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Abstract

:

Metal deterioration via corrosion is a ubiquitous and persistent problem. Ångström-scale, atomically thin 2D materials are promising candidates for effective, robust, and economical corrosion passivation coatings due to their ultimate thinness and excellent mechanical and electrical properties. This review focuses on elucidating the mechanism of 2D materials in corrosion mitigation and passivation related to their physicochemical properties and variations, such as defects, out-of-plane deformations, interfacial states, temporal and thickness variations, etc. In addition, this review discusses recent progress and developments of 2D material coatings for corrosion mitigation and passivation as well as the significant challenges to overcome in the future.
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1. Introduction


Corrosion is an electrochemical process of gradual material dissolution through a redox reaction between material and diverse oxidizing species. A notable portion of the periodic table comprises of metals upon which modern society is immensely dependent. Therefore, the natural tendency of metal deterioration is a prevalent and intrinsic material problem is ubiquitous in every industry (e.g., automotive, marine, infrastructures) and introduces material failure risks and public health and safety hazards (e.g., Flint water crisis) [1]. According to National Association of Corrosion Engineers (NACE), the overall global cost of corrosion exceeds $2.5 trillion/year [2]. Factoring in the expense of conventional prevention methods, the entire cost accounts for nearly 4% of GDP for developed nations, not to mention the concomitant environmental impacts associated [3]. Consequently, even minor improvements in mitigating corrosion would result in enormous advancements for the global economy, making extensive research and application towards novel corrosion mitigation strategies a pressing priority.



The intrinsic properties of a material and its surrounding environment dictate the corrosion mechanism and rate. This corrosion rate is directly proportional to the degree of inherent environment corrosivity and inversely proportional to the corrosion resistance of a metal. Typically, corrosion mitigation and passivation of metal involve several techniques such as cathodic protection, alloying the target metal, and surface coating, etc.



There are two general techniques to achieve cathodic protection of metals: a sacrificial anode and an impressed current. A sacrificial anode, being more electrochemically active (in terms of galvanic potential) than the metal to be protected, oxidizes to provide cathodic protection to the metal [4]. Often, difficulties in installation and access present barriers for the use of sacrificial anodes. On a separate note, impressed current cathodic protection (ICCP) uses a direct current (DC) power source that supplies electrons from the anode to the metal (cathode). However, ICCP has limitations such as non-uniform current distribution, spark hazards, and hydrogen embrittlement [5,6].



Many metals (e.g., Al, Mg) form protective passive films in the presence of oxidizing species. The oxidized surface films, with their atomic scale thickness, have the ability to suppress further metallic corrosion [7]. However, halides and other anions can penetrate the passive films and initiate localized pitting or crevice corrosion [8]. Alloying metals can promote, strong and enduring passive film formation [9]. However, alloying changes the chemical composition and metal properties, which may not be cost effective or feasible for particular applications.



Surface coating is a versatile corrosion mitigation and passivation strategy by isolating the susceptible metallic surfaces from the oxidizing species. A variety of corrosion passivation coatings for metallic surfaces are abundant such as individual or combination of organic [10], multilayer [11,12,13], polymer coatings [14], nitride-based coatings [15,16]. However, these coatings have their respective inherent advantages and limitations. Organic and polymer coatings have a relatively large thickness (up to several microns), which could adversely affect thermal and electrical conductivity as well as the component dimensionality [17]. Many traditional polymer coatings are susceptible to microbial corrosion, high-temperature degradation, and have inherent porosity [14,18].



Comparatively, impermeable atomically thin layered 2D materials are ideal candidates for surface coatings against corrosion. Much debate was present on the structural stability of crystalline 2D materials under atmospheric condition until the experimental isolation of monolayer graphene—a hexagonal lattice of sp2 hybridized C–C bonds [19]. Over the past decade, a plethora of analogous 2D materials (e.g., hexagonal boron nitride (hBN), transition metal chalcogenides (TMDCs), MXenes), have been discovered and made possible by significant progress in various synthesis methods (Figure 1) [20]. The family of 2D material exhibits a wide range of novel mechanical and electrical properties such as large surface area [21], impermeability [22], bandgap tunability [23], thermal stability [24], and wetting “translucency” [25,26,27]. The most obvious advantage of 2D materials for corrosion mitigation and passivation is their impermeability to even the smallest atoms, such as helium, which is unprecedented in conventional materials. Additionally, ultra-thin 2D materials have the additional advantage of being nearly imperceivable. Overall, 2D materials have numerous advantageous properties, which make them suitable for atomically thin anti-corrosive coatings.



The intricate physical (e.g., impermeability, morphology) and chemical (e.g., redox potential) aspects of 2D materials dictate their surface corrosion passivation mechanisms. Recent studies of 2D materials in the context of anti-corrosion have focused on graphene [28,29,30] and graphene derivatives (graphene oxide (GO) [31,32], reduced graphene oxide (rGO)), hBN [33], and silicates such as mica and talc [34]. In this featured review article, our focus is to elucidate and discuss the recent progress and development of 2D material coatings for corrosion mitigation and passivation in different sectors. We then briefly explore the various complementary corrosion characterization techniques and the effect of many unique physical and chemical aspects of 2D material. Furthermore, we postulate the future prospects of 2D coatings.




2. Application of 2D Corrosion Passivation Coatings


Corrosion passivation coatings are used ubiquitously to suppress the detrimental effects of corrosion (i.e., material loss and subsequent risk of mechanical/material failure). Since their monolayer isolation in 2004, atomically thin 2D materials are gaining traction as potential corrosion mitigation and passivation coatings. Unlike graphene and hBN, many 2D materials have not been explored extensively as anti-corrosive coatings due to several limitations. The structural instability of 2D materials in various aggressive environmental conditions and the degree of influence of specific environmental constituents limit the application of 2D materials in passivation coatings. For example, black phosphorus (bP) is not suitable for use in corrosion passivation coatings due to its self-detrimental effect on temperature as well as time. Atomically thin bP has an orthorhombic lattice structure with a lone pair of sp3 elections, which makes it unstable under ambient temperature and ultimately vulnerable to oxidation. In fact, graphene and hBN are required to protect bP in an atmospheric condition [35,36]. In addition, researchers have shown that water, rather than oxygen, plays a primary role in the instability of MXenes (Ti3C2Tx and Ti2C2Tx) in aqueous colloids, thus, making water more harmful for MXenes [37].



Much literature has been devoted to understanding the physicochemical properties of 2D materials with regards to corrosion mitigation and passivation coatings, as well as pointing out the feasible applications in the industrial scale. In this section, a brief overview of the current and potential applications of 2D material coatings is provided.



2.1. Biomedical


In the biomedical field, metals and metallic alloys are used ubiquitously for various purposes such as dental amalgam, prostheses, and stents. These are subjected to corrosion due to the presence of biological fluids containing electrolytes, acids, bacteria, and enzymes. Subsequently, corrosion produces metal debris or soluble metallic ions, which creates long-term detrimental effects on the human body such as metallosis, toxic, or allergic reactions [38,39,40]. It should be noted that this type of coating has to be compatible with the human body, for which inert 2D coatings (i.e., graphene and hBN) are suitable candidates [38,41]. For example, graphene coatings exhibited a reduced corrosion rate of Cu metal in several biological solutions such as fetal bovine serum (FBS), Hank’s balanced salt solution (HBSS), phosphate buffered saline (PBS), and cell culture media [38].



For temporary bioimplants (i.e., pins, screws), a second surgery is required to remove the metallic (i.e., titanium alloys, stainless steels) parts. However, Mg is a bioresorbable metal that has properties similar to human bones that can be used as a replacement [42]. Through conjugation with biocompatible 2D material coatings (e.g., hBN-silane 2D composite), the precise resorption rate of Mg can be engineered to time the Mg temporary implant service life [41].




2.2. Petroleum Industry


The petroleum industry has used 2D materials extensively used for various purposes such as lubrication, demulsification, drilling, and, most importantly, anti-corrosive coatings [43]. Metals that are used in various heavy equipment in the petroleum industry can potentially be passivated using 2D materials. For example, a composite thin film (≤200 nm) consisting stainless steel/rGO nanoplatelets and alternating nanolayers of two different ceramic materials (i.e., alumina and titania) have exhibited lower porosity compared to neat alumina/titania, thus higher corrosion passivation of the underlying steel [44]. This type of barrier can also be fabricated using graphene flakes or an ink coating consisting of GO and oil [45,46].



Moreover, petroleum production well exhibits a severe issue of microbially induced corrosion (MIC) [43]. MIC is a specific type of corrosion where metal deterioration occurs due to microorganisms’ metabolic products (i.e., sulfate-reducing bacteria (SRB), sulfur-oxidizing bacteria). Some 2D materials such as graphene, GO, and hBN have exhibited good performance as MIC passivation coating of metals as well as antibacterial coatings [47,48,49,50,51,52,53,54].




2.3. Power Plant


The build-up of corrosion products can deteriorate the quality of heat exchange surfaces, reducing the thermal conductivity, media flow rate, and longevity. The use of 2D materials as candidates for corrosion and fouling passivation of metal in different heat exchanger environments (e.g., turbulent flow boiling condition, the repetitive bursting force of bubble) is also promising [55].



In the context of nuclear-pressurized water reactors, 2D material coatings have been shown to provide higher corrosion passivation compared to the conventional coatings such as organic, inorganic, or polymer coatings in the high-temperature environment of PWR. For example, graphene has been employed as an oxidation barrier for Ni under high-temperature condition, allowing boric acid in the deaerated primary water to only create a trace amount of nickel oxide [56].




2.4. Marine Environment


Corrosion has a disastrous impact on naval vehicles due to the omnipresence of salt in the marine environment. Both intrinsic and composite forms of coatings have been put to test for evaluating the corrosion performance of the 2D materials in seawater. In fact, most corrosion research surrounding 2D materials has been carried out in simulated seawater containing 3.5 wt% of NaCl, which mimics a marine environment. For example, a layered graphene coating on mild steel has been shown to reduce the corrosion rate due to its barrier effect in seawater (Figure 2) [57].




2.5. Aerospace Vehicles


Low earth orbit (LEO) contains an abundance of atomic oxygen (oxygen radicals) generated from atmospheric photodecomposition. Spacecraft in LEO have speeds of up to 8 km/s which yields a collision energy of atomic oxygen (AO) of about 5 eV with high atomic incoming flux (1014 to 1015 atoms/cm2) [58]. Coatings of 2D material can be applied to passivate spacecraft in LEO [59]. For example, the polymer parts of a spacecraft can be passivated from atomic oxygen using boron nitride nanosheet (BNNS) coatings (Figure 3). The BNNS flakes reduce corrosion of nylon by blocking and physio absorbing the oxidizing species [60].



In addition, 2D materials have immense potential in aviation technology as a corrosion passivation coating. For example, graphene nanoflakes exhibited successful corrosion reduction of aircraft when used as filler material in water-based epoxy resin coating [61].





3. Corrosion Characterization Techniques


Spontaneous corrosion results from Gibbs free energy (ΔG) change of an electrochemical system towards equilibrium (ΔG = 0). Gibbs free energy can be described as ΔG = −nFE, where n is the number of electrons, E is electrochemical cell potential (Ecathode − Eanode), F is Faraday constant (96,500 Coulomb/mole). A certain redox reaction is energetically favorable (i.e., spontaneity of electrochemical cell) if ΔG < 0 and E > 0. Redox reactions generate a flow of electrons between the cathode and anode. In an aqueous environment, the anodic atom loses electrons and oxidizes (M = Mn+ + ne−, where M denotes the metal or alloy), detaches from the anode and thus deteriorates or corrodes in the process. The free electrons are consumed by the cathodic reaction (i.e., reduction of oxygen, hydrogen, or water) and generate the corrosion current that is typically expressed as current density, Icorr, with a unit of current per unit area of a working electrode [62]. The measurement of Icorr and other associated parameters (e.g., resistance, capacitance) can elucidate the mechanism of corrosion behavior of a certain target metal or coating. Therefore, it is crucial to identify what role each characterization technique plays and how to utilize them to understand the underlying mechanism of corrosion. A brief discussion about different corrosion characterization techniques is presented in this section.



The three-electrode system is used during polarization test where the anode is the working electrode and cathode is the counter electrode, with the presence of an inert, non-participating reference electrode. The relationship between the current and potential for a three-electrode system undergoing an electrochemical reaction can be described by the Butler–Volmer Equation [63]:


I=Ia+Ic=I0 ·(exp[nFαa(η)RT]−exp[−nFαc(η)RT])



(1)




where I is the applied current, Ia is anodic current, Ic is the cathodic current, I0 is the exchange current density (when η = 0, Ia = −Ic = I0; i.e., Icorr), T is the absolute temperature in Kelvin (K), R is the universal gas constant, αa is the and αc is the cathodic charge transfer coefficients, and η is the overpotential defined as the difference anodic charge transfer coefficients between applied (E) and corrosion potential (Ecorr) [63]. Kinetically, charge transfer at the electrodes and mass transfer through the electrolyte are the two limiting parameters for the redox reaction rate [62]. Hence, the corrosion current depends on the electrode materials and electrolytes present in the electrochemical setup.



At high overpotentials (either positive or negative), the Butler–Volmer Equation can be simplified as the Tafel Equation [62]:


η=βlog(II0)



(2)




where β is the Tafel slope, which has two forms: βa (i.e., anodic Tafel slope that is determined at highly positive η when Ia >> Ic) and βc (i.e., cathodic Tafel slope that is determined at highly negative η when Ia << Ic) [64]. The Tafel Equation can be used to determine the corrosion current density.



During a potentiodynamic (PD) test, a voltage is provided as input between the working and reference electrode and a current is measured as output between the working and counter electrode. The input voltage is a dynamic or sweeping which ranges from the cathodic to anodic domain. In addition, this potential range depends on the electrode material. The output graph of the PD test consists of an anodic and a cathodic region and corrosion potential point (Ecorr) at η = 0 (Figure 4a). In the cathodic potential region, the working electrode does not corrode. With increasing potential, corrosion activation occurs after Ecorr, followed by a passive film formation and pitting corrosion at the pitting potential, Epit [65].



Icorr is equivalent to the cathodic and anodic current at open circuit potential. Although Icorr cannot be measured directly, Icorr can be approximated through electrochemical techniques. For example, Ecorr and Icorr can be estimated by performing Tafel extrapolation in the linear cathodic and anodic regions by using the Tafel slopes for anodic (βa) and cathodic (βc) region (Figure 4b) [66].



In addition, a faster and nondestructive linear polarization resistance (LPR) test can be performed to estimate Icorr in the low overpotential region (restricting the applied potential near to Ecorr) using the Stern–Geary Equation [63,67],




Rp=βa·βc2.3·Icorr·(βa+βc)



(3)





Moreover, the estimated value of Icorr can be used to find the amount of material loss (W) and the corrosion rate (CR) through Equations (4) and (5) [62]:


W=Atomic Weight · Icorr · tnF



(4)




where t is the time, and,


CR=W·Aρ



(5)




where A is the working electrode surface area and ρ is the material density. The performance of a coating can be interpreted by measuring Icorr through a PD test. For example, the graphene coating on Al decreases the Icorr, indicating corrosion passivation (Figure 4b) [68].



During a corrosion test, when the working electrode is at a fixed cathodic potential, corrosion is suppressed, whereas, at a fixed anodic potential, a passive film forms on the metallic surface. Thus, a potentiostatic (PS) test can be performed at fixed anodic potential to understand the structure and stability of the passive film by measuring the current, I = At−k, where A is a constant based on electrolyte and potential and k is the slope in the logarithmic I vs. logarithmic t graph indicating the passive film compactness factor [9].



Another technique to understand the influence of a coating on the charge transfer kinetics between metal and electrolyte is electrochemical impedance spectroscopy (EIS). EIS can measure the solution resistance (Rs), electric double layer capacitance (Cdl), charge transfer resistance (Rct), pore resistance (Rp), etc. [69]. An anti-corrosive coating should exhibit high (Rct) and low (Cdl) indicating slow charge transfer between metal and electrolyte [70].



Besides the mentioned techniques, further characterization is imperative to identify the 2D material defects and the presence and evolution of the surface corrosion product (i.e., oxides, nitrides, chlorides, sulfides). Table 1 summarizes several techniques, which can assist in the characterization of 2D material/metal systems.




4. Mechanisms of 2D Corrosion Passivation


The mechanisms of 2D corrosion passivation depend on intricate and diverse physical and chemical aspects, which are dependent on each other. In this section, we analyze corrosion passivation of metal via 2D materials from various viewpoints.



4.1. Impermeability


Pristine, defect-free 2D materials are impermeable to small atomic and ionic species, which makes them suitable for corrosion passivation of metal [83]. This impermeability results from the unique lattice structures of 2D materials, which has small geometric pore sizes. For example, graphene has a nonpolar C–C sigma (σ) bond length is 1.42 Å [84]. The delocalized dense cloud of overlapping π-orbitals generates a barrier, which, factoring in the van der Waals radius of carbon in graphene, forms a geometric pore of size 0.64 Å, which is smaller than even the smallest He atom with a diameter of 2.8 Å (Figure 5a) [83,85]. Analogous to graphene, hBN has a similar atomic structure with a polar B–N sigma (σ) bond length of 1.446 Å [86]. As such, graphene and hBN are both atomically impermeable, a characteristic that plays a key role in corrosion passivation.



In addition, permeance through a 2D material, denoted as Q, can be expressed as [22]:


Q=C·PrΔP



(6)




where C is the particle collision rate, Pr is the diffusion probability, and ΔP is the pressure difference across the membrane. First, for a 2D material, diffusion probability is very low due to the absence of interatomic gaps. In addition, Pr is inversely proportional to the penetration energy barrier (PEB) of molecules. For example, O2, being a diatomic molecule, can have three different geometric orientations when in contact with single-layer graphene (SLG). The three orientations between the axis along oxygen σ bond and graphene plane are (a) perpendicular, (b) parallel, and (c) oblique (Figure 5b). Computational calculation shows that the PEB was larger than 34.3 eV for all three orientations [87]. For hBN, the PEB of O2 is 34.2 eV, which is nearly the same as graphene due to their similarity in lattice structures [88]. In addition, the PEB varies with the molecular size. For example, He atom has a lower PEB than O2 due to its smaller molecular diameter [89]. Similar to O2, however, He molecules do not possess enough kinetic energy to overcome the PEB at room temperature.



The pressure difference, ΔP, across a 2D material can increase the molecular diffusion. Impermeability of continuous and defect-free few-layer graphene (FLG) to various gases (i.e., He, Ar, and air) has been investigated [22]. A continuous graphene sheet was suspended over a microchamber created in a SiO2 substrate (Figure 5c). Graphene was adhering onto the SiO2 through the van der Waals force between the graphene and substrate. The suspended graphene underwent outward and inward balloon shaped deformations due to positive and negative ΔP values, respectively (Figure 5e,f). The deformation size decreases with time due to gas permeation through the substrate walls and the clamped SiO2-graphene interface (Figure 5g). Gas permeation does not occur transversely through the graphene, which was demonstrated by establishing an independent relationship between the gas leakage rate and graphene layer thickness. Thus, the graphene remained impermeable under pressures higher than one atmosphere.




4.2. Defects in 2D Material


The presence of various defects, such as vacancies, ripples, wrinkles, cracks and voids, disrupts the otherwise impermeability of 2D materials, which considerably compromises their capacity for corrosion passivation [90,91,92]. In this section, we review various aforementioned defects, their origins (from the specific growth and/or transfer processes), and their ramifications for corrosion passivation (or lack thereof).



4.2.1. Growth-Induced Defects—Vacancies, Dislocations, Grain boundaries, and Stone–Wales Defects


Various 2D material preparation techniques have been developed, which can be classified generally into two categories: top-down techniques (i.e., exfoliation via mechanical [19,93,94,95], liquid [96,97] or chemical [98,99] means, electro-ablation [100]), and bottom-up techniques (i.e., atomic layer deposition (ALD) [101,102], pulsed laser deposition (PLD) [103,104], chemical vapor deposition (CVD) [105,106]). Typically, exfoliation generates 2D material flakes with small lateral sizes and poor dimensional control. The liquid exfoliation (e.g., sonication assisted liquid exfoliation, wet ball milling) method could induce different kinds of defects in 2D materials. In addition, the defect density of exfoliated 2D materials depends on their precursor (bulk) material quality (e.g., HOPG, kish graphite for graphene exfoliation).



Among the bottom-up techniques, atomic layer deposition of 2D materials has been restricted to TMDCs. Pulse laser deposition of 2D material has an inherent issue of high crystallinity or amorphous nature as well as imprecise control over deposition thickness [107]. On the other hand, CVD is a widely accepted high-temperature, large-scale 2D material growth technique. However, CVD growth of 2D material includes the formation of intrinsic defects such as point defects (i.e., atomic vacancies) and linear defects (i.e., dislocations, grain boundaries) [108].



Atomic vacancies disrupt linear atomic arrangement in 2D materials and create dangling or undercoordinated bonds (Figure 6) [109]. Subsequently, the saturation of dangling bonds by the Jahn–Teller geometric distortion forms different polygons in a 2D material [110]. Experimental studies have reported that Stone–Wales (SW) defect, di-, tetra-, hexa-, and even up to deca-vacancies can be present in 2D materials [89,111,112]. Stone–Wales (SW) defect is a widespread topological defect, which is mostly present in grain boundaries. Unlike an atomic vacancy, a Stone–Wales defect does not occur due to missing atoms from the lattice; rather, it originates from the 90° rotation of π-bonded atomic pairs and consequently forms adjacent heptagons and pentagons. A Stone–Wales defect has low formation energy in graphene, and therefore such defects can easily be observed in graphene [113]. Conversely, contrary to theoretical predictions, Stone–Wales defects have not been found experimentally in hBN [114,115,116,117].



Grain boundaries are linear defects that can form due to the accumulation of dislocations. Polycrystallinity and roughness of a substrate play a key role in 2D material grain boundary formation during CVD growth. Due to the polycrystalline nature of most metallic substrates, many isolated islands of 2D material nucleate individually until they eventually merge and form grain boundaries. Due to the change of atomic arrangement from one grain to another, the grain boundaries contain many types of the aforementioned defects (Figure 7a,b) [118,119]. Analogously, during initial CVD growth period, a polished metallic surface has a lower number of nucleation sites compared to its rougher counterpart. Therefore, a 2D material grown on a polished substrate inherits larger domains with less grain boundary density. For example, it has been demonstrated that graphene/polished Cu has higher corrosion resistance compared to graphene/ground Cu for a short period of time.



Consequently, due to the higher defect density, the local metallic surfaces under the 2D material grain boundaries are susceptible to preferential corrosion. For example, graphene’s exposure to vapor hydrofluoric (VHF) acid has shown that VHF preferentially etches the substrate by diffusing through the grain boundaries [120]. Therefore, metal should desirably be coated with monocrystalline in lieu of polycrystalline 2D materials. The absence of grain boundaries and other defects enhances impermeability and results in a higher degree of suppression of corrosion [121]. Much literature has recently been reported on controlled growth of monocrystalline 2D materials [122,123,124,125,126].



Grain boundary defects, along with atomic vacancies, result in incomplete coverage of the metal by the 2D coating. For example, a total defective area of up to 4% with grain boundary defect sizes of 30–50 Å and atomic vacancies of less than 10 Å has been observed in monolayer CVD-grown graphene [119]. Moreover, besides atomic vacancies, Ångström-scale voids measuring up to 10–150 Å in diameter can be present in 2D materials, which drastically decreases the coating coverage [127]. The PEB of oxidizing species becomes very low due to the presence of vacancies [89,111]. Local density approximation (LDA) calculations have shown that He atoms encounter little resistance during diffusion through vacancies with larger dimensions (i.e., 0.05 eV for deca-vacancy compared to 18.77 eV for pristine graphene). However, for other smaller defects, the PEB is high enough to ensure the impermeability of graphene to oxidizing species.




4.2.2. Transfer-Induced Defects


CVD-grown 2D materials are synthesized on selective low-solubility catalyst substrates such as Cu and Ni. For practical applications, reliable and smooth post-growth handling of 2D materials is crucial to fabricate uniform and defect-minimized coatings onto the target metal, as the inadequate transfer of 2D materials may cause such defects as holes, tears, ruptures, wrinkles. Various transfer techniques have been developed, which can be classified generally into two categories: dry transfer [128] and wet transfer [129,130].



Dry transfer using thermal release tape (TRT) or pressure sensitive adhesive films (PSAFs), is a rapid process but leaves voids and tape residues on the 2D material [131,132]. In addition, during the dry transfer process, pressure is applied to achieve 2D material conformity over a corrugated substrate, and subsequent pressure release causes the formation of wrinkles and bubbles [133].



Wet transfer of 2D materials can be achieved in different ways such as polymer-assisted transfer, bubbling transfer, free-floating transfer. Although widely used and cost-effective, polymer-assisted and bubbling wet transfer techniques generate polymer and etchant contamination, bubbles, cracks due to the use of a handle layer and etchant/electrolyte solutions [132,134]. In addition, the free-floating technique is an easily accessible wet transfer technique, but it is prone to creating high defect density (i.e., voids, cracks) 2D coating and not suitable for large area 2D material transfer [132].



It has been demonstrated that, factoring in the growth-induced defects, transferring a 2D material can further deteriorate the 2D material structure (Figure 8) [18]. For example, researchers have found that as grown graphene on a rough metal substrate, if transferred to a target substrate, provides poor 2D material quality (i.e., higher defect density). This is because graphene grown on the deep trenches of the rough substrate is not compatible with the transfer process and thus creates cracks accordingly. In addition, preexisting growth-induced cracks present in 2D materials can propagate due to wet transfer which adversely affects 2D material impermeability [135].




4.2.3. Galvanic Coupling—A Setback for Conductive/Metallic 2D Materials


Galvanic corrosion is a specific form of electrochemical corrosion that occurs between two electronically coupled dissimilar metals (i.e., cathodic and anodic) with different electromotive or electrochemical corrosion potentials (ECP). The ECP of different materials can be sequentially ordered to form a galvanic series (Figure 9a).



In selecting a 2D anti-corrosive coating, the intrinsic property of the 2D material is critically important to avoid galvanic corrosion. Conductive 2D material coatings with defects form a very proximal galvanic coupling with the underlying metal. For example, graphene is electrochemically noble with a high charge carrier mobility and aids electron movement during redox reactions, thereby, becoming cathodic to common metals (Figure 9b) [70,136]. A small opening in the graphene coating can expose a small underlying metallic (anodic) area to the larger cathodic area. When the ratio between the cathodic (graphene) and anodic (metal) areas of two dissimilar materials becomes high, accelerated localized pitting/galvanic corrosion of the anode exacerbates the material degradation (Figure 9c,d) [137]. Therefore, an imperfect graphene coating can unintentionally worsen the corrosion scenario, whether is in the intrinsic or composite form [138]. For example, graphene creates an adverse effect in its composite form with magnesium alloys (AZ31 and AZ61) due to galvanic coupling [139].



On the contrary, in hBN, the different electronegativity of nitrogen (i.e., 3.04) and boron (i.e., 2.04) atoms create localized π-electrons near nitrogen. Thus, hBN is inherently insulating and does not induce galvanic corrosion. A comparative experimental study between SLG and SL-hBN (i.e., single-layer hBN) on Cu showed that hBN can reduce the galvanic corrosion by nearly 400 times [49]. The galvanic corrosion current density (Ig) and galvanic potential showed a peak during the initial stage of corrosion for SLG (Figure 10a,b). The corrosion current was found to be significantly lower for an SL-hBN coating, indicating lower corrosion (Table 2). In addition, the galvanic potential of Cu/SLG (i.e., −744 mV) is higher than Cu/hBN (i.e., −792 mV), indicating the more cathodic nature exhibited by graphene.



Interestingly, graphene can reduce galvanic corrosion in certain circumstances. In 96.5Sn–3Ag–0.5Cu (SAC) solder, Sn is electrochemically negative compared to the intermetallic compound Ag3Sn, and thus a galvanic cell is formed. Graphene nanosheet (GNS) reinforcement creates an Sn matrix comprising numerous micro galvanic corrosion cell instead of one, thus reduces overall corrosion.




4.2.4. Effect of Ripples and Wrinkles


The flexibility of 2D materials is due to their large surface area and atomically thin nature while being high in-plane strength and stiffness [140,141]. As such, 2D materials have an inherent tendency for out-of-plane deformation such as buckling, ripples, wrinkles.



Ripples can spontaneously form in atomically thin 2D materials due to thermal fluctuation [142]. Thermal energy and delocalized π electron clouds disrupt the bond length symmetry of the 2D material lattice, which leads to out-of-plane deformations to achieve stability [143]. This non-uniformity in bond length forms ripples near the crystallographic defects and edges, which suppresses the planar stress distribution of the 2D material [144]. The size distribution of thermally induced ripples can be estimated by the following Equation [142]:


L*=2πκ (8π3BT)12



(7)




where L* is the spatial scale of ripple distribution, κ is the bending rigidity, and B is the 2D material bulk modulus. If the temperature, T = 0 K, as can be seen from Equation (7), there will be no out-of-plane deformation [143].



As discussed earlier, flat graphene is impermeable, whereas ripples and wrinkles can facilitate the permeation of oxidizing species. For example, it has been demonstrated that the oxidizing species at room temperature can diffuse to the graphene/Cu interface in either the transverse or the lateral direction along graphene ripples. The graphene coating used for experiment contained negligible defects, thus minimizing the possibility of defect-induced corrosion. Here, the overall PEB values for oxygen transverse diffusion was found to be 4.63, 4.22, and 3.68 eV for flat, convex, and concave rippled graphene domains, respectively, indicating preferential permeation through the rippled domains. In addition, depending on the ripple amplitude to period ratio, the absorption energy is subject to change. As such, for wrinkles, oxidizing species will have a higher possibility of transverse permeation towards the 2D material/metal interface [145].



Wrinkle formation in 2D materials is influenced by several factors such as the transfer of the 2D material, the interaction between the 2D material and the substrate during growth, and the crystalline nature and surface roughness of the substrate. Wrinkle formation compensates for the in-plane stress originating from the growth-induced defects in 2D materials. In addition, during a wet transfer (via aqueous solution) of 2D material onto hydrophilic substrates, residual water drainage promotes wrinkle formation, whereas no wrinkles were found for hydrophobic substrates [146].



During post-CVD growth cooling, the discrepancy in the thermal expansion coefficient (TEC) of 2D material (e.g., at room temperature, TEC of graphene is (−8.0 ± 0.7)·10−6 K−1) and the substrate plays a vital role in 2D material wrinkle formation [147]. For example, cooling induces compressive stress on graphene. As the compressive strain reaches a critical value, wrinkles are formed in the graphene [148]. In addition, the wrinkle orientation depends on the polycrystalline nature of the substrate. For example, solid Cu has many crystal facets, which create multidirectional wrinkles in graphene [149].



In higher temperature oxidation in air, preferential oxidation of an underlying metal along the 2D material grain boundary and deformities (i.e., wrinkles and folded wrinkles) is inevitable [150,151,152]. In a long-term high-temperature surrounding, induced unidirectional strain on the graphene wrinkle apex due to curvature attracts oxygen atoms and forms an epoxy chain [153,154]. Subsequently, oxygen atoms tear up the graphene sheet along epoxy chain directions and expose the underlying metal surface to oxidizing species (Figure 11a). Therefore, multidirectional oxidation lines form on a polycrystalline substrate. Interestingly, the absence of wrinkles in a 2D material will reduce oxidation of the underlying metal (Figure 11b,c). Although out-of-plane deformations promote oxidation, it has been demonstrated that the effect of point and linear defects on corrosion is higher compared to the out-of-plane deformations [155].



Researchers have taken contrasting stances on the existence of post-transfer wrinkle formation in 2D materials [156,157,158,159]. Nonetheless, studies have uncovered a strong dependence of corrosion on wrinkles, folded wrinkles, and ripples. Complete suppression of these deformities would be desirable for the application of 2D materials in coatings.




4.2.5. Effect of Functionalization


The 2D material/metal interface decoupling due to the out-of-plane deformities can increase the probability of oxidizing species intercalation and reduced adhesion of the 2D coating. The interfacial bonding can be strengthened by functionalizing the 2D material, which will generate a steric hindrance to the oxidizing species. For example, graphene can be functionalized using hydrolyzed 3-(Aminopropyl)triethoxysilane (APTES) by forming bonds due to the attraction between the amino group of APTES and free electrons of the graphene edge. This type of functionalization helps graphene form a “chemical network” with the underlying metal to reduce corrosion (Figure 12) [160,161].





4.3. Effect of Time—Aging 2D Coating


Numerous published reports have touted 2D materials as good corrosion-resistant coatings. However, this interpretation only holds true when the corrosion resistance of 2D material/metal systems is put to test for a short period. Inevitably, practical applications necessitate longer periods of exposure to oxidizing species where state-of-the-art quality 2D materials may not withstand such conditions due to slow diffusion through the defects [138,162,163]. For example, it has been found that some of the Cu grains remained pristine after five months due to strong bonding between Cu and graphene coatings, although the grains eventually corroded after long time exposure (18 months) (Figure 13). In addition, the galvanic effect of graphene exacerbates the effect of time (aging effect) on 2D material. As such, a metallic passive film (i.e., corrosion product after corrosion initiation) may act as a better resistant coating than a conductive 2D coating (graphene). As mentioned in Section 4.2.3, hBN has the potential to alleviate this problem because of its insulating properties [164].




4.4. Effect of Temperature


Understanding the effect of thermally driven metal degradation is essential because of the high temperatures present in industrial processes such as in heat exchangers, furnaces, and gas turbines. Other 2D materials such as graphene and hBN have been employed as anti-oxidation coatings because of their ambient thermal stability [55,56,75,165,166,167,168]. Thermal oxidation stimulates exothermic chemical reaction for graphene and hBN as follows [169]:





	Graphene:
	C+O2=CO2; ΔHf=−393 kJ/mole



	hBN:
	2BN+1.5 O2=B2O3+N2; ΔHf =  1253 kJ/mole






Significant discrepancies exist between the standard formation enthalpy (ΔHf) of hBN and graphene oxidation reaction. In addition, the activation energy required to form an initial vacancy in graphene is ~7.5 eV and the formation energy of subsequent vacancies decreases when adjacent atoms are sequentially detached [169,170]. Thus, subsequent removal of the carbon from the initial vacancy requires minimal energy. Conversely, a higher activation energy (~15 eV) is required for BN divacancy formation. Therefore, hBN has better thermal stability compared to graphene.



Experimental evidence has also supported that hBN coatings improve the high-temperature oxidation of graphene compared with bare graphene (Figure 14). Raman spectroscopy performed at different locations under a range of temperatures (up to 1000 °C) elucidated the stability of corresponding 2D materials. Graphene deteriorated almost completely at 700 °C (absence of characteristics Raman peak), whereas even at 1000 °C, hBN-coated graphene was still showing small peaks. Evidently, hBN has enhanced ability compared with graphene to protect underlying metals from high-temperature oxidation.



To study the oxidation states of the underlying metal passivated by 2D materials, weight gain technique may be used. For example, it has been shown that after high-temperature oxidation, hBN-coated Ni gained less weight compared to bare Ni due to lower oxide formation [169]. In addition, with a higher coating thickness (i.e., 5 nm hBN), the weight gain was nearly 1.5%, whereas nearly 3.2% weight gain occurred with a 2 nm thick hBN coating (Figure 15). The oxidation resistance increased with increasing thickness of hBN coating due to the higher degree of separation between the oxidizing species and Ni.




4.5. Effect of Number of Layers


Defects present in a 2D material poses a significant challenge for corrosion passivation due to reduced impermeability and diffusion of oxidizing species. For a multilayer 2D material coating, the density of these defective openings can be estimated from the following Equation [171]:


T=1−δN



(8)




where δ is the defect density/layer, N is the number of layers and T is the density of uncovered openings available for permeation/diffusion. T decreases as the number of layers increases, denoting an improvement of impermeability. It has been demonstrated that multilayer graphene (MLG) coatings on the metallic surface can provide better corrosion resistance compared to SLG [92,129,172]. Although stacking many layers could cover up the existing defects in individual layers’ basal plane, the gradual transverse and creeping flow of oxidizing species towards the metallic surface is unavoidable [162,163].



In addition, CVD-grown multilayer graphene (MLG) has a tendency to align its grain boundaries between adjacent layers in terms of position regardless of the chirality (i.e., armchair or zigzag) or epitaxy [121]. This registry between interlayer grain boundaries thus provides oxidizing species a nearly straight pathway towards the underlying metals. To mitigate this effect, MLG coatings can be produced by transferring single layers of graphene on top of another to create misaligned grain boundaries. This misalignment introduces a complex maze for oxidizing species to traverse. As mentioned in Section 4.2.1, metals should be coated with monocrystalline 2D material to eliminate the effect of grain boundary defects, which are present in polycrystalline 2D material.




4.6. Effect of Electrolyte Intercalation


Long-term stability of a 2D material requires a strong interfacial coupling between the 2D material and metal to prevent delamination. The Ångström-scale interfacial interaction between the 2D materials and a substrate surface is not a conventional solid–solid contact; rather, the 2D material adheres to the substrate in a gas-like or liquid-like manner and creates a conformal coating [173]. The adhesion force of a 2D material depends on the type of the substrate, the 2D coating conformity on a substrate. For example, the adhesion energy of SLG is higher compared to MLG. Consequently, SLG can conform better to an underlying surface compared to MLG due to its high flexibility. [174]. In addition, depending on the underlying substrate and its surface energy, graphene forms different interfacial bonds, which generates different adhesion energies. Graphene has six times the adhesion energy on Ni (72.7 J/m2) then on Cu (12.8 J/m2) due to the nature of interfacial bonding: more covalent and more ionic, respectively [175]. Evidently, a coating with low adhesion energy increases the probability of delamination. Moreover, the polycrystalline nature of a substrate makes it susceptible to intercalation of oxidizing species [176,177].



As previously mentioned, oxidizing species penetrate defects, such as vacancies, grain boundaries, and cracks, and then intercalate in the 2D material/metal interface to induce delamination [168,178]. For example, researchers have investigated the corrosion resistance of graphene-coated Cu exposed to ambient air for 20 days [82]. LDOS mapping via STS was used to measure the conductance of the 2D material coating over a metal substrate to elucidate the intercalation of oxidizing species. Higher conductance was observed in the area where graphene coating was present, whereas areas with lower conductance indicated oxide formation on metal through the cracks in graphene. Interestingly, a mixed zone (i.e., intermediate conductance) was present which consisted of both graphene/metal and oxides. This indicates that the oxide formation propagated underneath the graphene after initiating at the graphene cracks. In addition, the Cu oxides forming under the graphene coating loosely adhere to the metal, which leads to potential graphene delamination from the metallic surface.



The presence of defects in 2D materials can also be visualized via optical microscopy after transferring it onto a metallic surface. The metallic surface area directly underneath the cracks is expected to be first corroded. However, due to the intercalation of oxidizing species, the actual corrosion-affected area becomes much larger over time. For example, researchers have determined the fractional value of uncovered metallic surface (i.e., defects in graphene) by using an optical microscope (AOptical < 0.05), which was much less than the fractional value of actual corrosion area measured by EIS (AEIS ≈ 0.29), revealing that electrolyte intercalation occurred [17].




4.7. Effect of Electric Double Layer (EDL)


During aqueous corrosion, the surface electric double layer (EDL) plays a vital role in the corrosion kinetics of metals. The EDL consists of two parallel layers of oppositely charged ions situated in the solid–liquid interface when a metal is immersed in an electrolyte. EDL forms due to the attraction of counter-ions from the electrolyte by the surface charge of the metallic substrate. The concentration of aggregated ions in electrolytes is proportional to the distance from the metallic surface. According to Stern’s EDL theory, a higher concentration of ions reside near the metallic surface which is called the Stern (compact) layer followed by a Gouy–Chapman (diffuse) layer (Figure 16) [179]. The potential force felt by the ions decreases linearly in the Stern layer with increasing distance; in the diffuse layer, the potential decreases exponentially until the double layer thickness limit.



The charge transfer kinetics at the electrode is influenced by the EDL [180]. A high EDL capacitance, Cdl, indicates that corrosion is occurring due to the electrolyte and metal contact, whereas the presence of an impermeable coating barrier will separate the electrolyte and metal, which reduces the EDL capacitance (e.g., graphene and hBN decrease the Cdl of bare Cu by 3 and 16 times, respectively) (Table 3) [70]. This capacitance reduction occurs not only due to the physical separation of metal from the electrolyte but also due to the quantum capacitance of a 2D material [17,70]. Some 2D materials, such as graphene and hBN, have tunable quantum capacitance due to their easily tunable density of states. Overall, a good anti-corrosive coating should exhibit a lower double layer capacitance.





5. Fabrication Techniques of 2D Coatings


A practical and functional anti-corrosive 2D coating on a metallic surface requires reliable and reproducible fabrication techniques, which can generate low defect densities, high interfacial adhesion, and large area coverage of the underlying substrate. However, the conventional size of the samples that are tested for corrosion properties is small (i.e., centimeter-scale) for experimental convenience. A brief summary of coating thickness and sample sizes of various 2D coating/metal systems available in the literature is tabulated in Table 4. In practice, it is possible to cover a large area of a metallic surface with a 2D material, either as grown or transferred. For example, researchers have shown that roll-to-roll production and transfer of graphene films is achievable, which can be used for large area coverage in a 2D coating.



Prior to coating, target metallic substrates are degreased and decontaminated via various techniques. Typically, the substrates are electrochemically and mechanically (e.g., emery paper, silicon carbide paper) polished to obtain a uniform and smooth surface. In addition, immersion in acidic solvents (e.g., HCl, HNO3) or H2 annealing is performed to remove native oxides from the substrate surface.



Various kinds of fabrication techniques of 2D material/metal have been reported in the literature. These fabrication techniques have their characteristic pros and cons. Herein, a brief overview of various fabrication techniques is tabulated in Table 5.




6. Conclusions


Complete corrosion passivation requires an impermeable coating to ensure absolute separation of the metal and the oxidizing species. The intrinsic impermeable nature of 2D materials has made them an active research topic, conveying the optimism of rendering a perfect coating. However, the inevitable presence of growth and transfer-induced defects and associated out of plane deformations (i.e., ripples, wrinkles), disrupt 2D materials’ integrity, making them permeable enough for oxidizing species. To minimize the detrimental effects of intrinsic defects on corrosion passivation, newly established protocols for manufacturer large-area single crystal 2D materials is preferable over conventional polycrystalline 2D materials. There is also a significant promise for improvement in 2D material transfer techniques to minimize the wrinkle and crack formation with reliable reproducibility and scalability.



While graphene is the prototypical 2D material, its electrical conductivity and metallic nature make the underlying metal susceptible to galvanic corrosion. However, the ever-expanding family of 2D material analogs beyond graphene, encompassing many other promising candidates including hBN as superior coating materials. Therefore, additional research on graphene as an anti-corrosion coating should be concurrent with similar efforts on other promising 2D materials and graphene analogs. Moreover, to the best of our knowledge, the majority of anti-corrosion properties of 2D materials have so far been investigated on simple, idealized flat metallic substrates. On the other hand, industrial applications demand continuous coatings over different 3D metallic surfaces and complex geometries, which require considerable research. Additionally, further fundamental research is needed to understand the governing mechanisms of the behavior of oxidizing species on/within 2D material/metal surfaces and interfaces.



Industries throughout the world are still in constant search of economic, ubiquitous, and environmentally friendly coatings that can resist corrosion and thermal oxidation with enhanced durability and reliability. This review has discussed our current understanding of the underlying physical and chemical aspects of the 2D material coatings for corrosion mitigation and passivation. These have elucidated the requisite future research directions and emerging trends to take full advantage of the astonishing properties of 2D materials, with a view to making them a universally exceptional material for anti-corrosion coatings.
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Figure 1. Different atomically thin layered 2D materials with disparate electrical properties (Eg denotes the band gap energy) Reprinted with permission from ref. [20]. Copyright 2014 Society of Photo-Optical Instrumentation Engineers (SPIE). 
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Figure 2. Optical microscopic image of (a) bare mild steel and (b) graphene-coated mild steel after corrosion test in 3.5 wt% NaCl for 1 h. Bare mild steel corrodes severely compared to graphene-coated mild steel in simulated seawater. Adapted with permission from ref. [57] under Creative Commons Attribution 4.0 International License. 
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Figure 3. (a) Reduced material loss of nylon due to Boron Nitride nanosheet (BNNS) coating; (b) Schematic of the barrier and bonding mechanism of BNNS coating. Reprinted with permission from ref. [60]. Copyright 2014 American Institute of Physics Publishing LLC. 
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Figure 4. (a) Graph obtained from a potentiodynamic (PD) test showing three regions: (1) active region—indicates active corrosion, (2) passive region—indicates the formation of passive protecting film, (3) transpassivation region—indicates the initiation of passive film dissolution at high potential. Adapted with permission from ref. [65] under Creative Commons Attribution 4.0 International License; (b) graph obtained for graphene coating on Al substrate in 0.5 M NaCl exhibiting anti-corrosion ability of graphene. Reprinted with permission from ref. [68]. Copyright 2014 Elsevier. 
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Figure 5. (a) Schematic diagram of the geometric pore size of graphene; (b) Simulation showing penetration attempt of oxygen molecule through graphene. The penetration energy barrier (PEB) is as follows: a. 34.3 eV, b. 40 eV and c. 38 eV; (c) schematic illustration of SiO2 and graphene microchamber. (Inset) Optical image of real experimental setup; (d) Side view of the schematic microchamber image; (e) atomic force microscopy (AFM) (tapping mode) image of an expanded ∼9 nm thick graphene sheet with an upward deflection of 90 nm during ΔP > 0; (f) AFM image when ΔP = −93 kPa creating a downward expansion (175 nm height); (g) AFM height measurement at different times (timespan 71.3 h) of the downward expanded graphene sheet during ΔP = −93 kPa. The AFM measurement was performed along the center of the graphene membrane. (Inset) evolution of height with time. Reprinted with permission from ref. [22,83,87]. Copyright 2013, 2018, and 2008 Elsevier, David Publishing Company, and American Chemical Society respectively. 
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Figure 6. Schematic illustration of several types of defects present in graphene: (a) Stone–Wales; (b) mono-vacancy; and (c) di-vacancy. Reprinted with permission from ref. [109]. Copyright 2018 Elsevier. 
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Figure 7. (a) Annular dark-field STEM image of graphene lattice: (I) grain boundary with defect sites, (II) outline of different types of defects such as pentagon (blue), distorted hexagon (green), heptagon (red). In addition, the two stitched grains are inclined at 27° relatively; (b) Scanning tunneling microscopy (STM) image of defect sites in the grain boundary. Reprinted with permission from ref. [118,119]. Copyright 2011, 2017 Springer Nature Limited, and John Wiley & Sons, Inc. respectively. 
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Figure 8. Raman mapping of graphene: CVD-grown (a) single-layer graphene on Cu; and (b) few-layer graphene on Ni foam. Wet transferred (c) single-layer grapheme; (d) bilayer graphene on SiO2 substrate. The bright spots represent the defect sites on graphene lattice. The transferred graphene exhibits higher defect density compared to in-situ grown graphene. Adapted with permission from ref. [18] under Creative Commons Attribution 4.0 International License. 
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Figure 9. (a) Electrochemical potential sequence of various materials; (b) schematic diagrams for galvanic coupling of graphene and hBN-coated Cu. Graphene galvanically couples Cu and oxygen that increases corrosion, whereas, hBN shows no galvanic coupling; (c) pitting corrosion due to a galvanic coupling of two different metal featuring a large ratio of cathodic to the anodic area corresponding to higher corrosion current; (d) and (e) Corrosive species attacking and propagating through grain boundaries of anodic metal (exposed due to scratch) and reducing material strength rapidly. Adapted with permission from ref. [137]. Copyright 2017 Springer Nature Limited. And adapted under Creative Commons Attribution-NonCommercial 3.0 Unported Licence from ref. [70] —Published by The Royal Society of Chemistry. 






Figure 9. (a) Electrochemical potential sequence of various materials; (b) schematic diagrams for galvanic coupling of graphene and hBN-coated Cu. Graphene galvanically couples Cu and oxygen that increases corrosion, whereas, hBN shows no galvanic coupling; (c) pitting corrosion due to a galvanic coupling of two different metal featuring a large ratio of cathodic to the anodic area corresponding to higher corrosion current; (d) and (e) Corrosive species attacking and propagating through grain boundaries of anodic metal (exposed due to scratch) and reducing material strength rapidly. Adapted with permission from ref. [137]. Copyright 2017 Springer Nature Limited. And adapted under Creative Commons Attribution-NonCommercial 3.0 Unported Licence from ref. [70] —Published by The Royal Society of Chemistry.



[image: Coatings 09 00133 g009]







[image: Coatings 09 00133 g010 550]





Figure 10. (a) and (b) Evolution of galvanic corrosion current density (Ig) and galvanic potential with increasing time, respectively, for different galvanic systems: Cu/SLG, Cu/SiO2/Si and Cu/SL-hBN in Desulfovibrio alaskensis G20 lactate C medium. With an anode to cathode area ratio of 1.7, Cu acts as anode and corrosion occurs. Reprinted with permission from ref. [49]. Copyright 2018 American Chemical Society. 
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Figure 11. (a) Mechanism of oxidation along wrinkles: (I) epoxy chain formation, (II) subsequent etching, and (III) oxidizing agent permeation through narrow slits; (b) and (c) Optical image of graphene-coated Cu foil before and after annealing in air (10 min at 250 °C), respectively. Oxidation along wrinkles is dependent on the substrate crystal structure. Oxidation lines are not seen in crystal facet B due to an absence of wrinkles. Adapted and reprinted with permission from ref. [150]. Copyright 2014 Elsevier. 
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Figure 12. Schematic diagram of graphene functionalization: (a) APTES hydrolysis; (b) graphene functionalization; (c) coated substrate (i.e., mild steel) with functionalized graphene. Reproduced from ref. [160] with permission from The Royal Society of Chemistry. 
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Figure 13. Optical images showing the effect of time on corrosion graphene-coated Cu in atmospheric condition. (a) Oxide-free (H2 annealed) bare Cu; (b) Severe corrosion after 2 years; (c) graphene-coated Cu at t = 0 s; (d) Gr/Cu after 1 week showing no corrosion; (e) Gr/Cu after 5 weeks showing most of Cu corroded. However, due to strong graphene and Cu interaction, some grains remain protected; (f) After 18 months, the entire metallic surface is corroded including the previously protected grains. Reprinted with permission from ref. [138]. Copyright 2013 American Chemical Society. 
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Figure 14. Raman spectra evolution with increasing temperature of (a) graphene; (b) hBN-coated graphene. Reprinted with permission from ref. [169]. Copyright 2013 Springer Nature. 
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Figure 15. Weight gain (%) of bare Ni, 2 nm hBN-coated Ni and 5 nm hBN-coated Ni after 5 min oxidation in air at different temperatures. Adapted with permission from ref. [169]. Copyright 2013 Springer Nature. 
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Figure 16. Stern model of the electric double layer (EDL) consisting of the Stern (compact) layer and the Gouy–Chapman (diffuse) layer. Reprinted with permission from ref. [179]. Copyright 2015 Elsevier. 
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Table 1. Application of different technique in corrosion characterization of metallic surfaces.
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	Characterization Technique
	Applications





	Optical microscopy
	Identifying oxide formation after corrosion [71,72,73].



	Raman spectroscopy
	Identifying the grain boundaries (GB), defects in the 2D coating, and the presence of oxides after corrosion on the metallic surface [74].



	X-ray photoelectron spectroscopy (XPS)
	Detecting the presence of oxides by quantifying the chemical composition of the substrate after corrosion [75].



	X-ray powder diffraction (XRD)
	Determining the substrate crystal structure, identify oxide formation after corrosion [76,77].



	Scanning electron microscopy (SEM)
	Identifying the presence of wrinkles, defects, and morphology of 2D coating [78].



	Energy-dispersive X-ray spectroscopy
	Determining the elemental composition and quantitative value of each corrosion product (i.e., the oxides) [79,80].



	Atomic force microscopy (AFM)
	2D material coating continuity, GB, and the number of layers determination [81].



	Scanning tunneling spectroscopy (STS)
	Detection of cracks and ruptures on 2D material though differential conductance spectrum (dI/dV) including the Local density of states (LDOS) mapping [82].
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Table 2. Galvanic corrosion current density and corrosion rate. Reprinted with permission from ref. [49]. Copyright 2018 American Chemical Society.
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	Galvanic Couple
	Galvanic Current Density (Ig) (μA/cm2)
	Corrosion Rate (mpy)





	Cu/SiO2/Si
	6.22 × 10−3
	2.8 × 10−3



	Cu/SLG
	32.9
	14.8



	Cu/SL-hBN
	8.4 × 10−2
	3.79 × 10−2
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Table 3. Measurement of Cdl for 2D material coated Cu in 0.1 M NaCl solution. Adapted under Creative Commons Attribution-NonCommercial 3.0 Unported Licence from ref. [70]—Published by The Royal Society of Chemistry.
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	Sample
	Cdl(μF/cm2)





	Bare Cu
	53



	Graphene-coated Cu
	17



	hBN coated Cu
	3.3
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Table 4. Brief summary of different parameters of 2D material/metal system available in literature.
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	2D Material
	Substrate
	Fabrication Technique
	Coating Thickness
	Sample Size

(cm2)
	Surrounding Environment
	Reference





	Graphene
	Ni, Cu
	As grown (CVD) and transferred
	1–4 layers
	0.4
	0.1 M NaSO4
	Prasai et al. [17]



	Graphene
	Ni, Cu
	As grown (CVD)
	~1 layer
	0.071
	0.1 M NaCl
	Kirkland et al. [90]



	Graphene
	Cu
	As grown (CVD) and transferred
	8–45 Å
	1–2
	5 wt% NaCl
	Zhu et al. [121]



	Graphene
	Low alloy steel
	Dip coating
	1–6 layers
	06
	Water (pH 6),

3.5 wt% NaCl,

1.0 M NaOH,

0.1 M HCl
	Pavan et al. [57]



	Graphene
	2024 Al alloy
	CVD and subsequently
	~1–2 layers
	01
	3.5 wt% NaCl
	Zheng et al. [181]



	Graphene
	Cu
	As grown (CVD)
	4–5 layers
	0.785
	0.1 M NaCl
	Tiwari et al. [92]



	Graphene
	Cu, Al
	CVD and subsequently transferred
	1–4 layers
	01
	0.1 M NaCl
	Mišković-Stankovic et al. [182]



	APTES functionalized graphene
	Cold tolled mild steel
	Bar coating
	200,000 Å
	0.0636
	3.5 wt% NaCl
	Aneja et al. [160]



	APTES functionalized GO
	Cu
	Electrophoretic deposition (EPD)
	15–25 Å
	01
	3.5 wt% NaCl
	Raza et al. [183]



	Graphene/waterborne inorganics
	Steel
	Spray coating
	400,000–500,000 Å
	27.3
	3.5 wt% NaCl
	Cheng et al. [184]



	graphene/Polymeric isocyanate crosslinked with hydroxy functional acrylic

Adhesive (PIHA)
	Cu
	EPD
	400–450 Å
	01
	0.1 M NaCl
	Singh et al. [185]



	GO/plasma electrolytic oxidation (PEO)
	ZK60 magnesium alloy
	Dip coating
	40,000–60,000 Å
	01
	3.5 wt% NaCl
	Qiu et al. [32]



	hBN
	Cu
	As grown (CVD)
	1 layer
	01
	Sulfate-reducing bacteria Desulfovibrio alaskensis G20
	Chilkoor et al. [49]



	hBN
	Cu
	As grown (CVD)
	~4.5 Å
	0.07
	0.1 M NaOH
	Mahvash et al. [186]



	Graphene and hBN
	Cu
	CVD and subsequently transferred
	1 layer
	01
	Escherichia coli MG1655 bacterial cultures.
	Parra et al. [48]



	hBN/polyvinyl alcohol (PVA)
	Steel
	Spin coating
	~93,300 Å
	1.98
	Simulated Seawater
	Husain et al. [79]



	hBN/polydopamine/epoxy
	Steel
	Spray coating
	800,000 Å
	3.6
	3.5 wt% NaCl
	Zhang et al. [187]



	hBN/epoxy
	Steel
	Bar coater
	200,000 Å
	01
	3.5 wt% NaCl
	Cui et al. [188]



	hBN/Chitosan/titania
	Steel
	EPD
	120,000–150,000 Å
	0.78
	Dulbecco’s Modified Eagle Medium (cell culture medium)
	Raddaha et al. [189]
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Table 5. A brief overview of various fabrication techniques of 2D coating on a target substrate.
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	Fabrication Technique
	Brief Overview
	Reference





	CVD
	CVD is a high-temperature deposition technique carried out with appropriate precursors in either vacuum or atmospheric condition. Extensive reports have been made on corrosion performance evaluation of metallic surfaces passivated by CVD-grown 2D materials. As grown or transferred 2D material can be used for anticorrosive coating of metal. An advantage of using as grown 2D material/metal is to avoid the transfer-induced defects.
	Tulegenova et al. [87], Kirkland et al. [90],

Tiwari et al. [92],

Nilsson et al. [178]



	Bar coating
	Precision film coating formation can be performed using bar applicator, which is a technique analogous to painting.
	Aneja et al. [160],

Cui et al. [188]



	Brushing
	An ink-based coating can be brushed on target metallic surface using a brush to form anticorrosive thin film coating.
	Krishnamoorthy et al. [190]



	EPD
	During EPD, the electrical attraction between two oppositely charged particles suspended in a solution is utilized to deposit an intrinsic or composite 2D coating.
	Singh et al. [185], Raddaha et al. [189], Tozar et al. [191]



	Spin coating
	Solution based 2D material can be placed on a target substrate and coated using the centrifugal force generated due to substrate rotation.
	Mayavan et al. [192]



	Spray coating
	2D material (intrinsic or composite form) can be deposited by spraying onto the substrate in either powder or solution form.
	Zhang et al. [187],

Su et al. [193]



	Rapid thermal annealing (RTA)
	A rapid and facile heating process to pyrolysis organic compounds (e.g., naphthalene for graphene) to form 2D material on target substrates.
	Huh et al. [29],

Mogera et al. [194]



	Vacuum filtration
	Solution based 2D material can be deposited onto porous polymer target substrates using vacuum pressure to form a protective coating.
	Yi et al. [60]



	Dip coating
	Substrates can be immersed in a 2D material dispersed solution to form an anticorrosive film coating with subsequent drying procedure.
	Al-Saadi et al. [41], Sun et al. [71], Sun et al. [195]



	Drop casting
	2D material dispersed solution can be poured onto the target substrate to form anticorrosive film coating with subsequent drying procedure.
	Liu et al. [34]
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