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A B S T R A C T

Thanks to their remarkable mechanical, electrical, thermal, and barrier properties, graphene-based nano-
composites have been a hot area of research in the past decade. Because of their simple top-down synthesis,
graphene oxide (GO) and reduced graphene oxide (rGO) have opened new possibilities for gas barrier, membrane
separation, and stimuli-response characteristics in nanocomposites. Herein, we review the synthesis techniques
most commonly used to produce these graphene derivatives, discuss how synthesis affects their key material
properties, and highlight some examples of nanocomposites with unique and impressive properties. We specif-
ically highlight their performances in separation applications, stimuli-responsive materials, anti-corrosion coat-
ings, and energy storage. Finally, we discuss the outlook and remaining challenges in the field of practical
industrial-scale production and use of graphene-derivative-based polymer nanocomposites.
1. Introduction

Graphene is an atomically-thin, 2-dimensional (2D) sheet of sp2 car-
bon atoms in a honeycomb structure. It has been shown to have many
desirable properties such as high mechanical strength [1], electrical
conductivity [2], molecular barrier abilities [3] and other remarkable
properties. For these reasons, it has been the goal of countless research
efforts to incorporate graphene into polymers to design polymer-based
nanocomposites [4–7]. However, the use of pristine graphene has
proved challenging due to difficult bottom-up synthesis [8], poor solu-
bility [9], and agglomeration in solution due to van der Waals in-
teractions [2]. As an alternative, compounds similar in structure to
graphene can be synthesized from graphite or other carbon sources by a
top-down method in an effort to achieve many of the advantages of
pristine graphene while also imbuing the surface with functionalized
oxygen groups. The oxidation of graphite in protonated solvents leads to
graphite oxide, which consists of multiple stacked layers of graphene
oxide (GO).

GO has a similar hexagonal carbon structure to graphene but also
contains hydroxyl (–OH), alkoxy (C–O–C), carbonyl (C––O), carbox-
ylic acid (–COOH) and other oxygen-based functional groups [10].
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Aside from the ease of synthesis, these oxygenated groups are responsible
for many advantages over graphene, including higher solubility [2] and
the possibility for surface functionalization which have presented many
opportunities for use in nanocomposite materials. Furthermore, GO can
be treated by a number of methods to synthesize reduced graphene oxide
(rGO) in efforts to minimize the number of oxygen groups and achieve
properties closer to those of pristine graphene [11]. Recently, another
class of graphene derivative has emerged known as graphene quantum
dots (GQDs) which are essentially graphene sheets of <100 nm in their
lateral dimension; these take advantage of the unique edge effects of
graphene.

Graphene derivatives (GO, rGO, GQDs) have proven to be effective
fillers in polymer nanocomposite materials thanks to their ideal material
properties and dispersibility in polymer matrices [12,13], which has led
to many applications. The tight packing of sp2 carbon atoms has been
shown to serve as a near-perfect barrier to gas molecules [3,14], which
demonstrates its use in packaging materials [12], protection for sensitive
electronic devices [14], or even corrosion-resistant materials [15,16].
For similar reasons, the fine-tuning of the filler content in nano-
composites can be used to adjust the selectivity of certain-sized molecules
to generate superior membrane technologies [17,18]. Furthermore, the
ty of Connecticut, Storrs, Connecticut, 06269, United States.
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unique hydrophilic, thermal, and electrical properties of GO can be taken
advantage of in stimuli-responsive materials [19–21]. This review aims
to summarize the synthesis techniques, unique material properties (me-
chanical, electrical, thermal, etc.), and some representative applications
(coating, membrane, anti-corrosion, and stimuli-responsiveness) of
functional GO/rGO nanocomposite materials.

2. Synthesis

When considering the synthesis of graphene and its derivatives, the
desired structure and properties are largely dependent upon the size,
shape, and functional groups attached to the surface of the material. The
ideal structure is single layer graphene consisting of a single-atom-thin
fully sp2 hybridized carbon structure with minimal defects (Fig. 1A).
However, due to the highly favorable stacking of graphene sheets, a
multi-layered structure of graphene (Fig. 1B) will also be generated. As
mentioned above, the synthesis of these structures with a bottom-up
approach has proven difficult for industrial applications. As such, with
a top-down approach, it is easier to generate the highly oxidized form of
graphene, GO, with both sp2 and sp3 carbon containing abundant oxygen
groups (Fig. 1C), which upon reduction (rGO) can eliminate most of the
oxygen groups and sp3 carbon to generate a more graphene-“like”
Fig. 1. Forms of graphene and its derivatives: (A) single-layer graphene, (B) multila
from the American Chemical Society [13].

32
material with much-improved properties (Fig. 1D). Both GO and rGO can
be then processed further through the top-down approach to produce
quantum dots of both GOQD and rGQD (Fig. 1E and F). In the following
sections, the current approaches to synthesizing the aforementioned
materials will be discussed.
2.1. Synthesis of GO

The synthesis of GO can essentially be divided into two main cate-
gories: bottom-up methods where simple carbon molecules are used to
construct pristine graphene, and “top-down” methods where layers of
graphene derivatives are extracted from a carbon source, typically
graphite [22,23]. Bottom-up synthesis (such as chemical vapor deposi-
tion, epitaxial growth on silicon carbide wafers, etc.) has been shown to
be time-consuming and faces challenges to scalability [24]. Hence, the
focus on top-down methods, which first generate GO and/or rGO, are
more popular for realizing graphene derivatives, particularly for use in
nanocomposite materials. The first synthesis of GO is often attributed to
Brodie, [25] Staudenmaier [26], and Hummers and Offeman [27], each
of whom derived graphite oxide via the oxidation of graphite using
various techniques. Hummers and Offeman made a number of im-
provements on the original two techniques to make them safer, including
yer graphene, (C) GO, (D) rGO, (E) GOQD, (F) rGQD. Modified with permission
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the use of KMnO4 as an oxidizer (rather than KClO3, which evolves toxic
ClO2 gas) and the addition of sodium nitrate (to form nitric acid in situ
rather than using nitric acid as a solvent). Due to the safer and more
scalable nature of the Hummers’ method, this is the one that is generally
used (or, in most cases, slightly altered) to generate GO.

Any method which changes or improves upon the synthesis route
proposed by Hummers is regarded ubiquitously as a “modified Hummers
method”, however the exact meaning of this term is far from standard-
ized [10]. In general, a carbon source (often graphite flakes or powders)
is put into a protonated solvent (such as sulfuric acid, phosphoric acid, or
some mixture of these) and a strong oxidizing agent (usually KMnO4) is
introduced. Following a dilution step, it is common to treat the resulting
mixture with H2O2 to remove any metal ions from the oxidizer; this re-
sults in a yellow bubbling and ultimately a yellow-brown liquid. The
resulting solids are then separated and treated with dilute hydrochloric
acid to further remove any metal species, and the solution is washed and
centrifuged several times with water until the pH of the solution is
essentially neutral.

The overall synthesis route can be modified to fit an individual re-
searcher's needs. For instance, it is worth noting that the size and shape of
the carbon source will determine the size and shape of the resulting
graphene oxide via a modified Hummer's method [10]. Typically, this
means that the average diameter of the graphite powders used in syn-
thesis will determine the average lateral dimension of the resulting GO
sheets, although other carbon sources can be used. In one interesting
example, Huang et al. [28] synthesized long, thin strips of GO (which
they call “GO nanoribbons”) by unzipping multi-walled carbon nano-
tubes. Graphite can also be oxidized prior to GO synthesis to decrease the
C/O ratio of the final product. Many labs use the method proposed by
Kovtyukhova et al. [29], which pre-treats graphite powders in K2S2O8

and P2O5 prior to use in the Hummers' method [2,11,12]. Other re-
searchers modify graphite into expanded graphite by thermal treatment
or exposure to strong oxidizers to increase the interlayer spacing of the
carbon source, resulting in easier delamination of the graphite oxide
layers [30,31]. Another popular modification of this technique is the
“improved Hummers' method”, which removes sodium nitride with the
addition of phosphoric acid and an increased amount of KMnO4. This
improvement evolves no toxic gases, provides easy temperatures control,
and results in GO powders with a higher degree of oxidation [32]. To
consider how they should modify Hummer's method to suit their appli-
cation, the individual researcher should consider the carbon source,
pre-treatment methods, oxidizing agent and choice of protonated solvent
as these can impact the C/O ratio of their final product. An overview of
the popular methods can be seen in Fig. 2.
Fig. 2. Schematic of most common GO synthesis methods. Reprodu
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Recently, even more novel approaches to GO synthesis have been
proposed. Zhang et al. synthesized larger GO sheets (108 μm average
size, 256 μmat the largest) by implementing a stationary oxidation
mechanism [33]. The GO obtained by typical Hummer's method is
considerably smaller than its graphite source; the fractionation of GO
during oxidation is due to the intense stirring during the mixing process
as well as the elastic strain generated by the addition of oxygen groups to
the flake surface. To create GO flakes of comparable size and morphology
to the source graphite, they added H2SO4 and KMnO4 (and subsequent
H2O2) “without external mechanical agitations” (without stirring),
thereby generating an ordered 3D structure which could then be exfoli-
ated into ultra-large GO by “mild agitation” (manual shaking or me-
chanical stirring). The formation of larger GO sheets has great
implications for composite materials. In another approach, Dong et al.
proposed a solution to the limited dispersibility of GO in traditional
solvents by creating concentrated GO slurries that can be stored and
exfoliated into flakes as necessary [34]. Individual GO sheets tend to join
together by π-π stacking, however ion adsorption limits GO agglomera-
tion. By pre-oxidizing their graphite precursor and suspending in a
highly-alkaline aqueous environment (pH¼ 14), electrostatic repulsion
energy overcomes van der Waals attractive forces, so exfoliation leads to
a low-viscosity slurry rather than a GO dispersion. This slurry was able to
be stored at 23 wt. % solid content, and could be re-dispersed in
N-methyl-2-pyrrolidone (NMP) or alkaline water, demonstrating a
potentially critical technique for the storage and transportation of GO
flakes. Both of these examples show that a deeper understanding of GO
synthesis has vast implications for its scalability, properties, and
applications.

2.2. Reduction of GO to rGO

In efforts to produce materials with properties as close to pristine
graphene as possible, exhaustive research has been done to remove the
oxygen functional groups of GO [35,36]. This reduction can be
accomplished by a number of means, from thermal to chemical to
electrochemical, each of which leads to differences in morphology,
electrical properties, etc. The key design factors in GO reduction
include the C/O ratio of the end product, selectivity in removing a
single type of oxygen group (hydroxyl vs carboxylic acid vs epoxy,
etc.), healing of the surface defects of the GO from oxidation, and
choice of green reducing agents, as well as maintaining or improving
the desired physical and chemical properties of the GO (mechanical
strength, conductivity, optical properties, solubility/dispersibility of
nanosheets, etc.).
ced with permission from the American Chemical Society [32].
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Reduction of GO by thermal treatment relies on the decomposition of
oxygen groups into CO and CO2 gases at elevated temperatures [11]. The
fast evolution of these gases has also been shown to exfoliate individual
GO nanosheets. A thermal reduction can be done by thermal annealing at
elevated temperatures in an oxygen-free environment or by
less-conventional methods such as microwaving GO powders or flash
reduction of GO films by high-intensity light. The addition of chemical
reducing agents to GO solutions is common and many techniques are
well-supported by the literature [22], these can include hydrazine [35],
metal hydrides or hydrohalic acids [11]. rGO can also be synthesized
through photocatalyzed reactions. Williams et al. were able to reduce GO
using UV light in the presence of a TiO2 catalyst [37]. Electrochemical
reduction is also possible and doesn't require the use of chemical agents;
this reduction is exclusively driven by electron exchange between GO
and the electrodes of a typical electrochemical cell [38]. In recent years, a
number of “green” reducing agents have been reported to be effective at
synthesizing rGO, such as ascorbic acid, sugars, amino acids, and even
microorganisms [36]. Different methods provide different advantages in
scalability, energy usage, and amount of chemical waste produced. For
further reading on the reduction of GO the authors would direct the
reader to the review on the reduction of graphene oxide by Pei and Cheng
et al. [39].

2.3. Graphene quantum dots (GQDs)

Recently, a new class of graphene derivatives has emerged which
takes advantage of quantum confinement and edge effects of nano-scale
graphene. Graphene quantum dots (GQDs) are defined as graphene
nanosheets that are less than 100 nm in their lateral dimension and <10
layers (ideally one- or few-layered) of stacked graphene [40]. GQDs have
been of great interest recently thanks to their stable fluorescence and
adjustable band gap [13,40]. Typical production of GQDs involves
further modification of GO or rGO by a number of top-down and
bottom-up methods, including high-power ultrasonication, hydrother-
mal, solvothermal, microwave-assisted thermal treatment, and
liquid-phase exfoliation [41,42]. Recently, greener alternatives have
been reported, such as Lu et al. who demonstrated a 1-pot hydrothermal
method which produces GQDs in only 90min using black carbon as the
source [43]. Using only hydrogen peroxide as a reagent, these GQDs were
highly photo-stable and biocompatible, having great implications for
bioimaging technology. Similarly, Wang et al. used a one-step, one-pot
hydrothermal method to synthesize GQDs using rice husk biomass. In this
case, the GQDs were tailored for Fe3þ sensing via luminescence
quenching [44].

Detailed discussions on the synthesis routes, unique optical and
electrical properties, and applications including bio-imaging, drug de-
livery, and photocatalysis are well covered elsewhere. The authors would
refer readers to other review articles by Li et al. [40] and Tian et al. [42].

Readers should note the diversity of graphene derivatives and their
many synthesis routes, and that there is no one “standard” method of
obtaining GO or rGO or GQDs. However, this open-ended synthesis route
allows for the implementation of many unique possibilities. These ex-
amples, as well as the others discussed throughout this review, show off
the potential of GO for surface functionalization and therefore a diversity
of applications for use in nanocomposite materials.

3. Properties of graphene oxide

3.1. Mechanical properties

The desirable mechanical properties of pristine monolayer graphene
are well-reported; graphene is recorded as having a break strength of
42 Nm�1, a Young's modulus of 1.0 TPa, and an intrinsic tensile strength
of 130.5 GPa [1]. The fracture toughness of graphene has also been
studied by Zhang et al., and was reported to be as low as
4.0� 0.6MPam1/2, confirming the low fracture of graphene sheets [45].
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GO and rGO blends are produced in an attempt to achieve these
properties, with values ranging depending on the number of surface
groups and defects leftover from oxidation or other treatment processes.
Suk et al. [46] reported monolayer GO (produced by a modified Hum-
mer's method) with a Young's modulus of 207.6� 23.4 GPa, an
order-of-magnitude drop but still notably high. Similarly,
Gomez-Navarro et al. reported an rGO monolayer (produced by the
original Hummer's method followed by thermal annealing in a hydrogen
environment) with a Young's modulus of 250� 150 TPa [47].

Polymer nanocomposites benefit greatly from the use of GO and its
derivatives as fillers [48]. In one example, Cheng-an et al. [49] investi-
gated the effects of GO in polyvinyl alcohol (PVA) films produced by
solution casting. They found that a 20% GO filler content was able to
increase the tensile strength of the nanocomposite to 59.6MPa, more
than five times the strength of the pure PVA film. The massive
improvement in mechanical properties can be attributed not only to the
strength of the GO filler but the strength of the matrix/filler interface; the
–OH groups of PVA and the oxygen functionalities of the GO led to a
high degree of hydrogen bonding. In another, Jiang et al. [50] reported a
unique combination of polyurethane (PU) with both GO and
GO-reinforced carbon fibers (CF-GO) (Fig. 3A). By incorporating only
0.1 wt. % GO nanosheets into PU before molding in a vulcanizing press,
the tensile strength of PU elastomer was increased from 42.4 to
49.3MPa, a 16.4% improvement (Fig. 3B). Furthermore, by incorpo-
rating 0.1 wt. % GO as well as 1% CF-GO, the tensile strength improved
to 62.1MPa (46.4% higher). The carbon fibers had GO grafted onto their
surfaces by electrophoretic deposition at 3 V of applied voltage to
improve the interfacial adhesion of GO and PU. Remarkably, the elon-
gation at break also improved for the CF-GO/PU nanocomposites thanks
to the improved stress transfer from the matrix to the fillers (Fig. 3C). Bao
et al. prepared rGO/polylactic acid (PLA) nanocomposites by melt
blending on a twin-roller mill [51]. After preparing GO from graphite
under pressurized oxidation conditions and chemically reducing it to rGO
with hydrazine and ammonia, the rGO included in their nanocomposite
had an average thickness of 0.4–0.6 nm and an average lateral dimension
of 0.1–0.5 μm. Inclusion of these nanosheets into melt-blended PLA
resulted in a storage modulus increase from 2.56 GPa to as much as
4.04 GPa at 2 wt. %.

3.2. Electrical properties

Graphene is an electrically conductive material with high electron
mobility (25m2 V�1 s�1) [52] and electrical conductivity (6500 Sm�1)
[53] consisting of 2D layers of sp2 carbon one atom thick. Graphene has
been shown to greatly improve the electrical conductivity of polymers at
low filler contents (e.g., 0.1 Sm�1 at 1 vol% in polystyrene(PS)) [54]. In
the general fabrication of GO, the process results in disruption of the sp2

bonding orbitals of graphene and the addition of abundant surface
groups that inhibit its electrical conductivity, making GO electrically
resistive (1.64� 104Ωm) [55,56]. As a result of this high resistivity,
researchers have explored reduction techniques of GO to form rGO. Upon
reduction, the electrical conductivity of GO can be greatly improved and
can be tuned over several orders of magnitude with conductivities
ranging from (~0.1 Sm�1) [57] to (2.98� 104 Sm�1) [58]. Even after
reduction, the rGO contains residual sp3 bonded carbon to oxygen, which
disturbs the movement of charge carriers through the rest of the sp2

clusters. Electrical transport in rGO occurs primarily by hopping, which
differs from that of mechanically exfoliated graphene [59].

Based on this necessity to reduce GO, researchers have been exploring
various techniques to improve the synthesis of electrically conductive
rGO. For example, Stankovich et al. [60] reduced a colloidal suspension
of GO exfoliated in water with hydrazine hydrate, which exhibited an
electrical conductivity of 2� 102 Sm�1, improving the conductivity of
the GO by 5 orders of magnitude. Voiry et al. [61] used a conventional
microwave at 1000W for 1–2 s to form rGO which improved the electron
mobility of GO from ca. 1� 10�4 to over 0.1 m2 V�1 s�1 in field effect



Fig. 3. (A) Schematic illustration of the CF-GO multiscale reinforcements for PU elastomer nanocomposites. (B) Tensile strength of PU-based materials at room
temperature and its retentivity at 80 �C. (C) Stress-strain curves of PU-based materials. Reproduced with permission from the Society of Plastics Engineers [50].
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transistors. Other methods have also been shown effective in synthesiz-
ing highly conductive rGO, including immersion in hydroiodic acid [62,
63] and activation with KOH [64].

The enhanced electrical properties of rGO have made it a promising
material as a conductive filler to add to polymer matrices for uses in a
wide array of materials. For example, Kim et al. [65] developed a highly
flexible supercapacitor of polyaniline (PANI) with rGO with a capaci-
tance of 431 F g�1. This material had a maximum electrical conductivity
at a 24wt. % rGO of 9.06� 104 Sm�1, which improved upon the indi-
vidual components which had electrical conductivities of
5.80� 104 Sm�1 and 4.65� 103 Sm�1 for PANI and rGO, respectively.
The improved performance was a result of forming a more compact
packing of the PANI chains by inducing an expanded conformation of the
PANI chains with π- π interactions between rGO and PANI. Hou et al. [66]
developed an rGO/cellulose nanofiber(CNF) paper with an electrical
conductivity of 4.38� 103 Sm�1 using a novel sandwich structure of
CNF covered on top and bottom with rGO. The composite only contains
4 wt. % rGO and showed superior conductivity over blending of the rGO
in CNF. Wan et al. [67] developed a conductive artificial nacre by mixing
GO with chitosan (CS) in a three-step process. First, a GO solution was
mixed with CS to coat the GOwith CS. In step 2, the authors used vacuum
filtration to assemble a nanocomposite film. The final step was to reduce
the GO with hydroiodic acid to form an rGO/CS nanocomposite with the
highest electrical conductivity of 1.553� 104 Sm�1 at 95 wt. % rGO,
which was lower than the pure rGO, but which saw improvements to
35
both tensile strength and toughness. In addition to the polymers
mentioned above, rGO has also been added to numerous other polymers
to improve their electrical properties including polyethylene tere-
phthalate (PET) [68], polydimethylsiloxane (PDMS) [69], PVA [70], and
PU [71].

3.3. Thermal properties

Like its electrical conductivity, synthesized GO from graphite has a
low thermal conductivity of 0.5–1Wm�1 K�1 making it not an ideal
option for most applications requiring good thermal properties [72].
Graphene, on the other hand, has been shown to have one of the highest
in-plane thermal conductivities of known materials, with a thermal
conductivity of ~3000–5000Wm�1 K�1 [8,54]. As a result, reduction of
GO is critical for incorporation of rGO into polymers to improve their
thermal conductivity [73]. Renteria et al. [72] showed that producing
rGO films by annealing GO at high temperature (1000 �C) can signifi-
cantly improve the in-plane thermal conductivity, showing an improve-
ment from ~3 to 61Wm�1 K�1. The films showed an interesting
anisotropy in terms of thermal conductivity as the cross-plane thermal
conductivity decreased to ~0.09Wm�1 K�1 and showed a ratio of the
two (in-plane/cross-plane thermal conductivity) of 675. This may prove
useful for certain applications where directional heat conduction is
important.

The incorporation of rGO into polymers has led to profound
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improvements in the thermal conductivity of the resultant nano-
composites. Kumar et al. combined rGO with poly(vinylidene fluoride-
co-hexafluoropropylene). At 27.2 wt. % rGO, the nanocomposite
showed a thermal conductivity of 19.5Wm�1 K�1, which was a signifi-
cant improvement over the neat polymer and larger than many common
alloys. The enhanced thermal conductivity was believed to be a result of
the high conductivity of the rGO, which was able to provide a path of
lower thermal resistance for traveling phonons, thanks to the large aspect
ratio and the interfacial contact area of the rGO. Other important factors
to improved thermal conductivity would be for high orientation of the
rGO sheets and large sheet size that limits the thermal transfer along
boundaries. rGO has also been shown to improve the thermal properties
of many other polymer systems including, epoxy [74,75], PVA [76,77],
and styrene butadiene rubber [78].

While for many applications it is useful to have a high thermal con-
ductivity, it is not the case for all situations. In some instances, it is useful
to provide high thermal insulation properties such as in-home insulation
and in flame retardants. GO has recently been shown to be an effective
filler to improve the flame retardant properties of various polymer
nanocomposites [79–83]. For example, Wicklein et al. [84] added GO
and sepiolite clay nanorods (SEP) to CNF to develop a super-insulating
flame retardant foam, which could find applications as an insulating
material. The films had a thermal conductivity of 15mWm�1 K�1 which
is below that of common insulation materials, such as expanded PS, PU,
and mineral wool that have thermal conductivities of ~35, 25, and
35mWm�1 K�1, respectively. The porous foams were made by freeze
casting colloidal suspensions of the three materials. Fig. 4A presents the
SEM cross-section of the nanocomposite foam, showing highly aligned
tubular pores with a diameter of ~20 μm and a wall thickness of
~0.3 μm. When subjected to a vertical flame test the foam stopped the
flame from self-propagating and showed a 25% lower peak heat release
rate (pkHRR) than a foam of just CNF alone (Fig. 4B and C). This result
shows the substantial ability of GO nanofillers to imbue important
thermal properties in non-traditional systems.

4. Applications of GO and rGO

4.1. Membranes and coatings

4.1.1. Gas transport
Owing to GO's negatively-charged surface and large aspect ratio

nanosheet structure giving exceptional impermeability to most gases,
GO-based membranes have found wide application in gas barrier nano-
composites [85,86]. Numerous reviews on polymer nanocomposites exist
which compile many instances of barrier property improvements by
graphene derivatives as fillers [3,12,14,87]. As in the rest of research
done in the field of high-gas-barrier properties of polymer
Fig. 4. (A) SEM cross-section image of a freeze-cast nanocomposite foam containin
composite foam containing 77wt. % CNF, 10 wt. % GO, 10wt. % SEP and 3wt. % B
methane flame, and the foam after the test, showing high fire retardancy. (C) Pho
calorimetry test with the corresponding pkHRR. The test reveals high combustion re
foams are entirely combusted. Reproduced by permissions of Springer [84].
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nanocomposites [88–91], it is generally regarded that 2D fillers can be
oriented in a polymer matrix to create a “tortuous” path for gas molecules
(Fig. 5A). This involves GO and rGO nanosheets aligned in a nacre-like
structure, taking advantage of the fillers' high aspect ratio and surface
functionalization by oxygen groups.

In a typical example, Kausar was able to produce rGO/polyamide
nanocomposite films which showed great improvements in barrier
properties [94]. Their GOwas produced by a modified Hummer's method
and subsequently reduced to rGO using hydrazine hydrate in an aqueous
solution. Polyamide 1010 (PA1010) and fluorinated polyamide (FPA)
were refluxed in an 80/20 blend in an N-methyl-2-pyrrolidone (NMP)
solvent for 24 h. The desired amount of rGO was added and refluxed for
an additional 2 h before solution-casting onto a glass substrate. After
removal from the glass, the free-standing films showed increased barrier
properties, as well as enhanced mechanical strength, thermal stability,
flame resistance, and adhesive strength. In particular, the films with only
3% rGO loading showed a 47% reduction in oxygen permeability and a
21% reduction in water vapor permeability over the 80/20 polyamide
blend alone. This is attributable to the high vapor barrier of rGO and the
increased path tortuosity of the gas molecules. This finding is of partic-
ular interest for engineering applications, as polyamides are a common
engineering plastic but face the issue of high air permeability and
moisture absorption.

Similarly, Pierleoni et al. fabricated GO/polyethyleneimine (PEI)
nanocomposites to form a high oxygen barrier and fine-tune the film
properties to generate a selective gas barrier [95]. Using layer-by-layer
deposition, they were able to fabricate tunable coatings on two com-
mon substrates, PET and Matrimid (a commercial gas membrane). Using
GO nanosheets with a 25 μm average lateral dimension, each GO/PEI
bilayer had a 3.7 nm sheet spacing demonstrating a closely-packed and
well-oriented nanosheet structure. The result of this was a coated PET
film showed a 96% reduction in oxygen transmission rate.

Liu was able to fabricate two different GO/PVA nanocomposite
coatings using a scalable one-step dip-coating method [93]. Using an
aqueous suspension of PVA and GO nanosheets with an average lateral
dimension of ca. 3.5 and 0.53 μm, Liu was able to align the GO nano-
sheets using gravity-assisted orientation. This led to a 99.1% reduction in
oxygen transmission rate (OTR) compared to the PET substrate with only
10 vol. % of the 3.5 μm GO nanosheets, showing comparable perfor-
mance to inorganic montmorillonite (MMT) clay nanosheets. The smaller
GO nanosheets also showed significant improvement to the OTR of the
coated PET film, but remained higher at all concentrations compared to
the larger nanosheet size. The small GO also exhibited a slight increase in
OTR when increased from 10 to 30 vol. %, which is believed to be due to
the increase in viscosity of the coating solution that partially disrupted
the orientation of the small GO nanosheets (Fig. 5B). It is believed that
the exceptional improvement to the barrier properties is owing to the
g CNF, GO, SEP and boric acid (BA). (B) Vertical burn test (UL94) of a nano-
A. The panel shows the foam before the test, after 1 and 11 s of application of a
tographs of CNF and CNF/GO/BA/SEP nanocomposite foams during the cone
sistance for the nanocomposite foam at the limit of non-ignitability, while CNF



Fig. 5. (A) Comparison of gas molecule passing through a neat polymer film (left) and a polymer film containing a high concentration of well-aligned impermeable
nanosheets (right). Reproduced with permission from the American Chemical Society [92]. (B) OTR of GO/PVA-coated PET films as a function of nanosheet con-
centration. The red line (“PVA/GO”) represents GO filler with a lateral sheet dimension of 3.5 μm, while the green line (“PVA/GO (small)”) represents a lateral
dimension of 0.53 μm. Reproduced from permission from the University of Connecticut [93]. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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high level of alignment of the GO nanosheets, which can be well oriented
via gravity assisted flow of a thin liquid layer [96].

Due to its exceptional ability to form high barrier films to most small
molecular weight species, GO is often not considered for gas separation
processes. However, in recent work researchers were able to demonstrate
the remarkable ability of GO-based membranes to generate atomically-
thin highly selective gas transport membranes with selective structural
defects to allow for the transport of small molecules. Li et al. [97]
developed GO membranes with thicknesses as thin as 1.8 nm through a
Fig. 6. TEM images of ultrathin GO membranes cross-sections of (A) method 1 and (B
method 2; AFM images of GO membrane surfaces; the inserts show depth profiles of G
average roughness (Ra)¼ 0.614 nm]; (F) method two (Rq¼ 0.608 nm, Ra¼ 0.467 n
(method 1; dashed line represents the ideal Knudsen selectivity) under dry and humid
selectivity of method 1 GO membranes as a function of permeation time; (I) Gas perm
and humidified conditions; (J) Relation between CO2 permeability and CO2/N2 selecti
literature membranes [thermally rearranged(TR) [100]; tetrazole(TZ) polymers of i
membranes (CMS) [102]]. Error bars indicate the standard deviation of all raw data.
Science [99].
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facile vacuum filtration process. It was found that hydrogen permeated
300 times faster than CO2 (or N2) with mixture separation selectivities of
3400 for H2/CO2 and 900 for H2/N2. Shen et al. [98] developed 2D GO
channels for super-fast gas separation by controlling the outer external
forces (compressive, centrifugal, and shear forces) and the inner external
forces (molecular interactions) to control the GO nanostructure through a
vacuum-spin technique to fabricate the membranes. By coupling the GO
nanosheets with PEI they were able to control the electrostatic interac-
tion, covalent binding, and hydrogen bonding between the GO
) method 2; SEM images of GO films coated on a wafer via (C) method 1 and (D)
O membrane surfaces. (E) Method 1 [root mean square roughness (Rq)¼ 0.8 nm,
m); (G) Gas permeances of GO membranes as a function of molecular weight
ified conditions. amu, atomic mass unit; (H) H2 and CO2 permeances and H2/CO2

eances of GO membranes as a function of kinetic diameter (method 2) under dry
vity of method 2 GO membranes under dry and humidified conditions with other
ntrinsic micro-porosity(PIM) (TZPIM) and PIM [101]; Carbon Molecular Sieve
Reproduced by permissions of the American Association for the Advancement of
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nanosheets and the PEI. The 2D channels had interlayer heights of
~0.4 nm allowing for fast but highly selective gas sieving, with an H2
permeability of 840–1200 Barrer and an H2/CO2 selectivity of 29–33.

By controlling the stacking of GO nanosheets through irregular
layered stacking, Kim et al. [99] were able to design gas separation
membranes for highly selective gas diffusion. By preparing ultrathin GO
membranes on a polyethersulfone (PES) support via two different coating
methods, with thicknesses ranging from~3 to 10 nm (Fig. 6A and B), the
authors were able to control the flow of gases through the channels and
pores of the GO film to generate highly selective membranes. In method
1, layers of GO were coated on the PES by putting the PES surface in
contact with a GO solution at the liquid-air interface followed by
spin-coating. This method enabled the coating to be influenced by the
electrostatic and hydrophilic interactions of the GO nanosheets with the
PES support. Edges of GO sheets are negatively charged, so edge-to-edge
repulsion led the GO nanosheets to assemble into a heterogeneous
island-like structure on the membrane surface (Fig. 6C and E). In method
2, the GO membranes were prepared by spin-coating the GO solution
directly on the PES surface, leading to a denser stacking of the GO sheets
from the capillary interactions between the GO sheet faces (Fig. 6D and
F). TEM images of the cross-sections of the GO membranes show the
different stacking structures of each coating method (Fig. 6A and B). The
membranes prepared by method 1 show behaviors that can be explained
by Knudsen diffusion of gases in nonporous membranes with gas per-
meance decreasing with increases in molecular weight of the gases. But
this did not hold true for CO2 (Fig. 6G), which showed a sharp decrease in
gas permeance as compared to other gases. Within the first hour of the
permeance test, CO2 permeance decreased quickly before leveling out
(Fig. 6H), while other gases did not show this drastic reduction in per-
meance. Using method 1 a high H2/CO2 selectivity of 30 was achieved.
With method 2, an interlocked layer structure was generated showing
very different behaviors to method 1 with CO2 showing the highest
permeance in both dry and hydrated states (Fig. 6I). Under hydrated
conditions, the permeability of all gases decreased except for CO2,
Fig. 7. (A) Schematic illustrating the direction of ion/water permeation along graphe
into a rectangular slot within a plastic disk of 5 cm in diameter. Inset: photo of the
micrograph of the cross-sectional area marked by a red rectangle in B, which shows
yellow with dark streaks because of surface scratches. (D) Scanning electron microsco
interlayer spacing found using X-ray diffraction (inset). The case of liquid water is als
from three different samples. (F) Permeation rates through PCGO membranes with d
CaCl2, and MgCl2. The hydrated diameters are taken from the literature [109]. Dashe
dependent on the interlayer spacing. Grey area shows the below-detection limit for ou
salts. The horizontal blue line indicates our detection limit for Cl�. Both cations and
Error bars denote standard deviation. Reproduced by permissions of Springer [110].
referred to the Web version of this article.)
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leading to highly selective diffusion between the GO interlayers gener-
ated via this method at high humidity, showing higher CO2/N2 selec-
tivity than other reported polymer membranes (Fig. 6J).

4.1.2. Water treatment
GO membranes are widely considered promising materials for water

treatment application because of their high water permeance [103–105]
and stability in water [106]. As a result, significant progress has been
made during the past few years in developing high permeance mem-
branes while maintaining high rejection rates. For example, Thebo et al.
[107] fabricated GO sheets on polydopamine modified PES supports with
tannic acid and theanine amino acid as crosslinking agents. These
membranes demonstrated water permeance over 10,000 Lm�2 h�1 bar�1

with dye rejection of ~100% for rhodamine B and methylene blue. Bano
et al. [108] developed a GO/polyamide nanocomposite which showed a
12 fold increase in water flux over the base polyamide membrane while
maintaining high salt rejection with the incorporation of 0.2 wt. % GO in
the polyamide by improving the hydrophilicity of the nanocomposite
membrane.

Typically, GO membranes have difficulty in certain aspects of water
treatment, such as desalination. The interlayer spacing of GO can swell
from 7.76 to 17.63 Å in dry and hydrated conditions, respectively [106].
As such, the diameters of hydrated ions of common salts are smaller than
this hydrated value leading to poor salt rejection by the GO membranes
[109]. Abraham et al. [110] was able to develop a GO membrane that
maintains a lower interlayer distance through physical confinement
(Fig. 7A–D) of the GO nanosheets by embedding them in epoxy, main-
taining an interlayer spacing of 9.8–6.4 Å at varying relative humilities
(Fig. 7E). As a result of this controlled spacing, the permeation rates
through the membrane of controlled interlayer distances showed
exceptionally low permeation for the salts used (Fig. 7F). With lower
interlayer distances the permeation clearly decreases and with an inter-
layer spacing of ~6.4 Å there was no detectable ion concentration in the
permeate. The above results show that through precise control of the
ne planes. (B) Photograph of a physically confined GO (PCGO) membrane glued
PCGO stack before it was placed inside the slot. Scale bar, 5 mm. (C) Optical
100 μm-thick GO laminates (black) embedded in epoxy. Epoxy is seen in light
py image from the marked region in C. Scale bar, 1 μm. (E) Humidity-dependent
o shown. Error bars denote standard deviations using at least two measurements
ifferent interlayer distances (color-coded). The salts used were KCl, NaCl, LiCl,
d lines are guides to the eye indicating a rapid cutoff in salt permeation, which is
r measurements lasting five days, with arrows indicating the limits for individual
anions permeated in stoichiometric quantities were found above the latter limit.
(For interpretation of the references to color in this figure legend, the reader is
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interlayer distance of the GO nanosheets exceptional salt rejection can be
maintained.

The use of GQDs has also been reported in membrane technology
thanks to their high dispersibility in water, high specific surface area,
hydrophilicity, and antifouling performance [111–113]. Zhang et al.
developed a nanofiltration membrane by incorporating GQDs synthe-
sized by bottom-up pyrolysis of citric acid into a tannic acid (TA) aqueous
dispersion [114]. Polyacrylonitrile (PAN) membranes were submerged in
this dispersion for 20min, then submerged into isophorone diisocyanate
in n-hexane to polymerize the TA. At 0.5 g L�1 GQD content, the resulting
GQD/TAmembranes showed a water flux of 23.33 Lm�2 hr�1 and a high
rejection of Congo red (99.8%) and methyl blue (97.6%) while operating
at a low 0.2MPa. Furthermore, with an increasing filler content the
membranes had lower ζ-potential (�8.37mV at 0.25 g L�1, -18.2mV at
1 g L�1) thanks to the carboxyl groups on the edges of the GQD nano-
sheets, as well as an increased resistance to fouling (a total flux decline
rate of 55.1% for plain TA membranes and 21.6% for 1 g L�1 GQDs)
thanks to the hydrophilic nature of GQDs.
4.2. Stimuli-responsive materials

4.2.1. Humidity actuation
As is well discussed, GO films have a strong affinity for water

whereupon the oriented GO nanosheets swell as water enters between
them. In addition, GO/polymer nanocomposites have improved
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mechanical properties, providing structural stability in humid environ-
ments. For sufficiently thick hydrophilic films exposed to water, there
results an asymmetric swelling causing bending of films that results in
reversible actuation of polymer films upon hydration/dehydration
cycling [115–117]. Zhang et al. [118] demonstrated a biomimetic film
actuator by combining GO with CS, a hydrophilic polymer, to form a
nacre-like structure that shows continuous flipping when exposed to
humidity from one side. Even though CS is hydrophilic, a film on its own
has insufficient mechanical properties to demonstrate any actuation
performance. When combined with GO, the Young's modulus of the
resultant nanocomposite reaches 2.4 GPa and exhibits a tensile strength
of 66.5MPawhich respectively are 3.2 and 2.0 times that of dry CS alone.
This is a significant improvement to the mechanical properties which
allows for the film to continuously flip over if exposed to water from one
side. Since diffusion of water is dependent upon film thickness and
temperature, it is not surprising that there is increased flipping frequency
with thinner films and higher temperature (Fig. 8A and B). When thin
strips of the CS and GO/CS films are exposed to humidity there is a clear
difference in bending angle (Fig. 8C). In addition, the GO/CS film is able
to lift 10 times its own weight and achieve the same bending angles as
with no cargo with a work output of 6.17 J kg�1 and a power density of
0.39 w kg�1 (Fig. 8D and E). Even with an increased cargo weight, the
film is still able to maintain a flipping frequency of 4 (Fig. 8F). The results
show that there is potential for these GO/CS films to turn humidity
induced actuation into usable mechanical work.
Fig. 8. Effects of (A) film thickness (water tem-
perature: 40

�
C) and (B) temperature (film thick-

ness: 60 mm) on the flipping frequency F. (C)
Performance of the GO/CS nanocomposite film
and pure CS in hygro-induced bending. Film di-
mensions: 2 cm� 0.5 cm� 0.040mm; film
weight: 6 mg for nanocomposite, 5 mg for pure
CS; water temperature: 37 �C (D) Humidity-
induced bending of the hybrid film and pure CS
loaded with a cargo 10 times heavier than
themselves. The shapes of the hybrid film and
water temperature are the same as C. (E) Effect of
the cargo weight on humidity-induced bending.
Film size: 1.4 cm� 0.5 cm� 0.037mm; film
weight: 37 mg; cargo weight: 252mg and
120mg; water temperature: 37

�
C. (F) Flipping

frequency of the hybrid film as a function of the
cargo-to-film weight ratio. Film size:
2 cm� 2 cm� 0.043mm; film weight: 15 mg;
water temperature: 37

�
C. Reproduced by per-

missions of the Royal Society of Chemistry [118].
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4.2.2. Thermal/light responsive actuation
As is well documented, GO is efficient in photothermal conversion of

light in nanocomposites [119–122]. As such, it has proven an excellent
filler to add to polymer nanocomposites to develop actuators that
respond to heat and near-infrared light (NIR) [123,124]. For example,
Kim et at [125]. developed a thermally responsive GO fiber that showed
torsional and tensile actuation upon heating. The GO was mixed with a
nylon-6,6 polymer by wet spinning and showed two different types of
actuation depending upon the fabrication of the fiber which could be
twisted and wound to form coils with a homochiral structure or hetero-
chiral structure. The fibers undergo volume expansion upon heating
showing 80% contraction for the homochiral direction and heterochiral
elongation of 75%. The fibers are capable of lifting 100 times their own
mass and can even withstand temperatures above the melting tempera-
ture of the nylon.

In another report, Zhao et al. [126] designedmultiple bionic hydrogel
actuators with GO and N-isopropylacrylamide and 4-hydroxybutyl
acrylate as a monomer and crosslinking agent, respectively. Two
methods were used to infiltrate the GO into the hydrogel; one was to fully
immerse the hydrogel in GO aqueous solution to allow for complete
infiltration and the other was to use local infiltration of the GO by
selectively applying a GO solution to specific areas of the dried hydrogel.
The authors were able to design a NIR-driven bionic chrysanthemum via
the entire infiltration as seen in Fig. 9A. This bionic chrysanthemum
responded to NIR light and exhibited a closing state under illumination
and an open state in the dark (Fig. 9A(a-f)). For the second method of
local infiltration, the authors designed a bionic hand that would locally
deform in response to NIR light (Fig. 9B). The hand could show selective
bending of individual fingers in response to applied NIR light and would
return to the open state in the dark (Fig. 9B(a-i)), showing the potential
for GO-based actuators to be used as touchless sensors and in soft robotic
applications.

4.2.3. Electromechanical actuation
As well discussed, rGO shows exceptional electrical conduction

properties when encapsulated in polymer matrices. So, it is no surprise
that this endows rGO/polymer nanocomposites with excellent electrical
stimuli-responsive actuation [127–131]. In the paper by Kim [132], the
authors were able to develop a durable and water-floatable electrome-
chanical actuator utilizing rGO as the electrode for the material. In most
Fig. 9. (A) Deformation process of a NIR-driven bionic chrysanthemum fabricated v
layers. Under NIR stimulation, the bionic chrysanthemum changed from the closed s
bionic chrysanthemum; (c) closing state of the bionic chrysanthemum; (d) closed bio
bionic chrysanthemum. (B) Deformations of a NIR-driven bionic human hand fabricat
GO was used to imitate the spacing of joints in a real hand. (a) Initial state of the bio
deformation of the middle finger; (e) deformation of the ring finger; (f) deformation o
Reproduced with permissions from Elsevier [126].
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traditional ionic polymer-metal composite (IPMC) actuators there are
persistent problems under extended excitations in air, as cracks form in
the surface allowing for leaching of the electrolyte as demonstrated in
Fig. 10A. To solve this problem the authors combined rGO with the
polymer Nafion-117 and the ionic liquid xxx-BF4 to alleviate the devel-
opment of cracks in the actuator to form an ionic polymer graphene
composite actuator (IPGC). But upon the introduction of rGO, there be-
comes a problem of poor adhesion with the ionic polymer. The authors
found a unique way of solving this problem by using an
asymmetrically-modified rGO paper with a smooth outer surface that is
hydrophobic and a rough inner surface by laser-scribing the rGO surface
as shown in Fig. 10B. This allowed the IPGC to withstand repeated
bending tests and maintain a water contact angle of 86�, allowing for the
actuator to float on the water surface. The IPGC exhibited controlled
responses to four different driving voltages from 2 to 5 V at an excitation
frequency of 0.01 Hz as seen in Fig. 10C and D. As the voltage is
increased, there is a corresponding increase in tip displacement with the
largest being 4.26mm at a voltage of 5 and control over direction with
positive or negative applied voltage.

4.2.4. Multi-stimuli actuation
With the diverse properties of GO/rGO showing excellent application

in various stimuli-responsive actuation materials, it is then desirable to
explore the different combinations of the actuating stimuli. For example,
Chen et al. [133] developed a multi-responsive actuator responding to
both humidity and NIR by making a nanocomposite of GO and biaxially
oriented polypropylene (BOPP). For this nanocomposite, the GO layer is
very hygroscopic and thus highly sensitive to ambient humidity, while
the BOPP is inert to humidity. This provided the GO/BOPP film with
excellent humidity-driven actuation based on the large asymmetric
swelling generated from the two layers. The film fabricated in 50%
relative humidity (RH) rested in a flat state, but when the RH humidity
was reduced to 20% with dry air, the film bent to the GO side with a
curvature of 2.5 cm�1 as the interlayer distance of the GO nanosheets
decreased due to the loss of water. The film returned to its initial flat state
when rehydrated at 50% RH. At higher RH (65%), the film would bend to
the BOPP side as the GO film swelled, resulting in a curvature of 3.1 cm�1

due to the swelling of the GO sheets. In addition to the humidity
response, this GO/BOPP actuator also responded to NIR light, converting
the light energy into thermal energy through a photothermal effect as GO
ia entirety infiltration. The bionic chrysanthemum was composed of three H-1
tate to the open state. (a) Image of a real chrysanthemum; (b) initial state of the
nic chrysanthemum; (e) opening state of the bionic chrysanthemum; (f) opened
ed via locality infiltration. Inspired by the human hand, the locality infiltration of
nic hand; (b) deformation of the thumb; (c) deformation of the index finger; (d)
f the little finger; (g) gesture of “OK”; (h) gesture of “victory”; (i) gesture of “fist”.



Fig. 10. Schematic representations of the structures and mechanisms of (A) liquid-permeable IPMC actuator and (B) durable and water-floatable IPGC actuator.
Bending actuation performances of IPGC actuators with EMIBF4 electrolyte (C) under various input voltages and (D) their corresponding curvatures. Reproduced by
permissions of the American Chemical Society [132].

Fig. 11. (A) Plot of the curvature of rGO/PPy film versus RH. The insets are photographs of the rGO/PPy film under different humidities. (B) Actuation mechanism of
the asymmetric rGO/PPy film and photographs of the bending status for the rGO/PPy film actuator driven by the electrochemical potential within �0.8 V. The rGO/
PPy sides are placed on the right and left sides in the demo actuator to control the direction of actuation with the corresponding potentials of þ0.8 V (1), 0 V (2), and
�0.8 V (3), respectively. Reproduced by permissions of the American Chemical Society [135].
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adsorbs the light. As a result of GO and BOPP's difference in coefficient of
thermal expansions (0.85 ppmK�1 for GO and 137 ppmK�1 for BOPP),
the films would bend upon exposure to NIR light. When exposed on the
BOPP side the actuator would bend towards the GO side within 10 s with
a bending curvature of 2.8 cm�1.

Ji et al. [134] developed a similar bilayer actuator responding to
humidity and NIR with a polydopamine-modified rGO layer and a
Norland Optical Adhesive (NOA)-63 layer. The NOA is responsive to
neither humidity or NIR, thus imbuing the bilayer actuator with fast and
reversible bending and unbending under the stimuli. The film rolled up at
7% RH and unrolled when exposed to 80% RH in 46 s and showed
reversible rolling up in 53 s when returned to 7% RH for at least 7 cycles.
The authors were also able to develop a walking device driven by NIR, by
attaching PET plates onto opposite ends of the film with a complete cycle
of bending and unbending taking 3.8 s and moving ~4–5mm per cycle.

GO-based multi-stimuli-responsive actuators are not just limited to
humidity and NIR. Jiang et al. [135] formed a nanocomposite actuator
with rGO and polypyrrole (PPy) that responds to humidity and electro-
mechanical stimuli. The authors used a self-oxidation reduction strategy
to form the film in which GO acted as the oxidant to polymerize pyrrole
into PPy, thus being partially reduced and forming cross-links between
rGO and PPy. At low RH, the film exhibited little to no curvature; as the
RH was raised, the film curled up and reached a maximum curvature of
330� at an RH of 65% (Fig. 11A). The actuator could also be driven by
electrochemical potential, actuating to both sides depending upon the
potential applied, as shown in Fig. 11B.
Fig. 12. (A) Schematic of electrochemical response of rGO coatings in chloride cont
and GO (right). (C) Potentiodynamic polarization plots of the coatings after 24 h i
lishing [15].
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The above results suggest the versatile nature of GO-based actuators,
offering a promising material for stimuli-responsive actuation. The
diverse properties of GO will allow for the development and incorpora-
tion of GO into multi-stimuli-responsive smart materials for use in highly
humid environments and touchless sensing technology with electrome-
chanical responses.

4.3. Corrosion resistance

Graphene derivatives show promise for anti-corrosive polymer coat-
ings thanks to their 2D morphology and high chemical inertness [12,15].
Polymers alone are permeable to chloride, sulfites, water and other
chemicals that would be harmful to substrate metals [136], but graphene
and its derivatives could be used as fillers to prevent the diffusion of
harmful materials to a metal surface or even promote the generation of a
passivation layer [137].

Ghauri et al. compared the abilities of GO (by improved Hummer's
method) and rGO (by hydrazine reduction) in epoxy nanocomposites on
steel substrates [15]. Electrical impedance spectroscopy (EIS) showed
that the modulus of impedance (jZj) of the GO coating was 6.36 kΩ cm2

and that of the rGO coating was 3.48 kΩ cm2 after 24 h of exposure to a
Cl� ion electrolyte flux. rGO showed a higher resistivity to electrolyte
flux after 1 h due to its hydrophobicity and closer interlayer spacing;
however, because the rGOwas more conductive than GO for migration of
Cl� and Fe3þ ions through the coating and at the metal/coating interface,
which might accelerate the process of a subsequent accumulation of
aining media. (B) Photographs of coatings after electrochemical tests: rGO (left)
mmersion in 3.5% NaCl solution. Reproduced with permission from IOP Pub-
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corrosion products (Fig. 12A). The study determined that GO was better
than rGO at providing long-term corrosion protection for the steel sub-
strates. A Tafel fit of potentiodynamic polarization, as well as images of
the coatings after 24 h of exposure, showed a much lower corrosion
current density for GO (4.86 μA cm�2) than for rGO (28.60 μA cm�2), as
well as no corrosion product formed on the GO-coated steel (Fig. 12B and
C).

Singhbabu et al. proposed that the largest obstacle to reliable gra-
phene oxide corrosion barriers is defect formation [16]. They reflected
on several studies done by other groups and developed a methodology of
deriving rGO from shellac bio-polymer. Citing the previous literature
where the heating of shellac bio-polymer in an inert atmosphere resulted
in graphene oxide, they directly dip-coated cold rolled steel (CRS) with
shellac solution in isopropanol, then heated the coating in a hydrogen
atmosphere at 710 �C for 24 h. To prevent exposure of the metal surface
to any defects in the resulting coating, they dipped the coated metal once
again in the shellac solution and cured it at 350 �C in air for 10min
(Fig. 13A). They verified the existence of an rGO layer by Raman spec-
troscopy, XPS, and TEM. While they found that this method produces
many defects in the rGO coating and that the 2nd dipping step was crucial
to seal the pores generated by the annealing process, they also found that
the impermeable behavior of rGOmakes a substantial contribution to the
CRS sheets. They calculate a corrosion current density 10,000 times
smaller for coated CRS (1.40� 10�9� 2.80� 10�10 A cm�2) than for
bare CRS (1.58� 10�5� 1.78� 10�6 A cm�2) using a Tafel fit (Fig. 13B).

While GO has shown promise in anti-corrosion coatings, much work
still needs to be done to form a long-lasting, defect-free corrosion barrier.
A recent article by Cui et al. warns against this area of research [138]. As
they claim, and as Singhbabu's example demonstrates, graphene coatings
would need to be completely defect- and pinhole-free to prevent galvanic
corrosion, which has been demonstrated to be a non-trivial act. Besides,
once damaged, a single- or multi-layered graphene would not be able to
prevent corrosion due to its cathodic nature. A possible solution would be
to create a graphene-polymer nanocomposite in which graphene was
perfectly dispersed and which had scratch-resistant and/or self-healing
properties, but this remains a challenge for anti-corrosive coatings for
metals.

4.4. Energy storage

With rGO's superior electrical properties, rGO has become a prom-
ising material for many energy applications, such as in supercapacitors
[139–142], lithium ion batteries (LIBs) [143–146], and stretchable
electronics [71,147,148]. In this review, we will highlight some of the
recent advancements made in the energy storage field utilizing rGO
materials. For further review on energy applications, the authors would
direct the readers to the review by El-Kady and co-workers [149].

Because of their long cycle lifetime and high-power density, super-
capacitors have become a highly important area of research for energy
storage devices. As such, it is no surprise that rGOmaterials have become
important to the recent study of supercapacitors. A problem with GO is
that it will tend to agglomerate during processing, greatly reducing its
theoretical high surface area thus limiting its supercapacitance perfor-
mance. Xu et al. [150] was able to design a sponge templated GO
supercapacitor electrode by combining GO with a PU sponge. This ma-
terial exhibited a specific capacitance of 401 F g�1 in aqueous electrolytes
and an energy density of 89W h kg�1 due to creating a shorter ion
transport distance with the 3D structure and inner porosity. Zhao et al.
[151] designed a supercapacitor electrode of GO/NaCl/Urea film, which
upon hydrothermal treatment was reduced to rGO. During the hydro-
thermal treatment the NaCl acts to prohibit restacking of the graphene
sheets and urea results in nitrogen doping improving the capacitance
over rGO alone. The film exhibited a specific capacitance of 425 F g�1

and a volumetric specific capacitance of 693 F cm�3 at 1 A g�1 in
1MH2SO4.

In other energy storage applications, rGO based materials have found
43
success in LIBs [152,153]. Wang et al. [154] reported a method to design
folded paper like rGO electrode decorated with Tin Oxide (SnO2) for use
as the electrode for LIBs. Fig. 14A shows a schematic illustration
comparing the folded electrode to the general thick film electrode. The
thick film electrode will show poor electron/ion transport kinetics
limiting the electrochemical reaction between the active materials and
the lithium ion. While the folded electrode provided new paths for free
electron flow and built in voids for superior Liþ transport kinetics. For the
folded electrode there was a small increase in resistance of 0.5–5.6%
between the non-folded and folded rGO/SnO2 film, indicating that the
folded structure maintained comparable in-plane electrical conductivity
to flat films. The folded electrode was combined as an anode with a
LiCoO2 cathode and was tested at extended cycles at a rate of 0.5 C
(1.70mA cm�2) (Fig. 14B). The fold electrode showed a cycle life up to
500 with a capacity retention of 73.7% and an end areal capacity of
2.53mAh cm�2. The cell retained its capacity as high as 89.2% of the
initial value after 200 cycles (Fig. 14C) andmaintained areal capacities in
the range of portable devices showing the viability to use rGO in com-
mercial devices.

Besides LIBs, rGO has also been shown to work with sodium-ion
batteries (SIBs), which are a potential alternative to lithium due to
lower environmental impact and lower cost [155]. Wang et al. [156]
combined VS4 with rGO as an effective nanocomposite anode for SIBs.
The authors explored two procedures to achieve high-specific capacity
and stable cycling performances. They were able to control the micro-
structure by connecting the VS4 with rGO in a loose stack architecture,
increasing the pseudocapacitive charge storage to improve the kinetics of
sodiation/desodiation for the VS4/rGO anode. The material showed a
specific charge capacity of 580mAh g�1 at 0.1 A g�1 and after 300 cycles
showed a retention of 98% at 0.5 A g�1. It was found that a porous stack
microstructure of the VS4/rGO could be obtained by controlling the rGO
contents, which improved the pseudocapacitive charge storage by
enabling more active surface sites.

Wei et al. [157] was able to combine both functionalities of LIBs and
supercapacitors by designing a polyoxometalates based metal organic
framework (POMOFs) with rGO into a battery-supercapacitor hybrid. By
taking advantage of the individual properties of polyoxometalates
(POMs), metal organic frameworks (MOFs), and rGO, which exhibit high
electron uptake, high capacitances, and high electronic conductivity,
respectively, the POMOFs/rGO nanocomposite exhibited high reversible
capacity, good rate capability, and excellent cycling stability. This new
material was found to have a reversible capacity of 1075mAh g�1 over
100 cycles at 50mA g�1 and a capacity retention approaching 100% at
2000 and 3000mA g�1 after 400 cycles. The proposed reasons for this
material exhibiting both battery and supercapacitor behavior is as fol-
lows: the battery performance is a result of Liþ coordination with the
organic component of the MOFs and through redox interactions of the
metal ions in the POMs; the capacitive behaviors are a result of storing
Liþ in available interstitial sites at the interface or pores of the POMOFs,
which are charge compensated by additional electrons on the surface of
rGO.

5. Conclusion and outlook

In this article, we summarize the recent progress in synthesizing
graphene and its derivatives, the effect of synthesis on the properties of
the materials, and the promising applications related to those properties.
Because of the highly tunable nature of GO and rGO, a diverse range of
mechanical, electrical, and thermal properties can be achieved and
effectively incorporated into nanocomposite materials. GO and rGO can
be used in a broad range of applications and show promise as an integral
material to the progression of new and improved products. While the
focus of this article was on only a selected few applications (membranes/
coating, stimuli-responsive materials, anticorrosion, and energy storage),
the use of GO and rGO could also motivate the development and design of
many other applications, including sensors [40,158,159],



Fig. 13. (A) Schematic diagram for the production of rGO coated CRS sheet (A4 size) using an industrial batch annealing furnace. (B) Tafel plot with anodic and
cathodic slopes of coated PT CRS sheets. Reproduced with permission from Elsevier [16].

Fig. 14. (A) Schematic illustration showing the configuration of a “film electrode” and a “folded electrode”. (B) Long-term cycle performance of the Fold_5 (areal
density of ~5mg cm�2) electrode at 0.5 C rate. (C) The charge/discharge profiles of the Fold_5-LCO (LiCoO2) full cell at 0.5 C rate. Reproduced with permission from
the American Chemical Society [154].
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photoluminescence [23], electronics [57,160], energy [161,162], and
catalysis [41,163,164].

Although significant progress has been made, many challenges still
need to be addressed for full incorporation of GO and rGO into industrial
applications. Even though the current synthetic pathways are encour-
aging for the generation of large-scale production of the materials, the
control and refinement of particles with the same properties need to be
further explored. While on average the properties can be improved
through the various methods outlined, uniform properties will be key to
the development of real-world applications as industrial products need to
be highly reproducible. In addition, several unique techniques are
highlighted to show the potential of using GO in many applications, with
the key to the exceptional functionalities being related to fabrication
techniques that are unscalable, expensive, and time-consuming. Further
exploration needs to be conducted to fabricate nanocomposites through
simple common industrial means without sacrificing the exceptional
properties of the GO.
44
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