
corrosion and 
materials degradation

Review

Review of Recent Developments in the Formulation
of Graphene-Based Coatings for the Corrosion
Protection of Metals and Alloys

Bronach Healy, Tian Yu, Daniele da Silva Alves and Carmel B. Breslin *

Department of Chemistry, Maynooth University, Maynooth, Co. Kildare, Ireland;
bronach.healy.2017@mumail.ie (B.H.); Tian.Yu.2020@mumail.ie (T.Y.); danicosta.0607@gmail.com (D.d.S.A.)
* Correspondence: Carmel.Breslin@mu.ie

Received: 26 August 2020; Accepted: 23 September 2020; Published: 25 September 2020
����������
�������

Abstract: Corrosion is a naturally occurring phenomenon and there is continuous interest in the
development of new and more protective coatings or films that can be employed to prevent or
minimise corrosion. In this review the corrosion protection afforded by two-dimensional graphene is
described and discussed. Following a short introduction to corrosion, the application of graphene
in the formulation of coatings and films is introduced. Initially, reduced graphene oxide (rGO)
and metallic like graphene layers are reviewed, highlighting the issues with galvanic corrosion.
Then the more successful graphene oxide (GO), functionalised GO and polymer grafted GO-modified
coatings are introduced, where the functionalisation and grafting are tailored to optimise dispersion
of graphene fillers. This is followed by rGO coupled with zinc rich coatings or conducting polymers,
GO combined with sol-gels, layered double hydroxides or metal organic frameworks as protective
coatings, where again the dispersion of the graphene sheets becomes important in the design of
protective coatings. The role of graphene in the photocathodic protection of metals and alloys is
briefly introduced, while graphene-like emerging materials, such as hexagonal boron nitride, h-BN,
and graphitic carbon nitride, g-C3N4, are then highlighted.

Keywords: corrosion protection; graphene; epoxy coatings; zinc-rich coatings; corrosion; coatings;
conducting polymers

1. Introduction

Corrosion is a naturally occurring phenomenon that results in the oxidation of metals or alloys
and this is normally accompanied by dissolution of the metal or alloy. It can affect the performance of
materials used in many technological fields, ranging from light-weight aluminium alloys employed in
the aerospace industry [1], metals and alloys used in the electronics industry [2], transportation [3],
pipeline [4], wastewater treatment [5], coatings and linings for food storage [6], pulp and paper [7],
fuel cells [8] and refining industries [9]. Many of the traditional corrosion protective strategies,
for example, those employing chromates, especially hexavalent chromium [10], are no longer viable
due to environmental considerations. Consequently, there is an ever-increasing interest in developing
new and environmentally acceptable corrosion-control technologies.

The corrosion reaction can be represented as two half-cell reactions, with the oxidation
reaction corresponding to the oxidation of the metal, M, Equation (1), while the reduction reaction,
which consumes the electrons, is typically the reduction of oxygen at neutral pH values, Equation (2),
or under acidic conditions, the reduction of H+ becomes the predominant reaction, Equation (3).

M→Mn+ + ne− (1)
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O2 + 4H+ + 4e−→ 2H2O (2)

2H+ + 2e−→ H2 (3)

The sites for the oxidation reaction are termed anodic sites, while the reduction reactions occur at
cathodic sites on a surface. These anodic and cathodic sites can be spatially separated and fixed at
locations, such as heterogeneities or defects on the surface. This normally leads to localised corrosion,
such as pitting, crevice, intergranular or galvanic corrosion [11]. A schematic representation of pitting
corrosion is shown in Figure 1a. This localised attack gives rise to the formation of deep pits, Figure 1c,
while the pit contents are acidified as a result of hydrolysis reactions. Alternatively, if the cathodic
and anodic sites fluctuate randomly across the surface, then uniform or nearly uniform corrosion
is generally observed as illustrated in Figure 1b. These corrosion reactions will propagate with the
oxidation reaction, Equation (1), and reduction reaction, Equations (2) or (3), occurring until the
conducting path is interrupted and this is one way in which the corrosion reaction can be halted.
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Figure 1. (a) Schematic representation of pitting attack and micrographs illustrating (b) general-like
dissolution and (c) pitting attack.

Various coatings and surface modifications have been applied to limit this conducting pathway
and protect the underlying substrate. These approaches include the deposition of metallic coatings or
composites [12], polymeric coatings [13] and conversion coatings [14]. Electroplating is a well-known
and versatile method for forming metallic coatings and this approach is applicable to any system
that can be electrochemically reduced from the ionic to the metallic state when present in the
electrolyte solution [15]. However, certain metals such as aluminium, titanium and magnesium
cannot be electrodeposited from aqueous solutions as the competing hydrogen ion reduction reaction
is thermodynamically favoured and will occur in preference to the reduction of the metal ions.
Nevertheless, this can be achieved in ionic liquids or in conducting organic electrolytes where the
hydrogen ion reduction reaction is negligible [16]. Polymeric coatings, which include paints, lacquers
and varnishes, normally protect the substrate from corrosion by acting as a barrier, preventing the
reactants, water, oxygen and ions, from reaching the protected substrate. The protective properties of
these coatings typically improve as the thickness of the coating is increased, while fillers and pigments
can be added to increase the diffusion path for water and oxygen. Conversion coatings is the term
used to describe coatings where the substrate takes part in the coating formation reactions, with the
best known being the commercial phosphate conversion coatings.

In more recent years, there has been considerable interest in using graphene to provide corrosion
protection and it has been employed to provide protective metallic coatings or composites and also
added to various polymeric coatings. The level of interest in graphene in the field of corrosion science
is readily evident from Figure 2, with the number of publications increasing each year. Graphene
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with six-membered carbon rings, arranged as single-, bi- or a few sheets, is a two-dimensional (2D)
material that has attracted considerable interest [17]. Since its discovery, it has found applications as
sensors [18,19], in batteries [20], electro-Fenton [21,22], electronics [23], capacitors [24] and in energy
storage [25]. This is not surprising as it has very good electronic, optical, magnetic, thermal and
mechanical properties, combined with excellent stability and a high surface area. Graphene-based
materials are readily synthesised by forming graphene oxide (GO) from the oxidisation of graphite
using the well-known modified Hummers method [26–28]. The interlayer spacing increases as the
graphite is oxidised and exfoliation is achieved through ultrasonication to give GO sheets. While these
sheets can be reduced using various reducing agents, such as borohydride or the more environmentally
acceptable ascorbic acid at room temperature [29] or through electrochemical reduction [30–32],
the complete reduction of GO to rGO is difficult to achieve. Consequently, the rGO will inevitably
have some oxygen-containing functional groups. While rGO is finding applications in the formulation
of metallic-like corrosion protective coatings, the more insulating GO is being employed more widely,
making use of its oxygen-containing functional groups.
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Figure 2. Summary of the number of graphene-based papers published in recent years on corrosion
protection, taken from Scopus.

In this review paper the applications of 2D graphene flakes or sheets, including rGO and GO,
and graphene-like 2D materials, such as boron nitrides and graphitic carbon nitrides, in corrosion
protective films and coatings is reviewed and discussed. There have been a number of review
articles that describe graphene-based coatings, including a review by Nine et al. [33] in which the
antifouling, pollutant adsorption, flame retardant and protective graphene-based coatings are discussed,
while Ding et al. [34] have briefly reviewed graphene and graphene oxide in the field of corrosion
protection, Othman et al. [35] have reviewed the utilisation of graphene in the formulation of polymer
matrices for barrier coatings, Ding et al. [36] have described graphene-modified anticorrosion organic
coatings, Cui et al. [37] have reviewed graphene-based anticorrosive coatings, while graphene-based
metal matrix composite coatings have also been reviewed [38]. In this review paper, we include
and discuss a broad range of graphene-based corrosion protective films and coatings, including
graphene-modified epoxy coatings, sol-gel films, double-layered hydroxides, conducing polymers,
zinc-rich coatings and metallic-like coatings, while the role played by graphene-like materials, such as
2D hexagonal boron nitride and graphitic carbon nitride are also included.

2. Graphene-Based Metallic-Like Coatings

Graphene-based metallic or GO coatings can be deposited using a variety of methods including
chemical vapour deposition [39], spin coating [40], graphene-based inks [41,42] and electrophoretic
deposition [43,44], with the latter attracting considerable attention in the formulation of graphene-based



Corros. Mater. Degrad. 2020, 1 299

coatings for the protection of corrosion susceptible metals or alloys [45]. It is based on the migration of
electrostatically charged particles to an oppositely charged electrode under an electric field. The charged
particles deposit onto the electrode to form a dense and homogeneous coating. Typically, GO or rGO
sheets are suspended in a solution to give negatively charged particles or sheets which are deposited at
the anode of the cell. However, it is also possible to generate positively charged GO particles enabling
cathodic deposition of the particles by using various salts [46,47], p-phenylenediamine [48] or by altering
the pH to values in the vicinity of 2.0, which are below the isoelectric pH of rGO [49]. The performance
of various electrophoretic graphene-based protective coatings is illustrated in Table 1, where the
corrosion current density, jcorr, and corrosion potential, Ecorr, for the bare and graphene-modified
surfaces are compared. These parameters provide details on the extent of the corrosion event, with jcorr

being a measure of the rate of the corrosion reaction and Ecorr a thermodynamic factor. The jcorr

value cannot be measured directly and instead it is estimated from a Tafel plot, where the applied
potential is plotted as a function of the logarithm of the measured current. A schematic plot is shown
in Figure 3a, where the linear regions of the anodic and cathodic branches are extended and intersected
to give the computed jcorr and Ecorr values. The principle of this mixed-potential theory is illustrated
in Figure 3c, where the corrosion reaction can be algebraically divided into separate oxidation and
reduction half reactions with no net accumulation of electrical charge. As a consequence, the rate of
the oxidation reaction is equal to the rate of the reduction reaction. As illustrated in Figure 3b the jcorr

value is lowered and Ecorr adopts more positive values when the anodic metal dissolution reaction
is inhibited. Likewise, if the reduction half reaction is lowered in magnitude, then jcorr is decreased,
but Ecorr reaches more negative values. Consequently, these estimated parameters are sensitive to the
rates of the two half reactions during the corrosion event. The corresponding Butler–Volmer equation
is provided in Equation (4), where α and β are the transfer coefficients of the cathodic and anodic
half-reactions, respectively, while the Tafel relationships are illustrated in Equations (5) and (6).

j = jcorr
(
e−α(E−Ecorr)F/RT

− eβ(E−Ecorr)F/RT
)

(4)

E− Ecorr =
2.303RT
αF

logjcorr −
2.303RT
αF

logj (5)

E− Ecorr = −
2.303RT
βF

logjcorr +
2.303RT
βF

logj (6)

As evident in Table 1, there are a number of reports which clearly show that the jcorr value is
decreased and the Ecorr value is increased on application of the graphene-based coating through
either electrophoretic deposition (EPD), from a slurry, inks or by chemical vapour deposition (CVD),
indicating a lowering of the corrosion rate. These corrosion measurements were made in different
aqueous solutions and therefore a comparison between the studies is difficult; however, on comparing
the pristine untreated and graphene-modified substrates, the corrosion protection afforded by the
deposited graphene-based coatings is clearly evident, at least for short periods.

Despite the promising findings summarised in Table 1, the role of graphene as a corrosion inhibition
coating is often disputed, especially its long-term performance. For example, graphene-based coatings
on copper have shown good long term stability in humid environments for up to 1.5 [50] or 2.5 years [51]
and Scardamaglia et al. [52] have shown that graphene-based coatings act as effective barriers at high
temperatures and prevent the corrosion of the underlying copper. However, it has also been argued
that the oxygen trapped during formation of the graphene-based layers gives rise to oxidation of
the copper substrate [53], while Schriver et al. [54] have demonstrated that graphene promotes more
extensive corrosion than that observed with the uncoated copper over a long-term period. The authors
proposed a mechanism whereby the diffusion of oxygen and water through graphene defects gives rise
to corrosion across the entire copper substrate, with the conducting graphene maintaining electrical
contact and facilitating the corrosion reactions. Moreover, as rGO is conducting, galvanic corrosion
becomes possible. While the electrode potential adopted by graphene or graphite depends on its surface
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chemistry and extent of oxidation, it has been reported as approximately 0.15 V vs. SCE [55], making it
significantly more positive than the corresponding potentials adopted by various corrosion susceptible
metals or alloys. Therefore, as the electrolyte permeates through the graphene-based coating, a galvanic
corrosion cell is established leading to enhanced corrosion. It has also been suggested that chloride ions
can accumulate at graphene edges [54] and these aggressive anions promote dissolution. Moreover,
the adhesion of graphene to certain metal substrates, such as Al and its alloys [56], limits its ability
to enhance the corrosion resistance of these materials. Various strategies have been employed in an
attempt to enhance the adhesion between the graphene-based layer and the aluminium substrate,
such as annealing of the GO layers or spin coating [56] or the utilisation of molecules such as fulvic
acid [40] or polyvinyl alcohol (PVA) [57] which act as binders between Al and GO or rGO.
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Figure 3. Schematic diagram of a Tafel plot illustrating the estimation of jcorr and Ecorr with (a) depicting
a mixed corrosion event and (b) an inhibited corrosion event with lower anodic dissolution currents
and (c) Evans diagram, depicting the H+|H2 and Zn2+|Zn couples and the mixed corrosion reaction.
The dashed traces in (a,b) correspond to measured data, while the solid traces show the linear Tafel
regions, fitted to the experimental data.
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Table 1. Summary of the performance of deposited G, GO or rGO films in corrosion protection.

System Deposition Conditions Ecorr/mV jcorr/µA cm−2 Ref

Cu
GO/Cu EPD 20.0 V/60 s −211

−195
25.0
12.7 [58]

Steel
GO/steel EPD 4.0 V – 1.47

0.095 [59]

Fe
GO/Fe (GO flakes, 20 ± 5 µm) EPD 2.3 V/60 min −0.57

−0.42
3.01
2.01 [60]

Carbon Steel
Ni

rGO/Ni coated carbon steel
EPD 100 mA cm−2

−444
−412
−343

77.7
63.2
4.23

[49]

CuNi
GO/CuNi

GO/acrylic polymer-CuNi
–

−37
90
220

1.66
2.92

0.003
[61]

CuNi
GO/chitosan-Ag Cu-Ni EPD 10 V/60 s −36

30
8.56
1.10 [62]

NiTi
GO/NiTi

GO/Ag-NiTi
EPD 10 V/10 min

−170
31
8

0.158
0.017
0.002

[63]

Ti6Al4V
GO/Ti6Al4V EPD 50 V/5 min −395

−205
0.143
0.032 [64]

Mild steel (MS)
rGO-MS

rGO/TiO2-MS
Slurry deposition

−692
−420
−386

650
0.0051
0.0028

[65]

SS
GO/SS Ball milling −407

−284
5.5
0.3 [66]

Cu (annealed)
G/Cu (annealed in 20% H2) CVD −388

−239
90.1
0.15 [39]

GO/Al
G/FA-Al Spin coating −426

−548
9.54
0.84 [40]

CS
CS/GO GO ink −714

−474
9

0.00065 [42]

Abbreviations: EPD, electrophoretic deposition; CS, carbon steel; SS, stainless steel; FA, fluvic acid; CVD, chemical
vapour deposition.

As the corrosion protection performance of conducting graphene-based coatings remains debated
and controversial, an alternative avenue of research has developed and this is based on the incorporation
of graphene flakes or sheets within various polymer matrices. In this case if the graphene sheets can
be well dispersed and aggregation prevented then direct electrochemical coupling with the metal
substrate can be avoided.

3. Graphene as a Nanofiller in Non-Conducting Anti-Corrosion Coatings

There has been considerable interest and progress made in the development of anti-corrosion
coatings such as epoxy, polyurethane, phenolic and various resin-based coatings. They have excellent
barrier protection, preventing water and ions from reaching the substrate, coupled with very good
adhesion properties. However, micro-cracks can appear in these coatings during their service life, as
they become damaged in their environments and consequently the substrate is no longer protected
from corrosion events. Various fillers have been employed and embedded into these coatings in
an attempt to enhance the corrosion protection properties and in particular the long-term corrosion
protection. Nanofillers such as nano-sized particles, including TiO2 [67], Al2O3 [68], SiO2 [69] and clay
particles [70] have been employed, while graphene-based additives are being used increasingly and
combined with other fillers in an attempt to enhance the protection of these anti-corrosion coatings.

A number of different approaches has been used to incorporate graphene as a nanofiller, including
the simple dispersion of GO within the coating [71], the introduction of functional groups to give
functionalised GO to aid dispersion within the coating [72], grafting of the polymer onto the
GO surface [73] and incorporation of GO with other nano-sized fillers, such as SiO2/GO [74] or
Al2O3-GO [75]. Both GO and rGO have been used to form protective epoxy composites and it has been
shown that better anti-corrosion properties are observed when GO is combined with a non-electroactive
epoxy, while rGO performs well when used in combination with an electroactive epoxy thermoset [76].
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Dutta et al. [77] have argued that electrochemically exfoliated graphene is the best choice of filler
and that by tailoring the amount and size of the graphene flakes within hydrophobic and water
borne polymer composites, galvanic corrosion between the underlying substrate and graphene can
be avoided. It has also been shown that the size of the GO flakes can have a significant effect on the
dispersion, mechanical and anti-corrosion performance of coatings [78], while the aspect ratio of GO
can also influence its dispersion in epoxy and resins, with higher aspect ratios giving greater corrosion
protection [79]. While well-dispersed GO can be utilised to form protective coatings, this approach
suffers from the inevitable aggregation of the GO sheets and this can result in relatively poor long term
corrosion protection. In the last decade efforts have been made to alleviate these issues and these are
now described below.

3.1. Functionalized GO

While the exact structure of GO depends on how it is synthesised and its level of oxidation,
it is well known that hydroxyl, carboxyl, carbonyl, phenol, epoxy, lactone and quinone groups are
present, with the epoxy and hydroxyl groups residing on the basal plane, and carboxyl, lactone,
phenol, carbonyl and quinone groups at the edges of the sheets [80]. These oxygenated groups can
be further employed to chemically modify the GO sheets with different functionalities. For example,
one of the earliest chemical modifications of GO involved activating the carboxylic groups through
nucleophilic addition reactions [81]. Likewise, the epoxy group undergoes ring opening reactions and
this can be exploited to functionalise GO with an amide or ester group. With these advances in the
chemical functionalisation of GO, it is now possible to add various groups to GO to aid its dispersion
in anti-corrosion coatings.

Various functionalised GO sheets have been incorporated into epoxy coatings with the aim
of enhancing the dispersion of the sheets and increasing the corrosion protection properties of the
coatings. For example, it has been shown that the introduction of polyvinylpyrrolidone reduced
GO (PVP-rGO) into an epoxy resin coating leads to a significant increase in the Young modulus,
thermal stability and corrosion protection [82]. In other studies, GO has been functionalised
with hydroxyl-terminated hyper-branched polyamide [83], poly(o-phenylenediamine) [84],
trialkoxysilane [85], triethoxysilane [86], maleic anhydride [87], ammonium [88] and a cyclodextrin,
β-CD [89] and then incorporated within the epoxy coating. In all these studies, it has been show that
the addition of the functionalised GO enhances the protective properties of the epoxy coating and this
enhanced corrosion resistance has been attributed to an increase in the barrier protective properties
of the coating, inhibition of the diffusion of oxygen and ions to the substrate, good dispersion of the
functionalised GO, the hydrophobic properties of GO, an increase in the ionic resistance of the coating
and reduction in the pore sizes within the coating.

In Table 2 the protective properties of some epoxy coatings modified with functionalised GO
fillers is summarised where the coating resistance, Rc, and coating capacitance, Cc, are shown.
These parameters and indeed detailed information on the corrosion protection properties of these
coatings are normally studied using electrochemical impedance spectroscopy (EIS). In the classical
EIS experiment the input signal is an alternating voltage and the output signal is the corresponding
alternating current with the same frequency and different phase. The ratio of the sinusoidal voltage
to sinusoidal current gives the impedance, Z. A simulated Nyquist plot is shown in Figure 4 where
a coating with a single-time constant, typical of a protective coating, is compared with a two-time
constant system, which indicates the onset of substrate dissolution. This emergence of a second time
constant is a very convenient way to monitor the protective properties of a coating. Using EIS it is also
possible to discern between different processes depending on their time scales, with slow processes
such as the diffusion of ions through a protective polymer coating appearing at low frequencies.
Therefore, changes in the impedance at low frequencies, such as 0.01 to 0.05 Hz, can be attributed to
diffusion processes that will limit the barrier protective properties of coatings. This is illustrated by a
decrease in the impedance at low frequencies as illustrated in Figure 4b, or alternatively changes in the
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equivalent circuit elements can be followed and related with the protective properties of the coatings
in various environments. Moreover, the extent of delamination can be estimated by monitoring the
breakpoint frequency (frequency at −45◦ phase angle). As the electrolyte diffuses into the polymer
and corrosion occurs at the polymer substrate interface delamination of the coating can occur and this
gives rise to higher breakpoint frequencies [90,91].

Table 2. Anti-corrosion properties of functionalised graphene containing epoxy coatings.

Substrate System Coating/µm Rc/kΩ cm2 Cc/µF Ref

Q 235 steel Lignin/OH/GO 50 ± 5 28 – [92]
Mild steel Gelatin/GO 35.7 ± 0.5 6.0 2.8 × 10−4 [93]

Carbon steel Sulfonated/GO 15 389 1.4 × 10−3 [72]
Mild steel Aminothiazole/GO 23.5 ± 0.5 101 0.26 [94]
Mild steel Amino-naphthyl thiazole/GO 23.5 ± 0.5 6.5 × 104 0.15 [94]
Q 235 steel Phytic acid/GO – – – [90]
Mild steel Amino/GO – 7.3 × 106 8.0 × 10−4 [91]

Steel Aminopropyltriethoxysilane/GO 50 ± 5 4.8 53 [95]
Mild steel Amino-silane modified/GO 150 ± 10 1 × 104 – [96]

Steel L-histidine/GO 30 ± 3 1 × 108 (0.01 Hz) – [97]
Steel L-cysteine/GO 60 ± 5 28 47.9 [98]

Mg AZ31 Leucine/GO – 38 Ω 2.7 [99]
Steel Polyamidoamine dendrimer/GO 60 ± 5 270 2.34 [100]

Mg alloy Polydopamine and hydroxyquinoline/GO – 14.3 2.4 × 10−4 [101]
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Figure 4. Simulated impedance data. (a) Nyquist diagram illustrating a protective coating (blue) and
the onset of substrate dissolution (orange) and (b) Bode plot typical of a protective coating.

In addition to epoxy coatings, other polymeric systems have been employed with GO and
functionalised GO as corrosion protective coatings, with polyurethane composites [102,103] being one of
the more popular following the epoxy-based system. Polyurethane composites have been modified with
amine functionalised GO [104], GO functionalised with dodecylbenzenesulfonate [105], isocyanate [106],
3-aminopropyltriethoxysilane (APTES) [107], two-branched dioctylpyrophosphate and three-branched
dioctylpyrophosphate [108], polydopamine [109] and triethylene tetramine-polyethylene glycol
diglycidyl ether [110]. In all these cases, good corrosion protection was achieved. In addition,
a polycaprolactone polymer modified with functionalised GO was utilised to protect mild steel [111],
while silicylacrylate core-shell copolymers [112] and beeswax/GO nanocomposites [113] have also been
successfully employed.

In an attempt to further enhance the corrosion protection afforded by these coatings
corrosion inhibitors have been added to the coatings. GO is well known as an adsorbent [114]
and it has been employed as a nanocontainer to load corrosion inhibitors into epoxy-based
coatings. These systems are interesting because they have the potential to act as a self-healing
system, releasing the inhibitor at a corrosion site and increasing the service life of the coating.
Javidparvar et al. [115] employed this approach to deliver cerium and benzimidazole inhibitors to give
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a self-healing epoxy coating, while metronidazole [116], 8-hydroxylquinoline [117], phosphate [118],
1H-benzimidazole [119], trivalent-cerium ions [98], benzotriazole [120,121], aspartic acid [122],
benzimidazole-zinc phosphate [123], 2-mercaptobenzothiazole (MBT) [124], zinc acetylacetonate [125]
and molybdate [126] have also been adsorbed onto GO and employed as the corrosion inhibitors.

3.2. Polymer Grafted GO

This is one of the most efficient ways of introducing GO into anti-corrosion coatings, but also
time consuming in terms of the synthetic reactions. This approach enables the true integration of
the properties of GO and the polymer or coating, while the abundant functional groups on GO,
which include carboxyl, epoxy and hydroxyl, can be easily employed to provide linkages between
the polymer and GO [127,128]. Moreover, using this approach the grafted GO can be homogenously
dispersed in polymeric dense matrices, giving very good interfacial adhesion while minimising
aggregation issues [129]. A variety of chemical reactions can be employed to graft polymer chains
onto GO sheets. A schematic of this grafting approach is illustrated in Figure 5, where the GO is
initially functionalised with the required groups, followed by grafting of the polymer and finally the
polymer-grafted GO is mixed with epoxy and cured to give the final coating. For example, Xie et al. [73]
have employed a free radical polymerisation reaction (RFP) to graft polyacrylate onto GO sheets
with the aim of increasing the dispersion of GO within an epoxy coating and as shown in Table 3,
this approach gives rise to highly protective coatings with little evidence of any loss in corrosion
protection over a 40-day period. An atom-transfer radical polymerisation reaction (ATRP) was used
by Qi et al. [130] to graft poly(methylmethacrylate) chains onto GO sheets, while Jiang et al. [131]
grafted polyethylenimine (PEI) onto the GO surface to form polymer-GO/epoxy coatings. In another
recent study, PAM100, which is a commercially available acrylate ester that undergoes free radical
polymerisation reactions, was grafted to GO using a Michael addition click reaction [132]. Initially, the
GO was modified with γ-mercaptopropyl triethoxysilane to create a thiol-capped GO which can act
as the precursor for the click addition reaction. The thiol-capped GO was then chemically grafted to
PAM100 using a Michael addition click reaction. The resulting PAM100-modified GO, when combined
with waterborne epoxy, gave a homogenous distribution of PAM100-GO within the epoxy coating.
This eliminated aggregation of the GO sheets to give enhanced corrosion protection. In all cases,
the polymer-grafted GO/epoxy composite coatings had greater corrosion protection properties and
longer service life compared to the GO/epoxy system. In Table 3, various polymer-grafted GO coatings
employed in corrosion protection are summarised. In all cases, these provide very good corrosion
protection properties and appear to be especially effective in protecting substrates for extended periods.
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Table 3. Anti-corrosion properties of grafted GO epoxy polymer coatings.

System Time/Days Filler/wt% Rc/kΩ cm2 Ref

GO/epoxy
1

20
40 0.1

1.80 × 107

5.50 × 106

1.60 × 105

[73]
[73]
[73]

Polyacrylate/GO/epoxy
1

20
40

1.45 × 107

5.05 × 107

1.50 × 107

[73]
[73]
[73]

Acrylamide/acrylic functionalised GO composites/Mg – – 53 [133]

Polymethylmethacrylate (PMMA) brushes on GO

1 h
5 h

10 h
100 h

–

3.75 × 104
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0.99 × 103

1.4 × 102

[130]
[130]
[130]
[130]

PAM100/GO/epoxy
1

20
40

0.5
6.62× 103

6.12× 103

4.63× 103

[132]
[132]
[132]

4. Graphene Combined with Conducting Polymers

Conducting polymers, such as polypyrrole (PPy) and polyaniline (PANi), are readily synthesised
through the electropolymerisation of the corresponding monomers [134]. They have been formed at
various corrosion susceptible metals and alloys and have been shown to give good corrosion protection,
especially for short periods of time (typically weeks) [135,136]. It has been shown in a number of
studies that conducting polymers, such as polypyrrole, can be used as intercalators to achieve good
dispersion of the graphene sheets, while the conducting/semiconducting properties of the pristine
graphene, rGO or GO counterparts are retained. These polymers attach to the basal plane through
non-covalent π−π, lone pair−π and H-bond interactions to stabilise the graphene-polymer composite,
while the very good affinity of these conducting polymers towards GO stems from H-bond interactions
between the pyrrole subunits and epoxy groups [137].

PPy/graphene or PPy/GO can be formed by oxidising the pyrrole monomer in the presence of
graphene to give nanocolloids that can then be applied to a surface [138] as a coating, used as a
filler in the formulation of composite coatings [139], or the monomer can be electropolymerised in
the presence of GO to give a PPy/GO composite coating [140]. These three approaches have been
used to form corrosion protective coatings. For example, Jiang et al. [140] formed polypyrrole doped
with GO, while Li et al. [141] used a similar electropolymerisation process and then the coating was
electrochemically reduced to give PPy/rGO. The corrosion protection efficiency, obtained from a
comparison of the corrosion current densities of the coated and un-coated carbon steel substrate,
was computed as 95.9%. In an earlier study, graphene was deposited onto Cu foils using CVD
and then polypyrrole was electrodeposited in order to seal the defects in the graphene layer [142].
These conducting polymer coatings are particularly suited for applications in fuel cells where corrosion
protection is required but bipolar plates must also exhibit conductivity. Indeed, in a recent study a
bilayer coating, comprising an inner layer of PPy/GO designed to enhance adhesion of the coating and
an outer layer of polypyrrole doped with camphorsulfonic acid aimed at enhancing the conductivity
of the coating, was employed to protect SS304 bipolar plates in a proton exchange membrane fuel
cell [143]. Epoxy coatings have also been modified with PPy/graphene and PPy/GO nanocolloids
to give enhanced corrosion protection to the coatings [139,144], while zinc phosphate, well known
for its corrosion inhibition properties and sacrificial protection [145], has been combined with these
nanocolloids to give enhanced passivation [146]. In these studies, the good corrosion protection is
attributed to the very good dispersion of the graphene flakes with polypyrrole acting as an intercalator,
the good barrier protection of the coating, while the redox properties of polypyrrole facilitate the
formation of passive oxide layers.

Similarly, PANi has been combined with graphene with the aim of increasing the dispersion of
the graphene sheets to give corrosion protective coatings. These conducting polymer films have been
formed through the electropolymerisation of aniline in the presence of well dispersed GO sheets to give
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protective coatings for aluminium alloys [147,148], iron [149] and a magnesium alloy [150]. There have
also been a number of publications devoted to the incorporation of PANi and graphene into epoxy
coatings [151–156] and in all these coatings good corrosion protection has been achieved. In addition,
the corrosion inhibitors benzotriazole [157] and tannic acid [158] have been added to PANi/GO epoxy
coatings to provide a self-healing effect by releasing the inhibitors when the coating is damaged locally,
while zinc-rich PANi/GO epoxy coatings have been formulated and successfully used in corrosion
protection [159,160]. Other combinations include PAni/CeO2 grafted GO nanosheets [31], GO/PANi
modified by polydopamine and incorporated within a water-based alkyd varnish [161], while shorter
chain aniline trimers [162,163], tetramers [164] and water-soluble carboxylated aniline trimers [165]
have been employed rather than PANi to act as an intercalator for graphene aiding its dispersion in the
epoxy coating.

The corrosion protection afforded by these GO-modified conducting composites has been attributed
to efficient dispersion and a corresponding reduction in the aggregation of the graphene flakes, GO or
rGO, greater adhesion coupled with good barrier protective properties with compact films that limit the
inward diffusion of ions and O2. For the in situ electropolymerised polymers, the GO, with carboxylic
acid groups, can serve as an anionic dopant that will be difficult to expel at local corrosion sites where
the polymer is reduced. With small dopants (X−) the reduction of polypyrrole gives rise to the release
of the dopant ion, Equation (7), but as illustrated in Equation (8), the GO dopant (GO-COO−), remains
largely immobile with the incorporation of cations, Mm+, to maintain charge balance. This minimises
the uptake of aggressive anions, such as Cl−, that promote corrosion attack.

PPyn+ nX− + ne−→ PPy0 + nX− (7)

PPyn+nGO-COO− + ne−→ PPy0nGO-COO−(n/m)Mm+ (8)

It has been shown that cation transport in anion-doped polypyrrole is fast, as the cations can hop
between adjacent fixed negative charges [166] and while this will prevent the uptake of aggressive
anions, the ingress of Na+ and its associated solvated water molecules can lead to structural damage
within the polypyrrole matrix [167]. In addition, the PPy/GO coating can shift the potential of
the substrate into the passive domain with the formation of protective oxides, the so-called anodic
protection mechanism [168]. As long as the passive oxides remain intact and stable, corrosion is
inhibited; however, if a local event such as pitting attack occurs at the oxide covered substrate then the
rate of attack can be very high, ultimately leading to coating delamination.

5. Graphene Multilayers Combined with Polymers

Layered and multi-layered graphene-containing composites with tunable properties have attracted
considerable interest in electromagnetic field absorption [169] and more recently they have been
employed as corrosion protective coatings [170–173]. In earlier studies, a single layer of graphene was
employed in the multi-layered coatings. For example, Fan et al. [170] formed self-healing anti-corrosion
coatings for the protection of a magnesium alloy using an initial cerium-based conversion coating,
followed by a layer of GO and then layers of a branched poly(ethylene imine)/poly(acrylic acid).
However, in more recent studies higher numbers of graphene layers have been employed and this
appears to improve the corrosion protection properties. In a recent study, a multi-layered epoxy resin
coating was formed using a stepwise coating method, whereby alternating layers of graphene/epoxy
and alumina/epoxy were employed [171]. Good corrosion protection was achieved and this was
attributed to the interface between the alternating multilayers, which imped the movement of the
corrosion medium, together with the physical barrier of the epoxy and the sheet structure of the
graphene. Fu et al. [172] used a hybrid coating consisting of alternating graphene layers and polymer
layers for the protection of AA2024-T3, an aluminium alloy. The optimised coating consisted of five
layers, with two graphene layers sandwiched between three polymer layers, where the polymer was
polyvinyl butyral. Again, the layered structure was shown to enhance the protective properties of the



Corros. Mater. Degrad. 2020, 1 307

coating, with diffusion of the corrosion species being significantly limited and inhibited by the two
graphene layers. Gao et al. [173] immobilised heparin on GO to give heparinised GO which was then
sandwiched between two chitosan layers. This layering was repeated five times to give a multilayer
with several isolated graphene layers for the corrosion protection of a magnesium alloy. The chitosan
was employed to give good biocompatibility and it was shown that it promoted the adhesion and
proliferation of endothelial cells. It was concluded that the layered coating improved not only the
biocompatibility of the surface but simultaneously improved the corrosion resistance making this
approach suitable for implant materials.

6. Graphene Modified Zinc Rich Coatings

While zinc rich coatings have been known for a considerable time, there is still significant interest
in further developing these systems by adding graphene, rGO or GO to the system [174]. These coatings
are interesting because they not only provide barrier protection, but also act as sacrificial coatings,
preferentially corroding and protecting the underlying corrosion susceptible metal or alloy. As the
standard reduction potential of the Zn|Zn2+ couple is −0.76 V, it will form the anode in a galvanic cell
when coupled with iron, steel, copper and indeed various light-weight aluminium alloys. Consequently,
when a defect occurs in a coating the Zn is dissolved, protecting the substrate, which becomes the
cathode in the cell. In addition, the zinc corrosion products, such as Zn(OH)2 and ZnO, have the
potential to seal the defects, further enhancing the protective property of the coating. However,
these coatings have a limited lifetime and as the metallic zinc content is lowered and the conducting
path between the substrate and zinc is lost, the coatings become ineffective. This can be addressed to
some extent by increasing the Zn loading, but this approach has been shown to reduce adhesion [175].
In more recent years, graphene has been added to the zinc coatings to increase the electrical conductivity
between the metallic zinc particles and the underlying substrates, while the impermeable nature of the
graphene flakes, leading to a reduction in ion transport, can be employed to provide additional barrier
protection [176,177].

A number of studies have been carried out with graphene-modified zinc-rich epoxy
single [160,178–180], layered and multi-layered coatings [181,182] and silicate/Zn/graphene
coatings [183]. In all cases it has been shown that the addition of graphene enhances the corrosion
protection properties. The barrier protective properties of the zinc-rich epoxy coatings have been
enhanced further by using magnetic GO oriented in a magnetic field [184,185]. In this case magnetic
iron oxide nanoparticles were coupled with GO and a magnetic field was then employed to give GO
nanosheets parallel to the surface. In addition, efficient anti-corrosion coatings have been formulated
using electroplated Zn/GO nanocomposite coatings [186] and low-pressure cold-sprayed coatings [187].
For example, Li et al. [188] and Moshgi Asl et al. [189] used pulsed electrodeposition while galvanostatic
deposition [190] has also been employed to form Zn/GO composites with high stability and good
corrosion protection performance. In a recent study the microstructure and corrosion protection
properties of electrodeposited Zn/GO and Zn/GO/Zn multilayers were studied and compared [191].
The added GO was shown to induce a reduction in the size of the Zn grains and decrease the corrosion
rate, while cross-sections of the Zn/GO/Zn multilayer coatings showed that the GO reduced the
dissolution of the underlying Zn layer by inhibiting the permeation of OH− and Cl− ions. Tin and
nickel have also been combined with zinc to give SnZn/GO composites [192] and NiZn/GO [193] with
very good corrosion protection properties.

7. Graphene Combined with Sol-Gels as Protective Coatings

In the last few decades, sol-gel coatings have been developed as anti-corrosion coatings and
have shown good corrosion protection in various high demand applications [10,194]. In the sol-gel
process the coating is created through a series of hydrolysis, condensation and polycondensation
reactions, with liquid precursors such as silicon alkoxides, as illustrated in Equations (9)–(11) [195].
These reactions are normally carried out at temperatures close to room temperature, while other
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substances, such as corrosion inhibitors and pigments, can be easily incorporated to give a simple and
very versatile low temperature coating technology. While the dense Si-O-Si network can provide an
effective barrier preventing the diffusion of corrosion agents, such as O2, H2O and Cl−, these coatings
have a tendency to develop micro pores during the film forming process due to solvent evaporation
and therefore various additives have been used, such as corrosion inhibitors [196] to enhance the
performance of the coatings.

≡ Si−OR + H2O 
 ≡ Si−OH + R−OH (9)

≡ Si−OH + OH− Si ≡
 ≡ Si−O− Si ≡ + H2O (10)

≡ Si−OR + OH− Si ≡
 ≡ Si−O− Si ≡ + R−OH (11)

More recently, GO has been incorporated into this sol-gel network to give further improvement in
the corrosion protection of the coatings [197]. Sol-gels modified with GO [198–201], functionalised
GO [202–204] and GO loaded corrosion inhibitors [205,206] have all been employed to enhance
the protective properties of the coatings. For example, Parkhizer et al. [202] incorporated
silane functionalised GO nanosheets into a silane coating and compared this coating with the
non-functionalised GO-based silane coating. It was found that the functionalised GO significantly
enhanced the corrosion protection performance of the coating. This was attributed to the very
good compatibility of the functionalised GO nanofillers with the silane matrix, reducing porosity.
Maeztu et al. [207] formulated a multilayer system where GO was combined with the sol-gel and used
as the initial layer, then an outer fluorinated hydrophobic sol-gel layer was applied. This multilayer was
shown to provide good corrosion protection to the underlying aluminium alloy substrate. Multilayer
graphene-modified sol-gel coatings have also been employed to protect magnesium alloys [208] and in
this case a comparative study on the performance of sol-gels modified with carbon nanotubes (CNTs)
and COOH-functionalised graphene showed that the graphene-containing sol-gels were superior,
inhibiting the transport of Cl− to the surface of the substrate.

GO embedded in a sol-gel-based silane coating has also been employed to pre-treat a steel
substrate to enhance the adhesion of an epoxy top coating [204]. This approach leads to a significant
improvement in the corrosion resistance and adhesion properties of the top epoxy coating and this was
attributed to higher compatibility between the epoxy and silane matrix and the formation of covalent
bonds with the top epoxy coating.

8. Graphene and Layered Double Hydroxides or MOFs

Layered double hydroxides (LDHs), represented as [M1−x
2+Mx

3+(OH)2]x+(An−)x/nmH2O where
M2+ and M3+ are divalent and trivalent cations, respectively, and An- are anions, have been used in
a number of different applications, including environmental [209], electrocatalysts for the oxidation
of water [210], supercapacitors [211] and corrosion resistant layers [212]. LDHs have been employed
for their corrosion protective properties [213,214] with a considerable interest in exploiting their ion
exchange behaviour to release corrosion inhibitors [215,216]. Moreover, the insulating LDH can
limit the formation of the graphene-metal galvanic couple, avoiding micro-galvanic corrosion [217].
Nevertheless, LDHs have a microporous structure and therefore provide a pathway for the diffusion of
chloride anions and oxygen; however, it has been argued that LDHs can in fact be used as a chloride
trap in organic polymeric coatings [218] to give higher and more long term corrosion protection.

Graphene and its derivatives, GO and rGO, have been utilised with LDHs to inhibit inward
diffusion as the impermeable graphene nanosheets can impede the transport of ions and molecules
to the underlying substrate. For example, Yan et al. [219] deposited an rGO/zinc-aluminium LDH
(rGO/Zn-Al LDH) at a magnesium alloy using a simple hydrothermal crystallisation process. It was
shown that the rGO nanosheets and LDH layers grew on the magnesium substrate without a particular
orientation to give a superior impermeable interface that prevented the corrosion promoting species
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from reaching the substrate. Lu et al. [220] developed a continuous flow method to deposit rGO/Zn-Al
LDH at an aluminium alloy to give very good corrosion protection properties. Again, the enhanced
corrosion resistance was explained in terms of the barrier effect provided by rGO on the diffusion of
water, oxygen and chloride anions.

The application of the rGO-modified LDHs as a self-healing coating has also been studied, with
both molybdate [221] and aspartate [122] anions incorporated as the anions in the LDH structure
and then released in a controlled fashion to protect the underlying corrosion susceptible substrate.
In addition, these LDHs have been incorporated within epoxy coatings. Yu et al. [222] incorporated
rGO/Zn-Al LDH modified with aminopropyl triethoxysilane into a waterborne epoxy coating as
an anti-corrosion agent. Using a ratio of GO:Zn-Al-LDH of 2:1 and a 0.5 wt% ratio within the
epoxy coating very good corrosion protection was achieved. Likewise, Zhong et al. [122] employed
an inhibitor containing rGO/LDH as a filler within an epoxy coating which showed outstanding
self-healing performance.

Metal organic frameworks (MOFs), which consist of metal ions like Zn2+ and organic ligands,
such as imidazoles, are well known for their porosity. There have been relatively few reports where
these have been employed in the formulation of protective coatings. However, there are two recent
reports where MOFs have been used with graphene as nanocontainers to encapsulate corrosion
inhibitors. For example, GO/MOFs loaded with benzotriazole and embedded within polyvinyl butyral
have been utilised to protect copper [223] while they have also been incorporated within epoxy coatings
to give protective coatings [224].

9. Nanoparticle Decorated and Metal Oxide Modified Graphene

As detailed earlier the aggregation of GO and rGO sheets, through van der Waals interactions,
continues to remain challenging in the development of graphene-based protective coatings, as these
aggregation reactions reduce the service life of a coating. Consequently, research has focussed on
the surface modification of GO sheets and this has been achieved through chemical functionalisation
and the addition of conducting polymers, as described earlier, and by decorating the GO sheets with
nanoparticles. It has been shown that nanoparticles, such as gold [225], silver [226], platinum [227],
titanium dioxide [228], zinc oxide [229] and iron oxides [230] can be deposited or grafted to the basal
planes of GO, where the oxygen functionalities can provide reactive sites for the nucleation and
growth of the nanoparticles. As a result, these nanoparticles can act as a spacer layer between the GO
sheets minimising aggregation of the sheets. Likewise, this arrangement inhibits the agglomeration of
the nanoparticles.

Various nanoparticle-modified GO sheets have been formed and effectively dispersed within
epoxy coatings to give more protective coatings. Silicon dioxide, SiO2, particles also termed silica,
are frequently used within coatings [231] and also combined with GO [74,232] and employed in coating
formulations. The interest in SiO2 nanoparticles stems from their excellent chemical and thermal
stability, hydrophilicity and low cost. A number of studies have shown that SiO2-modifed GO epoxy
coatings have more protective properties than the corresponding GO/epoxy formulations with the
nano-SiO2 playing an important role in improving the dispersion of GO sheets [233,234]. When GO
is modified with SiO2 it becomes more hydrophilic and while this improves its dispersion within
coatings, it can also reduce the protective nature of the coatings. Indeed, it has been shown that the
hydrophobic nature of the surface is reduced after the incorporation of GO/SiO2 [235]. In a recent study
this was addressed by functionalising the SiO2 with hydrophobic alkyl side chains achieving a balance
between the hydrophilicity required for dispersing the SiO2-modified GO sheets and hydrophobicity
required to give protective coatings [236].

Different oxides have been coupled with graphene including MgO to enhance the interfacial
bonding between graphene and magnesium substrates [237], praseodymium-decorated graphene
for the protection of a magnesium AZ31 alloy [238], while silver nanoparticles have been combined
with GO to give protective coatings with antibacterial activity [62,239,240]. Additional metals/oxides
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such as TiO2 [241–243], ZnO [244–246], CeO2 [247] and NiCo [248] have been coupled with graphene
to enhance dispersion and corrosion protection. Moreover, antimony tin oxide powder has been
mixed with graphene sheets and added to epoxy coatings to give protective coatings with conducting
properties [249].

Semiconducting oxides have also been employed as radical scavengers and UV shields to reduce
weathering that occurs with polymeric systems when exposed to sunlight. This photo-degradation
can be significantly reduced by using oxides that can absorb or scatter the light. For example, CeO2 is
a good UV blocker and it has been combined with GO to give more stable outdoor coatings [250].
Semiconducting oxides are also attractive for photogenerated cathodic protection, which is attracting
interest as a corrosion protection method [251]. This approach is illustrated in the schematic shown in
Figure 6. On absorption of light photons electrons are promoted from the valence to the conduction
band and if these electrons can be shuttled or transferred to the corrosion susceptible metal or alloy
then the system can be polarised to potentials well below the corrosion potential or sufficiently reduced
to move the system into the immune region, as illustrated in the Pourbaix diagram, Figure 6. Graphene
has been successfully employed to shuttle the electrons from the conduction band to the substrate
electrode. For example, graphene and TiO2 have been employed for enhanced photogenerated cathodic
protection combined with Co(OH)2 [252], Ag [253], WO3 [254] and SnO2 [255].
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10. Hexagonal Boron Nitride and Graphitic Carbon Nitride

Two-dimensional hexagonal boron nitride (h-BN), frequently described as “white graphene”,
has graphene-like sheets consisting of N and B atoms, bound by strong covalent bonds, while the
layers are held together by weak van der Waals forces. This 2D material can be formed using
chemical vapour deposition [256]; however, the solution-based exfoliation of bulk BN powders is
more commonly employed to give large quantities of the layered sheet structures. While bulk boron
nitride is insulating, bipolar electrochemical techniques can be employed to give electrochemical
exfoliation [257]. These h-BN layers are hydrophobic, chemically stable and non-conducting and
therefore will not generate local galvanic corrosion cells with the corrosion susceptible substrate,
while their impermeable nature will inhibit the inward penetration of corrosion promoting ions, such as
Cl− and O2. Indeed, it was shown that h-BN coatings can impede the transport of oxygen, inhibiting
corrosion [258] while Galbiati et al. [259], in comparing the oxidation of copper coated by graphene and
h-BN single layers, found that while graphene had better short term corrosion protection properties,
the h-BN, due to its insulating nature and inability to form a galvanic couple with copper, provided
superior long term corrosion protection. This makes h-BN an attractive 2D material for the formulation
of corrosion protective coatings and films [260,261]. Nanosheets of h-BN have been employed to
protect copper foil exposed to high temperatures of 250 ◦C in air [262], while h-BN nanosheets have
been grown on silver substrates using chemical vapour deposition and shown to protect the silver
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from chemical attack [263]. Boron inks have also been used to form BN coatings at copper with highly
impermeable coatings with good anti-corrosion properties [264].

Recently, h-BN/polymer hybrid coatings have been utilised in corrosion protection. As with
graphene, homogenous dispersions of h-BN nanosheets in the polymer matrix is crucial in forming
protective coatings. In a recent study, h-BN was dispersed in an epoxy matrix using a carboxylated
aniline trimer which acted as a dispersant by forming strong π–π interactions with the h-BN
nanosheets to give protective anticorrosion coatings [265]. Likewise, poly(2-butyl aniline) [266] and
polyethylenimine [267] can be employed as an effective dispersing agent for h-BN in epoxy coatings.
Several h-BN modified epoxy coatings have been formulated and used to protect corrosion susceptible
electrodes and these have been successfully formed using functionalised h-BN [268–270], h-BN
modified by Fe3O4 nanoparticles [271] and Al2O3 nanoparticles [272], and h-BN with added corrosion
inhibitors [273]. Other polymer coatings have also been considered. For example, Husain et al. [274]
dispersed h-BN in a polyvinyl alcohol (PVA) coating to protect SS316 stainless steel from corrosion.
The low corrosion current density of 5.14 × 10−8 A cm−2 was attributed to the inert and dielectric
nature of h-BN. Nanosheets of h-BN have also been successfully employed as nanofillers in polyvinyl
butyral coatings [275], resulting in highly impermeable polymeric composites for corrosion protection.

Another interesting 2D material is graphitic carbon nitride (g-C3N4). Carbon nitrides are layered
π-conjugated polymeric materials, with planes comparable to graphite and consisting of C and N with
linear tri-s-triazine networks. These bulk materials are synthesised from melamine, urea or cyanamide
using a thermal process [276] and then the nanosheets can be formed using etching or liquid exfoliation.
These sheets, like graphene, have high surface area with good interfacial charge transfer properties.
Similar to h-BN, g-C3N4 nanosheets are a very good substitute for graphene providing good barriers for
the penetration of corrosive ions. Using chemical vapour deposition, g-C3N4 nanosheets were formed
on a magnesium alloy to give significantly improved corrosion resistance [277]. Likewise, g-C3N4

nanosheets have been employed as a nanofiller in epoxy coatings, with g-C3N4/ZnO nanocomposites
being utilised as a nanofiller in enhancing the corrosion resistant performance of epoxy coatings [278].
In other studies, a polystyrene/g-C3N4 anti-corrosion coating formulation was used to give highly
protective coatings for copper [279], while PANi/g-C3N4 composites have been employed to protect
iron [280] and electroactive polyimide/g-C3N4 composites were utilised to protect 316L SS, carbon steel
and an aluminium alloy [281]. In addition, a g-C3N4/MoOx nanocomposite was used as a nanofiller in
epoxy coatings to enhance the anti-corrosion performance of an AA2024 Al alloy [282].

In addition, g-C3N4, is also attracting considerable interest as a photocatalyst [283,284]. Moreover,
the electron-hole pair can be generated using visible light, while the positions of the conductance,
valence bands and bandgap energy can be varied by doping or copolymerisation [276]. Consequently,
g-C3N4 has been employed in the photocathodic protection of 316 stainless steel and Q235 carbon
steel [285]. Clearly, both h-BN and g-C3N4 have a bright future in corrosion protection.

11. Conclusions and Future Outlook

It is clear from the reports reviewed and the growing number of publications, where graphene
is employed in corrosion protection, that graphene and its derivatives, GO and rGO, are interesting
candidates in the formulation of corrosion protective films and coatings. As detailed earlier, graphene,
rGO and GO can be coupled with a number of other materials to give protective composite coatings
and these combinations include various organic coatings, such as epoxy and polyurethane, and zinc
rich, sol-gel, LDH, MOF and conducting polymers. While it is difficult to functionalise rGO due to the
lack of groups that can be activated, GO, with its oxygen containing groups, is easily functionalised
with various chemical groups or grafted to a polymer, enabling its better integration into polymer
composites, while metal nanoparticles, conducting oligomers or polymers and surfactants can be
employed as intercalators in an attempt to reduce aggregation of the 2D nanosheets.

Nevertheless, the application of graphene as a corrosion protection layer remains somewhat
controversial. There is a general consensus that single or multiple layers of conducting graphene or rGO
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at metal or alloy surfaces is complicated by galvanic coupling with the metal substrate, which can give
rise to higher rates of corrosion in the long term. While the layered rGO has very good impermeable
properties inhibiting the diffusion of corrosion promoting ions, such as O2, H2O and especially Cl−,
galvanic corrosion will occur at defect sites. More success has been achieved by combining GO,
functionalised GO or metal nanoparticle decorated GO with polymers to give composite or hybrid
coatings and by coupling rGO with zinc-rich coatings, where the good conductivity of the reduced
graphene can be exploited to enhance the anti-corrosion properties of the sacrificial zinc-based coatings.

This research field is still in its infancy and a number of challenges exist and must be addressed
before graphene-based composites can be employed in corrosion protection. Long-term corrosion is
required in all real applications and one of the biggest challenges is the prevention of graphene sheet
aggregation over an extended time frame. This has been partially addressed by functionalised GO
and by incorporating other intercalating agents, but more long term corrosion studies are required to
establish if these approaches can be utilised to give long-term corrosion protective coatings. Moreover,
while a lot of research has focussed on solvent-based organic coating formulations, waterborne resins
and coatings are more environmentally acceptable, but the good dispersion of rGO and functionalised
GO is considerably more difficult in these aqueous-based systems. It is well established that protective
coatings require very good long-term dispersion of graphene and further efforts are needed to
develop new dispersion strategies for rGO and functionalised GO in aqueous solutions. In addition,
the development of a cost-effective and large-scale synthesis that can be employed in the scale-up of not
only graphene but other impermeable 2D materials is required before these materials can be exploited
in the formulation of corrosion protection coatings. There are added concerns over the environmental
impact of graphene. As GO contains polar oxygen-containing groups, it is reasonably soluble in water
and GO nanosheets can enter the aquatic system and have adverse effects on the aquatic ecosystem.
Therefore, GO-modified coatings must be stable and not prone to leaching of GO flakes at corrosion
sites. Consequently, studies that monitor the leaching of GO during the deterioration and delamination
of coatings are essential from an environmental perspective.

Nonetheless, with the further development of graphene-based coatings accompanied by a better
understanding of the precise role of graphene in the corrosion protection mechanism, these materials
have a promising future as additives in corrosion protective coatings. The emergence of graphene-like
2D materials, such as h-BN, is also interesting as h-BN has similar impermeable behaviour as graphene
but is insulating, minimising the establishment of galvanic couples with the metal or alloy being
protected. Indeed, there may be advantages in using both h-BN and GO in coating formulations.
Likewise, g-C3N4 is especially interesting in terms of its band structure, with the generation of electron
and hole pairs using visible light. Consequently, g-C3N3 or g-C3N3 coupled with rGO or GO may have
applications in the photocathodic protection of metals and alloys.
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