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Chapter 11
Advanced Corrosion Prevention 
Approaches: Smart Coating 
and Photoelectrochemical Cathodic 
Protection

Viswanathan S. Saji

11.1  Introduction

Corrosion is a natural process causing materials damage and components failures. 
The worldwide corrosion cost is projected to be approximately US$ 2.5  trillion, 
which is equivalent to 3.4% of the global gross domestic product (GDP) [1–3]. 
Appropriate modifications in the material (e.g. corrosion-resistant alloys), environ-
ment (e.g. corrosion inhibitors) or material’s surface (e.g. coatings) is requisite for 
effective corrosion protection. Corrosion can also be prevented by cathodic (by sac-
rificial anode or impressed current methods) and anodic methods [4, 5]. In several 
industrial applications, a combination of surface coatings and cathodic protection 
(CP) can deliver the most effective corrosion mitigation. Coatings alone may not be 
fully adequate to provide corrosion protection for the underlying metal in aggres-
sive environments such as seawater as they are accompanied by microscopic pores, 
and the coating defects increase with the increase in service time. Conversely, CP 
alone is generally not cost-effective.

Seawater desalination has emerged as a viable alternative water supply in the 
modern world, predominantly in arid countries. Research and development over the 
last five decade in this area bring about many advancements leading to more effi-
cient and cost-effective desalination systems [6, 7]. However, corrosion remains a 
major threat in seawater desalination systems. The average salinity of seawater is  
~ 3.5%, and the oxygen concentration reaches a maximum at this salt level. Com-
bined with the high oxygen and the salt content and the presence of various other 
aggressive species, microbes, fouling agents and pollutants make seawater extremely 
corrosive to structural materials.
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The primary objective of this chapter is to provide a concise description of two 
selected cutting-edge corrosion control approaches, one each from the surface coat-
ing and the CP, which can be employed in desalination industries for more effective 
corrosion protection. The first section of the chapter deals with smart coatings, an 
attractive coating approach that can deliver controlled active protection with self- 
healing abilities. The smart coating approaches are explained with reference to 
supramolecular interactions. The second section explains impending solar energy 
assisted CP method; namely photoelectrochemical cathodic protection (PECP).

11.2  Smart Coatings

A corrosion protective surface coatings in general works by passive protection or 
active protection. The passive protection depends entirely on the coating’s barrier 
properties, whereas the active protection depends on the incorporated corrosion 
inhibitors in the coating matrix [8–10]. The smart coating concept makes use of 
both the active and the passive protection intelligently via the controlled on-demand 
release of inhibitors.

In general, a smart coating approach relies on a specialized resin, pigment, or 
other material that can respond to an environmental stimulus and react to it. Instead 
of direct doping of corrosion inhibitors in the coating matrix, a smart coating uti-
lizes approaches such as encapsulation of inhibitors in nano/microcontainers that 
are dispersed homogeneously in the host coating [11, 12]. The immobilization/
encapsulation method can overcome the problems with the direct doping approach, 
such as early inhibitor leakage and undesirable inhibitor-matrix interactions [13]. 
When the coating is damaged, the incorporated containers releases the pre-loaded 
inhibitors to repair the defects. A perfect nano/microcontainer is projected to be 
featured with the following attributes [14]:

 (i) Chemical and mechanical stability
 (ii) Compatibility with the coating matrix
 (iii) Adequate loading capability
 (iv) An impervious covering wall to avoid leakage of the active matter
 (v) Skill to sense corrosion initiation
 (vi) Release of the active matter on response.

The smart coating relies on supramolecular chemical approaches [15]. 
Supramolecular chemistry, otherwise called ‘chemistry of molecular assemblies’ or 
‘the chemistry of the intermolecular (non-covalent) bond’, are branded by the three- 
dimensionally arranged supramolecular species with intermolecular interactions 
(e.g., ion-ion, ion-dipole, dipole-dipole, hydrogen bonding, π–π, etc.). 
Supramolecular compounds can be conveniently categorized into (i) molecular self- 
assemblies, (ii) host-guest complexes, and (iii) molecules built to specific shapes 
(rotaxanes, dendrimers etc.). In the host-guest chemistry-based systems, a host (a 
large molecule, aggregate or a cyclic compound having a cavity) binds a guest 
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 molecule making a host-guest supramolecule. More details on supramolecular com-
pounds can be found elsewhere [15–20].

Structural alterations of supramolecular assemblies permit stimuli responsive-
ness. The nanocontainers disseminated in coatings can discharge the captured inhib-
itors in a regulated manner, which can be accustomed to occur along with the 
corrosion instigation or local environment changes (temperature, pH or pressure 
changes, radiation, mechanical action etc.) by using reversible covalent bonds or 
feebler non-covalent interactions. Smart coatings can be divided into several types 
based on the functionalization, and that can have several functions such as self- 
cleaning, self-healing, anti-biofouling and anti-corrosion [12, 21–29]. Several 
research efforts are presently ongoing in fabricating porous, hollow, or layer struc-
tured nanocontainers. Here, we describe recent research advancements in nano/
microcontainers where supramolecular approaches are utilized in crafting more 
proficient smart coatings.

11.2.1  Polymer-Based Nano/Microcapsules

Polymeric capsules have been explored extensively as a carrier of core components 
in smart coating applications. Here, the active constituent (core) is embedded within 
another material (shell) to protect the core from the direct surroundings. Either 
monomers/pre-polymers (by methods such as emulsion polymerization, interfacial 
polycondensation etc.) or polymers (by suspension cross-linking, solvent extraction 
etc.) can be employed for the production of nano/microcontainers. Polyurea (PUA)-
formaldehyde and polyurethane (PU)-based containers were among the first strate-
gies developed in this area [30].

Huang et al. prepared PU microcapsules encircling hexamethylene diisocyanate 
via interfacial polymerization of methylene diphenyl diisocyanate prepolymer and 
1,4-butanediol in oil-in-water emulsion [31]. Latnikova et al. showed that the type 
of polymer used had a noteworthy influence on the structure of the capsules formed. 
The PU and PUA loaded with the inhibitors were found to be evenly dispersed in the 
polymer matrix when compared with polyamide containers [32]. Gite et al. on their 
studies on quinoline incorporated PUA microcapsules showed that well defined, 
thermally stable spherical microcapsules with mean diameters of 72 and 86 μm 
were displayed excellent thermal and storage stabilities up to 200 °C [33]. All these 
studies presented considerably enhanced corrosion resistance for the self-healing 
coating after incorporating an optimized amount of microcapsules. For example, a 
low corrosion rate of 0.65 mm year−1 was obtained in 5 wt.% HCl for mild steel 
coated with PU with the incorporation of 4 wt.% of microcapsules loaded quinoline 
corrosion inhibitor [33]. Li et al. described pH-responsive polystyrene (PS) nano-
container where benzotriazole (BTA) inhibitors were encapsulated in the PS matrix 
during polymerization, and that was followed by adsorption of a highly branched 
polyethylenimine as a controlled release system of BTA [34]. Maia et al. showed 
that incorporation of PUA microcontainers loaded with 2-mercaptobenzothiazole 
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(MBT) in sol-gel coating (on 2024 Al alloy) was beneficial to improve the coating’s 
barrier properties as well as coating adhesion [35]. Latnikova et al. described an 
intersting concept by the synergistic combination of the passivation and hydropho-
bicity (Fig. 11.1) where alkoxysilanes with long hydrophobic tails were captured in 
PU microcapsules. On coating damage, the released alkoxysilanes form covalent 
interaction with the hydroxyl groups on the metal surface developing an inactive 
electrochemical film. The highly hydrophobic properties ascribed to the long hydro-
carbon tails enhanced the barrier properties by precluding water/aggressive ions 
infiltration [36]. Further details on polymeric nanocontainers can be found else-
where [30]. Several studies investigated polymer nano/microgels-based novel carri-
ers [37, 38].

11.2.2  Host-Guest Chemistry-Based

Stimulus feed-back anti-corrosion coatings, made-up by the dissemination of 
‘guest’ materials (inhibitor loaded intelligent nanocontainers) into ‘host’ matrix 
have attracted considerable research attention [12, 26, 27, 39, 40]. The expected 
properties of the guest materials are:

Fig. 11.1 Schematic of a self-healing smart coating. (a) Coating encompassing microcapsules 
loaded with alkoxysilanes on a metal substrate. (b) The release of encapsulated alkoxysilanes on 
coating damage. (c) The reaction of alkoxysilanes with H2O from the ambient environment. (d) 
The damaged surface becomes passive and hydrophobic. Reproduced with permission from Ref. 
36; Copyright 2011 © Royal Society of Chemistry
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 (i) High loading capability
 (ii) Good compatibility
 (iii) Stimulus-responsiveness
 (iv) Controlled release property
 (v) Zero premature release
 (vi) Prompt high sensitivity

Here, we provides a few examples of host-guest chemistry-based systems of meso-
porous silica and cyclodextrins (CDs).

Mesoporous silica nanocontainers (MSNs) have attracted considerable research 
attention due to their large specific surface area, easy surface functionalization, bio-
compatibility, high stability, and controllable pore diameter [41–43]. Borisov et al. 
showed that too low concentrations (0.04 wt.%) of embedded nanocontainers led to 
good coating barrier properties, however, reduced active corrosion inhibition due to 
insufficient inhibitor availability. In contrast, higher concentrations of the nanocon-
tainers (0.8–1.7 wt.%) degraded the coating integrity, leading to diffusion paths for 
aggressive species and reduced barrier effect. A coating with 0.7  wt.% inhibitor 
loaded MSNs exhibited the best corrosion protection [44, 45]. Zheludkevich et al. 
described a layer by layer (LBL) assembly where pH-sensitive silica nanoparticles 
were covered with polyelectrolyte layers, and layers of BTA and that was succes-
sively assimilated into a hybrid sol-gel coating (~ 95 mg of inhibitor /1 g of SiO2). 
The enhancement of corrosion resistance was credited to the better adhesion, 
improved barrier effect, and placid inhibitor release. When corrosion commenced, 
the local pH changes and that opens the polyelectrolyte shell of the nanocontainers 
releasing BTA. After corrosion suppressed, the local pH gets recovered, closing the 
polyelectrolyte shell and terminating further inhibitor release [21]. Chen and Fu 
fabricated hollow mesoporous silica nanocontainers (diameter  0.5–08  μm, shell 
thickness  ~ 100  nm) using poly(vinylpyrrolidone) and cetyltrimethylammonium 
bromide templates, and subsequently, pH-sensitive supramolecular nanovalves 
comprising of ucurbit [6] uril (CB [6]) rings and bisammonium stalks were anchored 
to the nanocontainers’s outer surface. At neutral pH, the CB [6] incorporated the 
bisammonium stalks firmly, closing the nanopore orifices effectively, and once the 
pH augmented, the stalks became deprotonated and CB [6] de-threaded from the 
stalks, opening the nanovalves with inhibitor release [46, 47]. Ding et al. explored 
an innovative organic silane-based corrosion potential-stimulus feedback active 
coating (CP-SFAC) for Mg alloys, based on redox-responsive self-healing concept 
[48, 49] where the surface potential reduction after localized corrosion initiation 
was exploited as a trigger. The design utilized supramolecular self-assembly tech-
nique where corrosion potential-stimulus responsive nanocontainers (CP-SNCs) 
that were composed of Fe3O4@mSiO2 as magnetic nanovehicles and bipyridinium 
⊂ water-soluble pillar [5] arenes (BIPY ⊂ WP [5]) assemblies as gatekeepers/disul-
fide linkers. The Fe3O4@mSiO2 produced by the reverse microemulsion method 
displayed a core-shell structure with ~ 50 nm thick amorphous SiO2 shell. Figure 11.2 
schematically shows the synthesis procedure of 8-hydroxyquinoline (8-HQ) encap-
sulated CP-SNCs from Fe3O4@mSiO2. The fabricated CP-SNCs were successively 
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assimilated into the hybrid sol-gel coating to construct CP-SFAC and coated on the 
AZ31B alloy [49]. The supramolecular assemblies with high binding affinity effi-
ciently blocked the captured corrosion inhibitor (8-HQ), within the mesopores of 
Fe3O4@mSiO2. At corrosion potentials (−1.5 V vs SHE, Mg alloy), the inhibitor 
gets released instantly because of the cleavage of disulfide linkers and the removal 
of the supramolecular assemblies (Fig. 11.2) [49].

An efficient inhibition strategy for early leakage through organosilyl modifica-
tion at the outlet of mesopores were reported by Zheng et al. The nanocontainers 
assimilated coating showed good barrier effect, long-term self-healing and stimuli 
responsiveness to local pH change [50]. Zhao et al. fabricated hollow silica nano-
capsules with Mg(OH)2 precipitation in shells (HSNs) through an inverse emulsion 
polymerization where BTA has been immobilized in HSNs. Ultraviolet-visible 
(UV–vis) spectroscopic release studies at different pH values displayed that the 
amount of released BTA from the salt-precipitated HSNs in acidic solution was 

Fig. 11.2 Schematic diagrams of (A) Synthetic method of CP-SNCs [(1) Fabrication of Fe3O4@
mSiO2, (2) Functionalization process, and (3) Loading & Capping]; and (B) Corrosion potential- 
induced release. Reproduced with permission from Ref. 49; Copyright 2017 © American Chemical 
Society
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considerably greater than that of HSNs without salt-precipitation [51]. Liang et al. 
reported an acid and alkali dual-stimuli responsive SiO2-imidazoline nanocompos-
ites (SiO2–IMI) with high inhibitor loading capacity. The SiO2-IMI were homoge-
neously disseminated into the hydrophobic SiO2 sol, and a superhydrophobic 
surface was realized on Al alloy by dip-coating [52]. Wang et al. reported redox- 
triggered- smart-nanocontainers, assembled by mounting β CD functionalized with 
ferrocene onto the exterior surface of MSNs [53].

CDs are one of the foremost supramolecular hosts that can deliver diverse self- 
assembled structures and functionalities [17, 54, 55]. They are attractive in terms of 
availability, biocompatibility and cost factor. CDs are cyclic oligomers of glucose 
consisting of 6–8 D-glucopyranoside units connected edge to edge, with faces 
pointing inwards, headed for a central hydrophobic cavity wherein the interior cav-
ity can accommodate guest molecules (Fig. 11.3). Amiri and Rahimi used α, β and 
γ forms of CD-based inclusion complex containing organic inhibitors to create 
on- demand release coatings. Salt spray test revealed that larger nanocontainer’s 
size, higher nanocontainer content, and thicker coating afforded better corrosion 
protection. Corrosion initiation of the coated Al substrate happened after 6 days of 
salt spray on the bare sample, but the samples with nanocontainer-based coatings 
did not rust even after 1000 h [56, 57].

Fig. 11.3 (a) Molecular structure of CDs. (b) Schematic showing the formation of inclusion com-
plex with guest molecule. Reproduced with permission from Ref. 56 & 57; Copyright 2015 & 
2014 © Springer
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He et  al. fabricated a nanoreservoir based on multi-walled carbon nanotubes 
(MWCNTs) and β CDs through a modest chemical way (Fig. 11.4). As evident from 
the SEM image, there was a noteworthy enlargement of MWCNTs after being 
amended by β CD, and that indicated that β CD was mounted on the surface of 
MWCNTs. TEM images (Fig. 11.4b) showed that it was an assembly of individual 
MWCNTs with heterogeneous layers. The β CD/MWCNTs were then loaded with 
a benzimidazole inhibitor and blended into epoxy. The scarification test in NaCl 
solution for 12 h (Fig. 11.4c) supported the better anti-corrosion and self-healing 
capability of the modified coating and that was ascribed to the controlled inhibitor 
release [58].

11.2.3  Inorganic Clay-Based

The inorganic clays have attracted much research attention as a low-cost nanocon-
tainer. Halloysite clay nanotubes are the most widely investigated one. Halloysites 
appear in different morphologies, such as platy, spheroidal, and tubular, where the 
most prevalent morphology is tubular. The chemical formula of halloysite clay can 
be represented as Al2(OH)4Si2O5·nH2O.  The hydrated halloysite (n  =  2), called 
 ‘halloysite- 10 (Å)’, has a layer of water molecules between the adjacent clay layers 
(Fig. 11.5) [64].

The hollow structure of halloysite nanotubules can adequately encapsulate the 
active agent. The strong surface charges can permit multilayer-nanoscale- assemblies 
through LBL adsorptions, and that can be enclosed with polyelectrolytes to form 

Fig. 11.4 (A) Synthesis of nanocontainers and fabrication sequence of the coating. (B) SEM and 
TEM images of MWCNTs/β CD. (C) Scarification test results (10 wt.% NaCl solution, 12 h) for 
steel specimens coated with (left) epoxy resin mixed with 3 wt.% β CD/MWCNTs loaded with 
inhibitor and (right) without corrosion inhibitor. Reproduced with permission from Ref. 58; 
Copyright 2016 © Elsevier
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nano-shells, overcrowding the tube ends and realizing controlled release of encapsu-
lated inhibitors against an external stimulus [59]. Figure 11.6 shows scanning elec-
tron microscopy (SEM) images of halloysite nanotubes before and after loading a 
corrosion inhibitor (MBT). The initial halloysites comprise of well- defined nano-
tubes with sizes at the range of 1–15 μm. The maximum MBT quantity loaded was 
5 wt.%. To achieve controlled release properties the nanotubes surfaces were modi-
fied by two polyelectrolyte bilayers [poly(styrene sulfonate) (PSS)/poly(allylamine 
hydrochloride) (PAH)] (Fig.  11.6) resulting in an inhibitor/halloysite/PAH/PSS/
PAH/PSS layered structure. The opening of the shell can be realized by changing the 
system pH to acidic or alkali levels due to the onset of corrosion [22].

More details on inorganic clay nanocontainers can be found elsewhere [22, 60–64]. 
Several reports on anionic clays are available [65–67].

11.2.4  Polyelectrolyte-Based

Polyelectrolyte multilayers are widely investigated for smart coating applications. 
Polyelectrolytes (polymer + electrolyte) comprising of the fraction of monomeric 
units with ionized functional groups (cationic/anionic polyelectrolytes) can be 
assembled on the surface of nanoparticles via LBL approach. The incorporated 
inhibitors will be released in a controlled way when the confirmation of the poly-
electrolyte molecules alters due to changes in pH or mechanical impact of the 
 surrounding media [30, 68–71]. Polyelectrolytes can provide smart anti-corrosion 
protection due to different ways [70]:

• Buffering activity of the polyelectrolyte multilayers
• Self-curing due to mobility of the polyelectrolyte multilayers
• Polyelectrolyte multilayers as a carrier for corrosion inhibitors

Fig. 11.5 Structure of halloysite clay particle. Reproduced with permission from Ref. 64; 
Copyright 2017 © Elsevier
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A schematic showing the mechanism of action of smart self-healing polyelectrolyte 
coating with incorporated inhibitors is presented in Fig. 11.7. More details can be 
found elsewhere [68–71]

The design and preparation of novel supramolecular nanocontainers with multi- 
functionalities is anticipated to bring excellent prospects for developing new gen-
eration corrosion prevention coatings. In spite of the substantial extent of research 
efforts in this direction, there are only a few commercially offered products [27]. 
Many reported works available in the recent literature have the potential for 
industrial- scale applicability.

Fig. 11.6 SEM images of (A) as-formed halloysite nanotubes and (B) halloysites nanotubes 
doped with inhibitor (MBT) and coated with PAH/PSS/PAH/PSS polyelectrolyte layers (scale bar 
in B is 1.5 μm). Schematic illustration of the fabrication of MBT-loaded halloysite/polyelectrolyte 
nanocontainers is provided below. Reproduced with permission from Ref. 22; Copyright 2008 © 
American Chemical Society
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11.3  Photoelectrochemical Cathodic Protection

Cathodic protection (sacrificial anode and impressed current methods) is an exten-
sively employed corrosion prevention method. CP impedes corrosion by altering the 
active (anodic) sites on the metallic structure to passive (cathodic) sites by provid-
ing electrical current. The technique has a wide range of industrial applications; to 
mention a few, water/fuel pipelines, storing tanks, boat/ship hulls, offshore plat-
forms, onshore well casings, and reinforcing steels. However, the cost factor occa-
sionally limits the application.

While the sacrificial anode cathodic protection (SACP) works by the sacrificial 
current from an anode (e.g. Al, Mg); the impressed current (ICCP) method makes 
use of direct current from a rectifier to cathodically protect the steel. Both methods 
have advantages and disadvantages of their own. ICCP is not economic in terms of 
continuous usage of current whereas SACP is not attractive in terms of expensive 
anode materials. SACP is not considered environmentally friendly and the elec-
trodes get consumed during the operation [72].

A recent environmentally friendly approach in this arena is photoelectrochemi-
cal cathodic protection (PECP) that utilizes renewable energy (solar energy) to 
generate electricity using a semiconductor photoelectrode (photoanode). On illu-
mination, electrons in a semiconductor can be excited to conduction band yield-
ing holes in valence band. The electrons produced can be used for protecting a 
metallic structure by altering the metal potential cathodically (to more negative 
values) than the potential at which corrosion occurs (Fig. 11.8). The photoanode 
does not get used up during the operation and is environmentally friendly. The 
method is economical as it does not consume electrical energy or waste anode 
material. The technique can be worthy for areas where power supplies are limited 
(Fig. 11.9).

TiO2 is the extensively researched semiconducting transition metal oxide for 
photoanode fabrication. The material has attracted widespread research attention 
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because of its interesting photocatalytic properties, environmental friendliness, 
chemical stability and economic feasibility. The idea of PECP for metals by TiO2 
coatings under UV illumination was firstly reported in the year 1995 [75]. Since 
then, several studies have been reported on corrosion prevention of metals using 
TiO2-based surface coatings [76, 77]. Park et al. further advanced the PECP tech-
nique motivated by the concept of employing a photoanode as an alternative to the 
sacrificial anode for prevention of steel corrosion. On UV illumination, a TiO2 pho-
toanode in contact with a hole scavenging medium can supply photocurrent to an 
electrically joined steel cathode, shifting the cathode potential to protective passive 

Fig. 11.8 The model of PECP of metal by semiconductor photoanode. Reproduced with permis-
sion from Ref. 73; Copyright 2017 © Creative Commons Licence
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values [74, 78]. Since then, PECP by TiO2 photoanodes has received significant 
research attention [79–103]. In addition to the use of commercial TiO2, different 
cost-effective approaches were employed for the preparation of TiO2 such as sol-gel 
[79], hydrothermal [80], and liquid phase deposition [81]. Anodization of metallic 
Ti was also widely employed [82]. Among these methods, the liquid phase deposi-
tion (LPD) method is perhaps the most economical and can produce crystalline 
metal oxide semiconductor films at lower temperatures [81, 83, 84].

It is the wide bandgap (3.0 and 3.2 eV respectively for rutile and anatase phases) 
that limits photocatalytic properties of TiO2 to UV region (wavelength < 390 nm). 
Different approaches were investigated to augment the photoactivity of TiO2 from 
UV to the visible part, for example, metal/non-metal doping, dye sensitization, and 
semiconductor coupling. Among them, non-metal doping (with N, C, S etc.) [85, 
86] has attracted significant recent research attention. It has been shown that N and 
F-doping eased the formation of surface oxygen vacancies, with a higher number of 
Ti3+ ions [85]. Sol-gel solvothermal synthesized N-F-doped TiO2 presented excel-
lent photocatalytic properties than a commercial-grade P25 TiO2 [87]. Similarly, 
hydrothermally synthesized N-F-doped anatase TiO2 from (NH4)2TiF6 and NH3 
aqueous solutions showed strong absorption at 400–550 nm wavelength range [88]. 
Lei et al. have employed N-F-doped TiO2 surface coating for the PECP of steel, that 
showed excellent visible light response at 600–750  nm wavelength range [81]. 
Although doping can reduce the band-gap, it has disadvantages such as indirect 
doping level with low absorption efficiency, and introduction of new recombination 
centers [73]. As an alternative to doping, semiconductor coupling was extensively 
researched.

Coupling TiO2 with other semiconductors with appropriate energy levels is an 
accepted way to ease the separation of photoelectron-hole pairs. Small bandgap 
semiconductors, such as CdS [89], CdSe [90], PbS [91], PbSe [92] etc. have been 
introduced into mesoporous TiO2 films to improve the visible light response. Zhang 
et al. reported a highly efficient CdSe/CdS co-sensitized TiO2 nanotube films for 
PECP of stainless steel (SS) [93]. Li et  al. reported an electrodeposited CdS- 
modified ordered anodized TiO2 nanotubes photoelectrodes. The composite elec-
trode efficiently harvested solar light in the UV and visible region and that was 
credited to the improved charge separation and electron transport efficiencies. The 
electrode potentials of 304 SS coupled with the composite photoanode shifted nega-
tively for about 246 mV and 215 mV under UV and white light irradiation, respec-
tively [94]. Several reports are available on carbon composite TiO2 and 
polymer-modified TiO2 photoanodes. More details can be found elsewhere [73].

Among the several alternatives reported for TiO2, the graphitic carbon nitride 
(g-C3N4) is a recently reported promising material. However, the fast secondary 
recombination of photogenerated charge carriers and the amphoteric property of 
g-C3N4 are negatives. A nanocomposite with structured carbons, for example, gra-
phene can improve the electrical conductivity and the charge separation efficiency 
of g-C3N4. Jing et al. reported a secondary reduced graphene oxide modified g-C3N4 
(R-rGO-C3N4) that was prepared by a thermal polycondensation method and a sub-
sequent reduction process (Fig. 11.10 A). An electrophoretic deposition was utilized 
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to fabricate the photoanode. The variations of the potentials and the current densi-
ties of the galvanic coupling under intermittent white light and visible light illumi-
nation are shown in Fig. 11.10 B & C. In dark, the potentials of all the three materials 
were close to the corrosion potential of 304 SS in 3.5 wt.% NaCl. The obvious shift 
of potential on light illumination corresponds to the cathodic polarization of steel. 
The photoinduced potential drops caused by rGO-C3N4 (190 mV) and R-rGO-C3N4 
(200 mV) were larger than that of g-C3N4 (120 mV), demonstrating the better PECP 
performance of R-rGO-C3N4. The stability in potentials corresponds to stability of 
the prepared photoanodes. Positive current densities (Fig. 11.10 B) are detected for 
all the three galvanic couplings under light illumination, signifying successful elec-
tron transfer from the photoanode to the cathode. The photoinduced current densities 
of the g-C3N4, rGO-C3N4 and R-rGO-C3N4 photoanodes under white light illumina-
tion were approximately 7.4, 13.5 and 17.8 μA.cm−2, respectively. Under visible 
light illumination, these values correspondingly decreased to 1.8, 3.5 and 5.1 μA.cm−2. 
The charge transfer resistance (Rct) was evaluated by performing electrochemical 

Fig. 11.10 (A) The schematic illustration of the preparation process of the R-rGO-C3N4 compos-
ite. The variations of the potentials (B) and current densities (C) of the 304 SS electrode coupled 
with the g-C3N4, rGO-C3N4 and R-rGO-C3N4 thin film photoanodes under intermittent light illumi-
nation. (D) Nyquist plots of the g-C3N4, rGO-C3N4 and R-rGO-C3N4 thin film photoanodes mea-
sured in the dark. The inset is the equivalent circuit used to fit the EIS results. Reproduced with 
permission from Ref. 95. Copyright 2017 © The Electrochemical Society
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impedance spectroscopy (EIS) studies in the dark at the open circuit potential (OCP) 
in 0.1 mol L−1 Na2SO4 (Fig. 11.10 D). The Rct (obtained by curve fitting) of R-rGO-
C3N4 (1.32 × 106 Ω.cm2) was smaller than rGO-C3N4 (5.86 × 106 Ω.cm2) and g-C3N4 
(1.30 × 107 Ω.cm2). The results displayed that rGO modification enhanced the elec-
trical conductivity of g-C3N4, and promoted the transfer and separation of photogen-
erated charge carriers [95].

Another main issue in terms of commercialization of the technique is the absence 
of photoelectrochemical response of the photoanode in dark. In this direction, many 
research attempts are going on in fabricating novel photoanodes with extended 
energy (photoelectron) storage capacities in addition to PECP. The idea is to store 
surplus energy in the photoelectrode during day time so that it can be used at night. 
Several semiconductor transition metal oxides such as MoO3 [96] and WO3 [76, 97] 
were investigated along with TiO2 in this direction. Bu and Ao classified the works 
reported in this domain as below:

• WO3-TiO2 composite photoanodes
• SnO2-TiO2 composite photoanodes
• CeO2-TiO2 composite photoanodes
• Porous structured TiO2 photoanodes

Oxides of Mo and W are famous for their higher pseudocapacitance. Saji and 
Lee has investigated in detail the potential and pH-dependent pseudocapacitance of 
Mo-surface oxides [98–100]. A nanosized TiO2/WO3 bilayer coating on the surface 
of 304 SS was reported by Zho et al. and found that this coating could maintain the 
CP effect for 6 h in the dark after switching off the light [101]. Park et al. measured 
the galvanic current between the TiO2/WO3 photoelectrode and the coupled steel 
electrode and verified that the photoinduced electrons generated by TiO2 transferred 
to WO3 and then overflowed to the coupled steel during the light illumination, and 
the stored electrons in WO3 flowed to the coupled steel directly or through TiO2 after 
the light was switched off [102]. Liang et al. synthesized WO3/TiO2 nanotube com-
posite film coated photoanodes where TiO2 nanotubes were synthesized on Ti by 
electrochemical anodization, followed by annealing at 450 °C and WO3 nanoparti-
cles were deposited on the film via potentiostatic electrodeposition [97]. Other than 
coupling with semiconductor, TiO2 films with special porous structures were also 
found to have certain electron storage properties [73].

Li et al. fabricated CdSe/RGO/TiO2 photoanodes by electrochemical deposition 
(Fig. 11.11A). Under visible-light illumination, the OCP of the photoanode coupled 
with 304 SS shifted cathodically indicative of efficient PECP. The photocurrent of 
the composite electrode (Curve d, Fig. 11.11 b) is ~ 8 times greater than that of pure 
TiO2 (Curve b). The enhanced performance was credited to its fast electron transfer, 
large surface area and ordered mesoporous structure. The composite photoanode 
provided satisfactory CP even in the dark (Fig.  11.11B). The potentiodynamic 
polarization curves (Fig.  11.11 C) clearly showed the better performance of the 
composite electrode. On illumination, the corrosion potential of both CdSe/TiO2 
and CdSe/RGO/TiO2 electrodes exhibited a significant cathodic shift compared 

11 Advanced Corrosion Prevention Approaches: Smart Coating…



240

F
ig

. 1
1.

11
 

(A
) 

Sc
he

m
at

ic
 d

ia
gr

am
 o

f 
pr

oc
ed

ur
es

 f
or

 p
re

pa
ri

ng
 th

e 
C

dS
e/

R
G

O
/T

iO
2 c

om
po

si
te

s.
 (

B
) 

Ph
ot

oc
ur

re
nt

-t
im

e 
cu

rv
es

 o
f 

di
ff

er
en

t p
ho

to
an

od
es

 u
nd

er
 

in
te

rm
itt

en
t i

llu
m

in
at

io
n 

w
ith

 v
is

ib
le

 li
gh

t (
λ 

>
 4

00
 n

m
).

 T
he

 e
le

ct
ro

ly
te

 w
as

 0
.1

 M
 N

a 2
SO

4 
so

lu
tio

n.
 T

he
 im

m
er

si
on

 ti
m

e 
w

as
 0

.5
 h

. (
C

) 
C

om
pa

ri
so

n 
of

 th
e 

po
la

ri
za

tio
n 

cu
rv

es
 o

f 
ba

re
 3

04
 S

S,
 a

nd
 3

04
 S

S 
co

up
le

d 
w

ith
 C

dS
e/

R
G

O
/T

iO
2 

an
d 

C
dS

e/
T

iO
2 

el
ec

tr
od

es
 w

ith
 o

r 
w

ith
ou

t v
is

ib
le

-l
ig

ht
 il

lu
m

in
at

io
n.

 T
he

 e
le

c-
tr

ol
yt

e 
in

 th
e 

co
rr

os
io

n 
ce

ll 
w

as
 3

.5
 w

t.%
 N

aC
l s

ol
ut

io
n,

 w
he

re
as

 in
 th

e 
ph

ot
oa

no
de

 c
el

l w
as

 0
.1

 M
 N

aO
H

 a
nd

 0
.1

 M
 N

a 2
S 

so
lu

tio
n.

 R
ep

ro
du

ce
d 

w
ith

 p
er

m
is

-
si

on
 f

ro
m

 R
ef

. 1
03

; C
op

yr
ig

ht
 2

01
5 

@
 E

ls
ev

ie
r

V. S. Saji



241

with that of pure 304 SS in the dark. The corrosion potential shift was much more 
negative for CdSe/RGO/TiO2 than CdSe/TiO2 electrode. The corrosion current den-
sity exhibited a noteworthy increase when steel was coupled with CdSe/RGO/TiO2 
under illumination and that was attributed to the photogenerated electrons [103].

 Table 11.1 shows a summary of PECP performance of TiO2-based photoanodes 
[73]. Several works not presented in Table 11.1 are available in the current literature 
that includes Bi2O3/TiO2 [104], g-C3N4/TiO2 [105], SrTiO3/TiO2 [106], In2O3/TiO2 
[107], ZnO/In2S3 [108], NiO/TiO2 [109], WO3/TiO2 [110], and RGO/WO3/TiO2 
[111]. In spite of the fact the PECP technology has a high potential for industrial- 
scale application, more research efforts need to be put forward to enhance the pro-
tection efficiency and photoelectron storage capability.

Table 11.1   A  summary of  PECP performance of  TiO2-based  photoanodes. Reproduced with 
permission from Ref. 73; Copyright 2017 © Creative Commons Licence

Photoanode Method Photo source
OCP 
(mV) Metal

Pure TiO2 Sol–gel UV light 600 Cu
Pure TiO2 Spray pyrolysis UV light 250 304 SS
Pure TiO2 LPD White light 655 304 SS
Pure TiO2 Anodization White light 354 304 SS
Pure TiO2 Hydro thermal White light 262 316L 

SS
Pure TiO2 Sol–gel White light 525 304 SS
Pure TiO2 Sol–gel UV light 439 316L 

SS
Pure TiO2 Sol–gel, hydrothermal White light 560 403 SS
Ni–TiO2 Sol–gel Visible light 300 304 SS
Cr–TiO2 Sol–gel Simulated 

sunlight
230 316L 

SS
Fe–TiO2 LPD White light 405 304 SS
N–TiO2 Anodization Visible light 400 316L 

SS
N–TiO2 Hydro thermal UV light 470 316L 

SS
N–F–TiO2 LPD Visible light 515 304 SS
CdS/TiO2 Anodization UV light 246 304 SS

Electrochemical deposition White light 215 304 SS
ZnS/CdS@TiO2 Anodization White light 900 403 SS

Electrochemical deposition
Ag/SnO2/TiO2 Photo-reduction deposition, 

sol–gel
Visible light 550 304 SS

MWCNT/TiO2 Sol–gel UV light 400 304 SS
GR/TiO2 Sol–gel UV light 400 304 SS
Sodiumpolyacrylate/
TiO2

LPD White light 710 304 SS
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11.4  Conclusions and Outlook

The chapter provides a brief account of two promising corrosion prevention strate-
gies that can be applied to desalination systems. In the first section, a short descrip-
tion of controlled on-demand release smart coatings with encapsulated inhibitors 
are provided. The section explains various nano/microcontainers that can be incor-
porated into the coating matrix for active protection. Among the four different types 
described, most of the recent works focused on mesoporous silica and cyclodextrin- 
based host-guest systems. Systematic practices need to be done in this area to opti-
mize a particular nanocontainer in a coating, where the containers do not decline but 
augment the mechanical strength, adhesion and barrier properties of the coating. 
Further research is requisite in realizing sustained-release nanocontainers.

In the second section, the environmentally friendly solar energy-assisted cathodic 
protection, the photoelectrochemical cathodic protection is briefed. This concept is 
different from the photovoltaic powered cathodic protection (solar cells used as the 
external power source). Here, a semiconductor photoanode is utilized to generate 
electricity from solar light instead of using solar cell as a power source. These meth-
ods are worthy for areas where power supplies are limited. Non-metal doping of 
TiO2 and semiconductor coupling of TiO2 with charge storing transition metal 
oxides are highlighted in this section. In spite of having a few promising research, 
more works need to be performed in this area for its potential large scale applica-
tion. Future research can be focused on combined systems of photoelectrochemical 
cathodic protection with traditional cathodic protection methods.
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