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Graphene, a two-dimensional (2-D) atomically thin film of carbon atoms, has
unique characteristics that have triggered unprecedented research excite-
ment. Besides several other unique properties, graphene possesses remark-
able chemical inertness. Graphene coatings either a single or a few atomic
layers thick on metals has been shown to improve their corrosion resistance by
up to one-and-half orders of magnitude. Although the studies on this topic are
limited to just a few carried out in 2011–2013, great variability is found in the
extent of corrosion resistance from graphene reported in these studies. This
article presents a brief review of graphene as a corrosion-protecting coating,
identifies potential and presents some new data to suggest graphene as
durable corrosion-resistant coating.

NEED OF A DISRUPTIVE APPROACH
TO CORROSION MITIGATION

Corrosion of engineering alloys and its mitigation
measures continue to cost dearly (�4% of GDP of
any developed economy which translates to �$8b
annually to Australia and �$250 billion to USA).
Traditional approaches, such as use of corrosion-
resistant alloys and coatings have brought about
significant mitigation of the age-old problem of
corrosion of metallic materials. The alloys with the
highest corrosion resistance (such as duplex stain-
less steels, SAF 2507 and 2205) also possess very
high amounts of the expensive element, chromium
(22–29 wt.%), as well as considerable amounts of
another alloying element—nickel (which is even
more expensive). Corrosion-resistant alloys perform
on the principle of their inherent ability to develop a
corrosion-resistant surface film of oxide. However,
chloride ions (which are abundantly present in
seawater) can disrupt this protective oxide film not
only in lesser alloys but also in the case of the alloys
with the highest resistance when the corrosive
environment is very aggressive. Hence, the tradi-
tional mitigation strategy based on just increasing
the chromium content of corrosion-resistant alloys
has not proved to be long lasting, particularly in
highly aggressive conditions. Therefore, the search
continues for materials with very high corrosion

resistance that is required for applications in which
either highly corrosive fluids are handled (e.g.,
concentrated chloride solutions in desalination
plants) or where very high corrosion resistance is
required for very long durations (e.g., nuclear waste
containers).

Disruptive approaches to achieve durable miti-
gation of corrosion are immensely attractive both for
technological and commercial reasons. This manu-
script reviews the novel and disruptive approach to
achieving remarkable corrosion resistance resulting
from ultrathin graphene coating, identifies the
potential of graphene as a durable corrosion-resis-
tant coating, and presents some new data to support
this potential.

ULTRATHIN GRAPHENE COATING
FOR REMARKABLE CORROSION

RESISTANCE

Graphene, which is an atomically thin film of a
honeycomb network of sp2 hybridized carbon atoms
(shown in Fig. 11), has triggered unprecedented
research excitement for its exceptional characteris-
tics, such as its unique combination of strength and
ductility.2 The 2010 Nobel Prize was awarded for
graphene research.3 What is most relevant in
the context of the potential application of graphene
as a corrosion-resistant barrier is the remarkable
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chemical inertness of graphene (even to the most
aggressive chemicals such as HF) as well as its
impermeability to fluids and gases.4 The primary
requirements of an ideal surface barrier coating for
corrosion resistance are its (I) inherent resistance/
immunity to degradation in aggressive environ-
ment, (II) effective resistance to permeation of cor-
rosive fluid, and (III) mechanical integrity over the
desired life of the coated components. Ceramics and
carbon-based engineering materials (such as
graphite) are well known to be immune to most
aggressive chemicals. However, because these
materials are very brittle, they suffer mechanical
disruptions, and hence, have found limited use as
coatings. In contrast, an atomically thin layer of
graphene is reported to possess very high tough-
ness. With its attributes of chemical inertness,
toughness, and impermeability, the ultrathin
graphene films possess a great potential as ‘‘the
thinnest known corrosion-protecting coating.’’5

Studies hitherto, on the uses of graphene for corro-
sion-resistant coatings, are limited to just a few
publications,5–9 and they are all very recent (pub-
lished in 2011–2013). Corrosion of engineering al-
loys is a vexing problem, and its mitigation by
traditional approaches (such as by suitable alloying

and traditional coating) has brought about signifi-
cant but only incremental changes. In contrast, just
an ultrathin (a couple of atomic layers) layer of
graphene on metals has been found to bring about
disruptive improvements in corrosion resistance.5–8

In their very recent work,8 the author’s group has
shown an ultrathin graphene coating to improve the
corrosion resistance of copper by two orders of
magnitude (Fig. 28) in an aggressive chloride solu-
tion. This finding is the best reported improvement
in corrosion resistance of copper due to graphene
coating. Given the huge cost of corrosion, a durable
corrosion mitigation of such alloys due to the dis-
ruptive approach of graphene coating is immensely
attractive. However, a very recent study9 has the
title, ‘‘Graphene as a Long-Term Metal Oxidation
Barrier: Worse than Nothing’’; i.e., in contrast to
other studies, the graphene coating was found to
drastically deteriorate the corrosion resistance of
copper.

ROLE OF THE NATURE OF GRAPHENE
COATING IN CORROSION RESISTANCE

The nature of graphene films profoundly influ-
ences the corrosion resistance of the graphene-
coated metals. The most striking findings in this
respect have come out of the work by Prasai et al.5

on the corrosion resistance of graphene-coated Ni,
produced by two different routes. The coatings
developed by the chemical vapor deposition (CVD)
process provided improvement by 20 times whereas
those developed by mechanically transferring two or
four layers of graphene onto Ni resulted in a maxi-
mum improvement by only four times (Fig. 3).5 It is
extremely important to reiterate that during CVD,
graphene film on Ni develops by the combined

Fig. 1. Schematic diagram of a graphene sheet.1 (Reprinted with
permission from Ref. 1, Copyright 2012 Australasian Corrosion
Association Inc.)

Fig. 2. Bode plots evidencing the graphene-coated Cu to have �2
orders of magnitude superior corrosion resistance in seawater than
the uncoated Cu.8 (Note, the magnitude of |Z| (on the y axis) at the
lowest frequencies represents corrosion resistance) (Reprinted with
permission from Ref. 8, Copyright 2012 Elsevier.)

Fig. 3. Corrosion rate: Gr/Ni is graphene coating on Ni by CVD,
tr2Gr/Ni and tr4Gr/Ni, respectively, represent mechanically trans-
ferred 2 and 4 graphene layers onto Ni, and Ni is uncoated-Ni.5

(Reprinted with permission from Ref. 5, Copyright 2012 American
Chemical Society.).
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mechanism of a surface catalysis and greater solu-
bility of carbon in Ni at high temperatures and the
rejection of carbon from the metal matrix with
cooling to allow the formation a thin surface layer of
graphene.10,11 The graphene coating thus developed
has a good correlation and adhesion with the sub-
strate and, possibly, has a good surface coverage
and fewer defects, which explains the superior cor-
rosion resistance due to such graphene coating (as
opposed to the coating of mechanically transferred
graphene layers on Ni).5 The remarkable corrosion
resistance was observed also in the commercially
available graphene-coated nickel.7 But, the graph-
ene coatings developed by mechanically transfer-
ring layers of graphene onto Ni apparently had
channels/discontinuities that allowed ion transport
and, hence, provided only up to four times
improvement in corrosion resistance (Fig. 3).5

Graphene coatings on Cu investigated in different
studies5,7,8 have showed different degrees of
improvement in aqueous corrosion resistance
(Figs. 4 and 51)—from little resistance7 to seven
times the resistance,5 to nearly two orders of mag-
nitude.8 In fact, in their very recently published
work, Schriver et al.9 has demonstrated graphene-
coated copper to show remarkably inferior oxidation
resistance during long-term oxidation in air at 185–
250�C for durations up to 17 h. The reasons for such
variations primarily arise from the quality of
graphene films, i.e., irregularities/lack of complete
coverage7 and cracks in the graphene film.5

Schriver et al.9 have categorically attributed the
long-term deleterious role of the coating to poor
coverage at the boundaries of graphene domains
and the high charge conductivity of graphene. The
authors have attributed such behavior to the highly
cathodic nature of carbon materials (such as
graphite), which was indicated earlier by Singh
Raman et al.8 in the context of corrosion resistance
due to graphene.

DURABLE CORROSION RESISTANCE
RESULTING FROM GRAPHENE COATING

The authors have recently investigated whether
the corrosion resistance due to graphene coating
that have hitherto been reported in most studies is
durable. In this research, graphene was deposited
on copper by chemical vapour deposition and was
ascertained using Raman spectroscopy to be multi-
layered coating of graphene. Figure 6 presents a
typical Raman spectrum of the graphene films.12

The IG/I2-D ratio of 1.36 clearly indicates four or five
layers of graphene coating on copper. Corrosion
protection due to graphene was examined by po-
tentiodynamic polarization and electrochemical
impedance spectroscopy (EIS).

The potentiodynamic polarization of multilayer
graphene-coated copper and pure copper at 1 h of
immersion in 0.1 M NaCl suggested the anodic and
cathodic current densities of multilayer graphene-
coated copper to be nearly five times lower than the
uncoated copper (Fig. 712). Thus, the multilayer
graphene coating on copper considerably decreases
the dissolution of the copper. The corrosion poten-
tial Ecorr of the multilayer graphene-coated copper
was 30 mV more positive to that of the uncoated
copper (Fig. 712). Ecorr is the measure of corrosion
susceptibility, and thus, the positive shift in Ecorr

strongly indicates the corrosion protection ability of
a multilayer graphene coating.

Consistent with the polarization results (Fig. 712),
the Bode plots of graphene-coated and uncoated
samples (Fig. 8) suggest the impedance of graph-
ene-coated copper to be nearly three times superior
to that of uncoated copper. The decrease in anodic
and cathodic current densities in this study is not as
remarkable as shown in the study by Singh Raman
et al.8 However, it is significant enough to suggest
the potential of graphene as corrosion-protective
coating. The lesser improvement in corrosion resis-

Fig. 4. Difference in the Ecorr of the graphene-coated and uncoated
Cu as reported in the studies by Kirkland et al.,7 Prasai et al.,5 and
Singh Raman et al.8 (Reprinted with permission from Ref. 1, Copy-
right 2012 Australasian Corrosion Association Inc.)

Fig. 5. Decrease in the anodic current densities of the graphene-
coated and uncoated Cu reported in the studies by Kirkland et al.,7

Prasai et al.,5 and Singh Raman et al.8 (Reprinted with permission
from Ref. 1, Copyright 2012 Australasian Corrosion Association Inc.)
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tance in this study (as compared to that in study by
Singh Raman et al.,8 as suggested by the polariza-
tion and EIS data in Figs. 7 and 812 and those re-
ported in Ref. 9) can be attributed to the difference
in the nature of graphene coating in the two studies.
The strong D-peak (defect peak) in Fig. 6 clearly
indicates that there are more conducting pathways
through these defects in the coating resulting in less
improvement in corrosion current densities com-
pared to earlier monolayer or bilayer graphene.8

Although the graphene developed in the authors’
recent study may not have produced as much cor-
rosion resistance as in the earlier study,8 the most
significant finding of this study is the remarkable
durability of this corrosion resistance. The EIS
results in Fig. 9 compare corrosion resistance of

graphene-coated and uncoated copper in 0.1 N NaCl
solution. The corrosion resistance of copper
remained unaltered even after a long exposure of
386 h. This observation is the first to suggest that
even a prolonged immersion in an aggressive chlo-
ride solution caused little deterioration to the cor-
rosion resistance of the graphene-coated metal.

Contrary to our observation of improvement in
corrosion resistance due to ultrathin graphene
coating and those reported in the literature, a very
recent study by Schriver et al.9 reported the longer-
term oxidation/corrosion resistance of graphene-
coated copper to be considerably inferior to uncoated
copper. However, the researchers have also pro-
vided evidence of considerable defects in their
graphene coating. In fact, the areas in which the

Fig. 6. Raman spectrum of graphene-coated copper sample. (Reprinted with permission from Ref. 12, Copyright 2013 Australasian Corrosion
Association Inc.)

Fig. 7. Potentiodynamic polarization curve for graphene-coated and uncoated copper sample. (Reprinted with permission from Ref. 12,
Copyright 2013 Australasian Corrosion Association Inc.)
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coating remained intact continued to show excellent
oxidation/corrosion resistance over a long period.
Indeed, prior to this recent report,9 Singh Raman
et al.8 clearly suggested that in the event that those
coatings that do not provide proper coverage on
copper, the oxidation/corrosion resistance could be
inferior because of the highly cathodic nature of
graphene/graphite. The graphene coating that pro-
vides varying degrees of corrosion resistance and
the extent of defect contents to be the cause of this
variability is consistent with the comparison of
studies by different groups.5–9

OPPORTUNITIES IN GRAPHENE COATING
FOR CORROSION RESISTANCE

Although the reasons described above for vari-
ability in corrosion resistance due to graphene
coating may be all valid, it still begs a broader
question, i.e., why the graphene coating developed
on Cu by the CVD process tends to produce films
with such a great variability in properties. The
possible reason could be that the graphene coating
on Cu develops by a surface catalysis/adsorption
mechanism,6,10 i.e., unlike in the case of CVD of
graphene on Ni [which is governed by the combi-
nation mechanism of (I) catalysis/adsorption and
(II) solubility and rejection]. The catalytic process
over copper surface needs to be optimized to
accomplish a homogeneous coverage.

Early methods that involved mechanically exfoli-
ating graphene layers from graphite were suitable
for small amounts and tiny area coverage.2 How-
ever, the CVD method has been employed for syn-
thesizing larger areas of graphene on a suitable
metal surface.13,14 In the CVD process for graphene
deposition, a hydrocarbon is thermally decomposed
into carbon atoms that arrange into graphene on

metal substrate, as a 2-D honeycomb structure
shown in Fig. 1. The methods reported so far for
synthesizing CVD graphene have been successful on
metals having face-centered cubic (fcc) or hexagonal
close-packed (hcp) crystal structures. Hydrocarbons
such as methane and ethylene have been used as
precursors at decomposition temperatures of about
1000�C.15–17 Metals with almost zero solubility of
carbon at reaction temperature, e.g., Cu, deposit via
a catalytic mechanism and are more likely to de-
velop a single-layer graphene instead of multilayer
graphene because the catalytic effect ceases after
the first layer is deposited. The metal surface acts as
a catalyst, so as soon as a given site at the metal
surface is covered by the depositing graphene layer,
the catalytic decomposition at that site will cease,
thus restricting the graphene deposition to a single
layer.18 Graphene deposition on the metals having
considerable solubilities of carbon at such reaction
temperatures (e.g., Ni) progresses by a different and
possibly complicated mechanism. In this mecha-
nism, the carbon produced due to the hydrocarbon
decomposed at the metal surface will diffuse into
the bulk metal and will be rejected out during
cooling because carbon solubility decreases consid-
erably with temperature. The rate of rejection of
carbon is critical to the development of a few layers
of graphene.18 In this mechanism, generally a
multilayer graphene will be formed instead of the
single-layer graphene (that generally develops on
Cu). Complications can arise also when metal sub-
strates of larger thicknesses are used. Thicker
substrates will dissolve unnecessarily high amounts
of carbon, which during cooling will reject too much
carbon, producing graphene soot instead of a thin
graphene coating.

Fig. 8. Bode modulus plots for graphene-coated and uncoated
copper sample. (Reprinted with permission from Ref. 12, Copyright
2013 Australasian Corrosion Association Inc.)

Fig. 9. Nyquist plots comparing corrosion resistance of graphene-
coated and uncoated copper in 0.1 N NaCl solution, showing the
corrosion resistance of copper remains unaltered after long exposure
of 386 h.
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In employing graphene for corrosion resistance
for practical applications, it is a nontrivial challenge
to achieve commercial level depositions of graphene
coating on common engineering alloys. However,
there is a great opportunity for tailoring the depo-
sition process for successfully developing an ultra-
thin graphene layer on more common engineering
metals and alloys, such as mild steels, for their
durable corrosion resistance.

CONCLUSIONS

Ultrathin (one or a few atomic layers thick)
graphene coatings have been claimed to be ‘‘the
thinnest known corrosion-protecting coating.’’ Such
coatings on copper and nickel can considerably im-
prove their corrosion resistance (by up to 1.5 orders
of magnitude) in common electrolytes. On the con-
trary, a very recent study has reported graphene
coatings to deteriorate corrosion/oxidation resis-
tance (‘‘Graphene as a Long-Term Metal Oxidation
Barrier: Worse than Nothing’’9).

Improvement in aqueous corrosion resistance of
copper due to graphene coating varies from insig-
nificant to over 1.5 orders of magnitude, whereas
the improvement for nickel (by an order of magni-
tude) is more consistent.

Such graphene coatings possess enormous poten-
tial as effective corrosion-resistant coatings for
other engineering metals and alloys, but there is a
bottleneck of successfully developing a good quality
coating.
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