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Graphene oxide based crosslinker for simultaneous
enhancement of mechanical toughness and self-

healing capability of conventional hydrogels+
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Extraordinary self-healing efficiency is rarely observed in mechanically strong hydrogels, which often limits
the applications of hydrogels in biomedical engineering. We have presented an approach to utilize a special
type of graphene oxide-based crosslinker (GOBC) for the simultaneous improvement of toughness and

self-healing properties of conventional hydrogels. The GOBC has been prepared from graphene oxide

(GO) by surface oxidation and further introduction of vinyl groups. It has been designed in such a way
that the crosslinker is able to form both covalent bonds and noncovalent interactions with the polymer
chains of hydrogels. To demonstrate the efficacy of GOBC, it was incorporated in a conventional
polyacrylamide (PAM) and polyacrylic acid (PAA) hydrogel matrix, and the mechanical and self-healing
properties of the prepared hydrogels were investigated. In PAM-GOBC hydrogels, it has been observed

that the mechanical properties such as tensile strength, Young's modulus, and toughness are significantly
improved by the incorporation of GOBC without compromising the self-healing efficiency. The PAM-
GOBC hydrogel with a modulus of about 0.446 MPa exhibited about 70% stress healing efficiency after
40 h. Whereas, under the same conditions a PAM hydrogel with commonly used crosslinker N,N'-

methylene-bis(acrylamide) of approximately the same modulus demonstrated no self-healing at all.
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Similar improvement of self-healing properties and toughness in PAA-GOBC hydrogel has also been

observed which demonstrated the universality of the crosslinker. This crosslinker-based approach to
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1. Introduction

Hydrogels have attracted significant attention for diverse
applications owing to their biocompatibility, water uptake, and
responsive properties." Especially in biomedical engineering,
they have been used for the development of soft robotics,> bio-
sensors,*” drug reservoirs,*’ bio-separators,® bio-catalysts,**®
etc. Artificial organs such as the ear, heart, cartilage, ligament,
etc. are in their early stages of development from hydrogels.”**
High mechanical toughness, long stretchability, strong adhe-
siveness, strain softening/stiffening and good self-healing
capability are some of the key features for the fabrication of
artificial tissues.” " For the advanced uses of hydrogels in
materials science such as soft-robotics and flexible electronics,
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improve the self-healing properties is expected to offer the possibility of the application of commonly
used hydrogels in many different sectors, particularly in developing artificial tissues.

the hydrogels are also required to be very tough with high self-
healing ability.”® However, combinations of these properties
have been rarely achieved in hydrogels so far. The leading
problem associated with the properties of hydrogels is that the
improvement of the mechanical strongness often results in the
weakening of self-healing properties.” There is a common
trade-off between the modulus of hydrogels and self-healing
properties.’**' Several efforts have been directed towards
designing synthetic hydrogels to attain the unique combination
of mechanical toughness and self-healing properties by intro-
ducing special types of reversible nature of physical bonds in
polymeric networks of hydrogels,” such as covalent bonds,*
ionic bonds,* hydrogen bonds,** hydrophobic interactions,***”
host-guest interactions,?® - stacking,* etc. The most notable
contribution in the development of tough hydrogels with self-
healing capabilities is the polyampholyte hydrogels.>**" About
90% of healing efficiency with high toughness was obtained in
the polyampholyte hydrogels. The presence of ionic bonds of
different strengths was introduced by utilizing cationic and
anionic monomers. The strong irreversible covalent bonds
enhanced the mechanical properties whereas weak reversible
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physical bonds improved the self-healing properties of the
hydrogels.

Most of the approaches for the simultaneous improvement
of mechanical toughness and self-healing were very specific,
dominated by the choice of special types of polymers and
dedicated to specific types of polymeric hydrogels. Improve-
ments of conventional and regularly used hydrogels like poly-
acrylamide (PAM) and polyacrylic acid (PAA) hydrogels have
received comparatively less attention in this regard. The core
limitation associated with the reported approaches is the
absence of a general strategy to be applied for most polymeric
hydrogel networks. Here, the crosslinker-based approach is
appeared as the effective strategy to address this issue. Several
types of crosslinkers have already been developed in recent
years. For instance, Fan et al. converted tannic acid into
a crosslinker and applied it in PAM and polyvinyl alcohol
hydrogels.** Significant improvement in toughness, adhesive-
ness, and swelling resistance was observed in their study.
However, only about 40% self-healing efficiency was evident for
PAM-tannic acid hydrogels. Desired improvement in self-
healing property may not be obtained due to the presence of
inherent low crosslinking sites and weak bonding interactions
with conventional polymeric networks of the hydrogels. There-
fore, a new crosslinker with abundant crosslinking sites for
establishing numerous bonding interactions with most of the
polymer chains could be the preference to solve this problem.

The GO is one of the promising crosslinking materials to
enhance the functionality of nanocomposite hydrogels.*
Recently, a facile route to prepare a novel functionalized gra-
phene oxide-based crosslinker (GOBC) has been reported in one
of the research works.>* This special crosslinker contains
anchored acrylate groups in addition to surface functional
species. The 2D surface of GO nanosheets contains a good
abundance of oxygen-containing functional groups e.g,
carboxyl, epoxide, and hydroxyl groups. Therefore, various
dynamic reversible physical bonds including hydrogen bonds,
dipole-dipole interactions, ionic interactions, etc. can be
formed with different polymer chains. Additionally, the pres-
ence of acrylate groups on the GOBC surface offers the ability of
the crosslinker to covalently bond with a large number of
monomers used for the preparation of different conventional
hydrogels. Significant improvements in both toughness and
Young's modulus were achieved in PAA-GOBC hydrogels
compared to the conventional N,N'-methylene-bis(acrylamide)
(MBA) crosslinked PAA hydrogels. For these reasons, GOBC can
be an excellent choice as a crosslinker for simultaneous
improvement of mechanical properties and self-healing
behavior of different hydrogels.

In this study, we have prepared GOBC from GO, and incor-
porated it into conventional PAM and PAA matrices to prepare
nanocomposite hydrogels. The mechanical properties and self-
healing capability of these GOBC crosslinked hydrogels have
been investigated for various compositions of GOBC. The ob-
tained experimental results have been analyzed and discussed
in detail to evaluate the effect of GOBC on the self-healing
efficiency and toughness of the prepared hydrogels.
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2. Experimental
2.1 Chemicals and materials

Ultra-pure graphite flakes (assay 99% carbon basis), N-hydrox-
ysuccinimide  (NHS),  N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDC), 2-aminoethyl methacrylate
hydrochloride (AEM), N,N-methylene-bis(acrylamide) (MBA),
hydrogen peroxide (H,O,) and cellulose membrane dialysis
tube (average diameter 16 mm and molecular weight cut off 14
kDa) were purchased from Sigma Aldrich. Nitric acid (HNO),
hydrochloric acid (HCl), sulfuric acid (H,SO,), potassium
permanganate (KMnO,), sodium nitrate (NaNO;), sodium
hydroxide (NaOH), chloroacetic acid (CICH,COOH), acrylamide
(AM), and potassium persulfate (KPS) were obtained from
Merck, Germany. Acrylic acid (AA) was purchased from Loba
Chemie, India. All the chemicals were analytical reagent grade
and used as received.

2.2 Preparation of GOBC

The conversion of GOBC from GO nanosheets was conducted
following Hummers' method.*>*® For GO preparation, 1 g of
previously oxidized graphite flakes was mixed with 1.03 g of
NaNO; and 62 g of concentrated H,SO, in a round-bottom flux
at a temperature below 20 °C. 4.5 g of KMnO, was slowly added
to the mixture with continuous stirring and left for two days at
room temperature to complete the reaction. The reaction was
then quenched by adding deionized (DI) water. The product was
centrifuged and washed with DI water several times, and dried
in a vacuum oven at 60 °C to obtain GO nanosheets. Then
carboxylated GO (CGO) was synthesized from the prepared GO
nanosheets by oxidizing with chloroacetic acid under strong
basic conditions. 10 mL of an aqueous suspension of GO
nanosheets (2 mg mL ') was sonicated with 12 g of NaOH and
10 g of CICH,COOH for 2 h. The obtained product, CGO, was
centrifuged and washed with DI water to remove unwanted
ionic impurities. Finally, GOBC was prepared by the EDC
coupling reaction of CGO with AEM.** Primarily, 24 mg of EDC
and 20 mg of NHS were added to a 10 mL aqueous suspension
of CGO (2 mg mL™ ") and left under continuous stirring for 2 h
in an ice bath. Then 180 mg of AEM was added to the mixture
and stirred overnight at room temperature. The resulting GOBC
suspension was centrifuged and dialyzed against DI water at
room temperature for 3 days to remove impurities. The ob-
tained GOBC was employed as a crosslinker for the preparation
of PAM and PAA hydrogels.

2.3 Preparation of PAM-GOBC and PAA-GOBC hydrogels

The PAM-GOBC nanocomposite hydrogels containing different
compositions of GOBC were prepared by free radical polymer-
ization of AM monomer in presence of GOBC using KPS as
initiator. The concentration of AM monomer was kept at 5 M for
all PAM hydrogels. AM monomer, GOBC (in a mass% with
respect to AM), and KPS (0.01 mole% with respect to AM) were
mixed in a beaker and DI water was added to achieve 5 M AM
monomer concentration. The mixture was transferred to a glass
mold consisting of two parallel glass plates separated by a 2 mm

© 2022 The Author(s). Published by the Royal Society of Chemistry
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silicon spacer. The glass mold containing the reaction was then
heated for 8 h at 43 °C in an inert atmosphere for polymeriza-
tion reaction to obtain PAM-GOBC hydrogel. PAM hydrogels
containing MBA, and GO crosslinkers (added in a mass% with
respect to monomer) were also prepared following the same
procedure. To investigate the contribution of GOBC in the self-
healing capability of PAA hydrogels, GOBC incorporated PAA
hydrogel was prepared following the similar process keeping
the AA monomer concentration at 5 M. The prepared hydrogels
were collected from the mold to study the mechanical proper-
ties, swelling behavior, and self-healing capability.

2.4 Spectroscopic characterizations

The UV/Vis absorption spectra of GO, CGO, and GOBC disper-
sions were recorded using a UV/Visible spectrophotometer
(Shimadzu-1800, Japan). The vacuum-dried samples of GO,
CGO, and GOBC were used for Fourier transform infrared
spectroscopic (FT-IR) analysis. A very small amount of prepared
materials were mixed with KBr powder for making pellets. FT-IR
spectra were recorded in the range of 4000-400 cm ™" in an FT-
IR-8400 instrument (Shimadzu, Japan).

2.5 Mechanical tests

The tensile tests of the prepared hydrogels were carried out
using a universal testing machine (Test Resources, 100P250-12
System, USA). The hydrogels prepared with 2 mm thickness
were cut into rectangular shapes with about 10 mm length and
about 4 mm width for tensile measurements. The tensile tests
were conducted at a crosshead speed of 100 mm min~*. The
stress of the samples was calculated by using the equation ¢ =
F/A, where F is the load and A is the cross-sectional area of the
specimen. The strain was measured from the elongation of
sample length (A/) and initial length (I,) following the equation
e = Al/l,. The initial linear region of the stress-strain curves was
used to calculate Young's modulus. The toughness was calcu-
lated by integrating the area underneath the stress-strain curve
of each specimen before fracture.

2.6 Swelling ratio measurements

The prepared hydrogels with 2 mm thickness were cut into
pieces of small rectangular shapes (around 3 mm length and
5 mm width) maintaining approximately similar weights to
investigate swelling behavior. The pieces were immersed into
separate containers of 500 mL DI water and left for swelling at
room temperature for various time durations. The swelling ratio
of the samples was calculated using the following equation:*”**

SR = (W, — Wa)l W,y

where W, is the weight of the swollen hydrogel at a certain time
and Wy is the weight of the corresponding dry hydrogel.

2.7 Self-healing measurement

The hydrogel samples were cut and then joined to investigate
the self-healing behavior of the prepared hydrogels. The
rectangular-shaped hydrogels (length 10 mm x width 4 mm)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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were cut into two parts (cut-in-half) by a sharp blade. Then, the
separated hydrogels were brought in contact as soon as possible
at the same cut place and stored in an airtight box to prevent
evaporation during the healing process. After various time
periods, tensile tests of the healed hydrogel samples were per-
formed at 100 mm min ™" velocity to inspect self-healing prop-
erties. The fracture stress (¢), and fracture strain (¢) of the
healed hydrogels were also recorded. The tensile test of the
same type of uncut or original sample was performed sepa-
rately. The different mechanical parameters of healed and
original samples were compared to evaluate the healing effi-
ciency. The stress healing efficiency (n,) was calculated using
the equation, 7, = Gheated/Toriginal X 100%, and the equation, 7,
= €healed/€original X 100% was used for the calculation of strain
healing efficiency (n,). Here the fracture stresses of the healed
sample and original sample were considered as opeaea and
Ooriginal Tespectively. The epealea and éoriginal Tepresent the frac-
ture strain of the healed sample and original respectively.

3. Results and discussion
3.1 Characterization of GO, CGO, and GOBC

The successful conversion of GOBC from GO nanosheets was
investigated by UV-Vis and FT-IR spectroscopic analysis. For UV-
Vis absorption analysis, the aqueous suspensions of GO, CGO,
and GOBC were prepared in an equal density (0.2 mg mL~") and
their absorption spectra were recorded. The absorption spectra
of GO, CGO, and GOBC are compared in Fig. 1(a) where the
stepwise changes in the functionalization process of the GO
surface are clearly visible. For GO, the main characteristic
absorbance peak appeared at 230 nm corresponding to the m—
7* transitions of the C=C bonds of aromatic rings with
a distinct shoulder peak near 290 nm for n-w* transition
associated with the C=0 bonds. The reported features are
analogous to the spectrum of GO nanosheets prepared by
following the Hummers' method.***° In the spectrum of CGO,
the shoulder disappeared while maintaining the prominent
absorption peak at 230 nm with a slight increase in absorbance.
These changes indicate the successful conversion of hydroxyl
groups and epoxy groups of GO surface into carboxylic acid
(COOH) groups.**** Acrylate functionalization was introduced
in CGO through the formation of C-N bonds which are indi-
cated by the redshift of the peak at 230 nm to 256 nm observed
in the spectrum of GOBC.**** The preparation of GOBC from GO
nanosheets was further confirmed from the FT-IR spectroscopic
analysis of GO, CGO, and GOBC (Fig. 1(b)). In the spectrum of
GOBC, the stretching vibrations of N-H, C=0, and C-N bonds
of methacrylate groups were confirmed by the appearance of the
peaks at 3360 cm ™!, 1728 cm ™, and 1160 cm ™", respectively. A
peak that was observed at 1630 cm ™" attributed to the stretching
vibrations of the HN-CO bond confirming the coupling of CGO
and AEM.* A strong absorption band at 3450 cm ™' was
observed for O-H groups and the peak at 1732 cm™' corre-
sponds to the C=O0 groups' band stretching of carboxylic acid.
The peaks at 1220 cm ™" and 1620 cm ™' are attributed to the
stretching vibration of C-O-C bonds of epoxy groups and
aromatic C=C bonds, respectively. These observations suggest

RSC Adv, 2022, 12, 7453-7463 | 7455
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Fig. 1 Comparison of (a) UV-Vis spectra and (b) FT-IR spectra of GO,

that GOBC has been successfully prepared from GO by oxida-
tion and acrylate functionalization. In GOBC, the C=C bond of
an acrylate group can be used for covalent crosslinking with
other monomers. In addition to that, the functional groups on
the GOBC surface (O-H, COOH, and C-O-C) would be available
for other bonding interactions such as hydrogen bonding,
dipole-dipole interaction, electrostatic interaction, etc. These
interactions are helpful for making attractive interactions in the
dielectric water system of hydrogel networks.*®

3.2 Mechanical properties of PAM nanocomposite hydrogels

The mechanical properties of the pure PAM hydrogel, PAM
hydrogel with a conventional crosslinker, MBA, GO and PAM-
GOBC hydrogels with different compositions of GOBC were
characterized by tensile tests to study the effect of the cross-
linkers. Fig. 2(a) shows the comparative stress-strain behavior
of PAM hydrogels with different types and compositions of
crosslinkers obtained from the tensile tests performed at the
same velocity (100 mm min~"). Young's modulus, toughness,
and the tensile strength of the prepared hydrogels are shown in
the bar chart (Fig. 2(b)). The summary of the data is also

Wavenumber (cm™)

CGO, and GOBC.

provided in ESI Table S1.f It was found that the mechanical
properties are highly dependent on the type and compositions
of the crosslinkers.

The Young's modulus, tensile strength, elongation at break,
and toughness of PAM-GOBC-0.05% hydrogel are significantly
higher than the PAM hydrogel prepared with the similar mass%
of MBA crosslinker as shown in Fig. 2. It demonstrates the
strong crosslinking ability of GOBC in PAM hydrogels. The
Young's modulus and tensile strength of PAM-GOBC hydrogel
are gradually improved by the increment in the composition of
GOBC in the range of 0.01% to 0.05%. It provides strong
evidence of covalent crosslinking inside the gel matrix. The
reduction of elongation at break also supports the strong
covalent crosslinking bond formation of GOBC. However, the
enhancement of the overall toughness of the prepared PAM-
GOBC hydrogel indicates strong viscoelastic energy dissipa-
tion from physical and chemical bonding. The PAM-GOBC
hydrogels showed excellent mechanical toughness to endure
high deformations in tension without obvious damage. The
GOBC has been designed in such a way that it is capable of
forming covalent bonds with the polymer matrix by methacry-
late functional group in addition to the physical crosslinking

3
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Fig. 2

(a) Comparison of stress—strain curves of PAM hydrogels with different crosslinkers obtained from the tensile tests performed at the same

velocity of 100 mm min~%. (b) Comparison of Young's modulus, tensile strength, and toughness of PAM hydrogels with different crosslinkers.
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through dispersive interactions, hydrogen bonding, dipole-
dipole interactions, and electrostatic interactions of the func-
tional groups present over the surface GOBC. Among all these
different types of interactions, covalent bonding is the domi-
nant one that allowed PAM-GOBC hydrogel to exhibit remark-
able tensile strength before breaking. The contribution of
physical crosslinking from the GO surface can easily be
understood when the stress-strain behavior of PAM-GO-0.05%
and PAM-MBA-0.05% are compared. Both modulus and
toughness of PAM hydrogel are improved by the presence of GO
surfaces. A similar type of mechanism is also expected for PAM-
GOBC hydrogels.

The parameters for the mechanical properties of PAM-GOBC
are compared with other PAM hydrogels containing different
crosslinkers. In the present work, the toughness for PAM-GOBC-
0.05% hydrogel is found to be 1.775 MJ m™* with a high
modulus of 0.446 MPa. With a specially designed bi-functional
silica nanoparticle (BF-Si NPs) 3D crosslinker with similar
composition, the reported overall toughness of PAM-BF-Si NPs-
0.05% hydrogel was only 0.655 MJ m® (ref. 48) which is three
times lower than the value reported for PAM-GOBC. The 2D
molybdenum disulfide (MoS,) crosslinker in PAM showed a low
toughness of 0.6 MJ m™2.** The PAM hydrogels with chitosan-
modified chitin nanocrystals (CNCs), and lignin nanoparticles
(LNP) crosslinkers possessed maximum tensile strength of 0.09,
and 0.110 Mpa** respectively which are lower than the
observed maximum tensile strength of PAM-GOBC hydrogel,
0.473 MPa.

3.3 Swelling behavior of PAM-GOBC hydrogel

The swelling behavior of PAM hydrogels with different cross-
linkers was studied at room temperature, and the changes in
swelling kinetics are compared in Fig. 3. After immersing in DI
water, the PAM-MBA-0.05% hydrogel showed a moderate water
uptake over a period of 48 h. Similar swelling trends were also
observed for the PAM-GOBC hydrogels. The swelling ratio of

45
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Fig. 3 The variation of the swelling ratio of different PAM hydrogels in
water with immersion time.
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PAM-GOBC hydrogels increased sharply at the beginning but
plateaued after a few hours. It suggests that the crosslinking
ability of GOBC is good enough to inhibit the disintegration of
hydrogels during water swelling. An increase of GOBC content
from 0.01% to 0.05% in PAM hydrogels resulted in a decrease in
the swelling capacity of hydrogels. The PAM-GOBC hydrogels
with lower crosslinking concentrations are easily separated in
water indicating the dominance of physical non-covalent
interactions in the polymer matrices. On the other hand, the
swelling ratio of PAM-GOBC-0.05% hydrogel is about 13 g g™ *
(48 h), which is about two times lower than that of PAM-GOBC-
0.01% hydrogel at the same swelling time. However, even after
48 h, all the PAA-GOBC hydrogels showed a very nominal level of
changes of dimension and weight with time. This significantly
reduced swelling tendency of PAM-GOBC-0.05% hydrogel
suggests the presence of maximum covalent interaction inside
the matrix. Therefore, the GOBC can modulate the dominance
of covalent and non-covalent interactions in the gel matrix with
the variation of its composition. Moreover, it was possible only
due to the presence of a wide range of crosslinking sites with
diverse nature of bonding in GOBC.

3.4 Self-healing properties of PAM-GOBC hydrogel

The self-healing properties of PAM-GOBC hydrogels were
analyzed to evaluate the efficiency of GOBC to recover its
bonding. Rectangular-shaped PAM-GOBC hydrogel samples
were cut into two pieces, and the cut sites were brought in
contact immediately and kept in an airtight box for self-healing.
The healed hydrogel samples were collected from the box after
different time durations to study the change in self-healing
capability with time by tensile tests. The tensile stress-strain
behavior of PAM-GOBC-0.01%, PAM-GOBC-0.025%, PAM-
GOBC-0.035%, and PAM-GOBC-0.05% hydrogels healed for
different times are compared in Fig. 4(a)—-(d) respectively. The
healed hydrogels were not mechanically as tough as the original
ones. It is no surprise due to the fact that the presence of both
reversible bonds and irreversible covalent bonds is the source of
the toughness in original PAM-GOBC hydrogels, whereas the
healed interface contains only the reversible dynamic non-
covalent bonds. However, for all cut PAM-GOBC hydrogels the
stress-strain behavior improved with increasing contact time.
The improvement is markedly prominent in PAM-GOBC-0.05%
with the maximum concentration of GOBC. It showed
maximum recovered modulus and toughness.

The cut boundaries of the PAM-GOBC hydrogels gradually
disappeared with time demonstrating the real-time self-healing
behavior. The images of PAM-GOBC-0.05% original, cut and
healed (after 20 h) samples are shown in Fig. 5(a)-(c), respec-
tively. The cut joint is almost unnoticeable in the healed
hydrogel. The excellent healing capacity allows the healed
hydrogel samples to be stretched (Fig. 5(d)), double twisted
(Fig. 5(e)) or even bent (Fig. 5(f)) without causing noticeable
damage.

The change in stress healing efficiency of PAM-GOBC
hydrogels with time is plotted in Fig. 6(a). As the figure
shows, the self-healing efficiency of hydrogels is strongly
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Fig. 4 Stress—strain curves of self-healed PAM hydrogel with (a) 0.01%, (b) 0.025%, (c) 0.035%, and (d) 0.05% GOBC.

dependent on the contact time of cut hydrogels as well as on the
composition of GOBC. The self-healing efficiency improved
noticeably as the composition of GOBC increased in the
hydrogels. The PAM-GOBC-0.01%, PAM-GOBC-0.025%, PAM-
GOBC-0.035%, and PAM-GOBC-0.05% hydrogels achieved
maximum healing efficiency of 48%, 60%, 63%, and 70%,
respectively, after 40 h. Whereas PAM-MBA-0.05% demon-
strated no healing even after 40 h. For PAM-GOBC-0.05%, about
50% healing efficiency is achieved within 10 h contact time. To
investigate the variation of self-healing efficiency with the
mechanical properties of PAM-GOBC hydrogels, the stress-

—
R

i, .

healing efficiency of PAM-GOBC hydrogels prepared with
different concentrations of crosslinker was calculated at 40 h
contact time and has been plotted against Young's modulus of
the original samples in Fig. 6(b). It shows that the incorporation
of GOBC in PAM hydrogels resulted in improved mechanical
and self-healing properties, simultaneously. Initially, up to
0.2 MPa, the self-healing efficiency improved significantly with
the enhancement of modulus. Here, increase in amount of
GOBC, increased the number of covalent bonds contributing in
the modulus and additionally increased the number of revers-
ible hydrogen bonds contributing in the enhanced bond

c)

3mm

f)

Fig. 5 Real-time images of PAM-GOBC-0.05%; (a) fresh sample, (b) cut sample, (c) healed sample after 20 h, (d) stretched healed sample, (e)

a double twist of the healed sample, and (f) bent healed sample.
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reforming capability. In the range of modulus 0.2 to 0.45 MPa,
the self-healing efficiency reached maximum values and
increased moderately by the enhancement of modulus. It is due
to the presence of saturated amounts of reversible contact sites
at very high modulus in high concentration of GOBC. This kind
of trend in modulus and self-healing efficiency is unique
compared to most of the reported works on hydrogel self-
healing efficiency.

Most studies support the Dahlquist criterion that the self-
healing efficiency decreases with the increase in modulus,
and high self-healing efficiency is difficult to obtain in high
modulus hydrogels especially over 0.1 MPa.*"*' For a PAM-based
graphene oxide/hydrophobically associated composite hydro-
gel, Cui et al. showed that a high self-healing efficiency of 53%
could be achieved with a low modulus of 0.065 MPa.>* A
moderate 40% self-healing efficiency was observed for a rela-
tively higher modulus, 0.0106 MPa agar/PAM hydrogel.*
However, according to a study reported by Zhao et al., for a very
high modulus (0.350 MPa), sodium alginate/PAM hydrogel only
35% self-healing efficiency at room temperature was achieved.*
Thsan et al. prepared a polyampholyte hydrogel and reported
that the increment of the amount of chemical crosslinker, MBA
from 0 to 4% in the hydrogel led to increase in the elastic
modulus from 0.072 to 0.4 MPa which resulted in a significant
decrease in self-healing efficiency from 92.11% to 2.76%.*" In
aniline/phytic acid hydrogel, high tough gel (7.85 kPa) was ob-
tained in high concentration (0.15 mol%) of aniline filler.>
However, the self-healing efficiency was 66% even after 72 h.
Limited self-healing behavior was also observed for high
modulus hydrogels in the work described by Pan et al.>* The
increase in GO content as crosslinker in poly(acrylamide-co-2-
(dimethylamino) ethylacrylatemethochloride) resulted in
a hydrogel with enhanced mechanical properties, but compro-
mise in the self-healing ability.

In this study, a maximum of 70% self-healing efficiency was
successfully achieved for PAM-GOBC hydrogel having a high
modulus of 0.446 MPa. It suggests the unique contribution of
GOBC with the increased concentration improved both
modulus and self-healing efficiency. A new strategy was

© 2022 The Author(s). Published by the Royal Society of Chemistry

introduced in this work for incorporating GO in the form of
a crosslinker GOBC, capable of providing both physical and
chemical bonds simultaneously. Most of the conventional
crosslinkers provide only covalent bonds while the incorpora-
tion of ionic or hydrogen bonds reduces the amount of
permanent covalent bond. The physical and chemical bonds
provided by GOBC give rise to the simultaneous improvement
of mechanical and self-healing properties of the prepared
hydrogel similar facts were observed in the report of Shanshan
et al., where strong polyampholyte gels with high self-healing
efficiency of 70% was obtained by introducing large number
of physical bonding sites using a third monomer 2-ureidoethyl
methacrylate.® In this work, we showed that the unusual
combination of self-healing property and strong mechanical
properties in the same hydrogel might be possible by using
a GOBC crosslinker. The increase in the amount of GOBC in
hydrogels simultaneously increases the number of physical and
chemical crosslinking sites. The chemical crosslinker with
covalent bonds is considered as strong bonds that hold the
material leading to better mechanical strength, whereas a large
number of physical crosslinking sites with hydrogen bonds
form weaker bonds that retain chain mobility for better bond
reformation and greater self-healing efficiency. The mobility of
the polymer networks and the reformation of the reversible
bonding interactions in the polymer matrix during the contact
of two cut pieces of hydrogels cause the disappearances of the
crack between the separate parts as time goes. In the case of
PAM-GOBGC, the cracks almost disappeared after 20 h of contact
time. The self-healing mechanism of PAM-GOBC hydrogel is
presented schematically in Fig. 7. The healing is attributed to
the adsorption of polymeric networks of hydrogels over the
GOBC surface. As we discussed, the GOBC surface contains
a large number of hydrophilic groups such as -NH,, -OH, and
—-COOH groups. The presence of these dominant hydrophilic
groups, in the healing response of PAM-GOBC hydrogels, the
polymer networks are easily adsorbed over the GOBC surface via
hydrogen bonding and electrostatic interaction.*” The hydro-
phobic groups on the GOBC surface are also well capable of
forming reversible dynamic noncovalent bonds like van der

RSC Adv, 2022, 12, 7453-7463 | 7459
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Waals and m-m stacking with the polymer networks at the
cutting interfaces even in presence of water.>”*® These reversible
bonds contributed effectively to the rebonding of the polymeric
networks, recovering the damage of PAM-GOBC hydrogels
without any external stimuli. A self-healing material is required
to possess a sufficient number of active sites for efficient
recovery. The GOBC crosslinker with an abundance of non-
specific crosslinking sites effectively contributed to the self-
healing efficiency of hydrogels which dictate its universal
character.

3.5 Self-healing behavior of PAA-GOBC hydrogel

The self-healing behavior of a GOBC crosslinked PAA hydrogel
was also investigated to explore the universal applicability of
GOBC for forming self-healable hydrogels with different poly-
mers. A PAA-GOBC-0.05% hydrogel was prepared and its self-

0.3 —
=== Original
m— 5 min
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E 0.2 +
=3
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8
)
0.1
0= T T T v

0 10 20 30 40 50

Strain (mm/mm)

Fig. 8 Stress—strain curves of self-healing ability for PAA-GOBC-
0.05% after 5 min and 40 h healing time.
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healing behavior was investigated. The stress—strain behavior
of the original and healed PAA-GOBC-0.05% hydrogels are
compared in Fig. 8. It can be observed that the GOBC cross-
linker is capable of healing the fractured surface of PAA-GOBC
as well. The healed sample was capable of achieving remark-
able tensile strength with a moderate stretchability before the
fracture. PAA-GOBC demonstrated almost 60% of stress healing
efficiency within 40 h contact time.

4. Conclusions

A special type of GOBC has been successfully prepared by
oxidation and vinyl functionalization of GO. The GOBC
demonstrated strong crosslinking ability with conventional
PAM and PAA hydrogels. The presence of both covalent and
non-covalent interactions of GOBC helps to restrict the disin-
tegration of polymer-GOBC hydrogels in the dielectric water
system during swelling, and also enhances the mechanical
properties. The mechanical properties such as tensile strength,
Young's modulus, and toughness are significantly improved by
the incorporation of GOBC without compromising self-healing
efficiency. A maximum of 70% healing efficiency is achieved
in PAM-GOBC hydrogel with 0.05% crosslinker (mass% with
respect to monomer) at high modulus and toughness of the
hydrogel. A similar improvement in the mechanical and self-
healing properties of PAA-GOBC supports the universality of
GOBC as an effective crosslinker. The conventional non-
healable hydrogels are easily converted into highly self-
healable hydrogels by utilizing GOBC. Therefore, this
crosslinker-based approach for simultaneous improvement of
mechanical property and self-healing capability is expected to
widen the scopes of hydrogel applications.
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