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Abstract

Graphene was synthesized for the first time one decade ago and, during this 
time, the structure and properties of graphene have been well defined by many 
scientists. In parallel, some new graphene-based devices appeared, such as 
graphene field effect transistors, supercapacitors and micro electromechanical 
systems. Now is the moment to start exporting all these prototypes from the 
laboratory to the industry to move forward the technology. Such task will suppose 
a huge effort and will be accompanied by the necessary reliability tests to assess 
the lifetime of the new products, which will unavoidably generate important 
delays. On the other hand, among all applications of graphene, one may see the 
light faster than the others due to its simplicity: the use of graphene as protective 
coating. It has been demonstrated that the ultra-dense network of carbon atoms 
that form graphene is totally impermeable to protect a material from corrosion, 
and at the same time it is so thin that keeps unaltered the chemical properties of 
the protected material. In this review, we analyze the anti-corrosion properties of 
graphene and debate about its viability in near-future applications.
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co-workers [15], improved the conductivity to 2.5×105 cm2/V•s 
using encapsulated graphene. Another advantage of graphene is 
that its electrical conductivity is not influenced by the temperature 
variation [18,19]. Normally, increased temperature causes crystal 
lattice vibration and electrons are scattered, leading to a decrease 
of conductivity. But this does not occur to graphene because fewer 
electrons are scattered and temperature does not impact on this 
result. It was proved that the conductivity of graphene can be kept 
as 1.5×105 cm2/V•s in temperatures ranging from 50 K to 500 K [18].

Apart from its electronic magnificence, other physical properties 
of graphene are also very attractive. Graphene has a high mechanical 
strength of 1100 GPa (Young modulus) and breaking strength of 125 
GPa which is close to that of carbon nanotube, 100 times larger than 
a sheet of steal with similar thickness [20]. In other words, graphene 
is the material with the highest strength on earth; and at the same 
time, it is flexible. Tensile stresses have reported that graphene can 
be elongated 23% without inducing cracks or fracture [21]. Graphene 
thermal conductivity up to 5000 W/(m•k) has been reported 
[12,13], which is 5 times higher than that of diamond, the material 
that showed previous best performance. Furthermore, graphene 
can be used as blocking barrier, since no material can penetrate its 
dense lattice structure, including the smallest atoms of Helium [24]. 
Moreover, graphene is transparent; the optical absorption of a single 
graphene layer is shown to be ~2.3% over the visible spectrum [16], 
which combined with its high electrical conductivity, could lead to 
transparent conductive electrodes [25-27]. But as the most basic 
physical property, the melting point of graphene has never been 
experimentally demonstrated.

The attractive performance of graphene in the field of chemistry 
relies on its large surface area. Values of surface areas of 2630 m2/g 

Introduction
Before its appearance, there was a debate on the possibility of 

graphene viability, and a consensus existed on that crystalline two 
dimensional (2D) materials would rapidly decompose under room 
temperature depending on their intrinsic thermodynamic instability 
[1-3]. In 1966, a theory was proposed by Mermin and Wagner 
describing the destructive impact of wavelength variation to the long-
term orderly 2D crystalline materials [4]. Therefore, graphene was 
just proposed as an established ideal theoretical model for studying 
carbonaceous materials and did not receive its deserved attention. In 
this context, the experimental synthesis of graphene in 2004 [5] was a 
huge surprise to the world.

Ideal graphene can be considered as a single-atom-thick sheet 
made of carbon atoms arranged in a hexagonal honeycomb lattice, 
in which each carbon atom is a sp2-hybridized point and denotes 
an electron from p orbital forming a π-bonding [6-9]. This unique 
structure endows graphene an extraordinary combination of 
mechanical [10,11], physical [12,13], electronic [14,15], chemical [6], 
and optical [16] properties, and even other more exotic properties 
such as wetting transparency [17] have been also reported. The strong 
physico-mechanical performance comes from the high stability of 
the covalent bonds between the carbon atoms [6], while its superior 
electronic properties are related to the cloud of free carriers available 
on its surface [9]. At the same time, graphene is the thinnest material 
possible and, therefore, almost completely transparent [16].

Due to its incomparable high electron mobility, graphene has 
raised most interest in the field of microelectronics. The earliest 
synthesis of monolayer graphene in 2004 had showed an electrical 
conductivity of 1×104 cm2/V•s, which was much higher than that 
of the contemporary transistors (~1400 cm2/V•s) [5]. Mayorov and 
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have been systematically reported [28-30]. Since chemical reactions 
are promoted by the atoms at the surface of a material, graphene 
is very suitable for exhaustive promotion of chemical reactions. At 
present, it is known that the surface of graphene is similar to that of 
graphite, which has abilities of absorption and desorption to some 
atoms and molecules, like NO2, NH3 and K [31-36]. The absorbates 
normally play the role of an electron acceptor, causing a decrease 
of graphene’s conductivity. Graphane was the first functionalized 
graphene derivative, in which each carbon atom was bonded with 
a hydrogen atom [37]. Other functional groups are also candidates 
for functionalizing graphene to explore new applications. As a 
comparable example, the graphite sheets formed by un-functionalized 
graphene are porous and fragile, but the counterparts made of 
compactly oxidized graphene are truly hard and coriaceous [38,39]. 
The chemical treated graphene has many potential applications, but 
the lack of production for traditional treatments is a bottleneck.

Apart from the intrinsic properties of graphene, other capabilities 
may be engineered by intentionally altering its structure. For example, 
graphene is not a piezoelectric material but atomistic calculations 
predicted that covering graphene surface with specific elements may 
lead piezoelectric coefficients to reach a nontrivial maximum, which 
can be attributed to abrupt charge transfer from graphene to the 
dopants [40]. Li et al. [41] functionalized graphene by modification 
of graphene with potassium (K) using a room-temperature chemical 
method and made K-modified graphene act as an electron transfer 
medium, promoting charge transfer more efficiently than unmodified 
graphene.

By looking at the properties of graphene one could think that a 
very complicated process may be necessary to fabricate it, but in fact 
graphene was synthesized for the first time by utilizing a very simple 
method. Novoselov et al. [5] stick a flake of graphite to tape and then 
exfoliated it to separate the graphite layers, and repeated this process 
for many times to reduce the thickness of the remaining graphite on 
the tape, until a few layers graphene sheet was successfully isolated. 
But the shortage for this technique is the difficulty to obtain large-
area sheets with controllable thicknesses, which is a mandatory 
requirement for mass production. The unprecedented interest 
raised by graphene led to the rapid development of new fabrication 
methods, such as ultrahigh vacuum (UHV) annealing of single 
crystal SiC [42,43], chemical vapor deposition (CVD) [44-50], liquid-
phase exfoliation of graphite [51], unzipping of single-wall carbon 
nanotubes [52] and molecular assembly [53]. Among them, CVD 
graphene has showed the best quality-price ratio and, therefore, is 
one of the most promising for new graphene devices fabrication. 
Many carbon-source gases can be employed to prepare graphene 
in CVD system, such as methane (CH4) [54], acetylene (C2H2) [55], 
ethanol (CH3CH2OH) [56], benzene (C6H6) [57] and cyclohexane 
(C6H12) [58], among others. The injected carbon source gas or gases 
can be reduced by H2 or decomposed under high temperature 
(~1000OC) in the oxygen-free CVD system, and graphene sheets with 
controllable thicknesses can be deposited on many substrates, like 
Cu [50,59], Ir [60], Ru [46], Ni [49,61], Pt [62]. Besides, the size of 
graphene fabricated in CVD can be reached to several centimeters 
[63], and for some kinds of substrates it is easy to transfer to arbitrary 
samples [64]. Recently Wang et al. [65] demonstrated large-scale and 
uniform deposition of high-quality graphene directly on a wafer-scale 

Ge substrate and has been considered to replace conventional Si for 
the next generation of high-performance metal-oxide-semiconductor 
field-effect transistors (MOSFETs).

An alternative way to produce graphene is starting from 
graphene oxide (GO). Dikin et al. [66] firstly reported a reduction 
process to fabricate graphene by reducing GO with injected 
hydrazine. The highly ordered structure of graphene was recovered 
by this process, and the yield was comparable to that produced by 
physical techniques. However, it is difficult to reduce the original 
graphene oxide fully, leading to a residual dispersed in the formed 
graphene that impoverishes its properties, eg. conductivity. Various 
previous attempts give guidance to improve this redox process; the 
most notable were reported by Standenmaier [67], Brodie [68] and 
Hummers [69]. The common principle of these improved redox 
methods is that, since the stacking space (0.7~1.2 nm) of GO is larger 
than that of graphene (~0.34 nm), it is easy for other molecules to 
insert in. Thus, strong protonic acid can be introduced to treat GO, 
forming composite between the GO layers and then be oxidized [70]. 
After a reduction process, high quality graphene can be produced.

The combination of all these properties and fabrication methods 
may lead to a new generation of devices [71], from flexible and 
transparent electronic devices, to high-performance batteries and 
chemical filters, and after a decade analyzing its properties, now 
is the moment of bringing this exciting material to the industry. 
To date, the only companies making real profit with graphene are 
those who commercialize the raw material. One of the easiest and 
most immediate applications for graphene is as protective coating 
against corrosion. In such case, graphene doesn’t need to be patterned 
by lithography, and just needs to be transferred on the material to 
be protected. In this work, we review the progress on graphene 
as protective coating against corrosion, and a deep discussion 
about oxidation resistance of graphene will be presented. After 
the introduction, in section 2 we summarize the most promising 
applications of graphene as protective coating, and we describe the 
role that the graphene sheets play in each case. In section 3, the 
physics and chemistry behind the protective effect are discussed, 
mainly focusing on three properties: impermeability, anti-oxidation 
barrier and water transparency. Furthermore, the use of graphene as 
anti-oxidation coating and the ageing of graphene coated materials 
under oxidative environments are presented, in sections 4 and 5 
respectively. Finally, section 6 provides a prospect section where we 
debate the future use of graphene as protective coating.

Applications
The applications of graphene range from electronics to 

nanomedicine, including micro electromechanical systems, 
information storage, optoelectronics, plasmonics, batteries, clean 
energy harvesting, solar cells, chemistry, industrial protective coatings, 
filters, sensors, actuators and biotechnology. In the next sections we 
highlight outstanding examples with immediate applications in the 
industry.

High frequency transistors
Graphene high carrier mobility has been used in radio-frequency 

(RF) electronics [72-77]. Han et al. [78] created an amplifier with 
low output conductance of 0.1 mS/μm showing evidences of realistic 
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potential for graphene field effect transistor (GFET) and advanced 
RF circuitry. GFETs’ working principle is different to conventional 
semiconductor FETs: graphene is gapless so that it is hard to saturate 
by conventional means, in which drain current saturation relies on 
energy band gap. Although it brings up an excellent performance in 
conductance and migration rate, it can also introduce severe defects 
that weaken the device performance. Liao et al. came into an approach 
of high-speed graphene transistor with a self-aligned nanowire gate 
[79], which could prevent the defects of monolayer carbon lattices 
in the conventional device fabrication. The transistor showed high 
scaled on-current of 3.32 mA/μm and transconductance of 1.27 mS/
μm with an ultrahigh intrinsic cut-off frequency of 100-300 GHz.

Capacitors and energy storage
The social development and ecological concern have accentuated 

the need of environmental friendly energy storage systems [80]. 
However, conventional batteries and fuel cells have deficiencies 
like low energy densities [81], short cycle life, slow charging and 
discharging at high densities, some of which could be satisfied with 
carbon-based devices. Although carbon nanotubes (CNTs) show 
excellent conductivity and high surface areas, they may contain defects 
between electrode and current collector [82,83]. In this direction, 
graphene emerged as promising electrode for charge storage due to 
its high surface area, which depends on the graphene layers rather 
than the distribution of porous in carbon nanotube. Wang et al. 
[84] obtained a maximum specific capacitance of 205 F/g at 1.0 V 
in aqueous electrolyte with energy density of 28.5 Wh/kg, which is 
significantly higher than those of CNT-based supercapacitors [30,85]. 
Such supercapacitors represent a realistic solution for energy storage.

Moreover, graphene is useful for hydrogen storage. Hydrogen 
is one of the cleanest energy sources, but a reliable hydrogen-based 
technology requires solving the issue of storage and transportation. 
The conventional method of storing containers is a bottleneck to the 
advancement of hydrogen technologies [40,86-93]. Nanocomposite 
alloys have shown the capacity of storing hydrogen, and LaNi5, TiFe 
and MgNi (among others) have showed decent performance. In such 
materials, La and Ti alloys are low temperature hydrogen storage 
materials with low capacity, while Mg alloys are high temperature 
hydrogen storage materials. Although the theoretical capacities 
are high, the dynamics of adsorption and desorption is unstable. 
Moreover, alloys are expensive and have a high density, which limits 
their application. Ghosh et al. [94] found that three-four layers of 
graphene have a higher performance to adsorb H2 and CO2. The 
uptake of H2 is up to 1.7 wt% at a pressure of 1 atm and a temperature 
of 77 K. It should be possible to increase it by reducing the average 
number of graphene layers. It has been suggested that the single-
layer graphene would show as high as 7.7 wt% of uptake [94]. Such 
experiments support the theory that graphene is an excellent material 
for hydrogen storage.

Biology
Graphene biologic sensors are necessary because they may provide 

enhanced capabilities. For example, graphene may allow fabricating 
biologic sensors and actuators, and its ultra-high conductivity may 
result in an extraordinary accuracy. The most studied sensors are those 
that monitor pH values. The work of Ang et al. [95] showed that few 
layer graphene can be used as pH sensors with ultrafast performance 

and ultralow noise. The oxygen-containing groups on the surface 
of graphene can form hydrogen bond with hydroxyl (OH−) and 
hydroxonium ions (H3O

+). One or two layers of epitaxial graphene 
can effectively sense the density of ions from the interface. They 
have been successfully observed in the solution-gating of epitaxial 
graphene, where ambipolar characteristics with a narrow p-n plateau 
region (~ 0.2 eV) near the Dirac point have been measured. Both n 
and p carriers can be induced from graphene/electrolyte interface, 
with the negative gated potential region exhibiting supra-Nernstian 
response to pH. 

Graphene-based gas molecule sensors are also interesting due 
to their excellent sensitivity, which is possibly thanks to graphene 
exceptional low-noise [96]. For traditional materials, increase of 
temperature results on a conductivity decrease, leading to intrinsic 
noise and limiting resolution of common sensors [97]. But this 
does not apply to graphene. Furthermore, graphene can absorb gas 
molecules that can act as electron donors or acceptors, resulting in 
variation of conductance. Its effect is surprising even to solid-state 
gas sensors: Schedin et al. [96] showed micrometer-size sensors 
made from graphene and reported adsorption of NO2, NH3, H2, 
CO. They obtained the lower detection to 1 ppm (parts per million) 
and an apparent variation of conductance in 1 min. Sundaram et 
al. [98] investigated the effect of nanoparticles on graphene. The 
electrochemical modification of a controllable density of Pd particles 
on graphene monolayers can effectively enhance the hydrogen 
sensitivity. Liu et al. [99] discovered a unique ability of graphene in 
attachment and delivery of aromatic, water insoluble drugs.

Chemical filters
According to molecular dynamics, carbon nanotubes could 

transfer gas and liquid. Hydrated ions could also go through carbon 
nanotubes with bigger radius. Sint and co-workers [100] designed 
functionalized nanopores in graphene monolayers and found that 
they can be a passage for hydrated ions. For example, fluorine−
nitrogen terminated pores selectively let Li+, Na+, K+ go through, but 
not anions, with rates around 9:14:33. Molecular dynamic simulations 
show that the Hydrogen-pores can only be passed by irons of Cl- and 
Br- with ratios of 17:33. That means the nanopores are selective to iron 
polarity. Simultaneously, they found that the pores work on different 
size of ions, which can be deduced from the lowest rates of Li+ and F-. 
Therefore, these nanopores could be useful in molecular separation 
and desalination. Despite the use of graphene in this field is still in its 
embryonic stage, it is worth to be highlighted due to the tremendous 
impact it would have in hot fields like water purification.

Micro and nano electromechanical systems
The application of graphene in the field of micro and nano 

electromechanical systems (MEMS and NEMS) has attracted 
considerable attention due to the additional capabilities and 
performance graphene may provide. One of the novel graphene-
based MEMS that attracted most interest in the last years is graphene-
coated tips for electrical modes of atomic force microscope (AFM) 
[101]. Traditionally, metallic varnishes were used to provide the 
conductivity capability to the bulk silicon AFM tips [102]. Despite 
the considerable performance increase provided by such varnishes, 
the tips can still wear out quickly when measuring high currents due 
to thermal heat. Violent tip-sample friction during scans in contact 
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mode can also lead to premature tip damage, which will result in 
false imaging due to sample contamination. Moreover, premature tip 
wearing tremendously increases the cost of research. Even if doped-
diamond coated tips apparently showed better performance, they can 
reduce the lateral resolution as well as increase the price of the tips. 
Therefore, finding an excellent method to enlarge the lifetime of the 
tips is necessary. And in this field, graphene may play a strategic role 
due to its excellent properties and stability [103].

The first graphene-coated AFM tip was reported in 2012 by 
Wen et al. [104], who used it as electrode in molecular junctions. In 
that work, multilayer graphene sheets were directly grown on Au-
varnished CAFM tips by following the CVD process (i.e. the metal-
varnished tip was introduced in the CVD furnace). Wen’s prototypes 
got a high yield with a relative simple process, indicating that the 
mass production of graphene tips for AFM-based applications could 
be feasible. Despite the good performance reported by the authors, 
the quality of the graphene grown on the metallic varnish of the 
tip may not be as good as the one of the optimized GSL on Copper 
foils. Another approach is to grow a continuous layer of graphene in 
pre-patterned substrates. Martin-Olmos et al. [105] grew a layer of 
graphene in a copper mold and filled it with SU-8 resist. Using that 
method, the authors proved high yield and enhanced functionality 
of the tips, observing a larger conductivity and a higher lifetime. 
The main problem of this method is that, unlike Wen’s prototype, 
it requires a completely new fabrication process (i.e. it doesn’t starts 
from a terminated product), which drastically increased its cost. Shim 
et al. [106] used for the first time a multilayer graphene coating to 
fabricate multifunctional parallel probe arrays with high resistance 
to wear, sharpness and high electrical and thermal conductivities. 
Such prototype was successfully used in the field of scanning probe 
lithography techniques.

In our previous work [107], a sheet of GSL grown on Copper was 
transferred onto different Pt-Ir vanished CAFM tips, and the novel 
prototypes were used to characterize the electrical performance of 

both conductive substrates and thin insulators on Silicon. The coating 
process consisted of: i) fixing the tip on a piece of silicon wafer using 
a thin film of Poly-methyl methacrylate (PMMA) below and on it; 
ii) the integral PMMA/AFM-tip/PMMA/Silicon block was used as a 
solid substrate on which the graphene sheet was transferred; and iii) 
removing each PMMA layer using acetone (which took 30 min, while 
a normal one needs only 5min). When the PMMA is eliminated, GSL 
is completely attached to the tip by van-der-Waals forces.

As a standard sample in nanoelectronics [108-116], we used HfO2 
(3nm)/SiO2 (1nm)/Si (n-doped) stacks to analyze the performance of 
graphene coated tips. Figure 1 shows the 1st, 3rd, 5th, 10th, 15th, and 
20th I–V curves measured on the bare surface of HfO2/SiO2/Si stack at 
different random fresh positions of using a pristine Pt-Ir tip (Figure 
1a) and a graphene-coated tip (Figure 1b). As it can be observed, the 
current decreases in figure 1a with the number of voltage ramps, 
indicating that the tip worn out at high current densities (J ≈ 108 A/
cm2 when it reaches the current compliances (CC), that is 100µA 
through an area of 100 nm2). On the contrary, the graphene-coated 
tip undertakes many measurements (Figure 1b), which entirely 
reached the CC level roughly at the same onset voltage without 
assessable wearing. The apparent differences in figure 1b are related to 
the intrinsic in homogeneities in the HfO2 film, as observed in other 
thin oxides [108-116].

We scanned the surface of the sample before and after the 
dielectric breakdown (DB) to study the tip wearing effect. Figures 1c 
and 1d show the topographic CAFM images of samples scanned with 
as-received tip and graphene-coated tip after the DB event, which was 
induced previously by ramped voltage stresses. As the images show, 
at fresh areas (surrounding parts of the map) the topographies of 
both images are in the range of 2 nm [117], while the clear difference 
can be seen at the areas where DB was triggered (central area). The 
high hillock of 31.2 nm shows up using as-received tips (Figure 1c), 
a reported phenomenon known as dielectric breakdown induced 
epitaxy (DBIE) that is related to the violence of the uncontrolled 
DB [118]. Note that, these phenomena are especially harmful to the 
CAFM tips when inducing the DB due to the instability of the CAFM 
tip metallic varnish [119]. Platinum and Iridium atoms from the tip 
can break their bonds and penetrate in the insulating layer, which 
will not only destroys the tip, but also contaminates the samples, 
indeed providing untrue electrical and topographic data. On the 
contrary, when the DB is induced using graphene-coated tips no 
surface modification is observed. Graphene-coated tips successfully 
avoid the tip-sample interaction during the DB event, which would 
interest many researchers in the field of resistive switching. At the 
same time, SEM images also demonstrate the extremely low wearing 
of graphene-coated tips. Figures 1e and 1f show the SEM images of 
both Pt–Ir and graphene-coated Pt–Ir tips after 20 I-V curves and one 
topographic map. It is evident that the as-received tip can wear out 
easily due to the high currents, while the graphene-coated tip remains 
with the same shape (and high conductivity).

The capabilities of the tips fabricated by this method were further 
corroborated in our further report in Ref. [120]. In that work, an 
enhanced resolution of the tips is reported, this may be related to 
the presence of a nanogap between graphene and the tip apex. Such 
phenomenon may reduce the tip radius and tip-sample contact area.

Figure 1: I-V curves collected from the bare surface of HfO2/SiO2 stack using 
(a) a pristine tip, (b) a graphene-coated tip. Each image contains the 1st, 3rd, 
5th, 10th, 15th, and 20th measurements. (c) and (d) show the topographic 
maps after reaching the dielectric breakdown (DB) with a non-coated tip and 
a graphene-coated tip, respectively. (e) and (f) are SEM images of Pt-Ir tip 
and graphene-coated Pt-Ir tip after the 20 I-V curves and one topographic 
scanning, respectively. The scale bars in (e) and (f) are 5 μm and 3 μm, 
respectively. Reproduced with permission from Ref [101]. Copyright 2013 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



Ann J Materials Sci Eng 1(3): id1014 (2014)  - Page - 05

Mario Lanza Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

Electrochemical cells
The ability of graphene to protect underlying materials has 

also been extended to other fields. As an example, GSL sheets 
have demonstrated corrosion resistance to electrochemical cells. 
Traditional electrochemical devices such as water splitting cells 
(among others) used metallic corrosion-resistant coatings. Chen et 
al. [121] reported Iridium corrosion-resistant nanocomposite for 
the oxidation of water. But the problem related to this work is the 
high cost of the Iridium. The breaking work of Kenney et al. [122] 
showed that deposition of a thin and inexpensive layer of nickel film 
on n-type silicon (n-Si) affords active and durable oxygen evolution 
reaction (OER).

Graphene has been shown to be a potential alternative, offering 
notable degrees of protection. Chen et al. [123] reported a combined 
reduced graphene oxide (rGO)/TiO2 on top of Fluorine-doped Tin 
Oxide, which showed better performance than the same device 
without rGO, with a power conversion efficiency (PCE) from 5.8% to 
8.13%. Furthermore, graphene is also a good photoanode, replacing 
semiconductor oxides. As shown by Anish et al. [124], the PCE can be 
improved from up to 12% by mixing TiO2 with graphene derivative. 
In addition, graphene can be used in the counter electrode, which 
dictates the cathodic activity and alters the performance by regulating 
the restoration of redox couple. Lee et al. reported the performance 
of a graphene-based 3D nano-foam, which showed short-circuit 
current density of 12.1 mA/cm2, and open circuit voltage of 0.7 V, 
respectively. Chen et al. [125] got an even higher efficiency with a 
similar system.

Furthermore, Dhiraj et al. [126] demonstrated that graphene 
could effectively protect underlying metals from corrosion in 
electrochemical assays. As an example, Figure 2(a) shows the cyclic 
voltammograms (CV) collected on Cu foils with and without 
graphene protection. The CV curves show four peaks compatible with 
these reactions. The cathodic current decreases when the potential is 
less negative, extending with an anodic peak at 150 mV (Potential vs. 
Ag/AgCl), which results from species formed on the bare surface of 
Cu. These adsorbed species can be subsequently dissolved by quartz 
crystal microbalance (QCM) and rotating ring-disk electrode (RRDE) 
experiments [127]. The three cathodic peaks at 0, 250, and 550 mV, 
which are related to electroreduction of copper ions, can also be 
observed. On the contrary, the Gr/Cu samples show no peaks in the 
CV process and exhibit extremely low current at positive potentials. 
It is convincing that GSL provides a valid barrier holding back the 
corrosion of the copper surface. In order to get more information 
about the nature corrosion, SEM images are obtained in Figure 2b, 
showing the Cu and Gr/Cu samples before and after CV scan. As it 
can be observed, the surface of bare Cu is entirely damaged after the 
CV process (200 mV from the open circuit potential, OCP), while 
in Gr/Cu samples most areas keep the original state, only some 
isolated areas degrades. That is, the corrosion occurred at the areas 
uncovered by graphene, which means single layer graphene can serve 
as corrosion-inhibiting coating to protect the underlying metal.

Stability of Graphene
Among all the properties of graphene, the one that seems to have 

a more immediate application for the industry is its stability. More 
specifically, graphene has been shown to be a good anti-corrosion and 

anti-oxidation layer. The use of graphene in this field is one of the 
easiest possible, since it doesn’t need any additional treatment, device 
pattern or lithography, and just the raw material should be grown on 
transferred on the one to protect. This industry-friendly application 
may be the motor field for the introduction of graphene in mass 
consumables. In this section we analyze the stability of graphene from 
three different points of views by highlighting notable reports related 
to graphene stability.

Impermeability
From the point of view of impermeability, graphene can be 

understood as a nanometric shield which can effectively withstand 
the wear produced by invasive agents from ambient. The hexagonal 
network of carbon atoms in graphene is so dense that no known 
material can penetrate it. Bunch and co-workers [24] described 
graphene as a membrane that could block transferring gas molecules. 
In their work, the graphene film could withstand a pressure difference 
larger than one atmosphere. Figure 3a schematically shows a graphene-
sealed SiO2 microchamber. Graphene thickness was altered from 1 
to ∼75 layers, which was proved by Raman spectra [128,129]. The 
graphene film was able to stick to the microchamber side walls by van 
der Waals force between graphene and SiO2, forming a gas package 
with a size of ∼µm3. The inset in Figure 3a shows a 4.75 µm × 4.75 
µm squared graphene sheet sealing the top face of the microchamber. 
The pressure difference ∆p was defined as the difference value of the 
inside pressure (pint) (atmospheric pressure, 101 kPa) and the external 
pressure (pext) of the microchamber is ∆p = pint - pext. If pext is changed, 
pint would become to a balance state to pext because of relaxation 
effect, and the relaxation time could be varied from minutes to days 
depending on the gas species and the temperature.

For times shorter than the equilibration time, an apparent 
pressure difference ∆p can exist across the membrane, causing it 
stretching like the surface of a balloon (Figure 3b). Situations for 
∆p>0 and ∆p<0 are shown in Figure 3c and Figure 3d, respectively. 
The authors successfully created a positive pressure difference, ∆p>0 
and a lower pressure in the chamber (∆p<0), and observed the images 
of the membrane bulges upward and deflected downward by tapping 
mode atomic force microscope (AFM), respectively. Figure 3e 
shows results for different membranes of altered thicknesses and for 
different gases: air, argon and helium. Each gas showed no noticeable 

Figure 2: (a) Cyclic voltammetry curves of bare Cu and Gr/Cu samples in the 
electrolyte of 0.1 M Na2SO4. Blue line is measured with nitrogen bubbled in 
the solution. (b) SEM images of Cu and Gr/Cu samples before and after CV 
scan. Reprinted with permission from Ref. [126]. Copyright 2012 American 
Chemical Society.
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dependence on thickness from 1 to 75 atomic layers under the 
situation of approximately same pressure difference applied across the 
membrane, indicating that the leak was neither through the graphene 
sheets nor though defects in these sheets. This suggests glass walls of 
the microchamber or the graphene-SiO2 sealed interface should be 
responsible to the gas leak [130]. This offers the opportunity to probe 
the permeability of gases through atomic vacancies in single layers of 
atoms [131] and defects patterned in the graphene membrane, acting 
as selective barriers for ultrafiltration [132,133].

Anti-oxidation barrier
Graphene has also shown the ability of protecting some materials 

from oxidation. Chen et al. [134] used as-grown graphene in CVD 
system for the first time to protect Cu or Cu/Ni alloy surfaces from 
oxidation. The introduction of this protection layer led a passivation 
of the metal or metal alloy underneath. Our recent publication [107] 
proved that graphene transferred from original growth substrate to 
the target substrate also has passivation effect. The earlier discussed 
impermeability [24] is one of the aspects responsible to the passivation 
since the covering graphene offered an inserted block between the 
reactants and the protected metal or metal alloy. In other words, a 
solid film barrier was provided to separate the environment and the 
metal surfaces physically. On the other hand, the employed barrier 
layer should be chemically inert in the active oxidation environments 
[135]. Therefore, the stability of graphene in wild oxidation 
environments is another important consideration for its further 
applications. To investigate and verify graphene’s chemical stability, 
graphene-covered Cu and Cu/Ni samples were exposed in accelerated 
oxidative environments, one of which was lengthy air anneals (200OC, 
4 h) and the other one was hydrogen peroxide (H2O2, 30%, 2 min). 
Figure 4a schematically shows that the graphene film played the role 
of a molecular diffusion barrier, keeping the reactive agent away from 

the metal underneath. Interestingly, as a vivid example, comparison 
was carried out between two penny coins (95%Cu/5%Zn), one of 
which was coated by graphene monolayer and the other was naked. 
H2O2 treatment was introduced to these coated and uncoated coins. 
As shown in Figure 4b, the uncoated copper penny showed a color 
change caused by oxidation, whereas the graphene-coated coin kept 
the appearance like its original.

X-Ray Photoelectron Spectroscopy (XPS) analysis was able to 
monitor elemental variations before and after heating (200OC, 4 h) in 
both graphene-coated and uncoated Cu and Cu/Ni substrates. Before 
air annealing, original graphene-coated and uncoated Cu possessed 
same sharp peaks in their XPS spectra, at binding energies of 932.6 
and 952.5 eV , which has been proved corresponding to Cu2p3/2 and 
Cu2p1/2 [136,137]. Importantly, after air annealing the graphene 
coated Cu foil maintained the same two sharp peaks, but the 
uncoated Cu received broader peaks combined with binding energies 
of different copper oxides, Cu2O (932.5 and 952.3 eV), CuO (933.6 
and 953.4 eV), and Cu(OH)2 (934.7 and 954.5 eV) [130,131] (Figure 
4c). As convincing evidence, a Raman spectrum was employed in 
order to confirm which new materials formed after treatment (Figure 
4e). A small G/2D peak ratio (∼0.5) of the coated Cu foil before 
treatment indicated the high quality single layer graphene [129]. On 
the contrary, after heat treatment multiple peaks between 214 and 800 
cm-1 appeared to the uncoated Cu foil, supporting the existence of 
various copper oxides: Cu2O (214, 644 cm-1), CuO (299, 500 cm-1), 
and Cu (OH)2 (800 cm-1) [138,139] (Figure 4e). Similarly, the same 
phenomena were observed on the graphene-coated and uncoated 

Figure 3: (a) Schematic of a graphene sealed microchamber. (Inset) optical 
image of a single atomic layer graphene drumhead on SiO2. (b) Side view 
schematic of the graphene sealed microchamber. (c) AFM image of a ∼ 9 
nm thick many-layer graphene drumhead with Δp > 0. (d) AFM image of the 
graphene sealed microchamber of Figure 3a with Δp= -93 kPa across it. (e) 
Relationship of the gas leak rates vs. thickness: Helium (▲), argon (■) and 
air (□). Reprinted with permission from Ref. [24]. Copyright 2008 American 
Chemical Society.

Figure 4: (a) Schematic of a graphene sheet as a chemically inert diffusion 
barrier. (b) Image of a penny coated (upper) and uncoated (lower) with 
graphene after treated in H2O2 for 2 min (30%). (c) XPS core-level Cu2p 
spectrum of coated (upper) and uncoated (lower) Cu foil after air anneal 
(200oC, 4 h). (d) XPS core-level Ni2p3/2 and Cu2p3/2 spectrum of coated 
(upper) and uncoated (lower) Cu/Ni foil after air anneal (200oC, 4 h). Raman 
spectrum of the (e) Cu and (f) Cu/Ni alloy foils with and without a graphene 
coating after air anneal (200oC, 0 and 4 h, respectively) Reprinted with 
permission from Ref. [134]. Copyright 2011 American Chemical Society.
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Cu/Ni substrates. As shown in Figure 4d, two sharp XPS peaks 
corresponding to Cu2p3/2 (932.6 eV) and Ni2p3/2 (852.5 eV) [136] 
are present, demonstrating no elemental variation in the protected 
metal. As before, uncoated foil reveals two broader peaks, one of 
which is combined with two nickel oxide peaks, NiO (854.5 eV) and 
Ni(OH)2 (856.0 eV), [136,140] and the other is composed of the peaks 
of metallic Cu (932.6 eV) and two copper oxide peaks, CuO (933.6 
eV), and Cu(OH)2 (934.7 eV). These XPS spectra indicate that the 
naked Cu/Ni foil was certainly oxidized after heat treatment. The 
Raman spectra in Figure 4f shows high quality multilayer graphene 
characteristics of the coated Cu/Ni foil revealed by a low D band in 
conjunction with the distinct G and 2D peak shapes. Bare Cu/Ni foil 
shows CuO (299, 342, 634 cm-1) and Cu2O (218 cm-1) peaks as well as 
NiO peaks (550 and 1100 cm-1) [141, 142].

This work opened the door of graphene research for thermal 
stability and oxidation resistance. It established a model and offered 
an orientation guiding the further deeply study. Based on this work, 
Kwon et al. [143] recently reported a new strategy to use graphene 
and metal-chloride-doped graphene (D-G) over layers for improving 
thermal stability, and they found that the thermal stability was 
effectively extended. Liang and co-workers [144] utilized a similar 
system, and they proved (by using electrochemical corrosion tests) 
that 7 min is the optimized growing time for protection against 
corrosion among all graphene coated Cu samples. Nguyen [145] 
reported the limit of graphene as a diffusion barrier is 800OC.

Wetting transparency
As explained, graphene offers an unpenetrable barrier for 

external agents but, surprisingly, it also presents a more exotic 
property: wetting transparency. The chemical interaction between 
a graphene-coated material and environment is non-ignorable. 
In many applications the properties of coated materials need to be 
maintained. As a plain example, three dimensional coatings like 
paints [146], oxides [147], polymers [148], or metallic stacks [149], 
have shown to be a reliable coating for many applications, but the 
main drawback is that their three dimensional structure can alter the 
electrical, physical, thermal and chemical properties of the material 
underneath. On the contrary, due to its two dimensional nature, 
graphene can offer an efficient barrier without altering many of those 
properties. Rafiee et al. [17] investigated the impact of wettability 
to several materials, copper, gold, silicon and glass by coating the 
materials with graphene in different layers. They found that if the 
materials were coated by single layer graphene, the wettability of Cu, 
Au and Si had no apparent change. This phenomenon was defined as 
‘wetting transparency’ which means the graphene sheet was ‘indeed 
there’ but seemed ‘not there’. However, the wettability of glass was 
changed remarkably by the inserted graphene, which means graphene 
was not “wetting transparent” to glass.

As shown in Figure 5a, the water contact angles on naked Au and Si 
surface were 32.6O and 77.4O, respectively. After coated by a graphene 
monolayer, the corresponding contact angles were altered to 33.2O 
and 78.8O, respectively, resulting in only a ~1-2% increase. Similar 
phenomena were observed on Cu substrates: a graphene monolayer 
lead to a contact angle increase of only 0.7%, from 85.9O to 86.2o as 
shown in Figure 5b. Along with the graphene thickness increase, 
the contact angle continuously raised. Two and three layers did not 

introduce an apparent increase of contact angle (86.6O), but when four 
layers were coated a sudden increase to 88.3O was observed. The water 
contact angle finally saturated at the bulk graphite value (~90.6O) for 
more than six graphene layers. In other words, monolayer graphene 
coatings offer wetting transparency to the underlying substrates 
like Cu, Au and Si. Differently, wetting transparency of graphene 
wasn’t observed on glass surface where short-range chemical forces 
(hydrogen bonding with water) dominated the water contact angle. 
As shown in Figure 5c, naked glass had a contact angle of ~ 20.2O and 
a coated graphene monolayer caused an apparent increase of contact 
angle to 48.1O. The saturated contact angle was ~94O after the coated 
graphene layers exceeding 6, which was also close to that of the bulk 
graphite value.

Water contact angle on a material surface is related to the 
absorption energy [150,151], and therefore, the wetting transparency 
of graphene on Cu can be understood in terms of how the graphene 
layer affects the adsorption energy of water on the Cu substrate. 
Water molecules interact with neighbouring Cu atoms within the 
interaction range when absorbed on the Cu substrate. Thus the 
inserted graphene monolayer just changes the topmost layer of Cu 
without any replacement of majority of the Cu neighbors. Figure 5d 
shows the predicted adsorption energy for Cu substrates with different 
numbers of graphene layers. It can be easily recognized that the 
adsorption energy of water on Cu can be differed only 0.4% by coating 
Cu substrate with graphene monolayer. The thinness geometry plays 
a main role on this wetting transparency because it doesn’t influence 
the adsorption energy of water molecules with the substrate. The 
adsorption energy decrease is related to the increasing number 
of graphene layers and it reaches saturation at ~4 layers. Classical 
Young-Dupre equation [152-154] and their proposed molecular 
dynamics (MD) model were employed to compare the contact 
angles for water on Cu with different numbers of layers of graphene, 
as shown in Figure 5e. Both the models qualitatively reproduce the 

Figure 5: (a) Water contact angle measurements for Si and Au substrates 
with and without a monolayer graphene coating. Water contact-angle 
measurements on Cu (b) and glass (c) substrates with different numbers of 
graphene layers. (d) Predicted adsorption energy of water on Cu substrates 
with different numbers of graphene layers. (e) Comparison of the molecular-
dynamics predictions with continuum predictions based on the classical 
effective-interface-potential approach. (f) Test set-up showing the graphene-
coated Cu sheet mounted on a thermally insulated cooling block in an 
environmental chamber. An array of thermocouples are used to measure the 
temperature of the Cu sheet surface, the ambient temperature and the 1D 
heat flux through the cooling block. Reprinted with permission from Ref. [17]. 
Copyright ©2012 Nature Pub. Group.
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contact-angle transition observed in the experiments (Figure 5d). 
The authors concluded that the wetting transparency of graphene is 
attributable to its extreme thinness because the relatively long-range 
van der Waals interaction (between water and Cu) dominates. It also 
provided an explanation why the wetting transparency breaks down 
for surfaces such as glass where chemistry plays the dominant role: 
the introduction of graphene at the water/glass interface will disrupt 
the short-range chemical interactions that play a dominant role in 
determining the water/glass contact angle.

Condensation heat transfer experiments on a Cu sheet (40 mm 
in diameter) with and without monolayer-graphene deposition were 
carried out to testing the function of graphene (Figure 5f). In this 
trial, surface oxides and strongly variation of surface wettability may 
introduce negative impacts, because oxides play the role of a thermal 
barrier that reduces the heat transfer coefficient at Cu interfaces. This 
phenomenon can turn the material surface into hydrophilic, which 
can lead to a liquid film which adversely affects condensation heat 
transfer [155]. The experiments demonstrated for the first time that 
the condensation heat transfer was enhanced by approximately 30-
40% (over a wide range of temperatures) by coating Cu with graphene. 

Understanding to graphene’s wettability opened a new field for 
its applications. Specially, when oxygen-containing functional groups 
are introduced in the basal plane, graphene can be tuned hydrophilic 
[156]. Along with the increasing of the oxygen-containing functional 
group concentration, the water contact angle decreases. On the other 
hand, hydrophobic effect can be achieved by electrically doping of 
single layer graphene [157], which contributes to renormalization of 
the surface tension between graphene and water. In the same line, 
artificial superhydrophobic graphene was also reported [158]. By 
combining the wettability of graphene, not only wetting transparency 
can be carried out, but also slip flow inside the interlayer gallery 
between graphene layers can be optionally enhanced and broken 
down [159].

State-of-the-art of graphene as anti-corrosion layer
Graphene singer layer was recently reported to be successfully 

used as coating material to prevent oxidation of different underlying 
substrates [134]. As mentioned, the genuine sp2 hexagonal distribution 
of carbon atoms provides an impermeable physical barrier that 
avoids substrate-environment interaction, as already demonstrated 
in other ultra-thin carbon-based structures such as carbon nanotubes 
[160]. Cho et al. and Chen et al. have demonstrated that graphene can 
provide effective oxidation resistance for the underlying Cu and Cu/
Ni alloys [134,161] as we mentioned in last section. Prasai et al. and 
Kirkland et al. have demonstrated that graphene films could serve 
as corrosion-inhibiting coatings and have studied the passivation 
mechanism using electrochemical techniques [126,162] respectively, 
as described in the Section 2. Recently, Podila et al. have reported that 
graphene coating could enhance both bio- and hemo-compatibility 
of implant materials [163,164]. Notably, it has been found that almost 
all the cell viability results with the presence of graphene coated 
NiTi were similar or even lower than those observed for pristine 
NiTi, indicating a modest protection offered by graphene to NiTi 
[163,164]. Zhang et al. [165] performed the experiments studying the 
protection of Cu by graphene in live animals to evaluate its potential 
as a biocompatible passivated coating for metals in physiological 

conditions. His study reveals that graphene coating could be used 
as a possible versatile strategy to protect metals under physiological 
conditions, opening up the door for its biomedical application, such 
as metal implants. So the research on its oxidation resistance has 
diverse potential applications.

It has been demonstrated that the oxidation stability of graphene 
is strongly related to its nanostructure. Li et al. [166] designed a 
method to monitor the growth process of graphene on Cu or Ni 
substrate by alternately injection of 12C and 13C sources. He found 
that, on Ni substrate the dispersion of 12C and 13C was random but 
on Cu substrate it was regionally pure, that is, on Ni surface it was 
a ‘segregation’ and ‘precipitation’ process, but on Cu surface the 
formation process was driven by ‘absorption’. But similarly, in both 
cases the so called ‘wrinkles’ appeared, which confined the domain 
size in several micrometers. These wrinkles were due to the different 
coefficient of thermal expansion between graphene/graphite and the 
underlying metal substrate [167,168]. Figure 6a shows an optical 
micrograph of the graphene film transferred onto a SiO2/Si substrate 
from the original deposited Cu foil [50,169]. The Raman spectra in 
Figure 6b shows the graphene having regions close to pure 12C (green), 
regions of isotopically pure 13C (blue), and regions containing both 
12C and 13C (red). The colors of Raman patterns are corresponding to 
the mark circles in Figure 6a. But, due to the unavoidable presence 
of defects, its degree of protection is also not ideal. Graphene flakes 
synthesized by any method always contain a certain degree of 
non-idealities, such as domain boundaries rich in pentagonal and 

Figure 6: (a) An optical micrograph of the identical region analyzed with 
micro-Raman spectroscopy. (b) Raman spectra from 12C-graphene (green 
circle), 13C-graphene (blue circle), and the junction of 12C- and 13C-graphene 
(red circle), respectively. (c) SEM images of graphene coated (upper) and 
uncoated (lower) Cu foil taken before (left column) and after (right column) 
annealing in air. (d) SEM images of graphene coated (upper) and uncoated 
(lower) Cu/Ni foil taken before (left column) and after (right column) annealing 
in air. Reprinted with permission from Ref. [166,134]. Copyright 2009 
American Chemical Society & 2011 American Chemical Society.
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heptagonal lattices, missing bonds, impurities and wrinkles, leading 
to an inhomogeneous degree of protection. The first sign of non-
ideality of graphene coating dates from 2009. In the same work in 
which the anti-oxidation property of graphene was reported [134], 
the authors suggested the local oxidation of the protected material 
can take place at the graphene defects, mainly located at the domain 
boundaries. More specifically, the SEM micrograph had a number 
of small bright white spots representing oxides formed (Figure 
6c,d), most likely at the graphene grain boundaries or defect sites 
of the graphene surface [166]. Similarly, short time exposure to the 
oxidizing aqueous solution of H2O2 showed also significant attacked 
in few spots (white regions) after 15 and 5 min of H2O2 exposure, 
respectively.

The imperfections of graphene as anti-oxidation coating were 
further accentuated by Schriver [170] and the co-workers, who 
performed long-term research. They found that graphene could offer 
effective short-term oxidation protection, but it played a reverse 
role over long time scales, namely, it promoted more extensive wet 
corrosion than that seen for an initially bare, unprotected Cu surface. 
In their work they used two sets of samples, the first consisting on 
bare Cu foils and the other GSL/Cu stacks. As shown in Figure 7a 
and c, the as prepared bare Cu foils had the similar shiny appearances 
to the monolayer-graphene-coated samples. The colors of all samples 
were same and difficult to be distinguished by naked eyes. They 
analyzed two groups of samples, and in each group there was a bare 

Cu foil and a monolayer-graphene-coated one. The two groups were 
treated in ambient at 250OC and 185OC, respectively. At 250OC, 6 min 
was long enough to make the bare Cu significantly oxidized, while 
the graphene-coated Cu sample showed little oxidation. Despite 
these initial promising results, a 17-hour heat treatment revealed 
that under such conditions both the bare and graphene-coated Cu 
foils were heavily oxidized and indistinguishable. This surprise was 
not an accidental phenomenon, the similar process occurred at 
185OC. At 185OC, after 15 min the bare Cu was partially oxidized, 
while the monolayer-coated Cu was close to its pristine state. After 
17 h in air at 185OC, both the bare Cu and the monolayer-graphene-
coated Cu were heavily oxidized, as to their counterparts at 250OC. 
The difference is that the effective time scale for thermal oxidation 
protection by graphene on Cu is on the order of 1 h at 185OC, about 
an order of magnitude longer than similar systems at 250OC. These 
two cases are consistent to other recent reports [126,134,162,171,172], 
in which graphene provides significant short-term thermal oxidation 
protection to Cu at very high temperatures and short times (several 
minutes). It is concluded that graphene serves as an impressive 
oxidation barrier for Cu, likely due to the low permeability of graphene 
to gases, but at a long time scale the graphene-coated Cu succumbs 
to thermal oxidation, as corroborated by Raman spectroscopy. 
Even longer time analyses revealed further interesting information: 
i) oxidation of graphene-coated Cu initially occurs in the relatively 
sparse regions of graphene grain boundaries, cracks, and point 
defects. ii) The longest time scale for graphene protecting Cu from 
oxidation or corrosion is weeks (Figure 7d). Over longer time scales 
at room temperature, the Cu surface was uniformly oxidized (Figure 
7e and f), much worse compared to the bare Cu substrate (Figure 
7b). It seems that graphene even promoted Cu corrosion instead of 
preventing it. From an extended-duration experiment carried out at 
25OC up to 18 months it was found the Cu substrate covered with 
monolayer graphene was even more heavily oxidized than the same 
sample treated at 250OC for 17 hours, with a production of Cu2O, 
rather than CuO. Thus, at room temperature and in time scales over 1 
month, graphene plays the role for long-term metal oxidation barrier. 
Three aspects were thought responsible for the worse performance 
of graphene on long-term oxidation resistance. Firstly, highly 
conductive graphene and Cu drive galvanic corrosion of Cu [172,173] 
by maintaining charge transfer to the bulk of the Cu, and allowing 
the full electrochemical reaction to continue unimpeded because the 
graphene coating maintains electrical contact across the surface of the 
Cu and sparse protected regions of Cu. Secondly, over several months 
O2 and H2O infiltrate and bleed through the defects in the graphene, 
diffusing between the graphene and Cu, oxidizing or corroding the 
entire surface of the underlying substrate. Additionally, non-uniform 
oxidation beginning at graphene defects lead to stress and cracking 
of the oxide layer, which opens up new avenues for corrosion. From 
the geometric point of view, a solution to deal with this problem 
is taking bilayer graphene as a succedaneum to replace graphene 
monolayer, since the defects of both layers will rarely coincide at the 
same location.

Ageing of Graphene-coated Materials
The intrinsic inhomogeneities of graphene lead to a diversity of 

surface defects that act differently in contact with the environment 
(gas and liquids). Therefore, the introduction of graphene in 

Figure 7: Optical micrographs of (a) as bare Cu, (b) bare Cu oxidized in 
ambient conditions over 2 years, (c) as prepared graphene-coated Cu, (d) 
graphene-covered Cu 1 week after graphene growth, (e) graphene-covered 
Cu 5 months after graphene growth and (f) graphene-covered Cu 18 months 
after graphene growth. All the samples were put in ambient conditions. 
Reprinted with permission from Ref. [170]. Copyright 2013 American 
Chemical Society.
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real applications requires an exhaustive characterization of these 
features, including reliability models and lifetime predictions. It 
seems evident that the modifications produced on graphene-coated 
metals are related to local oxidation. In our previous work [174], we 
demonstrate that local oxidation of graphene-coated materials can 
effectively happen, and it can dramatically modify the performance 
of real devices. Therefore, the ageing of graphene-coated materials 
should be studied in each specific application to be able to make 
lifetime predictions. 

Figures 8a and 8b show the simultaneously collected topographic 
and current images of the sample treated in H2O2 for one hour. Both 
figures show important inhomogeneities, due to the formation of a 
network of hillocks at the graphene surface during the treatment. 
At the locations where hillocks were formed the conductivity was 
dramatically reduced. The same phenomenon was also observed 
when oxidizing the samples in air. The Auger Electron Spectroscopy 
(AES) oxygen maps (Figure 8c) reveal that plateaus and hillocks 
show different amounts of oxygen, and the patterns of oxygen signal 
are apparently similar to that of the bright spots in the SEM image 
(inset in Figure 8c). It is worth noting that the hillocks outline regions 
with shapes and sizes similar to the graphene domains. Pentagonal 
and heptagonal defects originated from the missing bonds at the 
GSL domain boundaries may be responsible to the inhomogeneous 
oxidation.

Wei et al. further explored this phenomenon by utilizing the 
molecular dynamics (MD) simulations and continuum mechanics 
[175]. It was well known that at the atomic level, boundaries in 

graphene are usually formed by typical defects of pentagon-heptagon 
rings [176-180], but these features are not uniformly spaced and their 
accumulation leads to the non-uniformity of graphene in terms of 
forming tilt boundaries, namely armchair tilt boundaries and zigzag 
tilt boundaries. In general, increasing tilt angles can introduce more 
boundary defects, leading to higher boundary energy. Armchair tilt 
boundaries under present consideration are either composed of an 
array of uniformly distributed disclination dipoles (Figure 8d) or an 
array of disclination dipole clusters (Figure 8f, h). MD simulations 
for calculation of the stress contours are shown in Figure 8e, g, i, 
respectively, for the corresponding boundaries shown in Figure 8d, f 
and h. For the stress induced by disclination clusters (Figure 8f, h), it 
was found that the top-most dipole in a cluster has the highest normal 
stress (Figure 8g, i). In comparison, zigzag tilt boundaries were 
formed by evenly spaced disclination clusters, as shown in Figure 8j, 
where the stress induced by the disclination clusters (Figure 8k) is 
much greater than that by the disclination dipole in Figure 8e. The 
stress can be sorted as zigzag tilt boundaries - armchair tilt boundaries 
- domains, and the energy for each situation is ranked in the same. 
So the zigzag tilt boundaries are most sensitive to the environment 
variations, followed by the armchair tilt boundaries. The combination 
of zigzag tilt boundaries and armchair tilt boundaries causes the 
formation of defect boundaries of graphene. This also explains why 
the oxidation preferentially happens at the corners of the domain 
boundaries than along with the boundaries. The results are consistent 
with the observation mentioned in Figures 6c and d.

We observed such boundaries after full oxidized in H2O2 for 1 
h [181] and statistically showed that the boundaries were ~215 nm 
in width and ~10 nm in height at the saturated state. Figure 8 shows 
a schematic of one oxidized region of an 8.4 μm x 14.4 μm area. A 
calculation was made using a threshold slightly and the mean value 
of the area covered by the oxidation paths was 23.61%. The graph 
below shows one example of a real cross section in a region similar 
to the A-B line in the schematic. In this work, we also observed the 
formation and propagation of the oxide hillock around the domain 
boundaries. Initially, no corrugations have been observed. Soon, 
we observed some areas with narrow and low density hillocks while 
others kept unaltered. Finally, the hillocks with high density became 
wider and show the network on the whole area. Interestingly, we 
observed that the graphene sheets exposed to H2O2, in which the 
accumulation of oxygen at the graphene domain boundaries evolves 
in a very controlled and progressive way. Furthermore, the oxide 
hillocks can propagate with the soaking time until reaching a limit 
width and height, which can drastically reduce the performance of 
a whole graphene sheet. All these results conform to the applied 
simulation.

To lower the ageing effect of graphene, on one hand the material 
quality itself should be steady improved, and on the other, new designs 
are needed to protect the utilized graphene. From the material point 
of view, graphene should be synthesized with few defects and in a 
large scale. Some of the techniques described in introduction section 
tried to fulfill this requirement, and every day we see more and more 
reports in this direction. Wu et al. [182] reported the synthesis of 
graphene by employing hydrogen arc discharge. Using this method 
graphene defects could be in situ healed by high plasma temperature 
and etching effect of H2 on amorphous carbon [183,184]. By this 

Figure 8: (a) topographic and (b) current maps when scanning the surface of 
a GSL/Cu sample that was soaked in H2O2 for 1 h. (c) The content of oxygen 
map measured with AES on the GSL/Cu sample soaked in H2O2 for 1 h. 
(inset) corresponding to SEM image of the same location. (d) A disclination 
dipole formed by a pentagon–heptagon defect. (f, h) Armchair tilt boundaries 
with tilt angles θ=16.4o and θ=17.9o formed by evenly displaced disclination 
clusters. (j) Disclination clusters in zigzag tilt boundaries. (e, g, i, k) Normal 
stress contours induced by defects from (d, f, h) and (j), respectively. (l) 
Schematic of the formation and propagation of the oxide hillock around the 
domain boundary and the lower curve shows the statistical analyses of width 
and height of the hillocks. Reprinted with permission from Ref. [174,175,181]. 
Copyright ©2013, Tsinghua University Pressand Springer-Verlag Berlin 
Heidelberg & 2012 Nature Publishing Group.
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method, H2 is added in, and the oxygen-containing groups tend to be 
removed in the form of H2O instead of CO2, avoiding the production 
of vacancies (lower loss of carbon atoms). The thus formed graphene 
possesses superior advantages, such as good crystallinity, high thermal 
stability and high electrical conductivity (~2×103 S/cm). Strong et 
al. [185] developed an inexpensive process to deoxygenate graphite 
oxide layers to create laser scribed graphene (LSG) by using laser. 
The LSG can be directly patterned onto various flexible substrates 
without masks, templates, post-processing, transferring techniques, 
or metal catalysts. The electrical conductivity of LSG is tunable 
over 5 orders of magnitude by varying the laser intensity and laser 
irradiation treatments. Lee and co-workers [186] recently reported 
a new scheme to synthesize graphene on the surface of hydrogen-
terminated germanium buffer layer on silicon. The prepared graphene 
was wrinkle-free single-crystal monolayer in wafer-scale. The 
germanium (110) surface offers unidirectional alignment conditions 
by its anisotropic two fold symmetry, causing single-crystal graphene 
growth with predefined orientation. Importantly, carbon atoms in 
the graphene were fully sp2-hybridized without a bonding interaction 
with the underlying Ge surface, which enabled the facile etch-free dry 
transfer of graphene and the recycling of the germanium substrate for 
continual graphene growth.

As discussed above, graphene is also oxidized, which might limit 
its applications. Actually, all carbon materials, like carbon nanotubes 
and graphene, are not absolutely stable as their ends or edges are 
readily oxidized owing to the presence of more defects, such as 
dangling bonds in regions that are susceptible to be attacked by OH− 
ions [187] as shown in Figure 9. Li et al. [188] reported that the double 
layer capacitance (DLC) of nanographite materials (NGMs) before 
oxidation reaction is directly proportional to the level of oxidation of 
the NGMs in the electrolyte, with large DLC leading to poorer oxidation 
stability for the NGMs. They introduced a perfluorosulfonic acid 

(PFSA) polymer to selectively modify the surface of the NGMs (PFSA-
NGMs) and reduce the DLC by diminishing the electric conductivity 
and limiting adsorption of electrolyte ions on the surface of NGMs. 
The results showed that the DLC of PFSA-graphene dropped to 66% 
of the original graphene, proving the effectiveness of the polymer 
functionalization to prevent oxidation of NGMs by decreasing their 
DLC. Another methodology to develop protective coatings is to 
combine graphene with other nanostructured materials, like carbon 
nanotube and metal nanowires [25-27]. It was proved that hydrazine-
reduced graphene combined with carbon nanotubes has the potential 
to be used as a transparent conductor alternative to indium tin oxide 
(ITO). An ingenious design was proposed by Lee et al. [189] using 
two-dimensional graphene and one-dimensional NWs in a hybrid 
film, leading to flexible and stretchable, transparent electrodes. Using 
such methodology, electrical properties were significantly enhanced 
with negligible degradation of optical transmittance. The hybrid 
electrode presents superb mechanical flexibility and stretch ability, 
which enables complete folding in half. Interestingly, the fabricated 
electrodes were used in an inorganic light-emitting diode (ILED, 
Figure 10a), which was attached to an eye contact lens (Figure 10b). 
After rubbing this ILED on the eye of a mannequin (Figure 10c) or in 
a live rabbit eye for five hours (Figure 10d) it was still working with 
emitting light (Figure 10e) without any abnormal behavior of the live 
rabbit like bloodshot eyes. The turn-on voltage was maintained after 
this in-vivo experiment with a negligible resistance increase. Such 
performance is related to the slight slipping of ILED on the surface of 

Figure 9: TEM images of CNT2040 (inset: enlarged images) (a) before 
and after oxidation of (b) 30-minutes and, (c) 48-hours. (d) TEM image of 
graphene before and after (inset) oxidation. Reproduced with permission 
from Ref [188]. Copyright© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim.

Figure 10: (a) Schematic illustration of the single-pixel contact lens 
display layout. The photograph of (b) the contact lens device (Inset: optical 
microscopic image of slightly sunken ILED on the surface of hybrid electrode 
and contact lens) and (c) the ILED-hybrid electrode-contact lens device on 
an eye of a mannequin (Inset: a photograph for emitting light of contact lens 
device on a mannequin eye after supplying bias.). (d) The photograph of 
contact lens device on a rabbit eye and magnified image of ILED part of the 
device (right-bottom inset). (e) I−V characteristic curve of ILED before and 
after wearing contact lens device on a rabbit eye. Reprinted with permission 
from Ref. [189]. Copyright 2013 American Chemical Society.
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the hybrid electrode by the regular eye nictation of the live rabbit. It is 
a new tendency to develop biocompatible and conductive adhesives, 
fabricate multiple pixel displays on wearable contact lenses for next 
generation of future displays.

Prospect
Graphene and other carbon-based materials (such as carbon 

nanotubes) have shown that its pristine structure can lead to a wide 
branch of genuine properties, which have been intelligently used by 
the scientific community to report a huge amount of prototypes. Now 
the challenge is to shift from laboratory prototypes to commercial 
products for the society. The good news are that, after a decade 
working with graphene, now the properties of graphene are well 
described, which creates a suitable landscape for engineers to start 
including graphene in new-concept devices. So it is believable that 
the potential of graphene has just been started to be explored, and 
transferring graphene capabilities to the market is one of the main 
global goals for the next ten years. As an example, the European 
commission has invested 1 billion of Euros in a framework program 
dedicated to graphene-based technologies (http://europa.eu/rapid/
press-release_MEMO-14-316_en.htm), and big corporations like 
IBM, Samsung and Sandisk, are influential in the entire graphene 
production chains. BCC Research released a new edition to their 
“Graphene: Technologies, Applications and Markets” report. They 
forecast that the global graphene product market will reach $195 
million in 2018. This will grow quickly to $1.3 billion by 2023 (an 
annual growth rate of 47.1%) [71].

In the field of using graphene as protective coating, the key 
factor defining its performance is the sheet quality. The main factor 
that reduces the performance of graphene is its amount of defects. 
The most common non-idealities in graphene sheets are: i) missing 
bonds, ii) pentagonal and hexagonal lattices, iii) lattice distortions, 
iv) local thickness fluctuations, and v) doping with impurities. All 
these factors can, not only alter the properties of graphene, but when 
using it as protective coating they can represent centers for damage 
accumulation. As explained in sections 3, 4 and 5, local defects in 
graphene can lead to accumulation of oxygen, which impoverishes 
the mechanical, electronic and chemical properties of the sheet. On 
the contrary, the pristine hexagonal structure of graphene conform 
a perfect impermeable barrier for material protection. Undoubtedly, 
the material still needs to be ameliorated in the sense of defects 
confinement, and therefore, the future improvement of graphene 
coatings seems to be linked to the reduction of defects. One of 
the main targets is to minimize the amount of graphene domain 
boundaries, since they contain most of defects. Moreover, using 
selective substrates to grow the material by CVD and that minimize 
the introduction of impurities in the carbon lattice is also highly 
desirable. Finally, the production of large area sheets is one of the 
main requirements for its use as protective coating (and it plays a 
more important role compared to microelectronic applications), 
since the areas to be protected are normally at the macroscopic scale.

Conclusion
In this review, we have highlighted several novel applications of 

graphene based electrodes, specially focusing on its use as protective 
coating. Graphene as anti-corrosion coating is very attractive because 
it may protect many metals by keeping unaltered their intrinsic 

properties, which is something cannot be achieved using three 
dimensional protective paints, oxides or polymers. Moreover, the use 
of graphene in this field doesn’t require device patterning, which could 
decrease the quality of the two dimensional sheet. But the problem is 
that the graphene sheets synthesized using the current methods still 
contain too many defects, which can lead to an imperfect protection 
degree, especially in long-term experiments. Therefore, the ageing of 
graphene intrinsic properties and the reliability tests of graphene-
based prototypes is an essential step prior to their introduction in the 
industry, and many engineers and scientists will have to face it in the 
next years.
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