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Graphene represents an innovative material, which possesses a unique combination of properties. The remarkable

features of this material allow it to be often used as a reinforcing filler in organic based coatings. The excellent

conductivity and mechanical strength properties of graphene produce a significant increase in the performance of the

polymer matrix. Recently, however, scholars have focused on the barrier effect properties that can be provided by

graphene flakes to obtain high corrosion resistance coatings. If well distributed in the polymeric matrix, in fact, the

graphene-based sheets are able to provide a high resistance to the passage of aggressive ions, fundamental for the

development of corrosion processes on the metal substrate. The distribution of graphene-based fillers, however, is a

critical aspect, which can be improved by means of certain oxidation and functionalization processes of graphene flakes.

Recent studies have shown the possibility of combining the excellent features of cataphoretic processes with the

remarkable protective properties of graphene-based fillers in the creation of high-performance multifunctional composite

coatings. The functionalized graphene oxide flakes, in the correct amount, can in fact increase the protective performance

of cataphoretic coatings, as well as providing additional features such as mechanical strength and high conductivity.
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1. Introduction

Graphene is a recent material of enormous academic and industrial interest, as it shows a combination of physical and

mechanical properties that make it unique, suitable for specific applications that require considerable technological

development.

The true discovery of graphene is attributed to Prof. Andre Geim and his former student Konstantin Novoselov: in 2004

they published a very first article on Science journal about the synthesis of graphene, obtained thanks to a mechanical

exfoliation method .

Graphene is defined as a 2D carbon allotrope, whose atoms represent the sp  hybridization vertex of a hexagonal lattice,

forming a honey-comb structure of monoatomic thickness with carbon-carbon bond distance equal to 0.142 nm. Each

lattice is made of 3 strong σ bonds, constituted of a combination of orbitals s, p , and p , which provide high stability to the

graphene structure. The p  electron makes up the π-bonds, which form the π-band and π*-bands, responsible for most of

graphene’s notable electronic properties.

Thanks to its honeycomb lattice, graphene possesses unique properties, such as very high transparency of 97.7%,

absorbing only 2.3% of visible light , and high electron mobility at room temperature, over than 2000 cm /V*s, allowing

graphene to reach conductivity values of 10  S/m and a sheet resistance of 31 Ω/sq . The intrinsic graphene thermal

conductivity, dominated by diffusive and ballistic conduction at high and low temperatures, respectively , is about 2000-

6000 W/mK . This range of values is mainly due to the degree of defectiveness of the flakes , which can cause phonon

scattering. Among the most innovative features of graphene, its remarkable properties of mechanical strength, combined

with high lightness, make this material appreciated in various industrial applications. Using nanoindentation AFM, for

example, it has been possible to measure the intrinsic strength of a defect-free sheet, which showed stiffness values of

the order of 300-400 N/m and breaking strength equal to 42 N/m . Graphene possesses also tensile strength and elastic

modulus values equal to 125 GPa and 1.1 TPa , respectively. This material therefore shows, for the same thickness, a

resistance 100 times greater compared to steel. Finally, another important property possessed by graphene is the high

specific surface area, equal to 2630 m /g .
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2. Graphene as An Ideal Candidate for Reinforcement in Composite
Materials

These characteristics make graphene an ideal candidate for reinforcement in composite materials. In fact, it can be added

in polymeric materials in the form of functionalized nanosheets, simple fillers or as intercalated films, increasing the

electrical, thermal and mechanical properties of the polymeric matrix. Nowadays, graphene is used as a reinforcing filler

due to its high mechanical strength , or thanks to its remarkable electrical conductivity, a feature that is often exploited

to improve the conductivity of polymeric materials, in order to obtain multi-functional composites , suitable in electronic

applications, such as in the production of electronic transistors . Finally, the high thermal conductivity of graphene

makes it possible to obtain polymer-based composite materials that are very promising in sensor and electronic

applications, but also for structural functions .

To ensure that graphene can improve the properties of the composite coating, especially in terms of the barrier effect

against the absorption of aggressive ions, the flakes must be homogeneously distributed inside the polymeric matrix. The

dispersion of graphene and graphene oxide (GO) flakes is very complex: graphene sheets, in fact, tend to agglomerate,

two to the van der Waals forces , while the functional groups introduced on the surface of the flakes, together with

the hydrogen bonds, involve difficulties in the exfoliation of graphene oxide in polymeric matrix . The dispersion of

these types of flakes requires severe mechanical action, by means of stirring or ultrasound processes, to achieve

satisfactory results . Such mechanisms can offer good results exclusively with the use of graphene oxide, whose flakes

possess functional groups, such as epoxy or carboxyl, which show a certain compatibility with resins that contain the

same functional groups, according to the principle of similarity and intermiscibility. An alternative method to these

mechanical processes is represented by the wet transfer dispersion technique. In this case, the flakes are first dispersed

in water and then transferred to resin by extraction and evaporation. Also in this case, it is necessary to use graphene

oxide flakes, which allow to get a stable colloidal suspension in aqueous solution. This is certainly an economical and eco-

friendly process, as it does not require special organic solvents. Wet transfer method improves the dispersion stability, but

is more complicated than simple mechanical dispersion, as it has to face the issue of treatment of the aqueous phase

waste liquid. However, several studies report that it is possible to obtain a good distribution of graphene oxide in epoxy

matrices thanks to this process .

As an alternative, graphene oxide flakes can be subject to functionalization process, a surface modification that can

improve the dispersion efficiency. These methods are usually divided into covalent bonding and non-covalent physical

adsorption. The chemical covalent modification processes involve the creation of covalent bonds between the functional

groups present on the surface of the flakes and organic small molecules , organic polymers , and inorganic

nano-oxides , according to the type of modifying groups. In literature it is possible to find several studies related to

functionalization processes of graphene using organosilanes, which not only intercalate between the flakes, distancing

them from each other, but also performing the task of anchoring the graphene sheets to the polymeric matrix, preventing

the agglomeration . The chemical covalent modification methods lead to the covalent bonds cleavage or ring opening

reactions, introducing structural damage in the graphene flakes. In contrast, in non-covalent functionalization processes,

such as electrostatic adsorption , electron orbital conjugation , or hydrogen bonding , the structure of

graphene is kept intact, guaranteeing the remarkable properties of the nanofiller. Nowadays, covalent functionalization

processes are often preferred, as different procedures can be used to modify graphene oxide flakes. These processes,

however, involve defectiveness in the flakes, with a consequent decrease in the performance of graphene. For this

reason, several studies of graphene oxide flakes reduction have been carried out, in an attempt to partially restore the

characteristics of pure graphene. However, a complete restore of the structural damage is impossible, so the properties

shown by rGO flakes cannot be as high as those possessed by graphene.

If homogeneously dispersed, graphene-based fillers can significantly improve the performance of polymer coatings. For

this reason, this material is employed in various industrial fields.

For example, the ability of graphene to withstand high temperatures for a long time, maintaining good mechanical stability,

makes this material perfect to improve the flame retardants properties of protective coatings, reducing the use of the

typical additives materials based on halogens and phosphorous, which turned out to be toxic to humans and the

environment. Graphene has been shown to possess incredible thermal stability even at an elevated temperature of ≈

2126 °C : this characteristic, together with the high thermal conductivity (2000 to 5000 W m  K ), heat dissipating

capability, impermeability to gases and superb mechanical strength, makes graphene-based materials ideal for high

temperature applications . This nanofiller is therefore nowadays incorporated in polymeric coatings to improve the

retardant properties such as thermal stability , smoke suppression , limiting oxygen index (LOI) value , melt

viscosity (MFI) , increase in char yield , and anti-dripping properties .
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Moreover, graphene can be considered a promising candidate for wear and scratch resistant coatings because it

represents the thinnest , lightest  and strongest  known nanomaterial. This nanofiller can effectively prevent or

reduce mechanical failure of polymeric coatings by strengthening and toughening the loaded surface as well as by

transferring the stress throughout the structure .

Graphene represents also a good candidate for use as an antisticking coating agent, as superhydrophobic and

superhydrophilic graphene-based coatings have been proposed to prevent particulate fouling . On the other hand, the

inclusion of carbon materials has already been extensively studied because of their known antibacterial, anti-settlement

and salt rejection properties .

Finally, graphene and its derivatives have been shown to provide high barrier effect against the diffusion of corrosive

species such as H O, O  and Cl  when incorporated in organic coatings. This is one of the reasons why graphene

appears as an excellent reinforcing additive to increase the corrosion resistance properties of protective polymeric layers.

Over the years various studies have been carried out on the characteristics of graphene, which have confirmed that this

material possesses high impermeability against molecules as discrete as helium . If added in a polymeric matrix,

graphene derivatives could theoretically lead to the “torturous path effect” and “nano-barrier wall effect” for the diffusing

aggressive molecules. The tortuosity of this diffusion path is influenced by the fillers exfoliation and dispersion in the

polymer matrix, the graphene high aspect ratio, sheets orientation, the graphene-polymer matrix interface and the

crystallinity of polymer itself .

Over the years, various methods of deposition of organic coatings have been adopted, which are functional even in the

case of composite layers containing graphene. Among these, the most used processes in the realization of polymer matrix

coatings containing graphene are the dip coating  and spin coating  methods, the sol gel approach , the spray

coating technique  and the electrophoretic deposition processes .

The latter process seems to be very promising to produce high quality graphene based coatings, as it process offers

countless advantages. First of all, very high yields can be obtained (theoretically up to 100% of the resin used can be

deposited), which represent a fundamental detail in a historical period in which great care is taken to avoid waste of

material and to protect the environment. Furthermore, with regard to the environment, cataphoresis is considered an eco-

friendly process, as it does not require the use of particular solvents.

Thanks to this deposition technique it is possible to obtain coatings with high aesthetic qualities, which possess uniform

thickness (normally in the range between 5 and 40 µm) even on complex geometries of the product. The thicknesses can

in fact be controlled by varying process parameters such as the duration of the electrodeposition and the voltage values

applied.

In last decade several studies have been carried out relating to this deposition technique. Scientists, for example, sought

to optimize process parameters, such as deposition voltage  or curing temperatures . The effect of cataphoretic

coatings on different types of substrate , such as aluminum alloys  and Zn-Mn alloys , has been studied, also

through the application of particular pre-treatments . All these studies have confirmed the excellent corrosion resistance

properties of cataphoretic coatings, even in the presence of complex geometry substrates, such as metal foams .

Finally, ceria-titania nanoparticles were also added to cataphoretic baths to further improve the protective properties of the

polymeric coatings .

Recently some studies have combined the excellent performance of cataphoretic deposition processes with the

remarkable features of graphene-based fillers, to create multifunctional protective coatings. For example, a solution

containing graphene oxide flakes was added to an epoxy-based bath, studying the possibility of making double-layer

coatings, with different intrinsic properties . This preliminary work has shown that it is possible to use graphene-based

fillers in cataphoretic processes, optimizing the deposition parameters to obtain protective double-layer coatings.

Following this study, graphene flakes were subjected to oxidation and functionalization processes to improve their

distribution within the polymer matrix of the cataphoretic bath . Following oxidation in nitric acid and functionalization

with trialkoxisilane, the graphene-based flakes enabled the significant improvement of the performance of a simple acrylic

cataphoretic clear coat. This result was obtained mainly thanks to the functionalization process with (3-

Aminopropyl)trimethoxysilane (APTMS), whose amino group showed high reactivity with the graphene oxide flakes ,

allowing a better distribution of the filler within the acrylic matrix.

The next step of this work therefore focused on optimizing the quantity of filler to be added to the cataphoretic bath. The

correct amount of functionalized graphene oxide powder made it possible to obtain a real increase in the properties of the

cataphoretic coatings, with excellent corrosion resistance performance, assessed both by exposure in an aggressive
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environment and by electrochemical characterization techniques . As an example, Figure 1 shows the presence of a

single functionalized graphene oxide flake on the surface of the cataphoretic composite coating.

Figure 1: functionalized graphene oxide flake on the surface of the cataphoretic coating.

These recent studies have shown that the cataphoretic electrodeposition process is a congenial method for the realization

of protective coatings containing graphene-based fillers. The combination of the high adhesion properties of the

cataphoresis with the barrier effect promoted by the graphene sheets allows to obtain layers with excellent protective

features.
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