GO. It can
be explained in a way that during the modification procedure,
HBPA replaced some oxygen-containing groups via the reaction
between -COOH of GO and -NH, of HBPA. Notably, a new
decomposition stage of MGO from 200 °C to 450 °C can be
observed, which corresponds to the decomposition of grafted
HBPA.

The morphological structure was also studied using TEM. As
we can see from TEM images (Fig. 2), GO sheets display better
transparency than MGO, which are similar to the images re-
ported in previous related studies.”** In addition, elemental
mapping of MGO can further demonstrate successful modifi-
cation with HBPA as presented in its STEM images shown in
Fig. 2(c and d). It can be found that the nitrogen element,
originated from HBPA, was evenly distributed on its surface.
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Additionally, AFM results (Fig. 2(e and f)) indicated that the
thickness of MGO is ~4.35 nm, which is obviously thicker than
that of GO (~0.8 nm), owing to the grafting of HBPA. Combined
with the results from the above various characterizations, we
confirm that the HBPA was successfully grafted onto the surface
of GO.

Subsequently, MGO-reinforced self-healing polyurethane
composites were fabricated via a four-step strategy (Fig. 3). First,
a terminal -NCO prepolymer was synthesized using HTPB and
IPDI as the raw materials. Second, MGO was added to cross-
linking with the prepolymer. Then, APD was used as a chain
extender to react with the prepolymer, introducing the dynamic
reversible disulfide bonds. Finally, DA was added to consume
the remaining -NCO groups, yielding the mussel-mimetic
adhesion structure, which can provide hydrogen bonds. Just
by changing the contents of MGO, a series of self-healing
polyurethane were fabricated. As far as we know, high self-
healing efficiency is always at the expense of mechanical prop-
erties.**™* In our design, the self-healing properties originating
from dynamic covalent bonds and mussel-mimetic structure,
and the improved mechanical properties are well-combined in
the HTPB-based PU. On the one hand, aromatic disulfide bonds
can exhibit dynamic properties at room temperature,* which is
conducive to the self-healing process at room temperature. On
the other hand, the catechol groups on DA can form a weak dual
hydrogen bond, which plays an initial sticking or interfacial
adhesion role to promote the self-healing process, and the
presence of the catechol groups is potential to achieve under-
water self-healing.®” In addition, well-dispersed MGO sheets
greatly improved mechanical properties on the premise of
maintaining high self-healing efficiency. Finally, the superior
water-resistance of HTPB gives it the innate advantage of
underwater self-healing.*

|um

1 pum

Fig.2 TEM images of (a) GO and (b) MGO. (c and d) STEM image of MGO and the corresponding elemental mapping of nitrogen. AFM images of

(e) GO and (f) MGO.
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The chemical structure of composites can be determined by
FTIR. Fig. 4(a) exhibits FTIR spectra of DA, PU-S and SPU. The
spectrum of DA shows characteristic peaks of O-H, C-N and N-
H.® For PU-S, there are obvious characteristic peaks at
3331 cm ™' and 1709 ¢cm ™, corresponding to the stretching
vibrations of N-H and C=0O0 in urethane linkage, and the peaks
at1520 cm™ " and 1350 cm ™" are attributed to urea N-H bending
vibration (amide II) and aromatic C-N stretching vibration,

respectively.®* Additionally, there is an obvious absorption peak
at 2266 cm ™', attributed to the remaining -NCO groups, which
disappear absolutely after adding DA in SPU. The presence of
DA can be confirmed by utilizing UV-vis spectroscopy as elab-
orated in Fig. 4(b). The SPU sample shows the absorption peak
at ~280 nm, which is the characteristic peak of DA.>*®
Furthermore, the glass transition temperatures (T,) of the ob-
tained composites were measured by DSC tests and the curves
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are displayed in Fig. 4(c). It can be seen that the T, value
increases with the increase of MGO content, which can be
assigned to the crosslinking of MGO and polymer chains,
limiting the mobility of molecular chains. Notably, the T, values
of all samples are far below room temperature (~—79 °C),
implying the polymer chains hold high mobility at room
temperature, which is beneficial to the self-healing process. The
dispersion degree and interfacial interaction of the nanofiller
have a great influence on the mechanical properties of
composites.* XRD spectra display a sharp peak of GO at the 26
position of 9.05° (Fig. 1(b)), whereas SPU and SPUM-2 show
similar XRD patterns, revealing that GO nanosheets are
uniformly dispersed in the PU matrix (Fig. 4(d)).*®

The dispersion degree of MGO sheets in the matrix shows
significant effect on the mechanical and self-healing properties
of the composites,*” as such SEM was used to observe the cryo-
fractured surfaces of the obtained composites. As shown in
Fig. 5(a), obvious aggregates of GO can be observed, and inter-
faces of GO are quite bare (Fig. 5(c)), suggesting weak interfaces
exist in SPUG matrix. In contrast, uniformly dispersed MGO can
be seen in the fracture surface of SPUM-2 (Fig. 5(b and d)).
Besides, owing to the crosslinking between MGO and matrix,
MGO sheets are covered by the matrix and show indistinct
interfaces.

3.2. Self-healing properties

Through the above molecular structure design, we successfully
endow the composites with remarkable self-healing properties.
To investigate the self-healing ability, all the samples are cut
into two parts by a blade, and the cut surfaces were immediately
brought together for a certain time at room temperature. As
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displayed in Fig. 6(a-e), SPU samples show a high 7 value after
healing for only 6 h. After the addition of MGO, the apparent
decline occurred in the n value with increasing content of MGO.
Especially, when the MGO content reaches 0.2 wt% (SPUM-4),
the 7 value drastically decreases (62.5% for healing 6 h) even
if the healing time was extended to 12 h. By comparison, SPUM-
1 and SPUM-2 samples could still maintain a high 5 value of
87.9% and 87.1%, respectively (Fig. 6(f)). The outstanding self-
healing capability of SPU samples could be ascribed to the
synergistic effect of disulfide bonds and hydrogen bonds
formed by catechol groups. Specifically, the disulfide exchange
reactions can occur at a mild temperature due to its low bond
dissociation energy and stable free radicals.”®* Second, the
hydrogen bonds formed by catechol groups can accelerate
initial sticking or interfacial adhesion, promoting the diffusion
of molecular chains and accelerating the exchange reactions of
disulfide bonds.>*® Third, the disulfide bonds will weaken the
strength of hydrogen bonds, leading to their easier dissociation
under mild conditions.”® In turn, the exchange of hydrogen
bonds can provide energy to promote disulfide metathesis.
Moreover, APD with a zigzag structure could facilitate the
molecular chain motion that readily induces hydrogen bond
exchange and generates disulfide metathesis.** Nevertheless,
the crosslinking between MGO and polymer chains will inhibit
mobility which is essentially important for the self-healing
ability,’® resulting in a sharp decline in the n value when
MGO content reaches up to 0.2 wt%. There may be a critical
value for the content of MGO. Under this critical value,
composites can still possess a high 5 value. From the results of
self-healing experiments, 0.1% may be the critical value,
therefore, we choose SPUM-2 for further study.
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Fig. 5 SEM images of (a and c) SPUG-1 and (b and d) SPUM-2. Red arrows indicate the MGO sheets.
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temperature. (f) Self-healing efficiency () of different samples.

To further intuitively study the outstanding self-healing
performances, two samples, SPU and SPUM-2, were cut into
two pieces and different samples were put together (SPU +
SPUM-2) for healing for 6 h at 25 °C. Upon stretching, the
healed sample exhibited no breaking (Fig. 7(a)). Subsequently,
the tensile test was performed on the SPU + SPUM-2 sample to
quantitatively describe the self-healing performance (Fig. 7(b),
Movie S11), and the stress-strain curves are displayed in
Fig. 7(c). It can be seen that even after healing with different
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samples, the stitched sample can still exhibit self-healing
capability. Moreover, it is noteworthy that the two different
parts show different elongations due to the difference in their
moduli.

Various devices based on PU will be inevitably affected by the
complex environment during their service life. Therefore, the
self-healing experiments were also conducted under different
conditions to confirm the environmental adaptability of the
self-healing properties. As shown in Fig. 8(a), SPUM-2 samples

(@) The cut SPU (yellow) and SPUM-2 (brown) samples were put together for healing for 6 h at 25 °C (SPU + SPUM-2) and stretched again.

(b) Images of stretching healed SPU + SPUM-2 sample after healing for 6 h at 25 °C. (the red dotted line represents the stitching position) (c)
tensile stress—strain curves of the original SPU sample and SPU + SPUM-2 sample.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 1, 14665-14677 | 14671


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00944c

Open Access Article. Published on 20 April 2021. Downloaded on 4/2/2026 9:10:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Stress (MPa)

t

T T
0 500 1000 1500 2000 2500

Strain (%)

View Article Online

Paper

original
04 25°C water-6h
----- 60°C water-2h

0.3

Stress (MPa)

0.l

00 T T T T
0 500 1000 1500 2000 2500

Strain (%)

N N s / }
o -~ AL, ee- [ )"

Fig. 8

= w o~ J
5 >-=o - = O AN N
ez )| "
\

o

(a) Tensile stress—strain curves of SPUM-2 sample after healing at different temperatures for 1 h. (b) Tensile stress—strain curves of
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composites.

were healed at different temperatures for 1 h, and the n value
shows an upward trend with the increase of temperature. This
phenomenon can be attributed to faster exchange reactions of
disulfide bonds and hydrogen bonds at higher temperatures.
Furthermore, the underwater self-healing property of the
composites will significantly promote its applications in
prospective coating, electrical skin and wearable devices.*>” To
this end, the SPUM-2 sample was cut into two separate pieces by
a blade and soaked in water to wet the fractured surfaces, and
then put into a contact. After healing in 60 °C water for 1 h, the
healed sample could be stretched to a high strain and without
breaking (Movie S2t). Then, the tensile tests were conducted on
the samples healed under 25 °C and 60 °C water, and the stress-
strain curves were measured as displayed in Fig. 8(b). We can
see that the healed samples can be stretched up to 1870% strain
with the 7 value of 92.5% under 60 °C water for 2 h. As for the
sample healed under 25 °C water for 6 h, it still shows a high
strain of 1750% and the n value of 74.6%, which just shows
a slight decline compared with that in air atmosphere for 6 h.
These results demonstrated that the obtained composites
possess outstanding water-insensitivity and underwater self-
healing property, which is meaningful for its applications.

In order to intuitively elaborate the self-healing process,
a schematic diagram is illustrated in Fig. 8(c). Once the

14672 | RSC Adv, 2021, N, 14665-14677

damaged surfaces are contacted together, the catechol groups
can form hydrogen bonds to achieve initial sticking and inter-
facial adhesion. Then, the disulfide exchange reactions
occurred at surfaces, which will promote the interdiffusion of
polymer chains.” Finally, the continuous randomization of
polymer chains gradually completes the self-healing process.”
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Fig. 9 Comparison of the 5 value, self-healing time and self-healing
temperature of the elastomers reported in this work and those re-
ported in recent studies.?1821.26.41,6469.72-78
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Moreover, a comparison of the n value, self-healing time and
self-healing temperature between SPUM elastomers and other
self-healing materials in recent studies is summarized in Fig. 9.
It can be found that some self-healing materials exhibit
considerable n value but require relatively high temperature,
and some can heal at medium temperature but a long time is
necessary. On the contrary, SPUM samples not only exhibit
a high n value but also show a rapid room-temperature self-
healing property.

3.3. Mechanical properties

Reports have indicated that the self-healing properties are
always achieved by sacrificing mechanical properties.>**** The

aim of our design was to fabricate PU with both rapid room-
temperature self-healing properties and excellent mechanical
properties by molecular structure design and controlling the
content of MGO. It was expected that the mechanical properties
of SPUM samples can be significantly improved by MGO.
Consequently, the mechanical properties were carefully evalu-
ated as follows. As shown in Fig. 10(a), the original SPU samples
show the elongation at break of nearly 2400% but low tensile
strength and Young's modulus. After the incorporation of MGO,
the tensile strength of SPUM samples increases with increase in
MGO loading, while the elongation at break decreases except for
SPUM-2 samples. To be specific, by increasing the content of
MGQO, the tensile strength of SPUM samples increases by 37.7%,
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Fig. 11 Cyclic tensile curves of (a) SPU and (b) SPUM-2 with a strain of 100%. The sample was stretched and released 5 cycles continuously, then

relaxed for another cycle. (c) Twenty successive cycle tests of SPUM-2
recovery degree of SPUM-2 with 20 cycles.
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107.7%, 240.2% and 287.1%, relative to SPU. It is notable that
the SPUM-2 samples exhibit no decline in elongation at break
(2170%) when their tensile strength was improved, compared to
SPUM-1 samples. It is different from the regular phenomenon
reported in previous works, which are reporting that the addi-
tion of nanofiller into polymer will continuously decrease the
elongation at break.*”® There is an optimal value of MGO
loading, under which the tensile strength of the samples can be
significantly improved while maintaining high elongation at
break (SPUM-2). Instead, SPUG samples exhibit more apparent
decline in the elongation at break and only slight improvement
in tensile strength. Combining the SEM images, we infer that
these phenomena can be attributed to the following factors: (1)
The relative strong interfacial interactions promote stress
transfer from matrix to MGO sheets. (2) Well-dispersion of MGO
in matrix reduces the stress concentration from the agglomer-
ation of MGO sheets. Subsequently, dynamic mechanical anal-
ysis was also conducted on these samples. As shown in
Fig. 10(b), the storage modulus (G') shows an increasing trend
with the increase in MGO loading over the entire frequency
range, which is in good agreement with tensile tests.

As is known, PU has been widely used in numerous fields,
and it always suffers from various exterior loading during
applications.”* Therefore, the deformation recovery capability
of the composites is important for its long-term working. Given
the outstanding self-healing properties and excellent tensile
properties of SPUM-2 samples, we chose it for further research.

As presented in Fig. 11(a and b), cycle tensile tests were
carried out on SPU and SPUM-2 samples. Both the stress-strain
curves of SPU and SPUM-2 show significant and pronounced
hysteresis in consecutive cycles without any relaxation time,
implying a tremendous energy dissipation from bond breakage
of disulfide bonds and hydrogen bonds during the tensile

View Article Online
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process. But the tensile stress gradually decreases with cycles
because the polymer networks cannot be reformed in a short
time.*® Subsequently, they were allowed to relax for 10 min and
stretched again. It is obvious that SPUM-2 samples show
a similar cycle curve to that of the first cycle, while the SPU
samples require more time even for 30 min, indicating the
outstanding recovery capability of SPUM-2 samples. To further
study the tensile recovery capability, 20 successive cycle tensile
tests with 10 min of relaxation time between each cycle was
carried out on SPUM-2 samples (Fig. 11(c)). To be more quan-
titative, we define both the recovery degree and dissipated
energy by calculating the ratios of stress at the strain of 100%
and the hysteresis loop area to those values at the first one. It is
noticeable in Fig. 11(d) that, after 5 cycles, the recovery degree
and dissipated energy of SPUM-2 recovered by 97.6% and
92.6%, respectively. Even after 20 cycles, they were still main-
tained at 93.5% and 76.3%, respectively. All the above results
confirm that SPUM-2 possesses excellent recovery ability. Due to
the outstanding mechanical properties of MGO and cross-
linking between MGO and polymer chains, there have
formatted a stronger network in polymer matrix.

The compressive load is also a typical external load that PU
will suffer from during the entire service life. Therefore, the
compression cycle tests were also performed to reflect the
deformation recovery capability. As shown in Fig. 12(a) and
Movie S3,T SPUM-2 samples can recover their initial shape after
manual compression in a few seconds. Then, different strains
were applied on SPUM-2 (Fig. 12(b and c)). Its compressive
stress increased with an increase in the strain and it can recover
under such a high strain of 70%. Subsequently, the compres-
sion recovery of SPUM-2 was further investigated via a succes-
sive loading-unloading cycle test at the strain of 60% for 20
cycles with the recovery time of 1 min between each cycle
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changes in compression stress overtime during cycles. (d) Twenty successive compression cycles of SPUM-2 with 1 min recovery between each
cycle. (e) Corresponding compression stress overtime during cycles. (f) Dissipated energy and recovery degree of SPUM-2 with 20 cycles.
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(Fig. 12(d and e)). Obviously, the hysteresis loop area and
compression stress exhibit a slight decline. Here, we also define
both the recovery degree and dissipated energy by calculating
the ratios of compression stress to the strain of 60% and the
hysteresis loop area to those values at the first one, and the
results are summarized in Fig. 12(f). After 20 cycles, the value of
recovery degree still remains at 83.7% and the dissipated energy
shows a slight decline but still stayed above 71%. These results
further demonstrated the excellent recovery ability of SPUM-2
samples under different external loads. The -crosslinking
between MGO and polymer chains reforms an elastic network
where well stress transfer can effectively disperse the stress
during loading-unloading procedures.?"**

According to the study in the last section, composites still
possessed excellent self-healing properties under the appro-
priate content of MGO. Hence, we could obtain a PU with both
outstanding self-healing properties and superb mechanical
properties from molecular structure design and controlling the
content of MGO. From the above results, we believe that the
SPUM-2 is an ideal PU.

In summary, the superb self-healing and mechanical prop-
erties of our composites are attributed to the following factors:
(1) the low T, (~—79 °C) value of composites endows high
mobility to the molecule chains, which enable self-healing
process even at room temperature. (2) The aromatic disulfide
exchange reactions can occur at mild temperature due to its low
bond dissociation energy and stable free radicals.?®**® (3) The
mussel-inspired catechol groups can form weak dual hydrogen
bonds to accelerate initial sticking or interfacial adhesion,
which will promote the diffusion of molecular chains and
accelerate the exchange reactions of disulfide bonds.>** (4) The
water-resistant adhesive characteristics of catechol groups
promote initial sticking and interfacial adhesion under a water
environment.® (5) Owing to the superior water-resistance of
HTPB chains,'>®* composites are not significantly affected by
water molecules during the self-healing process. (6) The cross-
linking between MGO and polymer chains can promote the
stress transfer from the matrix to MGO, resulting in improved
mechanical properties.

4. Conclusions

In this work, a series of novel mussel-inspired modified gra-
phene oxide/polyurethane composites were designed and
successfully synthesized. Owing to the successful graft of
hyperbranched polymer onto GO sheets, MGO can crosslink
with polymer chains. As a result, MGO could dramatically
improve the mechanical properties of composites. The tensile
strength of SPUM-2 increased by 107.7% with a high strain of
2170%. Notably, SPUM-2 also exhibits outstanding deformation
recovery capability under cycle tensile and compression loading
with recovery degree of 76.3% and 83.7%, respectively, after 20
cycles. Furthermore, owing to the synergistic effect of aromatic
disulfide bonds and catechol groups, SPUM-2 shows a high self-
healing efficiency of 87.1% at room temperature for only 6 h.
More importantly, the self-healing performance of SPUM-2
exhibits excellent water-insensitivity with high self-healing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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efficiency of 92.5% under 60 °C water for 2 h and 74.6%
under 25 °C water for 6 h. In summary, the synthesized HTPB-
based PU composites possess excellent mechanical and self-
healing properties, simultaneously, which may be potentially
applied in solid propellants, protective coating, electronic skin,
soft sensors and other water-insensitive devices.
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