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Fabrication of Super Extensible and Highly
Tough Graphene Composite Hydrogels by
Thermal Treatment Strategy for the Mixture
of Tannin and Graphene Oxide

Qihua Guo, Zixing Shi,* Hongjie Xu, Xiaodong Ma, Jie Yin, Ming Tian

Inspired by using the condensed tannins as coinitiator and crosslinker to prepare stretch-
able hydrogel (TIC-gel) and by tannins’ ability to prepare tannins-reduced graphene oxide
(TGO) at 80 °C, this paper designs a simple and effective method with a thermal treatment
process for the mixture of tannin and graphene oxide (GO) to prepare super extensible TGO

composite TIC-gel (TGO-gel). After the thermal treatment
process, graphene oxide is reduced by tannin and its surface
becomes orderly which leads to strong n—n stacking interac-
tion between tannins and graphene sheets. By this way, the
interaction between graphene sheets and polymer chains is

Reduction and stacking at 80°C
\ .

Process of preparation of TGO/TIC-gel at 40°C

improved. As a result, these composite hydrogels have high

tensile strength (0.5-1.2 MPa) and extremely high elonga- | "

tions (3100—-4800%) which are much higher than those of | . \ e
GO composites TIC-gel (TA/GO-gel) without thermal-treated | *= ,
process and those of normal graphene composite hydrogel. Tt

1. Introduction

Hydrogels are aggregations of crosslinked polymer net-
works and water. In the last three decades, polymeric
hydrogels have attracted lots of scientific interest due to
their potential applications in drug delivery,/*?! sensing,’!
actuation,¥l scaffolds for tissue engineering,®! etc. How-
ever, the conventional chemically crosslinked hydrogels

Q. Guo, Prof. Z. Shi, Prof. H. Xu, X. Ma, Prof. J. Yin

School of Chemistry & Chemical Engineering

Shanghai Key Lab of Electrical Insulation and Thermal Ageing
State Key Laboratory for Metal Matrix Composite Materials
Shanghai Jiao Tong University

Shanghai 200240, P. R. China

E-mail: zxshi@sjtu.edu.cn

Prof. M. Tian

State Key Lab of Organic-Inorganic Composites

Beijing University of Chemical Technology

Beijing 100029, China

Macromol. Chem. Phys. 2017, DOI: 10.1002/macp.201600549
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

S

N\

N\ \/ /'/7 4
A
. e
A~ /S
~—"\ A\
| \
—~/ \
\

NN |

exhibit brittle, low-stretchable, and poor mechanical prop-
erties which limited its extensively practical application.
Many works have been done focusing on preparing hydro-
gels with high toughness.[®7] According to the theory of
dissipation-induced toughening,*82°! it is believed that
preparing nanocomposite hydrogel (NC gels) is one of
the simple ways to build tough hydrogels.?!! Graphene
and graphene oxide sheets are usually used to fabricate
graphene-based polymer nanocomposites due to its bril-
liant properties.??3! However, as reviewed by Macosko
and co-workers, the improvements are always inefficient
which is mainly due to the weak interactions between
polymer chains and graphene oxide (GO) sheets.3?] The
improvement of GO/polymer composites are usually less
than 80%.3%34 Some works improved the interactions
between polymer chains and GO sheets by introduction
of strong covalent bonds through grafting. The “grafting-
to” approach utilizes the reactions between the reactive
ends of a preformed polymer with the functional groups
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on GO.P®! But it is low-efficiency and has difficulty in
obtaining a high grafting density. The “grafting-from” pro-
cess used the graphene peroxide (GPO) as polyfunctional
initiating and crosslinking centers and had prepared bril-
liant nanocomposite hydrogels.>”! But the preparation of
GPO may be demanding.

In this paper, we designed a simple method—thermal
treatment strategy for the mixture of tannin and gra-
phene oxide—to prepare super extensible and highly
tough graphene composite hydrogels by improving the
interaction between GO sheets and polymer chains with
the assistance of a kind of natural extracts from bark-
condensed tannins (TA). According to our study, we
know that condensed tannin could act as co-initiator and
crosslinker to prepare tough and highly stretchable hydro-
gels (TIC-gels) due to the graft polymerization of acryla-
mide (AAM) onto tannins,3¢! as shown in Schemes S1
and S2 and Figures S1-S3 (Supporting Information). Based
on our further study, we found that TA solution could
reduce GO at 80 °C and disperse graphene in water very
well. After GO was reduced by TA with the thermal treat-
ment (TGO), its surface became orderly and TA would
adsorb on the graphene sheets due to the strong ==
stacking interactions. For comparison, GO (0.5 mg mL™)
composites TIC-gels (TA/GO-gels) were prepared, the elon-
gation and tensile strength only increased from 2184%
and 160 kPa to 3297% and 297 kPa. Impressively, when
we heated the mixture of TA and GO (to get TGO) before
adding it into the polymerization system, the mechanical
property of TGO-gels had prominent improvement with
a brilliant elongation of 4811% and tensile strength of
836 kPa (with a maximum toughness about 17 MJ m~3). It
is the second highest elongation in the graphene hydrogel
composites that ever reported. The highest is 5300% (with
a rupture strength about 400 kPa) by the GPO gel with
1 mg mL GPO reported by Wang and co-workers.[?°]
More important, we provided a simple way to prepare
graphene-based polymer composites which have strong
interactions between graphene sheets and polymer
chains based on radical polymerization.

2. Experimental Section

2.1. Extraction of Tannin from Myrica Esculenta Bark

The myrica esculenta bark was smashed and then immersed
the bark with acetone—water system. This mixture was filtered,
kept the liquid, and washed the solution with petroleum ether,
ether, and ethyl acetate sequentially. The solution was dried
to get the extracts. Major components of extracts from myrica
esculenta bark were partially galloylated polymeric prodelphini-
dins—myrica condensed tannins (TA). TA was directly used after
drying. The structure of TA is shown in Figure S1 (Supporting
Information).
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2.2. Synthesis of GO and TGO

GO was prepared from pristine graphite by the modified Hum-
mers method (see the Supporting Information). TGO was
prepared as follows. The suspension of GO was prepared by dis-
persing GO into water via sonication. Tannin (400 wt% relative to
GO) was added into the GO dispersion and a sonication process
was followed for 30 min. The reduction process was performed for
4 h at 80 °C. The mixture was washed as follows: the mixture was
centrifuged at 10 000 rpm for 30 min and the liquid was removed.
The TGO was redispersed in deionized water and was washed for
seven times. The TGO dispersion was used directly after washed.

2.3. Preparation of Hydrogel Composites

All the gels mentioned in this article were prepared at AAM
concentrations 30 wt%. A one-pot method was used to synthe-
size TGO nanocomposite hydrogels (TGO hydrogel). To exemplify
the progress, a 0.1 wt% (mass ratio to the monomer) ammonium
persulfate (APS) and 0.1 mg mL™! TGO nanocomposites hydrogel
were prepared as follows: 23.5 mL 0.1 mg mL™ TGO water dis-
persion liquid was treated with sonication for 2 h. After that,
10 g of AAM was added to it. The mixture solution was stirred for
2 h. Then the mixture was deaired for 20 min with nitrogen gas.
After that, 0.01 g APS was added into the solution. The system
was stirred for 10 min to yield a homogeneous dispersion and a
reduced pressure process was followed to remove the excess gas.
The resulting solution was transferred to glass molds made by
placing a silicone spacer with a height of 2 mm between two flat
glass plates. The samples were placed in oven at 40 °C for 24 h
to form TGO gel. Samples were cut by a 4 x 50 dumbbell cutter
(overall length: 50 mm, inner width 4 mm, gauge length: 16 mm)
according to GB/T528. Gels were also prepared with higher or
lower levels of composites, as indicated in the text. For compar-
ison, GO-gel was also made. The synthetic process was same to
the procedures as illustrated before.

3. Results and Discussion
3.1. Synthesis and Characterization of GO

Details on the synthesis and characterization of GO can be
found in the Supporting Information.

3.2. Synthesis and Characterization of TGO

According to our previous study, tea solution could reduce
graphene oxide at 80 °C and disperse graphene well in
water.?”l Condensed tannins have same functional group
with the tea solution. Maybe the TA solution could reduce
GO too. So we heated the mixture of TA and GO for 4 h at
80 °C in nitrogen atmosphere, and monitored the thermal
treatment process by UV and characterized the product
by X-Ray powder diffraction (XRD). The results were in
Figure S8 (Supporting Information). According to the pre-
vious work[**% and our analysis (see Figures S9-S12,
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Supporting Information), the TA indeed could reduce
GO and there was strong interaction between TA (stabi-
lizers) and graphene which is proposed to mainly be ==
interaction.[4143]

Atomic force microscopy (AFM) was also measured to
characterize the TGO. Images in Figure S13 (Supporting
Information) are the typical AFM images and height
profiles of TGO, we can see that the average thickness is
about 1.8 nm. Considering that TA molecules adsorbed
on the surface of graphene, we believed that most of TGO
exist in the form of single layer and there is TA on their
surface because of the n—r stacking interaction.

3.3. Preparation of Hydrogel Composites and
Measurements

Based on all these research, we designed a simple method —
thermal treatment strategy for the mixture of tannin and
graphene oxide—to prepare super extensible and highly

Reduction ©
and Stacking

www.mcp-journal.de

tough graphene composite by improving the interaction
between the GO sheets and polymer matrix. TA gradually
reduced the GO during the thermal treatment process and
then stacked on the graphene due to n—r stacking interac-
tions. So TGO could act as coinitiator and crosslinker due
to the TA on their surface, and the interaction between
polymer chains and graphene sheets became stronger. The
whole process for radical polymerization with the presence
of TGO is illustrated in Scheme 1. Scanning electron micro-
scope (SEM) investigations of the reaction mixture after
short reaction time (20 min) shows that there are fibers on
the surface of TGO sheets which also confirmed our assump-
tion about the role of TGO in the polymerization process.
For comparison, we prepared TA/GO-gel (brown) and
TGO-gel (black) as shown in Figure la. Compared with
TIC-gel, the tensile strength and strain of TA/GO-gel had
some improvements. However, the mechanical properties
of TGO-gel improved prominently. As shown in Figure 1b,
TIC-gel prepared by 0.1 wt% APS and 0.04 wt% TA could

Scheme 1. a) Schematic model of GO and TGO. b) Schematic model for the formation of a TGO hydrogel. The blue sheets are the TGO, the
green points are the monomers, and the green lines are the polymer chains. c) Typical SEM of TGO. d,e) SEM graphs showing the formation
process of a TGO hydrogel when the reaction time is 20 min. Preparation process: 0.06 g TGO, 0.1 g AAM, 0.001 g APS, 10 mL H,0, at 40 °C

for 20 min, then it was diluted with 100 times deionized water.
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Figure 1. a) Picture of TIC-gel, TA/GO-gel, and TGO-gel. b) Stress—strain curves of TIC-gel, TA/GO-gel, and TGO-gel (concentration of graphene
sheets: 0.5 mg mL™). c) Fracture strain and toughness of TGO-gel. d) Fracture stress and modulus of TGO-gel.

be stretched up to 2184% with a tensile strength 160 kPa.
TA/GO-gel could be stretched up to 3297% with a tensile
strength 297 kPa. The improvement in tensile strength
was only about 85%. However, the mechanical property
of TGO-gel had prominent improvement with a brilliant
elongation of 4811% and tensile strength of 836 kPa. The
improvement in tensile strength was almost 423% which
was much higher than the value of TA/GO-gel (85%).
More important, we prepared super extensible and highly
tough graphene composite hydrogels by a simple thermal
treatment strategy for the mixture of TA and GO.

A series of TGO-gels were prepared by using TGO
aqueous dispersions with different TGO concentrations
and measured by the tensile test. The solid content in
all these hydrogels was 30 wt%. In order to ensure the
homogeneous dispersion of TGO, the highest concentra-
tion of TGO was selected as 1 mg mL™. When the TGO
(0.1-1 mg mL™) was incorporated into the gel, we obtained
TGO-gels exhibiting excellent mechanical properties
which had very high tensile strength (0.5-1.2 MPa) and
extremely high elongations (3100-4800%). For example,
when the concentration of TGO is 0.1 mg mL™, its elon-
gation was 3106% and toughness was 7.77 MJ m™3
(Figure 1c,d). As its concentration increased to 0.5 mg mL™,
its elongation increased to 4811% with a toughness of
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16.88 MJ m3. Further increasing concentration of TGO to
1 mg mL* would decrease its elongation and toughness to
3237% and 13.10 MJ m3, respectively. The tensile strength
of these gels gradually increased from 567 to 1183 kPa with
the concentration of TGO increasing from 0.1 to 1 mg mL™?
with their modulus shifting around 130 kPa. As we have
illustrated, our TGO composite hydrogels exhibit excel-
lent mechanical properties. Compared with most of tough
double-networkl®” and nanocomposite®°] gels, the exten-
sibility of TGO-gels (3000-4800%) is higher than most
other double-network gels (1000-3000%). The extensibility
of 4800% exhibited by our TGO-gel is the second-highest
ever reported. Some data of reported tough hydrogels are
listed in Table S1 (Supporting Information). Increasing the
concentration of TGO has three effects on the structure of
TGO composite hydrogel. First, more crosslinking struc-
ture will be formed in the system. Second, the increase of
graphene content will enhance the mechanical property
of TGO composite hydrogel. Third, when the content of
TGO is high, it may cause some heterogeneous dispersion
of TGO in the system. A combination of all these effects
resulted in the performance of strain, toughness, stress,
and modulus as we illustrated.

Moreover, the TGO-gels also exhibit good elastic
recovery. Cyclic tensile tests were carried out on the
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I Figure 2. Cyclic tensile loading—unloading curves of the TGO-gels
tions: 0.1 mg mL™ TGO concentration.

hydrogels (Figure 2). A hysteresis loop could be found in
the first loading—unloading cycle, and it became much
smaller in the following cycle. When the tensile strain
was 100%, it showed high elastic recovery, up to 96% in
the first cycle. When the tensile strains were increased to
300, 500, and 700%, their elastic recovery ratios changed
to0 94.7, 92.4, and 91.2%, respectively. It had little residual
deformation even when it fractured (Figure S14, Sup-
porting Information). The hydrogen bond ruptures and
the disentanglements of polyacrylamide chains may con-
tribute to the hysteresis loops. The fracture of covalent
bonds in the network and the pullout of graphene from
polymer may cause permanent damage.

We also turned to dynamic rheology measurement
to further investigate the property of TGO composite
hydrogel. As shown in Figure 3, the elastic modulus (G’)
of the TGO-gel is always much higher than the viscous
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I Figure 3. Storage modulus (G’), loss modulus (G”), and loss factor
TGO, 0.1 wt% APS, 70 wt% water content.
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modulus (G”) over the tested range from 0.1 to 100 rad s2.
However, at lower frequency, its tan § was much larger
than that at higher frequency, and tan § showed some
dependence on the frequency. This phenomenon
indicated that there also exist some hydrogen-bond
interactions between tannin and polyacrylamide. Such
specific rheology may contribute to the super extensi-
bility and high toughness of the TGO composite gels.

4. Conclusions

In summary, we have designed a simple and effective
method to prepare super extensible TGO-gels. Specifically,
by heating the mixture of TA and GO, we can prepare TGO
where tannin could attach on the surface of graphene via
the strong m—r interaction. By this way, TGO could act as
the coinitiator, crosslinker and nanofiller to prepare com-
posite hydrogels with high tensile strength and elonga-
tion. The mechanical properties of the TGO-gels are pretty
good even compared with those of some soft issues.[*4%°]
So they may have many applications in biomedical fields
and may be helpful for the design of biomaterial. This
paper provides a novel and simple way to prepare stretch-
able graphene-based polymer composites based on radical
polymerization with strong interactions between graphene
and polymer chains. So we believe more types of graphene
polymer composite could be prepared by this method.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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