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Graphene-based hydrogels, which utilize graphene as a filler to blend with various molecules, have fully
exploited the addition of graphene and exhibited more prominent performances in energy storage,
wastewater treatment, biosensor and technology, and biomedicine compared with traditional hydrogels.
Herein, recent progress in graphene-based composite hydrogels has been reviewed and the whole
article simply introduces the preparation methods of the different types of hydrogels. Besides, various
areas of applications of the graphene-based hydrogels are revealed emphatically such as adsorbents for
purification, adsorbents to specific dyestuffs, and biosensors with high energy density etc. Moreover,
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Accepted 30th October 2017 several urgent issues, which still limit the further developments of the graphene-based hydrogels are
expressed in the review as well. Finally, it is achievable to introduce novel functional materials into

DOI: 10.1039/c7ra09634h graphene-based hydrogels with enhanced properties in various fields through the existing and newly-
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1. Introduction

In recent years, various kinds of carbon nano-structure mate-
rials have raised general interest among researchers from
different fields. Graphene, as a representative two-dimensional
(2D) layered material, has already attracted global attention for
applications in sensors, catalysis, and environmental fields due
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to the high thermal conductivity, transmittance, and electrical
conductivity.'” As a result, graphene has played a crucial role in
manufacturing multifunctional graphene-based composites
due to their encouraging characteristics.**® Therefore, graphene
and its functionalized derivatives can be used as outstanding
building blocks for self-assembly of functional carbon-based
materials due to the unique two-dimensional (2D) structures
such as 2D graphene films and 3D graphene/polymer
composites.””

Nowadays, a variety of functional graphene-based compos-
ites fabricated by chemical modifications or non-covalent
functionalizes have been reported.'**> However, the strong
interaction of m-m* band structure between graphene sheets

Prof./Dr Shengtao Zhang was
born and raised in Sichuan
Province, China. He obtained
his PhD in Chongqing Univer-
sity, 2004. He has been succes-
sively studying and working in
the University of California,
Berkeley, University of Bremen,
and Moscow University during
his research life. Up to now, he

has  published over 170
academic papers and two
monographs.  His  current

research is concentrated on corrosion and protection of materials,
electrochemical analysis and measurements, and surface engi-
neering of materials.

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra09634h&domain=pdf&date_stamp=2017-11-01
http://orcid.org/0000-0001-6189-9724
http://orcid.org/0000-0001-7849-9583
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra09634h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007080

Open Access Article. Published on 02 Kasm 2017. Downloaded on 13.02.2026 11:33:37.

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

(cc)

Review

makes them hydrophobic and easy to reunite.'*'* Besides, the
direct application of graphene sheets still suffers from the poor
stability.*>'¢ Therefore, public attention is thoroughly aroused
as to the modified graphene nano-materials, which including
chemical-modified and functionalized graphene.”™ Among
them, graphene oxide (GO) has been more frequently studied
due to the abundant functional groups and excellent hydro-
phile.>*** At present, the preferred fabricating method of GO for
the most of colleges and scientific institutions is the modified
Hummer method, which has the advantages of high efficiency
and security.?®** Graphite powder, potassium permanganate
and concentrated sulfuric acid are selected to assume reac-
tants.**** Eventually, GO is obtained after experiencing three
reaction stages of the low, middle and high temperature in
order.

As a typical kind of 3D macroscopic structure, hydrogels are
consist of the loose and porous networks which possess huge
potentials in electrochemical materials, catalysis, sensor, and
water treatment especially industrial waste water owing to
allowing the access and diffusion of ions or molecules.>*?>*
Besides, carbon nanotubes and GO sheets have been prelimi-
nary used as building blocks for the assembly of ordinary
hydrogels or another kind of materials (aerogels).*® The free-
standing graphene hydrogel functionalized with polydop-
amine can be used in water purification.

One of the most successful application of hydrogels were
contact lenses in medicine. And researches of drugs sustained-
release and fabrication of artificial lens had been developed
rapidly from then on. At present, hydrogels are also frequently-
used in agriculture and sanitation materials as water absor-
bents or retaining agents due to the excellent character of
retaining water.*** Meanwhile, the problem of water pollution
has been intensified with the increasing population and
development of industry. Therefore, hydrogels can be used to
provide treatments for the effluents as adsorbents.**** What's
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more, coating materials of cable, drilling lubricant, preservative
wrapper of foods are also important applications of hydrogels.
Last but not least, hydrogels can be applied to prepare the
humidity sensors, moisture sensors, leakage detectors and
other fine chemicals as well.***

In this review, we will summarize the applications of
graphene-based composite hydrogels, with the aim of arousing
the interest of the researchers in this field.

2. Applications of hydrogels in various
fields

2.1. Hydrogels as additives for delivering or controlling
releasing of drugs

Park and Qiu have introduced the fabrication and application of
the environment-sensitive hydrogels for drug delivery.*
Generally, hydrogels are networks of hydrophilic polymers that
can swell in water and hold a large sum of water while main-
taining the original structure.** Therefore, hydrogels could
protect the drug from the opposed environments, such as the
presence of various enzymes and low pH in the stomach.
Besides, hydrogels could also control the release of drugs by
changing the structure in response to environmental
stimuli.***

According to Shi's research, graphene oxide/poly(vinyl
alcohol) (GO/PVA) composite hydrogel was prepared to act as
a potential candidate for controlled drug release.*® Hence, it is
obvious that the obtained composite hydrogel can be used for
pH controlled selective drug release, which is also called pH-
sensitive. GO was prepared by the modified Hummers'
method then dispersed. The obtained GO dispersion were
added into PVA solution for next, and the mixture was shaken
violently for seconds to form a gel. Afterwards, ultrasonic
treatment was adopted to make the gelation process complete.*
The influence of cross-linking agent concentration in the
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gelation process was also studied in their paper. It is confirmed
that the gelation process depends on PVA with various weight
ratios to GO (rp,g) strongly (Fig. 1A). As shown in Fig. 1B, the GO/
PVA composite hydrogel is gellable in acidic media as under-
going gel-sol transition under alkaline conditions. X-ray
diffraction (XRD) and scanning electron microscope (SEM)
were utilized to illustrate the patterns of lyophilized GO/PVA
composites. The results reveal that the PVA component in the
GO/PVA composite gel acts as a cross-linking agent. Moreover,
Vitamin By, (VBy,) was chosen as the model drug for evaluating
the releasing ability of GO/PVA hydrogel, due to the biocom-
patibility and pH-sensitivity. Then it indicates that the GO/PVA
hydrogel is efficient for controlled drug release with a fairly low
gelator concentration.

As we can see from the above two researches, hydrogels can
help controlling the release of functional drugs by changing
construction themselves in response to environmental stimuli,
such as different body organs, body fluid or diseased tissue.*®
Performance of delivering and controlling releasing drugs
become more outstanding in graphene-based hydrogels, which
had been proved in experiments. Graphene-based hydrogels
could contain the gelation status in a relatively stable environ-
ment. The status of hydrogels would change from gelation to
solution after changing of pH.** Functional drugs wrapped in

View Article Online
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graphene-based hydrogels would be released gradually.
Graphene-based hydrogels could not only protect drugs
changing characters by digestive juice, but also control the
speed of drugs' releasing by regulating the ratio of composition
materials of hydrogels. In subsequent study, small molecules,
especially novel biologic organic molecules would be available
to become additions in different kinds of functional graphene-
based hydrogels, which can obviously increase the biocompat-
ibility, degradability and environment friendly performance.**

2.2. Hydrogels as adsorbents for water purification

Huang et al. have reported a facile approach to prepare a kind of
graphene-based hydrogels (see Fig. 2).>* In their research,
agarose (AG) was employed as a stabilizer and reducing agent to
form the structure of hydrogels. The GO-AG hydrogel was
fabricated by the crosslinking of AG molecules, due to the
adsorption on the surface of GO through a strong hydrogen
bonding effect and hydrophobic interactions with the surface
functional groups such as carboxyl, hydroxyl, and epoxyl of AG.
The SEM images and FT-IR spectra explain that the crosslinking
of AG on the surfaces of graphene sheets makes it interlace to
form a 3D microstructure. Besides, cracks and holes were found
in the interior of hydrogels, which demonstrated that the loose
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Fig. 1
(B) Photographs of the pH-induced gel-sol transition.*®

(A) Photographs of GO/PVA mixtures with different content ratio (rp,g). From left to right, rpyg =1:1,1:15,1:2,1:5,1:10,1:20,1: 40.

Fig. 2
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(A) Ilustration showing the routes for the preparation of graphene—AG hydrogels. The chemical structure of agarose is shown at the

bottom of (A). (B) Photograph of AG, GO-AG, and RGO-AG hydrogels, respectively. (C and D) SEM images of GO-AG and RGO-AG hydrogels.
(E) Photograph of the fabricated gel column loaded with the RGO-AG hydrogel >*
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structures were obtained after interaction of AG and graphene
sheets. Furthermore, the graphene-AG hydrogels were applied
to test the dye adsorption ability from water due to the large
specific surface area of graphene and the porous structure of the
hydrogels. As a kind of triphenylmethane dyes, MG was chosen
as a model organic dye to study the dye adsorbing ability of the
graphene-AG hydrogels. Furthermore, the adsorption efficiency
of the hydrogels was obtained from UV-vis spectra of the water
with MG. Over 50% of MG had been adsorbed after 12 h, and the
adsorption quantity of MG increased to 90% after 7 days. The
results showed an excellent adsorbing effect of graphene-AG
composite hydrogel compared with the pure AG hydrogel.
What's more, other graphene-based materials such as GO and
reduced graphene oxide (RGO) were investigated to evaluate the
adsorption effect for more dyes in their other researches.>
Bai's research® have proposed an eco-friendly graphene
oxide-chitosan (GO-CS) composite hydrogel as a new kind of
adsorbent for water purification. The GO-CS hydrogels were
fabricated via self-assembly of GO sheets and CS chains. A loose
3D network structure consisting of GO sheets crosslinked by CS
was observed in the composite hydrogel from the SEM image.
The porous structure of the hydrogel assists the diffusion of
adsorbates inside the hydrogel, increasing the adsorption
capacity of the GO-CS hybrid. Thus, the obtained hydrogel
owned excellent adsorption capacity of different dyes and heavy
metal ions. Afterwards, methylene blue (MB) and eosin Y were
selected to evaluate the adsorption capacity of GO-CS hydrogels
(see Fig. 3). It was found that the adsorption capacity of the
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Fig.3 Removal of dyes from water by filtration. (A and B) Images of the
apparatus used for filtration and the solution before and after filtration.
(C and D) Absorption spectra of the MB (C) and eosin Y (D) solution
before and after filtration.>
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hydrogel would change with the composition of it. More
specifically, a higher content of GO leads to higher adsorption
capacity towards MB, while a higher content of CS leads to
higher adsorption capacity towards eosin Y as well. What's
more, the GO-CS composite hydrogels also shows a nice
adsorption capacity towards some heavy metal ions, such as
Cu(n) and Pb(1). As a consequence, the excellent adsorption
capacities were attributed to the coordination of GO and CS
with various metal ions.

Duan et al. presented a one-step method to prepare the
polydopamine-modified graphene hydrogel.>® The method is
based on the spontaneous process of polymerization of dopa-
mine and the self-assembly ability of graphene nanosheets
inside the porous hydrogel structures. Besides, the dopamine
served as surface functionalized agents and reductant in the
hydrogels. The polydopamine functionalized graphene hydro-
gel (PDA-GH) was prepared by the procedure as followed, after
GO was obtained by the modified Hummers' method.*”” Dopa-
mine was added into the GO aqueous dispersions to obtain
a homogeneous mixture. Furthermore, the product PDA-GH
was formed after the mixture above reacting at 60 °C in static
conditions. Hydrothermally synthesized graphene hydrogel
(HT-GH) was fabricated by hydrothermal measurements of GO
aqueous solution in a Teflon-lined autoclave at 180 °C for 12 h.
The target product HT-GH would be obtained after the auto-
clave cooling to the room temperature naturally. SEM, atomic
force microscopy (AFM) and X-ray photoelectron spectroscopy
(XPS) were employed to offer the materials characterization.
Besides, adsorption experiments were also carried out to
investigate the adsorption situation of Cd(u), Pb(u), rhodamine
B and p-nitrophenol of the PDA-GH and HT-GH (see Fig. 4). The
results showed that the adsorption capacity for various pollut-
ants was obviously enhanced of PDA-GH and HT-GH. Overall,
the graphene-based hydrogels fabricated by the one-step
method with low-cost had effectively improved the inadequacy
of other carbon nano-materials in water purification, including
low adsorption capacity, stubborn residue, and intricate work
and recovery mechanism. Moreover, the obtained capable
hydrogels could own high adsorption capacity after a mass of
adsorption-desorption cycles and be easily regenerated by facile
and accessible reagents. Therefore, PDA-GH and HT-GH might
work as a novel and efficient freestanding adsorbent for water
purification.

Liu et al. have prepared the Ni-doped graphene/carbon cry-
ogels (NGCC) by adding formaldehyde and resorcinol to the
suspension of GO, which was based on the freeze-drying of the
hydrogel precursor.”® SEM, TEM, FT-IR spectra and XRD were
utilized to characterize the NGCC. NGRC had been transformed
to NGCC after carbonization experiment (Fig. 5), which showed
a remarkable mechanical properties of keeping the original
shape after pressed by nearly 4000 times the mass of itself.
Furthermore, oil, organic solvent and methyl blue (MB)
adsorption tests were performed to evaluate the adsorption
capacity of the cryogel. Results indicated that the NGCC had
completed the adsorption process in 1 min due to the super-
wetting behaviour for oils and organic solvents. As a conse-
quence, excellent recycling performance of the NGCC was

RSC Aadv., 2017, 7, 51008-51020 | 51011
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Fig. 5 Characterization, carbonization, adsorption for organic solvents, oil and dye, and recycle of RC, GRC and NGRC.*®

implied that over 90% of the adsorption capacity of NGCC for
oils could be maintained after 7 cycles. Besides, the typical MB
adsorption capacity-time curves of the cryogel powders were
obtained after adsorption measurements. The adsorption
curves have reached equilibrium in a short time, which indi-
cated that the introduction of graphene had changed the
morphology of the cryogels, and enhanced the surface areas and
porosities. As a consequence, all the phenomena have contrib-
uted to an obvious improvement in adsorption capacity of the
hybrids. And the NGCC fabricated with an inceptive GO
concentration of 6 mg mL ™" shows the strongest adsorption
capacity of MB among the experiment samples investigated.
Water treatment has attracted fully attention in recent
studies. One of the most intuitionistic and efficient measures to
depurate water is adsorption.***® Heavy metal ions, organic
solvents, oil and dye are the most common water pollutants,
which could be adsorbed by novel graphene-based hydrogels.
According to the above researches, different additions, such as
agarose, chitosan and Ni-doped cryogels, could signally
improve the adsorption and processing capacity of graphene-
based hydrogels.*** In addition, adsorption efficiency after
several circulations would be comparatively ideal according to
the results of the above experiments. Therefore, making the
adsorption efficiency staying in an excellent status after decades
(or more) of circulations, or increasing the value of adsorption
efficiency by doping different functional materials would
be more challenging in subsequent researches. Besides,

51012 | RSC Adv., 2017, 7, 51008-51020

control of the cost of reagents and additions is also pivotal in
application.®***

2.3. Hydrogels as adsorbents of dyestuffs in various fields

Fan et al. have investigated a novel GO/sodium alginate (SA)/
polyacrylamide (PAM) ternary nano-composite hydrogel with
excellent mechanical properties, which was polymerized of
acrylamide (AAm) and SA through free-radical polymerization in
the presence of GO in aqueous solution (see Fig. 6).°* The
hydrogels were prepared into a column with a diameter of
24 mm and a length of 20 cm to accept compressive and tensile
tests, for evaluating the mechanical properties. Results revealed
that the as-prepared GO/SA/PAM ternary hydrogel with 5 wt% of
GO displayed a compressive stress of 1.543 MPa at a 70%
compressive deformation. Besides, the tensile strength and
modulus of the obtained hydrogel were proved to be up to 201.7
and 30.8 kPa, respectively. Meanwhile, excellent self-
repairability and elasticity were also found towards the ternary
hybrid hydrogel. Additionally, the GO/SA/PAM composite
hydrogels exhibited great adsorption capacities for a series of
dyes as followed. As shown in Fig. 7, the dye adsorption
capacities of the as-prepared composite hydrogel were
enhanced significantly with the introduction of GO.

Zhang et al. have investigated a kind of magnetic graphene
nano-composite with great solubility in water, which was
synthesized via a copper catalyzed azide-alkyne cycloaddition

This journal is © The Royal Society of Chemistry 2017
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Fig. 6

Fig. 7 Photographs of different dye solutions before and after
adsorption by the GO/SA/PAM composite hydrogels.®

reaction and then modified with polyacrylic acid (PAA).*® AFM,
TEM, XRD and Raman spectra were employed to characterize
the surface morphology and structural components. The high
surface area, superparamagnetism and great complex proper-
ties made the PAA/GO/Fe;0, nano-composite useful as a nano-
adsorbent for the recyclable removal of Cd**, Pb>* and Cu** ions
from aqueous solution.”” Besides, the nano-composite hydrogel
was added into a 50 mL plastic vial with heavy metal ion solu-
tion at room temperature to measure the adsorption capacity.
Results showed that the hydrogel was quite easy to separate and
recycle because of the super paramagnetism of Fe;O, and the
removal efficiency of the hydrogel for Cd**, Pb** and Cu*" ions
was still over 85% after 5 cycles.®®

Zhang et al. have reported a new kind of multifunctional
titanium dioxide (TiO,)-graphene nano-composite hydrogel
(TGH), which was fabricated by a facile hydrothermal approach
and investigated as supercapacitor, photocatalyst, and reusable
adsorbent.*” A certain amount of TiO, nanoparticles was added
to the homogeneous GO suspension and kept in ultrasonic
exfoliation for 1 h. Afterwards, the compound solution was
sealed in a autoclave and kept in quiescence under 180 °C. Black
and columnar hydrogel could be obtained after letting the

This journal is © The Royal Society of Chemistry 2017
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(a—f) Photographs of PAM and G5S1P2 hydrogels under pressure, (g) schematics of GO/SA/PAM ternary composite hydrogels.®®

autoclave cool down in room temperature. And the size of the
TGH may change with different volume of graphene aqueous
dispersion.*” SEM, TEM, FT-IR, XPS, and XRD measurements
were taken to characterize the obtained hydrogel, which indi-
cated that the pore walls of TGH consist of thin layers of stacked
graphene sheets, while the spherical nano-structured TiO,
particles were largely anchored onto the graphene nanosheets.
The introduction of TiO, nanoparticles on graphene sheets has
functionalized the TGH and acted as a barrier to prevent the
aggregation of the graphene sheets due to the growth of the
specific surface area of TGH.” What's more, dye adsorption and
photocatalytic activity tests were performed after characteriza-
tion. In the presence of TGH, the absorption capacity of MB is
almost 3 or 4 times more than in the presence of GH or TiO,
nanoparticles, respectively, which reveals that the TGH
possesses the higher dye adsorption capacity in the tests.

Studies have shown that more and more kinds of dyestuffs
could be absorbed by different hydrogel hybrids.””* Especially,
in the presence of graphene-based materials, the absorption
capacity is obviously increased. Excellent mechanical capacity
of hydrogel makes the connection more closely between gra-
phene (and other functional additions) and hydrogel itself.”
Different kinds of dyestuffs and heavy mental ions exist in
various fields, so the hydrogel could be a preferred choice with
wide-range and large-adsorbance.” In addition, graphene and
its functional derivatives could signally prevent the aggregation
of the graphene sheets in complex environment. So enormous
potential of graphene-based hydrogels will surely be more
frequently studied in absorption.”

2.4. Hydrogels used in energy storage device

Lu et al. have provided us with a novel reduced graphene oxide/
polypyrrole composite hydrogel with great electrochemical
performance and compression, which could be used in efficient
energy storage device.”® As shown in Fig. 8, reduced graphene
oxide (rGO) and polypyrrole (PPy) were combined by

RSC Adv., 2017, 7, 51008-51020 | 51013
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Fig. 8 Schematic diagram of the preparation process of rGO/PPy hydrogel.”®

a self-assembly process at room temperature. Afterwards, an
oxidation polymerization was triggered by both of the reactants
mentioned above to form a cross-linked and hierarchical
porous 3D structure. The obtained hydrogel with 3D structure
delivered an excellent compression-tolerant capacity and a high
specific capacitance. Particularly, over 80% of the capacitance
value could be maintained after 5000 charge-discharge cycles.
Therefore, it is obvious that great potential applications of rGO/
PPy hydrogels in energy devices will draw much more attention
of researchers in the future years. In addition, rGO conducting
polymer composite invariably own the poor mechanical
strength performance.” It could be thought that the increase
amount of PPy might help forming the denser structure, as well
as stronger interaction between rGO and PPy chains, resulting
in the much stronger mechanical property and the higher
electrochemical performance at large current.

Lee et al. have designed a 3D porous structure hydrogel for
applying in a high-performance asymmetric supercapacitor
device.” The extraordinary structure was designed based on
carbon dot supported copper sulphite (CuS)-decorated gra-
phene oxide (GO) hydrogels, which delivered to improve the
cyclic stability, specific capacitance and energy density of CusS as
well as GO based supercapacitors. The hydrogel was prepared by
a simple hydrothermal reaction using teflon-lined stainless
steel autoclave at 180 °C for 12 h and then optimized through
different characterization. Carbon dot could significantly help
to bind strongly GO with CusS in the 3D structure as a stabilizer
for the CuS. Hydrogels obtained from the above process deliv-
ered high specific capacitance of 920 F g~ ' at a current density
of 1 A g~". Most importantly, they had brought up an idea that
the optimal hydrogel could be used as a positive electrode for
the preparation of asymmetric supercapacitor along with rGO
as the negative electrode. After electrochemical charge-
discharge measurements, the supercapacitor based on obtained
hydrogel exhibited a extremely high energy density up to
28 W h kg ' and remained up to 90% specific capacitance
after 5000 cycles. Results indicate that their research would
provide a new insight of GO or CuS based composite with 3D
structure for supercapacitor in advanced energy storage
applications.

51014 | RSC Adv., 2017, 7, 51008-51020

Li et al. have prepared the nitrogen/sulfur co-doped and
hierarchical porous graphene hydrogels (DHGHSs) via a facile
self-assembly process.” The schematic for the assembling
process and internal structure of the supercapacitor device was
shown in Fig. 9. Results of experiments had shown that the pH
values in preparation process significantly affect the structures
of products and directly applied as binder-free electrodes to
assemble full-cell supercapacitor devices. After the charge-
discharge experiments, it is surprising that the obtained
hydrogel exhibits a specific capacitance of 251 F g~ " at a current
density of 0.5 A g~ . Besides, the results also showed the rect-
angular cyclic voltammetry shape at a high scan rate of 3000 mV
s~ and symmetrical galvanostatic charge-discharge curves at
100 A g ', which delivers a high energy and power density, as
well as a specific capacitance. Furthermore, the hydrogel based
device also presents superior cycling stability of 96.8% retention
after 2000 cycles. Therefore, the unique self-assembly graphene
based hydrogel could be applied as promising candidate for
high energy density supercapacitors at high rates.

Zhao et al. have fabricated a kind of graphene/
polyaniline@carbon cloth (GP@cc) composite by a one-step
electrochemical co-deposition method.*® Generally, the appli-
cations of supercapacitors are greatly limited due to their low
conductivity, which is actually restricted by the effect of binder.
While in their work, carbon cloth was dried under vacuum at
60 °C to assume the working electrode, along with platinum (Pt)
foil as the counter electrode, and Ag/AgCl as the reference
electrode. Then, 12 h of constant stirring was required to form
the two pieces of GP@cc composites. The obtained composite
based on graphene and polyaniline exhibited outstanding
electrochemical properties with a high specific capacitance of
793 F ¢ ! at a current density of 0.5 A g~ * and excellent cycle
stability. What surprising us is the device possessed a retention
of 81% of initial specific capacitance after 10 000 cycles. As
a result, this binder-free and flexible supercapacitor with
superior electrochemical performance would meet the
increasing demands in energy storage field, such as electronic
paper, roll-up displays and other wearable electronic products.

In recent decades, supercapacitor has become one of
the most promising devices to store electrical energy for the

This journal is © The Royal Society of Chemistry 2017
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next-generation new type electronics due to the high power
density, fast charging capabilities and long cycle life in wide
applications, such as backup energy, electric vehicles and other
portable power supply. Moreover, graphene with novel 3D
structure i.e. hydrogels have attracted extensive interests in
energy storage because of the combination of extremely high
electrical conductivity and superior mechanical strength of
graphene as well as the porous structure and high specific
surface area. The studies mentioned above have given some
novel and feasible methods of preparation of graphene-based
hydrogels. However, problems still exist in improving the
retention of cycle stability over more charge-discharge cycles, as
well as decreasing the difficulty of application of the latest
wearable electronic products.

2.5. Other applications of graphene-based hydrogels

Shi et al. have prepared the graphene oxide/conducting polymer
(GO/CP) composite hydrogels by in situ chemical polymeriza-
tion of corresponding aromatic monomers in aqueous disper-
sions of GO sheets.” GO/polyaniline (PANi), GO/polypyrrole
(PPy) and GO/poly(3,4-ethylenedioxythiophene) (PEDOT) were
all fabricated via this method, and the mechanism of gelation
was investigated in their report. After characterization and gas
sensing tests, the GO/PPy composite hydrogels were proved to
have quite low critical hydrogel concentrations, high electrical
conductivity and storage capacity, and strong electrochemical
activity among the three types above. Furthermore, a freshly
prepared gas sensor which was obtained based on a typical
GO/PPy hydrogel also exhibited high sensitivity towards
ammonia gas.**

Liu et al. have prepared a type of polyvinyl alcohol (PVA)
hydrogels which could be used as promising biomaterials in
biomedical and tissue engineering,** with coordination of GO. A
36% improvement of compressive strength and 132% increase
in tensile strength appeared with the addition of 0.8 wt% of GO
compared to pure PVA hydrogels, which indicated that the
mechanical performances of GO/PVA hydrogels were signifi-
cantly enhanced.®® The cell compatibility measurements of the
hydrogels in their paper were rarely reported at present. After
1 day's observation, most of the experimental cells adhered to

This journal is © The Royal Society of Chemistry 2017

the surface of the GO/PVA hydrogels. Then the cells were almost
flat and spreading after 3 days. Besides, no differences in the
morphology or number of the cells were observed among the
pure PVA hydrogel and GO/PVA hybrid hydrogel 5 days later,
which showed no effect on the toxicity of hydrogels was existed
after introducing the certain amount of GO. Therefore, the
GO/PVA hydrogel reported in the paper could have various
potential applications as biomaterials.**

Kuang et al. have reported a kind of 3D porous nitrogen-
doped graphene hydrogels (N-RGOH) as supercapacitor elec-
trodes in ionic liquid electrolyte (Fig. 10).** SEM, XRD and XPS
were utilized to show that the N-RGOH displayed a large specific
surface area and high nitrogen content. A two-electrode
symmetric supercapacitor was prepared in a Swagelok cell for
evaluating the electrochemical properties of the hydrogel.
Besides, both the power density and energy density were higher
than the N-RGO and RGOH based supercapacitor, which indi-
cated that the N-RGOH displayed an excellent capacitive
performance. Furthermore, after the long-term cyclic stability
tests, the N-RGOH had shown great cycling stability with a slight
decrease (~13%) in the specific capacitance after 5000 cycles. In
summary, the introduced doped N in the hydrogel had offered
redox reaction to generate pseudocapacitance. And the addition
of graphene, which had replaced a certain amount of N atoms,
could effectively improve the electric conductivity of graphene.
Therefore, the supercapacitive properties of the N-RGOH had
been enhanced by N-doping, and the particular 3D porous
structure had proved a great rate performance of the N-RGOH
supercapacitor because of allowing the rapid charge and mass
transfer (Fig. 11).

Zhao et al. had developed a novel fluorescent sensing plat-
form based on GO hydrogel via a facile and fast gelation
process.®® The adenosine and aptamer were utilized as the co-
crosslinkers to connect the different GO sheets and then form
the 3D structure after characterized by XRD and SEM. Oxytet-
racycline (OTC) was used as the detective target to measure the
degree of fluorescence restoration of the GO-based hydrogel.
A linear response for OTC of 25-1000 pg L™ " and a limit of
quantitation of 25 ug L™ of the hydrogel were obtained after
a series of detection tests. Furthermore, the tetracycline
derivatives with similar structure was also utilized to evaluate

RSC Adv., 2017, 7, 51008-51020 | 51015
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the specificity and anti-interference ability. Results showed that
the fluorescent emission intensity increased obviously in
response to OTC at 800 ug L™, while no obvious responses were
observed for other derivatives at the same concentration.
Besides, the prepared developed sensor gave a similar response
in the mixed derivatives solution compared with pure OTC
solution, which forcefully proved the superior specificity and
anti-interference ability. Eventually, the detective tests of OTC
in real water samples also validated the excellent reproducibility
of the detective performances of the hydrogel.

Xiong et al. have reported a novel method to fabricate
anisotropic graphene-based cellular films with an interlinked
microstructure, which exhibited both extraordinary toughness
and high strength (Fig. 12).*” High in-plane rigidity and
outstanding out-of-plane flexibility of the individual graphene
sheet were improved to be fully exploited. Besides, rheological
and rheo-optical measurements were adopted to evaluate the

51016 | RSC Adv., 2017, 7, 51008-51020

ng stability at a constant scan rate of 100 mV s~* over 5000 cycles, and (f)
pacitor.®®

enhancement of toughness and strength, which were realized
by a synergistic cooperation principle. They pointed out that the
unique architecture of the obtained hydrogel could bear stress
through tensile strain of the graphene sheets with anisotropy
and dissipated energy through bending deformation of the
graphene sheets with net structure. In summary, the graphene-
based hydrogel developed in their paper can be used in various
areas where the superior mechanical performances are in need.

Hur et al. have designed a novel glucose sensor based on
Co030, nanoflowers and 3D GO hydrogel with highly sensitive
enzyme-free via hydrothermal synthesis, which could be
applied in controlling environmental pollution and influence of
fast-food.*® As given in Fig. 13, cobalt(u) acetate tetrahydrated,
urea and PVP were dissolved in deionized water, stirred and
kept at 95 °C for hours to fabricate the Co;0, NF/GOH. The
samples were mixed and transferred to a Teflon-lined autoclave
with a stainless-steel shell at 105 °C to fabricate the 3D-structure

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Fabrication strategy and images of the porous RGO film: (a) schematic illustration showing the preparation process of the RGO film
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Fig. 13 Schematic representation of the CozO4 NF/GOH fabrication.®®

GOH. 1t is noteworthy that all of the GOH samples were freeze
dried at —37 °C for 2 days to remove the water without
destroying the 3D networks. Then, the composites were
calcined at 300 °C for 1 h in an air atmosphere to obtain the
Co3;0, NF/GOH hybrid structure. SEM and TEM revealed the
formation of Co;0, NF in GOH network. In addition, CV was
used to evaluate the glucose sensing ability of hydrogels.
Results have shown that the addition of Co;0, could increase
the sensing ability significantly than the pure GOH. Meanwhile,

This journal is © The Royal Society of Chemistry 2017

calcination

300°C, 1h

C03;04NF/ GOH

an excellent glucose sensing has been found toward common
interfering species uric acid (UA), dopamine (DA), and ascorbic
acid (AA). The research shows that GOH can provide large
surface area, which could disperse the CozO, NF without
agglomeration, as well as large electron sink that facilitates the
redox reaction.

Excellent swelling properties of graphene-based hydrogels
have been studied in Shang's group.?* The preparation of
polypyrrole/graphene oxide hydrogel is an effect one-step
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strategy for the static assembly of hydrogels from PPy and GO.
The static polymerization was triggered in the presence of GO,
leading to the formation of PPy-GO hydrogels. In their research,
GO suspension and APS were soaked in deionized water and
immediately stirred to obtain a uniform dispersion. The
resulting hybrid with addition of pyrrole would be kept in
standing for 24 h at room temperature. Then a 1 week
immersing in deionized water was required to obtain the
PPy-GO hydrogels without any residual reactants. It is proved
that GO nanosheets in the polymer network significantly
improved the water absorbencies, and even little amount of GO
could help exhibiting the superior water uptake ability. In
addition, the hydrogels delivered a better water retention ability
than pure GO or PPy materials. Finally, the one-step static
assembly method is believed to provide possibilities to combine
the extraordinary properties of GO with multifunctional
performance of conducting polymer materials, which would
hold great potential for more technical application.

As we can see from above researches, the introduction of
conducting polymer composite(such as PANi, PPy, and PEDOT)
in graphene-based hydrogels has been proved to show strong
electrochemical activity, which could be applied in gas sensors
with high sensitivity. Graphene and derivatives could show no
effect on the toxicity of hydrogels when used in cell experi-
ments, so, biomaterial would be another potential application
field.* In addition, the novel method to fabricate a kind of 3D
porous nitrogen-doped graphene hydrogels can been used as
supercapacitor electrodes in ionic liquid electrolyte, which
could maintain the excellent capacitive performance after
thousands of cycles.”

3. Conclusion and outlook

At present, excellent electrochemical activities, wide specific
area, and rapid responsiveness towards the stimulation (such as
temperature, pH, illumination and etc.) of external circum-
stances have made the graphene-based hydrogels widely
applied to the fields of energy storage, wastewater treatment,
biosensor and technology, and biomedicine. Nevertheless,
many problems should be solved in the course of the develop-
ment of graphene-based hydrogels. Good electrochemical
performance and adsorption property of pollutions are found in
the graphene-based hydrogels such as graphene and graphene-
metal oxide composite hydrogels, however, the mechanical
properties of the composite hydrogels are not ideal enough due
to the physical interactions between graphene sheets. Compli-
cated composition of industrial wastewater makes it chal-
lenging to develop a graphene-based hydrogel with high
adsorption capacity and broad-spectrum property. It is still a big
problem to improve the application of the graphene-based
hydrogel in drug sustained release via precisely controlling
the action temperature and critical pH value. Finally, the
application of graphene-based hydrogels is not limited to the
above-mentioned research areas, and it is possible to introduce
novel functional materials into graphene-based hydrogel with
enhanced properties in various fields through the existing and
newly-developed techniques.
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